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Nanolevel modification of biomaterials has significantly
improved their properties. With regard to implant dentistry,
the application of “nano” to implants, abutments, and bone
substitutes drastically changed the biologic response to them.
Numerous in vitro, in vivo, and clinical studies proved that
the submicron modification, normally impossible to detect
with our eyes, has enhanced osteogenesis to the biomaterial.
An interesting fact is that one of the authors in this special
issue L. M. Svanborg has suggested in her thesis work that
nanotopography in fact exists on most of the commercially
available implant surfaces.However, these structures aremost
of the time the result of native titanium oxides formed due
to the exposure to air; thus, these structures are regarded as
nonintended nanomodification.

An important aspect for the application of “nano” to
biomaterial surfaces is that the modification is “intended” or
“strategically” performed. Cell responses differ depending on
the topography and chemistry, and controlling these param-
eters could target specific biologic phenomena. Thus, studies
show that not only the successful enhancement of osseointe-
gration but also the enhancement of soft tissue responses to
abutment surfaces.

This special issue is a comprehensive compendium of the
state of the art research directed towards implants dentistry.
A. Alenezi et al. compared two different commercially avail-
able implant surfaces, one with and one without nanostruc-
tures. It was suggested that the two different surfaces present
distinct bone healing kinetics, and the surfaces possessing
nanostructures seemed to be effective in osteoconduction at

early healing periods. J. Löberg et al. have suggested that
the nanostructure acts as a nucleation center for the early
formation of hydroxyapatites, which supports the in vivo
reports. Contradictory to these studies, the in vivo animal
study performed by L. M. Svanborg et al. has shown no
effects in their histological and biomechanical study. They
have speculated that “nano” may not exert significant effects
in siteswith excellent bone quality. Furthermore, the presence
of microtopography, different implant macrogeometry, and
coarse evaluation techniques could be one of the causes,
which could be disguising the effect of “nano.” K. Breding
et al. have shown in their study that the effect of the nano-level
modification could not be detectedwhen removal torque tests
were performed; however, gene expression analysis of the
removed implants clearly pointed out that osteogenic gene
expression had been upregulated for some genes. Based on
these studies, the destructive removal torquemethodmay not
be suitable to evaluate the effect of nano-level modification
and advanced techniques may be necessary for evaluation.

Nano in implant dentistry restricts itself not only to
implant surface modifications but also to other biomaterials
used in this field. C. Marin et al. have shown that nano-
structured synthetic alloplasts fused with collagen promoted
bone ingrowth compared to other materials, which could
be a promising material to regenerate bone in severe bone
defects due to atrophy after tooth/teeth loss. E. Bressan et al.
have shown that the antibacterial properties of silver nano-
particles are effective towards targeted pathogens, whereas no
cytotoxic effects were observed on human cells. This noble
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nanocoating could be an effective method to apply antibacte-
rial properties to biomaterials, such as abutment surfaces to
lower the risk of biofilm formation.

We sincerely hope that the readers will find the special
issue interesting and informative, which could deepen the
knowledge of the current trend in implant dentistry.

Ryo Jimbo
Martin Andersson
Stefan Vandeweghe
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This study aimed at investigating if a coating of hydroxyapatite nanocrystals would enhance bone healing over time in trabecular
bone. Sandblasted and acid etched titanium implants with and without a submicron thick coat of hydroxyapatite nanocrystals
(nano-HA) were implanted in rabbit femur with healing times of 2, 4, and 9 weeks. Removal torque analyses and histological
evaluations were performed. The torque analysis did not show any significant differences between the implants at any healing
time. The control implant showed a tendency of more newly formed bone after 4 weeks of healing and significantly higher bone
area values after 9 weeks of healing. According to the results from this present study, both control and nano-HA surfaces were
biocompatible and osteoconductive. A submicron thick coating of hydroxyapatite nanocrystals deposited onto blasted and acid
etched screw shaped titanium implants did not enhance bone healing, as compared to blasted and etched control implants when
placed in trabecular bone.

1. Introduction

Dental implant treatment is today a very reliable method that
provides good clinical results with success rates over 90%.
Generally, lower implant survival rates have been reported
in the maxilla than in the mandible, due to the difference in
bone structure [1–4]. However, the optimal implant surface
is yet to be developed. The current aim is to develop surfaces
resulting in improved success rates in implant sites with poor
bone quality and quantity. Several factors have previously
been identified to be of particular importance to achieve
successful osseointegration. Such factors include the surface

topography, at least on a micrometer level of resolution
[5]. A surface with an average surface roughness (𝑆

𝑎
) of

approximately 1.5 𝜇m has been shown to give a stronger
bone response compared to smoother (𝑆

𝑎
< 1.0 𝜇m) and

rougher surfaces (𝑆
𝑎
> 2𝜇m) [6]. However, research is today

often aimed at evaluating the importance of nanometer-sized
structures, especially in the early bone healing phase. Several
in vitro studies have shown an increased cell response to
surfaces with applied nanostructures compared to surfaces
without such structures [7–15]. During the last few years
in vivo studies have also shown promising results on bone
healing to different nanostructured titanium (Ti) implant
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surfaces [16–18]. Further, some human studies have provided
evidence of improved bone healing to Ti implants with
applied nanostructures [19]. Despite this, the knowledge of
the importance of nanostructures in bone healing is still
limited and the significance of nanoirregularities in the clin-
ical treatment of patients is currently unknown. According
to earlier experimental and clinical studies of implants with
micrometer level irregularities, plasma-sprayed hydroxya-
patite (HA) coated implants have a stronger initial bone
response compared to conventional titanium implants. How-
ever, long-term clinical results of the same implants have
been poor. This may be explained by the plasma spraying
method resulting in coats of a thickness of 50–200𝜇m
and with poor adhesion to the underlying metal [20, 21].
However, it was never investigated whether the initially
positive bone response to the plasma-sprayed HA coats was
due to an alleged superior biocompatibility of HA, to possible
alterations in surface topography, or to a greater press fit of the
thicker HA-coated implants when placed in the same sized
sites as the controls. To improve the coating and minimize
potential problems of coat loosening, thinner HA coats have
been developed. A previous study by Svanborg et al. [22]
did not support the importance of a nanocrystalline HA coat
deposited on sandblasted and acid etched dental implants
when placed in cortical bone. Rabbit tibia is suggested to
simulate the bone of the human mandible and rabbit femur
that of the human maxilla [6]. It may be that nanostructures
are of benefit in trabecular bone, which do not provide
satisfactory initial stability in contrast to the cortical bone site
investigated in our previous study [22]. The use of blasted
and acid etched dental implants has shown good clinical
results [23] and it would be of interest to investigate if an
added coat of nanocrystalline HA further improves the early
bone healing in trabecular bone. The aim of this study was
to investigate if a submicron thick coating of hydroxyapatite
nanocrystals would enhance the bone healing over time,
when deposited on sandblasted and acid etched screw shaped
implants and placed in trabecular bone.

2. Material and Methods

2.1. Implants. The implants used in this study were threaded,
sandblasted and acid etched titanium screws (grade 4) having
a diameter of 3.5mm and a length of 8.5mm (custommade).
A HA coating was applied on the test implants using a
modification of the technique previously described by Kjellin
and Andersson, 2006 [24]. This method creates an aqueous
dispersion of nanosized HA crystals, sized ∼5 nm, which are
coated with amino acids.The coating of amino acids presents
a positive crystal charge, which makes the crystals adhere to
negatively charged surfaces, such as a titanium surface. The
dispersion was applied onto the implant, and the implant was
rotated in a spin-coating apparatus at 3000 rpm. The coated
implant was dried in air, and a heat treatment at 550∘C for
5 minutes in an oxygen rich atmosphere was done in order
to sinter the HA particles onto the titanium surface and to
remove the amino acids. With this method, the thickness
of the resulting HA layer could be varied depending on the

rotating speed. The rotating speed was set in such a way
that the resulting HA layer was less than a micrometer thick,
whichwas estimated using a LeoUltra 55 FEGhigh resolution
scanning electron microscope (SEM) (Carl Zeiss SMT Inc.,
North America). Powder X-ray diffraction (XRD) was used
to determine the presence of crystalline HA structures. XRD
was performed using a Bruker XRD D8 Advance (Bruker
AXS, Karlsruhe, Germany) and monochromatic Cu radia-
tion. Sandblasted and acid etched titanium implants were
used as control.

2.2. Implant Surface Analysis. The implants were examined
using SEM, operating at an acceleration voltage of 10 kV (Leo
Ultra 55 FEG high resolution SEM, Carl Zeiss SMT Inc.).
The magnification used was ×40 000 and the micrographs
were recorded at randomly chosen areas of the implants. The
surface roughness was examined using a white light inter-
ferometer (MicroXAM, Phaseshift, Arizona, USA) which is
as a highly suitable technique to evaluate threaded implant
surfaces [25]. An ×50 objective and a zoom factor of 0.62
were used in this study. The measured area had a size of 264
× 200𝜇m and the vertical measuring range was 100𝜇m. The
maximal resolution of the technique is 0.3 𝜇m horizontally
and 0.05 nm vertically. To be able to describe the surface
topography, the roughness, the waviness and shape must be
taken into consideration. The standard filter used to separate
micrometer roughness from waviness, and shape is a high-
pass Gaussian filter. A filter size of 50 × 50 𝜇m has been
used for threaded implants. To evaluate the height deviation
at the nanometer level a filter size of 1 × 1 𝜇m was used in
this study, as suggested by Svanborg et al. [26]. Surfascan
software (Somicronic Instrument, Lyon, France) was used
to do the filtration and evaluation. This equipment provides
images and numerical descriptions of the surface topography.
SPIP (Image Metrology, Denmark) was used to do 3D-
illustrations of the surfaces. Three implants from each group
were examined.Three valleys on each implant weremeasured
and evaluated.

For numerical description of the surface topography, four
parameters were used:
𝑆
𝑎
= the arithmetic mean of the roughness area from

the mean plane;
𝑆ds = density of summits, that is, number of peaks per
area unit;
𝑆dr = the ratio between the developed surface area and
a flat reference area;
𝑆ci = core fluid retention index.

The parameters used represent one amplitude (𝑆
𝑎
), one

spatial (𝑆ds), one hybrid (𝑆dr), and one functional (𝑆ci) value.
The functional parameter, core fluid retention index (𝑆ci),
is related to the bone biological ranking based on earlier
studies on micrometer level. A low value may be related to a
positive biological outcome of bone anchored implants [27].
Mathematical formulas for the parameters can be found in
the literature [28].

X-ray photoelectron spectroscopy (XPS) was used for
characterisation of the surface chemical compositions. XPS
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Table 1: Results from the interferometer characterization. The numbers represent the mean value of each parameter (the standard deviation
is presented within parenthesis).

Gauss filter 50 × 50𝜇m Gauss filter 1 × 1 𝜇m
𝑆
𝑎
(𝜇m) 𝑆ds (/mm2) 𝑆dr (%) 𝑆ci 𝑆

𝑎
(nm) 𝑆ds (/mm2) 𝑆dr (%) 𝑆ci

Control 1.08
(0.41)

1 184807
(244569)

142.5
(73.0)

1.21
(0.18)

114
(11.1)

2 055650
(106081)

74.9
(13.4)

0.95
(0.12)

Nano-HA 0.93
(0.25)

1 259841
(143100)

146.5
(46.0)

1.12
(0.25)

119
(6.9)

2 132025
(78489)

83.9
(8.9)

0.84
(0.04)

𝑆
𝑎
: the arithmetic mean of the roughness area from the mean plane; 𝑆ds: density of summits, that is, number of peaks per area unit; 𝑆dr: the ratio between the

developed surface area and a flat reference area; 𝑆ci: core fluid retention index.

Total bone
Old bone

Figure 1: Method of measuring total bone and old bone for the
new bone calculation. The new bone was calculated from the total
amount of bone on each side of the implant on each histological
sample minus the amount of old bone; then the percentage was
calculated.

survey spectra were obtained using a PHI 5000C ESCA
System (Perkin-Elmer Wellesley, USA). An 𝛼 excitation
source was used at 250W with an operating angle of 45∘.

2.3. Animals and Surgical Technique. 27 adult New Zeeland
rabbits were divided into 3 groups (9 animals in each)
with a healing time after implant insertion of 2, 4, and
9 weeks. Before surgery the animals were anaesthezised
with an intramuscular injection of fentanyl 0.3mg/mL and
fluanisone 10mg/mL (HypnormVet, Janssen, Pharmaucetica,
Beerse, Belgium) at a dose of 0.5mL per kg body weight and
an intraperitoneal injection of diazepam (Stesolid Novum,
Alpharma, Denmark) at a dose of 2.5mg per animal. One
mL of lidocaine (Xylocain, Astra, Sweden) was administered
subcutaneously in the surgical site as analgesics and the
operation was performed under aseptic conditions. One HA
coated implant and one control implant was inserted into
the left and right femur, respectively, therefore each animal
served as its own control. The implant sites were prepared
under irrigation with saline using increasing diameter of
drills. Thereafter, the implant was inserted in the bone under
saline irrigation. A single dose of prophylactic antibiotic
sulfadoxin 200mg/mL and trimethoprim 40mg/mL (Borgal,
Intervet, Boxmeer, Netherlands) at a dose of 0.5mL/kg
and 0.5mL buprenorphine 0.3mg/mL (Temgesic, Schering-
Plough, Belgium) were administrated immediately after the
surgery. Right after surgery the rabbits were kept in separate
cages to control the wound healing. They had free access
to tap water and were fed with pellets and hay. After

initial healing the rabbits were allowed to run freely in a
specially designed room. The three groups of animals were
sacrificed after 2, 4, and 9 weeks of healing with 10mL
overdose of pentobarbital 60mg/mL (Pentobarbital-natrium,
Apoteksbolaget, Sweden).

2.4. Removal Torque Analysis. A removal torque analysis was
performed on each implant with an electrically controlled
removal torque unit. The implants were subjected only to
the necessary torque (Ncm), to interrupt osseointegration,
but were then not screwed out from the bone any further.
This was done to enable histological evaluations of the bone
complex.

2.5. Specimen Preparation and Histological Evaluation. After
the torque analysis, each implant was removed in a block
with the surrounding bone and fixed in 4% neutral buffered
formaldehyde. Then the samples were dehydrated in alcohol
solutions and embedded in light curing resin (Technovit 7200
VLC, Kultzer & co, Germany). The cutting and grinding was
performed as described by Donath [29]. The final sections
were approximately 20𝜇m thick and stained with toluidine-
blue. Histological evaluations were performed using a light
microscope together with an image analysis software (Image
analysis 2000, Sweden). The evaluations included measure-
ments of the amount of new bone (NB) and bone area (BA)
along the entire implant. The amount of NB was calculated
from the total amount of bone minus the amount of old bone
(Figure 1) with a ×4 objective and a ×10 lens when needed
for visualization. The bone area (BA) was evaluated in each
thread on each implant and on the upper threadless part of
the implant.The evaluations were made using a ×10 objective
and were presented as the mean value of all threads on the
entire implant and as amean of the three best threads on each
side of the implant on histological sample. All measurements
were made using a ×10 eye-pice and in a blinded manner.

2.6. Statistics. The statistical analysis was performed using
SPSS (statistical package for the social studies). Mann-
Whitney 𝑈-test was used and differences were considered
significant at 𝑃 ≤ 0.05.

3. Results

Five animals experienced tibia fracture, two in each group
with 2 and 9 weeks of healing time, and one in the group
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1𝜇m

(a) Control

1𝜇m

(b) Nano-HA

Figure 2: SEM images taken at ×40 000 magnification on (a) the control surface and (b) the nano-HA surface.
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Figure 3: Images from the interferometer analysis of (a) the control titanium surface and (b) the test nano-HA surface.

with 4 weeks of healing time. These five rabbits had to be
sacrificed in advance andwere not included in the results.The
postoperative period was uncomplicated for the rest of the
rabbits. No signs of infection or inflammationwere registered
at the time of implant retrieval nor were other deviations
from normal observed. All implants were stable at the time
of retrieval.

3.1. Implant Surface Characterization. SEM images of the
surfaces are shown in Figure 2.

Results from the interferometry analysis are presented
in Table 1 and images of the surface topography are shown
in Figure 3. Both implant types presented similar surface
roughness on both micrometer and nanometer level. The
mean 𝑆

𝑎
value on the micrometer level was 1.08 𝜇m for the

control implant and 0.93 𝜇m for the nano-HA coated one.
There was no significant difference (𝑃 > 0.05) with respect
to the evaluated surface parameters between test and control
implants. Further, on the nanometer level, the mean 𝑆

𝑎
value

was 114 nm for the control and 119 nm for the nano-HAcoated
test implants, no significant difference (𝑃 > 0.05).

The XPS analysis showed presence of calcium and phos-
phorus on the surface of the coated test implants, while the

controls had no such elements present (Figure 4). Further-
more, the XRD demonstrated the presence of crystalline HA
(Figure 5).

3.2. Removal Torque Analysis. Results from the torque anal-
ysis showed no significant differences between the implant
groups at any healing time (𝑃 > 0.05), see Figure 6. A slightly
higher mean value for the nano-HA coated implants could be
noted after 2 weeks of healing. No increase in torque value
were seen after 4 weeks; however, after 9 weeks of healing
the value increased for both implant types, but there were no
significant differences between the implants.

3.3. Histological Results. Qualitative analysis of all the sam-
ples showed a normal inflammatory response in terms of few
macrophages and neutrophils observed in the histological
samples. After 4 weeks of healing there was a tendency
for more new bone on the control implants compared with
the coated nano-HA. However, there were no significant
differences at any of the chosen healing times (Figure 7).

There was no difference between the implant groups
when evaluating the bone area along the entire implant
(Figure 8). However, when calculating the 3 best threads
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Figure 4: XPS survey spectra of (a) the test nano-HA surface and (b) the control titanium surface.
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Figure 5: XRD demonstrating the presence of crystalline HA.

on each side of the samples, the control implant had a
significantly (𝑃 = 0.025) higher value than the nano-HA after
9 weeks of healing. When evaluating the BA on the upper
nonthreaded part of the implants therewas also a significantly
(𝑃 = 0.003) higher value for the control implant.

