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Abstract: The purpose of this study was to compare the bio-

logical effects in vivo of hierarchical surface roughness on

laser sintered titanium–aluminum–vanadium (Ti–6Al–4V)

implants to those of conventionally machined implants on

osteoblast response in vitro and osseointegration. Laser sin-

tered disks were fabricated to have micro-/nano-roughness

and wettability. Control disks were computer numerical con-

trol (CNC) milled and then polished to be smooth (CNC-M).

Laser sintered disks were polished smooth (LST-M), grit

blasted (LST-B), or blasted and acid etched (LST-BE). LST-BE

implants or implants manufactured by CNC milling and grit

blasted (CNC-B) were implanted in the femurs of male New

Zealand white rabbits. Most osteoblast differentiation

markers and local factors were enhanced on rough LST-B

and LST-BE surfaces in comparison to smooth CNC-M or

LST-M surfaces for MG63 and normal human osteoblast

cells. To determine if LST-BE implants were osteogenic in

vivo, we compared them to implant surfaces used clinically.

LST-BE implants had a unique surface with combined micro-/

nano-roughness and higher wettability than conventional

CNC-B implants. Histomorphometric analysis demonstrated a

significant improvement in cortical bone-implant contact of

LST-BE implants compared to CNC-B implants after 3 and 6

weeks. However, mechanical testing revealed no differences

between implant pullout forces at those time points. LST

surfaces enhanced osteoblast differentiation and production

of local factors in vitro and improved the osseointegration

process in vivo. VC 2016 Wiley Periodicals, Inc. J Biomed Mater Res

Part A: 00A:000–000, 2016.
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INTRODUCTION

Osseointegration of implants into the jaw, hip, spine, or
other bone is the ultimate clinical goal for endosseous
implants. Titanium (Ti) is commonly used in bone-
interfacing implants because of its desirable mechanical
properties and ability to create a direct apposition with
bone.1,2 Ti alloys such as titanium–aluminum–vanadium

(Ti–6Al–4V) are also popular and have shown success clini-
cally.3 The five-year success rate of dental implants has
increased from 93.5% to 97.1% within the past decade,
with higher survival and lower complication rates.4 How-
ever, in dentistry and other orthopedic fields, patient and
clinical variability affect implant outcomes. High variability
in implant survival exists for hip replacements, with an
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estimated 5–20% revision rate for patients with total hip
arthroplasty.5 Osseointegration rates are significantly lower
in compromised patients including smokers, diabetics, or
those with low bone density.6–8 In addition, an increasing
number of cases require the use of custom or very specific
implants. Although implants are made in a variety of shapes
and sizes, the production costs and waste associated with
manufacturing a single custom implant can decrease patient
desire for implant therapy. Thus, a more cost-effective
method of producing orthopedic and dental implants is nec-
essary for a broad range of clinical cases and patient
populations.

Much progress has been made in orthopedic and dental
implant design within the past 20 years. During this time,
our lab has focused on developing and characterizing new
implant surfaces and understanding the physical parameters
of these surfaces on biological response. Recently, the clini-
cal implant research community has gained an interest in
additive manufacturing, touting it as a “game changer” in
the field.9 Direct metal laser sintering (DMLS) is an additive
manufacturing technique that can be used to build custom
orthopedic and dental implants from Ti–6Al–4V powder.10

Not only does this method save time, material, and money,
but it also allows customized implants with micron-scale
resolution.11 Customized implants eliminate the need for
further manipulation of the implanted material during sur-
gery or piecing together multiple parts of material. Such
advancements in manufacturing technology have shown
positive results both in vitro and in vivo animal models, and
recently, these manufacturing methods have been imple-
mented clinically.10,12–14

From a scientific perspective, manipulating chemical and
physical parameters can alter the biological response at the
surface. For decades, scientists have tried to understand
what factors are needed to optimize the surface for
increased cell attachment, osteoblast differentiation, and
ultimately osseointegration with the surrounding and new
bone. Our lab has shown the importance of wettability, sur-
face micro- and nanoroughness, and implant macro-
structure in increasing osteoblast response to implant surfa-
ces.15–18 These factors influence protein adsorption and cell
response at the implant surface but have also been shown
to affect osteoblastic differentiation and formation of an
osteogenic environment at sites distal to the implant.18,19 In
addition, various animal models used by ours and other
labs continue to explore osseointegration of new surfaces in
vivo to translate between mechanistic studies and clinical
relevance.13,20,21

Although small rodents are commonly used for preclini-
cal studies due to their low price and availability, implants
or surfaces must be designed with smaller dimensions to
conform to these models.20 Rabbits are a larger animal
model that can be used with clinically relevant implant
sizes, with various studies validating implant placement in
rabbit tibias or femurs.22–24 Rabbits comprise 35% of all
animal studies and are the most used model in musculo-
skeletal research.25

