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Current clinical demand in dental implantology is for a multifunctional device with optimum mechanical

properties, improved biocompatibility and bioactivity, and having differential interactions with cells and

pathogenic agents. This would minimise bacterial infection, biofilm formation and modulate inflam-

mation, leading to a fast and durable osseointegration. The present study intends to establish the multi-

functional behaviour of surface modified titanium dental implants that are superhydrophilic, with unique

micro-nano or nanoscale topographies, developed by a facile hydrothermal technique. Here, the short

and long-term performances of these textured implants are tested in a split mouth design using a porcine

model, in pre- and post-loaded states. Quantitative and qualitative analyses of the bone implant inter-

phase are performed through µ-CT and histology. Parameters that evaluate bone mineral density, bone

contact volume and bone implant contact reveal enhanced bone apposition with better long-term

response for the nano and micro-nano textured surfaces, compared to the commercial microtextured

implant. Concurrently, the nanoscale surface features on implants reduced bacterial attachment by nearly

90% in vivo, outperforming the commercial variant. This preclinical evaluation data thus reveal the super-

iority of nano/micro-nano textured designs for clinical application and substantiate their improved

osseointegration and reduced bacterial adhesion, thus proposing a novel dental implant with multifunc-

tional characteristics.

1. Introduction

Implant based dental rehabilitation is proven to be an effective
therapy for edentulism.1 Success of dental implants was
defined majorly by the speed, degree of osseointegration and
its maintenance over time.2 Owing to the enormous growth of
implant therapy in dentistry, there are a variety of implant
materials and diverse designs, with varied implant success.3

Amongst them, commercially pure titanium (Ti) and its alloys
have become the prime biomaterial of choice in dentistry.3,4

Current clinical demand is to develop multifunctional implant
surfaces which offer modulation of inflammation, improved
bioactivity, with concurrent inhibition of bacterial growth, in

addition to the standard requirements of osseointegration.3,5

However, conventional dental implants tend to fail due to
microbial contamination and less osteogenic activity at the
bone–implant interface. This is primarily because the biologi-
cal milieu of the oral environment is overly complex, with
diverse microbial activities. The key focus of most of the
current day implants is to generate a higher surface area and
thereby good bone integrating topography. Nonetheless, less
emphasis has been given to making it more amicable to the
surgical/oral milieu and prevent microbial attachment on
these surfaces.6–9 Hence, there is an unmet need in oral
implantology to have implants which promote bone apposi-
tion, with simultaneously less bacterial adhesion.

Long-term clinical performance of these implants is mainly
decided by the integration of the implant with bone, which in
turn is dictated by the interface between the implant and the
tissue.10,11 The interface characteristics of the implant are
influenced mainly by its surface topography, chemistry, rough-
ness, hydrophilicity/hydrophobicity, etc. To achieve these vari-
ations in surface properties, initial modifications of dental
implants were focused mainly on increasing their surface area
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by micro-texturing, which helped to improve the bone–implant
contact.12–14 However, increased release of corrosion by-pro-
ducts from the micro-textured surface with concurrently
enhanced bacterial attachment has compromised the long-
term success of this implant.3,11,14–16To circumvent these
limitations, researchers were always keen to develop a bio-
mimetic surface, possessing topography and roughness at the
nanoscale, with coupled hydrophilicity, that would enhance
early integration and sustain it.3,17,18 Such a nanotexturing
approach results in an exponential increase in the surface
area, thus promoting enhanced biological interactions and
thereby increased bone–implant contact.13,16,19 Literature
reports a few dental implant surfaces possessing nanotopogra-
phy that showed altered cellular behavior.14,16 Although this
paradigm shift from the microscale to the nanoscale has
yielded implants with significantly improved biological
response, not many nanotextured dental implants have
reached the clinics yet. This may be due to the difficulty in
replicating nanoscale surface profiles with chemical/physical
modifications onto complex shaped implants.14 Diverse tech-
niques ranging from laser texturing,20 hydrofluoric acid treat-
ment,21 to calcium phosphate deposition on textured sur-
faces22 are reported in the literature for surface modifying bio-
medical implants. However, the feasibility of translating the
same onto implants of intricate designs in a scalable manner
is a deterrent in advances in this field.

It is also well established in the literature that roughness at
the microscale can successfully promote osteoblast differen-
tiation, while to advance osteoblast proliferation, a secondary
nanoscale architecture is favorable.8,23 Consequently, a combi-
nation of micro and nano topographies can also be a good
solution for promoting osseointegration. The relative move-
ment caused at the bone–implant interface can be mitigated
by this rough topography of modified surfaces, thus creating a
mechanical interlocking between the implant surface and
adjacent bone tissues. Hence, we hypothesize that surface tex-
turing of dental implants is a way forward to modulate topo-
graphy [nano as well as micro-nano (or hybrid)] and concur-
rently the surface features, and thus create a multifunctional
implant. The desired features of this novel implant should
include hydrophilicity, in vivo stability, reduced inflammation,
minimal bacterial attachment, and enhanced cellular
interactions.17,24,25 Our group has patented a simple thermo-
chemical approach for hydrothermal processing to generate
vertically arranged, non-periodic nanostructures of diverse
architectures on titanium orthopedic implants for bone tissue
regeneration therapeutics.25,26 The importance of this facile
technique lies in its scalability and translatability to titanium
implants of complex designs, thereby making it a cost-effective
strategy of surface modification. It was observed that the
coupled effects of surface chemistry, topography, hydrophili-
city, crystallinity, etc. of these nanosurface modified implants
have contributed to a superior biological response.27 It is our
intent in the present study to translate this processing tech-
nique to titanium dental implants and analyze its prospects as
a multifunctional implantable device. Additionally, to assess if

this nanotopography would provide any value addition to the
currently popular microtextured Ti implants, a hybrid topogra-
phy was also tested in vivo. Osseointegration over short and
long durations under both pre-loaded and loaded conditions
together with microbial and inflammatory responses were eval-
uated for the nano and hybrid Ti implants using a porcine
model, with a commercial sand blasted and acid etched tita-
nium implant as a control.

2. Results
2.1. Surface texturing of titanium dental implants

The commercial sand blasted and acid etched (COM) Ti dental
implant, which is used as the control in all our experiments,
has a microtextured surface as depicted in Fig. 1Ai. To gene-
rate nano and micro-nano surface textures, machined Ti
implants were utilized as the starting material. These implants
were indigenously sand blasted, and acid etched first (to
achieve a uniform microtexture) and further nanotextured to
obtain a homogeneously distributed micro-nano or hybrid
topography (SAN) as can be seen from Fig. 1Aii. This topogra-
phy was labelled micro-nano or hybrid because nanoscale fea-
tures were superimposed on microtextured surfaces. For nano-
texturing, the machined implants were directly subjected to
the already optimized hydrothermal conditions as reported
earlier by our group.26 A homogeneous and uniform nanoleafy
topography (TNL) as shown in Fig. 1Aiii was obtained upon
nanotexturing. Importantly, the nanofeatures on SAN and TNL
implants were uniformly distributed throughout the length of
the implant, viz., its threads as well as the pitch, as evident
from the inset SEM images. Also, the structures obtained on
SAN and TNL implants were unique, homogeneous, and dis-
tinct, in comparison with the micro surface texture formed on
a COM implant. High magnification images of the surface
texture for the three implant types are shown in Fig. S2.† A
closer look at these micrographs reveals that the surface fea-
tures on TNL are completely at the nanoscale, with pores and
needles having size ranges of ∼150 nm and ∼10 nm, respect-
ively. For SAN, pores of varied sizes (∼300 nm) and narrow
ridges (typically ∼ 10 nm) were observed. In contrast, control
samples had larger feature sizes. AFM analysis (Fig. 1Bi–Biii)
portrayed the differences in surface texture between the three
implants, very similar to the SEM images. Additionally, average
surface roughness values (Sa) obtained from AFM for COM,
SAN and TNL samples were 0.223 ± 0.04 µm, 0.181 ± 0.02 µm
and 0.049 ± 0.007 μm, respectively.