4. Discussion

An error search was made after the experimental part of
the study was finished, since 5 rabbits unfortunately suf-
fered from tibia fracture. The animal operations were made
according to standard protocol and after well-documented
procedures with no complications and by an experienced
operator. After a close and strict error analysis, the authors
could not find any explanation other than chance for these
fractures.

The results from this study showed that both control and
nano-Ha surfaces were biocompatible and osteoconductive.
However, the submicron thick nano-HA coating did not
improve the early bone healing compared to the control and
the results support the following studies.

Control
Nano-HA

0

10
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40

50

60

70

80
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100

Torque (Ncm)

2 weeks 4 weeks 9 weeks

Figure 6: Removal torque results (mean value) after 2, 4, and 9
weeks of healing. The bar presents the standard deviation. Seven
samples were evaluated in each group.

Coelho et al. (2009) showed that 20–50 nm thick CaP
based coating on a blasted and etched cylindrical implants
did not improve the biomechanical fixation or BIC after 2
and 4 weeks of healing in dog tibia [30]; an in vivo study
in goat, on screw shaped grit-blasted, acid etched (GAE)
and electrosprayed CaP nanoparticle-coated implants gave
similar bone responses and torque values as to GAE alone
[31]; Schliephake et al. (2009) did not find any significant
difference in host response (foxhound) to dual acid etched
(DAE) screw shaped implants coated with HA compared to
DAE alone [32]. Further, Lee et al. (2009) concluded that
screw shaped titanium or ceramic implants coated with HA
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Figure 7: Amount of new bone after 2, 4, and 9weeks of healing.The
bar presents the standard deviation. Seven samples were evaluated
in each group.
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Figure 8: Bone area after 2, 4, and 9 weeks of healing. Presented in
percentage as a mean of all threads and calculated for the three best
threads on each side of each implant.The bar represents the standard
deviation.

nanocrystals did not improve the early bone response in
rabbit [33]; Svanborg et al. (2011) confirmed similar results
[22]. However, there are other in vivo studies having shown
positive effects on bone healing to various nanostructured Ti
implants [16, 18, 19, 34].

As mentioned before, one theory behind this discrepancy
in reported results has been that nanostructured Ti implants
may be of benefit in bone with poor quality but of insignif-
icant importance in the healing in sites that already provide
excellent initial implant stability. However, the present study
of implants placed in trabecular bone did not support this
theory on trabecular bone influence on implant outcome.
Several in vivo and some clinical studies have tried to clarify
the importance of nanosized structures in early bone healing
and osseointegration. Although the studies are performed in
different animals, the size, shape, and chemical composition

of the nanostructures are also often different and therefore the
studies are very difficult to compare. The difference in results
from previous studies might be explained by differences in
nanotopography; however the possible effect of the surface
chemical composition cannot be excluded. Hence, further
studies are needed to be able to conclude if some type of
nanostructuremay influence the bone healing and also if they
might be of significance in the treatment of patients.

5. Conclusion

According to the results from this present study, both control
and nano-Ha surfaces were biocompatible and osteoconduc-
tive. A coating of hydroxyapatite nanocrystals deposited onto
blasted and acid etched screw shaped titanium implants did
not enhance bone healing after 2, 4, or 9 weeks compared to
a blasted and etched control implants.
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Osseointegration is dependent on implant surface characteristics, including surface chemistry and topography. The presence of
nanosized calcium phosphates on the implant surface is interesting to investigate since they affect both the nanotopography and
surface chemistry, forming a bone mineral resembling surface. In this work, the osseointegration of titanium implants with and
without the presence of hydroxyapatite (HA) nanocrystals has been evaluated in vivo. The integration was examined using removal
torque measurements and real-time polymerase chain reaction (RT-PCR) analysis. The study was performed using two healing
time points, 3 and 12 weeks. The results showed that the torque needed to remove the implants was insignificant between the non-
and HA-coated implants, both at weeks 3 and 12. The RT-PCR, however, showed significant differences for osteoblast, osteoclast,
and proinflammation markers when HA nanocrystals were present.

1. Introduction

During the last decades, novel implants have been developed
with the aim of finding optimal conditions for osseointegra-
tion. It is well known that factors, such as surface chem-
istry and surface topography, influence osseointegration [1].
However, the biological influence of nanorough surfaces
is a relatively new area of research and highly interesting
since several studies have indicated that nanotopography
can enhance osseointegration [2–4]. When combining the
two surface entities, nanoroughness and bone-like chemistry,
for example, by using nanosized hydroxyapatite (HA), a
synergistic effect can be generated [2]. HA is a widely known
and frequently used material, which is often being utilized as
relatively thick implant coatings. Recently, techniques have
been developed which made it possible to coat implants with
a monolayer of HA nanoparticles. Such thin HA layers have
proven to increase the wettability and thereby increase the
surface energy of the implant. Increasing the surface energy is
speculated to affect the cell and protein adhesion resulting in

improved osseointegration [5, 6]. Moreover, the adsorption
of plasma proteins, such as fibronectin and laminin, has
been suggested to increase when implants have been surface-
modified with calcium and phosphorous [7].

There are many suggested techniques to determine
if osseointegration has occurred [8–13]. Commonly, the
removal torque of the implant and histology of the bone-
implant interface are examined, both after specific healing
times. Most often these two methods are combined, even
though not on the same implant, in order to reach a more
complete overviewof the integration.However, contradictory
results have been observed between studies when these two
evaluation techniques have been used.HAnanoparticles have
been shown to improve the bone-to-implant contact (BIC)
when deposited onto electropolished cylindrical-shaped tita-
nium implants [14]. Also, the removal torque has been
measured to increase when HA nanoparticles are present on
screw-shaped titanium implants [15]. However, Svanborg et
al. failed to show any significant differences when HA nano
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coated titanium screws were compared to uncoated ones [16].
Discrepancies, such as these, can have many explanations,
including differences in implant design, surgical techniques,
and evaluationmethodology. Recently, novel techniques have
emerged and are utilized to evaluate osseointegration, some
of which have been suggested to more accurately determine
the outcome of nanostructured implants. Studies utilizing
gene expression techniques and nanoindentation have shown
that the effect of the nanostructured HA coating significantly
enhanced the mineralization properties [17, 18]. This was
evident even when the histological or biomechanical eval-
uation approaches did not present significant differences,
indicating that the conventional evaluation approaches may
be too coarse to investigate the effect of the nanostructure.
None of the aforementioned methods is yet the ultimate
single method to measure osseointegration, especially when
it comes to the influence of nanostructures.

In the present work, we have studied the osseointe-
gration of sand-blasted and acid-etched titanium screw-
shaped implants with and without nanosized HA coating.
The integration was evaluated using a rabbit study, which was
performed at three and twelve weeks. The integration was
examined using removal torque measurements and real-time
polymerase chain reaction (RT-PCR) analysis.

2. Materials and Methods

2.1. Implant Surface Preparation. Twenty threaded implants
measuring 6mm in length and 3.3mm in diameter were
produced out of Ti6A4V. All implants were sand blasted and
acid etched according to a procedure used in a previous study
[17]. Half of them were coated with nanosized hydroxyap-
atite (HA), and the other half was left untreated and used
as control. 50 𝜇L of a HA-particle coating dispersion was
poured onto each implant followed by spinning the implant
combined with applying a flow of pressurized nitrogen gas, a
procedure resulting in a thin layer of particles deposited onto
the implant surface.The implants were thereafter heat treated
at 450∘C for 5min in an oxygen atmosphere. Four circular
discs were also produced and sand blasted and acid etched
using the same protocol as for the implants. Two of the discs
were also coatedwith the nanosizedHAparticles as described
above.

2.2. Scanning Electron Microscopy (SEM). A scanning elec-
tron microscope (LEO Ultra FEG 55, Zeiss, Oberkochen,
Germany) was used to investigate the surface morphology
of the implants and the circular discs. The analysis was
performed at an accelerating voltage of 5 kV using secondary
electron detectors. Two implants were randomly selected
from each group. Each implant was analyzed at nine positions
(thread top, thread valley, and flanks × 3). The four circular
discs were all analyzed at two randomly selected areas.

2.3. X-Ray Photoelectron Spectroscopy (XPS). The chemical
composition of the outermost surface of the implants was
analyzed using XPS (PHI 5500 XPS, PerkinElmer, Wal-
tham, MA, USA). XPS survey spectra were obtained using

a 𝛼 excitation source operating at 250Wwith an angle of 45∘.
Two implants were randomly selected from each group. Each
implant was analyzed at two positions.

2.4. Atomic Force Microscopy (AFM). The surface rough-
ness on the nanometer scale was analyzed using an AFM
(INTEGRA Probe NanoLaboratory, NT-MDT, Zelenograd,
Russia). Analyses were performed on the circular discs (two
noncoated and two HA-coated). Each disc was scanned at
three randomly selected areas and was recorded in two
different fields of view, that is, 5 × 5 𝜇m and 1 × 1 𝜇m.
The microscope was set to operate in tapping mode and
silicon probes (Tap300Al-G, Budget Sensors, resonance freq.
300 kHz) were used. Analysis was performed using the soft-
ware NOVA 1.0.26 RC1 (NTEGRA Probe NanoLaboratory,
NT-MDT, Zelenograd, Russia). Errors of bow and tilt were
correctedwith a third order subtraction before average height
deviation (𝑆

𝑎
) was calculated.

2.5. Animals, Implantation, and Sample Preparation. Twenty
adult Swedish lop-eared rabbits (mean weight 4.2 kg) were
used. Two implants (one HA-coated and one noncoated used
as a reference) were inserted into the proximal part of the
left and right tibiae, respectively. Before surgery, the surgical
site was shaved and disinfected with 70% ethanol and 70%
chlorhexidine.The animals were anesthetized with intramus-
cular injections of a mixture of 0.15mL/kg medetomidine
(1mg/mL Dormitor; Orion Pharma, Sollentuna, Sweden)
and 0.35mL/kg ketamine hydrochloride (50mg/mL Ketlar;
Pfizer AB, Sollentuna, Sweden). Lidocaine hydrochloride
(Xylocaine; AstraZenecaAB, Södertälje, Sweden) was admin-
istered as the local anesthetic at each insertion site at a
dose of 1mL. Osteotomy was prepared with a series of
drills and was finalized at a diameter of 2.9mm, and the
implants were thereafter inserted. Postoperatively, buprenor-
phine hydrochloride (0.5mL Temgesic; Reckitt Benckiser,
Slough, UK) was given as an analgesic for 3 days.

2.6. Removal Torque. The rabbits were sacrificed by an
anesthetic overdose at weeks 3 and 12 after surgery and
the implants and surrounding tissues were removed en
bloc. Subsequently, the removal torque needed to unscrew
the implant was measured using an electrically controlled
removal torque unit [19]. After the removal torque measure-
ments, implants and surrounding bone tissue were placed in
RNAlater solution and frozen at−80∘C to preserve themRNA
for RT-PCR analysis.

2.7. RNA Extraction and Real-Time Reverse-Transcription
PCR. RNA extraction from the bone tissue was performed
using QiaZol solution (Qiagen GmbH) combined with RNA
Tissue Kit SII. To reduce DNA contamination during extrac-
tion, all samples were DNase-treated with RNase-free DNase
(Qiagen GmbH). RNA quantification was performed using a
NanoDrop Spectrophotometer (ThermoScientific NanoDrop
Technologies, Wilmington, DE, USA).

The amounts of RNA in the samples were normalized to
50 ng/𝜇L and reverse-transcribed in single 50 𝜇L reactions
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Table 1: The gene expressions that were analyzed.

Gene Primer sequence Tm Amplicon size (bp) Primer source

ALP S TGGACCTCGTGGACATCTG 75 80 Oryctolagus cuniculus
A CAGGAGTTCAGTGCGGTTC

ATPase S CCTGGCTATTGGCTGTTACG 77.7 98 Oryctolagus cuniculus
A GCTGGTAGAAGGACACTCTTG

Calcitonin
receptor

S CGTTCACTCCTGAAAACTACA 72.6 128 Oryctolagus cuniculus
A GCAACCAAGACTAATGAAACA

Collagen I S GGAAACGATGGTGCTACTGG 80.4 83 Oryctolagus cuniculus
A CCGACAGCTCCAGGGAAG

IGF-1 S CCGACATGCCCAAGACTCA 70.3 81 Oryctolagus cuniculus
A TACTTCCTTTCCTTCTCCTCTGA

IL-6 S GAGGAAAGAGATGTGTGACCAT 73.5 104 Oryctolagus cuniculus
A AGCATCCGTCTTCTTCTATCAG

IL-10 S CCGACTGAGGCTTCCATTCC 73.3 75 Oryctolagus cuniculus
A CAGAGGGTAAGAGGGAGCT

Osteocalcin S GCTCAHCCTTCGTGTCCAAG 77.8 70 Oryctolagus cuniculus
A CCGTCGATCAGTTGGCGC

Runx2 S GCAGTTCCCAAGCATTTCATC 72.8 81 Oryctolagus cuniculus
A GTGTAAGTAAAGGTGGCTGGATA

TNF-𝛼 S CTCACTACTCCCAGGTTCTCT 78.2 122 Oryctolagus cuniculus
A TTGATGGCAGAGAGGAGGTT

TRAP S GCTACCTCCGCTTCCACTA 78.5 129 Oryctolagus cuniculus
A GCAGCCTGGTCTTGAAGAG

𝛽-Actin S CACCCTGATGCTCAAGTACC 76.4 96 Oryctolagus cuniculus
A CGCAGCTCGTTGTAGAAGG

(25 𝜇L RT Mix and 25 𝜇L sample). All reverse transcrip-
tions were performed using a high capacity cDNA reverse
transcription kit (Applied Biosystems) to generate cDNA for
relative quantification on mRNA. The cDNA samples were
stored in −20∘C until real-time PCR.

Real-time quantitative reverse-transcription PCR (RT-
PCR) was performed in 20𝜇L reaction in triplicate for each
sample, with custom-designed primers (Table 1) of SYBR
green detection (PrimerDesign Ltd, Southampton,UK). Each
PCR reaction contained 1𝜇L Primer, 10 𝜇L Master Mix, 4 𝜇L
water, and 5 𝜇L cDNA template and was performed using a
a 96-well StepOnePlus system (Applied Biosystems, Foster
City, CA, USA). StepOne Software v2.3 was used for analysis
and the data was normalized by a comparative Ct or ΔΔCt
method to get the relative mRNA expression [20, 21]. The
control group was set as reference and normalized with
the test group in the calculations. 𝛽-Actin was used as
endogenous control to normalize the input difference of the
samples. Both osteogenic markers; ALP, ATPase, Calcitonin
receptor, Collagen I, IGF-1, Osteocalcin, Runx2 and TRAP,
and Inflammation markers; IL-6, IL-10 and TNF-𝛼 were
analyzed, Table 1.

2.8. Statistical Analysis. The statistical analysis for the
removal torque was performed using SAS proc glm and proc
mixed (SAS Institute Inc, USA). The analysis was performed

using three-way analysis of variance.The rabbit was regarded
as random; time (three and twelve weeks) and treatment
(reference andHA-coated)were regarded as fixed factors.The
significance level was set at 0.05.

3. Results

3.1. Material Characterization

3.1.1. Scanning Electron Microscopy (SEM). In Figure 1, SEM
images of both noncoated pure titanium and HA-coated
titanium screw-shaped implants are shown. At the higher
magnification (80 kX) the nanometer-sized HA crystals are
clearly seen as elongated particles deposited onto the surface
of the HA-coated implants. The particles follow the underly-
ing topography forming an evenly distributed monolayer. In
Figures 1(e)–1(h), SEMmicrographs of the noncoated and the
HA-coated titaniumdiscs are shown. In these images it is seen
that the surface morphology of the discs differs somewhat
from the surface morphology of the implants. However, the
HA crystal layers of the coated discs look similar to the layer
onto the coated implants.

3.1.2. X-Ray Photoelectron Spectroscopy (XPS). XPS survey
spectra for noncoated and HA-coated implants are presented
in Figure 2. The XPS-spectrum for the HA-coated implants
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Figure 1: SEM micrographs of noncoated implant at magnifications 40 kX and 80 kX ((a)-(b)) and HA-coated implant at mag. 40 kX and
80 kX ((c)-(d)). SEM images of noncoated disc at mag. 40 kX and 80 kX ((e)-(f)) and HA-coated disc at mag. 40 kX and 80 kX ((g)-(h)).

revealed that the surface contained calcium and phospho-
rous, which were not observed on the noncoated surface.
The amount of carbon on the noncoated and the HA-coated
implants was similar.

3.1.3. Atomic Force Microscopy (AFM). In Figure 3, AFM
micrographs obtained in heightmode for both the noncoated

and the HA-coated discs are presented. From the topograph-
ical images, no visual differences could be seen between
the two surface types. The average values from the surface
roughness analysis are shown in Table 2. The HA-coated
discs showed notably lower 𝑆

𝑎
values for both fields of view

(5 𝜇m × 5 𝜇m and 1 𝜇m × 1 𝜇m) compared to the noncoated
discs.
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Figure 2: XPS-spectra for (a) noncoated implant and (b) HA-coated implant. The binding energy was monitored between 0 and 600 eV.
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Figure 3: 3DAFM images of a noncoated disc ((a) and (b)) and aHA-coated disc ((c) and (d)).Measurements were performed at two different
fields of view, 1𝜇m × 1 𝜇m ((a) and (c)) and 5 𝜇m × 5 𝜇m ((b) and (d)).

Table 2: Average 𝑆
𝑎
±SD values for HA coated and noncoated discs.

