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Novel Osteogenic Ti-6Al-4V Device 
For Restoration Of Dental Function 
In Patients With Large Bone 
Deficiencies: Design, Development 
And Implementation
D. J. Cohen1, A. Cheng2,3, A. Kahn4, M. Aviram5, A. J. Whitehead1, S. L. Hyzy1, R. M. Clohessy1, 
B. D. Boyan1,2 & Z. Schwartz1,6

Custom devices supporting bone regeneration and implant placement are needed for edentulous 
patients with large mandibular deficiencies where endosteal implantation is not possible. We 
developed a novel subperiosteal titanium-aluminum-vanadium bone onlay device produced by additive 
manufacturing (AM) and post-fabrication osteogenic micro-/nano-scale surface texture modification. 
Human osteoblasts produced osteogenic and angiogenic factors when grown on laser-sintered nano-/
micro-textured surfaces compared to smooth surfaces. Surface-processed constructs caused higher 
bone-to-implant contact, vertical bone growth into disk pores (microCT and histomorphometry), and 
mechanical pull-out force at 5 and 10 w on rat calvaria compared to non surface-modified constructs, 
even when pre-treating the bone to stimulate osteogenesis. Surface-modified wrap-implants placed 
around rabbit tibias osseointegrated by 6 w. Finally, patient-specific constructs designed to support 
dental implants produced via AM and surface-processing were implanted on edentulous mandibular 
bone. 3 and 8 month post-operative images showed new bone formation and osseointegration of the 
device and indicated stability of the dental implants.

Currently, 23% of American adults over the age of 65 are completely edentulous1, and 37.9 million adults in 
the United States will have no natural teeth by 2020. Although the number of edentulous adults is expected to 
decrease by 10%, this is overshadowed by the 79% increase in the adult population over the age of 552. Implant 
supported dentures significantly improve the quality of life in comparison to removable dentures3, but many of 
these individuals have significant bone loss, which may be unsuitable for implant placement.

A number of strategies have been used to enable implant placement when there is insufficient bone to provide 
stability for individual implants. Subperiosteal implants that follow the contours of the bony ridge of the jaw have 
had low success rates due to their failure to osseointegrate with the bone4. Approaches using dentures, partial den-
tures, or an implant supported bridge can provide a compromise solution to restore functional dentition. In many 
cases, a bone regeneration strategy using various bone graft materials is used to restore bone volume prior to the 
placement of the implant. This requires an additional procedure, in some cases involving the use of a membrane 
to guide the regenerating tissues, and complications may result5,6. However, in some cases, treatment using cur-
rent options is not possible, particularly when the mental nerve is exposed. In these situations, a patient-specific 
strategy that stimulates bone regeneration to restore ridge height, protect any exposed nerve, and stabilize the 
device via osseointegration is needed in order to provide adequate support for rehabilitation of the dentition.
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Our approach was to develop a one-step custom device that could be placed subperiosteally on the bone 
surface and by its osteogenic surface properties generate new bone, thereby becoming osseointegrated. Additive 
manufacturing (AM) provides a powerful method for fabricating three-dimensional (3D) metal devices based on 
computerized tomography (CT) of individual patients, enabling optimal fit between the implant and the contours 
of the patient’s existing bone. To address the goal of stimulating sufficient new bone to stabilize the device via 
osseointegration and ultimately to support reconstruction of the dentition, we took advantage of in vitro and in 
vivo observations using solid titanium (Ti) and titanium-aluminum-vanadium (Ti-6Al-4V) implants manufac-
tured via conventional machining technology followed by grit blasting and acid etching. These studies showed 
that osteoblast differentiation and maturation were increased when osteoprogenitor cells were cultured on sur-
faces with microscale and nanoscale roughness compared to smooth surfaces7–10. Moreover, preclinical and clin-
ical studies showed that peri-implant osteogenesis was enhanced when the surface had microscale and nanoscale 
roughness11–15. Similarly, microscale roughness on 3D nanofiber mesh surfaces supported greater osteoblastic 
differentiation of human mesenchymal stem cells (MSCs) in vitro16.

Recently, we showed that 3D Ti-6Al-4V constructs could be generated by AM and then processed via grit 
blasting and acid etching to have microscale and nanoscale roughness17.Osteoblast-like MG63 cells exhibited 
differentiation in a porosity and surface-roughness dependent manner when cultured on these constructs with 
hierarchical surface roughness. Taken together with previous studies using conventionally manufactured Ti and 
Ti-6Al-4V disks and implants described above, these results suggested that a micro-/nano-textured device could 
be designed that would stimulate bone regeneration sufficient to support rehabilitation of the dentition in an 
edentulous patient.

We used a step-wise approach to test this hypothesis (Fig. S1). To verify that osteoblast differentiation was 
sensitive to surface micro-/nano-topography, we assessed the response of normal human osteoblasts (NHOst 
cells) to the surface of surface modified Ti-6Al-4 V constructs as a function of osteogenic factor production. A rat 
cranial bone onlay model was used to analyze osseointegration of implants with a macroporous design to enhance 
osseointegration. We tested device osseointegration using several clinical scenarios involving pre-treatment of 
the calvarial bone to stimulate osteogenesis, including decalcification of the bone surface and use of a demineral-
ized bone matrix putty (DBX). Next, implant osseointegration of surface-processed AM-fabricated custom wrap 
implants in a rabbit tibial bone onlay model was examined. Finally, two clinical case studies are presented that 
highlight the use of customized devices produced via AM and post-fabrication surface modification in edentu-
lous patients. 3D Ti-6Al-4 V constructs were fabricated by laser sintering based on computed tomography (CT) 
scans of the patients’ mandibles and processed to create micro-/nano-textured surfaces. Follow-up radiographs 
at 3 and 8 months post-surgery demonstrate the successful osseointegration of the device and support of dental 
implants.

Results
Osteoblast response was enhanced on laser-sintered constructs with microscale and nanoscale 
surface roughness. We previously showed that additive manufacturing via laser sintering could be used 
to fabricate solid Ti-6Al-4V disks17. After modifying the surface by grit blasting and acid etching, the resulting 
texture had both microscale and nanoscale roughness, and was hydrophilic. We continued using these manufac-
turing and post-processing methods to create materials for this study.

We first examined the response of normal human osteoblasts (NHOst cells) to the surface using 2D Ti-6Al-4V 
disks that were produced by laser sintering using the same methods as previously described17. The Ti-6Al-4V 
disks had one of two surface topographies: polished surfaces had a relatively smooth micro- and nano-topography 
(LST-M) (Fig. 1A) compared to grit blasted and acid etched surfaces (LST-BE), which possessed both micro- and 
nano-roughness (Fig. 1B). More NHOst cells were present on the LST-BE surfaces based on DNA content of the 
cultures (Fig. 1C), but cultures on LST-BE had lower alkaline phosphatase specific activity (Fig. 1D) than cells 
grown on LST-M surfaces. Cells on the rougher LST-BE surfaces produced more osteocalcin (Fig. 1E), bone 
morphogenetic protein 2 (BMP2) (Fig. 1F), and vascular endothelial growth factor A (VEGF-A) (Fig. 1G) than 
NHOst cells on LST-M.

Surface treatment of calvaria did not affect bone growth into porous constructs. An initial 
rat cranial bone onlay study was performed to determine if osseointegration of the device would be enhanced 
by inclusion of through pores to facilitate migration of host osteoprogenitor cells and to increase surface area to 
allow for vertical bone growth from the calvarial surface through the implant. 5 mm diameter disks with twelve 
0.5 mm diameter holes were laser sintered followed by grit blasting and acid etching in the manner previously 
described17. Clinically, etching treatments may be used on bone prior to implant placement to increase surface 
area, expose more bone morphogenetic protein stored in the extracellular matrix, and increase the availability 
of mesenchymal cells for improved osseointegration18,19. Therefore, we also assessed whether pretreatment of 
the calvarial bone by etching would alter the extent of new bone formation. We treated male Sprague-Dawley 
rat calvarial bone surfaces prior to implant placement with one of two methods and examined osseointegration 
at 5 and 10 weeks. After elevating the periosteum, the calvarial bone cortex was perforated 15–20 times with a 
dental burr to expose bone marrow derived stem cells to the implant, as would be done clinically. Calvaria (6 rats 
per treatment group) were treated with 24% ethylene diamine tetra acetic acid (EDTA), 37% phosphoric acid, or 
were left untreated after perforation. The disks were then secured to the underlying bone by approximating the 
periosteum to the implant via resorbable suture (Fig. S2a).

MicroCT analysis revealed that the pores did improve osseointegration, but pre-treatment of the calvaria had 
no effect. Bone-to-implant contact (Fig. S2B) and bone in-growth (Fig. S2C) in the disk pores were not signifi-
cantly different across groups at both 5 and 10 weeks after implantation. Histology supported the microCT obser-
vations at 5 and 10 weeks (Fig. S2D). Interestingly, implants were not only osseointegrated with the calvaria, but 
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new bone nodules were observed growing through the pores. Bone-to-implant contact determined by histomor-
phometry (Fig. S2E) confirmed the microCT results. Bone in-growth analyzed histomorphometrically (Fig. S2F) 
was higher than the microCT values, but the results still did not identify differences among treatment groups. 
Because analysis via microCT and histology showed no significant differences between calvarial bone growth into 
implants with pre-implantation treatment, no treatment was used for future studies.

Calvarial bone formation in constructs was increased in the presence of demineralized bone 
matrix. Demineralized bone matrix (DBM) is commonly used in clinical cases where bone regeneration is 
needed prior to implant placement. To determine whether inclusion of DBM would impact the osteogenic capac-
ity of the implant design, we compared bone formation using laser sintered disks in the presence and absence of 
human DBM putty in hyaluronic acid (DBX®, Musculoskeletal Transplant Foundation, Edison, NJ). For these 
experiments, the disks were treated by grit blasting and acid etching to have the microscale and nanoscale rough-
ness as well as the hydrophilicity described above. After elevating the periosteum, the calvarial bone cortex was 
perforated using a dental bur. In one-half of the athymic nude rats, the calvarial bone surface was coated with 
DBX prior to implant placement. After placing these implants, the implant surface was also coated with DBX. The 
periosteum and skin were then restored.

At 2, 4, and 10 weeks post-operatively, microCT cross-sectional analysis of the entire implant was per-
formed to assess bone-to-implant contact and bone ingrowth in holes (Fig. 2A). Bone-to-implant contact ana-
lyzed by microCT was not significantly different between untreated and DBX-treated calvaria at 2 and 5 weeks, 
but DBX-treated sites had significantly higher bone-to-implant contact at 10 weeks when compared to both 
non-treated and DBX-treated sites at all time points (Fig. 2B). Bone in growth in implants holes supported the 
microCT observations, with DBX-treated sites also having a higher percent age of bone in-growth at 10 weeks 
when compared to non-treated and DBX-treated sites at all of the time points (Fig. 2C). Top down microCT 
images also confirmed bone growth into implant pores (Fig. 2D). Bone-to-implant contact determined histo-
logically was increased in DBX-treated sites at 10 weeks compared to both non-treated and DBX-treated sites at 
2 weeks (Fig. 2E). Percent bone in-growth in holes was increased in DBX-treated sites at 10 weeks compared to 
non-treated and DBX-treated sites at 2 weeks, and DBX-treated sites at 5 weeks (Fig. 2F). Histological sections 
(Fig. 2G) revealed bone growth from the bottom of non-treated sites while bone growth was achieved from both 
the bottom and the top of DBX-treated sites.

Surface roughness and DBX enhanced mechanical integration of bone with porous 
implants. To further analyze the effects of surface roughness and DBX-treatment on implant osseointe-
gration, mechanical testing was conducted. For these experiments, the laser sintered disks were treated by grit 

Figure 1. Cellular response to laser sintered disks with smooth or rough surfaces. Laser sintered surfaces 
were polished (A) or treated by blasting with calcium phosphate particles and subsequent acid etching (B) 
that resulted in combined micro- (top) and nano-roughness (bottom). DNA content (C), osteocalcin (D), 
osteoprotegerin (E), VEGF (F), and BMP2 (G) production by NHOst cells seeded on disks. Student’s t-test, 
p <  0.05, *vs. LST-M.
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blasting and acid etching to have the microscale and nanoscale roughness as well as the hydrophilicity described 
above. A second set of disks was polished, producing a smooth surface. Unlike all other disks and implants used 
in this study, which were sterilized by gamma radiation, the polished disks were sterilized by autoclaving. Laser 
confocal analysis revealed significantly higher surface roughness and peak-to-valley height on rough surfaces 
compared to smooth surfaces (Fig. 3A). Smooth or rough implants were produced with an arch for mechanical 
testing (Fig. 3B). Smooth, rough or rough implants treated with DBX were placed on athymic nude rat calvaria, 
and microCT analysis was performed at 10 weeks.

Although bone-to-implant contact (Fig. 3C) was not significantly different across groups, bone in-growth in 
implant holes (Fig. 3D) was significantly increased for rough implants with DBX compared to smooth and rough 
implants alone. Electron and optical images of smooth implants (Fig. 3E), rough implants (Fig. 3F) and rough 
implants used with DBX (Fig. 3G) (top) and calvaria (bottom) after mechanical testing at 10 weeks revealed 
bone ingrowth into implants, with more bone observed on the rough implants regardless of DBX use compared 
to smooth implants. Rat calvaria with smooth implants showed bony protrusions (Fig. 3E, bottom) that were 
retained after implant pull-out testing, while protrusions on calvaria with rough implants with and without DBX 
(Fig. 3F, G bottom) were partially removed with the implant as part of mechanical testing. Force at failure of 
rough implants was significantly higher when DBX was included than non-treated smooth or rough implants at 
10 weeks (Fig. 3H). Although the average modulus was higher for DBX-treated rough implants, no significant 
differences were found among groups (Fig. 3F). Pull-out testing was performed for rough implants with DBX at 
5 and 10 weeks, showing higher force at failure (Fig. 3J) and modulus (Fig. 3K) at 10 weeks compared to 5 weeks.

Figure 2. The effect of demineralized bone matrix on bone growth into porous disks. Disks were implanted 
on calvaria of athymic nude rats with and without DBX, and bone-to-implant contact was assessed after 2, 5, 
and 10 weeks. MicroCT cross-sectional images show sintered disks ((A), rough) implanted on calvaria of rats 
without ((A), rough) or with ((A), DBX) demineralized bone matrix after 10 weeks, which black indicating the 
implant and white indicating new bone formation. These images were analyzed for bone-to-implant contact 
(B) and bone ingrowth in holes (C). MicroCT top down images, thresholded to remove underlying calvaria, 
revealed new bone growth into pores of the disk (D). Histomorphometric analysis was conducted per implant 
to evaluate bone-to-implant contact (E) and bone ingrowth in holes (F). Histological images depict bone growth 
along sides of disk pores for both groups (G). MicroCT and histological image scale bars represent 1 mm. One-
way ANOVA with Bonferroni analysis, p <  0.05, * vs. all groups (B,C), * vs. 2 week rough, # vs. 2 week DBX, $ 
vs. 5 week DBX (E,F).
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Custom-fit wrap implants osseointegrated with rabbit tibias. To demonstrate structural implant 
functionality, we analyzed osseointegration of custom-manufactured wrap implants placed around rabbit tibias. 
Because previous experiments in this study showed osseointegration without the use of DBX, we did not use 
any bone graft substitutes in this experiment in order to focus on the implant geometry. We were also able to 
achieve bone growth through the implant holes even without the presence of DBX, suggesting that the surface 
modification alone would be successful in supporting osseointegration of an implant geometry that was more 
clinically relevant in a larger animal model. Laser sintered wrap implants were manufactured to fit snugly around 
tibias of New Zealand White rabbits (Fig. 4A). Implants were secured with four screws that penetrated into the 
bone marrow cavity, and microCT cross sections of the entire implant were taken for analysis of osseointegration 
(Fig. 4B,C). MicroCT images at 1, 3 and 6 weeks showed continuous bone growth filling the void space between 
the tibia and the implant by 3 weeks, and even expanding beyond the implant at 6 weeks (Fig. 4D). MicroCT 3D 
reconstructions were able to provide better representative images of implants around tibias at 6 weeks (Fig. 4E). 
Quantitative analysis revealed significantly higher bone-to-implant contact values at 6 weeks compared to at 1 
and 3 weeks (Fig. 4F). Histological sections of implants provided a more detailed view of bone formation (Fig 4, 
S3). At 1 week, there were small gaps remaining between the implant screws and bone (Fig. 5A), with new bone 
(Fig. 5B) and connective tissue (Fig. 5C) forming. At 3 weeks, further bone growth was achieved (Fig. 5D), with 
cartilage (Fig. 5E,F) and woven bone prominent near the implant (Fig. 5G). At 6 weeks, fully formed bone was 
present (Fig. 5H) in contact with the inside of the implant (Fig. 5I), with bone formation occurring around the 
outside of the implant as well (Fig. 5J). Bone-to-implant contact analyzed from histological images showed signif-
icantly higher values at 6 weeks compared to at 1 and 3 weeks (Fig. 5K).