2.2. Surface composition and crystallinity of the developed
implant

Elemental composition analyzed by EDAX confirmed the pres-
ence of Ti and O on all samples, in addition to aluminium (Al)
in COM, and sodium (Na) in TNL and SAN samples, respect-
ively (represented in Fig. S3†). Al noted in the EDAX spectra of
the commercial implant results from aluminium oxide, which
is utilized for sand blasting, while the Na peak can be attribu-
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ted to its hydrothermal processing in NaOH. Hydrothermally
treated samples (TNL, SAN) showed higher percentage of
oxygen, confirming the presence of TiO2 on the nano and
micro-nano textured surfaces. This was additionally verified by
the surface compositional analysis using X-ray photoelectron
spectroscopy. The wide spectrum analysis (Fig. S4A†) as well as
the high resolution XPS spectra (Fig. S4B†) of micro, micro-
nano and nano modified Ti samples showed that the surface
layer of Ti is that of titanium dioxide. This is justifiable from
the distinct peaks at 458.5 and 464.4 eV which correspond to
the 4+ oxidation state of TiO2. These results prove the presence
of a surface layer of titanium dioxide on the implants,
affirming surface passivation.

The crystallinity of the samples was analyzed using X-ray
diffraction. Dominant rutile phases with traces of an anatase
phase were evident in the hydrothermally surface modified
samples as against that of COM. Fig. S5† shows that hydrother-
mally modified TNL and SAN indicate the presence of a dis-
tinct anatase phase at 25°, which is absent in the commercial
variant. This can be due to the nanoscale size of the structures
formed on TNL and SAN samples, which is known to provide a
stable anatase phase on Ti.28,29 Additionally, the high intensity
reflections observed for these samples point to its good crystal-
linity, despite the lack of any post annealing process
employed.

2.3. Surface wettability

To compare the hydrophilicity of samples before and after
hydrothermal processing, water contact angles were measured.
Amongst all the surfaces investigated, bare Ti (nanopolished)
and sand blasted, and acid etched Ti samples showed a hydro-

philic character with water contact angles measuring 54.47 ±
6.84° and 60.72 ± 2.14° respectively (Fig. 2A). In stark contrast,
the nanotextured and hybrid micro-nanotextured surfaces of
TNL and SAN showed a superhydrophilic character, with
contact angles that were not in the measurable range (<5°).
Correspondingly, the surface energy was calculated to be 42.79
± 5.11, 35.6 ± 4.38, 72.8 and 72.8 (mJ m−2) respectively for Ti,
COM, SAN and TNL samples. This superhydrophilic behaviour
obtained upon nanotexturing was reflected in the SAN and
TNL implants (Fig. 2B) during the implantation procedure,
wherein there was a rapid wicking of blood, in contrast to the
commercial Ti implant which did not show any such wetting
with blood.

Additionally, unique variations in hydrophilicity were noted
for these substrates as a function of time. To understand if the
samples retained their hydrophilicity over time upon storage
under ambient conditions, contact angle values were
measured post-fabrication at one week, six months and one
year. Fig. 2A and C depict these alterations in the water contact
angle of various samples with time. Interestingly, while bare
nanopolished Ti and COM samples turned hydrophobic with
time, the micro-nano and nanotextured Ti surfaces remained
hydrophilic. SAN samples retained superhydrophilicity up to
one year, while the water contact angle for TNL increased to
31.72 ± 13.41° within a year, upon storage under ambient
atmospheric conditions, although it was superhydrophilic for
up to six months. To decipher the reason for this, elemental
compositional analysis by XPS was performed on samples that
were freshly prepared and those stored for six months. As can
be seen from Table S2,† the percentage of carbon (C 1s) was
significantly high for Ti and COM samples, in comparison

Fig. 1 (A) SEM images of various dental implants: (Ai) commercially available sand blasted acid etched Ti (COM), (Aii) micro-nano textured Ti (SAN)
and (Aiii) nanotextured Ti (TNL). Inset images show the uniformity of texture on the implants (B). Three-dimensional AFM images of (Bi) COM, (Bii)
SAN and (Biii) TNL.
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with TNL and SAN. While the carbon content on nanopolished
Ti increased significantly with time, that on COM was inher-
ently high, indicating the presence of hydrocarbons on its
surface. Despite storage under similar conditions, SAN and
TNL samples revealed no significant changes in the C and O
contents, although a slight increase in carbon content was
noted for TNL samples at 6 months.

2.4 Ion leaching and stability analysis

Ion leaching studies carried out in PBS over a period of 8
weeks revealed that surface texturing significantly lowered the
leached Ti content (Fig. 2D). Both the textured surfaces (SAN,
TNL) showed less Ti content in comparison with bare Ti and
COM. Notably, the textured morphology of SAN and TNL
samples was retained even after 8 weeks of immersion in PBS,
implying the stability of the micro-nano and nanostructures
formed on Ti (Fig. S6A†). These structures after translation
onto the dental implants were found to be stable even on
application of the requisite insertion torque during the surgi-
cal procedure. When retrieved from the osteotomy sites in vivo,
the structures remained intact as seen from the SEM images
shown in Fig. S6B.†

2.5 Protein adsorption studies

Protein adsorption studies on different samples were carried
out using Fetal Bovine Serum (FBS) as the model protein and
quantified using the BCA assay. Fig. S7† shows the results of
protein adsorption performed on nanopolished Ti, COM, SAN
and TNL samples after 1 h of incubation with FBS. Results

clearly reveal that the micro-nano (SAN) and nanotextured Ti
(TNL) surfaces had higher protein content in comparison with
polished Ti and COM surfaces.

2.6. Live/dead assay

The viability of fibroblast cells (L929) was qualitatively ana-
lyzed by live dead staining for two time points (24 and 48 h) as
shown in Fig. 3A. The cells were viable on all the surfaces for
the time periods tested, with the hydrophilic surfaces of SAN
and TNL showing a uniform dispersion of cells. Quantitative
analysis of cell viability assessed by the Alamar blue assay
(Fig. 3B) also revealed that all the three surfaces supported cel-
lular proliferation with time.