HA coated Noncoated
Average 𝑆

𝑎
, 1 × 1 𝜇m 4.9 ± 2.0 nm 12.9 ± 5.6 nm

Average 𝑆
𝑎
, 5 × 5 𝜇m 41.3 ± 11.8 nm 70.3 ± 13.3 nm

Number 6 7

3.2. In Vivo

3.2.1. Removal Torque. The results from the removal torque
tests after 3 and 12 weeks of healing are presented in Table 3.
The 12-week removal torque measurements were performed
on 9 animals; due to that one rabbit died during inser-
tion surgery. Statistical analysis showed that no significant

difference could be detected for both weeks 3 and 12 (𝑃 =
0.19, resp., 0.06). Comparison between the two healing times
was performed using three-way analysis of variance. The
animals were regarded as random and time (week three/week
twelve) and treatment (noncoated/HA-coated) were regarded
as fixed factors. Analysis by SAS proc glm and proc mixed.
The three-way analysis showed no significant differences
between the noncoated and the HA-coated implants (𝑃 =
0.28, DF = 17, 𝑡-value −1.12, 𝛼 0.05).

3.2.2. Real-Time Polymerase Chain Reaction (RT-PCR).
Results from the osteoblast, osteoclast, and proinflamma-
tion markers in the RT-PCR analysis are presented in
Figures 4(a)–4(f). At three weeks of healing, gene expression
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Figure 4: Results from RT-PCR analysis of selected genes (ALP, osteocalcin, Collagen I, Runx2, TRAP, IGF-1, ATPase, Calcitonin receptor,
TNF-𝛼, IL-6, and IL-10) after three weeks and twelve weeks, respectively. The genes were normalized with the housekeeping gene 𝛽-actin,
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𝑃 < 0.05. Please note that the genes cannot be compared to each other, only between experimental groups, since the genes are normalized
to actin.

of osteocalcin and Collagen I was significantly higher for
the HA-coated implants compared to the noncoated implants
(𝑃 = 0.046, resp., 𝑃 = 0.042), whereas the gene expression for
ATPase and TNF-𝛼was significantly lower for the HA-coated
implant compared to the noncoated implants (𝑃 = 0.008,

resp., 𝑃 = 0.0231). At 12 weeks of healing the gene expression
of TRAP, IGF-1, and ATPase was significantly lower (𝑃 =
0.01; 𝑃 = 0.02, resp., 𝑃 = 0.007) for the HA-coated implants
compared to the noncoated implants. For the other markers
no significant differences were detected.
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Table 3: Mean removal torque values and statistical comparisons.

Number Mean (SD)⋅Ncm Median (min; max)
Three weeks

Noncoated 10 32.4 (8.1) 33.5 (16; 42)
HA coated 10 27.8 (9.1) 30.5 (10; 39)

Twelve weeks
Noncoated 9 49.3 (11.1) 54 (32; 62)
HA coated 9 38.2 (13.4) 40 (21; 61)

Distribution of the removal torque differences between three weeks and twelve weeks.
Rabbit Difference (noncoated-HA coated) Rabbit Difference (noncoated-HA coated)
1 19 11 1
2 8 12 −3
3 7 13 2
4 13 14 −7
5 −15 15 30
6 3 16 8
7 −4 17 22
8 3 18 11
9 −3 19 —
10 15 20 36

4. Discussion

In this study, we evaluated the osseointegration properties
of titanium implants coated with HA nanoparticles and
compared them with noncoated counterparts. The implant
surfaces were characterized and it was shown that both nan-
otopography and surface chemistry were different between
the two investigated implants. For the HA-coated implants,
SEM showed that elongated particles were present on the
surfaces, which most likely are HA crystals. In order to
evaluate the nanotopography of the surfaces using AFM,
titanium discs were prepared using the same procedure as for
the implant screws. SEM revealed, however, that the surface
morphology of the discs differed from the implants. Despite
these differences, the HA particles seemed to be deposited in
a similar fashion on the discs as on the implants. As a conse-
quence, the differences in measured topography on the discs,
which is attributed to the HA nanoparticles, are believed to
be directly comparable to the ones on the implants. From the
AFM results, it was observed that the surface roughness was
lowerwhenHAparticles were applied onto the surface, which
indicates that the particles smoothened out smaller surface
features.

The removal torque was measured after 3 and 12 weeks
of healing in the rabbit tibia. Statistical calculations showed
no significance between the two surfaces at neither of the
two time periods. Not even when all HA-coated implants
were compared to the noncoated ones could significance be
detected. In a previous study, which was performed using
the same types of implants, it was shown that the removal
torque was significantly higher for the HA-coated surface
compared to a noncoated surface only after 2 weeks of
healing. In the same study, no significant difference was
observed after 4 weeks of healing [18]. This is an indication
that the effect of the nano-HA is especially significant at

earlier healing periods and biomechanically the values seem
to present no differences after bone maturation. This has
been a general tendency with nanosized HA deposited onto
titanium surfaces [2, 16, 20, 21]. Furthermore, removal torque
is indeed a course evaluation technique, since the values may
be influenced by different factors, such as macrogeometry
or microtopography. It has been suggested that in order to
detect the differences generated by nanotopography, other
biological evaluation techniques, such as the modified pull
out testing, may be suitable [22–24]. However, the use of a
screw type model in animal studies is of great value, since
this may provide valuable information for the actual clinical
implant performance. Thus, in order to detect the detailed
differences generated at the nanolevel, different evaluation
techniques have been utilized and have provided some
interesting results. For example, nanomechanical testing to
evaluate the bone nanomechanical properties has shown that
indeed there are differences even when no differences were
detected with the conventional methods [17]. Furthermore,
other state of the art techniques such as the use of micro-CT
have provided the possibility to further investigate the unique
bone-forming properties to bothmicro- andnanotopography
[25–27]. Sarve et al. have further explored the possibility
of obtaining improved boneimplant interfacial images with
the use of s𝜇CT and have shown that the technique can
evaluate the bone-healing properties to surfaces possessing
nanotopography [28].

Another detailed evaluation that can possibly explore the
genetic mechanisms of the responses to the nanostructured
surface is the gene expression. After 3 weeks, significantly
higher expressions of osteoblast marking genes, osteocalcin,
and Collagen I were detected in the tissue surrounding the
HA-coated implants. This indicates a higher osteoprogenitor
activity for the modified surface [29]. This increase in
the expression of osteogenic genes was not observed after
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12 weeks. Interestingly, the osteoclast related marker, TNF-
𝛼, was significantly downregulated in the surrounding tissue
of the HA-coated implants after 3 weeks. Reportedly, TNF-
𝛼 contributes to bone loss by inhibiting the IGF-I and ALP
genes [30, 31]. The expression of the transmembrane ATPase
was lowered around the surrounding tissue of both the 3-
and 12-week HA-coated implants. It has been known that a
lowered number of ATPase could affect the cell metabolism
[32], and this may have influenced the bone turnover rate of
the nanostructured surface. At 12 weeks both the TRAP and
the IGF-I were significantly lowered for the tissue surround-
ing the HA implants. Within the limitation of the current
study, it is difficult to fully interpret the obtained results
since the RT-PCR is still a phenomenological investigation
where the researcher selects the gene of interest; however, it
is evident that the differences in surface nanotopography and
chemistry obviously influenced the gene expression, which
was not detectable by the removal torque. In order to further
investigate the detailed geneticmechanism,methodologies to
detect the signaling pathway may be useful.

5. Conclusions

In this work, the osseointegration of screw-shaped titanium
implants coated with hydroxyapatite (HA) nanocrystals was
evaluated in vivo. The results demonstrated that the torque
needed to remove the implants was insignificant between
pure titanium and HA-coated implants, both at weeks 3 and
12 of healing. RT-PCR performed on osteoblast, osteoclast,
and proinflammation markers, however, showed significant
differences when HA nanocrystals were present. The results
show that nanosized HA crystals deposited onto implants do
have a biological effect; however, it is not always detectable
using removal torque measurements.
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Lateral or vertical bone augmentation has always been a challenge, since the site is exposed to constant pressure from the soft tissue,
and blood supply only exists from the donor site. Although, for such clinical cases, onlay graftingwith autogenous bone is commonly
selected, the invasiveness of the secondary surgical site and the relatively fast resorption rate have been reported as a drawback,
which motivated the investigation of alternative approaches. This study evaluated the bone-forming capability of a novel nanoHA
alloplast infused with collagen graft material made from biodegradable polylactic acid/polyglycolic acid versus a control graft
material with the same synthesized alloplast without the nanoHA component and collagen infiltration.The status of newly formed
bone and the resorption of the graft material were evaluated at 6 weeks in vivo histologically and three dimensionally by means
of 3D microcomputed tomography. The histologic observation showed that newly formed bone ingrowth and internal resorption
of the block were observed for the experimental blocks, whereas for the control blocks less bone ingrowth occurred along with
lower resorption rate of the block material. The three-dimensional observation indicated that the experimental block maintained
the external geometry, but at the same time successfully altered the graft material into bone. It is suggested that the combination of
numerous factors contributed to the bone ingrowth and the novel development could be an alternative bone grafting choice.

1. Introduction

Oral implant treatment is one of the reliable treatment
options in dentistry. Due to the conceptual changes in treat-
ment planning, implants are today placed in a position so
that the suprastructure can be reconstructed in both anato-
mically and aesthetically ideal configuration. However, in
cases of severe atrophy especially in the aesthetically demand-
ing maxillary anterior region, bone augmentation to gain
volume may be necessary before an implant can be placed

to attain suitable bone architecture [1]. Since it has been
suggested that bone volume (both height andwidth) has been
considered as an important precondition to achieve long-
term functional and aesthetic success [2, 3], a number of
surgical techniques using various bone substitutes have been
proposed to augment the bone volume [4, 5]. Conversely to
particulate graft, which demands extramaterials to guarantee
space maintenance such as membrane barriers, the onlay
graft does not require such approach since it is self-contained
and has the potential to support itself by the soft tissue [6].
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Additionally, onlay grafts are frequently employed to aug-
ment larger bone defects, whereas lamentably to date, the
particulate grafting has not much clinical documentation to
support its capabilities.

Materials used for onlay grafting are similar to those
of the particulates, and it is an undeniable fact that some
potential drawbacks associated with the use of autogenous
[7, 8], allograft, and xenograft [9, 10] materials have been
indicated. Although autogenous bone grafting is still the “gold
standard,” the procedure is invasive for secondary surgical
sites. Moreover, there always exist potential infection risks
from allograft and xenograft materials. Further, xenografts
have been reported in some long-term clinical studies that
they actually interfere with the bone metabolism, and what
seems to be maintaining bone volume is just delaying the
biological healing [11, 12].

Such issues have directed attention towards the devel-
opment of synthetic bone substitutes, that is, alloplastic
[13], which have experienced considerable advances and are
anticipated to provide comparable results to those achieved
with the autograft [14].

In order to achieve requirements in bone tissue engi-
neering, biomaterials, irrespective of their inherent fea-
tures, should display qualities including osteoconductive
and osteoinductive potentials, biocompatible and compatible
with native bone in terms of porous andmechanical behavior
[15]. Although a large array of alloplastic-based bone sub-
stitutes with different chemical and physical features have
emerged directed towards successful tissue engineering [9],
the tissue response is expected to be different from each other
due to inherent characteristics of each material [16, 17].

The physicochemical and topographical aspects of bio-
materials play an important role in osteoinductive mecha-
nism in a biomaterial graft [18, 19]. For instance, the release of
calcium and phosphate by calcium phosphate-based bioma-
terial seems to act as themost important factor involved in its
bioactivity [20, 21]. In fact, a series of research studies based
on the referredmaterial have widely shown its osteoinductive
potential [22–27]. Topographically speaking, a synthesized
calcium phosphate with a specific microstructure has been
reported to enhance the bone metabolism significantly by
stimulating the macrophage activities thereby stimulating
osteogenesis [19, 28]. Although osteoinduction mechanisms
are still essentially unknown [29], it is worth to note that the
ultimate aim is developing bioactive bone-graft substitutes
suitable to effectively send signals in order to raise levels
of osteoprogenitor cells in a physiological manner [6, 30].
Another important aspect is the mechanical properties, since
an ideal onlay grafting material should maintain its intended
morphology and, however, at the same time be able to be
altered to bone. Thus, a graft material that acts as a scaffold
and at the same time possessing an excellent mechanical pro-
perty could fully alter the autogenic bone grafting procedure.

The aim of this pilot study is to histologically and three
dimensionally observe the bone-forming capability of a novel
synthetic alloplastic graft material presenting nanoHA and
collagen infusion at the nanometer scale aimed for onlay graft
application implanted on the bone mandible of sheep and
removed at 6 weeks in vivo.

2. Material and Methods

2.1. Synthetic Bone Blocks. This study utilized two synthetic
composite blocks (Intra-Lock International Boca Raton,
Florida USA) (Patent Pending) labeled as control and exper-
imental (Figure 1). The two blocks were made of a bio-
composite of polylactic acid (PLA)/polyglycolic acid (PGA)
and hydroxylapatite particles (HA). The experimental mate-
rial presented the PLA/PGA scaffold and nanometer scale
hydroxylapatite (HA) particles and were infused with colla-
gen (experimental group). The control group presented the
PLA/PGA scaffold structure and micrometer scale HA parti-
cles. The macrogeometric structure of both bone blocks was
similar. At lowmagnification, scanning electronmicrographs
the difference in HA particle size was easily depicted between
control (Figure 1(a)) and experimental blocks (Figure 1(b)).
High magnification field-emission scanning electron micro-
graphs depicted the nanoHA particles within the PLA/PGA
matrix (Figure 1(c)) and collagen infusion between nanoHA
particles (Figure 1(d)) for the experimental group.

The method of the whole process including the collagen
infusion is proprietary and patent pending. The blocks
produced for this experiment were cubic, 10 × 10 × 10mm,
and supplied sterile by gamma radiation. The blocks were
then shaped with a surgical number 22 blade to a size of
10mm in height, 10mm in length, and 5mm in width to
obtain standard sizes for placement.

2.2. Animals and Surgery. Four sheep (approximately 6
months of age) were used for the study. This study was
approved by the bioethics committee of Ecole Nationale
Vétérinaire Maisons-Alfort, Paris, France.

The central region of the mandibular body on the lateral
aspect was chosen for the procedure. All the procedures
were performed under general anesthesia. Preanesthesia was
made by means of intravenous (IV) Thiopental (15mg/Kg)
followed by orotracheal intubation. The inhalatory general
anesthesia was maintained with isofluorane (2.5%), intra-
muscular (IM) ketamine (0.2mg/Kg), and meloxicam (IM,
0.5mg/Kg). After shaving and exposing the skin, an antiseptic
solution with iodine was applied to the surgical site, as well
as the surrounding area. An incision of 5 cm was made
parallel to the inferior border of mandible. The platysma
was dissected and cut in order to reach the periosteum,
which was subsequently incised and reflected with periosteal
elevator, and, finally, the mandibular body was exposed using
manual retractors. The sites were prepared with a straight
hand-piece at 900 rpm with abundant saline irrigation, and
for each block, 5 perforations of 1.3mm in diameter were
made through the cortical bone. In brief, 4 perforations
were made creating an 8mm square, and an additional
perforationwas placed in the center of the square for eventual
block fixation. Both control and experimental blocks were
thereafter placed and fixed with 14 × 1.6mm screw. After
fixation, the stability of blocks as well as the intimate contact
among all sides of the blocks to the mandibular body was
checked (Figure 2) and appropriate fixation stability was
easily achieved due to the block resiliency. After saline
irrigation, the surgical sites were sutured layer by layer
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Figure 1: While the macrogeometric structure of both bone blocks were similar. At low magnification, scanning electron micrographs of
the difference in HA particle size was easily depicted between (a) control and (b) experimental blocks. Field-emission scanning electron
micrographs of the experimental group depicted the (c) nanoHA particles within the biopolymeric matrix (arrowheads) and that (d) collagen
infusion took place at the nanometer scale (arrows).

Control
Experimental

Figure 2: Clinical aspect of extraoral access utilized for the placement of control and experimental blocks. Blood wetting was observed
throughout the volume of the experimental block material, whereas blood wetting was lower for the control block.

(internal layers: 3–0 vicryl, skin: 3–0 nylon). Postoperatively,
all animals were given antibiotics (benzylpenicillin, 15mg/Kg
and dihydrostreptomycin 20mg/Kg, IM) for 5 days, anal-
gesics (patch of fentanyl, 3𝜇g/h/kg, effect during 3 days) on
the skin, and anti-inflammatory (meloxicam 0.5mg/kg, IM)
for two days. During the postoperative period, no signs of
infection or other complications were observed. Euthanasia
was performed after 6 weeks by anesthesia overdose, and
the blocks/mandibular body was retrieved. After a careful
removal of the surrounding soft tissue, the surgical site was
exposed, and stability of blocks was checked. Thereafter, all
samples were subjected to histological processing.

2.3. Micro-CT Imaging andHistology. The samples were fixed
in 10% phosphate buffered formalin for 24 h and, thereafter,
were gradually dehydrated in a series of ethanol concentra-
tions. After dehydration, the samples were infiltrated and
embedded in autopolymerizing methyl metacrylate resin.
Upon the completion of the curing process, the embedded
blocks were scanned by means of microcomputed tomogra-
phy (𝜇CT 40 Scanco Medical, Brüttisellen, Switzerland). The
X-ray energy level was set at 70 kV, and a current of 114 𝜇A,
with a slice resolution of 20𝜇m. All data were exported in
DICOM-format and imported in Amira software (Visage
Imaging GmbH, Berlin, Germany) for evaluation. Manual
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Figure 3: Three-dimensional reconstruction of the mandibular segment containing both experimental and control blocks. (a) Lateral view
of the onlays depicted bone ongrowth on the lateral aspects of both blocks. (b) The cross-sectional reconstruction showed the perforations
performed in the mandibular lateral aspect cortical (arrows). Bone ingrowth was observed at the region in immediate contact with the
mandibular bone for both blocks; bone ingrowth throughout the volume of the block was only observed for the experimental group, which
also presented lower amounts of synthetic material compared to the control group.

segmentation process employing semiautomatic or automatic
segmenting tools was used to generate the 3D images.