In this study, we compared the biological response to
Ti–6Al–4V surfaces and implants manufactured by either
traditional milling using computer numerical control (CNC)
technology or DMLS. We first compared osteoblast response
to disks fabricated by CNC milling and then polished to
yield a smooth surface (CNC-M) with disks fabricated by the
laser-sintering technology (LST) followed by processing to
generate smooth (LST-M), grit blasted (LST-B), and grit-
blasted/acid etched (LST-BE) surfaces. To determine if LST-
BE implants were osteogenic in vivo, we compared their
osseointegration with commercially available CNC-B
implants in a rabbit model. We hypothesized that laser sin-
tered surfaces would induce osteoblast differentiation in a
roughness-dependent manner and that laser sintered
implants with post-fabrication surface roughness would
osseointegrate in a manner comparable to, if not better
than, clinically used CNC-manufactured and grit blasted
implants.

MATERIALS AND METHODS

Surface manufacturing
All disks used for in vitro studies were 15 mm in diameter
and 1 mm in height in order to fit snugly into wells in a 24-
well plate. Grade 4 Ti–6Al–4V rods were cut using CNC mill-
ing and polished using aluminum oxide sandpaper (P240,
Norton Abrasive, Paris, France) to yield a smooth surface
(CNC-M). LST surfaces were sintered as disks as published
previously.12 Briefly, Ti–6Al–4V particles 24–45 mm in diam-
eter were sintered with a Ytterbium fiber laser (EOS, EmbH
Munchen, Germany) using a scanning speed of 7 m s21,
wavelength of 1054 nm, continuous power of 200 W, and
laser size of 0.1 mm. LST-M surfaces were polished as above
to produce a smooth surface. LST-B surfaces were blasted
with calcium phosphate particles in a proprietary method
(AB Dental, Ashdod, Israel). LST-BE surfaces were laser sin-
tered, blasted with calcium phosphate particles and then
acid etched for 90 min in 10% of a 1:1 ratio of maleic and
oxalic acids (Sigma-Aldrich, St. Louis, Missouri) in distilled
water. All disks and implants were generously provided as a
gift from AB Dental.

Scanning electron microscopy
Scanning electron microscopy (SEM, Hitachi SU-70, Tokyo,
Japan) was used to obtain low and high magnification
images of surfaces and implants. Images were taken at an
accelerating voltage of 4 kV, objective aperture of 30 mm,
and a working distance of 4 mm. Various magnifications
were used to image locations across samples and the most
representative images chosen for each sample. High magnifi-
cation images were used to qualitatively assess surface
nano-roughness.

X-ray photoelectron spectroscopy
The surface chemical composition was determined by X-ray
photoelectron spectroscopy (XPS, ThermoFisher ESCAlab
250, Waltham, Massachusetts). Survey scans were taken
using an Al-Ka X-ray source and a spot size of 500 mm. Six
locations were surveyed for each implant, with two implants
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per group analyzed for a total average across n5 12
locations.

X-ray dispersive spectroscopy
Chemical analysis was performed by energy dispersive X-ray
spectroscopy (EDX, Hitachi SU-70, Tokyo, Japan) at an accel-
erating voltage of 15 kV and a working distance of 15 mm.
Scans were performed for 50 s, and atomic percentages
were recorded as the average of six scans per group.

Laser confocal microscopy
Laser confocal microscopy (LCM, LEXT OLS4000, Olympus,
Center Valley, Pennsylvania) was used to assess average sur-
face micro-roughness (Sa) and peak-to-valley height (Sz).
Scans were taken over a 644 mm2 area with a 203 objective
and 0.5 mm step size. A cutoff wavelength of 100 mm was
used to exclude effects of waviness. Three measurements
were taken per sample, with two samples per group ana-
lyzed (n5 6).

Contact angle and immersion analysis
Wettability of surfaces was assessed through sessile drop
contact angle. A 4 mL drop of distilled water was deposited
on surfaces using a goniometer (Rame-hart model 200, Suc-
casunna, New Jersey) and was analyzed with DROPimage
(Rame-hart). For hydrophilic samples, surfaces were dried
for 1 min with flowing nitrogen between measurements.
Five drops were analyzed per sample, with two samples per
group (n510). Reported measurements are the mean and
standard deviation of the left and right contact angles for
each group. Images of implant immersion into distilled
water were captured to evaluate implant wettability
qualitatively.26

Cell culture
A cell culture model established by our lab for analyzing
osteoblast response to clinically relevant surfaces was used
to assess cell response to laser sintered surfaces.27,28 MG63
osteoblast-like cells (ATCC, Manassas, Virginia) or normal
human osteoblasts (NHOst, Lonza, Walkersville, Maryland)
were plated onto tissue culture polystyrene (TCPS), CNC-M,
LST-M, LST-B, and LST-BE surfaces at a density of 10,000
cells/cm2. MG63 cells were used before passage 15 while
NHOsts were between passage 4 and 7. Cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Life Technologies, Carlsbad, Cali-
fornia), 50 U/mL penicillin, and 50 mg/mL streptomycin in
a 24-well plate. Cells were fed 24 h after plating and every
48 h thereafter until cells reached confluence on TCPS
(approximately 5 days after plating for MG63 cells and 7
days for NHOsts). The medium was replaced at confluence.
All statistical analyses for in vitro studies were conducted
using one-way analysis of variance (ANOVA) with
Bonferroni-post-correction and a p values of <0.05 indicat-
ing significance.