Figure 3. The effect of surface roughness and demineralized bone matrix on bone growth and mechanical 
properties of new bone growth into porous disks. Laser sintered implants were manufactured and polished 
or treated by blasting and acid etching to produce smooth and rough surfaces for calvarial implantation in rats. 
Laser confocal microscopy confirmed reduced surface roughness and peak to valley heights (A) of smooth 
surfaces (A top right) in comparison to rough surfaces (A bottom right). MicroCT image analysis (B) was 
conducted of calvarial implants after 10 weeks to assess bone-to-implant contact (C) and bone ingrowth in holes 
(D). SEM micrographs after pull-out testing of the implant ((E–G) top, with inset optical images) and calvaria 
((E–G) bottom, with inset optical images) showed bone growth and attachment to implants. Pull out testing 
revealed force at failure (H) and modulus (I) 10 weeks after implantation. Force at failure for pull out testing 
(J) and modulus (K) was also compared at 5 and 10 weeks for the DBX treated group. One-way ANOVA with 
Bonferroni correction, p <  0.05, * vs. smooth or week 5, ^ vs. rough.
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Wrap implants were customized for dental implant placement in patients. To translate our ani-
mal studies clinically, we developed patient-specific wrap implants to induce bone regeneration with a one-step 
surgical procedure under a Helsinki Committee-approved protocol. Two case studies are described (Fig. 6 and 
Fig. S4). CT scans were taken of the patient at the site of intended implant placement (Fig. 6A), and recon-
structed scans (Fig. 6B,C) were used to develop a custom, porous endosteal wrap implant (Fig. 6D) using the 
same laser sintering parameters and implant surface treatments as described for the disks and wrap implants 
above. One-piece implants included a porous base similar to the pore geometry used in rat calvaria studies, sta-
bilizing screws as used in the rabbit studies, and implant posts to be used for eventual crown placement (Fig. 6E). 
Sintered implants were fit to an additively manufactured plastic mold of the patient’s mandible (Fig. 6F) to ensure 
correct placement. Prior to perforating the bone, the implants were placed to ensure that they fit the placement 
site. The implants were then removed and the bone was perforated using a dental bur. The site was coated with 
DBX, and the implant placed and secured to the patient’s mandible at the predetermined location (Fig. 6G). 
The secured implant was coated with DBX and the flap was passively closed. A panoramic X-ray was taken at 3 
months post-surgery (Fig. 6H), and a CT scan was taken at 8 months post-surgery and 6 months post-loading 
(Fig. 6I). At 8 months, the implant was osseointegrated with continued functional loading and no complications 
reported by the patient. The implant was loaded and in function; no pain or infection was reported. The second 
case in which the patient received implants on both sides of the mandible is presented in Fig. S4.

Discussion
Similar to how computer aided design/computer aided manufacturing (CAD/CAM) revolutionized solid 
implant fabrication years ago, additive manufacturing technology is impacting the field by making the promise 
of precision medicine accessible to patients requiring complex reconstructive surgery20,21. Here, we show that 
3D Ti-6Al-4 V implant surfaces can be designed that enhance osteoblast response in vitro and osseointegration 
in vivo compared to smooth surfaces, and that these additively manufactured and processed surfaces can be 
combined with DBX for osseointegration beyond the bone envelope in vivo. This conclusion was achieved in a 
stepwise process that included surface modification at the microscale and nanoscale, validation that the modi-
fied surface supported osteoblastic differentiation of normal human osteoblasts; in vivo demonstration that the 
surface modification was sufficient to support bone formation using qualitative and quantitative imaging and 

Figure 4. MicroCT analysis of endosteal wrap implants shows bone growth over 6 weeks. Wrap implants 
were designed and manufactured (A) for implantation around rabbit tibias ((B), with the red line indicating 
cross sections for microCT analysis). MicroCT scans of the entire implant (C) and cross sections were taken 
after 1, 3, and 6 weeks after implantation (D). Reconstructed scans (E) were used for analysis of bone-to-implant 
contact (F). Scale bars represent 1 mm. One-way ANOVA was performed with Bonferroni’s correction, p <  0.05, 
*vs. 1 week, # vs. 3 weeks.
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biomechanical parameters, translation of the technology to a more challenging animal model, and finally use of 
the technology to support implant placement in two edentulous human patients with severe bone loss.

This study has shown that the implant surface can influence biological response even without the addition of 
exogenous factors. Surface roughness at multiple scales is necessary for increasing osteoblast response and osseo-
integration7,13,22,23. While we did include a polished smooth surface in our initial studies to verify the superiority 
of implant surfaces with micro-/nano-roughness, we chose to focus on rough surfaces in our rabbit and clinical 
studies as they are more clinically relevant. Although we did not polish inside the implant holes, these are not the 
first site of contact with the calvarial bone. We believe that the large surface area of the implant underside com-
pared to the side wall of the holes contributed more to the mechanical testing and osseointegration. In addition, 
this is the surface along which we measured the bone to implant contact.

In addition to the micro-texture and nano-texture of the surface, other surface parameters such as wettability 
have been shown to influence the biological response24. Dental implants with topographies similar to those used 
in this study that have retained a hydrophilic surface exhibit more rapid osseointegration than implants that are 
hydrophobic25. We did not directly compare hydrophilic implants to hydrophobic implants with identical surface 
morphology. However, it has been shown in other studies that autoclave sterilization results in a hydrophobic 
surface26,27. Because we autoclave sterilized the polished disks used in the in vivo study, our mechanical test-
ing experiments were only able to assess the combined effects of surface topography and hydrophilicity on cell 
response. Whether the relative hydrophilicity or hydrophobicity of the surface contributed in a significant way to 
the differences in osseointegration between the disks with smooth and rough surfaces is not known.

MicroCT evaluation of bone-to-implant contact provides a 3D analysis of implant osseointegration and new 
bone infiltration into the implant pores. Total implant analysis cannot be achieved with conventional histology, 
which evaluates osseointegration only at one cross sectional location. Previous work analyzing bone ingrowth 
into porous titanium implants indicated that depending on pore size and location, new bone did not form in 
the same manner across all pores28–30, which helps explain why our bone-to-implant values achieved through 
microCT are different from those achieved via histomorphometry. However, the disadvantage of microCT eval-
uation lies in its inability to visualize non-mineralized tissue, which is easily identifiable through histological 
sectioning and staining31. Interference from the titanium can also introduce scatter and lower resolution in the 
image. Therefore, both methods of analysis are valuable and can contribute to evaluation of osseointegration.

In this study, we used two different animal models to focus on the scientific and clinical aspects of bone 
regeneration and osseointegration. We used rats to develop our surgical procedure and evaluate implant osseo-
integration. Before transitioning to human clinical trials, we needed to evaluate feasibility of structurally similar 

Figure 5. Bone growth into and around endosteal wrap implants on rabbit tibias. Histological sections of 
wrap implants stained with Stevenel’s Blue after 1 week ((A), with enlarged (B) showing bone, and (C) showing 
connective tissue), 3 weeks ((D), with enlarged (E,F) showing cartilage and (G) showing woven bone), 6 weeks 
((H), with enlarged (I) showing bone in contact with inside of implant and (J) showing new bone around 
outside of implant) and used to analyze bone-to-implant contact (K). Scale bars for (A–D,H) represent 1 mm, 
scale bars for (G) and (I) represent 500 um, scale bar for F represents 200 um, scale bar for (J) represents 100 um 
and scale bar for (E) represents 20 um. For histomorphometric analysis, one-way ANOVA was performed with 
Bonferroni’s correction, p <  0.05, *vs. 1 week, # vs. 3 weeks.
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constructs in a higher order animal model. We chose the rabbit tibia both as having a more geometrically compa-
rable curvature to the human mandible compared to the rat calvaria, as well as an alternate way of showing osse-
ointegration in the long bone. Because human maxillofacial regeneration is composed of both endochondral and 
intramembranous ossification, we wanted to verify endochondral bone formation in the rabbit tibia in response 
to the implant after observing successful intramembranous bone formation in our rat cranial onlay model.

One potential design concern for these one-piece custom implants is roughness at the abutment connec-
tion. Traditional dental implants leave this area polished to prevent bacterial colonization and subsequent 
peri-implantitis32. Studies have shown an altered bacterial attachment profile on titanium and Ti-6Al-4 V rough 
surfaces compared to smooth surfaces, but it is still unclear how this may affect clinical response after implanta-
tion33–35. In our study at 8 months post-implantation, no complications or bacterial contamination were noted in 
patients. However, future studies may wish to identify post-processing methods that are able to differentially treat 
portions of the implant to achieve spatially disparate smooth and rough surfaces.

Although bone grafts and bone graft substitutes are commonly used in ridge augmentation, cases that require 
substantial vertical regeneration of bone are not predictably successful. These patients require multiple pro-
cedures and the regeneration strategy and treatment plan vary considerably from case to case36. Our results, 
achieved through iterative in vitro and in vivo studies, suggest that additive manufacturing can be used success-
fully to produce implants that meet the demands of precision medicine by tailoring the shape to the individual 
patient’s needs. The use of DBX had an osteoinductive effect, enhancing osseointegration of the roughened sur-
face in the rat calvaria. Based on these results, we continued to use DBX with human implantation, and suggest 
this as a best practice for future clinical use. The combination of surface topography modification of laser sintered 
Ti-6Al-4 V at the microscale and nanoscale with clinical best practices can lead to osteogenesis and ultimately 
osseointegration of implants, even for patients with limited bone, enabling restoration of form and function. 
Though this study only indicates one clinical application of additive manufacturing for dentistry, we hope that 
others will apply our findings to bone regeneration in facial reconstruction after trauma, cancer or in other com-
promised cases.

Methods
Study Design. The objective of this study was to evaluate the in vitro, in vivo and human clinical performance 
of surfaces and implants manufactured using laser sintering with post-processing surface treatment. Our hypoth-
eses were that laser sintered surfaces with hierarchical surface roughness could enhance osteoblast response in 

Figure 6. A patient customized endosteal implant was created to enhance bone regeneration for future 
dental implant placement. A CT scan was taken of the patient (A) to plan implant placement (B, C). A 
customized Ti-6Al-4 V implant was designed in software (D, E), with purple representing implant posts and 
green representing stabilizing screws. The implant was manufactured as one piece (F) and implanted in the 
patient (G). A follow-up panoramic X-ray was taken to evaluate osseointegration and the bone to implant 
contact after three months (H), and a CT scan performed after eight months (I).
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vitro and increase osseointegration in vivo compared to smooth surfaces and implants. We also hypothesized that 
use of DBX with the implant would increase osseointegration in a rat calvaria model, and that these results would 
translate to rabbit and human implantation. All cell culture studies were repeated at least three times to ensure 
repeatability of data. Power analysis was conducted for each animal study, and animals were assigned randomly 
to experimental groups during surgery. Severe behavioral and physical changes in animals were considered as 
humane endpoints upon which to end data collection. Blind analysis was conducted for histomorphometric and 
microCT evaluation of bone-to-implant contact. Significance for all studies was determined using one-way anal-
ysis of variance (ANOVA) with Bonferroni’s Multiple Comparison Test and a p value of less than 0.05. Outliers 
were determined and excluded based on Grubbs’ extreme studentized deviate test.

Material Manufacturing. Solid disks, porous calvarial implants and tibial wrap implants and clinical 
implants were produced by laser sintering (EOS GmbH, Krailling, Germany). Ti-6Al-4 V powder particles 
25-45 μ m in diameter (Advanced Powders & Coatings, Quebec, Canada) were sintered using a Ytterbium fiber 
laser with a scanning speed of 7 m s− 1, 1054 nm wavelength, 200 W continuous power and 0.1 mm spot size. 
Solid disks used for in vitro studies were 15 mm in diameter and 1 mm in height. Smooth disks and implants were 
polished with aluminum oxide sanding paper (P240, Norton Abrasives, Paris, France) and referred to as LST-M 
for solid surfaces or Smooth for porous implants. Rough disks and implants were blasted with calcium phosphate 
particles in a proprietary manner, then then acid etched for 90 minutes in 10% of a 1:1 ratio of maleic and oxalic 
acids. All materials were sterilized by gamma radiation prior to cell culture or implantation unless otherwise 
stated.

Material Characterization. Scanning electron microscopy (SEM, Zeiss Ultra60 FE-SEM, Oberkochen, 
Germany) was used to visualize surfaces, implants, and calvaria. Calvaria and implants with biological material 
were dehydrated in a series of ethanol: at least two hours in 15%, 30% and 45% ethanol, at least one hour in 60%, 
75%, 90% and twice in 100% ethanol, 1:1 exchange in 100% ethanol and hexamethyldisilazane (HMDS), and 
twice for 30 minutes in HMDS. SEM was conducted with an accelerating voltage of 4 kV and working distance of 
4 mm for material and 10 mm for biological samples. Before imaging, biological samples were platinum sputtered 
for 90 seconds at 35 μ A. Smooth control disks were analyzed with confocal microscopy (Zeiss LSM 710, Jena, 
Germany) and scanning electron microscopy to ensure that the surfaces were significantly less rough than the 
test disks. Average roughness (Sa) and peak-valley height (Sz) measurements were conducted under 20 ×  magni-
fication (Plan-Apochromat 20 ×  /0.8 M27 objective) over a 425 μ m ×  425 μ m area z-stack with a step size of 5 μ m.

Cell Response. Normal human osteoblasts (NHOst cells, Lonza, Basel, Switzerland) were seeded onto disks 
at a density of 10,000 cells per cm2 according to tissue culture polystyrene (TCPS) surface area, or 20,000 cells 
per well in a 24 well plate. Cells were fed with full medium (DMEM supplemented with 10% fetal bovine serum, 
1% penicillin/streptomycin) 24 hours after plating, then every 48 hours until reaching confluence on TCPS. Cells 
were fed at confluence on TCPS and harvested 24 hours afterward for biological analysis. At harvest, medium 
was aliquoted and stored to analyze osteocalcin (BT-480, Alfa Aesar, Ward Hill, Massachusetts), osteoprotegerin 
(DY805, R&D Systems, Minneapolis, Minnesota), vascular endothelial growth factor (VEGF, DY293B, R&D 
Systems) and bone morphogenetic protein 2 (BMP2, 900-K255, PeproTech, Rocky Hill, New Jersey) levels. Cell 
layers were rinsed twice in phosphate buffered saline and then stored in 0.05% Triton X-100 at − 20 °C over-
night, sonicated and analyzed for DNA content (E2670, Promega, Madison, Wisconsin) and protein (23225, Life 
Technologies, Carlsbad, California). Alkaline phosphatase specific activity was analyzed by cleavage of p- nitro-
phenol from p-nitrophenylphosphate at pH 10.2. These methods are described in greater detail in references12,17,37.

