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Abstract: An implantable model system was developed to investigate the effects of nanoscale
surface properties on the osseointegration of titanium implants in rat tibia. Topographical
nanostructures with a well-defined shape (semispherical protrusions) and variable size (60 nm,
120 nm and 220 nm) were produced by colloidal lithography on the machined implants.
Furthermore, the implants were sputter-coated with titanium to ensure a uniform surface
chemical composition. The histological evaluation of bone around the implants at 7 days and
28 days after implantation was performed on the ground sections using optical and scanning
electron microscopy. Differences between groups were found mainly in the new bone formation
process in the endosteal and marrow bone compartments after 28 days of implantation. Implant
surfaces with 60 nm features demonstrated significantly higher bone-implant contact (BIC, 76%)
compared with the 120 nm (45%) and control (57%) surfaces. This effect was correlated to the
higher density and curvature of the 60 nm protrusions. Within the developed model system,
nanoscale protrusions could be applied and systematically varied in size in the presence of
microscale background roughness on complex screw-shaped implants. Moreover, the model
can be adapted for the systematic variation of surface nanofeature density and chemistry, which
opens up new possibilities for in vivo studies of various nanoscale surface-bone interactions.

Keywords: in vivo, nanotopography, osseointegration, titanium implant, colloidal lithography

Introduction

Osseointegration is an important requirement for the clinical success of dental
implants.' The osseointegration process itself is fairly complex and there are many
factors that influence the formation and maintenance of bone at the implant surface.
Physicochemical characteristics of the implant surface, such as topography, chemistry,
wettability and electrical charge, affect the biological reactions occurring at the interface
of tissue and implant.>* For example, a micron-scale rough surface prepared by grit
blasting and subsequent acid etching induces a rapid increase in bone accrual at titanium
implants.* However, these and other modifications of implant surface roughness at
the micrometer level may also result in unintentional changes at the nanometer level
and might contribute to changes in surface chemistry.’ It is therefore difficult to
determine which of these changes predominantly contribute to the biological effect,
unless the performed modifications are characterized and systematically varied down
to nanoscale level, which requires a specially designed experimental model system.
So far, a number of nanopatterning or nanoreplication methods have been developed
for the successful preparation of two-dimensional model surfaces compatible with
in vitro systematic studies of surface nanoscale effects on cells.* Unfortunately, in vitro
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models do not generally represent the true complexity of the
clinical situation. For this reason, the use of animal models is
often an essential step in the biological evaluation of implant
modifications prior to clinical use in humans.¢

Dental implants most often have complex three-
dimensional geometry and high microscale surface rough-
ness and, for this reason, the nanopatterning techniques
used in the fabrication of in vitro models cannot be directly
applied to the medical implants. Nevertheless, several
surface treatment methods have been investigated for their
potential usefulness in implant surface modification at nano-
scale level.* For example, a nanoscale calcium-phosphate
coating can be applied by electrochemical deposition’
or hydroxyapatite nanoprecipitation.® The nanotubular
structural modification of titanium has been achieved by
anodization.’ A titanium nanonodular structure can be pro-
duced by physical vapor depositions of titanium onto micro-
textured titanium surfaces.!® Other techniques, including the
plasma-spraying, sol-gel and hydrothermal treatments, are
available for titanium nanostructuring.!! Although it has been
demonstrated by the listed studies that nanostructures at the
titanium implant surface induce a favorable bone response,'?
there is still a lack of reliable data on the specific effects
of nanotopography on bone response, because many other
variables (chemistry, porosity, crystallinity) simultaneously
influence biomolecular and cellular interactions with these
surfaces and it is therefore difficult to distinguish the surface
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feature that is responsible for the particular biological effect.
For this reason, the aim of the present study is to develop an
experimental model system, which enables the evaluation
of the in vivo biological effects of systematic modifica-
tions of exclusively selected surface nanoscale properties.
A specific case, in which the well-defined nanotopography of
the implant is systematically altered without affecting other
surface properties, such as chemical composition and topog-
raphy at microscale, is chosen to demonstrate the applicabil-
ity and usefulness of a model system of this kind.

Materials and methods

Preparation of the model implants
Eighty implants were manufactured by machining a commer-
cially pure (grade II) titanium rod. The intraosseous part of
the implant (Figure 1A) was specially designed as a cylinder
(1.8 mm in diameter, 1.5 mm in length) with threads at the
top part (2.0 mm in diameter, 0.5 mm in length). The implants
were divided into four groups. The cylindrical part for three
of the groups was patterned with 60 nm, 120 nm and 220 nm
semispherical protrusions respectively, while non-patterned
machined titanium implants served as the control group.
The topographic nanopatterning of the implants was
performed by colloidal lithography.'* First, the implants
were cleaned ultrasonically in acetone, isopropyl alcohol
and Milli-Q (Millipore Corp, USA) water for 5 minutes in
each bath and dried under a nitrogen stream. The remaining