2.7. In vitro bacterial adhesion

A comparative analysis of bacterial attachment was performed
on Ti plates (COM, SAN, TNL). After incubation with E. faecalis
for 48 h, the surface adherent bacteria were scraped into saline
and analyzed by Gram staining as well as by colony counting.
Gram stained smears showed that the maximum number of
bacteria was associated with COM, fewer with SAN and the
least with TNL plates (Fig. 3C). Colony forming unit (CFU) enu-
meration quantitatively confirmed the same observation. The
number of bacteria adhering to TNL was significantly less than
those attached to COM or SAN plates (p < 0.01) (Table 1,
Fig. 3E). SEM images shown in Fig. 3C affirm the observation
that bacterial attachment to TNL and SAN was less compared
to COM. Between TNL and SAN, the former showed better
activity against bacterial attachment. Thus, amongst all

Fig. 2 (A) Water contact angles of nanopolished Ti, sand blasted acid etched Ti (COM), micro-nano textured Ti (SAN) and nanotextured Ti (TNL)
samples at different time periods. (B) Images showing rapid wicking of blood by SAN and TNL implants as against that of COM (arrows point to
blood seepage). (C) Representative images showing water contact angles on Ti, COM, SAN and TNL samples at different time periods (one week, six
months, one year). (D) ICP data showing the concentration of Ti ions leached into PBS from different samples as a function of time up to 8 weeks.
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samples studied, TNL showed better efficacy against bacterial
adhesion, with a significant reduction in the number of
adhered bacteria (Fig. 3C–E).

Likewise, the anti-bacterial activity assay done using
E. faecalis showed that COM, SAN and TNL samples did not
have any significant antibacterial activity, similar to the
control (nanopolished Ti). This was confirmed quantitatively
by enumerating the total CFU of bacteria on the surface of the
plates as well as qualitatively by the Gram staining method
[Fig. S8†].

2.6. In vivo implantation

Nano and micro-nanotextured TNL and SAN implants were
placed along with COM in all four quadrants in a randomized
manner in pigs and its outcome was evaluated at different
time points, both under loaded and pre-loaded conditions.

Samples were analyzed for their bone apposition using his-
tology and µ-CT.

2.6.1. Histological analysis. Early integration was evaluated
for the study groups COM, SAN and TNL implants at 14 and 28
days, respectively, via qualitative assessment of histology data.
Fig. 4A represents the H&E stained images of decalcified sec-
tions of the samples after 14 and 28 days of implantation. At
14 days, SAN and TNL showed an eosinophilic osteoid matrix
indicating new bone formation, while COM implants had only
fibro-collagenous tissue (Fig. 4Ai). By 28 days, for the control
implant group, the osteoid matrix was found to undergo min-
eralization in an apposition pattern, while in SAN and TNL
samples, the osteoid matrix underwent mineralization giving a
woven bone appearance (Fig. 4Aii). The non-decalcified sec-
tions were also stained with Stevenel’s blue and van Gieson
picrofuchsin for histometric evaluation. Active signs of de novo
bone formation along with neovascularization were evident in
these images by 28 days (Fig. 4B). Histomorphometric analysis
shown in Fig. 4C revealed that at 14 days, % BIC was highest
for SAN (7.96 ± 1.03) and TNL (7.19 ± 3.46) and was least for
the COM group (2.57 ± 0.72). At 28 days, the TNL group
showed the highest BIC % (22.73 ± 11.72), with the lowest for
the COM group (11.90 ± 6.79). The low values of BIC obtained
at 14 days were found to be marginally improved by 28 days.

Histology and histomorphometric evaluation for longer
durations of implantation via analysis of non-decalcified sec-

Fig. 3 In vitro studies performed on different Ti samples. (A) Live–dead images of fibroblasts cultured on sand blasted acid etched Ti (COM), micro-
nano textured Ti (SAN) and nanotextured Ti (TNL) samples for 24 and 48 h. Scale bar: 10 µm. (B) Cell viability analysis by the Alamar blue assay for 24
and 48 h. Representative microscopy images of (C) Gram staining and (D) SEM, showing differences in microbial attachment on COM, SAN and TNL
samples. (E) Plot showing variations in the average number of bacteria adhered on different samples after 48 h.

Table 1 Bacterial adhesion expressed quantitatively in CFU cm−2 on
COM, SAN and TNL samples

Sample Bacterial count (CFU cm−2)

COM 3.3 ± 1.5 × 105

SAN 1.3 ± 0.2 × 105

TNL 0.6 ± 0.2 × 105
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tions of the implants under preloaded (Group A) and loaded
conditions for 3 months (Group B) and 10 months (Group C)
were also carried out. For groups A, B and C, sections along
the long axis of the implant were stained using Stevenel’s blue

and van Gieson picrofuchsin and representative images are
depicted in Fig. 5A. Notable differences in the extent of bone
apposition were observed for the three different groups along
the length of the implant. The magnified view of the bone–

Fig. 4 (A) Haematoxylin and eosin stained images of sand blasted acid etched Ti (COM), micro-nano textured Ti (SAN) and nanotextured Ti (TNL)
implants at an early preloaded stage (14 days – Ai and 28 days – Aii). I represents the implant region and arrows point to the different phases of bone
formation at the implant–bone interface. Scale bar: 300 µm. (B) Stevenel’s blue and van Gieson’s stained images showing “de novo bone formation”
in SAN and TNL at early stages of integration (depicted by arrows). Scale bar: 100 µm. (C) Graph representing the variations in percentage bone
implant contact (BIC) of the three implants at 14 and 28 days.
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implant interface of each of these groups shown in Fig. 5B
reveals that bone integration seems to be dense, and devoid of
dehiscence for the micro-nano and nanotextured SAN and TNL
samples, even at the longest time tested (Group C).
Histomorphometric analysis of BIC was also performed. The
mean values of BIC for various samples at different time
points [Fig. S9 and Table S3†] indicate that the bone implant
contact increased with time. For the unloaded implants in
Group A, maximum BIC % was for SAN (57.74 ± 13.50) fol-
lowed by TNL (53.62 ± 13.89) and COM (49.85 ± 6.62). For the
loaded implants in Group B, BIC % was found to be compar-
able for SAN, TNL and COM. The highest value attained for
the 10 month loaded Group C was 76.77 ± 8.72% for TNL
implants, followed by 72.70 ± 21.69 for SAN, in comparison
with 60.33 ± 20.54 for COM.

2.6.2. Micro-CT analysis. Since histological analysis pro-
vides only a 2-D view of the bone–implant interface, micro-CT
was performed to obtain 3-D morphometric evaluation.
Osseointegration for all the samples at a distance of ∼300 µm
surrounding the implant was done for different durations of
implantation. The cross-sectional view of bone–implant
contact of the three groups COM, SAN and TNL under pre-
loaded (Group A) and loaded (Group C) conditions (Group B
data not shown) performed by µ-CT is shown in Fig. 6A.
Fig. 6B depicts the representative 3-D µ-CT images of these
implants. Variations in the amount of bone attachment to
each implant are evident from the 3-D images, with SAN exhi-
biting the highest bone implant contact volume, followed by
TNL, and then the commercial implant. Furthermore, vari-
ations in bone volume percentage (BV/TV), mineral density of
the region of interest (BMD) and the mineral density of the
attached bone (TMD (bone)) at all time points were deduced
from the acquired 3-D data using Imalytics software and are
depicted in Fig. 7A–C. Table S4† gives the quantitative data for