Rat Calvaria Experiments. 5.0 mm disks with 12 evenly spaced 0.5 mm holes were generated via addi-
tive manufacturing by laser sintering Ti-6Al-4V alloy powder. The resulting disks were grit blasted and then 
acid-etched to create a specific micro-surface as described previously17. Disks were subjected to a cleaning 
protocol17 and then sterilized via gamma radiation. Three studies were conducted using a surgical protocol 
where disks were implanted subperiosteally on the surface of the calvarial bone of 250–300 g 8 week old male 
Sprague-Dawley rats (Harlan Laboratories, Indianapolis, Indiana) or athymic (RNU/RNU) nude rats (Charles 
River, Wilmington, Massachusetts). All animal procedures were conducted with the institutional approval of 
Virginia Commonwealth University (Richmond, VA). Following the elevation of a periosteal flap, multiple 
0.3 mm holes were drilled through the cortical bone into the marrow space of the left parietal bone (15 to 20 holes 
per calvarium). The disks were placed over the holes, and the flap was sutured over the disk.

To determine the effect of pretreating the implantation site via in situ decalcification, exposed bone around 
the holes was left untreated (N =  6) or treated with 24% EDTA for five minutes (N =  6). A third group of rats was 
treated with 37% phosphoric acid for 1 minute prior to drilling the holes (N =  6). Animals were euthanized after 
5 and 10 weeks.

To determine the osteogenic capability of the disks, calvaria were not treated with either decalcification pro-
tocol prior to placing the disks. Disks were then implanted with and without the addition of demineralized bone 
matrix putty (DBX®, donated by the Musculoskeletal Transplant Foundation, Edison, NJ) (N = 7 male athymic 
nude rats per group, Charles River). DBX was applied to the bone surface and the top of the disk prior to closing 
the periosteum. Animals were euthanized at 15, 35, and 70 days, denoted as 2, 5, and 10 weeks, respectively. 
Samples in both studies were analyzed by microCT and ground histology sections stained with Stevenel’s Blue 
to determine the bone-to-implant contact and bone ingrowth into the holes of the disk via histomorphometry.

Osseointegration was also characterized as a function of the pull-out strength of the implants at 5 and 10 
weeks. Implants were fabricated as above, but a handle was incorporated into the design to interface with the 
mechanical testing apparatus. A second set of implants was produced by additive manufacturing but the surface 
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was polished rather than grit blasted and acid etched. Male athymic nude rats were used for each treatment group 
(N =  8). Implants were placed using the DBX protocol. The periosteum was closed with a purse string suture, 
leaving the arch exposed for mechanical testing. Mechanical testing was performed at harvest as described below.

Rabbit Experiment. Male New Zealand White rabbits (N =  30, 3.0 to 3.2 kg each) were weighed and anes-
thetized with 2% isofluorane in an anesthetic chamber, then isofluorane was continually administered for the 
duration of the surgery via a nose mask. 50 mg/kg ketamine and 5 mg/kg xylazine were administered to sedate 
the rabbit. The left leg was shaved and disinfected with ethanol and chlorhexidine. The tibia was exposed and four 
pilot holes were drilled for placement of the implant screws. Drilling was conducted at low speed, intermittently 
and under a continuous stream of saline that cut through the bone fragments and cooled the drilling area. The 
implant was placed on the tibia and secured with screws that penetrated into the bone marrow cavity. After plac-
ing the implant, the subcutaneous tissue and skin were closed with absorbable surgical sutures. The isoflurane 
was removed, and the rabbit was allowed to awaken and recover on a heating pad. Rabbits were given 0.01 mg/kg 
buprenorphine twice daily for 3 days following surgery, and 20 mg/kg Ceporex antibiotic 7 days following surgery. 
Health, weight, food intake and wound state were evaluated twice daily during the first 6 days after surgery to 
ensure animal recovery. Rabbits were examined daily for the remaining recovery period. At 1 (N =  3), 3 (N =  16) 
and 6 (N =  11) weeks, rabbits were anesthetized with 2% isoflurane. The surgical site was re-opened to retrieve 
fragments of bone containing the implants. The animals were then euthanized by air embolism with a 5–50 ml/kg 
intravenous injection of air. Rabbit experiments were carried out at the University Lodz, approved by the Animal 
Ethics Committee at the University of Lodz and carried out in accordance with approved guidelines.

MicroCT. All scans were conducted on a Bruker Skyscan 1173 MicroCT, hardware version A. Images were 
scanned using Skyscan Control Software version 1.6 (Kontich, Belgium). Calvaria were scanned at a resolution 
of 2240 ×  2240 pixels (image pixel size of 14.74 μ m), with x-rays of 105 kV and 65 μ A using a 0.25 mm brass filter 
and exposure time of 500 ms and a rotation step of 0.4°. When assessing the requirement for DBX, calvaria were 
scanned as above using 130 kV, 61 μ A, exposure time of 1600 ms, and an image pixel size of 11.86 μ m. All calva-
rial implants that were not destined for mechanical testing were fixed in 10% neutral buffered formalin prior to 
scanning. Those calvarial implants intended for mechanical testing were scanned as fresh tissue. Rabbit tibial 
implants were scanned at a resolution of 1120 ×  1120 pixels, 75 Kv, 106 μ A, exposure time of 1200 ms, using a 
0.25 mm brass filter with an image pixel size of 20.85 μ m over 360° and a rotation step of 0.400°. Samples were 
fixed in 10% neutral buffered formalin prior to scanning. A standard Feldkamp reconstruction was performed 
on a subset of samples using NRecon Software version 1.6.9.17 (Kontich, Belgium) with a Gaussian smoothing 
kernel of zero and a beam hardening correction of 20%. Analysis of all samples was conducted with CTAn soft-
ware version 1.14.4.1 (Kontich, Belgium). Bone-to-implant contact was calculated as a function of the total bone 
volume immediately connected to the total volume of the implant in all studies. Bone ingrowth into calvarial disk 
holes was calculated as a function of total bone volume within the volume of all of the disk holes of the implant.

Histology. Samples from all studies were commercially processed (Histion, Everett, WA). Briefly, samples 
were embedded in methyl methacrylate and one ground section was taken from each specimen, which, if possi-
ble, passed through an axis of the disk containing four holes (for rat calvaria experiments). Sections were stained 
with Stevenel’s blue/van Gieson38. Samples were photographed using Zen 2012 Blue Edition software with an 
AxioCam MRc5 camera and Axio Observer Z.1microscope (Carl Zeiss Microscopy, Oberkochen, Germany). 
Bone-to-implant contact (BIC) in both the calvarial disk studies as well as the tibial implant study was calculated 
by dividing the bone contact perimeter by the total perimeter of the implant. Bone ingrowth into calvarial disk 
holes was calculated by dividing the bone area by the total area of each of the four holes of a sample.

Mechanical Testing. To quantitatively assess osseointegration of calvarial disks, pull out force testing was 
conducted using a 30 kN load cell for N =  8 animals per group. Ti-6Al-4 V laser sintered disks with a mounting 
bracket were manufactured and processed in the same way as described for surfaces used for cell culture and his-
tological analysis. Smooth controls were prepared by sanding disks with aluminum oxide 240 grit sanding sheets 
(Norton Saint-Gobain, P240) and autoclaved at 121 °C for 30 minutes. Smooth control implants were examined 
by SEM and confocal microscopy and found to be significantly less rough compared to normal implants. Surgical 
implantation was performed as described for the other calvarial implants, but the periosteum was closed around 
the base of the mechanical testing bracket.

Clinical Cases. All clinical procedures were approved by the Helsinki Committee of Tel Aviv University 
and the Ministry of Health of Israel and carried out in accordance with approved guidelines. Informed consent 
was obtained from all subjects. Two patients were screened and selected as candidates for custom wrap implant 
placement. For these patients, all currently known and accepted methods to rehabilitate edentulous posterior 
mandibles, including partial dentures, were found to be inappropriate. Initial evaluation of the implant site was 
performed by cone beam computed tomography (cbCT). Custom subperiosteal jaw wraps with implant posts 
were designed using the AB software program (AB Dental, Ashdod, Israel). Implants were fabricated by laser 
sintering in the same manner as described previously for implants produced for culture and animal studies, and 
gamma irradiated prior to implantation. Local anesthesia was administered for the surgical procedure. A crestal 
incision was made in the mandible, and the full flap was elevated. After examining the implant fit to the mandibu-
lar bone, bur holes were drilled along the coronal aspect and the side of the mandible to expose the bone marrow. 
A layer of DBX was placed on the bone surface before implant placement. The implant was placed on top of the 
mandibular crest as previously planned and secured with four miniscrews. Another layer of DBX was placed on 
top of the implant prior to closure. After placement, the gingiva was closed passively with two horizontal mattress 
sutures (Vicryl), and with interrupted sutures. Patients were prescribed antibiotics and local analgesics, and a final 
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panoramic X-Ray scan was conducted to verify implant placement. The patients were followed for 3 months with 
no complications noted. At 3 months post-surgery, a second panoramic X-Ray was taken and the implants were 
loaded. A final follow-up CT scan was taken of patients after 8 months to observe osseointegration and implant 
function.
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Fig. S1. Schematic of all animal experiments. The first set of experiments was conducted on rat 

calvaria to assess the effect of surface treatment of calvaria on implant osseointegration 

(A top), the second was to evaluate the effect of roughness on implant osseointegration 

with or without DBX (A middle) and the third was to analyze mechanical strength of 

osseointegrated implants with or without DBX (A bottom). Further in vivo work was 

conducted in a rabbit tibial model with a more clinically representative wrap implant to 

assess implant osteogenesis (B).  

 

 
  



 

Fig. S2. The effect of pre-treatment on calvarial bone growth into porous disks. Disks were 

implanted on Sprague-Dawley rat calvaria with no treatment (control), EDTA, or 

phosphoric acid treatment prior to implantation, and bone-to-implant contact was 

assessed after 5 and 10 weeks. MicroCT was used to visualize disks on calvaria (A), 

bone-to-implant contact (B) and bone ingrowth in holes (C) was assessed in implant cross 

sections of the total implant. Histological sections were taken after 5 (D left) and 10 

weeks (D right) for each group, and bone-to-implant contact (E) and bone ingrowth in 

holes (F) was measured by histomorphometry. Scale bar for histological images 

represents 1mm. Values were not statistically significant across treatment groups. 



 

Fig. S3. A second case of a patient customized endosteal implant. A CT scan was taken of the 

patient (A) to plan implant placement (B, C). Customized Ti6Al4V implants were designed 

using software (D, E). The implants were manufactured as one piece for each side. For each 

o implant placement to ensure 

exposure to stem cells and progenitor cells (G), the implant was placed and stabilized (H) and the 

gum and periosteum were sutured over the implant (I). A follow-up panoramic X-ray was taken 

to evaluate osseointegration and the bone to implant contact after three months (J). 

 



 

Fig. S4. Bone growth into and around endosteal wrap implants on rabbit tibias. Histological 
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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 signi�cantly 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 speci�c
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 �eld.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 , and
recently, these manufacturing methods have been imple-
mented clinically.10,12–14

From a scienti�c 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 in�uence 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 �rst 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 �t 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 Brie�y, Ti–6Al–4V particles 24–45 mm in diam-
eter were sintered with a Ytterbium �ber laser (EOS, EmbH
Munchen, Germany) using a scanning speed of 7 m s2 1,
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 magni�cation
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 magni�cations
were used to image locations across samples and the most
representative images chosen for each sample. High magni�-
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
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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 – – –
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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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Abstract
Additive manufacturing by laser sintering is able to produce high resolution metal constructs for
orthopedic and dental implants. In this study, we used a human trabecular bone template to
design and manufacture Ti-6Al-4V constructs with varying porosity via laser sintering.
Characterization of constructs revealed interconnected porosities ranging from 15–70% with
compressive moduli of 2579–3693MPa. These constructs with macro porosity were further
surface-treated to create a desirable multi-scale micro-/nano-roughness, which has been shown to
enhance the osseointegration process. Osteoblasts (MG63 cells) exhibited high viability when
grown on the constructs. Proliferation (DNA) and alkaline phosphatase specific activity, an early
differentiation marker, decreased as porosity increased, while osteocalcin, a late differentiation
marker, as well as osteoprotegerin, vascular endothelial growth factor and bone morphogenetic
proteins 2 and 4 increased with increasing porosity. Three-dimensional (3D) constructs with the
highest porosity and surface modification supported the greatest osteoblast differentiation and
local factor production. These results indicate that additively manufactured 3D porous constructs
mimicking human trabecular bone and produced with additional surface treatment can be
customized for increased osteoblast response. Increased factors for osteoblast maturation and
differentiation on high porosity constructs suggest the enhanced performance of these surfaces
for increasing osseointegration in vivo.

Keywords: osteoblast differentiation, laser sintering, surface roughness, materials properties,
custom implants, additive manufacturing
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1. Introduction

Over two million dental implants are placed annually, and
over four million hip and knee replacement surgeries are
expected by the year 2030 [1, 2]. The orthopedic implant
market is projected to exceed $46 billion by the year 2017, in
part due to an increasing number of elderly patients as well as
increased quality of life expectations of younger patients [3].
Titanium and its alloys are still widely used in dental and
orthopedic metal implants, based on the ability of bone to
form in tight apposition to implants fabricated from these
materials [4–6]. Titanium and titanium-aluminum-vanadium
(Ti6Al4V) have a naturally occurring passive oxide layer on
their surface that is biologically preferable and resists corro-
sion, while still maintaining strong mechanical properties and
a high strength to weight ratio [7].

Implant surface roughness is one factor that has been
shown to successfully increase cell response in vitro and
osseointegration in vivo, and micro-rough surfaces are cur-
rently used as the industry standard in dental and many bone-
interfacing orthopedic implants [8, 9]. Previous studies in our
lab confirm that the combined presence of micro-/submicron-
scale roughness contributes to increased osteoblast response
[10, 11]. By altering only the surface microtopography and
without exogenous factors in media, osteoblast differentiation
can be increased on titanium surfaces [12]. This may be due
in part to the protein–material interaction at the surface, which
affects downstream cell response. Changes in the cytoskele-
ton, including integrin expression and signaling, have also
been implicated in this effect [13, 14].

Although dental implant success is achieved in over 95% of
healthy patients, certain risk factors still inhibit osseointegration.
Osseointegration rates for diabetics and smokers are reduced
tremendously [15, 16]. In addition, low bone density or osteo-
porosis most commonly seen in the increasing elderly popula-
tion can also decrease osseointegration. Most orthopedic
implants have a lifetime of only 12–15 years, requiring revision
surgery that can be fatal for older patients [5, 17]. These factors
contribute to the need for improving both osseointegration rates
and implant longevity. Therefore, there is an existing need for
implants that have the ability to increase bone formation and
enhance the regeneration process.

Titanium also has desirable mechanical properties due to
its low modulus of elasticity and high strength to weight ratio
[18]. However, solid titanium still exceeds the stiffness of
cortical bone by more than threefold, causing stress shielding
and bone loss downstream of the implant [19]. 3D porous
coatings and implants have been proposed to decrease stress
shielding via porosity-dependent mechanical properties and
increased bone interlocking, making these a promising treat-
ment for at risk patients or younger patients who need an
extended implant lifetime [20, 21].

Additive manufacturing techniques provide a layer-by-layer
approach to building porous or patient-specific implants that
have tailored macro structural and mechanical properties [22].

Selective laser sintering has the ability to create high resolution,
porous metal constructs with positive results in both in vitro and
in vivo studies [23]. There have been many studies that observe
the effect of controlled porosity on in vitro or in vivo response.
However, porosity in these studies was created using homo-
geneous strut and pore sizing, without a biological template and
with limited surface modification [23–26]. Trabecular bone in
the human body does not have the same pore shape, size or
surface roughness. In studies where surface modification was
used to induce micro-roughness, bulk porosity was limited to a
user designed template [27, 28]. Thus far, the combination of
macro structural parameters integrated with micro-scale surface
treatment has not been studied. The purpose of this study was to
replace the traditional man-made structural template with a
biological template.