Threaded

Endosteal bone
compartment

Cylindrical
part

8} Bone marrow
compartment

Figure | (A) Overall SEM image showing the macroscopic design of the implant. (B) The cylindrical part of the implant protrudes into the marrow cavity without contacting
the endosteal site of the opposite cortical bone. The histomorphometric measurement zones are schematically represented as (A and B) compartments, dividing the cylindrical
part into two equal segments. Compartment (A) is expected to be dominated by the downgrowth of endosteal bone (distance osteogenesis). In contrast, compartment (B) is

dominated by de novo formed bone (contact osteogenesis).
Abbreviation: SEM, scanning electron microscopy.
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organic residues were removed by oxygen plasma treatment
(250 W, 250 mTorr, 2 minutes, Plasma Therm Batchtop
RIE/PE m/95). A net positive charge on the implant
surfaces was induced by soaking the implants in 2% wt/
wt polydiallydimethyl ammonium chloride (Mw 200000—
350000, Sigma-Aldrich® Corp, St Louis, MO, USA), 2%
wt/wt polysodium 4-styrenesulfonate (Mw 70000, Sigma-
Aldrich) and 5% wt/wt aluminum chloride hydroxide (chlo-
rohydrol, Summit Reheis, Huguenot, NY, USA) solutions
for 5 minutes each. The implants were washed with Milli-Q
water and blow-dried by a nitrogen stream between each of
these steps. The implants were then soaked in a 2% wt/wt
colloidal solution (surfactant free white polystyrene latex,
Invitrogen Corp, Carlsbad, CA, USA) so that negatively
charged polystyrene nanoparticles were adsorbed on the
positively charged implant surfaces, creating a monolayer of
short-range ordered polymeric nanoparticles. Non-adsorbed
particles were washed off the implants using Milli-Q water.
The colloidal particles used in this study had nominal diam-
eters of 50 nm, 110 nm and 190 nm, with an 8% deviation
in size. In order to avoid the displacement and aggregation
of the adsorbed nanoparticles due to capillary forces dur-
ing the drying process, the particles were immobilized on
the surface by heating them to the temperature above the
glass transition (c. 100°C for polystyrene), creating a larger
particle-to-implant contact area. The heat was applied by
soaking the implants in fuming-hot ethylene glycol for a
few seconds before washing with Milli-Q water and drying
under a nitrogen stream. The adsorbed spherical polymeric
particles on the implant surfaces were deformed to a semi-
hemispherical shape by the additional heat treatment of the
fabricated implants and adsorbed nanoparticles in an oven
at 105°C-118°C for 1-2 minutes depending on the particle
sizes. Finally, in order to achieve homogeneous chemistry
on the implant surfaces, a 10-20 nm thick Ti layer was
deposited by ion sputtering (FHR MS 150, [FHR Anlagen-
bau GmbH, Germany] 5 x 10~ mbar, 0.33 kW) on all the
implants (10 nm layer on 50 nm and 110 nm particles and
20 nm layer on 190 nm particles). The implants were stored
in 70% ethanol until surgery.

Each particle size was used to nanopattern 20 implants
(60 implants in total). An additional 20 implants without
any nanoparticles were sputter-coated with Ti (10 nm thick
layer) to be used as a reference.

Surface characterization
The chemical composition of the Ti coating was characterized
by means of X-ray photoelectron spectroscopy (XPS [Electron

Spectroscopy for Chemical Analysis]; PHI 5500C, Perkin-
Elmer Corp, Eden Prairie, MN, USA). Surface topography at
nanoscale was investigated by scanning electron microscopy
(SEM; Supra 60 VP, Zeiss Carl Zeiss, Jena, Germany). The
parameters of nanoparticle size, distribution density and cov-
erage were obtained by SEM image analysis (average of three
images) using ImagelJ (National Institute of Health (NIH),
USA) software.' The geometry and Ti coverage of a single
220 nm nano-semisphere was investigated by energy-filtered
transmission electron microscopy (EFTEM) using a Titan™
80-300 operating at 300 kV. Thin EFTEM-compatible foils
revealing the cross-section of the nanostructure were prepared
by using a flat silicon nitride membrane as a support and in
situ protective platinum deposition, ion milling and section
lift-out using a FEI Strata™ DB235 dual beam SEM/FIB
(FEI Corp, OR, USA). Surface roughness at micron scale was
analyzed using a Wyko NT1100 (Veeco, USA) non-contact
optical profilometer. The wettability of the surfaces was mea-
sured by a Kriiss DSA-10 MK2 (Kriiss, Germany) contact
angle goniometer. Water droplets (high-performance liquid
chromatography [HPLC] grade water, Sigma-Aldrich) with
a volume of about 500 pl were dispensed onto the surfaces
of the implants using a Kriiss DS3230 micro-dosing system.
The images of the droplets were recorded for analysis within
1 second after dispensing.