each of these values for all the study groups. Comparison of
bone contact volume (BV/TV) between the groups at different
time points revealed a statistically significant difference
between the COM and SAN implants at 10 months post
loading (p = 0.034). At the longest period tested (Group C), BV/
TV was highest for the SAN group (75.15 ± 4.79), followed by
TNL (65.92 ± 4.16) and the least was for the commercial group
(57.05 ± 6.67). BMD, which corresponds to the mineral density
in the volume of interest also showed a statistically significant
difference among the three implants for groups A (p = 0.031)
and C (p = 0.008), with SAN exhibiting the highest BMD. In
group A, post-hoc analysis revealed statistically significant
difference between COM (2554.11 ± 538.42) and SAN (3422.87
± 119.39) implants. In group C, there was a statistically signifi-
cant difference between all the three pair-wise comparisons.
Highest BMD was shown for SAN (4003.7 ± 489.05) and least
for COM implants (2988.64 ± 254.19). Likewise, TMD (bone) is
a parameter that signifies the mineral density of bone tissue
within the volume of interest. In Group A, TNL implants
showed the highest value for TMD (bone) (5506.16 ± 671.61),
while in Group C, SAN had the highest value (5771.91 ±
248.94). Post-hoc analysis for Group A showed significant
difference between COM and TNL (p = 0.032), while for Group
C, the difference was statistically significant for pair-wise com-
parison between COM and SAN groups (p = 0.046). The
values of the parameters BV/TV, BMD and TMD (bone) at
the initial time points of 14 and 28 days did not show any sig-
nificant variations amongst the samples. In addition
to these, the mean values of BIC (%) were deduced from the
2-D images of µ-CT [Fig. 7D and Table S5†]. Finally, curve-
fitting analysis of the results of µ-CT (BV/TV values) and
histology (BIC values) yielded a moderately positive
correlation (r = 0.602, p = 0.001), regardless of the time point
(Fig. S10†).

Fig. 5 Stevenel’s blue and van Gieson’s stained images of sand blasted acid etched Ti (COM), micro-nano textured Ti (SAN) and nanotextured Ti
(TNL) implants under (Ai and Aii) preloaded (Group A) and (Bi and Bii) loaded (Group C) conditions at different magnifications. I represents the
implant.
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Fig. 6 (A) 2D and (B) 3D micro CT images of sand blasted acid etched Ti (COM), micro-nano textured Ti (SAN) and nanotextured Ti (TNL) implants
under preloaded (Group A) and loaded (Group C) conditions. I represents the implant and the golden brown colour in all images depict the bone.

Fig. 7 Graphs representing the variations in (A) bone volume percentage – BV/TV, (B) mineral density of region of interest – BMD (au), (C) tissue
mineral density and (D) percentage bone implant contact (BIC) of the three implants at different time points (14 days, 28 days, 4 months preloaded
(Group A), 3 months (Group B) and 10 months (Group C) loaded, obtained from micro-CT analysis. *p < 0.05 is considered statistically significant.
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2.6.3. Microbial attachment. Having established the
osseointegration capability of the surface modified implants,
it was important to also assess whether these surface modifi-
cation strategies in any manner impact the bacterial attach-
ment to the implant surface in vivo. Similar results as in vitro
were obtained on the COM, SAN and TNL samples after retriev-
ing them from the porcine oral cavity after a duration of 48 h.
From the Gram stained specimens, it was observed that
microbial attachment was above 5 × 105 CFU cm−2 for the com-
mercial implant, while SAN and TNL implants revealed a sig-
nificantly low microbial count of 1 × 105 CFU cm−2 and 0.5 ×
105 CFU cm−2 respectively. Here again, the micro-nano and
nanotextured implants outperformed the commercial variant.
These results were reiterated qualitatively by the electron
micrographs of the plates retrieved from pigs; wherein bac-
terial adhesion was the highest on COM implants (Fig. 8A).

2.6.4. Analysis of inflammation. Inflammation analysis of
the samples after in vivo implantation was carried out by the
histopathological evaluation of gingival tissue around the
implant,30 after 10 months of loading (Fig. 8B and C).
Commercial implants showed higher grades of inflammation
(Grades 2 and 3) when compared to TNL and SAN implants,
although not statistically significant (p = 0.355). Importantly,
TNL showed the least inflammation amongst the samples as

can be seen from Table S6.† Quantification of foreign body
infiltration into gingiva for all the samples presented Grade 0,
i.e., complete absence of foreign bodies. The presence of fibro-
sis or connective tissue was quantified to be higher in the com-
mercial group as compared to the test groups, although not
statistically significant (p = 0.549). Table S6† presents a
descriptive statistics of the said data.

3. Discussion

In the last decade, dental implant research has shifted from
the concept of merely increasing the area of bone implant
contact to bioactive surfaces which can produce more sustain-
able outcome in a relatively hostile oral environment.
Incidence of biological complications during follow-up in
patients is reported to be as high as 52%, leading majorly to
peri-implantitis.31 Recent trends in implantology are hence
aimed at offering multifunctional solutions that address bone
integration with simultaneously reduced inflammation and
bacterial attachment.6 Most of the clinically available implants
attempt to mimic the hierarchical structure of bone via modifi-
cations of the surface at the microscale or even combinations
of micro and nanoscale surface features.9,24,32 The currently
popular microtextured surfaces promote a reasonable bone-to-
implant contact, but simultaneously cause biofilm formation

Fig. 8 Representative SEM images of microbial attachment onto the samples from porcine saliva after 48 h of in vivo implantation (arrows point to
the bacteria adhered onto the samples). Hematoxylin and eosin stained images of sand blasted acid etched Ti (COM), micro-nano textured Ti (SAN)
and nanotextured Ti (TNL) implants showing (a) fibrosis and (b) inflammation of gingiva around the implant after 10 months of loading (Group C).
Scale bar represents 25 µm.
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and bacterial adhesion, thereby leading to implant
failure.3,33–35Nanosurface modified versions of these implants
are also in use clinically, amongst which, one of the implants
[SLActive™ marketed by Straumann Dental Implant system,
Switzerland] is rendered hydrophilic and has reported better
initial osseointegration than the commercially available SLA
implants.36 However, this nano implant can retain its hydro-
philicity only under certain rigid conditions of nitrogen
purging and storage in isotonic saline solution. Current con-
cepts although attractive, are not clinically translated because
of the high innovation, production and certification costs of
the implants. Our work gains prominence in this aspect owing
to the facile, scalable, and cost-effective surface modification
technique adopted to generate uniform nano and micro-nano-
scale surface features on the implant.

Herein, a multifunctional surface modified Ti dental
implant was developed via an indigenous hydrothermal tech-
nique, which offered improved bioactivity and concurrently
inhibited bacterial adhesion. All these characteristics were
brought in solely by simple modulations of surface topogra-
phy, without altering the surface chemistry or the use of any
antimicrobials/antibiotics that can interfere with tissue
healing or cause bacterial resistance. The technique of hydro-
thermal treatment adopted here could generate very uniform
nano (TNL) and micro-nano (SAN) topographies throughout
the length of the implant and provide a crystalline titania
surface composition. Similar surface topographies were devel-
oped and patented by our group, adopting the same technique
on other biomedical implants such as orthopedic screws and
bare metal coronary stents,27,28,37 which demonstrated signifi-
cantly improved in vivo performance. Variants of this easy-to-
use hydrothermal treatment of titanium under alkaline con-
ditions have also yielded nanoscale topographies with good
bioactivity.24,25

Surface topography, roughness, wettability and surface
chemistry are the key attributes of any implant that dictate its
overall performance in vivo.9,23 As evident from the electron
micrographs, the surface topographies of the three implants
were distinct, in that COM samples possessed microscale
texture, while TNL had nanoscale texture and SAN a nanoscale
texture superimposed over its microtextured base (hence
labelled as micro-nano/hybrid). From the high magnification
images (Fig. S2†), it is clear that nano and hybrid implants
had a more complex topography characterized by craters
superimposed with irregular pits and peaks of nanoscale
dimensions. Despite the surface nanotopography exhibited by
SAN and TNL samples, their roughness values were quite dis-
similar. While SAN possessed micron scale roughness (similar
to COM), TNL had nanoscale roughness. This difference in
roughness is an important aspect that brings about notable
changes in its bioactivity.