In this study, we used human trabecular bone as a tem-
plate to laser sinter Ti6Al4V with varying porosity, and
additionally modified the surfaces to obtain a combined
micro-/nano-roughness. The resulting constructs were char-
acterized for their surface, structural and mechanical proper-
ties. Cellular response to constructs with varying porosity was
also performed, with the hypothesis that osteoblast response
would increase on 3D constructs with increasing porosity.

2. Materials and methods

2.1. Manufacturing

2.1.1. Material manufacturing. A computed tomographic (CT)
scan was taken of a human femoral head retrieved from a hip
replacement (μCT 40, Scanco Medical, Bassersdorf,
Switzerland) with a 16 μm voxel size. A template was created
using Scanco software (Scanco Medical, Bassersdorf,
Switzerland) and rotated and superimposed on itself 12, 24, or
36 times to create constructs with low (3DLP), medium (3DMP)
and high porosity (3DHP), respectively (figure 1(A)). Generated
3D renderings were manufactured into Ti6Al4V disks 15mm in
diameter and 5mm in height. Each disk included a 1mm solid
base upon which the remaining porous material was sintered in
order to ensure mechanical stability during sintering. 2D surfaces
were 15mm in diameter and 1mm in height (figure 1(B)). Laser
sintering was performed using an Ytterbium fiber laser system
(EOS, EmbH Munchen, Germany) with Ti6Al4V (grade 5)
particles 25–45 um in diameter (Advanced Powders & Coatings,
Quebec, Canada). Laser scanning speed was 7m s−1 with a
wavelength of 1054 nm, continuous power of 200W and laser
spot size of 0.1 mm.

2.1.2. Surface modification. After manufacturing, disks were
blasted with calcium phosphate particles using proprietary
technology (AB Dental, Ashdod, Israel) and then acid etched
by ultrasonicating in 0.3 N nitric acid (HNO3) once for five
minutes at 45 °C and twice for five minutes at 25 °C. Disks
were rinsed in 97% methanol for five minutes. Final pickling
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treatment was performed by ultrasonicating disks thrice for
10 min in ultrapure distilled water, immersing for 30 min in
1:1 20 g L−1 NaOH to 20 g L−1 H2O2 for 30 min at 80 °C and
ultrasonicating in water for 10 min. Constructs were then
placed in a degreaser for 12 min, immersed in 65% aqueous
HNO3, and ultrasonicated thrice in water for 10 min. Surfaces
were blotted with lint free tissue and allowed to dry for at
least 24 h in order to stabilize the oxide layer before
characterization and cell culture.

2.2. Material characterization

2.2.1. Surface chemistry. Surface chemistry was analyzed
using x-ray photoelectron spectroscopy (XPS, K-Alpha,
ThermoFisher Scientific, Boston, MA). Samples were

transferred to the analysis chamber at a pressure of 1e-
8 mbar. An XR5 gun was used with a 500 μm spot size at
15 kV to perform survey scans with 20 ms dwelling time and
1 eV energy step size. Bulk chemistry was analyzed using
energy dispersive x-ray spectroscopy (EDX, Hitachi SU-70,
Tokyo, Japan).

2.2.2. Contact angle. Sessile drop contact angle was used to
assess surface energy and surface wettability (Ramé-Hart
goniometer, Succasunna, NJ). 2D solid laser sintered surfaces
that received the same post-processing treatment as 3D
constructs (figures 2(E), (F)) were used as a proxy for contact
angle measurements due to difficulty in obtaining accurate
contact angle measurements for porous constructs. 4 μl drops
of distilled water were deposited on five predetermined

Figure 1. (Left to right) laser sintered disks were created from a CT scan conducted of human trabecular bone from the femoral head after a
hip replacement. Original CT scans showing bone porosity through transverse and axial cross sections were used as a template for porous,
laser sintered disks (A). Top-down camera images and micro CT cross sections of laser sintered 3D disks with (from left to right) low,
medium and high porosity (B). Total porosity was calculated using a traditional method based on mass (C). Total and open porosity was
calculated with micro CT (D). 1 Way ANOVA with Bonferroni’s correction was performed separately for total porosity or open porosity.
p< 0.05 is indicated by * versus 3DLP and ^ versus 3DMP. Unpair ^ porosity showed no significance between groups.
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locations per disk, with two disks per group (n= 10). Videos
of these drops were taken and still images were used in
conjunction with DROPimage software (Ramé-Hart
goniometer, Succasunna, NJ) to determine the average left
and right contact angle of each drop.

2.2.3. Surface topography. Surface topography was
qualitatively assessed using scanning electron microscopy
(SEM, Hitachi SU-70, Tokyo, Japan). Disks were secured on
imaging stubs with carbon tape and imaged with 56 μA ion
current, 4 kV accelerating voltage and 4 mm working

distance. Three locations per disk were imaged to ensure
homogeneous assessment, with at least two disks per group
imaged.

2.2.4. Roughness. Macro-and micro-roughness were
analyzed with confocal laser microscopy (LEXT OLS4000,
Olympus, Center Valley, PA). Macro roughness was analyzed
with a 10× objective, and micro-roughness was analyzed with
a 20× objective and additional 5× optical zoom. After a three
point correction, a cutoff wavelength of 100 μm was used to
analyze average roughness (Ra) and surface area.

Figure 2. SEM images of (columns from left to right) 2D, 3D low, medium and high porosity disks. Low magnification images showing
trabecular structure after production (A), after blasting and acid etching (B), and after picking (C). High magnification images showing
smooth surfaces after production (B), micro-roughness after blasting and acid etching (D), and nano-roughness after pickling (F).
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2.2.5. Porosity. 3D constructs were analyzed for porosity
using micro-computed tomography (micro CT) (SkyScan
1173, Micro Photonics, Allentown, PA). A volume of interest
of 469 mm3, or approximately 66% of each construct’s porous
volume, was analyzed for total percent porosity, open
porosity, pore diameter, strut size, and surface area to
volume (SA/V) ratio. Scans were taken using an Al 1.0 mm
filter, 100 kV voltage, 80 μA current, 1120 × 1120 camera
pixels, 0.2° rotation step, frame averaging of 10, and random
movement of 10. Post-processing included a global threshold
of 100–255 and despeckling black and white speckles less
than 10 voxels. We verified the validity of micro CT analysis
by comparison of total porosity analyzed through a traditional
method based on size and mass (figure 1(C)).

2.2.6. Mechanical testing. Compressive moduli of 3D
constructs were determined using the MTS Insight 30
testing machine (MTS Systems, Minnesota, USA). A pre-
load of 0.01 kN was applied at 0.025 mm s−1, then a test speed
of 0.02 mm s−1 was used until failure or the maximum load of
30 kN was applied. Data acquisition rate was 500 Hz, and the
compressive modulus was taken as the slope output of the
resulting stress/strain curve. Testing was performed on 6
constructs per group (total n= 6).

2.3. Biological response

2.3.1. Cell viability. The MG63 human osteoblast-like cell
line was used as a model for osteoblast viability, proliferation
and differentiation on sintered surfaces. These cells have been
characterized and have been used as a model for osteoblast
response to titanium surfaces with varying topography
[29, 30]. Surfaces were sterilized in UV for 20 min in a
biosafety cabinet prior to cell culture. Cells were cultured in
tissue culture polystyrene (TCPS) flasks until confluence,
then centrifuged and resuspended to yield a plating density of
30 000 cells per cm2 on TCPS, or 60 000 cells per surface in a
24-well plate. Dulbecco’s modified Eagle medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin was used to feed cells 24 h after plating and treat
at confluence according to the TCPS control. 24 h after
confluence, cells were treated with 5 μM calcein-AM and
4 μM ethidium homodimer-1 (LIVE/DEAD, Life
Technologies, California, USA) in 1× Dulbecco’s phosphate
buffered saline (D-PBS, Life Technologies) for 20 min.
Surfaces were imaged using the Zeiss LSM 710 confocal
microscope (Zeiss, Oberkochen, Germany). Individual
images were taken of 2D disks, while 550 um z-stacks were
taken of 3D disks. Green (live) and red (dead) channel
thresholds were optimized for each group in order to better
distinguish cells. Three images were analyzed and averaged
per z-stack, with at least n= 6 total areas (z-stacks) analyzed
for at least two constructs per group (total n= 12).

2.3.2. Osteoblast proliferation and maturation. Surfaces were
gamma irradiated prior to cell culture. MG63 cells were
cultured as described above. Medium was changed at
confluence, and cells were harvested 24 h after confluence,

rinsed twice with 1xPBS, then stored at −20 °C overnight for
biological assays. Cell lysate was assayed for DNA content
(P7589, Invitrogen) and total protein content (23225, Pierce).
Alkaline phosphatase specific activity was measured as a
function of p-nitrophenol production from p-
nitrophenylphosphate at pH 10.2 and normalized to total
protein. Medium was assayed for osteocalcin (OCN, BT-480,
Biomedical Technologies), VEGF (DY293B, R&D Systems),
OPG (DY805, R&D Systems), BMP2 (900-K255,
PeproTech) and BMP4 (DY 314, R&D Systems). Data
were normalized to total DNA content. Experiments were
performed at least twice to ensure validity of the results.

2.3.3. Sample preparation for scanning electron microscopy.
One disk from each group was UV-treated for 20 min in a
biological hood and plated with 60 000 MG63 cells and
cultured as described above. Media were changed at
confluence, and cells were fixed 24 h after confluence with
4% paraformaldehyde (electron microscopy sciences).
Constructs were rinsed three times in 1×PBS, then
dehydrated in a series of increasing ethanol concentrations:
15%, 30%, and 45% for two hours, then 60%, 75%, 90% and
thrice in 100% for at least one hour. Samples were then
exchanged in 1:1 100% ethanol and hexamethyldisilazane
(HMDS, Sigma Aldrich) for 30 min in a chemical safety
hood, then twice in 100% HMDS for 30 min. Samples were
dried 24 h in a desiccator before being platinum sputtered and
imaged with SEM as described above (Hitachi SU-70, Tokyo,
Japan).

2.4. Statistical analysis

Surface characterization data are presented as mean ± one
standard deviation (SD) of all measurements performed
across samples in the same group. Cell viability is presented
as the mean of all measurements performed across samples in
the same group. Cell proliferation and differentiation data are
presented as mean ± standard error of the mean (SEM) for six
independent cultures. All experiments were repeated at least
twice to ensure validity of observations, with results from
individual experiments shown. Statistical analysis among
groups was performed by analysis of variance, and significant
differences between groups were compared using Bonferro-
ni’s modification of Student’s t-test. A p value of less than
0.05 was considered statistically significant.

3. Results

3.1. Surface characterization

Laser sintered 3DLP, 3DMP and 3DHP constructs had
16.2 ± 2.9%, 38.5 ± 3.9%, and 70.0 ± 3.5% total porosity and
15.0 ± 2.9%, 37.9 ± 4.0%, 70.0 ± 3.5% open porosity,
respectively (table 1). Total porosity and open porosity were
not significantly different, showing complete inter-
connectivity between pores (figure 1(D)). Average pore dia-
meter was 177 ± 22 μm for 3DLP, 383 ± 15 μm for 3DMP and
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653 ± 22 μm for 3DHP constructs. Average strut thickness
was 628 ± 150 μm for 3DLP, 454 ± 57 μm for 3DMP and
305 ± 26 μm for 3DHP. The ratio between the analyzed con-
struct surface area to volume ratio was 23.5 ± 7.4 for 3DLP,
36.1 ± 5.4 for 3DMP, and 56.9 ± 5.8 for 3DHP disks. For all
porosity parameters (total porosity, open porosity, pore dia-
meter, strut thickness and SA/V ratio), all groups were sig-
nificantly different from each other. Pore diameter, strut
thickness and SA/V ratio all increased with increasing con-
struct porosity.

Surface chemistry performed by XPS showed mostly C,
O and Ti in the oxide layer, with small amounts of N, P and
Ca due to processing, and Al present on 2D surfaces (table 2).
EDX allows for higher penetration past the oxide layer and
showed Ti, Al and V as the bulk surface composition, with a
small amount of C present on 3DLP surfaces (table 3).
Contact angle of 2D proxy surfaces was 92 degrees with a
standard deviation of eight degrees. Compressive modulus
decreased in a porosity-dependent manner (table 4). 3DLP
had a modulus of 3693 ± 27, 3DMP a modulus of
3522 ± 52MPa and 3DHP a modulus of 2579 ± 106MPa.

After manufacturing the surfaces had a very grainy
topography at the macro scale, but smooth topography at the
micro scale (figures 2(A), (B)). Blasting and acid etching
induced micro roughness on surfaces while maintaining
macro structure (figures 2(C), (D)). Pickling overlaid fine and

homogenous nanofeatures on the macro surface (figures 2(E),
(F)). Cross sectional, low magnification SEM images show
internal pore surfaces looking similar to pretreated constructs,
indicating the inability of grit blasting treatment to affect
internal construct pores (figure 3). Surface roughness results
revealed increasing surface roughness and area at the macro
level for increasing porosity (figures 4(A), (B)). Surface micro
roughness showed no difference between groups except an
elevation in 3DHP surfaces, and no difference between
groups for surface area at the micro level (figures 4(C), (D)).

3.2. Biological response

Live/dead analysis indicated that cells on all surfaces had high
viability. No significant differences in osteoblast viability
were observed across constructs with varying porosity
(figure 5(A)). 2D surfaces had the highest percent viability at
99.9%. 3DLP, 3DMP and 3DHP constructs had 94.9%,
98.1% and 91.6% cell viability, respectively. Representative
SEM micrographs of cells cultured on disks showed cells
spread evenly across surfaces (figure 5(B)).

DNA was highest on TCPS and decreased as porosity
increased (figure 6(A)). ALP, a marker of early osteoblastic
differentiation, was elevated on 3DLP compared to TCPS,
then decreased on 3DMP and 3DHP compared to 3DLP, and
decreased significantly on 3DHP compared to TCPS
(figure 6(B)). OCN increased significantly on 3DHP com-
pared to TCPS (figure 6(C)). OPG increased on 3DMP and
3DHP compared to TCPS and 3DLP, and was also

Table 1. Porosity parameters.

Porosity parameters (average ± SD)

Total porosity (%) Open porosity (%) Pore diameter (μm) Strut thickness (μm) SA/V Ratio

3DLP 16.2 ± 2.9 15.0 ± 2.9 177 ± 22 628 ± 150 23.5 ± 7.4
3DMP 38.5 ± 3.9 (*) 37.9 ± 4.0 (*) 383 ± 15 (*) 454 ± 57 (*) 36.1 ± 5.4 (*)
3DHP 70.0 ± 3.5 (*^) 70.0 ± 3.5 (*^) 653 ± 22 (*^) 305 ± 26 (*^) 56.9 ± 5.8 (*^)

Significance * versus LP, ^ versus MP p< 0.05.

Table 2. Surface chemistry (XPS): elemental composition.

Element (atomic % average ± SD)

O C Ti N P Ca Al

2D 41.6 ± 3.7 41.8 ± 5.4 12.6 ± 1.5 1.3 ± 0.6 — — 2.5 ± 0.5
3D-LP 44.9 ± 4.4 36.6 ± 7.9 6.3 ± 1.7 5.6 ± 1.5 3.3 ± 3.9 2.6 ± 1.9 —

3D-MP 54.5 ± 1.9 20.5 ± 20.4 6.9 ± 1.7 4.9 ± 0.9 9.7 ± 1.6 3.6 ± 1.0 —

3D-HP 51.7 ± 3.1 29.5 ± 2.8 13.4 ± 1.1 3.2 ± 0.8 1.6 ± 1.8 — —

Does not include trace elements less than 1%.