Experimental design and implantation

procedure

Twenty male Sprague-Dawley rats (250-350 g), fed on a
standard pellet diet and water, were anesthetized using a
Univentor 400 anesthesia unit (Univentor Ltd, Zejtun, Malta)
under isoflurane (Isoba Vet, Schering-Plough Ltd, Uxbridge,
UK) inhalation (4% with an air flow of 650 mL/min).
Anesthesia was maintained by the continuous administration
of isoflurane (2.7% with an air flow of 450 mL/min) via a
mask. Each rat received analgesic (Temgesic 0.03 mg/kg,
Reckitt and Coleman Ltd, Hull, Great Britain) subcutane-
ously postoperatively and the following 2 days, twice daily.
After shaving and cleaning (5 mg/mL chlorhexidine in 70%
ethanol), the medial aspect of the proximal tibial metaphysis
was exposed through an anteromedial skin incision, followed
by skin and periosteum reflection with a blunt instrument.
Two holes were prepared in each metaphysis (proximally and
distally) using subsequent enlarging (1.4 mm and 1.8 mm
burs) under profuse saline irrigation. A total of 80 implants
were installed using a predesigned placement schedule to
ensure maximum rotation for the different implant surfaces
and placements. The subcutaneous layer of the wound was
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closed with resorbable polyglactin sutures (50, Vicryl,
Ethicon, Johnson and Johnson International, Brussels,
Belgium) and the skin was closed with transcutaneously
placed non-resorbable nylon sutures (5-0, Ethilon, Ethicon,
Johnson and Johnson, Brussels, Belgium). The animals were
housed in groups and allowed free postoperative movement,
with food and water ad libitum.

The retrieval procedure was performed at 7 days and
28 days (ten rats at each time point), where the animals were
sacrificed using an overdose of barbiturate (Mebumal®, ACO
Lakemedel AB, Solna, Sweden). The skin was reopened by
blunt dissection and the bone with the implant was removed
en bloc and immersed in formalin. The animal experiments
were approved by the University of Gothenburg’s Local
Ethics Committee for Laboratory Animals (Dnr 301/09).

Histology and histomorphometry

The formalin-fixed, tissue-implant bloc was dehydrated in
a graded series of ethanol and embedded in LR white resin
(London Resin Co, Ltd, Berkshire, UK) prior to cutting along
the long axis of the implant using a diamond saw. Ground
sections were prepared using sawing and grinding (EXAKT
Apparatebau GmbH and Co, Norderstedt, Germany) until a
final thickness of 10-20 um was reached, after which they
were stained with toluidine blue.

The bone-to-implant contact (BIC) and the relative
amount of bone area (BA) around the cylindrical part
of the implant were determined using light microscopy
(Nikon Eclipse E600, Nikon Instruments Inc, NY, USA)
at 20 times magnification. The BA was measured in
the rectangular area extending 200 um from the implant
surface into bone. The analysis was performed on two
separate compartments — Part A (proximal half-part of the
cylinder) and Part B (distal half-part of the cylinder) — in

order to distinguish the areas dominated by endosteal and
marrow bone respectively (Figure 1B).

The counterparts of the embedded tissue implant blocs
were also prepared for SEM analysis by coating them with
a 10 nm layer of Au (FHR MS 150 sputtering system) to
avoid charging under an e-beam. A Zeiss Supra 60 VP SEM
was used in the back-scatter mode (20 kV acceleration,
8.4 mm working distance) to achieve chemical contrast in
the images.

Statistics
Statistical analyses were performed by one-way analysis of
variance (ANOVA) considering implant surface types as the
independent variables and BIC or BA as the dependent vari-
ables. Tukey’s least significant difference post-hoc test was
used for comparisons between the multiple groups. Statistical
significance was indicated by P-levels of less than 5%.
Sample size (n = 10) estimation was performed using
statistical power analysis (1t > 80%) for a balanced ANOVA
model using online software from the University of lowa.!?
The standard deviation of populations values (SD(BIC) = 13,
SD(BA) = 10) and the expected contrast of the mean val-
ues (W(BIC) = 20, wW(BA) = 15) were based on previous
experiments involving a rat tibia model and screw-shaped
implants.'

Results

Surface characterization

Surface observation of the cylindrical part of the implants by
SEM and optical profilometry revealed microscale topography
characteristic of metal-lathe-machined surfaces (Figure 2).
The topography was dominated by cutting-tool-induced
periodic hierarchical structures aligned perpendicularly to the
implant turning axis. The largest surface features, identified

Figure 2 Surface microscale roughness of the cylindrical part of a machined titanium implant recorded with an optical profilometer. (A) top view, (B) three-dimensional

view. In both images, the X, y and z range is 120, 90 and 4 um respectively.
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as surface waviness, had amplitude of about 1 um and
periodicity of 40 wm. The smaller scale features consisted of a
range of parallel grooves and ridges which were about 0.5 um
in height and had periodicity of 3 um (Table 1). In addition
to the directional grooves, the entire surface was covered
by isotropic topographic features with a summit density of
0.24 um™ and a height of up to 3.5 um, resulting in root-
mean-square overall roughness of 0.46 pm. The topography
had slightly negative skewness, S, =—0.47, indicating asym-
metry towards valleys, and kurtosis, S, = 3.30, larger than
Gaussian height distribution, indicating a predominance of
somewhat large, sharp peaks and valleys.