Secreted factors analysis
At 24 h post-confluence, conditioned media were collected,
cell monolayers were rinsed twice with PBS and lysed in
0.05% Triton X-100, and both were frozen overnight before
analysis. Cell lysates were homogenized by sonication. DNA
content (QuantiFluor, Promega, Madison, Wisconsin) and
alkaline phosphatase specific activity (p-nitrophenol release
from p-nitrophenyl phosphate at pH 10.25, normalized to
the protein content of lysate) were measured.

Culture supernatants were used to quantify protein
release by cells. Enzyme-linked immunosorbent assays were
used to quantify osteocalcin (Alfa Aesar, Ward Hill, Massa-
chusetts), osteoprotegerin (OPG, R&D Systems, Minneapolis,
Minnesota), vascular endothelial growth factor A (VEGF,
R&D Systems), fibroblast growth factor 2 (FGF2, R&D Sys-
tems) and bone morphogenetic protein 2 (BMP2, PeproTech,
Rocky Hill, New Jersey) following manufacturer’s instruc-
tions. Immunoassay results for each culture were normal-
ized to total cell number.

mRNA analysis
In a separate set of culture, cells for mRNA analysis were
incubated with fresh media for 12 h after cells reached con-
fluence on TCPS. TRIzolVR was used to isolate RNA according
to manufacturer’s instructions and reverse transcribed into
cDNA (High Capacity cDNA Kit, Life Technologies, Carlsbad,
California). The cDNA was used for quantitative real-time
polymerase chain reaction with SYBR Green (Life Technolo-
gies). Known dilutions of cDNA were used to generate
standard curves and mRNA of integrin subunits a2 (F:
ACTGTTCAAGGAGGAGAC; R: GGTCAAAGGCTTGTTTAGG)
and b1 (F: ATTACTCAGATCCAACCAC; R: TCCTCCTCA
TTTCATTCATC), and were normalized to the expression of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, F:
GCTCTCCAGAACATCATCC; R: TGCTTCACCACCTTC TTG).

Implant manufacturing
All implants were 3.7 mm in diameter and 8 mm in length
and manufactured by AB Dental. Commercially available
machined implants were fabricated using a traditional CNC
manufacturing process and treated with a proprietary biore-
sorbable blasting method (AB Dental, Ashdod, Israel) to
induce surface roughness (CNC-B). LST implants were laser
sintered from Ti–6Al–4V powder as described above,
blasted with calcium phosphate, and subsequently acid
etched in the same manner used to generate LST-BE disk
surfaces. All implants were sterilized with 2.5 Mrad of
gamma radiation before use.

Surgical procedure
Skeletally mature, male New Zealand white rabbits weighing
46 0.25 kg were obtained from Harlan Laboratories (Ross-
dorf, Germany). Each rabbit received two implants: a CNC-B
implant placed in its left femur and an LST-BE implant
placed in its right femur. Rabbits were given full anesthesia
through flowing isoflurane. A 3 cm skin incision was made
laterally at the distal femur, and muscle and soft tissue
were separated. Drilling was carried out at low speed and
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was accompanied by physiological saline irrigation. CNC-B
implants were placed transaxially in the distal right femur,
and LST-BE implants were implanted into the contralateral
(left) femur. Each rabbit received one implant in each femur,
with eight animals per time point and analysis. The cover
screw remained above bone level, periosteum and muscle
was reapproximated, and a simple running suture technique
was used to close the surgical site skin incision. Animals
were euthanized 3 or 6 weeks after implantation. Implants
and surrounding bone were harvested for microcomputed
tomography (microCT), histomorphometry, and mechanical
testing (described below). The Animal Research Committee
approved animal protocols at the University of Goethe
(Frankfurt, Germany) and guidelines for the care and use of
laboratory animals were observed. Statistical analysis of the
histologic assessment of bone-implant contact (BIC) was
conducted using one-way ANOVA and Tukey’s tests with a p
values of 0.05. Student’s t test, with a p values of 0.05 indi-
cating significance was used for comparison between two
groups in the histologic assessment, microCT, and mechani-
cal testing.