After 𝜇CT imaging, all resin-embedded blocks were
subjected to undecalcified ground sectioning. One central
undecalcified cut and ground sectionwas prepared from each
sample with a slow speed precision diamond saw (Isomet
2000, Buehler Ltd., Lake Bluff, USA). The sections were
ground to a final thickness of about 90 𝜇m and stained
with Stevenel’s Blue and Van Giesons Picro-Fuchsin. A slide
scanner ScanScopeGL (Aperio Technologies, Inc., Vista, CA)
was used for the histological observation.

3. Results

During surgery for block placement, blood wetting was
observed throughout the volume of the experimental block
material, while noticeable lower wetting was lower for the
control block (Figure 2).

Postoperative clinical evaluation revealed that the aug-
mented sites did not present any complication (absence of
inflammation, infection, etc.) throughout the 6 weeks healing
period. The sheep were allowed to eat as soon as fully recov-
ered from general anesthesia and did not present substantial
weight gain or loss thereafter.

Immediately following euthanasia, sharp dissection of
the mandibular region did not reveal any clinical sign of
inflammation or infection, and it was clinically evident
that no substantial degradation of both biomaterial blocks
existed, and those were in the placement position held by the
titanium screw. New bone formation was evident in regions
surrounding the biomaterial blocks.

The 𝜇CT reconstruction of the augmented regions
showed bone growth around both control and experimental
blocks (Figure 3). Bone ongrowth onto the biomaterial block
surfaces was depicted for both groups. However, while bone
ingrowth was observed at the region in immediate contact
with the mandibular bone for both blocks, bone ingrowth
throughout the volume of the block was only observed for the
experimental group, which also presented lower amounts of
synthetic material compared to the control group (Figure 3).

The histologic sections confirmed the difference in heal-
ing pattern observed through three-dimensional reconstruc-
tion (Figure 4), where bone ingrowth occurred throughout
the volume of the experimental block material, and little
ingrowth occurred for the control block material. Smaller
amounts of synthetic material were also observed for the
experimental block relative to the control block material.

4. Discussion

It has been a general consensus that the expected clinical
outcome of ectopic onlay grafts intended for lateral or vertical
augmentation is unstable regardless of the graft origin. This
is due to the fact that initial vascularization (blood supply)
occurs only from the bottom of the graft and may be insuffi-
cient for the graft to be successfully altered by newly formed
bone before the graft collapses from the constant tension of
the soft tissue or is resorbed by the active macrophages.

The histological and three-dimensional observation of
the control sites depicted that the graft material lacked
new bone ingrowth and for some locations, and soft tissue
encapsulation could be observed. The control alloplast at 6
weeks presented some degree of soft tissue incorporation
inside the block. On the other hand, active new bone
ingrowth was notable within the experimental graft material.
Of note is that compared to the control blocks where the
block maintained its shape both externally and internally,
the experimental blocks seemed to have degraded and/or
resorbed,while newly formed bone filled the spaces originally
occupied by the grafting material bulk. Further, remaining
block material seemed to be in contact to the aligning newly
formed bone. This is an indication that bone metabolism has
been stimulated due to the graftmaterial and is in accordance
with the reports from Ono et al. (2011), where in their lateral
augmentation model, they found more amount of newly
formed bone for surface modified beta-tricalcium phosphate
blocks than the control without modification [19]. By using
enzyme histochemistry, they confirmed that vigorous osteo-
clastic activity accompanied new bone formation expressing
alkaline phosphatase, presenting constant block material
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Figure 4: Histologic sections for the (a) control and (b) experimental block materials placed on the lateral aspect of the mandible. The
histologic sections revealed the perforations performed in the mandibular lateral aspect cortical (arrows). Higher magnification of the (c)
control and (d) experimental blocks showed that bone ingrowth occurred throughout the volume of the experimental block material, and
little ingrowth occurred for the control block material. Smaller amounts of synthetic material were also observed for the experimental block
relative to the control block material.

resorption and new bone apposition simultaneously. It was
suggested that successful bone alteration could be dependent
on the topography (including porosity) and chemistry of the
synthesized blocks as in the case for the present pilot study.
Since the major difference in the two synthesized blocks is
the HA particle size and collagen infusion, such nanometer
scale features may be separate or in tandem be accounted for
the difference in bone healing kinetics.

He et al. (2012) have previously reported that the infil-
tration of collagen to porous hydroxyapatite improved mes-
enchymal stem cell adhesion, proliferation, and differentia-
tion [31]. They suggested that the self-reconstruction prop-
erty of the collagen enhanced fibrous network formation, and
it can be a potential carrier for other proteins and cytokines.
This effect has been clinically suggested to be effective as
Simion et al. have shown that collagen matrix could be
applied for an effective scaffold for tissue regeneration [32].

Another added feature by the thorough infiltration of
collagen is increased hydrophilicity. Our surgical procedures
showed that immediately after placement of the experimental
blocks to the decortified surgical site, blood infiltrated the
entire block indicating its extreme hydrophilicity compared
to the control blocks. This has been reported to be one of
the features when collagen is combined with biodegradable

materials that the collagen increases thematerial hydrophilic-
ity [33]. As it has been well described that the hydrophilicity
is important for osteogenic cell responses [34–37], it can be
assumed that the physiological cascade of events further leads
to the formation of new bone.

Finally, it can be speculated that the improved bone-
forming properties seen with the experimental block were
achieved due to the combination of multiple factors such as
the structural biomechanical strength that maintained the
original external geometry, the micrometer level and related
nanometer scale structure of the composite created by the
synthesis and infiltration of the collagen and its distribution,
surface energy including hydrophilicity, and perhaps others.
Multivariable experimental studies are under way to explore
the potential of this promising novel grafting material.
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The aim of this study was to assess histologically and histomorphometrically the early bone forming properties after 3 weeks for 2
commercially available implants, one supposedly possessing nanotopography and one without, in a rabbit femur model. Twenty-
four implants divided equally into 2 groups were utilized in this study. The first group (P-I MICRO+NANO) was a titanium oxide
(TiO
2
)microblasted andnoble gas ion bombarded surfacewhile the second group (Ospol)was anodic oxidized surfacewith calcium

and phosphate incorporation. The implants were placed in the rabbit femur unicortically and were allowed to heal for 3 weeks.
After euthanasia, the samples were subjected to histologic sectioning and bone-implant contact and bone area were evaluated
histomorphometrically under an optical microscope. The histomorphometric evaluation presented that the P-I MICRO+NANO
implants demonstrated significantly higher new bone formation as compared to the Ospol implants. Within the limitations of this
study, the results suggested that nanostructures presented significantly higher bone formation after 3 weeks in vivo, and the effect
of chemistry was limited, which is indicative that nanotopography is effective at early healing periods.

1. Introduction

Replacing amissing toothwith endosseous implants has been
recognized as a long-term successful treatment option [1, 2].
Recent research trends further focus on enhancing the bone
in apposition to the implant to ensure rapid and firm osseoin-
tegration. The major factors influencing the bone response
around implants are reported to be the implant macrodesign,
surface topography, and surface chemistry, which have been
investigated in numerous studies [3–5]. Surface topography
in particular has drawn significant attention as an important
factor since it has been suggested that moderately rough
implant surfaces present the strongest bone responses [6–
8]. Alteration of the surface topography can be conducted
in various methods, which provide unique characteristics
[9]. Roughening the surface with blasting particles along
with different types of acid etching is a commonly utilized

technique to modify the surface topography [10, 11]. This
method is unique in a way that the roughness can be altered
in a controlled manner by changing the velocity, particle size,
and particle properties [12]. Furthermore, the acid etching
not only cleans off the remnants of the particles, but creates
a unique surface topography, which has also been reported
to alter the surface chemistry [13, 14]. It has been presented
in numerous in vivo studies that this type of modification
can enhance bone regeneration which is believed to be due
increase in the surface area gained by surface roughness
[10, 15–17]. With regards to the effect of chemistry, it has
been reported that elements such as calcium and phosphate
have significant influence on bone formation [18, 19]. It has
also been reported that chemically modified surfaces provide
a specific bonding between the implant and the surface,
which has been described as biochemical bonding [20, 21].
One of the recognized methods to chemically modify the
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surface is the anodic oxidation technique. It is a method to
increase the thickness of the oxide layer with a possibility to
incorporate elements such asmagnesiumand phosphates and
also provide a unique porous topography [20–23]. It has been
proven that this modification significantly improves both the
rate and quality of osseointegration [20].

In order to further enhance osseointegration, recent
research has focused on modifying the topography at the
nanolevel, since cells and proteins are reportedly interacting
at this level [24, 25]. Reports suggest that in vitro these
features couldmodify cellular shape and influence themigra-
tion and differentiation of mesenchymal stem cells [24–30].
It has been reported in several studies that the application
of nanostructures increases the bioactivity of the implant
surface which leads to an enhanced bone apposition around
implants [31–33].

Although both nanotopographical and chemical modifi-
cations have proven to be an enhancing factor for osseoin-
tegration, it is of great interest to observe the bone forming
characteristics of commercially available implants possess-
ing either one of the factors. In this study, two commer-
cially available implants, one supposedly possessing intended
nanostructures formed by a noble gas ion bombardment
and another chemically modified implant with calcium
incorporated anodic oxidation, were characterized by various
methods.Thereafter, the two commercially available implants
were placed in the rabbit femur to observe histologically and
histomorphometrically the early bone forming properties of
3 weeks.

2. Materials and Methods

2.1. Implant Surface Preparation and Characterization.
Twenty-four implants divided into 2 groups were used in
this study. The first group (𝑛 = 12) was a titanium oxide
(TiO
2
) microblasted and noble gas ion bombarded surface

(Functional hybrid implants, P-I MICRO+NANO, Zimmer
Dental), with a diameter of 3.75mm and length of 11.5mm.

The second group (𝑛 = 12) was an anodic oxidized
surface with calcium and phosphate incorporation (Ospol
surface, Ospol, Zimmer Dental), with a diameter of 3.9mm
and length of 8.0mm.

2.2. Interferometer. Topographical analyses at microlevel
were performed with interferometry (MicroXAM—
PhaseShift, Tucson, AZ, USA). Following guidelines that
were suggested by Wennerberg and Albrektsson [34],
three implants from each group were examined in order
to characterize the surface roughness. Each implant was
examined at 9 different positions (3 top areas, 3 valley areas,
and 3 flank areas). Parametric calculations were performed
after errors of form and waviness were removed using a 50 ×
50mmGaussian filter. Data was collected from the following
three-dimensional parameters: the arithmetic mean of the
height variation from a mean plane, Sa (𝜇m); the density of
summits, Sds (𝜇m−2); and the developed surface area added
by the roughness, Sdr (%). (Measurement area: 200𝜇m ×
250𝜇m.)

The evaluation was performed with the Surfascan soft-
ware, and the images were produced using MounatinsMap
universal 6.2 software.

2.3. Atomic Force Microscopy. The topographies of P-I
MICRO+NANO and Ospol surfaces were characterized at
nanolevel using atomic force microscopy (XE-100, Park sys-
tems).The analysis was performed in noncontact mode using
silicon nitride probe with a nominal resonance frequency
between 200 and 400 kHz (ACTA-10, APPNANO, USA). For
this test, discs with the same implant surface treatment were
used (3 discs for each group). Measurements areas of (10 ×
10) and (1 × 1) in three random positions were selected for
each disc. The measurements were performed at a scan rate
of 0.50Hz.

The raw data obtained from the topographical equipment
were further processed to separate the form, waviness, and
roughness from the originalmeasurements. AGaussian high,
pass filter was used (25% of surface area). The Gaussian filter
is suitable for smoothing surfaces with rich features. The
parameters used to calculate surface roughness were the same
ones used with interferometer which are: Sa, Sds, and Sdr.
Analysis and processing of the AFM images were performed
with the MountiansMap Universal 6.2 software.

2.4. Scanning ElectronMicroscopy. The surfacemorphologies
of 2 discs from each group were examined by scanning
electron microscopy (SEM) using an LEO Ultra 55 FEG
(Zeiss, Oberkochen, Germany) at an accelerating voltage of
5 kV. A secondary electron in-lens detector was used for
visualization.

2.5. X-Ray Photoelectron Spectroscopy. The surface chemistry
was investigated using X-ray photoelectron spectroscopy
(XPS) utilizing a Kratos Axis Ultra XPS instrument equipped
with a monochromatic Al K𝛼 X-ray source. Binding energies
between 0 and 1100 eV were monitored, 0.800 eV/step and
50ms/step, at a pass energy of 187.85 eV (150W). One implant
from each group was examined.

2.6. Animals and Surgery. The study was approved by the
Malmö/Lund, Sweden, Regional Animal Ethical Committee.
Twelve rabbits were included of mixed sexes with an average
weight of approximately 4 kg.

Before surgery, the animals were sedated by intramus-
cular injections of a mixture of 0.15mL/kg of medetomi-
dine (1mg/mL Dormitor—Orion Pharma, Sollentuna, Swe-
den) and 0.35mL/kg of ketamine hydrochloride (50mg/mL
Ketalar—Pfizer AB, Sollentuna, Sweden). The hind legs were
shaved and disinfected with 70% ethanol and 70% chlorhexi-
dine. Lidocaine hydrochloride (Xylocaine—AstraZeneca AB,
Gothenburg, Sweden) was administrated as local anesthetic
at each insertion site at a dose of 1mL. After osteotomy
preparation following the manufacturers instructions, the
implants were inserted in both sides of the femur. After the
operation, buprenorphine hydrochloride (0.5mLTemgesic—
Reckitt Benckiser, Slough, UK) was administered as an
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Figure 1: Representative interferometer images of 3D surface topography of the (a) P-I MICRO+NANO and (b) Ospol discs.

Table 1: Surface roughness measurements for implants of the two groups using interferometer (9 measurements/implant, 𝑛 = 3).

Sample Sa 𝜇m (SD) Sds/mm2 (SD) Sdr % (SD)
P-I MICRO+NANO 0.6070 𝜇m (0.075) 186758mm2 (20462) 30.39% (8.45)
OSPOL 0.3599 𝜇m (0.090) 244573mm2 (41090) 44.08% (32.25)

Table 2: Surface roughness measurement using the AFM (scan size 10 × 10).

Scan size 10 × 10 Sa 𝜇m (SD) Sdr % (SD) Sds 1/𝜇m2 (SD)
P-I MICRO+NANO 0.051 (0.007) 8.49 (3.59) 9.59555 (5.20)
OSPOL 0.058 (0.005) 11.44 (1.27) 3.08 (0.30)

analgesic for 3 days. After 3 weeks, the rabbits were eutha-
nized with an overdose (60mg/mL) of pentobarbital natrium
(Apoteksbolaget AB, Stockholm, Sweden).

2.7. Histology and Histomorphometry. After euthanasia, the
samples were processed in series of dehydrations in ethanol
and infiltrations in resin; they were embedded in light-curing
resin (Technovit 7200 VLC—Heraeus Kulzer, Wehrheim,
Germany). Thereafter, the resin-embedded samples were
subjected to undecalcified ground sectioning. One central
ground section was prepared from each block by using the
Exakt sawing and grinding equipment [35]. The sections
were ground to a final thickness of approximately 20 𝜇m and
histologically stained with toluidine blue and pyronin G.

Histological evaluations were performed using a light
microscope (Eclipse ME600—Nikon Co., Tokyo, Japan), and
the histomorphometrical data were analyzed by image anal-
ysis software (Image J v. 1.43u—National Institutes of Health,
Bethesda, MD, USA). The bone-implant contact (BIC) per-
centage and the bone area (BA) and the new bone area (new-
BA) percentages along the implant for total bone and new
bone were calculated. New bone formation surrounding the
implants was used for evaluating the osteoconductivity.

2.8. Statistical Analysis. For the histological evaluation, the
wilcoxon rank-sum test was used for statistical analysis. For
interferometer and AFM measurements, the mean values of

surface roughnesswere comparedwith those of Independent-
samples 𝑡-test using Statistical Package for the Social Sciences
(SPSS) version 20 software (SPSS Inc., Chicago, USA). The
degree of statistical significance was considered 𝑃 < 0.05.

3. Results

3.1. Topographical Characterization. The results of the inter-
ferometermeasurements are presented inTable 1.The average
height deviation (Sa) was significantly different between the
two groups (𝑃 = 0.000). Both surfaces were smooth accord-
ing to the definition by Albrektsson and Wennerberg [3].

Further, the number of summits per unit area (Sds)
differed significantly among the surfaces, with the Ospol sur-
face presenting higher values than the P-I MICRO+NANO
surface (𝑃 = 0.000).

The surface enlargement percentage (Sdr) showed that
the Ospol surface had a significantly larger surface area than
the P-I MICRO+NANO surface (𝑃 = 0.028). Figure 1 shows
Interferometer images of 3D surface topography of the P-I
MICRO+NANO and Ospol discs.

In contrast to the interferometer analysis, high-resolution
topographical analysis with the AFM showed decreased
surface roughness for the P-I MICRO+NANO compared to
Ospol discs. The Sa, Sds, and Sdr parameters of the two
groups at 10 × 10 scan size are presented in Table 2. The
statistical analysis showed significant differences in Sdr and
Sds values (𝑃 = 0.027 and 0.002, resp.).
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Table 3: Surface roughness measurement using the AFM (scan size 1 × 1).

Scan size 1 × 1 Sa nm (SD) Sdr % (SD) Sds 1/𝜇m2 (SD)
P-I MICRO+NANO 4.35 (1.36) 8.56 (7) 1533 (671)
OSPOL 5.18 (1.11) 8.9 (3.70) 2295.2 (734)

Table 4: Surface chemical composition (atomic %) using XPS.

Element C1s N1s O1s P2p Ca2p Ti2p
P-I MICRO+NANO 22.75 1.07 56.77 0.88 18.53
OSPOL 17.51 0.46 58.88 2.38 2.23 18.55
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Figure 2: Representative AFM images of the 3D surface topography of (a) P-I MICRO+NANO, (b) Ospol discs at 1 × 1 scan area, (c) P-I
MICRO+NANO, and (d) Ospol discs at 10 × 10 scan area.