SEM imaging of nanostructured surfaces (Figure 3)
revealed that surface patterning by colloidal lithography
induced well-defined semispherical bump-shaped struc-
tures which were even in size (60 nm, 120 nm and 220 nm
diameter) and uniformly distributed (36.6 um=, 15.9 um™
and 4.7 um~? density respectively). The particles success-
fully covered complex 3D geometries both at macroscale
(cylindrical part of the implant) and at microscale (roughness
induced by machining). EFTEM analysis of a 220 nm nano-
semisphere on a flat support confirmed that the polystyrene
semisphere was completely covered by a thin sputtered
titanium layer (Figure 4B). The image also revealed that
the adsorbed nanoparticle had the geometrical shape of a
truncated sphere with a diameter d = 220 nm and height
H =160 nm = 3/4 d. This enables the easy estimation of the
surface area induced by nanopatterning (Figure 4B).

The induced area was calculated according to the
geometry of a truncated sphere (representing an adsorbed
nanoparticle) of radius r, which intersected the surface by
a distance h, as shown in Figure 4C. The induced area is
equal to S, =n(SS — SC - SI) = n(d — h)* = tnH?, where n

Table | Microscale surface roughness parameters of the machined
implant determined by optical profilometry

Measured values
and standard deviations

Surface roughness
parameters

Amplitude parameters
Roughness average S,=0.37£0.05 um
S,=046+0.06 um
S, =—047+0.15
S,=330%0.19

S0, = 345 033 um

Root mean square (RMS)

Surface skewness

Surface kurtosis

The ten point height
Spatial parameters

Density of summits Sy = 0.24 £0.05 um™
Hybrid parameters

Induced surfaces area S, = 19.10% £ 5.94%
Functional parameters

Core fluid retention index S,=1.38+0.08

Figure 3 SEM micrographs of the cylindrical part of all implant groups. (A) 60 nm,
(B) 120 nm, (C) 220 nm diameter semispheres and (D) a non-patterned machined
titanium implant.

Abbreviation: SEM, scanning electron microscopy.

is the particle distribution density (number of particles per
surface area unit), SS is the surface area of a complete sphere
(SS =4mr?), SC is the surface area of a spherical cap reduced
by the intersection (SC = 2nrh) and SD is the surface area of
the circular intersection (SI=ma?). Furthermore, as indicated
in Figure 4C, d = 2r is a diameter of the sphere, a? = 2rh — h?
is a radius of the intersection and H =d — h is a height of the
truncated sphere. The measured and calculated parameters
of the nanopatterned surfaces are tabulated in Table 2.

Figure 4 Geometrical shape and composition of nano-semispheres revealed by
electron microscopy (A) SEM image of 220 nm semispherical nanostructures on
the microscale topography of a machined implant, (B) TEM image of 220 nm nano-
semispheres on a flat model surface shows complete coverage of a thin Ti sputtered
layer (the black arrows), (C) the geometry of the nanoparticle modeled by a truncated
sphere with a diameter of d = 220 nm and a height of H = 160 nm = 3/4 d.
Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron
microscopy.
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Table 2 Nanoscale topography parameters determined by SEM

Diameter of the Density of the nano-

nano-hemispheres, nm hemispheres, um™?

Surface coverage by the
nano-hemispheres, %

Induced surface area
(calculated for

Mean distance (centre to
centre) between the closest

SD = 6% nano-hemispheres, nm H =3/4d), %
60 36.6 10 157 23
120 15.9 18 238 41
220 5.4 21 436 47

Surface chemical analysis (Figure 5) performed on nano-
patterned flat discs by XPS revealed the following elemental
composition of the sputtered Ti coatings: 37% titanium,
57% oxygen and 6% carbon. The observed titanium and
oxygen ratio (0.65) was significantly higher than that of a
stochiometric titanium dioxide (0.5), which indicated that
the native titanium oxide was very thin and that sputter-
cleaning preferentially removed oxygen from the surface.
The carbon signal most likely originated from contamination
by hydrocarbons adsorbed from ambient air, which were not
completely removed by Ar ion beam sputter cleaning.