Table 3. Surface chemistry (EDX): elemental composition.

Element (weight % average ± SD)

Ti Al V C

2D 89.8 ± 0.6 7.1 ± 0.8 3.1 ± 0.2 —

3D-LP 87.3 ± 4.7 6.7 ± 1.6 3.0 ± 0.2 2.4 ± 3.8
3D-MP 88.9 ± 2.2 7.0 ± 1.1 3.1 ± 0.2 —

3D-HP 89.0 ± 1.8 7.5 ± 1.4 3.2 ± 0.2 —

Does not include trace elements less than 1%.

Table 4. Compressive modulus (MPa).

Compressive modulus (average MPa ± SD)

3D-LP 3693 ± 27
3D-MP 3522 ± 52 (*)
3D-HP 2579 ± 106 (*^)

Significance p< 0.05. * versus LP, ^ versus MP.
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significantly higher on 3DHP compared to 3DMP
(figure 6(D)). BMP2 on 3DLP, 3DMP and 3DHP was sig-
nificantly higher than on TCPS, and 3DMP and 3DHP con-
structs had higher BMP2 levels compared to 3DLP

(figure 6(E)). BMP4 was elevated on 3DHP compared to
TCPS only (figure 6(F)). VEGF was elevated on 3DMP and
3DHP compared to TCPS and 3DLP, and was also sig-
nificantly higher on 3DHP compared to 3DMP (figure 6(G)).

Figure 3. Cross sectional SEM images of 3DLP (A); 3DMP (B); and 3DHP (C) constructs. An enlarged image of 3DHP (D) shows an
absence of surface roughness induced by grit blasting.

Figure 4. Macro surface roughness (A), macro surface area (B), micro surface roughness (C) and micro surface area (D) analyzed with laser
confocal microscopy. 1 way ANOVA with Bonferroni’s correction shows significance of p< 0.05 for * versus 3DLP and ^ versus 3DMP.
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4. Discussion

Increased implant failure due to lack of osseointegration is a
problem in compromised patients, which creates the need for
better bone integration and mechanical properties of Ti and Ti
alloy implants [16]. Although studies have pointed toward 3D
porous implants as a possible solution, these surfaces have not
been optimized for porosity or combined with desired surface
roughness features.

Various additive manufacturing methods such as direct
beam melting and laser sintering have come to the forefront of
customized and porous implant manufacturing. The sintering
system we use in this study has a theoretical resolution of 100
microns according to the laser size; however, limited studies
have been performed on the homogeneity of laser strength
within that diameter. Scan speed and wavelength can all have
an effect on the manufactured structure’s density and there-
fore mechanical properties, but with higher resolution comes
increased time of production.

Previous studies have observed increased sintering den-
sity of over 97% with decreasing scan speeds to 50 mm s−1

[24]. Our qualitative evaluations using SEM and quantitative
analysis using micro CT point toward a close approximation
of our construct structure with that of human trabecular bone,
even at high density. Although the optimal pore diameter for
porous implants has been debated in literature, most studies
observe increased cell infiltration or bone ingrowth for pores
larger than 100 μm in diameter [31–33]. Pore sizes of 200–-
400 μm have been thought to increase osteoblast attachment,
migration and proliferation via activation of mechan-
oreceptors [34]. We observed pore sizes upwards of 300 μm

in our disks, which has been suggested as a minimum for new
bone and capillary formation [33]. Pore diameter has been
suggested to have higher influence on bone ingrowth when
compared to total percent porosity alone, although we were
not able to isolate these two variables in our constructs [35].

Similar processing methods have previously been shown
to successfully manufacture surfaces with stable mechanical
properties and good in vitro results [27]. The effect of
roughness at both the micro-and nano-scales on osteoblast
differentiation has been well documented [10, 29, 36], and
our results show that traditional methods such as blasting and
acid etching are effective at inducing a homogeneous com-
bined micro-/nano-roughness on additively manufactured
surfaces. Due to the high interconnectivity between pores,
acid treatment and pickling solutions were able to access the
entire surface area of constructs to create a unique, homo-
genous nanostructured surface. However, our results show
that blasting was not able to significantly alter the internal
pores of the constructs. Despite this, cell response still
increased significantly for high porosity constructs, suggest-
ing that macro-structural effects of 3D porous constructs may
play a larger role in cell response compared to surface
roughness alone.

Human trabecular bone from the mandible has a porosity
range of 70–90%, which varies with location and patient
factors [37–39]. In this study, we created porous structures
ranging from 20–70% to determine the optimal percent por-
osity for cells. Our compressive moduli decrease with
increasing porosity, which has been corroborated for both
synthetic constructs and human bone [20, 38]. Compressive
testing on human trabecular bone has shown a compressive

Figure 5. MG63 cell viability (live = green, dead = red) after culturing until confluence on TCPS (A). No differences were found among
groups using 1 way ANOVA with Bonferroni’s correction, p< 0.05. SEM micrographs revealing well-spread cell morphology on
surfaces (B).
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modulus of 1.08 GPa [40]. A study encompassing 160 human
trabecular bone samples with compressive moduli ranging
from approximately 300–900MPa showed that bone-volume
fraction (density), surface-to-volume ratio, trabecular thick-
ness (strut thickness) and spacing (pore diameter) all

contributed significantly to differences in mechanical prop-
erties [41]. The direction of loading can also impact
mechanical output, which is especially true due to the ani-
sotropic properties of bone [25]. In this study, we performed
testing on porous constructs with a 1 mm solid base, which

Figure 6.MG63 cell response to laser sintered, porous surfaces 24 h after confluence. DNA content (A), alkaline phosphatase specific activity
(B), osteocalcin (C), osteoprotegerin (D), bone morphogenetic protein 2 (E), bone morphogenetic protein 4 (F), and vascular endothelial
growth factor (G). Significance determined with 1 way ANOVA with Bonferroni’s post-correction, p< 0.05 for * versus TCPS, ^ versus 2D,
# versus 3DLP and $ versus 3D-MP.
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may have contributed to a higher modulus than just the por-
ous component alone.

Surface chemistry of disks with varying porosity con-
tained mainly elements of Ti, O and C, although bulk
chemistry confirmed the presence of Ti, Al and V in the alloy.
Previous surface analysis of Ti6Al4V surfaces has also shown
the presence of Al in the oxide layer, which may have been
masked by Ca and P after blasting [42]. Contact angle on 2D
proxy surfaces was neither super-hydrophilic nor hydro-
phobic. These 2D surfaces underwent the same surface
treatment as 3D constructs, although the effect of strut cur-
vature and differences in internal surface roughness on
wettability for 3D constructs could not be determined. Surface
roughness and area at the micro level were not different
among groups except for an elevated roughness on 3DHP,
which may have been due to the decreased strut thickness and
increased curvature at sites of analysis.

Cell viability was high and not significantly different
among surfaces. A qualitative observation of a decrease in
cell number with increasing porous constructs suggests that
cells had infiltrated pores and distributed over a larger surface
area. Previous studies on additively manufactured porous
surfaces also showed high cell viability and cell infiltration
into pores [43], which were confirmed by our SEM images.
We assume high cell viability exists for cells that have infil-
trated to the pores; however, we were not able to visualize all
the way to the bottom of the disks to fully verify cell infil-
tration. Viability results were limited to the first 550 μm, a
limitation of the imaging equipment.

The decrease in ALP specific activity and the increase in
OCN point toward a porosity-dependent maturation response.
Previous reports of ALP activity on roughened surfaces noted
a significant difference in cell layer activity versus isolated
cells, suggesting increased matrix vesicle production [44].
These results also correspond to the decreased DNA content
on 3DHP constructs, indicating a preference toward osteo-
blast maturation instead of proliferation. OPG, a decoy
receptor for RANKL and involved in the bone remodeling
process, was increased on 3DMP and 3DHP constructs. This
increase in OPG blocks osteoclast differentiation in a pro-
tective effect to enhance bone growth, and has been impli-
cated in osteoblast-osteoclast communication [45]. An
increase of BMP2 and BMP4, especially on 3DHP surfaces,
corroborates previous studies that observe increased BMP
production on constructs with 300–400 μm pore diameters
[46]. Although our pore diameters are larger, the irregular
porosity of trabecular bone may contribute differently to local
factor production than in other studies with user-defined
geometries. The increase of BMP local factor production
indicates that our porous constructs have the potential to
regulate the induction of bone inside the construct, as well as
induce bone distally. The increased levels of VEGF on 3DHP
constructs also point toward this trend, indicating that highly
porous constructs of trabecular bone structure are inductive
for blood vessel formation as part of supporting new bone
formation and bone regeneration.

As percent porosity increased, so did the surface area to
volume ratio, indicating an increased surface area for cell

interaction. It has previously been shown that rough titanium
surfaces enhance osteoblastic differentiation and increase
local factor production, so the increased cell response in this
study may well be attributed to the varying material properties
of our surface [30]. In this study, the combination of the three
dimensional macro-structure, increase in surface area and
combined micro-/nano-surface modification enhanced the
osteoblast phenotype. Increased curvature on 3D surfaces
with higher porosity may exert higher mechanical forces on a
cell, which has been shown to direct cells toward osteoblast
differentiation [47]. This response could be mediated by cell-
surface integrin proteins. In particular, α5 has been implicated
in osteoblast attachment and proliferation, and α2β1 in
osteoblast morphology and differentiation via its binding to
collagen in the extracellular matrix [13, 48].

The role of confluence may contribute to cell response,
and has been previously discussed with regard to TCPS
versus rough titanium surfaces [49]. Although decreased
DNA was shown on Ti6Al4V surfaces compared to TCPS
controls, previous studies on pre-confluent cultures have also
shown a different maturation profile of osteoblasts on the Ti
alloy surfaces compared to TCPS, suggesting that our
resulting cell response was also surface specific and not
confluence dependent [34].

Increased bone growth in response to additively manu-
factured implants has been shown in various animal models,
including rats and sheep [28, 50]. Previous work has shown
highest calcium content and in vivo response to materials with
75% porosity compared to higher porosities [51]. Further
work in an animal model will be essential to assess the suc-
cess of bone growth into individual pores and osseointegra-
tion capability of the entire porous construct.

5. Conclusion

In this study, we used additive manufacturing to produce
Ti6Al4V materials with varying porosity that structurally
mimicked human trabecular bone, and further created a desirable
surface for osteoblasts by inducing combined micro-/nano-
roughness. Our results indicate that a high porosity construct
mimicking trabecular bone structure is capable of stimulating
osteoblast differentiation when compared to 2D and low por-
osity constructs. Additive manufacturing is a scalable manu-
facturing method that has the potential to create structurally
complex, patient-specific orthopedic and dental implants and
scaffolds for increased osseointegration. Although trabecular
orientation may vary across individuals and locations in the
body, this study suggests that osteoblast cells actually do prefer
one type of porosity and structure. In addition, this study reveals
the possibility for creating patient-specific implants, which may
accelerate the fields of dental and orthopedic implants.
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Abstract

Objectives: To examine the accuracy of computer-guided implantation using a human cadaver

model with reduced experimental variability.

Materials and methods: Twenty-eight (28) dental implants representing 12 clinical cases were

placed in four cadaver heads using a static guided implantation template. All planning and

surgeries were performed by one clinician. All radiographs and measurements were performed by

two examiners. The distance of the implants from buccal and lingual bone and mesial implant or

tooth was analyzed at the apical and coronal levels, and measurements were compared to the

planned values.

Results: No significant differences were seen between planned and implanted measurements.

Average deviation of an implant from its planning radiograph was 0.8 mm, which is within the

range of variability expected from CT analysis.

Conclusions: Guided implantation can be used safely with a margin of error of 1 mm.

More than 2 million dental implants are

inserted into patients in the United States

annually, and this number is expected to

increase each year (American Dental Associa-

tion 2007). As dental implants become the

preferred choice for patients to restore miss-

ing teeth, methods for improving implant

surgery have also been developed (Cibirka

et al. 1997; Esposito et al. 2012; Vogel et al.

2013).

The development of cone-beam computed

tomography (CBCT) has allowed dentists to

plan surgical procedures based on a three-

dimensional (3D) model of the patient’s

mouth. A major advantage that 3D imaging

offers in planning procedures is preventing

disruption of anatomic structures, in particu-

lar the lower mandibular nerve and upper

sinus Schneiderian membrane (Brief et al.

2005). Compared with traditional CT imag-

ing, CBCT has similar resolution but with

lower radiation dosage (Liang et al. 2010).

However, manual placement of implants

with prior CBCT planning is still limited by

the ability to insert the implant in the cor-

rect position and angulation. Manual implan-

tation also requires an open flap surgery that

results in alveolar crest bone loss from a

decrease in supraperiosteal blood supply dur-

ing surgery (Rousseau 2010).

The introduction of computer-guided sur-

gery templates allows for minimally invasive

flapless surgery and immediate loading,

resulting in reduced postoperative pain for

the patient (Hultin et al. 2012). Guided sur-

gery has gained much popularity with a mean

implant survival rate of 96% after 36 months

(Valente et al. 2009). The technology can also

be used to reduce the number of bone aug-

mentation and sinus lifts. Implants can be

inserted into a narrow ridge; angulated

implants can be used, and the insertion of an

implant into non-bony tissues such as nerve

can be avoided. Other advantages of com-

puter-guided implantation include a reduced

surgical time of <1 h, better alignment

between implants, and the ability to plan

more precisely for implants (Balshi et al.

2006; Jabero & Sarment 2006). The use of

guided implantation has been concluded to

be more accurate than freehand insertion

(Park et al. 2009). In a direct comparison

study between guided implant placement vs.

manual freehand placement, use of CBCT

and an implant guide resulted in significantly

smaller variation between the treatment plan
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and the actual clinical placement (Nickenig

et al. 2010). Deviation at the implant shoul-

der ranging from 0 to 4.5 mm was detected

with use of an implant guide, while manual

placement resulted in a much larger devia-

tion ranging from 0 to 7.0 mm.

The accuracy of computer-guided implanta-

tion varies between studies due to different

clinical and experimental setups (Hultin

et al. 2012). A review of surgical template

accuracy provides different values and ranges

for in vitro, ex vivo, and clinical studies

(D’Haese et al. 2012). It has also been shown

previously that the experience level of the

clinician can result in significant differences

in accuracy (Van de Velde et al. 2008).

Because error can arise from various steps in

the process, it is unclear whether deviation

of the resulting implant location from the

planned location was a result of the guiding

template (resolution from CBCT or template

manufacturing) or environmental factors.

The experience of the surgeon, regional loca-

tion in the mouth, type of software and tem-

plate, and transfer of information between

entities can all contribute to deviation from

the initially planned implant location.

The purpose of this study was to analyze

accuracy of computer-guided dental implan-

tation in a reduced-variability environment.

We hypothesized that using computer-guided

implantation with reduced human variability

will increase accuracy of implant insertion

and the implanted location will not be statis-

tically different than the planned implant

location. In this study, 12 clinical cases with

28 implants were implanted in human cada-

ver heads. All CT scans were performed in

the same machine and by the same operator,

and surgical procedures were planned by one

clinician and executed by one surgeon. Mea-

surements were made and analyzed by two

examiners and were compared to the original

plans for each implant.

Material and methods

Four whole human cadaver heads were

retrieved and their mouths were examined.

An impression of both jaws was taken, and a

cast was made. The specimens were obtained

from the USA bone bank for research only,

and the study was performed in Israel under

approval by the Ministry of Health. A spe-

cific CT guide with facial markers was cre-

ated and used for pre-implantation scans of

each cadaver head. The CT scan was used

with a specific setup to obtain the CBCT

radiographic scans, which allowed for scan-

ning the heads before and after implantation

without altering alignment.