For the 1 × 1 scan size, the Sa, Sds, and Sdr parameters are
presented in Table 3.The statistical analysis shows significant
difference only in the Sds value (𝑃 = 0.035). Representa-
tive AFM images of the 3D surface topography of the P-I
MICRO+NANO and Ospol discs for both scan ranges are
presented in Figure 2.

3.2. Scanning Electron Microscopy. Scanning electron
microscopy images of the P-I MICRO+NANO and Ospol
discs are presented in Figure 3. At high magnification,
P-I MICRO+NANO surface showed distinct, distributed,
nanosized bumps with nanoparticles less than 100 nm in size.
Ospol surface on the other hand showed extremely smooth
surface with porous structures distributed on the surface
with a diameter of approximately 300–500 nm.

3.3. X-Ray Photoelectron Spectroscopy. XPS survey spectra
for the P-I MICRO+NANO and Ospol implants are pre-
sented in Figure 4, and the surface chemical composition
is presented in Table 4. As it can be seen in the table, the
largest difference between the two surfaces is the presence
of calcium and phosphate on the Ospol surface. However, a
relatively small amount of calcium was observed also on the
P-I MICRO+NANO surface. Carbon and small quantities of
nitrogenwere present on both implants, whichmost probably
is due to contamination.

3.4. Histology and Histomorphometry. A descriptive histo-
logic image for both groups is presented in Figure 5. In brief,
deeply stained woven bone was formed along the implant,
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Table 5: Summary of the histomorphometric measurements.

Group BIC % BIC % BA % BA % New BA % New BA %
(All threads)

(SD)
(Top 3 threads)

(SD)
(All threads)

(SD)
(Top 3 threads)

(SD)
(All threads)

(SD)
(Top 3 threads)

(SD)
P-I MICRO+NANO 54.33 (14.7) 59.25 (12.9) 54.75 (8.4) 57.166 (10.1) 46.416 (9.4) 47.25 (10.15)
OSPOL 52.75 (15) 58.08 (14.7) 52.41 (13.8) 59.083 (13.9) 35.83 (10.6) 36.416 (11.3)

(a) (b)

(c) (d)

(e) (f)

Figure 3: SEM images for the discs surfaces show (a) P-I MICRO+NANO and (b) Ospol at 5Kx magnification, (c) P-I MICRO+NANO and
(d) Ospol at 30Kx magnification and (e) P-I MICRO+NANO and (f) Ospol at 200Kx magnification.

which was in close contact for both groups. No signs of
inflammation or bone resorption were evident.

The mean BIC values for all implant threads and for the
top 3 threads of P-I MICRO+NANO and Ospol implants
demonstrated no significant differences (𝑃 = 0.906, 𝑃 = 0.87,
resp.).Whenmeasuring the osteoconductivity of the surfaces,

the two groups did not differ in BA% for both all threads and
top 3 threads (𝑃 = 0.624, 𝑃 = 0.583, resp.).

The new bone formation presented that the P-I
MICRO+NANO implants which had significantly higher
new bone are between all threads and the top 3 threads
(𝑃 = 0.034, 𝑃 = 0.025, resp.). Table 5 summarizes all
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Figure 4: XPS survey spectra (a) Ospol and (b) P-I MICRO+NANO implants.

(a) (b)

Figure 5: Histological observations of P-IMICRO+NANO implant
(a) and Ospol implant (b) after 3 weeks (toluidine blue and pyronin
staining, original magnification ×10). Cortical old bone is visualized
in pale red while the New Bone is visualized in dark red.

histomorphometric measurements. Figure 6 shows a
descriptive histological image for new bone formation in P-I
MICRO+NANO implants after 3 weeks.

4. Discussion

In the present study, 2 commercially available implants with
and without nanostructures were chemically and topograph-
ically characterized, and the bone forming properties were
evaluated after 3 weeks in vivo in a rabbit femur model.

From the SEM observations, the Ospol surface presented
an extremely smoothmorphology, and nanostructures in size

Figure 6: Histological observations of new bone formation among
the threads of P-I MICRO+NANO implant after 3 weeks (toluidine
blue and pyronin staining, original magnification ×10). Cortical old
bone is visualized in pale red while the New Bone is visualized in
dark red.

of 100 nm or less could not be seen. The anodic oxidation
process of the surface showed a typical surface morphology
with porous structures of 300–500 nm in size. On the other
hand, the SEM images for the P-I MICRO+NANO surface
presented a typical surfacemorphology as a result of the TiO

2

particle blasting with homogeneous nanostructures of about
20 nm in diameter.

The surface topography in the microlevel confirmed by
the interferometer presented unique differences for both
surfaces. It was confirmed that both surfaces were smooth
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according to the report from Wennerberg and Albrektsson
[36]. The average height deviation (Sa) was significantly
higher for the P-I MICRO+NANO surface, probably due
to the topography created by the surface roughening pro-
cedure. However, the density of summits (Sds) and surface
enlargement ratio (Sdr) were significantly higher for the
Ospol, probably due to the existence of porous structures.
The evaluation in the nanolevel confirmed by the AFM
presented that the Sds was significantly higher for the P-I
MICRO+NANO, which is an indication that the surface has
been roughened in the nanoscale. The investigation of the
chemical composition of the 2 different surfaces presented
that the P-IMICRO+NANOsurface presented a high amount
of TiO

2
due to the surface blasting procedure and the Ospol

surface had large amounts of Ca and P on its surface, probably
due to the anodic oxidation procedure performed in baths
with these elements.

The histomorphometric measurements presented no sig-
nificant differences in BIC or in total BA. However, when
analyzing the amount of new bone formation represented by
deeply stained tissue, significantly higher percentage in favor
of the P-I MICRO+NANO implant was shown. The results
strongly suggest that both surfaces have abundant osseoin-
tegration properties. This was evident in the representative
histologic micrographs, where newly formed bone extended
from the trabecular bone almost encapsulated the implant
surface. The fact that the P-I MICRO+NANO surface pre-
sented higher new bone formation within the implant cham-
ber is an indication that the slightly, but significantly, higher
microtopography and the presence of the homogeneous
nanotopography had positive effects on the bone. Although
the Ospol surface underwent a chemical modification incor-
porating Ca and P into the surface, the histomorphometric
results indicated that the chemical modification did not seem
to have a strong influence on bone regeneration and the
effect of topography was more significant. It is difficult to
draw conclusions whether the topography or the chemistry
plays a decisive role on bone formation, since some studies
suggest the effect of nanotopography to be an influential
factor [37, 38] and some others suggest that the effect of
chemistry is of most importance [39, 40]. However, in cases
where the nanostructure itself is consisting fromCaP, it seems
that there is a synergistic effect, with the bone mineralization
properties being significantly enhanced [32, 41, 42]. It can
be said that both chemical and topographical modifications
are of great importance for osseointegration; however, their
biologic effectsmay be dependent on numerous factors.More
studies are necessary to determine the optimal surface that
would present the strongest bone responses, and longer time
points are warranted to observe the effect during longer
healing periods.

5. Conclusion

The results suggested that the effect of homogenous nanos-
tructures presented significantly higher bone formation after
3 weeks in vivo, which suggests the effect of nanotopography
at early healing periods.
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Nanotechnology has gone through a period of rapid growth, thus leading to the constant increase in the application of engineered
nanomaterials in daily life. Several different types of nanoparticles have been engineered to be employed in a wide array of
applications due to their high surface to volume ratio that leads to unique physical and chemical properties. So far, silver
nanoparticles (AgNps) have been used in many more different medical devices than any other nanomaterial, mainly due to their
antimicrobial properties. Despite the promising advantages posed by using AgNps in medical applications, the possible health
effects associated with the inevitable human exposure to AgNps have raised concerns as to their use since a clear understanding
of their specific interaction with biological systems has not been attained yet. In light of such consideration, aim of the present
work is the morphological analysis of the intracellular behavior of AgNps with a diameter of 10 nm, with a special attention to their
interaction with mitochondria.

1. Introduction

Antibacterial properties of silver ions are well known. Indeed,
silver has been used since time immemorial in different
chemical forms to treat burns, wounds, and several different
infections caused by pathogenic bacteria. Interestingly, for
thousands of years, silver and silver ions have been used for
their bactericidal properties [1, 2], which include

(1) multilevel antibacterial effects that considerably
reduce the chances of developing resistance since
this effect of silver is thought to be due to blockage
of respiratory enzyme pathways and alteration of
microbial DNA and the cell wall [3, 4];

(2) effectiveness against multidrug-resistant organisms
[5, 6];

(3) low systemic toxicity [7, 8].

Over the past decade, a variety of advanced silver-based
medical devices have been developed with considerable
variations in the structure, composition, and silver content.
In recent years, nanotechnology has provided the means of
producing pure silver nanoparticles, markedly increasing the
rate of silver ion release and its antimicrobial activity as well.

The use of oral implants in the rehabilitation of partially
and fully edentulous patients is widely accepted even though
failures do occur [9]. The chance for implants to integrate
can for example be jeopardised by the intraoral presence
of bacteria and concomitant inflammatory reactions. The
longevity of osseointegrated implants can be compromised
by occlusal overload and/or plaque-induced peri-implantitis,
depending on the implant geometry and surface charac-
teristics. Animal studies, cross-sectional and longitudinal
observations in man, and association studies indicate that
peri-implantitis is characterised by a microbiota compara-
ble to that of periodontitis (high proportion of anaerobic
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Gram-negative rods, motile organisms, and spirochetes), but
this does not necessarily prove a causal relationship [10].
However, in order to prevent such a bacterial shift, the
following measures can be considered: periodontal health in
the remaining dentition (to prevent bacterial translocation),
the avoidance of deepened peri-implant pockets, and the use
of a relatively smooth abutment and implant surface. Finally,
periodontitis enhancing factors such as smoking and poor
oral hygiene also increase the risk for peri-implantitis [11].

The oral cavity is populated by a variety of microor-
ganisms. The microbial communities in the oral cavity are
polymicrobial and exist primarily as biofilms [12]. These
biofilms can be responsible for several local diseases, includ-
ing periodontal and peri-implant diseases, which can lead
to the loss of teeth or implants, respectively. The potential
of silver nanoparticles (AgNps) to reduce bacterial adhesion
to dental implant surfaces and to prevent biofilm formation
has been investigated by many authors [13, 14] with a view to
reducing the risk of peri-implant infections. Another interest-
ing application of Ag NPs in dentistry pertains the structural
and surface modification of bone grafts and membranes with
a view to preventing the risk of contamination and associated
infection that are common when bone augmentation tech-
niques such as guided bone regeneration (GBR) and guided
tissue regeneration (GTR) are used [15–19].

Despite the widespread use of Ag NPs, a lack of infor-
mation on their biological effects on human cells and
environments still exists. Some authors have investigated
the potential toxicity of Ag NPs in different cell systems,
including bacteria and mammalian cells. Such studies have
attributed the cytotoxicity of Ag NPs to several possible
mechanisms, including the dissolving or release of Ag ions
from the nanoparticles, the disruption of cell membrane
integrity, oxidative stress, protein or DNA binding and dam-
age, the generation of reactive oxygen species, and apoptotic
cell death. The toxic mechanism seems likely to depend
on the nanoparticles’ properties too, for example surface
area, size and shape, capping agent, surface charge, particle
purity, structural distortion, and the bioavailability of the
individual particles. To this view, in previous works, our
group compared the silver structure and content of several Ag
dressing based products, focusingmain attention on Acticoat
[20, 21].

Acticoat is a nanocrystalline silver dressing composed of
two layers of silver-coated high-density polyethylene, enclos-
ing a rayon/polyester core of apertured nonwoven fabric.
The elements that compose Acticoat are welded together
ultrasonically. When moistened with water, microscopic
nanocrystals of metallic silver are released from the dressing
onto the wound bed. The silver has an antimicrobial action
which destroys a range of bacteria, including both Gram-
positive and Gram-negative bacteria [22].

SEM images of this product showed that the polyethylene
fibers are coated with Ag. The coating appears homogeneous
and uniform.The size of the Ag nanocrystals was determined
at amagnification of 50,000; the images show that the particle
size ranges from 200 to 450 nm.

Moreover, its cytotoxicity was tested in vitro and in vivo
on human. In the present work the studies are carried on

focusing on the intracellular behavior of Ag nanoparticles
released form acticoat during a wound dressing.

2. Material and Methods

2.1. Human Skin Samples. Patients were eligible for the
study if recruited <24 h postburn injury and were affected
by partial-thickness burns. Patients were excluded if they
were affected by full thickness burns or had a compromised
immune system or were known to be hypersensitive to silver
and its compounds.

Patients were also excluded in case of comorbidity (e.g.,
diabetes and cardiac or renal disease), chemical or electrical
burns, multiple trauma, or were aged <5 or >60. Skin biopsies
were obtained from a set of eligible patients who gave consent
for taking biopsy materials for scientific purposes, and the
study was performed in compliance with the Declaration of
Helsinki ethical guidelines.

Biopsies were collected by using punches of 4 mm inner
diameter 7mm depth. After seven days of treatment at
dressing removal, two more duplicates were taken, one from
the healed area and another from an unhealed zone. After
10 more days of treatment with a new dressing, another
duplicate sample was taken from the newly healed area.

2.2. TEM. The samples were preserved in a 2.5% glutaralde-
hyde/0.1M sodium cacodylate buffer overnight at 4∘C. The
samples were then treated with 1% OsO4/0.1M sodium
cacodylate buffer and dehydrated using ethanol solutions of
increasing concentrations before embedding in EPON epoxy
resins. Ultrathin sections (ultramicrotome, LKB, Stockholm,
Sweden) were obtained and treated with 1% uranyl acetate
and 1% lead citrate. The samples were analyzed by TEM
(ElectronicMicroscopy Service, Department of Biology, Uni-
versity of Padova, Padua, Italy) using a Tecnai G12 electron
microscope (FEI, acceleration voltage 100 kV). The image
acquisition system consisted of a video camera, TIETZ
(Tietz Video and Image Processing Systems GmbH, Gauting,
Germany), and the TIAFEI Imaging Software (FEICompany,
Hillsboro, OR, USA).

2.3. Cell Cultures. Human dermal fibroblasts were prepared
according to a modified version of the Rheinwald and Green
protocol. After epithelial sheet dispase removal, the dermis
was cut into small pieces (2-3mm2), and fibroblasts were
isolated by sequential digestion with 0.25% w/v trypsin
for 20min and 0.25% w/v collagenase for 4 h. These cells
were then cultured with Dulbecco’s Modified Eagle Medium
(DMEM), (Lonza S.r.l., Milano, Italy) supplementedwith 10%
fetal bovine serum (FBS) (Bidachem S.p.A., Milano, Italy)
and 100 units/mL penicillin and 100𝜇g/mL streptomycin to
form complete DMEM (cDMEM).Themediumwas changed
twice a week, and the cells were harvested by trypsin treat-
ment. After detachment from culture plates, fibroblasts were
cultured in 3D collagen-based scaffolds (MatriDerm, Dr.
Suwelack Skin and Health Care AG, Billerbeck, Germany) at
a density of 105 cells/cm2, obtaining a reconstructed dermal-
like tissue in vitro. Cells were grown in the 3D scaffold for 10



International Journal of Dentistry 3

days in 800𝜇L of cDMEM. The Ag NP-based dressing was
applied above the 3D cell cultures.

2.4. MTT Assay. To determine the kinetics of cell growth
with or without Ag NPs, the MTT-based (methyl-thiazolyl-
tetrazolium) cytotoxicity assay was performed according to
the method of Denizot and Lang with minor modifications.
This colorimetric assay is an indirect method for assessing
cell growth and proliferation. MTT gives a yellowish aque-
ous solution, which, on reduction with dehydrogenases or
reducing agents present in metabolically active cells, yields
a violet-blue water insoluble dye compound, formazan. The
lipid soluble formazan is extracted with organic solvents
and quantified spectrophotometrically. The amount of MTT
formazan produced is directly proportional to the metabolic
activity of cells. After harvesting the culturemedium, the cells
were incubated for 3 h at 37∘C in 1mL of 0.5mg/mL MTT
solution prepared in phosphate buffer saline solution (PBS).
After removal of the MTT solution by pipette, 0.5mL of 10%
dimethyl sulfoxide in isopropanol (iDMSO) was added to
extract the formazan in the samples for 30min at 37∘C. For
each sample, absorbance values at 570 nm were recorded in
duplicate on 200𝜇L aliquots deposited in microwell plates
using a multilabel plate reader (Victor 3 Perkin Elmer,
Milano, Italy).Themitochondrial functionality in the AgNP-
treated cells is calculated as the ratio between the absorbance
at 570 nm of the treated sample and the absorbance of a
control sample expressed as a percentage.

2.5. Morphological Analysis. Concurrently with the MTT
assay, morphological analyses were carried out on the dupli-
cate samples. After removing the Ag NP-based dressing and
the culture medium, the remaining dermal-like tissue was
embedded in Optimal Cutting Temperature (OCT) com-
pound, frozen in liquid nitrogen and preserved at−80∘Cuntil
cutting. Tissue sections (>7 𝜇m thickness) were obtained
using a cryostat (CM1950, Leica, Milano, Italy) and deposited
onto gelatin-coated glass slides.Theywere fixedwith absolute
acetone for 10min at room temperature and cryopreserved
at −20∘C until use. In order to visualize the cell distribu-
tion inside the scaffold and to investigate the possibility of
nuclear fragmentation, the fibroblasts nuclei were stained
with H33342 fluorochrome (Sigma Aldrich, Milano, Italy,
final concentration of 2𝜇g/mL). The samples were observed
using a Zeiss Axioplan fluorescence microscope equipped
with a digital camera (DC500, Leica, Milano, Italy).