The most remarkable finding of this study is the superhy-
drophilic character of the implants that were nano and micro-
nanotextured. While Ti and COM were relatively hydrophobic
and remained the same over time, SAN and TNL samples
retained their hydrophilicity over 6 months upon storage

under ambient atmospheric conditions. This nature of SAN
and TNL can be attributed to the reduction observed in XPS-
measured carbon content (i.e., the hydrophobic C–C species).
Alterations in wettability for COM and Ti samples noted here
may be ascribed to the adsorbed hydrocarbons, whose concen-
tration varies with exposure to ambient air, and the quality of
atmosphere during storage.3,38 Current day hydrophilic
implants (e.g. SLActive®) are created by neutralization after
acid etching in a contaminant-free, protective nitrogen
environment, or by chemical etching or plasma treatments,
followed by nitrogen purging and storage in isotonic saline
solution.39 Such implants do not sustain a long-lasting hydro-
philicity, but instead rehydrophobizes40,41 over a relatively
short period in air. In contrast, the textured SAN and TNL
implants retained their hydrophilicity over time without any
specific storage conditions, making them more stable,
durable, and user-friendly. This superhydrophilic character
bestowed them with high surface energy (72.8 mJ m−2 corres-
ponding to a water contact angle of 0°), in contrast to COM
which has a surface energy of 35.6 ± 4.38 mJ m−2 (water
contact angle of 60.72 ± 2.14°). Increased wettability and
thereby surface energy are known to enhance interactions
between the implant surface and the biological environment.42

Accordingly, enhanced protein adsorption was observed on the
superhydrophilic nanotextured surfaces, correlating with lit-
erature reports.43 This in turn can increase cell proliferation
and promote better cellular response in vivo.

Any surface modification technique utilized should necess-
arily passivate the surface of the implant and should not
produce any deleterious effects. The ions leached out from Ti
surfaces may play a pivotal role in peri-implant mucositis and
peri-implantitis,44,45 by altering the sensitivity of the epithelia
surrounding implants to microorganisms like Porphyromonas
gingivalis.44,46 The strategy adopted in this study could gene-
rate an oxide rich titanium surface (as proven by XPS analysis),
that effectively rendered surface passivation to the implant.
This resulted in minimal leaching of Ti ions from TNL and
SAN samples in comparison with controls, which is of great
clinical significance. The implants with minimal ion leaching
are expected to reduce inflammation in the peri-implant
region in a significant manner.4 Additionally, the nanotextured
implant surface also showed good structural durability with
applied insertion torque during surgical procedures, which
makes it apt for clinical use.

In vivo response of these surface modified implants in com-
parison with the commercial clinical implant was evaluated as
a function of time, viz., at 14 days, 28 days, four months pre-
loaded (Group A) and three months (Group B) and ten months
(Group C) under functional loading. Qualitative analysis using
histology revealed a higher amount of new bone formation
and increased vascularity in the early stages of integration (14
and 28 d). Clear pieces of evidence of topography induced de
novo bone formation,47 i.e., solitary islets of bone at the
implant surface with no obvious connection to existing bone,
and osteoblastic seams facing the adjacent bone marrow, were
noticed in SAN and TNL implanted groups. It may be specu-
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lated that this behavior is attributed to improved contact osteo-
genesis. In the later stages (Groups A, B, C), histology revealed
a more mature bone at the interface and both nano and micro-
nanotextured surfaces elicited a closer bone contact with less
voids.

µ-CT measurements helped to accurately evaluate the total
circumferential space and yielded quantitative and qualitative
assessment of bone formation non-invasively and non-destruc-
tively, unlike histology.48 Additionally, µ-CT allowed for a rapid
3-D data acquisition from the whole specimen, without requir-
ing the tedious sample processing needed for histology,
wherein the results are derived only from a representative
histological section of the specimen. µ-CT measurements
revealed significant differences in the bone implant contact
volume at 10 months of loading (Group C) for SAN and TNL
implants. Bone mineral density and tissue mineral density in
bone around these implants were also higher at all time
points. The strength of bone is related to the amount of miner-
alization and hence these parameters are considered to be key
in determining the load-bearing capacity of the implant.49 In
the BIC analysis of 2-D data at all time points (14 d, 28 d,
Groups A, B and C), SAN and TNL implants performed better
than the commercial variant, implying that texturing at the
nanoscale elicited better osseointegration.

Histomorphometric evaluation of the bone implant inter-
phase followed the same pattern of 3-D morphometric evalu-
ation by µ-CT. Test implants (SAN, TNL) had better bone
implant contact at all time points, with bone apposition
increasing with time. A moderately strong positive correlation
was revealed between the two methodologies of assessment.
All the above results may be explained by the decrease in
feature size (nanoscale topography), increase in surface rough-
ness and thereby surface area created by nanotexturing.
Previous literature has suggested that nanoscale roughness,
which directly corresponds to the size of proteins and cell
membrane receptors mimicking the biological environment,
can result in increased bone regeneration.38 Likewise,
increased hydrophilicity of these surfaces may also have
helped the early stages of cell adhesion, proliferation, differen-
tiation and bone mineralization, compared to the hydrophobic
commercial sand blasted acid etched surfaces.38,50 This may
be the result of adherent blood clots through which mesenchy-
mal cells migrate and differentiate to form bone directly on
implant surfaces.47 Our previous studies on nanotextured tita-
nium surfaces using primary osteoblast cells had demon-
strated enhanced expression of osteoblast specific genes, viz.
ALP, osteocalcin (OCN), collagen type 1 (COL), decorin (DCN)
and RunX2 transcription factor on the titania nanoleaf TNL,
amongst many other surface topographies.26 This clearly
points to the fact that surface nanotopography is an important
aspect, which in combination with other surface parameters
such as roughness, chemistry and hydrophilicity, can readily
modulate cellular behavior and ultimately osseointegration.

Likewise, bacterial cells are also remarkably influenced by
the hydrophilicity and free energy of implant surfaces.19,51

SAN and TNL surfaces with their superhydrophilic character

and high surface energy could reduce bacterial attachment by
nearly 90% in vivo, as compared to the microscale surface of
COM. This is critical for an implant in the complex oral
environment of high microbial activity for its long-term survi-
val and resistance to peri-implantitis.9 Additionally, it is estab-
lished that such superhydrophilic surfaces can significantly
reduce biofilm maturation,52 thereby minimizing chances of
inflammation and infection. This can be the reason for the
reduced inflammatory response seen with nanotextured
implants in this study.23,38,40 In the literature, bactericidal
activity has been imparted to implants mainly using anti-bac-
terial agents (e.g. nano silver, nano zinc oxide) or broad-spec-
trum antibiotics.53,54 However, it is difficult to achieve antibac-
terial effects without introducing cytotoxicity toward host
tissues in such cases. In contrast, anti-adhesive strategies are
considered as effective tools to resist formation of mature bio-
films and burdensome bacterial complications.38 Few in vitro
studies have demonstrated the potential of this concept in
nanotextured Ti implant materials;9 however, bridging the
existing gap between the bench and the bedside remains
unmet. The micro-nano and nanotextured Ti dental implants
in our study demonstrate anti-adhesive properties, resulting in
reduced bacterial activity, which in turn can inhibit bacterial
film formation. Also, implants surviving in the oral environ-
ment always experience a dynamic tissue–implant interface.
Accordingly, any irritants in the region can impact the bone
remodeling process. The reduced bacterial attachment on the
nanotextured implant surface observed here is expected to
positively influence the preservation of osseointegration. The
significantly increased bone contact volume measured for
nanotextured implants at longer time points (Group C) might
thus result in a more sustainable integration during function.
Thus, our study clearly proves the synergistic effects of nanoto-
pography and wettability of dental implants in improving its
interfacial biological response in vivo.