Histology
Animals were euthanized at each time point, and femurs
were harvested and then were fixed in 10% neutral buf-
fered formalin. Eight implants were examined for each con-
dition, and six implants measured for 3 week machined
implants. Samples were embedded in methyl methacrylate.
Histological sections longitudinal to the implant and trans-
axial to the animal were obtained from each sample (Histion
LLC, Everett, Washington). Each section was stained using
Stevenel’s Blue.29–31

Slides were imaged using transmitted light bright field
on a Zeiss Observer Z1 (Oberkochen, Germany) microscope
equipped with a 103 objective and 103 optical zoom.
Images were captured by an AxioCam MRc5 camera and
were analyzed with Zeiss ZEN Pro Blue Edition software.
The trabecular and cortical perimeter of each implant were
measured using the curve (polygon) tool; the perimeter of
the implant directly adjacent to the cortical bone was meas-
ured as cortical perimeter and the remainder as trabecular
bone. BIC was assessed in three measurements: trabecular
BIC, cortical BIC, and total BIC. Contact percentage was
found by dividing the length of contact in the cortical and
trabecular regions by the cortical and trabecular perimeters,
respectively. The total BIC was calculated by summing both
lengths of contact and dividing by the total perimeter of the
implant.

MicroCT analysis
MicroCT (Bruker SkyScan 1173, Kontich, Belgium) was per-
formed on rabbits 3 and 6 weeks after implantation. Eight
implants were examined for each condition, and six
implants measured for 3 week machined implants. Samples
were scanned at a resolution of 1120 3 1120 pixels, using
a 1.0 mm aluminum filter, a source voltage of 130 kV,
source current of 61 mA, image pixel size of 18.69 mm, expo-
sure of 350 ms, rotation step of 0.18, and averaging and ran-
dom movement correction every 10 frames. A standard
Feldkamp reconstruction was performed on a subset of
samples using NRecon software (Bruker, Kontich, Belgium)
with a Gaussian smoothing kernel of zero and a beam hard-
ening correction of 12%. BIC was determined by analyzing
reconstructed scans in CTAn image analysis software

C
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R

FIGURE 1. SEM micrographs of CNC-M (A), LST-M (B), LST-B (C), and LST-BE (D) surfaces used for in vitro studies. A low magnification view

shows micro-roughness (top) and high magnification view shows nano-roughness (middle). CNC-M surfaces were cut from a rod (A, bottom),

while LST-M, LST-B, and LST-BE surfaces were produced by laser sintering with further surface treatment (B–D, bottom).
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(Bruker, Kontich, Belgium). Sagittal cross sections were
thresholded to analyze implant volume within a 25 mm
radius of the inner periphery. The image was then thresh-
olded again to remove the implant by shrink wrapping the
region of interest and despeckling the image. The bone vol-
ume within a 25 mm radius of the outer implant periphery
was then analyzed by thresholding and despeckling the
region of interest. The quotient of the bone volume and
implant volume, multiplied by 100, was calculated as the
total BIC.

Mechanical testing
Pull out testing was performed as a commonly used tech-
nique for evaluating mechanical properties of implant
osseointegration in a rabbit femur model (MTS Insight 30;
MTS Systems Corp., Eden Prairie, Minnesota).32 In contrast
to evaluating bone contact at the interface with torsional
testing, pull out testing evaluates the quality of new bone
formation around the implant.33 A custom abutment fabri-
cated by AB Dental was screwed completely into the
implant and then was pulled at a crosshead speed of
5 mm/min according to ASTM standard 543-13. Axial pull-
out strengths were recorded and the load was monitored
for force at failure (N). Three animal-matched pairs of
implants were examined 3 weeks after implantation and
five pairs of implants were examined 6 weeks post-
implantation.

RESULTS

Surface roughness and topography
All surfaces showed varying degrees of surface roughness.
CNC-M and LST-M surfaces were smooth at both the micro-
and nanoscale [Fig.F1 1(A,B)]. Both LST-B and LST-BE surfaces
possessed similar micro-roughness and homogeneously dis-
tributed nanostructures [Fig. 1(C,D)]. LCM analysis showed
increasing average surface roughness (Sa) for CNC-M

(1.426 0.10 mm), LST-M (1.716 0.05 mm), LST-B
(2.396 0.28 mm), and LST-BE (2.946 0.32 mm) (Table T1I). In
the same manner, peak-to-valley height (Sz) increased for
CNC-M (28.596 3.61 mm), LST-M (35.26611.59 mm), LST-B
(49.4068.61 mm), and LST-BE (57.6667.33 mm). Though
blasting with calcium phosphate and acid etching both
resulted in increased Sa and Sz compared to smooth surfa-
ces, the increase of roughness on LST-B surfaces compared
to LST-M was larger than the increase in roughness on LST-
BE surfaces compared to LST-B surfaces.

Elemental analysis
Elemental composition analysis by EDX showed a promi-
nence of Ti, followed by Al and V elements on all surfaces
(Table T2II). Ti, Al, and V were present on CNC-M, LST-M, and
LST-BE surfaces at similar levels. However, LST-B surfaces
had reduced Ti, Al, and V and a more O compared to other
surfaces.

Surface wettability
Contact angle measurements showed that LST-B had signifi-
cantly lower contact angle and, therefore, higher surface
wettability, compared to all other surfaces (Table T3III). The
contact angles of CNC-M (1086 88) and LST-M (1116 58)
were not significantly different from each other. However,
micro-rough LST-B and LST-BE surfaces were hydrophilic
with contact angles of <208 and 256 78, respectively.