In order to quantify the number of live cells and highlight
the presence of apoptotic cells, a parallel set of in vitro exper-
iments were carried out. Hoechst H33342 dye was added
to the 3D dermal-like cell culture simultaneously with YO-
PRO-1 iodide dye (excitation wavelength 491 nm/emission
wavelength 509 nm, Molecular Probes). Hoechst H33342 dye
stains the nuclei in the whole population of cells, while
YO-PRO-1 stains specifically the apoptotic cells. YO-PRO-
1 is a green fluorescent probe, which can enter cells once
their plasma membrane has reached a certain degree of
permeability.

The cell membrane during apoptosis becomes slightly
permeable and YO-PRO-1 can freely enter the cell and bind

∗

Figure 1: TEM images of a fibroblast present in a healed skin sample
treatedwithAgNPbasedmedical devices.The cells are healthy as the
right morphological features show: integrity of plasma membrane,
nuclear integrity (blue∗), and active nucleolus (blue arrow).

to its nucleic acids, enhancing its fluorescence intensity. The
number of different cells was counted, and live cells are
calculated as the difference between the number of cells
stained with Hoechst H33342 and the number of apoptotic
cells stained with YO-PRO-1. Immediately after the removal
of the Ag NP-based dressing from the 3D cell cultures,
Hoechst 33342 andYO-PRO-1 were added to the cell cultures.
The cells were incubated at 37∘C for one hour, and then, the
culture multiwell plate containing the cells was transferred to
a confocal laser scanning microscope to monitor YO-PRO-1
and Hoechst fluorescence.

A fluorescence confocal laser scanning microscope
(Axiovert 100M, Zeiss, Germany) with a 10∘ magnification
objective was used for the detection of Hoechst H33342 and
YO-PRO-1 stained cells. The fluorescent dye, YO-PRO-1, was
excited with a 25mW Argon laser at 488 nm. Emission was
recorded above 510 nm. The Hoechst H33342 fluorescence
was detected at 460 nm after excitation at 346 nm. The
microscope was equipped with a motorized stage, and the
LSM 510 (Zeiss) software enabled memorization of stage
positions. For each sample, images were taken at the preset
stage positions at various depths.

2.6. ROS Measurements. The OxiSelect ROS Assay Kit is
a cell-based assay for measuring hydroxyl, peroxyl, and
other reactive oxygen species activity within a cell. The
assay employs the cell-permeable fluorogenic probe DCFH-
DA, which diffuses into cells and is deacetylated by cellular
esterases into the nonfluorescent DCFH (Figure 1). In the
presence of ROS, DCFH is rapidly oxidized to highly fluo-
rescent DCF. Fluorescence is read on a standard fluorometric
plate reader.

3. Results and Discussion

fibroblast present in the deeper layer of burned skin are
able to uptake AgNps (Figure 1, red arrows). The cells are
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Figure 2: TEM images of a fibroblast present in a healed skin sample
treated with AgNP based medical devices. Nanoparticles taking up
by endocytosis. AgNps in normal human dermal fibroblasts take up
AgNps (red arrows) by endocytosis (blue arc).

Figure 3: TEM images ofAgNps (red arrows) in cytoplasmatic space
of fibroblast present in a healed skin sample treated with AgNP
based medical devices. The diameter of particles released from the
medical devices are of 20 nm, indicating that their aggregates are
able to enter the cells by endocytosis.

healthy as the right morphological features show: integrity
of plasma membrane, nuclear integrity (blue∗), and active
nucleolus (blue arrow). All nanoparticles are taken up by
mammalian cells by such mechanisms as pinocytosis, endo-
cytosis dependent on caveolae and lipid raft composition,
clathrin-dependent endocytosis and phagocytosis [10], endo-
cytosis {Endo (within) cytosis (cell)}, is a process in which a
substance gains entry into a cell without passing through the
cell membrane.This process is subdivided into three different
types: pinocytosis, phagocytosis, receptor mediatedendo-
cytosis. Receptor mediated endocytosis is an endocytotic
mechanism in which specific molecules are ingested into the
cell.The specificity results from a receptor-ligand interaction.
Receptors on the plasma membrane of the target tissue will

Figure 4: TEM images of AgNps (red arrows) in cytoplasmatic
space of fibroblast present in a healed skin sample treatedwithAgNP
based medical devices.

∗

∗

∗

Figure 5: TEM images ofAgNps (red arrows) in cytoplasmatic space
of fibroblast present in a healed skin sample treated with AgNP
based medical devices. AgNP are closed to the mitochondria (red∗);
nuclei is indicated by blue∗.

specifically bind to ligands on the outside of the cell. An
endocytotic process occurs, and the ligand is ingested. In each
case, endocytosis results in the formation of an intracellular
vesicle by virtue of the invagination of the plasma membrane
and membrane fusion.

AgNps are no exception in this respect; as shown in
Figure 2, indeed, normal human dermal fibroblasts take
up AgNps (red arrows) by endocytosis (blue arc). As well
reported in Figure 3 the diameter of particles released from
themedical devices is of 20 nm, (note: a fibroblast size is about
100 𝜇m) indicating that their aggregates are able to enter into
the cells by endocytosis.

As regards intracellular localization of AgNps, their
ability to form aggregates of about 200 nm (Figure 4, red
arrows) was confirmed.They are absent from the cell nucleus,
endoplasmic reticulum, or Golgi complex (Figure 5). They



International Journal of Dentistry 5

∗

∗

(a)

∗

(b)

Figure 6: TEM images of AgNps (red arrows) in cytoplasmatic
space of fibroblast present in a healed skin sample treated with
AgNps basedMedical devices. AgNP are closed to themitochondria
(red∗); and not inside the mitochondria and inside the nuclei
(indicated by blue∗).

also formed agglomerates in the perinuclear region (Figure 5,
red arrows). The transmission electron microscopy (TEM)
analysis indicated the absence of AgNps (Figures 5 and 6
red arrows) inside the mitochondria (Figures 5 and 6 red∗)
and nucleus (Figure 5 blue∗). AgNps are closed to the outer
membrane of the mitochondria as it is well shown in Figure 7
red arrows (mitochondria red∗). Mitochondria are organized
in the perinuclear zone of the cytoplasm (Figure 8, square
barked red), recruiting the larger quantity of AgNps (Figure 8
red arrows) present in the cytoplasm.

In these conditions, mitochondria are small (Figure 8
red∗), round and in high number.

To investigate if Ag NPs could negatively affect cell
survival, we evaluated their toxicity on fibroblasts in vitro.
A collagen-based scaffold was employed as a support for a
3D cell culture of fibroblasts to obtain a dermal-like tissue.
Morphological analyses were carried out to investigate nuclei
morphology and cellular distribution within the scaffold. As

∗

∗

∗

Figure 7: TEM images of AgNps (red arrows) in cyplosmasmatic
space of fibroblast present in a healed skin sample treated with
AgNP based Medical devices. AgNP (red arrows) are closed to the
mitochondria (red∗).
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∗

Figure 8: TEM images of AgNps (red arrows) in cytoplasmatic
space of fibroblast present in a healed skin sample treatedwithAgNP
based Medical devices. AgNps are closed to the outer membrane
of the mitochondria that are organized in the perinuclear zone of
the cytoplasm (square barked red), recruiting the larger quantity of
AgNps present in the cytoplasm.

reported in Figure 9(a) the dermal-like tissue appears as a
multilayer of cells, where the fibroblasts are able to proliferate
and fill the scaffolds during the course of the experiments.
No signs of apoptosis were detected. The similar distribution
of cells was seen in the Ag NP-treated samples (Figure 9(b)).
Interestingly, despite the reduced mitochondrial functional-
ity observed, the nuclei are still present and appear to be
undamaged. There was no observable presence of apoptotic
bodies or nuclear fragmentation.

A quantitative comparison of the number of live cells
in the treated and untreated 3D cell cultures is reported in
Figure 10(a). The results show that the number of live cells
increasedwith time at the same rate in both samples.TheYO-
PRO-1 assay showed that there were no apoptotic cells visible
in the sample treated with Ag NPs.
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(a) (b)

Figure 9: Dermal-like tissue reconstructed in vitro. Cells, visible thanks to the red staining of the nuclei, can be seen inside the collagen-based
scaffold and appear to be organized in layers. (a) Un-treated control after 9 days from the beginning of the experiments; (b) treated control
at nine days.
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Figure 10: (a) Progression of cell growth in time in a 3D dermal-like tissue after Ag NP streatment (white) and in the control sample (black),
mean value ± SD samples versus time.The count of the live cells in the sample is obtained as the sum of the live cells at various depths at each
position. (b) MTT test for mitochondrial activity in a 3D dermal-like tissue after Ag NPs treatment (white) and in the control sample (black)
mean value ± SD samples versus time. As it is well evident, when silver nanoparticles are present, no mitochondrial activity is detectable.

At three, six, and nine days, MTT assays were carried
out to assess the mitochondrial function in cells treated with
Ag NPs. Cytotoxicity in vitro is usually estimated with the
use of colorimetric tests; their principle is the reduction
of tetrazolium salts, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to formazan. The reduction is
carried out by a mitochondrial reductase and is an indirect
measure of cell population viability.

As reported in Figure 10(b), a time-dependent decrease
in metabolic activity was observed in the cells treated with
the AgNP-based dressing.This confirms the ability of AgNPs
to impair mitochondrial function. Examples of MTT test
application for AgNps cytotoxicity (ROS) are present in every

cell, being produced by the mitochondrial and cytoplas-
mic oxidation processes. Under environmental stress, the
cell reacts by increased ROS generation, and this leads to
imbalance between ROS generation and their neutralization
by antioxidative enzymes and low molecular weight antiox-
idants, among others by glutathione. This disturbance of
the redox equilibrium is defined as oxidative stress. Under
conditions of oxidative stress the cell accumulates ROS, and
the antioxidative response that follows involvesmodifications
in signaling pathways.

In order to test if this damage could be correlated to a
ROS production we tested ROS generations. As reported in
Figure 11 there is a ROS production in presence of AgNPs.
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Figure 11: The ROS measurement in dermal-like tissue recon-
structed in vitrowith (white) and without NgNPs (black) treatment.
As it is well evident, when silver nanoparticles are present, ROS
activity is detectable.

This production decreases in time, according to the ability of
the mitochondria to capture AgNPs.

4. Conclusions

ROS increase due to nanoparticle treatment has been shown
to be the key factor in the biological effects in vivo and in
vitro [23–25]. From our TEM microphotographs it can be
judged that AgNps accumulate outside the mitochondria.
It is possible that this is the direct cause of mitochondrial
damage and the disturbed function of the respiratory chain
resulting in ROS generation and oxidative stress. No AgNps
were detected inside the nucleus, and no fragmented nuclei
were observed. Despite the presence of AgNps inside the
cytoplasm, the nuclear membrane is intact and is round in
shape. The nucleolus visible confirms that the chromatin
is not condensed, but that it has a structure that allows
transcription to proceed. We hypothesize that once the
AgNps have been released into the cytoplasm, they generate
ROS.

We speculate, then, that mitochondria are moved around
the nucleus to act as a physical-chemical barrier to prevent
ROS and AgNps from reaching the nuclear membrane. If the
mitochondrial membrane breaks down due to the action of
ROS, antioxidative enzymes, such as mitochondrial super-
oxide dismutase (mtSOD), catalase, glutathione peroxidase,
and thioredoxin peroxidase [26, 27], are released from the
mitochondria into the cytoplasm to quench the ROS.
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Nanoparticle-covered electrodes have altered properties as compared to conventional electrodes with same chemical composition.
The changes originate from the large surface area and enhanced conduction. To test the mineralization capacity of such materials,
TiO
2
nanoparticles were deposited on titanium and gold substrates. The electrochemical properties were investigated using cyclic

voltammetry and impedance spectroscopy while the mineralization was tested by immersion in simulated body fluid. Two types of
nucleation and growth behaviours were observed. For smooth nanoparticle surfaces, the initial nucleation is fast with the formation
of few small nuclei of hydroxyapatite. With time, an amorphous 2D film develops with a Ca/P ratio close to 1.5. For the rougher
surfaces, the nucleation is delayed but once it starts, thick layers are formed. Also the electronic properties of the oxides were shown
to be important. Both density of states (DOS) in the bandgap of TiO

2
and the active area were determined. The maximum in DOS

was found to correlate with the donor density (𝑁
𝑑
) and the active surface area. The results clearly show that a rough surface with

high conductivity is beneficial for formation of thick apatite layers, while the nanoparticle covered electrodes show early nucleation
but limited apatite formation.

1. Introduction

Nanocrystalline films composed of sintered nanoparticles
of TiO

2
have interesting properties and have been studied

for potential use in photoelectrochemical solar cells, elec-
trochromic windows, and batteries with Li-intercalation [1–
7].The advantages compared with conventional materials are
the much larger internal surface accessible due to electrolyte
penetration of the porous framework, efficient charge sepa-
ration, and ion conduction since the transport distance for
charge carriers to travel becomes short in the nanocrystallites
[8, 9]. A disadvantage noted for these applications is the
large density of states. These states take part in electron-
hole recombination processes and electron transfer reaction
at the oxide-electrolyte interface, if located in the bandgap.
However, the latter property can be regarded as an advantage
for adsorption of redox-active compounds and is therefore

of special interest for dental implant applications, which the
present study is focused on. It has, for example, been shown
that serumproteins such as fibrinogen adsorb on the titanium
surface through a chemisorptions process, that is, involving
electron transfer [10]. The ability of a material to attract bio-
molecules, specific proteins, and blood platelets and thus
trigger the blood coagulation are key factors to induce bone
formation directly on an implant surface [11, 12]. The elec-
tronic behaviour of TiO

2
has also been shown to affect the

thrombogenicity of the material [13–15], and one explanation
could be the semiconducting behaviour of fibrinogen which
is important in the blood coagulation pathway. Fibrinogen
has a band structure that fits into the bandgap of TiO

2
and

by altering the gap size and/or the 𝐸
𝐹
placement of TiO

2
,

the protein adsorption and following decomposition of the
fibrinogen could be changed [13–15]. It is therefore important
to study the electronic properties of different titanium oxide
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Table 1: Sample description.

Sample name Underlying surface Surface modification
TS Turned titanium None
TS + 8 nm Turned titanium Spin coated with 8 nm TiO2 particles
TS + 22 nm Turned titanium Spin coated with 22 nm TiO2 particles
TS + P25 Turned titanium Spin coated with P25 particles
TS + AT-I Turned titanium Treated sequentially in oxalic and hydrofluoric acid [16]
Au Mechanically polished gold None
Au + 22 nm Mechanically polished gold Spin coated with 22 nm TiO2 particles

layers and in particular to estimate the density of states in the
bandgap of TiO

2
.

The aim of the present study is to investigate the effect
of surface roughness, morphology, and electronic proper-
ties on the apatite-forming ability of surfaces with differ-
ent nanostructures. For this purpose, surfaces with well-
characterized nanoparticles were formed using spin coating.
Three different suspensions of nanoparticles were used with
8 and 22 nm clean TiO

2
particles individually dispersed and

commercial P25 particles with an individual size of ∼30 nm.
The P25 dispersion contained also larger aggregates that were
transferred to the surface. A turned Ti surface was used as
reference, and a nanostructured surface formed by etching
in acid solution was used for comparison. Surface roughness,
morphology, and composition were determined using AFM,
SEM, EDX, and XRD, respectively. The electronic properties
were determined using cyclic voltammetry and impedance
spectroscopy and correlated with the bioactivity measured by
immersion in simulated body fluid for different times.

2. Materials and Methods

2.1. Sample Preparation. Titanium dioxide (TiO
2
) nanopar-

ticles were synthesized by controlled hydrolysis of TiCl
4
to

obtain clean surfaces. TiO
2
particles of different sizes were

obtained by synthesis at 0∘C but with dialysis and storage of
the colloidal dispersions done at 0∘C for 8 nm and 20∘C for
22 nm sized particles. The dialysis step is important to avoid
agglomeration, and the resulting suspensions consist mainly
of single nanoparticles. Details about the synthetic procedure
and properties of the suspensions are given elsewhere [18,
19]. The two particle sizes were chosen based on previous
work where fundamental properties have been addressed
and shown to be size dependent [19, 20]. Commercial TiO

2

(Degussa P25), with an individual particle size in the range of
30–80 nm and 4 : 1 ratio of anatase and rutile [21], was care-
fully washed to remove organic surface species and treated in
ultrasonic bath to get a dispersed solution.However, dynamic
light scattering showed the existence of larger aggregates, and
it was not possible to fully disperse the system. The particles
were spin coated onto Ti (grade 4 discs with a turned surface,
diameter 1.1 cm) or Au disks (polished with SiC paper (4000),
diameter 1.1 cm). Typically, 100 𝜇L of particle suspension
(∼12.5 g/L for the 8 and 22 nm particles and 10 g/L for P25)
was deposited on the electrode surface. The rotation rate was
initially 1500 rpm (30 s) and was increased to 3000 rpm (60 s)
and then back to 1500 rpm before it was turned off. This

procedure was repeated once. After spin coating, the samples
were rinsed with deionized water and left to dry before use.
As a complement to the nanoparticle-coated surfaces, the na-
nostructured TS + AT-I (turned surface treated with oxalic
acid and hydrofluoric acid) surface was included in this study.
Details for the AT-I treatment have been published elsewhere
[16]. Table 1 shows a description of the samples used.

2.2. Surface Chemistry. A Siemens D5000 powder diffrac-
tometer which utilizes CuK𝛼 radiation (𝜆 = 1.54056 Å) was
used for identification of crystalline phases. X-ray diffraction
was measured at different incidence angles in order to
obtain information from different depths of the samples.
For XPS analysis a Quantum 2000 ESCA Scanning Micro-
scope (Physical Electronics, USA) with an X-ray source of
monochromatic AlK𝛼 was used.