Water contact angles measured on the nanopatterned
and reference implants revealed that titanium surfaces were
hydrophilic (contact angle of 45.3 + 2.2 degrees on the
reference surface) and that surface hydrophilicity was further
dramatically enhanced by the nanostructures (20.7° £ 1.0°,
16.7°+3.1° and 27.0° £ 2.2° on the surfaces patterned by the
60 nm, 120 nm and 220 nm features respectively), although all
the surfaces had an identical chemical composition (Ti coating).
The reduction in contact angles on the nanostructured
surfaces might be expected, due to an increase in the surface

area by nanostructures (up to 41%, Table 2), as predicted by
the Wenzel model'” and the cos 6" = S cos 6 relationship,
where S is the developed surface area and 0* and 6 are the
contact angles on rough and ideally flat surfaces respectively.
However, the Wenzel model does not hold in our case when
comparing the measured contact angles on surfaces with
differently sized nanoparticles. Most likely, a hemi-wicking
phenomenon occurs for the 220 nm nanobumps, where a
thin water film impregnates the solid surface between the
nanoparticles around the liquid drop due to capillary forces
and reduces Wenzel wetting, as described by Quéré and
Ishino.!®

For such an effect to occur, the contact angle on flat
surfaces should be below the critical angle defined as cos
0,=(1-0)/(S — ¢), where ¢ is the non-impregnated surface
fraction (tops of the nanoparticles). Using the developed
surface area and particle surface coverage tabulated in Table 2
as S and ¢ values respectively, the critical angles are calculated
as 34°, 48° and 51° corresponding to 60 nm, 120 nm and
220 nm particles. Clearly, the measured contact angle on the
implant without nanoparticles (45°) is far below the critical
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Figure 5 XPS spectra of the Ti coating after sputter-cleaning by Ar ions.
Abbreviation: XPS, X-ray photoelectron spectroscopy.
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angle calculated for 220 nm particles, which supports the
hypothesis of a hemi-wicking type of wetting in this case.

Biological responses

The clinical healing of the installed implants was gener-
ally uneventful in all experimental animals, apart from
one animal excluded from the study, which died during the
operation. No operative or postoperative complications were
encountered.

The implantation sites in both the distal and proximal
tibia consist of cortical bone, which means that the threaded
part of the implant is located within the cortical bone. The
remaining cylindrical part of the implant protrudes into the
marrow cavity without making contact with the endosteal
surface of the opposite cortical bone (Figure 1B). In general,
distinct bone formation on the endosteal side of the cortex in
all implant groups was observed at the early time point. After
7 days of implantation, some of the bone fragments resulting
from the drilling procedure at the implant site were seen. Few
inflammatory cells and multinucleated cells were detected.

A similar pattern of bone apposition was observed for
the surfaces of the 60 nm and 220 nm groups in comparison
to the surfaces of the 120 nm and control groups (Figure 6).
This newly formed, mineralized tissue extended from the

endosteum onto the implant surface of all implant groups, but
it also grew directly (contact osteogenesis) on the surfaces
of the implants of the 60 nm and 220 nm groups in both
endosteal (Figure 6A and C) and bone marrow compartments
(Figure 6E and G). The newly formed woven bone, which
could be distinguished from the pre-existing bone by its dif-
ferential staining pattern, was deposited on the pre-existing
bone or as interconnected islands/trabeculae in the bone mar-
row around the endosteal and marrow regions of the implant
(Figure 7). The trabeculae formed a randomly oriented
scaffold that confined large, numerous intratrabecular bone
marrow areas. The trabecular surface was lined with osteo-
blasts. Lacunae containing osteocytes were also observed.
After 28 days of implantation, bone had remodeled,
demonstrating a different morphology compared with the
7-day observations. One major observation in the ground
sections (Figure 8) was the presence of a thin (30-200 um)
layer of mature, lamellar bone around and in direct contact
with the surface of the implants. The layer of bone in the
marrow cavity was in direct continuity with the downward
(towards the marrow) extension of the endosteal bone growth,
thereby creating a bone “collar” which separated the implant
from the bone marrow. At this time point, no bone fragments

or signs of inflammation were detected.

Figure 6 Histological non-decalcified ground sections of bone interface of 60 nm (A and E), 120 nm (B and F), 220 nm (C and G) patterned surfaces and reference
(D and H) non-patterned surface after 7 days of implantation. Upper images (A-D) represent the histological sections in the endosteal compartment (Part A). New woven
bone can be seen growing towards all the implant surfaces. Lower images (E-H) show the histological sections in the bone marrow compartment (Part B). A continuous
layer of new bone formation is observed along and in direct contact with the implant surface from the upper endosteal cortical compartment (A) and the marrow bone

compartment (E) for the surface patterned by 60 nm semispheres.
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Figure 7 Histological non-decalcified ground sections of bone interface in the 60 nm group after seven days of implantation. (A) Low magnification image showing newly
formed bone growing directly and along the implant surface in the endosteal compartment but also extending from the old bone onto the implant surface. (B) Higher
magnification of the image (A) showing active bone formation directly on the implant surface (contact osteogenesis).

Note: *Indicates steoblast-like cell.

Abbreviations: OB, old bone; NB, new bone.