In vitro cell response
DNA was higher in MG63 cells cultured on LST surfaces
than on CNC-M [Fig. F22(A)]. Alkaline phosphatase specific
activity [Fig. 2(B)], osteocalcin [Fig. 2(C)], osteoprotegerin
[Fig. 2(D)], FGF2 [Fig. 2(F)], and BMP2 [Fig. 2(G)] were
higher in MG63 cells on LST-B and LST-BE surfaces than
cells on smooth (CNC-M and LST-M) surfaces. VEGF was
only higher on LST-BE surfaces in comparison to M and
LST-M surfaces [Fig. 2(E)]. mRNA levels of ITGA2 [Fig. 2(H)]
and ITGB1 [Fig. 2(I)] increased on LST-B and LST-BE surfa-
ces in comparison to CNC-M surfaces, but there was no dif-
ference in expression due to the acid etched surface.

While MG63 and NHOst responded similarly on the
surfaces examined, the response varied for the specific fac-
tors measured. Osteocalcin secreted by NHOst was higher
on all LST surfaces in comparison to CNC-M, and was higher
on LST-B and LST-BE surfaces compared to LST-M surfaces
[Fig. F33(A)]. OPG was increased on LST-B and LST-BE in com-
parison to CNC-M and LST-M surfaces [Fig. 3(B)]. VEGF was
increased on LST-B and LST-BE surfaces in comparison to
CNC-M and LST-M surfaces, and was significantly higher on

TABLE I. Average Roughness and Peak-to-Valley Heights of

CNC-M, LST-M, LST-B, and LST-BE Surfaces

Sample
Average
(Sa) (mm)

Peak-to-valley
height (Sz) (mm)

CNC-M 1.42 6 0.10 28.59 6 3.61
LST-M 1.71 6 0.05 35.26 6 11.59
LST-B 2.39 6 0.28 49.40 6 8.61
LST-BE 2.94 6 0.32 57.66 6 7.33

TABLE II. EDX Elemental Analysis of CNC-M, LST-M, LST-B,

and LST-BE Surfaces

Sample

Concentration [atomic % 6 SD]

Ti Al V O

CNC-M 86.6 6 1.1 9.3 6 1.2 4.0 6 0.2 –
LST-M 87.1 6 1.1 8.9 6 1.4 4.0 6 0.3 –
LST-B 59.1 6 1.5 5.8 6 0.5 2.5 6 0.1 32.6 6 1.6
LST-BE 87.8 6 0.5 8.3 6 0.7 3.9 6 0.2 –

TABLE III. Sessile Drop Contact Angle of CNC-M, LST-M,

LST-B, and LST-BE Surfaces

Sample Contact angle (8) 6 SD

CNC-M 108 6 8
LST-M 111 6 5
LST-B <20
LST-BE 25 6 7
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LST-BE surfaces in comparison to LST-B surfaces [Fig. 3(C)].
BMP2 was higher on LST-B and LST-BE surfaces than on M
and further increased on LST-BE surfaces in comparison to
LST-B surfaces [Fig. 3(D)].

Implant surface roughness
CNC-B implants were manufactured by a traditional CNC
manufacturing process, and LST-BE implants were manufac-
tured via laser sintering. CNC-B and LST-BE implants under-
went different surface treatments; however, both implants
possessed micro- and nano-roughness [Fig.F4 4(A,B)].
Although micro-roughness was similar for CNC-B and LST-
BE implants, nano-roughness was quite different. LST-BE
implants possessed distinct nanostructures on the surfaces
while CNC-B implants did not have such distinct
nanofeatures.

Implant surface chemistry
Surface chemistry analysis by XPS showed mainly Ti, O, and
C on implant surfaces, with <3% of F, P, Al, and Si detected
on CNC-B implants only (TableT4 IV).

Implant wettability
Sessile drop contact angle on the coronal, non-threaded por-
tion of the implant showed a relatively more hydrophobic
surface on CNC-B implants (856 28) compared to LST-BE
implants (<208) [Fig. 4(C)]. Immersion of implants into dis-
tilled water showed a similar trend [Fig. 4(D)]. Water was
drawn up the sides of the LST implant when immersing,
indicating a hydrophilic surface. When pulling the implant
out of water, more water was retained on the LST-BE
implant compared to the CNC-B implant.