AB Guided Service (Ashdod, Israel) was

used to plan the insertion of each implant

using guided implantation. The treatment

plan for each case and the plan of the AB

Guide models were approved by one clini-

cian. The AB Guided models were ordered

using the AB Denpax software program. AB

Guided surgical templates, an AB Guided

surgical kit, and suggested implants and

crowns were provided as a gift by AB Dental

and were used for implantation.

Twelve (12) implantation cases were

planned in four cadaver heads, with a total

of 28 implants (Table 1). Cases were planned

in edentulous areas only, with each cadaver

head accommodating 2–4 cases. Implant

length and diameter were planned according

to anatomic structures on the CBCT scan.

Implants were placed in the incisive, premo-

lar, and molar areas of the mouth, covering

both the upper and lower jaws (Table 2).

The implantation of all implants was per-

formed by one clinician according to the ori-

ginal plan. The guide was inserted and

stabilized by pins, and the implant was

inserted through the gingiva according to

the company’s guidance to the appropriate

depth.

After implantation, CBCT scans were re-

taken. Measurements between the location

of implants in CT at the time of planning

and after implantation were made at the

coronal and apical levels to determine the

distance between the implant and buccal

bone, lingual bone, and adjacent (mesial)

implant/teeth by two independent examiners,

which were previously calibrated (Fig. 1). All

CBCT scans were performed by the same

individual to reduce user variation.

Statistical analyses: Paired t-test was used

to compare between planned and implanted

groups, while unpaired t-test was used for

comparison between regional implant loca-

tion and across groups. All planned vs.

implanted analyses were performed on differ-

ent CBCT scans and analyzed separately to

be considered independent. One way analysis

of variance with Bonferroni post-test correc-

tion was used to compare across three

groups, with significance for all statistical

analyses set at P < 0.05. All cases were

planned and implanted by the same clinician.

All calibration, measurements, and analyses

were performed by two examiners (data com-

bined together) after calibration between

them.

Results

Two of the twelve cases are presented as case

studies in Figs 2 and 3. In the first case

(Fig. 2), teeth 24–26 were extracted and the

plan to rehabilitate this area with three

implants can be seen in the panoramic figure

obtained from the CT scan in Fig. 2a. The

location of the implants on the CT at the

coronal occlusal plane can be seen in Fig. 2c,

and on the apical plane in Fig. 2d. A cross

section of the CT shows the three implants

in Fig 2g–i. The surgery guide was then pro-

duced and can be seen in the buccal view in

Fig. 2m, and occlusal view in Fig. 2n. The

superposition of the planned and inserted

implants is presented in panoramic, occlusal

(coronal and apical), and cross-sectional

Table 1. Cases and implants per case for each cadaver head

Case no. Head no. Implant site Anterior Posterior Length (mm) Diameter (mm)

1 1 44 45 46 3 13 10 8 3.2 3.2 3.75
2 1 36 1 11.5 3.75
3 1 11 1 13 3.2
4 1 24 25 26 3 13 13 11.5 3.75 3.75 4.2
5 2 46 47 2 13 13 4.2 4.2
6 2 35 36 37 3 13 13 13 3.75 4.2 5
7 2 24 1 13 3.75
8 3 36 37 2 10 8 3.2 3.75
9 3 46 1 8 3.75

10 4 34 35 36 37 4 13 10 10 8 4.2 3.2 3.75 3.75
11 4 45 46 47 3 11.5 10 8 3.2 3.75 4.2
12 4 11 15 21 25 2 2 13 16 11.5 16 3 3.2 3 3.2

Table 2. Total number of cases, implants, and regional placement

No.
of
case

No. of
implant

No. of
implant
incisive

No. of implant
premolar

No. of
implant
molar

No. of implant
upper jaw

No. of implant
lower jaw

12 28 3 11 14 9 19
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views in Fig. 2b,e,f,j,k,l, respectively. The

implant restoration bridge was examined first

in the model in Fig. 2o and then inserted in

the mouth for implantation as shown in

Fig. 2p.

In the second case (Fig. 3), teeth 46–47

were extracted and the rehabilitation plan for

this area with two implants can be seen in

the panoramic figure obtained from the CT

scan in Fig. 3a. The location of the implants

on the CT at the coronal-occlusal plane can

be seen in Fig. 3c, and the apical plane in

Fig. 3d. A cross section of the CT shows the

two implants in Fig 3g,h. The surgery guide

was produced and can be seen in buccal view

in Fig. 2k and occlusal view in Fig. 2l. The

superposition of the planned and inserted

implants are present in panoramic, occlusal

(coronary and apically) and on cross sectional

views in Fig. 2b,e and 2f,i, and 2j, respec-

tively.

To reduce statistical bias, analyses were

performed by case and by implant. Analyses

per case revealed no significant differences

between planned and implanted locations in

buccal, lingual, and mesial directions, both at

the coronal and apical levels (Fig. 4, Table 3).

Although the deviation in distance was

higher at the apex compared to the coronal

plane, deviation from each direction was not

statistically significant in either plane.

(a) (b)

Fig. 1. Apical and coronal direction of the implant (a) and buccal, lingual, and mesial direction of analysis from

implant (b).

(b)

(c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

(m) (n) (o) (p)

(a)

Fig. 2. Case showing planned (a, c, d, g, h, i, m, n) and implanted (b, e, f, j, k, l, o, p) images of guided implant placement in the maxilla. CBCT scans were taken of patients

before (a) and after (b) implant placement, showing outline of planned implant (a, b) and location of the actual implant (b). Cross-sectional slices for location analysis were per-

formed for planned (c, d) and implanted (e, f) implants at the coronal (c, e) and apical (d, f) levels. Close-up images of each implant placed from original CBCT scans (a, b) are

shown before (g–i) and after implantation (j–l). A 3D reconstructed view of the maxilla with surgical guide (m, n) was used for implant placement. A model of the maxilla with

planned implants (o) was used in selection of appropriate crown size that transferred to each finished case (p).
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Analyses per implant also showed no sig-

nificant differences between planned and

implanted locations in any direction (Fig. 5).

Per implant analysis revealed a higher range

of deviation from planned locations, but devi-

ations were not significantly different in

buccal, lingual, or mesial directions. Apical

deviation in the mesial direction was the

highest compared with buccal and lingual

directions and the coronal plane.

Analyses per implant comparing implant

locations between the premolar and molar

areas did not show significant deviation from

planned locations in the coronal plane (Fig. 6).

Analyses were not performed for the incisive

area due to the low number of implants that

were placed in the region. Molar implant

placement was characterized by a high stan-

dard deviation in the mesial direction. Analy-

ses per implant comparing locations between

the upper and lower jaw also did not show sta-

tistical significance from planned locations in

the coronal plane.

The overall average error was 0.8 mm across

all directions. The average error and standard

deviation per case was 0.8 � 0.1 mm and per

implant was 0.9 � 0.1 mm. The range of devi-

ation between implanted and planned locations

(a) (b)

(c) (d) (e) (f)

(g) (h) (i) (j)

(k) (l)

Fig. 3. Case showing planned (a, c, d, g, h, k, l) and implanted (b, e, f, i, j) images of guided implant placement in the mandible. CBCT scans were taken of patients before (a)

and after (b) implant placement, showing outline of planned implant (a, b) and location of actual implant (b). Cross-sectional slices for location analysis were performed for

planned (c, d) and implanted (e, f) implants at the coronal (c, e) and apical (d, f) levels. Close-up images of each implant placed from original CBCT scans (a, b) are shown before

(g, h) and after implantation (i, j). A 3D reconstructed view of the mandible with surgical guide (k, l) was used for implant placement.

(a) (b)

Fig. 4. Coronal and apical location analysis by case. Implant location was analyzed at the coronal (a) and apical (b)

levels for planned and implanted sites. Student’s t-test across planned and implanted locations showed no signifi-

cant differences between groups.
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was greater mesially, as indicated by higher

standard deviations in Figs 4d, 5b,d, 6a,b.

Discussion

With an increasing number of dental implant

guides being used, it is important to analyze

the accuracy of these systems in a controlled

clinical environment. To reduce experimental

variability while still remaining biologically

relevant, we assessed placement accuracy for

implants that were planned and performed

consistently by the same clinician. Our

results show that when using this guided

implant system, final implant locations are

not statistically different from planned loca-

tions, corroborating our original hypothesis.

Our novel cadaveric model provides a clini-

cally relevant analysis of implant placement

error resulting from the use of surgical guides,

while upholding scientific rigor by reducing

experimental variance.

In this study, average deviation was

0.8 mm, which is well accepted and within

the lower range of error in the literature. It

was also observed that the range of deviation

was higher at the apex compared to the coro-

nal plane. This has also been observed in the

literature, and is due to changes in the place-

ment angle, which was not measured in this

study (Ersoy et al. 2008; Schneider et al.

2009; Van Assche et al. 2012). It has also

been suggested that higher error in the apical

plane could be attributed to the type of drill

(cylindrical or tapered) being using (Arisan

et al. 2010). Careful planning can help ensure

an appropriate implant length to prevent

damage to the maxillary sinus or mandibular

nerve.

The number and distribution of remaining

teeth as well as the number of steps in pro-

ducing and using the template can contribute

to error (Behneke et al. 2012). In addition,

implants placed with the same guide are not

independent from each other and errors are

interactive and possibly cumulative (Wid-

mann & Bale 2006). It has been shown that

error occurring during image acquisition and

data processing ranges from 0.5 to 1 mm

(Reddy et al. 1994; Abad-Gallego et al. 2011).

A comparison study of linear measurement

error between CBCT scans and direct mea-

surements in an ex vivo porcine model found

that overestimation occurred in 36% of the

sites when using CBCT, with 0.8% of sites

having an overestimation error of over

0.5 mm (Kurtz et al. 2007). Error during sur-

gical template production can be up to

0.2 mm for transfer of the computer-assisted

design to guide manufacturing axes (Cham-

pleboux et al. 1998). Error can also occur dur-

ing template positioning and be increased if

there is movement during drilling.

In addition, mechanical error caused by the

bur-cylinder gap can lead to deviations up to

1 mm at the apex in surgical templates (Va-

lente et al. 2009). However, this is less than

axial deviation caused by freehand drilling

(Nickenig et al. 2010). Axial deviation could

also occur from human error, such as setting

the bur at the incorrect position. Because tol-

erance is dependent on bone mass and loca-

tion to critical anatomic structures, among

other patient factors, there are no universal

tolerance values established for dental

implant placement. With the ability of errors

to compound, it is important to still main-

tain safety margins when planning implant

placement.

In this study, experimental variability was

reduced significantly by allowing only one

clinician to plan and perform all surgeries in

the same surgical environment. In contrast

to other studies on guided implantation accu-

racy using human cadaver jaws, this study

was performed on whole human cadaver

heads (Van Assche et al. 2007; Ruppin et al.

2008). Another study using two whole

human cadaver jaws was performed only in

the maxilla and could not provide quantita-

tive assessments of accuracy for different

regions in the mouth (van Steenberghe et al.

2002). The ex vivo use of entire cadaver

heads allows a more clinical representation

of surgical conditions while being able to eth-

(a) (b)

Fig. 5. Coronal and apical location analysis by implant. Implant location was analyzed at the coronal (a) and apical

(b) levels for planned and implanted sites. Student’s t-test across planned and implanted locations showed no signifi-

cant differences between groups.

(a) (b)

Fig. 6. Regional analysis by implant. Distance from buccal and lingual bone and mesially to adjacent tooth/implant

was evaluated for planned and inserted implants in the molar and premolar regions (a) and lower and upper jaw (b).

Student’s t-test across molar vs. premolar and lower vs. upper jaw showed no significance differences between

groups.

Table 3. Difference between planned and implanted locations

Difference between measurement (mm)

Analysis per Location

Buccal Lingual Mesial

Mean SEM Median Mean SEM Median Mean SEM Median

Case Apical 0.70 0.19 0.65 0.86 0.26 0.88 1.13 0.42 0.98
Case Coronal 0.74 0.13 0.55 0.78 0.22 0.78 0.41 0.09 0.59
Implant Apical 0.72 0.12 0.48 0.82 0.20 0.98 2.1 1.10 1.76
Implant Coronal 0.78 0.10 0.69 0.89 0.25 0.69 1.06 0.54 0.86
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ically control for environmental variability.

However, due to preservation, cadaveric bone

can be softer than live bone. In this study,

limited bone was observed in the posterior

mandible in one cadaver. This contributed to

the large placement difference and deviation

seen in Fig. 5d. We believe that this devia-

tion was specific to the cadaver and would

not translate to a healthy patient clinically.

Although there may be slight biological dif-

ferences between an ex vivo cadaver model

and an in vivo clinical study, using this

model allows us to much better control for

other more important clinical variables. To

the best of our knowledge, this is the first

instance of a qualitative guided implant accu-

racy study in which an entire cadaver head

was used.

In clinical studies, the most frequent prob-

lem encountered is limited access in poster-

ior areas (Schneider et al. 2009). However,

reducing the surgical guide occusogingival

height from 8 to 4 mm did not significantly

affect implant placement (Park et al. 2009).

The cadaver head model used in the present

study enables assessment of surgical guide

design with respect to accuracy, but it cannot

determine postoperative complications and

see trends based on patient variability over

time.

Conclusion

With the emergence and refinement of new

technologies, the accuracy and popularity of

computer-guided implantation will continue

to grow. Before the advent of guided tem-

plates, safety margins of 2 mm were recom-

mended to reduce damage to vital structures

during implantation (Worthington 2004).

Within the past 10 years, guided implanta-

tion has increased implant accuracy to

1.07 mm at the entry point and <0.5 mm in

vertical deviation (Schneider et al. 2009).

In this study, we took a unique approach

to analyzing guided implant placement

accuracy through a biological model while

controlling for clinician experience, hospital

setting, equipment usage, and other

experimental variability. This effective exper-

imental model was able to isolate the true

error of guided implant systems from the

general compounded error due to clinical

variation. The average deviation of placed

from planned implants in this study was

0.8 mm, which is well accepted within the

literature for computer-guided implantation.

No statistical differences were found

between the planned and implanted loca-

tions. To factor in clinician variability and

patient type, the authors advise that implant

planning with 3D and guided templates

should include a safety distance of 1 mm.

This study suggests that guided implantation

can be used safely in difficult cases near

anatomic structures.
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Clinicians often face challenges when plac-

ing implants in an area of reduced alveolar

bone height. This is seen in both the maxilla

and mandible due to alveolar bone resorp-

tion, pneumatization of maxillary sinuses,

and the presence of anatomical structures

(eg, inferior alveolar nerve). The accepted

treatment for this condition has been con-

ventionally to perform a sinus lift and bone

grafting procedure. Despite good predictabil-

ity and success rate of grafting procedures,

patients are often reluctant to undergo the

surgery because of the risks, morbidities,

cost of the procedure, and the stress of

undergoing an invasive procedure. Short

implants (≤ 8 mm) have been introduced

recently as a potential alternative treatment to

bone grafting procedures in patients with

limited alveolar bone height in the posterior

maxilla and mandible.1–5

This article reviews the current literature

on the use of short implants and presents a

case treated with short implants.

CASE REPORT

A 47-year-old white female in good general

health presented with porcelain fracture on a

three-unit porcelain-fused-to-metal fixed par-

tial denture (PFM-FPD) replacing the maxil-

lary right first molar. The porcelain fracture

was limited to the pontic area with metal

exposed. Clinical examination revealed wear

facets on the occlusal aspects of all teeth.

The attrition of the teeth was compatible with

bruxism. The parafunction could be the etio-

logic factor for the porcelain fracture. In addi-

tion to the clinical examination, periapical

radiograph showed excellent marginal adap-

tation of the retainers (second premolar and

second molar) (Fig 1). The patient was not

aware of the parafunction and never had a

nightguard prescribed. 