2.3. Surface Topography. High resolution SEM images were
recorded using Leo Ultra 55 FEG SEM operated at 1 kV.
Surface roughness analysis was performed by using atomic
force microscopy (AFM) (Nanoscope Multimode IIIa, Dig-
ital Instruments). Tapping mode AFM measurements were
performed at three points per sample and at three different
scan sizes, 10 × 10, 5 × 5, and 3 × 3 𝜇m (scan frequency
0.8Hz, 512 lines).TheAFMdatawere imported intoMeX [22]
(Alicona Imaging GmbH) software where roughness analysis
and calculation of 3D-surface roughness parameters were
performed. By using multiple scan sizes and by applying a
Gaussian filter of different sizes in the MeX software, infor-
mation about topographical features ranging from 10 𝜇m to
150 nm are received, for details see [23].

2.4. Electrochemical Characterisation. Cyclic voltammetry
and impedance measurements were performed by using a
Gamry Reference 600 Potentiostat/Galvanostat/ZRA. The
electrochemical measurements were done in a specially de-
signed three-electrode cell used for stationary conditions.The
sample is placed at the bottom of the cell with the turned
surface towards the electrolyte. A large Pt counter electrode
is concentrically placed around the sample to assure optimal
current distribution, and the reference electrode is placed in
the middle of the cell. This cell configuration is useful for
all types of planar samples and shows good characteristics in
impedance measurements. All potentials are referred to the
Ag/AgCl (sat KCl, E = 0.197V versus SHE) reference elec-
trode.
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2.4.1. Cyclic Voltammetry (CV). Cyclic voltammetry was per-
formed in 0.1M KOH in a broad potential range. The sweep
rate was kept constant at 50mVs−1.

2.4.2. Electrochemical Impedance Spectroscopy (EIS). Electro-
chemical impedance measurements were performed in de-
aerated 0.5M H

2
SO
4
, and a continuous low purge with N

2

gas was maintained during the impedance measurements.
Impedance spectra were recorded at a constant potential in
the frequency range 1 kHz to 10mHzwith 9 point/decade and
an amplitude of 10mV rms. The potential was stepped by
50mV from +1 to −0.5 V with a waiting time of 300 s before
the next spectra were recorded.The impedance data were fit-
ted by using equivalent circuits consisting of one or two time
constants in series with the solution resistance (𝑅sol). Each
time constant consists of a constant phase element (CPE)
in parallel with a resistance related to the oxide. Different
models have been used to calculate the effective capacitance
depending on the system studied [24, 25]. It has been
demonstrated that for lateral distribution of time constants,
the solution resistance is included in the calculations, while
for a distribution of time constant perpendicular to the
surface, it can be omitted. For the system studied here, where
a porous oxide is formed and electrolyte can penetrate most
of the layer, distribution of time constants occurs laterally due
to the porosity of the surface, and the effective capacitance has
therefore been calculated using

𝐶 = [𝑄 ⋅ (
1

𝑅sol
+

1

𝑅film
)

𝛼−1

]

1/𝛼

, (1)

where 𝑅sol is the solution resistance, 𝑅film is related to the
oxide film resistance, and 𝛼 is the dispersion factor for the
CPE element. The effective capacitance was used to estimate
the electric properties of the semiconducting titanium diox-
ide layer using the well-known Mott-Schottky relationship
(2):

1

𝐶2sc
= (

2

𝜀
𝑟
𝜀
0
e𝑁
𝑑

)(𝐸 − 𝐸fb −
𝑘𝑇

e
) , (2)

where 𝐶sc is the space charge capacitance, 𝜀
𝑟
the dielectric

constant of TiO
2
, 𝜀
0
the dielectric constant of vacuum, 𝑁

𝑑

the number of charge carriers, e the charge of the electron,
E the applied potential, and 𝐸fb the flat band potential. Here
it is assumed that the double-layer capacitance ismuch higher
than the space charge capacitance. According to (2), a linear
dependence is expected from which the number of charge
carriers can be obtained from the slope and the flat band
potential from the intercept.

2.5. Immersion in Simulated Body Fluid (SBF). The SBF so-
lution was prepared at 37∘C according to the revised SBF
recipe described in [26]. The pH of the solution was set to
7.00 ± 0.05 using 1M NaOH, and the prepared SBF solution
was used fresh. Samples were individually immersed and
mounted with the treated surface upside down in 40mL SBF
solution. 9 Samples per category were immersed at 37.0∘C,
and 3 samples per category were evaluated after 12 h, 72 h,
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Figure 1: X-ray diffraction of TiO
2
-synthesised nanoparticles with

8 or 22 nm size. The particles were dried at 120∘C for 16 h prior to
the analysis. Diffraction peaksmarked with A correspond to anatase
while B stands for brookite. The inset shows enlargement of the
diffraction pattern for the particles dispersed on Ti (thin line). The
film was washed and allowed to dry at room temperature overnight.

and 1 week of immersion. XRD analysis was performed at
one sample per category and immersion time to investigate
the chemical composition of the sample. SEM (ESEM XL30,
FEI Company) and EDX (Apollo 14, EDAX) analyses were
performed at 3 points per sample for all sample types to
evaluate the amount and morphology of the formed apatite.
SEM settings used were 10 kV, working distance 10mm, and
analysis area 126 × 102𝜇m.

3. Results and Discussion

3.1. Surface Chemistry. Figure 1 shows X-ray diffraction of
the nanoparticles in powder form obtained from suspensions
containing 8 or 22 nm particles. The main phase is anatase
but with a small contribution from brookite as shown by
the reflection at 2𝜃 = 30.8∘. The broad diffraction peaks
indicate that the particles consist of smaller crystallites
(∼4 nm), and growth studies have shown that the particles are
formed by slow aggregation of initially formed precipitates of
this size [18]. In the inset of Figure 1, the diffraction pattern
for the particles attached to titanium is shown. Since the
nanoparticle layer is thin, the signal is very weak but themain
anatase peak can be observed. This shows that the phase of
the particles remains after deposition and drying. The P25
particles attached to titanium show typical diffraction pattern
with a ratio between anatase and rutile of ∼4/1 [22]. For the
TS + AT-I modification, no diffraction peaks from the oxide
can be observed, which indicates that the precipitated layer is
amorphous or too thin to be detected [16].

XPS on the nanoparticle films shows pure TiO
2
with

traces of chloride. No signal for Ti metal was observed, which
indicates that the films fully cover the surface. Lower valent
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 2: SEM images for the (a) TS + 8 nm, (b) TS + 22 nm, (c) Au + 22 nm, (g) TS + P25, and (h) TS + AT-I surfaces. AFM images for the
(d) TS + 8 nm, (e) TS + 22 nm, and (f) Au + 22 nm surfaces.

titanium ions were not observed in contrast to other studies
showing Ti(III) at the surface of nanoparticles formed by
other synthetic routes [27]. The carbon signal is similar for
all samples and is related to surface contamination. XPS for
the AT-I modification has been studied in detail elsewhere
and shows that the oxide film may contain oxalate from the
formation process [16]. In this case, a small Ti metal signal
is observed illustrating that some parts of the surface have a
thin oxide film.

3.2. Surface Topography. Figure 2 shows high-resolution
SEM images of surfaces coated with 8 nm (TS + 8 nm) and
22 nm (TS + 22 nm) and (Au + 22 nm) TiO

2
particles. All

three sur-faces look fairly smooth and in order to further
investigate the surface roughness also AFM images were

recorded, middle row of Figure 2. In AFM, the TS + 8 nm
surface looks smoother than the TS + 22 nm and Au +
22 nm surfaces, which is also quantified by surface roughness
measurements, see Figure 2. From the SEM and AFM images
of these surfaces it seems like the underlying substrate is fully
covered. This is not the case for the two other modifications
used in the present work. The suspension of P25 contained
agglomerates of particles, and these were transferred to the
Ti surface during the spin coating procedure. As a result, the
surface roughness is high but in between the turned surface
is visible, Figure 2(g). For the TS + AT-I surface etched in
oxalic acid and hydrofluoric acid sequentially, rather large
precipitates form with a very thin oxide layer in between,
Figure 2(h). In contrast to the spherical nanoparticles, the
precipitates on the TS + AT-I surface can be regarded as rods
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Table 2: 3D surface roughness parameters determined by AFM.

Sample 𝑆
𝑎
(nm) 𝑆

𝑑𝑞
𝑆
𝑑𝑟
(%)

Average Stdev Average Stdev Average Stdev
TS 11.6 0.67 0.26 0.09 3.51 2.06
TS + 8 nm 8.34 — 0.14 — 1.05 —
TS + 22 nm 10.6 1.4 0.16 0.01 1.32 0.20
TS + P25 63.3 9.2 1.73 0.26 109.3 24.5
TS + AT-I 41.8 6.2 0.89 0.23 38.3 19.2
Au 13.9 — 0.24 — 2.68 —
Au + 22 nm 9.02 1.8 0.14 0.02 1.00 0.70
𝑆
𝑎
: average height of surface, 𝑆

𝑑𝑟
: developed interfacial area, 𝑆

𝑑𝑞
: root mean square of surface slope. Data from 10 × 10𝜇m scan size a Gaussian filter of 20% of

the horizontal width (1.996𝜇m).

with a height of 0.45𝜇m (determined from the average of
maximum height of 5 peaks and valleys, 𝑆

10𝑧
).

Topographical analysis of the coated and nanostructured
surfaces was performed by AFM analysis using overlapping
scan sizes and a Gaussian filter of different sizes to obtain
information of surface features in the range of 10 to 0.150 𝜇m
as described earlier [23]. The 3D surface roughness parame-
ters were calculated using the MeX software [22], and values
for three different parameters are listed in Table 2.

The 𝑆
𝑎
value (average height) is significantly larger for

the surfaces TS + P25 and TS + AT-I than for the nanoparti-
cles-coated surfaces and the turned surface. Both surface
treatments induced additional surface structures on top of
the turned surface without fully covering it, Figure 2. The
coatings containing 8 and 22 nmparticles completely covered
the turned surface with particles, which in turn caused a
decrease in surface roughness since the turning tracks are
covered, Figure 2 and Table 2. The same trend is observed
for the gold substrate, where the 𝑆

𝑎
value decreases after

coating with 22 nm particles. There is only a slight difference
between the 𝑆

𝑎
values for the TS + 8 nm and TS + 22 nm

surfaces, but the lower value obtained for the smaller particles
indicates that the curvature of the particles are reflected in
the surface roughness. The root mean square of the slope
(𝑆
𝑑𝑞
) has been shown to correlate with the interface shear

strength and is thus an important parameter to investigate for
dental implant applications [28, 29]. From a biomechanical
point of view, a large 𝑆

𝑑𝑞
value is desired giving the TS + P25

surface an advantage. The trend in 𝑆
𝑑𝑟
(developed interfacial

area) values follows the same trend as the 𝑆
𝑎
and 𝑆

𝑑𝑞
values

with the smallest values obtained for the surfaces coated with
nanoparticles. Analysis of roughness parameters calculated
from 5 × 5 𝜇m and 3 × 3 𝜇m scan sizes shows lower absolute
numbers but the trends for the different surfaces are the same
as shown in Table 2.

3.3. Electrochemical Characterisation

3.3.1. Cyclic Voltammetry. Cyclic voltammetry was used to
characterise the electronic properties of the coated films. In
Figure 3, examples of voltammograms are shown to illus-
trate the influence of scan range and number of scans for
one type of electrodes (Figure 3(a)), different particle sizes

(Figure 3(b)), partially coated electrodes (Figure 3(c)), and
different substrates (Figure 3(d)).

The general features of the voltammograms obtainedwith
Ti as substrate are the same with a symmetrical process
at the most negative potentials and a peak at less negative
potentials. The two different processes have been discussed
in the literature in relation to films made of sintered TiO

2

nanoparticles, where the electrolyte can penetrate the layer [1,
30–34]. The process observed at the most negative potentials
has been attributed to charge accumulation in the conduction
band (3) or filling traps just below the conduction band (4). In
both cases, adsorption of protons takes place to obtain charge
balance in acid solution [32]:

IV
TiO
2
+ e− +H+ ←→

IV
TiO
2
(e−CB) (H

+

) (3)

IV
TiO
2
+ e− +H+ ←→

III
TiO
2
(H+) (4)

In alkaline solutions, the electrolyte cation is probably the
charge balancing species, that is, adsorption of K+ in the
present case. The peak at less negative potentials has been
attributed to filling of surface states below the conduction
band, that is, reduction of Ti(IV) to Ti(III) according to
(4). For reaction (4), the formation of TiO(OH) is also
possible in alkaline solution. Alternatively, the peak at less
negative potentials can be attributed to trap states at the grain
boundaries in the film [1, 32]. Usually, the current at the most
negative potentials increases exponentially, and eventually,
hydrogen evolution takes place by reduction of water. The
symmetry between cathodic and anodic charge observed for
the nanoparticle-covered electrodes, TS + 8 nm and TS +
22 nm, indicates that faradaic processes are not involved if
the potential is limited to −1.8 V. Polarising to more negative
potentials results in further increase in the current due to
hydrogen evolution (not shown). In contrast to other studies
on nanoparticle-covered electrodes, the current goes through
a maximum on the negative going scan, before hydrogen
evolution sets in. The reason for this is not known but may
be related to complete filling of energy levels just below the
conduction band. The peak at less negative potentials has
been attributed to filling of surface states or trap states at
the grain boundaries in the film as mentioned above. In the
present study, the films are not sintered, and the amount of
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Figure 3: Cyclic voltammetry on different surfaces in deaerated 0.1M KOH. (a) Surface coated with 22 nm TiO
2
particles.The short and long

scans are made on different samples. Note that the scale to the left refers to the long scan. For the short scan, both the 1st and the 2nd cycles
are shown. Comparison between surfaces (b) coated with different nanoparticles sizes, (c) uncoated turned surface and coating with P25, and
(d) different substrates. Sweep rate is at 50mVs−1.

grain boundaries is expected to be low and therefore the peak
ismost likely due to surface states.The positive potential limit
was 0V but this was not sufficient to completely emptying the
surface bands filled during the negative going scan. This is
evident from the much smaller peak observed on subsequent
sweeps, Figure 3(a). The peak potential shifts depending on

the coating with the most negative peak potential for the
TS + 8 nm electrode followed by the TS + 22 nm and TS +
P25 surfaces, Figure 3(b) and Table 2. Also the current for
the process at more negative potentials depends on the type
of particles, Figure 3(b), and has been related to the active
surface area of nanoparticle films, indicating that the active
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Table 3: Peak potentials determined from CV, 𝐸fb, and𝑁𝑑 determined from EIS.

Sample a𝐸
𝑝
/V bRel. active area (Aaa)

c𝐸fb/V
c𝑁
𝑑
× 10−19/cm−3 d𝑁

𝑑
× 10−19/Aaa

TS −0.89 1 −0.35d 84d 84
TS + 8 nm −1.16 2.65 −0.30 47 17.7
TS + 22 nm −1.09 1.77 −0.30 47 26.6
TS + P25 −1.00 1.30 −0.35 50 38.5
TS + AT-I −0.93 1.88 −0.41 119 63.3
Au + 22 nm −1.27 — −0.33 0.13 —
a
𝐸
𝑝
is determined in 0.1MKOH. bCalculated on the exponential term for𝐸=0– (−1.5)V. c𝐸fb and𝑁𝑑 are determined in 0.5MH2SO4.

dFrom [17], recalculating
the value for 𝐸fb to the pH is used in this study.

surface area increases with decreasing particle size. For the
native oxide always present on titanium metal, the reduction
peak appears at less negative potentials (−0.89V) compared
with the particle-covered electrodes, and the redox process
shows some reversibility with an oxidation peak at −0.81 V.
Some reversibility in the redox process at these potentials is
also observed for the TS + P25 electrode, Figure 3(c). The
total charge for the naturally formed oxide is lower than
for TS + P25, which is expected since the available surface
area will be larger for the nanoparticle film of P25. A close
look at the voltammogram for TS + P25 indicates that there
is a contribution from the uncovered surface with naturally
formed oxide (shown as a shoulder of the peak).

This is in agreement with the SEM image in Figure 2,
where the uncovered surface is visible in the porous structure.
The process at more negative potential is however the same
and differs only in the reversibility with higher anodic charge
for the TS + P25 electrode. The reversibility of this process is
higher for theTS+ 8 nmandTS+ 22 nmelectrodes compared
to TS + P25 and the turned surfaces and is probably related to
the smaller particle sizes and well defined surfaces. The lack
of reversibility can be due to Faradaic processes and that is
probably the case for the gold electrode covered with 22 nm
TiO
2
particles, Au + 22 nm. The reduction peak is closer to

the conduction band, and hydrogen evolution is probably
taking place at more negative potentials since no oxidation
peak is observed, Figure 3(d). However, a small oxidation
peak is observed at −0.82V in close agreement with the peak
observed for the Ti-coated electrodes.This peak is associated
with emptying of energy states on the surface of the TiO

2

particles.
Based on the voltammetric response and assuming that

no Faradaic processes occur, the density of states (DOS) in the
bandgap and the electron density can be determined using (5)
[31, 33].

Let

𝑔
0
(−e𝐸) = −( 𝐼

e𝐿𝐴]
) (eV) , (5)

where 𝑔
0
(−e𝐸) is the first estimate of the DOS in the bandgap

valid at zero Kelvin, E is the electrode potential, L the
thickness of the layer, e the elemental charge, A the surface
area, and ] the sweep rate. More elaborate equations are
available to account for elevated temperature [35] but as a
first approximation (6) will be used. The experimental data
show two types of states, one associated with the exponential

tail of the conduction band, 𝑔tail(−e𝐸), at the most negative
potentials, and states in the bandgap with a Gaussian-like
distribution, 𝑔gauss(−e𝐸), see (6) and (7).

Let

𝑔tail (−e𝐸) = 𝑔tail,𝐵𝐸 exp [
−𝛼𝐹𝐸

𝑅𝑇
] , (6)

where 𝑔tail,𝐵𝐸 is the DOS at the edge of the conduction band
and 𝛼 is related to extension of the tail into the bandgap [31,
33]. The Gaussian distribution is given in (7).