4. Conclusion

In this experimental study, the in vitro and in vivo perform-
ances of nano and micro-nanotextured multifunctional Ti
dental implants were evaluated to comprehend their potential
for success. Implants when evaluated in a porcine model with
split mouth design at five time points both in pre-loaded and
loaded states showed significant improvements in bone appo-
sition and stability with time, possibly extending the longevity
of the implant. A microbiological assessment in terms of
initial bacterial adhesion and biofilm formation was also con-
ducted. Both nano and hybrid implants showed markedly
improved anti-adhesive response. All these effects can be
attributed to the collective differences in surface topography,
roughness, superhydrophilicity and surface energy, which are
offered by the hybrid and nanotextured surfaces SAN and TNL,
in contrast to the microtextured commercial implant. This pro-
nounced reduction in bacterial attachment may be considered
a reason for the long-term stability of integration. Results from
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this preclinical evaluation thus establish the superiority of
nano surface modification of titanium dental implants as a
way forward to develop multifunctional devices.

5. Materials and methods

Commercially pure titanium plates of dimensions 14 × 14 ×
1 mm3 were supplied by Jayon Surgicals, Kerala, India.
Mechanical polishing of Ti plates was done using an auto-
mated polishing machine [Beuhler Beta Grinder-Polisher,
USA]. Silicon carbide Carbimet papers of grit sizes 120, 600
and 1200-, and 1-micron diamond paste and alumina suspen-
sion of 300 nm were purchased from Beuhler, USA. The plates
were mechanically polished in a successive manner using
these grit papers and ultrasonically cleaned using acetone
(Qualigens Pvt. Ltd, India). All reagents and solvents used in
the study were of analytical grade.

Commercially available machined and sand blasted and
acid etched Ti dental implants having a diameter of 4.2 mm
and a length of 12 mm were procured from Indident Dental
Implant System, DRDO, India. The machined Ti implants were
utilized for the nano and micro-nano surface modifications,
while the commercial sand blasted, and acid etched Ti
implants were used as controls.

5.1. Surface texturing of Ti plates/implants

Surface texturing trials were first carried out on commercially
pure Ti plates after subjecting them to mechanical polishing
as detailed above. Nanotexturing was performed on polished
Ti plates through an indigenously developed method of hydro-
thermal processing under alkaline conditions (NaOH, Sigma,
USA) at a temperature of ∼200 °C.24 This yielded a uniformly
nanopatterned titanium dioxide (TiO2) surface layer consisting
of a nano leafy geometry, hereafter called titania nano leaves
(TNL). Microtexturing was carried out in an indigenous setup
where alumina microparticles of size ∼110 µm were blasted
onto a rotating plate set at a distance of 35 mm from an oscil-
lating source operating at 60 kg cm−1 air pressure. Samples
that were sandblasted were subjected to successive acid
etching in hydrofluoric acid, sulphuric acid, and hydrochloric
acid solutions, followed by neutralizing in sodium bicarbonate
solution at each step (Table S1†), to generate sand-blasted
acid-etched samples. These were then further subjected to
hydrothermal processing under the same conditions as before,
yielding a micro-nano/hybrid texturing (labelled as SAN here-
after). The different steps undertaken in the processing of
COM, SAN and TNL samples are schematically depicted in
Fig. S1.† All the samples were washed ultrasonically thrice in
distilled water for 5 min to remove any surface contaminants
and then air dried. The textured Ti plates were used for all the
physico-chemical characterization and in vitro studies.

All the steps performed and optimized on Ti plates were
then translated onto machined Ti dental implants (not sand
blasted, and acid etched) for developing SAN and TNL ver-
sions. Commercially available sand blasted and acid etched Ti

dental implants (hereafter abbreviated as COM) were used as
controls in all the experiments. All the samples were sterilized
in an ethylene oxide sterilizer (PCI, India) for 12 h before use.

5.2. Physico-chemical characterization

5.2.1. Surface morphology and composition. Surface mor-
phologies of the Ti plates and implants before and after pro-
cessing were analyzed using scanning electron microscopy
(SEM Model: JEOL JSM-6490LA, Japan) at an accelerating
voltage of 15 kV. The as obtained samples without sputter
coating were analyzed for their surface topography and uni-
formity throughout the length of the implants by imaging at
different magnifications. Elemental compositional analysis of
Ti plates was performed using the energy dispersive (EDAX)
attachment of SEM. Surface topography analysis was also
ascertained using Atomic Force Microscopy (AFM, Agilent 5500
series, USA) on Ti plates. Surface roughness (Sa) was analyzed
from the AFM images. Surface compositional analysis was also
carried out using X-ray photoelectron spectroscopy (XPS)
(Model: Axis Ultra DLD, Kratos Analyticals, UK) in the binding
energy range of 0–1200 eV. Crystallinity of the samples was
confirmed through X-ray diffraction measurements (X’Pert Pro,
PANanalytical, USA) at a wavelength of 1.541 Å, in the scan
range of 10–70° at a step size of 0.02° min−1. Phase identifi-
cation was performed by comparison with the JCPDS database.

5.2.2. Wettability. Surface wettability of the modified Ti
samples was analyzed by measuring the contact angle of
spreading sessile drops, with distilled water as the contacting
solvent. The measurements were done using a sessile drop
shape analysis system (Kruss, DSA100 Drop shape analyzer,
Germany). Data were collected after placing 1 µL of the droplet
on the metal surface under ambient conditions, with polished
Ti as the control. Time dependent variations in surface wett-
ability were also monitored likewise on Ti, COM, SAN and TNL
plates after storage under ambient conditions, for one year.
The wettability of COM, SAN and TNL dental implants was
monitored in vivo during their implantation stage in porcine.
For this, the seepage of blood onto these implants was noted
and imaged.

5.2.3. Ion leaching studies. To analyze the structural stabi-
lity of the surface modified samples as well as to measure any
leaching of ions from the substrate, samples were immersed in
phosphate buffered saline (PBS) at pH = 7.4 and 37 °C in a
shaking incubator set at 200 rpm for a period of 8 weeks. The
leached Ti content (in ppm) was quantitatively determined
using inductively coupled plasma analysis (ICP-AES, Thermo
Electron IRIS IntrepidII, Canada). Aliquots were collected
periodically and replenished with fresh PBS. Structural stabi-
lity of the samples was also reviewed at the end of this time
period using SEM.