Short dental implants in reduced alveolar bone
height 
Eli Raviv, DMD1/Antony Turcotte, DMD2/Mili Harel-Raviv, DMD3

Reduced alveolar bone height is very common in the posterior jaws. The current treat-

ment modality to replace the missing teeth with an implant-retained fixed partial denture

includes sinus bone grafting in the maxilla and onlay bone graft in the mandible. These

procedures are invasive and require more time and cost. Short dental implants are used

as an alternative treatment modality to bone grafting procedures. To enhance success

rate, certain principles should apply. Short implants could provide comparable results to

those of longer implants. The present article reviews the current literature on the use of

short implants, discusses the biomechanical considerations when utilizing short implants,

and presents a case. (Quintessence Int 2010;41:xxx–xxx)
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Three treatment options were presented to

the patient: (1) replacement of the PFM-FPD

with a new PFM-FPD; (2) to section the pontic,

keep the retainers on the second premolar

and second molar intact, and replace the

missing first molar with an endosseous

implant-retained crown; and (3) removal of the

remaining porcelain from the pontic and cast-

ing of a PFM single onlay (U shape) to address

the esthetic and functional deficiencies. 

Because of lower sinus location and lack

of alveolar bone height for placement of an

implant of conventional length, sinus lift pro-

cedure was introduced to the patient as an

adjunct to the implant surgery. Being a

health care provider and working as a nurse

in a hospital, she was reluctant to accept the

sinus lift procedure, as for her it was an inva-

sive procedure that she did not approve. The

idea of keeping the two crowns intact was

appealing to the patient. The option of plac-

ing a short-length implant was presented to

the patient and discussed with her. The

patient accepted the short implant option. 

Before implant placement, alveolar bone

volume was measured using panoramic and

periapical radiographs and clinical ridge map-

ping. Bone volume was found to be 7 mm in

height and 8 mm in width (see Figs 1 and 2).

A short, tapered, wide-diameter implant

(A. B. Dental Devices, I-5 6 ! 6 mm)[[AAuu::

WWhhaatt iiss ““II--55””?? LLeeggeenndd uusseedd ““II55..””]] was placed

in the edentulous site (Fig 3). This self-tap-

ping implant design consists of very sharp

and deep threads, which increase the

implant surface area, resulting in an

improved primary stability. The implant was

torqued to 32 Ncm. 

According to a single-stage procedure

(nonsubmerged), a healing screw was con-

nected (Fig 4). Periapical radiograph was

taken to confirm implant orientation, which

was found to engage the cortical bone of the

sinus floor (Fig 5). The healing process was

within normal limits. No adverse effects were

reported.

Six months postimplantation the healing

screw was removed (Fig 6). Final impression

Fig 1 (left) Pretreatment radiograph, showing limited bone height.
Fig 2 (center) Clinical ridge mapping.
Fig 3 (right) Schematic illustration of an A. B. short implant.

Fig 4 (left) Postsurgical clinical presentation of the healing screw.
Fig 5 (center) Radiograph obtained after the placement of an I5, 6 ! 6 mm implant with healing abutment. [Au: what is I5?]
Fig 6 (right) Clinical occlusal view of the implant restorative platform.

7 mm
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was taken using a press-fit, hex-locked impres-

sion coping (A. B. Dental Devices) (Fig 7). 

Polyether, heavy-body impression materi-

al, Impregum,[[AAuu:: WWhhoo iiss tthhee mmaannuuffaaccttuurreerr??]]

and light-body material, Permadyne (3M

ESPE Pentamix) were used to pick up the

impression coping (Fig 8). A straight hex-

locked abutment was placed, using a resin

jig for its ideal orientation (GC Pattern Resin

LS, GC) (Fig 9).

A PFM crown was fabricated and tem-

porarily cemented (Tempbond-Ne, Kerr)[[AAuu::

PPlleeaassee ccoonnffiirrmm pprroodduucctt//mmffrr nnaammeess.. ccoonnffiirrmm

uussee ooff ““NNee..””]] (Fig 10). A postinsertion

radiograph was taken showing the platform

switch concept used to better maintain the

alveolar bone crest (Fig 11). To address the

parafunction, a light occlusal contact in cen-

tric occlusion and complete disclusion in lat-

eral and protrusive excursions were per-

formed. In addition, a Hawley bite appliance

with anterior platform was prescribed as a

nightguard.

The 18-month follow-up revealed no clini-

cally significant findings. The patient’s esthet-

ics and function were satisfactory.

Fig 7 (left) Close-tray, press-fit, hex-locked impression coping in place.
Fig 8 (right) Final impression obtained.

Fig 10 (left) PFM crown, temporarily cemented with Tempbond.
Fig 11 (right) Posttreatment radiograph of the implant, abutment, and crown.

Fig 9a (left) Hex-locked abutment on model with a resin jig for proper placement.
Fig 9b (center) Abutment positioned in the mouth with a resin jig.
Fig 9c (right) Final abutment in place.
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DISCUSSION

In the last decade, studies revealed conflict-

ing results concerning the long-term survival

and success rates of short implants.6,14[[AAuu::

TThheerree iiss nnoo rreeff 1144;; bbuutt sseeee qquueerryy iinn rreeffeerreennccee

lliisstt.. PPlleeaassee vveerriiffyy//ffiixx nnuummbbeerriinngg..]] One of the

difficulties encountered when evaluating

these studies is the subjectivity of the term

“short” implants. Most of the studies consid-

er short implants as being less than 10

mm,5–7 while few studies have included

implants of 7 mm or less in length.8,9

Implant length is generally selected

according to the maximum amount of bone

height present at the recipient site. This is

based on the principle that longer implants

provide better primary stability and a favor-

able distribution of occlusal forces due to an

increased total surface area.10,11 However, an

important difference exists between total sur-

face area and functional surface area. Total

surface area represents the overall surface

area of the implant, while a functional surface

area represents the area that transfers the

compressive and tensile loads to bone and

does not include the passive portion of the

implant.10 It was illustrated that unlike what

occurs with the stresses applied to a natural

tooth and the periodontal ligament, stresses

around implants are greatest at the crest of

the ridge and less[[AAuu:: oorr ““lleeaasstt””??]] in the api-

cal portion.10,12,13 Based on this principle, an

increased length would simply improve pri-

mary stability of the implant during initial

placement and enhance osseointegration.

On the other hand, a wider diameter implant

would increase not only primary stability but

also the functional surface area at the crestal

bone level, and thus lead to a better distribu-

tion of occlusal forces to the surrounding

bone. Therefore, short wide-diameter

implants should bear functional stresses as

effectively as longer implants.

Several parameters need to be evaluated

before the placement and restoration of

short implants. The type of bone is an impor-

tant variable when placing implants. Since

bone quality is considered a major risk factor

for implant failure because of the lack of pri-

mary stability, the increased stability provid-

ed by the wide diameter would be a consid-

erable advantage especially in the posterior

maxilla where bone quality and quantity is

often less than ideal. Prosthetic loading of

short implants also requires careful planning.

Most studies on short implants have report-

ed that these implants can be restored with

any type of prosthesis (ie, single crowns,

FPDs, and removable prostheses).4 However,

crown-to-implant ratio, excessive occlusal

forces, and presence of cantilevers are some

of the risk factors that may lead to an

increased stress on the implants and may

therefore compromise implant survival.5

Other parameters are the distance between

the threads (thread pitch) and the depth of

the threads. High number of threads and

deeper threads provide greater surface area

that could compensate for the short length

implant.

SUMMARY

The aim of this report was to evaluate and

discuss the clinical use of short wide-diame-

ter implants in the posterior maxilla as an

alternative treatment modality to sinus bone

grafting procedures. 

In this case, an existing FPD was replac-

ing the missing maxillary first molar.

Therefore the easiest treatment plan would

probably have been fabrication of a new

FPD. One of the disadvantages of an FPD is

the difficulty to maintain good home care. By

replacing the missing tooth with a single

implant-retained crown, the patient was able

to floss her teeth (something she could not

do before).

In selected cases, short wide-diameter

implants could be used effectively in an area

of limited bone height, and therefore repre-

sent an appropriate alternative treatment

option to bone grafting.

The authors would like to add that

although short wide-diameter implants could

provide sufficient primary stability and func-

tional surface area, further research on their

long-term success in cases of reduced alve-

olar bone height is still necessary. 
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Characterization of Five Different
Implant Surfaces and Their Effect
on Osseointegration: A Study in Dogs

½AQ1� Paulo G. Coelho,* Estevam A. Bonfante,† Roberto S. Pessoa,‡ Charles Marin,§ Rodrigo Granato,§

Gabriela Giro,‡ Lukasz Witek,* and Marcelo Suzukii

Background:½AQ2� Chemical modification of implant surface is
typically associated with surface topographic alterations that
may affect early osseointegration. This study investigated the
effects of controlled surface alterations in early osseointegra-
tion in an animal model.

Methods: Five implant surfaces were evaluated: 1) alumina-
blasted; 2) biologic blasting; 3) plasma; 4) microblasted-
resorbable blasting media (microblasted RBM); and 5)
alumina-blasted/acid-etched (AB/AE). Surface topography
was characterized by scanning electron microscopy and opti-
cal interferometry, and chemical assessment by x-ray photo-
electron spectroscopy. The implants were placed in the radius
of six dogs, remaining 2 and 4 weeks in vivo. After euthaniza-
tion, specimens were torqued-to-interface failure, and non-
decalcified processed for histomorphologic, bone–implant
contact, and bone area fraction occupied evaluation. Statis-
tical evaluation was performed by one-way analysis of vari-
ance (P <0.05) and post hoc testing by the Tukey test.

Results: The alumina-blasted surface presented the highest
average surface roughness and mean root square of the surface
values, the biologic blasting the lowest, and AB/AE an inter-
mediate value. The remaining surfaces presented intermediate
values between the biologic blasting and AB/AE. The x-ray pho-
toelectron spectroscopy spectra revealed calcium and phospho-
rus for the biologic blasting and microblasted RBM surfaces, and
the highest oxygen levels for the plasma, microblasted RBM,
and AB/AE surfaces. Significantly higher torque was observed
at 2 weeks for the microblasted RBM surface (P <0.04), but no
differences existed between surfaces at 4 weeks (P >0.74).
No significant differences in bone–implant contact and bone
area fraction occupied values were observed at 2 and 4 weeks.

Conclusion: The five surfaces were osseoconductive and
resulted in high degrees of osseointegration and biomechanical
fixation. J Periodontol 2011;82:nnn-nnn.

KEY WORDS

½AQ3� Histology; osseointegration; torque.

O
ver the last four decades, clinical
oral implantology has shown
high survival rates over time

(often exceeding 95% over 10 years1,2),
and has been regarded as one of the
most successful treatment modalities in
dentistry. Such high success rates have
been attributed to the excellent biocom-
patibility of titanium, which allows for
intimate bone interaction at the optical
microscopy resolution, regarded as os-
seointegration.3-5

Although high survival rates have been
reported for endosseous devices, current
research has emphasized implant design
modification at various length scales
(i.e., nanogeometry, microgeometry, and
macrogeometry) to improve the early
host–implant tissue response.6 Such a
potential decrease in healing time may
result in reduction in treatment time
frames through prosthetic restorations
that could be placed in occlusal function
at early implantation times.6-8

Among implant design modifications
attempting to improve the host–implant
response, implant surface modifications
have been the most investigated.3-8 The
rationale for surface modification lays in
the fact that it is the first part of the im-
plant to interact with biofluids, potentially
altering the cascade of events that leads
to bone healing and intimate apposition
with the device.9

Several reviews cover the large num-
ber of possibilities included in implant

* Department of Biomaterials and Biomimetics, New York University, New York, NY.
† Department of Prosthodontics, University of São Paulo, Bauru School of Dentistry, Bauru,

SP, Brazil.
‡ Department of Oral Diagnosis and Surgery, Universidade Estadual Paulista Júlio de

Mesquita Filho, Faculdade de Odontologia de Araraquara, Araraquara, SP, Brazil.
§ Department of Dentistry, Universidade Federal de Santa Catarina, Florianópolis, SC,

Brazil.
i Department of Prosthodontics, Tufts University School of Dental Medicine, Boston, MA.
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J Periodontol • May 2011

1



Un
co
rre

ct
ed

Pr
oo
f

surface modifications, and it is the general consensus
that both rough surfaces (over smooth turned sur-
faces) and surface chemistry (additions of calcium-
phosphorus–based bioceramics in various forms over
non-coated surfaces) favor the early host–implant
response.4-6 From a historical perspective, dental
implant surfaces evolved from the as-turned smooth
surfaces toward textured rough surfaces, and recent
research points toward chemical modification of
moderately rough surfaces.4-6,10,11

From a temporal standpoint, both topographic and
chemical surface modifications have drawn atten-
tion,4-6,10,11 because both have shown promising re-
sults in in vitro12 and in vivo models13-20 relative to
their moderately rough predecessors. Improvements
have been achieved by alterations in surface wetta-
bility,21 impregnation of calcium and phosphorus
onto the titanium oxide layer,18 deposition of discrete
bioactive ceramics,19,20,22 and through minor incor-
poration of other chemical elements, such as fluo-
ride.11,23 Because changes in surface chemistry
typically result in surface texture during processing,
controlling such variables to determine their relative
effects in healing is a challenging task, and the largest
direct comparison between various surfaces in a suit-
able in vivo model is desirable. Thus, the present
study biomechanically and histomorphometrically
evaluated the effect of various surface modifications
in an animal model.

MATERIALS AND METHODS

The implants used in this study were screw-type im-
plants with 3.75 mm of diameter and 8 mm in length
provided by the manufacturer.¶ A total of 75 implants
were used and divided into five groups according
to surface treatment: 1) alumina-blasted; 2) biologic
blasting;3)plasma;4)microblasted resorbableblasting
media (microblasted RBM); and 5) alumina-blasted/
acid-etched (AB/AE). Three implants from each group
were used for surface characterization.

Surface Characterization
The surface characterization was accomplished with
three different methods (n = 3 implants per surface).
First, scanning electron microscopy# was performed
at various magnifications under an acceleration volt-
age of 15 kV to observe surface topography in the
different groups.

The second step was to determine the roughness
parameters by optical interferometry** (IFM). Three
implants of each surface were evaluated at the flat
region of the implant cutting edges (three measure-
ments per implant) and arithmetic mean of the abso-
lute values of the surface height within the sampling
area (Sa) and root mean square of the surface de-
partures within the sampling area (Sq) parameters

determined.24,25 To separate roughness from wavi-
ness and shape for digital three-dimensional mea-
surements, on a micrometer scale, a high-pass
gaussian filter of 250 · 250 mm was used. After data
normality verification, statistical analysis at 95% le-
vel of significance was performed by one-way analy-
sis of variance.

The third procedure was the surface-specific
chemical assessment performed by x-ray photoelec-
tron spectroscopy (XPS). The implants were inserted
in a vacuum transfer chamber and degassed to 10 to
7 torr. The samples were then transferred under vac-
uum to the XPS spectrometer.†† Survey spectra were
obtained using a 165-mm mean radius concentric
hemispherical analyzer operated at constant pass en-
ergy of 160 eV for survey and 80 eV for high-resolution
scans. The take off angle was 90 degrees and a spot
size of 150 · 150 mm was used. The implant surfaces
were evaluated at various locations (three per im-
plant).

Animal Model and Surgical Procedure
After approval of the Ethics Committee for Animal
Research at the Federal University of Santa Catarina,
Florianópolis, Brazil, six mongrel dogs were acquired
and remained for 2 weeks in the animal facility before
the first surgical procedure.

For surgery, three drugs were administered until
general anesthesia achievement by intramuscular
injection: 1) atropine sulfate (0.044 mg/kg); 2) xila-
zine chlorate (8 mg/kg); and 3) ketamine chlorate
(15 mg/kg). The implantation site was the radius
epiphysis, and the right limb of each animal provided
implants that remained for 4 weeks in vivo, and the left
limb provided implants that remained 2 weeks in vivo.

For implant placement, the surgical site was
shaved with a razor blade and was followed by ap-
plication of antiseptic iodine solution. An incision of
;5 cm through the skin and periosteum was per-
formed and the periosteum was elevated for bone
exposure.