Histology
Histological analysis of CNC-B and LST-BE implants at 3
weeks [Fig. F55(A)] and 6 weeks [Fig. 5(B)], revealed differen-
ces in BIC values for each implant. BIC for LST implants
was found to be significantly higher than in the machined
implants at both the 3 week and 6 week time points [Fig.
5(C,D)]. Cortical BIC at 3 weeks was significantly lower than
total or trabecular BIC for both CNC-B and LST-BE implants,
although there were no differences in trabecular BIC at 3
weeks. Total BIC in the LST-BE group was statistically

FIGURE 2. MG63 cell response to CNC-M, LST-M, LST-B, and LST-BE surfaces. DNA content (A) and alkaline phosphatase specific activity (B)

were analyzed in cell lysates. Osteocalcin (C) vascular endothelial growth factor A (D), fibroblast growth factor 2 (E), and bone morphogenetic

protein 2 (F) were measured in cell-conditioned media. mRNA levels of ITGA2 (G) and ITGB1 (H) were measured analyzed in cell media 24 h

after confluence. p< 0.05, * versus CNC-M,ˆ versus LST-M, # versus LST-B.
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FIGURE 3. NHOst cell response to CNC-M, LST-M, LST-B, and LST-BE surfaces. Osteocalcin (A), osteoprotegerin (B), vascular endothelial growth

factor (C), and bone morphogenetic proteins (D) were upregulated on LST-B and LST-BE surfaces. p< 0.05. * versus CNC-M, ˆ versus LST-M, #

versus LST-B.

FIGURE 4. Scanning electron micrographs showing macro (top), micro (middle), and nano-roughness (bottom) of CNC-B (A) and LST-BE (B)

implants. Sessile drop contact angles of CNC-M (left) and LST-BE (right) implants (C) and immersion analysis of wettability.
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TABLE IV. XPS Elemental Analysis of CNC-B and LST-BE Implant Surfaces

Sample

Concentration [atomic % 6 SD]

Ti O C F P Al Si

CNC-B 14.5 6 1.2 51.1 6 2.7 26.3 6 4.3 2.2 6 1.9 2.8 6 1.4 1.7 6 1.8 1.3 6 1.4
LST-BE 9.4 6 1.7 39.1 6 1.7 39.5 6 9.1 8.1 6 4.2 – – –

C
O
L
O
R

FIGURE 5. Histology stained with Stevenel’s Blue of CNC-B implants (left) and LST-BE implants (right) implanted in rabbits after 3 (A, n 5 6–8)

and 6 weeks (B, n 5 8). BIC analyzed via histology images after 3 weeks (C) and 6 weeks (D) of implantation. Scale bars are 670 mm. One-way

ANOVA with Bonferroni correction, p< 0.05, * versus total,ˆ versus trabecular. Unpaired t test, p< 0.05, # versus CNC-B implant.
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higher than that in the machined group at 6 weeks. Trabec-
ular BIC of LST-BE implants was significantly lower than
total BIC at 6 weeks but was not significantly different from

trabecular BIC of CNC-B implants. Cortical BIC values for
both CNC-B and LST-BE implants were lower than total and
trabecular BIC values at 6 weeks.

FIGURE 6. BIC values after 3 weeks (A, n 5 6–8) and 6 weeks (C, n 5 8) of implantation. MicroCT sagittal (B) and transaxial (D) cross sectional

images of CNC-B (left) and LST-BE (right) implants after 6 weeks of implantation. Superior cortical (top), trabecular (middle), and inferior cortical

(bottom) regions were analyzed for BIC as well (E).

C
O
L
O
R

FIGURE 7. A schematic of pull out mechanical testing of implants (A). Force at failure at 3 (B, n 5 3 implants/type) and 6 weeks (C, n 5 5

implants/type) after surgery in rabbits. Unpaired t test showed no difference between CNC-B and LST-BE implants.
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MicroCT analysis
Osseointegration was achieved for both implant groups, and
was compared using microCT analysis. BIC values obtained
through microCT analysis were not significantly different
between machined and LST-BE implants at 3 and 6 weeks
[Fig.F6 6(A)–(D)]. Additional analysis conducted on the supe-
rior cortical, trabecular, and inferior cortical regions of
implants showed no difference in BIC values between CNC-
B and LST-BE implants at 6 weeks [Fig. 6(E)].

Mechanical testing
The femur specimen was fixed in a custom-fabricated test
device with the implant aligned to the machine axis to
ensure that no bending moment was created during the test
[Fig.F7 7(A)]. Pullout mechanical testing revealed no signifi-
cant differences between failure forces for CNC-B and LST-
BE implants after 3 [Fig. 7(B)] and 6 [Fig. 7(C)] weeks. Val-
ues at 3 and 6 weeks for each implant type were compara-
ble, with strong implant to bone stability.

DISCUSSION

Advanced manufacturing technologies such as laser sinter-
ing can produce Ti–6Al–4V constructs with potential use in
the dental and orthopedic implant industries. In this study,
laser sintering was used in conjunction with surface treat-
ments to produce novel Ti–6Al–4V implant surfaces and
implants with hierarchical micro- and nano-roughness and
hydrophilicity that increased osteoblast response in vitro
and osseointegration in vivo. Our results indicate that addi-
tive manufacturing is a viable method for producing dental
implants leading to enhanced biological response, even
when compared to a traditionally manufactured, currently
used commercial implant.