5.3. In vitro studies

5.3.1. Protein adsorption studies. Protein adsorption on all
samples was quantified using the BCA assay (Sigma-Aldrich,
Germany). 125 µL IMDM (Iscove’s Modified Dulbecco’s
Medium, Gibco) containing 20% FBS (Fetal Bovine Serum) was
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added on the surface of all the samples (n = 3) and incubated
at 37 °C for 1 h. Each of the protein treated samples were then
washed twice with PBS to remove any unattached proteins on
the surface. Further, the samples were sonicated for 15 min in
500 µL of 2% SDS (sodium dodecyl sulphate) to elute the
adsorbed proteins. 25 µL of this solution was added into
200 µL of the BCA reagent and incubated for 30 min at 37 °C.
The absorbance of this solution was recorded at 562 nm using
a spectrophotometer (Gen analysis, USA). Calibration of the
protein concentration was done using a concurrently produced
standard curve with bovine serum albumin (BSA) provided
with the BCA kit.

5.3.2 Cellular viability analysis. Mouse fibroblastic L929
cells purchased from NCCS, Pune, India, were used in this
study. The cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% FBS and 50 IU mL−1 penicil-
lin and 50 µg mL−1 streptomycin and maintained at 37 °C and
5% CO2 in a humidified biological incubator. After reaching
80% confluency, the cells were split and re-seeded into a T-25
flask with a seeding density of 5 × 105 cells. The cell suspen-
sion was centrifuged at 2500 rpm for 5 min and then resus-
pended in growth medium for further studies.

Cell viability and proliferation on surface modified Ti
samples were assessed and compared with that of commer-
cially pure Ti as the control, using mouse fibroblast cells
(L929) by the Alamar blue assay. For this, Ti plates placed in a
24-well plate in triplicate were seeded with cells at a density of
10 000 cells per cm2 and incubated under standard conditions.
Cell viability was measured after 24 and 48 h of incubation by
adding 10% Alamar blue solution (Invitrogen, USA) made in
complete medium. After incubation for 4 h in a humidified
incubator, 500 μL medium was pipetted into 96-well plates,
and the optical density was recorded using a microplate
spectrophotometer (BioTek Powerwave XS, USA) at 570 nm,
with 600 nm set as the reference wavelength. The percentage
cell viability was thereafter calculated using eqn (1) as

% Cell viability ¼ ODtest

ODcontrol
� 100 ð1Þ

Here, ODtest denotes the absorbance of test wells, while
ODcontrol denotes absorbance of negative control wells.

To visualize the viability of cells on the surface modified Ti
samples, L929 cells were seeded on the samples at a density of
10 000 cells cm−2 and incubated as in the above experiment
for 24 and 48 h. At each time point, samples with cells were
taken out and a live/dead staining using Calcein and Ethidium
homodimer-1 dye mixture [Live–dead viability/cytotoxicity
staining kit (Invitrogen, Thermofisher Scientific, USA) was
done. Calcein/ETBR staining helps to distinguish between live
and dead cells based on cell membrane integrity. Dead cells
fluoresce red due to the intercalation of ETBR with their DNA,
while live cells fluoresce green. The cells were incubated with
the dye for 30 min and the samples were then viewed under a
fluorescence microscope (Olympus BX-51, Japan) to observe
the live and dead cells on the sample surface.

5.3.3. Evaluation of bacterial activity. Two sets of experi-
ments were performed with titanium plates to evaluate their
ability to prevent microbial attachment as well as anti-bacterial
activity. First set was to evaluate the anti-bacterial activity and
the second to determine bacterial adhesion to the plates. In
both cases, nanopolished Ti, COM, SAN and TNL plates were
placed in 12 well plates in BHI broth and inoculated with
Enterococcus faecalis [ATCC 29212] (OD600 = 0.1) and incu-
bated at 37 °C for 48 h. Bacterial activity on the plates was ana-
lyzed by colony counting, SEM and Gram staining methods.

To evaluate the anti-bacterial effect, the cultures were aspi-
rated and the top surfaces of the plates were scrapped using
cell scraper and suspended in 1 mL saline solution. For deter-
mining bacterial adhesion, after removal of the culture, the
plates were washed twice with sterile saline to remove loosely
bound bacteria, followed by scraping of the top surface into
1 ml saline. In order to perform colony counting, serial ten-
fold dilutions were made from the suspensions. 10 µL drops
from each dilution were spotted in triplicate onto brain heart
infusion (BHI) agar plates and incubated overnight at 37 °C.
The number of colony forming units was counted and
expressed as CFU mL−1.

The surface saline scrapings from the plates were also used
to make smears that were subjected to Gram staining. The
heat fixed smears were treated with 1% crystal violet solution
for 1 min. The slides were washed with water and flooded with
Gram’s iodine for 1 min. Decolourization was done with
acetone and immediately washed with water. Safranin solution
was used to counter stain the smears for 30 seconds. The
smears were washed with water, air dried and observed under
an oil immersion objective (1000× magnification) using a light
microscope (Olympus BX51, Japan). The average number of
bacteria per oil immersion field, in 100 fields was counted and
compared.

For SEM analysis, after incubation with bacteria, the plates
were washed with saline and fixed using 2.5% glutaraldehyde.
After dehydration for 15 min each at graded concentrations of
ethanol (50, 75, 80, 90, 95, 99 and 100), the plates were air
dried and fixed on metal stubs. The titanium plates were sub-
jected to gold sputtering and subsequently imaged under an
electron microscope.

5.3.4. Ex vivo durability tests. Test implants were placed in
the prepared osteotomy sites of the porcine mandibular bone
in the premolar region ex vivo under the standard protocol.
The implants were placed at an insertion torque of 35 N cm−1

using a calibrated torque wrench, then removed, washed with
saline, and subjected to SEM analysis to check for the integrity
of structures on the implant after the procedure.

5.4 In vivo analysis

5.4.1. Selection of an animal model. To analyze the in vivo
interaction of the surface modified Ti implants, adult white
Yorkshire Desi female pigs (50% crossbred) were selected for
the implantation. Porcine models have high correlation to
human bone in remodeling and composition, and they are
akin to humans in anatomy, physiology, pathology, nutrition,
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and metabolism.53,54 Additionally, the bone regeneration rate
in an adult pig is 1.2–1.5 μm per day, which is close to
1–1.5 μm that in humans.53 The implants selected for the
study were divided into three test groups – Commercially avail-
able sand blasted acid etched Ti implant COM, micro-nano
textured Ti implant SAN and nanotextured Ti implant TNL,
which were evaluated for five different time points, viz., 14
days, 28 days, 4 months in the preloaded state (Group A) and
later for 3 months (Group B) and 10 months (Group C) of
loading, respectively.

A total of fifteen pigs of age not less than 18 months (with
fully erupted permanent dentition) and weighing 120–150 kg
were used for the study with the consent of CPCSEA (F. No.25/
122/2013). All aspects of animal care were maintained accord-
ing to the regulatory ISO guidelines (No. 10993-6-2007). All
animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of “Amrita
Vishwa Vidyapeetham” (University) and approved by the
Animal Ethics Committee of “Committee for the Control and
Supervision of Experiments on Animals (CPCSEA), Ministry of
Environment and Forests (Animal Welfare Division),
Government of India. All procedures were done under general
anesthesia using isoflurane (1.5–3.5%), after sedating the
animal with xylazine 3 mg kg−1, ketamine 10 mg kg−1 and
Midazolam 0.2 mg kg−1 by intramuscular injection and thio-
pentone 5 mg kg−1 by intravenous route. Prophylactic anti-
biotics were given 1 h pre-operatively and 5 days post-opera-
tively (ceftriaxone-25 mg kg−1). Analgesics and anti-inflamma-
tory drugs (Meloxicam 0.2 mg kg−1) were administered for pre-
emptive/post-operative analgesia. In the first surgery, three pre-
molars were carefully extracted from each quadrant of the
upper and lower jaw and the site was sutured and left to heal
for 6 months. During the second surgery, three types of
implants were randomly allocated to the extraction sites and
surgically placed following standard protocols.2 In animals
bearing implants for functional loading, a third surgery was
performed to uncover the implants and impressions were
made. The site was sutured with the healing collar in place.
After 1 week to 10 days, cast metal crowns were placed and the
animal was left to normal function. During five days of
immediate post-operative period, animals were on soft diet
and kept under close monitoring. At the end of the prescribed
period, pigs were sedated [xylazine 2 mg kg−1, ketamine 10 mg
kg−1, Midazolam 0.2 mg kg−1 by intramuscular injection and
thiopentone sodium 10 mg kg−1 IV], vital signs were analyzed
and were euthanized by intravascular injection of a toxic dose
of potassium chloride.