Figures 9 and 10 show the mean percentage of BIC, BA After 28 days of healing, in the endosteal (Part A)
and standard deviations between different implant groups  compartment, statistical analysis revealed that the BIC was
at 7 days and 28 days. After 7 days of healing, there was no  significantly higher for the implant surface of the 60 nm
significant difference in BIC and BA between implants with  group (76% + 17%) than for the surface of the 120 nm group
nanofeatures and the control group in both endosteal (Part A)  (45% % 28%) and the control group (52% £ 24%) (P < 0.05).
and marrow bone (Part B) compartments (P < 0.05). Similar differences were observed in the bone marrow

Figure 8 Histological non-decalcified ground sections of bone interface of 60 nm (A and E), 120 nm (B and F), 220 nm (C and G) nanopatterned surfaces and reference
(D and H) non-patterned surface after 28 days of implantation. Upper images (A-D) represent the histological section in the endosteal compartment (Part A). This
compartment is dominated by the downgrowth of mineralized endosteal bone in direct contact with the implant surfaces. Lower images (E-H) show histological sections
in the bone marrow compartment (Part B). Mineralized bone growth along the implant in the medullary area is also observed in direct contact with the 60 nm patterned
implant surface.
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Figure 9 Histomorphometry of total BIC after (A) 7 days and (B) 28 days.
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Notes: Bars represent mean values with marked standard deviations. Part A is the endosteal bone compartment. Part B is the bone marrow compartment. The markings
indicate that the BIC was significantly higher for the 60 nm surface than for the 120 nm surface and the machined implants in both A and B compartments (P < 0.05).

Abbreviation: BIC, bone-implant contact.

(Part B) compartment, where statistical analysis revealed
that the BIC was significantly higher for the implant surface
of the 60 nm group (76% % 16%) compared with the 120 nm
group (38% + 26%) and the control group (42% =+ 27%)
(P < 0.05). There were no significant differences in BIC
between the surfaces of the 220 nm group and the 60 nm
group in both compartments. There was also no significant
difference in BA between the surfaces in nanofeature groups
and the control group in both the endosteal (Part A) and
marrow bone (Part B) compartments.

The SEM observation was in agreement with the histo-
logic evaluation. An endosteal downgrowth from the cortex
was clearly visible after 28 days of healing (Figure 11). Direct
BIC was observed in both the endosteal and bone marrow
compartments. For the surface of the 60 nm group, the bone
layer was continuous along the implant surface even at the
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Bone area after 7 days, % H PartB
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Figure 10 Histomorphometry of total BA after (A) 7 days and (B) 28 days.

marrow compartment. Osteocyte lacunae and canaliculi were
frequently detected in the bone close to the implant surface,
irrespective of surface modification.

Discussion

The present investigation introduces a new in vivo model that
could help us to understand the biological interactions of bone
tissue and the nanotopography of the implant surface. This
includes the choice of animal model, macroscopic implant
design, compatible nanopatterning technique and adequate
surface characterization methods.

Transcortical implantation in the rat tibia model has been
widely used and can be regarded as a standard for studying
the biological response to an alloplastic material.>?° The rat is
an attractive experimental model because bone turnover and
resorption in a rat is several times faster than in a human.?!

B PartA

Bone area after 28 days, % W PartB
B so
45
40
35
30
25
20
15

10 I
5
0
60 nm 120 nm 220 nm Machined

Notes: Bars represent mean values with marked standard deviations. Part A is the endosteal bone compartment. Part B is the bone marrow compartment. There was no

significant difference between the groups at both time points (P < 0.05).
Abbreviation: BA, bone area.
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Figure |1 Back-scattered electron micrographs of the 60 nm patterned implant after 28 days. (A) Low magnification image showing the implant and bone tissue. (B) Higher
magnification of direct bone contact observed in the endosteal compartment (Part A). Osteocyte lacunae and canaliculi frequently observed close to the implant surface in
the medullary compartment. (C) Mineralized bone in direct contact with the implant surface (Part B). (D) Osteocyte lacunae detected in the vicinity of the implant surface.

The early signs of new bone formation appear within 7 days
after implantation and complete bone formation around the
implant is achieved in 28 days.?>? In contrast, osseointegra-
tion in human bone is achieved 3—4 months after implanta-
tion and remodeling takes place over a 1-year period under
functional conditions.!

Various implant designs have been used previously to
study osseointegration in different experimental in vivo
models. Commonly designed implants, such as cylindrical
rods or screws, have been installed in direct contact with
bone and histologic and histomorphometric analyses have
focused on evaluating the adaptive response of the usually
nearby, pre-existing and injured bone tissue. The limita-
tions of these implant designs are the mechanically unstable
micromovement of the cylindrical implant and the high shear
and tensile stress towards the bone tissue during the instal-
lation of the screw-shaped implant which might affect the
tissue response and also partly destroy the implant surface or
coating. For this reason, a novel implant design was used in
the present study. Threads were used in the upper part of the
implant to provide good primary implant stability in direct
contact with cortical bone, whereas the lower cylindrical part
of the implant permitted the investigation of de novo bone
formation within a well-defined healing compartment.