Surface characterization of disks revealed a unique hier-
archical micro-/nano-roughness of LST-BE surfaces with
post-processing treatments. Although both blasting (LST-B)
and blasting plus acid etching (LST-BE) resulted in this
roughness, LCM analysis of roughness values showed higher
Sa and Sz values for LST-BE surfaces than LST-B surfaces.
Because surface micro-roughness was beyond the z-limit of
currently existing atomic force microscopes, nano-roughness
could be observed only qualitatively via SEM images.34 In
this study, all laser sintered surfaces were post-processed to
remove any residual particles or debris remaining from the
sintering process and to create a more homogeneous sur-
face roughness that has been shown to result in better bio-
logical response.10,12 The combination of micro- and nano-
roughness on titanium and Ti–6Al–4V has been shown to
increase osteoblast maturation, differentiation, and local fac-
tor production in vitro, and other studies have shown hier-
archical roughness and hydrophilicity to be important for
increasing osseointegration in animal models as
well.15,27,35–39

LST-B surface contained much higher levels of oxygen
than any other surface, indicating an increased oxide layer
that was a result of the calcium phosphate blasting process.
Studies have shown that oxygen retention can occur during

the sintering process, even within an enclosed argon cham-
ber.40 Though grit blasting may have exposed these oxygen-
rich sites, acid etching was able to alter the surface oxide.
Traditionally, strong sulfuric and hydrochloric acids have
been used to etch titanium surfaces to induce micro-rough-
ness.41 Additional aging over time in saline solution or a
second oxidation processing step was required to overlay
nanostructures on existing micro-roughness.27,35,42 In this
study, we were able to introduce both micro- and nano-
roughness in just one etching step. Maleic and oxalic acids
are commonly used to etch human enamel and dentin,43 but
this is the first report of the combination used to etch tita-
nium. Although not characterized in this study, material
mechanical properties can differ for cast and laser sintered
Ti–6Al–4V.11 As hardness and tensile strength can be
directly affected by the thickness of the oxide layer, differen-
ces in mechanical properties may also be implicated in the
biological response.44

In vitro studies suggest that LST-BE surfaces possess
unique surface characteristics that increase osteoblast dif-
ferentiation and maturation at the implant site, contribute
to the differentiation of cells distal to the implant surface,
contribute to the bone remodeling process by decreasing
osteoclast resorption, and enhance blood vessel formation
to further bone formation. Our lab has pioneered the MG63
cell line as a model for evaluating osteoblast response to
surface topography and wettability, showing enhanced mat-
uration for increasing surface roughness and hydrophilic-
ity.17,27,45,46 In this study, osteoblasts responded to surfaces
in a maturation-dependent manner.

Osteocalcin, a late marker of osteoblast differentiation,
has been shown to be regulated by both surface roughness
and hydrophilicity in MG63 cells.47 While immature
osteoblast-like MG63 cells increased osteocalcin protein pro-
duction on micro-/nano-rough, hydrophilic LST-B and LST-
BE surfaces than on the smoother CNC-M and LST-M surfa-
ces, the cells were not able to differentiate between the
small changes in roughness between the surfaces examined.
In contrast, mature NHOsts were more sensitive to small
roughness changes in the absence of hydrophilicity, showing
increased osteocalcin production on LST-M surfaces com-
pared to slightly smoother CNC-M surfaces. However, NHOst
osteocalcin production did not differ on the hydrophilic LST-
B and LST-BE surfaces possessing a similar magnitude
change in surface roughness.

Surface effects on OPG, a RANKL decoy receptor, for
both cells were similar. Increased levels of OPG on rough
surfaces suggest that surface roughness by itself can affect
bone remodeling. By decreasing RANKL binding, secretion
of OPG can inhibit osteoclast activity for increased net bone
formation by osteoblasts. The increase in OPG on rough
surfaces has been attributed to a similarity of surface
micro-/nano-features with resorption pits in bone, indicat-
ing a possible explanation for the response to rough LST
surfaces in our study.48

VEGF production by NHOsts showed a much more
robust response to hierarchical surface roughness and
hydrophilicity in comparison to VEGF production by MG63
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cells. These results suggest that VEGF may play a more
active role later in osteoblast maturation, contributing to
continued blood vessel formation and bone integration.
BMP2 expression in NHOst cells showed a differential
response to small changes in roughness on hydrophilic
surfaces LST-B and LST-BE while expression of MG63 cells
was similar for both hydrophilic surfaces. Expression of
these local factors is important for enhancing osteoblastic
differentiation of mesenchymal stem cells distal to the
implant, as our group has shown previously.18 Taken
together, our in vitro results align with previous observa-
tions that a more robust response to nanotopography by
mature osteoblasts in comparison to undifferentiated mes-
enchymal stem cells, with this effect able to be modulated
by surface wettability.15,35

Cell surface integrin receptors mediate cell response to
biomaterials. In particular, integrin a2b1 has been shown to
play a significant role in the osteoblast and mesenchymal
response to titanium surface roughness, though different
integrin profiles may play a role depending on cell line-
age.18,49,50 In this study, we analyzed mRNA expression of
a2 and b1 integrin subunits, showing increased expression
of both these subunits on rough LST-B and LST-BE surfaces
compared to smooth CNC-M surfaces. The similar expression
profiles of a2 and b1 corroborate our theory that a2b1 is
responsible for osteoblast maturation and differentiation on
micro-rough surfaces. The presence of hierarchical micro-/
nano-roughness on our LST-B and LST-BE suggests that
a2b1 mediates cell response to surfaces at the nanoscale as
well.