Let

𝑔gauss (−e𝐸) = 𝑔gauss,sat ⋅
exp [−(𝐸 − 𝐸

𝑝
)
2

/2𝜎2]

𝜎√2𝜋
, (7)

where 𝑔tail,𝐵𝐸 corresponds to the complete filling of the states
in the bandgap, 𝐸

𝑝
is the peak potential, and 𝜎 is the standard

deviation about the peak potential. An attempt was made to
fit experimental data to these equations but the states in the
bandgap deviates from a Gaussian distribution, and reliable
values could not be obtained. A more detailed analysis of the
experimental data will be presented elsewhere.

For porous nanostructured films, the charge associated
with the exponential increase has been shown to be pro-
portional to the interfacial area [31]. Since the thicknesses
of the coated layers are not known, the values extracted
from the exponential term can only be used to calculate the
interfacial area normalised with the area of the uncoated
surface, Table 3. Comparing these values with the developed
interfacial area, 𝑆

𝑑𝑟
, shows that even though P25 has the

largest 𝑆
𝑑𝑟

value the active area is only slightly higher than
for the turned surface. In contrast, the smooth appearance
of the TS + 8 nm and TS + 22 nm surfaces yields higher
interfacial area with the largest area obtained for the smallest
nanoparticles. The lack of agreement originates from the
fact that 𝑆

𝑑𝑟
represents the physical (passive) area while

the interfacial (active) area is created in contact with the
electrolyte.

3.3.2. Electrochemical Impedance Spectroscopy. In Figure 4,
the Mott-Schottky plots for the different surfaces are shown.
For Ti surfaces coated with 8 and 22 nm, the Mott-Schottky
behaviour is the same, and only one curve is shown in the
graph. For these surfaces, a linear Mott-Schottky relationship
is found except close to the flat band potential, where a non-
linear behaviour is observed for all surfaces. For the TS + P25
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Figure 4: (a)TheMott-Schottky plots for different surfaces.The response for the TS + 8 nm and TS + 22 nm surfaces is the same and is shown
as one graph. (b) The number of charge carriers.

and TS + AT-I surfaces, a change in the slope is observed at
the most positive potentials. The number of charge carriers
was calculated at each potential from the slope of the Mott-
Schottky plot and is given in the inset to Figure 4. Despite
changes in the slope of theMott-Schottky curves, the number
of charge carriers is fairly constant and the value for the
most linear region is given in Table 3 together with the flat
band potential. The flat band potentials were similar for the
different surfaces, and the potentials are in good agreement
with previously reported values [2, 36].

The potential drop over the oxide can be divided into
two parts: one takes place over the less conducting outer part
of the oxide and the other over the more conducting part
closer to the metal/oxide interface [37–39]. Close to the flat
band potential, most of the potential drop takes place over the
insulating part, and it is possible to calculate the part of the
potential, that is, used to establish the space charge region in
the semiconducting part of the oxide [38]. It has been argued
that for insulating films the sharp decrease of the 𝐶−2 versusE
curve close to the flat band potential is due to the capacitance
of the oxide [38]. This is clearly the case for nanoparticle-
covered gold electrodes and will be discussed further below.

For the surface covered with P25, the slope increases
significantly at potentials higher than 0.4V, giving a lower
donor density by a factor of 1.6. This line can be extrapolated
to yield an apparent flat band potential close to 0V. Since the
flat band potential is expected to be close to −0.35V at the pH
used in the present work, the apparent flat band potential is
probably affected by surface states.

The Mott-Schottky plot for the Au + 22 nm electrode
looks different compared with the other electrodes, Figure 5.

In this case the capacitance was calculated from impedance
values obtained at a constant frequency of 100Hz.

For comparison, the Mott-Schottky curve for the TS +
22 nm electrode is also shown, with capacitance values cal-
culated in the same way. Starting at positive potentials, the
capacitance is constant for the Au + 22 nm surface, that
is, independent of potential. This capacitance is therefore
related to the capacitance of the insulating oxide film. Close
to the flat band potential the curve changes rapidly. By
correcting for the oxide capacitance, the donor density and
the flat band potential can be estimated, Table 3. From the
oxide capacitance value, the average oxide thickness can be
calculated using (8). A value of 28 nm was obtained, which
indicates that only a monolayer of particles is attached to the
surface in case of gold.

Let

𝑑 =
𝜀
0
𝜀
𝑟
𝐴

𝐶
, (8)

where 𝜀
0
is the dielectric permittivity of vacuum, 𝜀

𝑟
is the

dielectric constant of TiO
2
(𝜀
𝑟
= 60), A is the electrode area,

and 𝐶 is the capacitance.
The number of charge carriers is much lower for the

nanoparticles film on gold than for the same filmon titanium.
This indicates that the TiO

2
nanoparticles are interacting

more closely with the thin oxide film on titanium than with
the gold metal. As a consequence, it is tempting to conclude
that the surface states observed in cyclic voltammetry orig-
inate not only from the particles but also from the interface
between the particles and the native oxide film on Ti. For the
TS + AT-I surface, the number of charge carriers is higher
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Figure 5: The Mott-Schottky plots obtained at 100Hz. Note that the scale to the right is related to the Au + 22 nm electrode.

than for the nanoparticle films and also higher than for the
native oxide (TS), Table 3. One reason for the slightly higher
conductivity could be the presence of titanium hydride in the
metal phase. However, for blasted samples, the conductivity
for surface with the AT-I treatment was found to be lower
than for the blasted sample [16].

The voltammetric measurements were made in alkaline
solution and by using the experimentally determined flat
band potentials obtained in acid solution and assuming a
Nernstian pH shift, the flat band potential was calculated for
pH 13, 𝐸fb = −1.1 ± 0.1V. In Figure 6, the density of states
is plotted as a function of potential with reference to the flat
band potential.

For the surface with 8 nm particles, the maximum in
DOS occurs at higher energies than the flat band potential,
while for the other surfaces the maximum is close to 𝐸fb
(TS + 22 nm) and at positive potentials with respect to 𝐸fb
(TS + P25 and TS). The location of the energy bands may
be important for adsorption of bioactive compounds and in
turn for the surface ability to function in-vivo. This will be
further discussed below in relation to the result obtained after
immersion in simulated body fluid.

3.4. Immersion in Simulated Body Fluid (SBF). The ability of
the surfaces to induce apatite nucleation was evaluated by
immersion samples in SBF solution for 12 h, 72 h, and 1 week.
The SBF solution contains ions with similar concentration as
the human blood plasma and the recipe for SBF solutions can
vary. In the present paper, the revised SBF recipe presented
by Oyane et al. [26] was used. The samples were mounted
with the treated surface hanging upside down to prevent
gravitational precipitation.

The amount of apatite formed was measured by EDX.
The apatite coverage (Θ) was calculated from the ratio of the

𝐸
−
𝐸

fb
(V

)

8nm
22nm

P25
TS

−0.6

−0.4

−0.2

0

0.2

0.4

DOS (a.u.)

Figure 6: Density of states calculated using (6) with the layer
thickness constant equal to 3 nm, which is the thickness of the
naturally formed film. The relative DOS values are affected by the
thickness of the layer.

titanium signal after and before immersion in SBF solution
using (9). It is assumed that apatite is the only precipitate
formed during immersion.

Consider

Θ = 1 − (
TiSBF
Ti

) . (9)

When analyzing data for all surface groups immersed in
SBF for 12 h with one-way ANOVA analysis (SPSS Inc,
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Chicago, USA), there was a statistically significant difference
(𝑃 < 0.001) between surface groups. The results are shown
in Figure 7, and it is interesting to note that the early
nucleation of apatite is higher for surfaces coated with TiO

2

nanoparticles compared to the reference (TS) and the TS +
AT-I surface. Early nucleation of apatite crystals has been
reported for surfaces with anatase structure as compared to
an amorphous or rutile structure [40–42]. This could be one
explanation for the early nucleation rate observed for the
coated surfaces, since the surface particles are predominantly
of anatase phase [18, 43]. The experimental data also show
that the active surface area increases with decreasing particle
size, Table 3. A higher surface area provides more nucleation
sites and may facilitate the deposition of apatite. Also the
form of the nanosized deposits seems to have an influence
on the early nucleation since the AT-I surface, with rod like
deposits, has similar active area as the TS + 22 nm surface
but different nucleation rate. It is also worth mentioning that
the electric properties, that is, number of charge carriers,
seem to correlate with the early nucleation. Both TS and TS
+ AT-I have higher 𝑁

𝑑
that the nanoparticle-covered sur-

faces. After 72 h immersion in SBF, the difference between
the reference and the coated surfaces (TS + 8 nm and TS +
22 nm) has disappeared (𝑃 = 0.30 when compared with one-
way ANOVA). Instead, the TS + AT-I surface shows the
highest apatite coverage (𝑃 < 0.001 when compared to TS +
P25 in a Student’s t-test).This trend ismaintained after 1 week
(Figure 7), when the TS + AT-I surface shows the highest
coverage degree (𝑃 < 0.001) compared to the reference and
coated surfaces, among which no differences are found (𝑃 =

0.082when the groups are comparedwith a one-wayANOVA
analysis).

Themorphology of the different surfaces was investigated
by SEM, and clear differences were obtained, Figure 8. After
1 week immersion in SBF, thin apatite layers were formed

on the reference and coated surfaces leaving the underlying
surface still visible. For the TS + AT-I surface, the underlying
surface was completely covered by a thick apatite layer, and
this is also confirmed by the EDX measurements, Figure 7.
The influence of surface roughness on apatite formation has
been previously investigated and with surface roughness cor-
responding to an 𝑅

𝑎
value between 0.2 and 0.6 𝜇m a con-

tinuous and adherent apatite layer has been shown to form
on various materials [40, 44, 45]. It is difficult to compare
absolute values of roughness parameters due to differences in
measuring techniques and analysis. However, relative values
can be used, and the results after 1 week of immersion support
the previous findings that rougher surfaces favour formation
of thick and adherent apatite layers compared to smoother
surfaces, Table 3 and Figure 8.

Fractured apatite layers with different characteristics were
observed for all surfaces except for the TS + P25 surface.
Fractures formed on TS + AT-I (Figure 8(e)) after one week
of immersion resembled fractured apatite layers formed on
TiO
2
coatings [46],𝛼-CaSiO

3
ceramics [47], chemically treat-

ed titanium [48], and alkali- and heat-treated titanium [49].
The apatite layer formed on the TS + 8 nm and TS + 22 nm
surfaces (Figures 8(b) and 8(c)) exhibited another type of
fractures similar to those on apatite layers formed on tita-
nium, first incubated in a fibronectin solution and thereafter
in Hank’s Buffer Saline Solution (HBSS) for one week [50].
The cracks or fractures have been suggested to be caused by
drying shrinkage [40, 51] and have been observed to be larger
and deeper with increasing immersion time [40, 51]. An alter-
native explanation is related to the 3D growth mechanism
for thick apatite layers, where nucleus on the surface grows
and eventually forms a fully covering film.When the different
nuclei start to interact, stresses are imposed and the apatite
layer cracks [41, 52]. This mechanism seems to be valid for
the TS + AT-I surface with no precipitates after 12 h but a
fully covering film after 72 h. The mechanism of nucleation
seems to be different for the surfaces with nanoparticles. The
fast precipitation of hydroxyapatite at certain sites on the sur-
face is followed by 2D growth, where the layer has weak
interaction with the underlying substrate. The formation
of a 2D layer seems to prevent the formation of bigger
agglomerates commonly observed and as a consequence the
layer remains thin.The early nucleation observed on surfaces
covered with nanoparticles is illustrated for the TS + 22 nm
surface in Figure 9. After 12 h, distinct precipitates are ob-
served (marked with arrows in Figure 9(a)) but the surface
is not fully covered by precipitates. The Ca/P ratio of the
precipitates at this stage is close to 1.7, and no Ca and P signals
were obtained in between the precipitates. This indicates,
formation of hydroxyapatite (Ca

5
(PO
4
)
3
(OH)), which is the

thermodynamically most stable phase [53]. However, the rate
of formation for hydroxyapatite has been reported to bemuch
slower than for other apatite compounds [54]. Hydroxyap-
atite is the main mineral in bone and is crucial to obtain
high mechanical strength [55]. After 72 h of immersion, the
surface is covered with a thin apatite layer and cracks start
to form, Figure 9(b). It seems like the crack propagates from
the initial precipitates due to stresses induced by the miss
match between the precipitates and the layer. After one week
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(a) (b)

(c) (d)

(e)

Figure 8: SEM images after immersion in SBF solution for 1 week. Titanium discs with (a) turned surface (TS) and (b)–(d) coated surfaces
with 8 nm (TS + 8 nm), 22 nm (TS + 22 nm), and P25 (TS + P25) particles. (e) Shows turned surface treated with oxalic acid and diluted
hydrofluoric acid (TS + AT-I).

(a) (b) (c)

Figure 9: SEM images of the TS + 22 nm surface after immersion in SBF solution for (a) 12 h, (b) 72 h, and (c) 1 week. Distinct precipitates
were observed after 12 h (marked with arrows).
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of immersion, the apatite layer is fully developed but still
thin, Figure 9(c). In the present study, all surfaces (except TS
+ P25) had fractures irrespective of the surface roughness,
Table 3 and Figure 8. However, the apatite layers of the TS +
8 nm and TS + 22 nm surfaces seem to be detaching from the
underlying surface. EDX measurements performed within a
crack in the apatite layer show no or only traces of Ca and
P. Detachment of apatite layers has been reported elsewhere
[44, 56] and are believed to be caused by weak interactions
with the underlying substrate and the absence of surface
roughness. Also in the study by Leitão et al. [45], detachment
of apatite layers was more pronounced on smooth surfaces
than on rough surfaces.

The Ca/P ratio of the formed apatite films was calculated
from theEDXmeasurements andwas found to range between
1.42 and 1.56 for all surfaces after 72 h and 1 week immersions.
This could indicate the formation of tricalcium phosphate
(Ca
3
(PO
4
)
2
) with Ca/P ratio = 1.5. However, a Ca/P ratio of

∼1.5 has also been reported for amorphous layers [57], and it
has been shown that the Ca/P ratio depends on the synthesis
conditions with values ranging from 1.3 to 1.8 [53].

The chemical composition of the formed apatite layers
was analysed by gracing angle-X-ray diffraction (GI-XRD).
Although the EDX measurements show rather high apatite
coverage for the TS, TS + 8 nm, TS + 22 nm, and TS + P25
surfaces after 1 week, only weak and broad diffraction signals
were obtained. This indicates that the layers formed are
amorphous, which is also supported by the Ca/P ratio 1.5.
Homogeneous growth from an SBF solution has been shown
to start with the formation of an amorphous phase with
subsequent formation of small apatite crystals [53]. For the
TS +AT-I surface, where thicker apatite layers were obtained,
clear diffraction peaks for hydroxyapatite [58] are observed
after 72 h and 1 week of immersion in SBF, Figure 10.

The long term results show that on a rougher surface the
development of thick apatite layers is facilitated. However,
the smoother surfaces containing nanoparticles show faster
nucleation and formation of thin 2D layers of amorphous
apatite. The correlation between a surface ability to nucle-
ate hydroxyapatite and in-vivo response has been recently
reviewed [59] and challenged [60]. Surfaces with poor ability
to nucleate apatite are shown to work well in-vivo and vice
versa [60]. It can be argued that some of the inconsistency
originates from different apatite formation mechanisms.

4. Conclusions

The electronic properties of TiO
2
nanoparticle films on

titanium and gold differ significantly with lower conductivity
for the film on gold.The reason for this is probably a stronger
interaction between the native oxide on titanium and the
nanoparticles as compared with the gold nanoparticle inter-
action. Differences in the electronic structure of the different
nanoparticle films are also visible in cyclic voltammetry.
The peak related to surface states with energy bands in the
bandgap of TiO

2
moves closer to the conduction band as

the donor density in the film decreases. The donor density is
calculated from the impedance measurements and related to
the active surface area determined from cyclic voltammetry.

20 25 30 35
2Θ

C
ou

nt
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a.u
.)

Ti

Figure 10: X-ray diffraction on TS + AT-I before (thick line) and
after (thin line) immersion in SBF solution. The diffraction peaks at
2Θ values 26, 28, and 32∘ correspond to crystalline hydroxyapatite.
The diffraction spectra are normalised to the titanium peak at 2Θ =
35.

The trend in the active surface area is different from the
trend observed for the developed interfacial area, 𝑆

𝑑𝑟
, which

illustrates the differences between the physical area and the
area related to the semiconducting properties of the oxide.

Immersion in SBF solution can be a measure of the
bioactivity of different surfaces. In the present study, two
types of nucleation and growth behaviours were observed.
For the rougher surfaces, the nucleation is initially delayed
but once it starts, thick layers are formed. These layers have
cracks induced by stresses in the film formed when different
growing nuclei coalesce. For the smoother surfaceswith small
anatase nanoparticles, the initial precipitation is fast but only
few small nuclei of hydroxyapatite are formed leaving the rest
of the surface uncovered. On these surfaces, an amorphous
2D film develops with a Ca/P ratio close to 1.5. The growth
of this layer is slow and after one week of immersion the
underlying surface structure is still visible through the apatite
layer. The influence of different nucleation mechanisms on
the biocompatibility is not known but would be of great
interest to explore.

For surface films formed from small well dispersed nano-
particles, a porous layer is created on the surface. This results
in both a larger donor density as determined from the impe-
dance measurements and a larger active area compared with
the turned surface and the surface containing agglomerates of
P25. For surfaces with similar roughness, the ability to nucle-
ate apatite is lower for less conducting oxide layers as shown
here where for the more conducting surface film TS + AT-
I a thick apatite layer is formed. This surface film also has a
large developed surface area. The physical surface roughness
seems to have an important role in the apatite formation since
for the reference surface (TS), with rather high conductivity,
apatite formation is limited. For the early nucleation, the na-
noparticle-covered surfaces seems to be preferred.

The high number of energy states in the bandgap
found for the nanoparticles surfaces may be beneficial for
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adsorption of redox active proteins such as fibrinogen and
will be investigated in a forthcoming study.
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