In this model, the implant is in contact with cortical bone,
cancellous bone and bone marrow. Bone formation around
an implant in the cortical compartment consists both of de
novo regeneration at the implant surface via the recruitment
and differentiation of mesenchymal stem cells and of the
formation of bone from the surfaces of existing bone (towards
the implant surface), followed by remodeling of the bone.
The downgrowth of the bone in the endosteal compartment
towards the implant surface reflects the distant osteogenesis.
In contrast, the bone formation in the bone marrow compart-
ment reflects the process of de novo bone formation/contact
osteogenesis.” The advantage of the novel implant design
used in the present investigation is its close resemblance to
the clinical conditions, owing to the presence of the screws
in the upper part of the implant, which provide the primary
stability for the implant, and the opportunity systematically
to modify the part of the cylindrical section where, at least
during the early period of healing, de novo bone formation
is predominant.

For the systematic variation of implant nanoscale
properties, we adopted the colloidal lithography technique to
produce unique, well-defined, semi-spherical protrusions on
micro-rough titanium implants with controlled topography
and chemistry. This process is rapid and controllable in terms
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of the size and density of the nanoscale features and it has
been shown to be feasible for producing the semi-organized
distribution of well-defined nanofeatures of various two-
dimensional geometries (circular, elliptical, paired, ring-
shaped) and three-dimensional shapes (cylindrical, conical,
semispherical, cup-shaped, pit-shaped), as well as a wide
range of materials on the planar surfaces.”* % In this study,
we demonstrate the applicability of colloidal lithography for
the nanopatterning of rough and curved surfaces of medi-
cal implants by semispherical protrusions. The chosen size
of the semispherical nano-protrusions was in the range of
60-220 nm and all the groups were coated with Ti in order
to unify the experimental conditions and to distinguish
topographic surface cues from chemical ones. Machined
Ti implants with a Ti coating with a chemical composition
analogous to the coating applied to nanobumps were used
as control surfaces.

The physical qualities of titanium — high strength,
toughness, durability, low density, corrosion resistance and
biological compatibility — make it useful in a variety of
applications.*® Many other surface chemistries (eg, metallic,
ceramic or organic coatings) and implant materials (eg, stain-
less steel, cobalt-chromium alloys, tantalum, zirconium) can
be investigated with the same model system for systematic
studies of surface chemical effects on cell and tissue behavior.
Similarly, the suggested model system can span a wider range
of topographic surface parameters than those demonstrated
in this study, as summarized in Table 3.

The characterization of the nanopatterned implants
(Figures 2 and 3) indicates that colloidal lithography based
on polystyrene nanoparticles can be successfully used to
induce well-defined nanopatterns on the complex microscale
and microscale geometries of machined metallic implants,
which can serve as a model system for in vivo studies.

However, there are limitations to the direct use of this method
to fabricate implants in commercial applications. There is a
risk that nano-semispheres might be scratched off the implant
surface during insertion and release polystyrene into the
tissue. This risk was reduced in this study by choosing a cylin-
drical shape for the nanopatterned part of the implant and by
drilling the insertion hole with a larger diameter than that of
the cylinder, thereby minimizing the mechanical interaction
of this part of the implant with the bone during implant
insertion. Another consideration is that the polymeric core
of the nanostructures is not resistant to high-temperature heat
treatments of the final surfaces which may be desirable for
sterilization or surface modification purposes (for example, to
create a crystalline TiO, layer on the outer surface). In such
cases, colloidal nanoparticles of metallic or ceramic materi-
als, such as Au, SiO,, Ti or TiO,, should be used, although
they might require the development of different protocols
for particle adsorption and immobilization to the implant
surfaces. On the other hand, polystyrene particles have cer-
tain advantages due to commercial availability, uniform size
distribution, easy shape manipulation by heat treatment and
size manipulation by oxygen plasma treatment when used
for the nanopatterning of model implants.

The present investigation involving nanostructured
model surfaces indicates for the first time that early bone
formation is dependent on the size of nanofeatures, with the
exclusion of the effect of surface chemistry. The machined
surface with 60 nm features (60 nm group) enhanced the bone
response to the implant surface after 28 days of implantation
in a rat model. The mechanism responsible for the bone-
promoting effect of these specific nanoscale features was
not investigated in this study. Nevertheless, the described
model, in combination with additional analytical tools of
cell and molecular biology, provides an opportunity for this

Table 3 Properties of model implants nanostructured by colloidal lithography

Model Advantages

Limitations and precautions

Macro design of the implant
e Cylindrical intraosseous rod with
fixation threads on the top

of the surface

o Compatible with several micro- and
nano-patterning methods

Nanostructure design
e Semispherical nano-protrusions coated
by thin titanium film

e Closely reassembles clinical stability
of commercial implants
e Can be inserted with least damage

® Topographic modifications can be made
independent from chemical modifications

o Nanostructures are well-defined in shape,
size and distribution density

e Implants are small and hard to handle

e System is limited to bone marrow and
endosteal bone investigations

e Removal force and torque measurements
cannot be performed

e Sensitivity to temperature

o Sensitivity to mechanical stress

o Limited geometrical shapes

e Limited range in size and density variation

o Several geometrical parameters can be varied

independently: nanostructure geometry, size,

distribution density
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kind of exploration under in vivo conditions. Hitherto, the
majority of comparable experimental information has come
from in vitro studies of cell adhesion, proliferation and
differentiation on two-dimensional and three-dimensional
nanostructured materials.