Radiographs (Genoray Portable Dental X-Ray Machine 60
kV/2 mA, Unicorn, India) of maxillary and mandibular arch
with implants were recorded using RVG (Kodak RVG 5200
system, Carestream Dental, USA) to review the status.
Incisional biopsy of gingiva attached to the implants was
carried out. The segments of bone with implants were
removed using rotary instruments under irrigation with ample
saline. All tissues were stored in 10% formalin at 4 °C for
further analysis.

5.4.2. µ-CT analysis. Formalin fixed bone containing indi-
vidual implants were taken for µ-CT analysis using a µ-CT
UHR micro-CT scanner (MILabs, The Netherlands). The X-ray
source tube voltage was set at 50 kV and the tube current to
0.24 mA, with the field of view set to ultra-focus, for obtaining
high resolution data. The µ-CT scanned data of each implant
integrated with bone were 3D reconstructed using the software
provided by the manufacturer (MILAbs Reconstruction 9.0).
Analysis of the 3D reconstructed data was done using multiple
software. First, the 3-D reconstructed data were re-oriented and
cropped to obtain similar locations with the same volumes
(2.5 × 4 × 6 mm3) for all samples using PMOD software
(Ver.3.909). Next, interactive segmentation of volumetric data
and comparison of bone parameters in the interface were
done using GPU (Graphics Processing Unit) accelerated
system, Imalytics Preclinical software Ver 2.1. The implant was
segmented from bone by setting an optimal threshold and
dilation of 2 voxels (∼0.3 mm). Dilation was given to negate
implant artefacts in the calculation of bone statistics. Further,
a coating of thickness 15 voxels (∼2.25 mm) around the
implant was segmented and bone statistics was calculated for
the same. All the implants were processed similarly with the
same parameters as mentioned above for comparison. Various
parameters such as bone contact volume % (BV/TV), bone
mineral density(au) (BMD), and tissue mineral density of bone
(au) (TMD) were deduced from the 3-D data set. Bone Implant
Contact (BIC, in %) of the implants was measured from the
2-D images of µ-CT using ImageJ software [version1.53e/Java
1.8 (64bit)].

5.4.3. Histological analysis. Histopathological analysis was
utilized to evaluate both early as well as late stage integration
of the three different Ti implants with bone. For this, samples
were processed differently – one set was decalcified and the
other non-decalcified, as detailed here. For qualitative evalu-
ation of early bone response at the interphase, samples were
collected from pigs after 14 and 28 days of implantation and
the implants were removed using a torque wrench. Blocks of
adjoining bone were fixed with 10% neutral buffered formalin
for two days. Further, to decalcify the tissue, it was placed in
5% nitric acid for 24 h. The retrieved tissue was washed with
running tap water for 15 min and further fixed with formalin
and dehydrated in ascending grades of alcohol (70 to 100%).
Later, the tissues were cleared in 100% xylene twice for 1 h
and embedded in paraffin wax. Sections of ∼5 µm thickness
were made using a microtome (Leica RM 2255, USA). The sec-
tions were then dewaxed and stained with hematoxylin and
eosin (H&E).

For late stage histopathological analysis, the jaws were dis-
sected and blocks containing the experimental specimens with
a minimum of 5 mm bone around the implants were taken.
All specimens were fixed with 10% neutral buffered formalin
solution. Further, the specimens were dehydrated in ascending
grades of alcohol (60 to 100% for 5 days each) and infiltrated
with methyl methacrylate (MMA), transferred to an embedding
solution of 1–2% benzoyl peroxide in washed monomer and
placed in vacuum desiccators (Hexatec, India) at 25 lbs for
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30 min, sealed and continued for 5 days until MMA polymer-
ized completely.

PMMA blocks containing the dental implant were cut in the
bucco-lingual direction along the long axis of the implant
using a diamond saw [Buehler IsoMet 5000 linear precision
saw, Buehler, USA]. Serial sections were prepared from each
sample yielding 3–4 sections of ∼200 µm thickness per
implant. Subsequently, the sections were glued with acrylic
cement to a plexiglas and burnished to a final thickness of
∼160 µm in a polishing machine (Buehler Ecomet III Polisher,
USA). These sections were then stained with Stevenel’s blue
and van Gieson picrofuchsin solution (Sigma Aldrich, USA) for
15 min and 2 min, respectively. Histology and histomorpho-
metric evaluation of the bone–implant interphase were visual-
ized using an optical microscope (Nikon Eclipse Ni, Nikon
Corporation, Japan) and bone–implant contact was measured
using ImageJ software. A uniform area encompassing a
minimum of five threads along the length of implants was
considered as the region of interest (ROI) for calculation.

5.4.4. Analysis of inflammation. The retrieved gingival
tissues around the implant after euthanasia were fixed and
processed for histopathological evaluation. Analysis of inflam-
mation for the samples was done after H&E staining. A histo-
logical grading criterion involving the degree of chronic
inflammation, foreign body reaction, and surrounding fibro-
sis29 was used for evaluation.

5.4.5. Microbial analysis. For in vivo microbial analysis,
titanium plates (COM, SAN, and TNL) mounted on acrylic were
attached to the pig teeth and monitored after 48 h of implan-
tation. At the end of the study duration, the plates were
removed and washed with sterile saline (1 N). Adherent
material present on the plates was scrapped from the surface
into 1 mL of sterile saline. Saline suspensions were centrifuged
at 3000 rpm for 10 min. 10 µL sample of the pellet obtained
was smeared on clean grease-free glass slides and allowed to
dry. The smears were heat fixed and subjected to Gram stain-
ing and observed under an oil immersion objective and graded
by counting the average number of bacteria per oil immersion
field in 100 fields.

5.5. Statistical analysis

Statistical Package for Social Sciences (SPSS Version 20) soft-
ware was used for analysis. The data obtained were tabulated
and analyzed using descriptive statistics. The values for BV/TV
[in %], BMD [au.] and TMD bone [au] and BIC [in %] during
each time point [14 days, 28 days, Groups A, B and C] were
expressed as mean and standard deviation. The Kruskal–
Wallis ANOVA test was applied for comparison of study vari-
ables with different types of implants. A post-hoc analysis
using the Mann–Whitney U test was done to determine the
statistical significance between each pair of groups.
Correlation between BV/TV% (radiological parameter) and BIC
(histomorphometric parameter) was done using Spearman’s
correlation test. Differences were considered statistically sig-
nificant if p < 0.05.
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