A variety of animal models have been used to study
osseointegration of laser sintered implants.21,51,52 We opted
to use a rabbit model to compare osseointegration of LST-
BE implants with osseointegration of CNC-B implants, which
are used clinically. Although rabbits possess differences in
bone structure and remodeling in comparison to humans,
including a venous plexus within the tibial cortical bone,
they have shown similar responses to implant roughness
that are seen clinically, and are the most commonly used
model for dental implant evaluation.53–57 Due to faster skel-
etal change and bone turnover rates in rabbits compared to
humans, studies have shown accelerated healing at 4
weeks.58,59 To address the fact that most commonly
implants are used in adult humans, we used a fully mature
rabbit for the present study.

We evaluated BIC values at 3 and 6 weeks to under-
stand the effects of implant manufacturing and differences
in surface roughness on early events in osseointegration.
Other studies evaluating osseointegration of implants placed
in a similar femoral model in rabbits show new trabecular
bone formation by 4 weeks, with continued bone remodel-
ing and growth up to 42 weeks after implantation.60,61

Though our study ended at 6 weeks, other studies have
shown predictive osseointegration results in rabbits as early
as 2 weeks after implantation.55 It is possible that differen-
ces may have been observed at earlier time points. As with
any small animal model where the implant cannot be placed
directly in the jaw, mechanical loading will be different.53

We believe that our model is valid for comparing osseointe-
gration of endosseous implants and can be indicative of
clinical outcomes. While BIC values showed improvement in
osseointegration of LST-BE implants in comparison to CNC-
B implants, further studies in disease challenged animal
models or at longer time points may be necessary for eluci-
dating the superiority of novel LST implants for improving
osseointegration in compromised cases.

Although microCT evaluation of BIC has been compared
to histomorphometric analysis with promising results, metal
artifacts due to scattering continue to be a confounding fac-
tor in accurate microCT analysis.62–64 We considered BIC
values from both sources and found that histomorphometric
analysis was more reliable in describing bone formation
during the early stages of osseointegration. Although total
BIC was not significantly different between CNC-B and LST-
BE implants at 3 weeks, a higher amount of cortical bone
was seen in LST-BE implants compared to CNC-B implants.
The change in the composition of trabecular and cortical
bone between 3 and 6 weeks was evident as well, which
was observed at the same time points in a similar implanta-
tion model.65 Total BIC values were higher for LST-BE
implants compared to CNC-B implants at 6 weeks, with a
significantly reduced trabecular LST BIC compared to total
BIC. This reduction was not seen in either implant group at
3 weeks, suggesting increased bone remodeling of LST-BE
implants during the osseointegration process as compared
to that of CNC-B implants.

Differences in BIC values can also be attributed to the
analysis in different planes. BIC analysis was performed on
sagittal cross sections throughout the entire implant for
microCT, whereas analysis was carried out on transaxial
cross sections for histology. Mechanical testing was per-
formed to verify osseointegration of implants further. Simi-
lar pullout forces for both implants indicate that LST-BE
implants achieved good mechanical stability, which was
comparable to that of the commercially used CNC-B implant.
These results suggest that LST-BE implants are similar to, if
not better than traditional CNC-B manufactured implants.
The enhanced biological response can be attributed to the
LST-BE’s unique surface properties and ability to promote
osteoblast maturation and differentiation at and distal to
the surface, influence bone remodeling and increase blood
vessel formation for increased osseointegration.

CONCLUSION

Laser sintering is an additive manufacturing technique that
can produce Ti–6Al–4V implants. The implants can be fur-
ther processed to create micro-rough, nano-rough, and
hydrophilic surfaces. The resulting surface with combined
roughness and wettability enhanced both MG63 and NHOst
cell response in comparison to smooth CNC-M and LST-M
surfaces. LST-BE implants were compared to commercially
available CNC-B implants in a healthy animal model, and
cortical BIC was higher at 3 weeks and total BIC higher at 6
weeks than CNC implants. LST-BE and CNC-B implants had
similar pullout forces at both time points examined,
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indicating that LST-BE implants are as mechanically stabile
as clinically used implants. These results suggest that
implants produced by laser sintering with combined
micro-/nano-roughness and high surface energy are a suita-
ble alternative to traditionally manufactured endosseous
implants, with favorable biological response and ability to
osseointegrate.
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