Previous in vitro findings reported by several investigators
show that materials with a surface with nanoscale features
displayed increased alkaline phosphatase synthesis and
calcium mineral content in the cell layer compared with
conventional materials with a microscale surface after
21 days and 28 days.*"*> Our findings provide evidence of
the positive effects of nanotopography on osseointegration.
Similarly, positive bone responses to the nanoscale
topographic features of biomaterials have been reported
in vivo by other researchers.* Further, short-term,
experimental, in vivo studies of laser-modified titanium
implants with nanoscale surface topographic features have
shown a significant increase in removal torque and different
fracture mechanisms.* The fact that nanostructured surfaces
promoted long-term bone bonding and interface strength in
vivo, as determined by coalescence between mineralized
bone and the nanostructured surface and a substantial
increase in removal torque, is of clinical importance.*
Furthermore, a previous in vivo study of electropolished
titanium implants with nanosized hydroxyapatite particle
modification compared with a non-coated control showed
greater bone contact for the modified surface after 4 weeks
of healing.*® Acid-etched microtopography with irregular,
discrete, 2040 nm hydroxyapatite particles has also been
reported to enhance the strength and direct bone bonding of
osseointegration.*

Another experiment with a hydrofluoric-acid-treated,
sand-blasted titanium surface produced an approximately
100 nm structural modification of a titanium surface and this
may be related to the enhanced osteoblastic differentiation
occurring on the surface.?’

Nevertheless, in these latter experimental studies, the
shape, size, chemistry and distribution of the nanostructure
differ between the technologies. Moreover, in each of these
techniques, many variables (chemistry, porosity and crys-
tallinity) influence molecular and cellular interactions with
surface structures and it is difficult to draw conclusions and
formulate general principles for nanostructured surfaces.

Several interpretations of the effect of nanofeatures on
bone response have been put forward.*® One hypothesis about
the origin of this kind of effect is that nanoscale topographic
features in the <100 nm region more closely mimic the
natural constituents of bone (hydroxyapatite crystals and

collagen) than a surface with microscale roughness,* which
is in agreement with our findings in this study, showing
that 60 nm semispheres improved bone implant contact in
comparison with larger (120 nm, 220 nm) nanostructures or
unmodified machined implants (control group). A second
hypothesis suggested that altering the surface area by adding
semispherical nanostructures to the microscale topography
of machined implants would increase their wettability by
blood and the spreading and binding of fibrin and matrix
proteins and would increase the cell attachment area.***! Our
present study contradicts this hypothesis, because both the
most hydrophilic surface (patterned by 120 nm semispheres)
and the implant with the largest surface area (patterned by
220 nm semispheres) had a lower bone response compared
with the surface patterned by 60 nm protrusions of intermedi-
ate wettability and surface area.

The impact of nanotopography on increased bone forma-
tion might also be due to the effect of feature density.*> The
surface modification of the titanium implant with 60 nm
semispheres had a nanofeature density that was at least
twice as high compared with the implants patterned by the
120 nm and 220 nm semispheres. This may represent a larger
quantity of surface cues per interacting cell and thus explain
the tendency towards enhanced bone contact with the 60 nm
patterned implants.

A further hypothesis suggested that the surface curvature
of nanofeatures has an influence on protein binding and/
or induces dramatic changes in cell behavior, including
morphology, proliferation and differentiation. Several
studies have shown that interaction between specific proteins
and smaller nanoparticles may be due to a larger surface
curvature.”* In fact, the 60 nm semispheres used in this
study had the largest local surface curvature and this property
might therefore be responsible for the observed increase in
BIC after 28 days.

It is anticipated that further studies involving model
systems with variable nanofeature densities with fixed size
(curvature) or variable size but fixed density will contribute to
the further identification and understanding of the nanoscale
topographical properties that affect in vivo bone formation
and bonding strength.

Conclusions

This study presents a novel in vivo model system consisting of
the chemically and geometrically well-defined semispherical
surface nanoprotrusions of variable size that can be applied to
complex screw-shaped implants in the presence of microscale
background roughness. After insertion in bone, a significant
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enhancement in bone formation was detected on Ti implant
surfaces modified by 60 nm semispheres after 28 days of heal-
ing. The results suggest that this effect might be related to (1)
size similarity to the mineral part of the natural bone matrix,
(2) a higher density distribution of nanofeatures and (3) a larger
surface curvature of the 60 nm semispherical nanostructures
in comparison to the 120 nm and 220 nm semispherical nano-
structures. The model can be adapted for the systematic and
independent variation of chemical and topographical surface
properties and therefore enables in-depth analysis of material
nanoscale interactions with bone.
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