Sequential drills were used following the manufac-
turer’s recommendation under abundant saline irri-
gation at 1.200 rpm. The implants were placed in
an interpolated distribution to minimize bias from
different implantation sites (sites 1 to 5 from proximal
to distal) along the radial epiphysis for torque and his-
tomorphometric evaluation.

After placement the healing caps were inserted and
sutured in layers with vicryl 4-0‡‡ for periosteum and
nylon 4-0§§ for skin was performed. The animals

¶ Ti-6Al-4V, AB-Dental, Nir-galim, Israel.
# Philips XL 30, Eindhoven, The Netherlands.
** Phase View 2.5, Palaiseau, France.
†† Kratos Axis 165 multi-technique, Kratos Analytical, Chestnut Ridge,

NY.
‡‡ Ethicon Johnson, Miami, FL.
§§ Ethicon Johnson.
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stayed in the animal care facility and received antibi-
otics (benzyl penicillin benzatine, 20,000 IU/kg) and
anti-inflammatory (ketoprofen 1% 1 ml/5 kg) medica-
tions to control pain and infection. Euthanasia was
performed after 4 weeks by anesthesia overdose
and the limbs were retrieved by sharp dissection.

For torque testing, the radius was adapted to an
electronic torque machine equipped with a 500-
Ncm torque load cell.ii Custom machined tooling
was adapted to each implant’s internal connection
and the bone block was carefully positioned to avoid
specimen misalignment during testing. The implants
were torqued in a counterclockwise direction at a rate
of ;0.196 radians per minute until a 10% decrease in
maximum value was recorded, and a torque versus
displacement curve was recorded for each specimen.
The rationale for this procedure was to minimize inter-
face damage before histologic procedures.13,14

The implants in bone were then referred to histo-
morphometric analysis. The implants in bone were re-
duced to blocks and then immersed in 10% buffered
formalin solution for 24 hours. The blocks were then
washed in running water for 24 hours, and gradually
dehydrated in a series of alcohol solutions ranging
from 70% to 100% ethanol. After dehydration, the
samples were embedded in a methacrylate-based
resin¶¶ according to the manufacturer’s instructions.
The blocks were then cut into slices (;300 mm thick-
ness) aiming the center of the implant along its long
axis with a precision diamond saw,## glued to acrylic
plates with an acrylate-based cement, and a 24-hour
setting time was allowed before grinding and polish-
ing. The sections were reduced to a final thickness
of ;30 mm by means of a series of abrasive papers***
(400, 600, 800, 1,200, and 2,400) in a grinding/pol-
ishing machine††† under water irrigation.26 The sec-
tions were then stained with toluidine blue and
referred to optical microscopy for histomorphologic
evaluation.

The bone–implant contact (BIC) was determined
at ·50 to ·200 magnification‡‡‡ by means of com-
puter software.§§§ The regions of BIC along the im-
plant perimeter were subtracted from the total implant
perimeter, and calculations were performed to de-
termine the BIC. The bone area fraction occupied
(BAFO) between threads in trabecular bone regions
was determined at ·100 magnification by means of
computer software. The areas occupied by bone were
subtracted from the total area between threads, and
calculations were performed to determine the BAFO
(reported in percentage values of bone area fraction
occupied).27

Preliminary statistical analyses showed no effect of
implant site (i.e., there were no consistent effects of
positions 1 to 5 along the radius) on all measure-
ments. Therefore, site was not considered further in

the analysis. Statistical evaluation of torque to inter-
face fracture, BIC, and BAFO was performed by
one-way analysis of variance. Statistical significance
was indicated by P levels <5%, and post hoc testing
used the Fisher LSD test ½AQ4�.

RESULTS

Electron micrographs of all implant surfaces are
presented in Figures 1 and 2 and their representative
250 · 250 mm IFM three-dimensional reconstructions
are shown in Figure 3. Their respective Sa and Sq
values are presented in Figure 4A. The surface texture
observed at intermediate and high magnification
levels (Figs. 1 and 2) and the IFM reconstruction
(Fig. 3) revealed morphologic differences among
groups. Although similar morphology was observed
for the alumina-blasted, microblasted RBM, and AB/
AE surfaces, scanning electron micrographs showed
that the biologic-blasting presented rough regions
from the grit-blasting procedure along with flat re-
gions with the original as-machined grooves. The
plasma group surface morphology presented a rough
surface with rounded morphology compared to the
other groups (Figs. 1E and 1F). Residual blasting
media particles were only observed on the alumina-
blasting (Figs. 1A and 1B) and biologic-blasting sur-
faces (Figs. 1C and 1D).

The IFM measurements presented significant dif-
ferences for both Sa and Sq values (Figs. 4A and
4B), where the alumina-blasted surface presented
the highest, the biologic-blasting the lowest, and
AB/AE the intermediate value. The other surfaces
presented intermediate values between the biologic-
blasting and AB/AE (non-significant between groups)
(Figs. 4A and 4B).

The XPS spectra evaluated the presence of alumi-
num, phosphorus, calcium, nitrogen, titanium, carbon,
V, oxygen, and sodium for the different surfaces (Figs.
4A and 4C ½AQ5�). The highest aluminum concentration was
observed for the alumina-blasting surface. The high-
est calcium and phosphorus concentration was ob-
served for the biologic-blasting surface, followed by
the microblasted RBM at much lower concentrations
and all other surfaces without the presence of these
chemical elements. No titanium was detected for
the plasma-treated surface, and the second lowest
titanium value was observed for the biologic-blasting
surface. The highest carbon values were observed for
the plasma and alumina-blasting surfaces, and the
highest oxygen levels were observed for the plasma,

ii Test Resources, Minneapolis, MN.
¶¶ Technovit 9100, Heraeus Kulzer, Wehrheim, Germany.
## Isomet 2000, Buehler, Lake Bluff, IL.
*** SiC abrasive papers, Buehler.
††† Metaserv 3000, Buehler.
‡‡‡ Leica DM2500M, Leica Microsystems, Wetzlar, Germany.
§§§ Leica Application Suite, Leica Microsystems.
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microblasted RBM, and AB/AE surfaces (Figs. 4A
and 4C).

The animal surgical procedures and follow-up
demonstrated no complications regarding procedural
conditions, postoperative infection, or other clinical
concerns. No implants were excluded from the study

because of clinical instability immediately after eutha-
nization.

The biomechanical testing results showed that
significantly higher torque to interface fracture oc-
curred for the microblasted RBM surface relative to
others at 2 weeks (P <0.04), but that at 4 weeks no dif-
ferences were observed between surfaces (P >0.74)
(Figs. 5A and 5B).

The non-decalcified sample processing after
controlled torque testing showed intimate bone con-
tact with all implant surfaces at regions of cortical
and trabecular bone. Higher magnification of the
bone–implant interface region showed that the non-
decalcified sections obtained after biomechanical
testing presented minimal morphologic distortion be-
cause of mechanical testing bone disruption (Fig. 6).

Qualitative evaluation of the toluidine blue–stained
thin sections revealed no morphologic differences be-
tween surfaces at 2 weeks (Figs. 6A through 6C) and
4 weeks (Figs. 6D through 6F) in vivo, where intimate
contact between cortical (Figs. 6A, 6B, 6D, and 6E)
and trabecular (Figs. 6C and 6F) bone was observed.
In addition, different healing patterns were observed
at different regions along the implant bulk, depending
on the interplay between implant geometry and surgi-
cal instrumentation dimensions.

At the region of the implant where the inner thread
diameter was larger or equal the final surgical drilling
dimension allowing intimate contact between implant
surface and cortical bone occurred immediately after
implantation, substantial bone remodeling inproximity
with the implant surface occurred between 2 (Fig. 6A)
and 4 (Fig. 6D) weeks invivo forall groups. Althoughat
2 weeks in vivo old bone remodeling was observed
along with regions of newly formed woven bone (Fig.
6A), at 4 weeks substantial woven bone was observed
in proximity with the implant surface (Fig. 6D).

At regions where a healing chamber was formed
because of the formation of a space between the outer
diameter of the surgical instrumentation and the inner
diameter of the implant thread, woven bone formation
was observed throughout the space of the chamber
and directly onto the implant surface at 2 weeks
in vivo (Fig. 6B). At 4 weeks, initial woven bone re-
placement by lamellar bone was observed throughout
the healing chamber (Fig. 6E).

At trabecular bone regions, newly formed woven
bone was observed at 2 weeks (Fig. 6C), and initial
woven bone replacement by lamellar bone was ob-
served at 4 weeks (Fig. 6F) at regions in proximity
with all implant surfaces.

The histomorphometric results demonstrated no
significant differences between surfaces for both BIC
and BAFO at 2 and 4 weeks in vivo (BIC P >0.26
and P >0.09, respectively; BAFO P >0.94 and
P >0.09, respectively; Figs. 5C through 5F).

Figure 1.
Scanning electron micrographs of the alumina-blasting (A and B),
biologic-blasting (C and D), and plasma (E and F) surfaces.

Figure 2.
Scanning electron micrographs of the microblasted RBM (A and B) and
AB/AE (C and D) surfaces.
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DISCUSSION

Implant surfaces have evolved from the smooth
as-machined (as-turned) surfaces toward the now
considered standard rough surfaces fabricated by
a variety of methods, which include all those used
to fabricate the different surfaces evaluated in the
present study.6 Compared to published data, the ob-
tained surface roughness values in the present study
were higher because of the larger filter size used dur-
ing IFM measurements (the smaller the filter, the
lower the Sa and Sq values obtained28). Nonetheless,
the relative differences among groups are in agree-
ment with previously published work.4,5 Although

Figure 3.
IFM three-dimensional reconstructions of the alumina-blasting (A),
biologic-blasting (B), plasma (C), microblasted RBM (D), and AB/AE (E)
surfaces.

Figure 4.
(A) Average chemical composition for the different surfaces as observed
in the XPS spectra and the statistics summary for the Sa and Sq values
(mean – SD). (B) Roughness parameters Sa and Sq (mean – SD) for the
different surfaces. The number of asterisks denotes statistically
homogeneous groups. (C) Surface atomic compositions for the different
implant surfaces (mean – SD).
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the alumina-blasting group presented a textured sur-
face along with blasting media particles embedded
on the surface, the AB/AE surface presented a re-
duced surface roughness without evidence of particle
embedding in the surface, demonstrating the effec-
tiveness of acid-etching on further cleaning the sur-
face after blasting procedures.

Specific to the incorporation of calcium- and
phosphorus-based bioactive ceramics, although both
the biologic-blasting and microblasted RBM surfaces
were blasted with resorbable blasting media, the

blasting machinery and subse-
quent surface cleaning differences
resulted in different textures and
chemistries. First, because of the
lower hardness of RBM compared
toalumina, lower degreesof rough-
ness were observed compared to
both alumina-blasting and AB/AE
samples. Second, observation of
the electron micrographs for the
biologic-blasting and micro-
sblasted RBM revealed more con-
sistent spatial distribution of
texture for the microblasted RBM
surface, which unlike the bio-
logic-blasting group did not show
regions where machining grooves
were apparent between textured
regions. Third, different post-
blasting procedures resulted in
calcium–phosphorus particles
throughout the biologic blasting
surface and high degrees of cal-
cium and phosphorus on its sur-
face chemistry spectrum, and
chemical impregnation10 of cal-
cium and phosphorus elements
on the microblasted RBM surface.

Although no detail was pro-
vided regarding the plasma source
composition and temperature for
the plasma group, it is apparent
from the electron micrographs
that the surface was previously
blasted and that the texture was
affected by the plasma process-
ing. Such statements can be
rationalized because rounded
structures were observed in the
plasma group compared to sharp
defined peaks and valleys ob-
served in all other groups. In addi-
tion, a substantial chemical shift
was achieved by such a method,
where titanium was not detected

along with increased carbon and oxygen in the sur-
face composition. This chemical shift may have orig-
inated from a substantial increase in the surface
oxide layer, or possibly by a high surface energy char-
acteristic that may have readily adsorbed carbon-
based species from the atmosphere during sample
preparation.

The torque–interface fracture results showed
high biomechanical fixation values for all implant sur-
faces at 2 weeks (significantly higher for the micro-
blasted RBM compared to other surfaces), and a

Figure 5.
Torque–interface fracture statistics summary (mean – 95% confidence interval [CI]) for the different
surfaces at (A) 2 weeks and (B) 4 weeks in vivo. BIC statistics summary (mean – 95% CI) for the
different surfaces at (C) 2 weeks and (D) 4 weeks in vivo. BAFO statistics summary (mean – 95% CI)
for the different surfaces at (E) 2 weeks and (F) 4 weeks in vivo. The number of asterisks denotes
statistically homogeneous groups.
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general increase for all groups at 4 weeks (no signif-
icant differences among groups). Such result at 2
weeks showed that the microblasted RBM surface
roughness and chemistry combination favored the
early host–implant response, and that shortly after
this observation period, no difference was evident
because of the osseoconductive and biocompatible
properties of other surfaces. The low degree of me-
chanical disruption between bone and implant ob-
served in the histology slides after mechanical testing
was likely caused by the proper specimen alignment
and the slow controlled torque rate. Thus, mechanical
disruption was observed only in a few histologic sec-
tions and did not compromise the histomorphologic
and histomorphometric evaluations.13,14,17

In general, results from the histologic sections
showed that all of the surfaces investigated were bio-
compatible and osseconductive, presenting bone in
close contact with the implant surface at regions of
cortical and trabecular bone. From a morphologic
standpoint no differences were observed between
all surfaces investigated. Woven bone was observed
around all surfaces at 2 weeks, and initial replace-
ment of woven bone by lamellar bone was observed

for all surfaces at 4 weeks. No detrimental effect
caused by blasting media particle presence on the
surface was observed for the alumina-blasting and
microblasted RBM groups at both implantation times.

Specific to different regions of the implant and its
relationship with the surgical drilling dimensions, dif-
ferent healing patterns were observed throughout the
implant length. At regions where intimate contact be-
tween cortical bone and implant surface existed imme-
diately after placement, an appositional bone healing
was observed.16,27,29 Such healing pattern comprises
interfacial remodeling with subsequent woven bone
apposition in close contact with the implant sur-
face,16,27,29 as observed sequentially for all groups at
2 and 4 weeks. This type of configuration typically re-
sults in high degrees of implant primary stability.27

However, when the interplay between implant ge-
ometry and surgical drilling dimensions resulted in
healing chamber formation, an intramembranous-
like healing pattern was observed.16,27,29 Healing
chambers have been previously shown to be rapidly
filled with woven bone throughout the volume occu-
pied by the blood clot immediately after placement
for osseointegration achievement.16,17,27,29,30 In
agreement with previous studies, the present results
showed that in regions where healing chambers
formed between implant and cortical bone, rapid
woven bone filling occurred before or at 2 weeks,
and initial remodeling comprising initial woven bone
replacement by lamellar bone was observed by 4
weeks implatation time. The same morphologic evo-
lution trend was observed at regions of trabecular
bone.31

Although no significant differences were observed
for both BIC and BAFO, a general increase was ob-
served from 2 to 4 weeks in vivo, revealing that the
time frames investigated in the present study were
within the dynamic healing phases that occur at early
implantation times. Within groups, the highest in-
crease in BIC and BAFO values over time was ob-
served for the biologic-blasting group, which at 4
weeks presented the highest mean values for BIC
and BAFO among all surfaces evaluated. This obser-
vation was likely caused by the effect of higher
amounts of calcium and phosphorus elements on
the surface relative to the other groups, suggesting
that their presence resulted in alteration in bone heal-
ing dynamics after implantation.17-20,32

CONCLUSIONS

The association of the implant macrogeometry and
associated surgical technique with five different os-
seoconductive surfaces resulted in high degrees of
osseointegration and biomechanical fixation. Al-
though insight can be provided by evaluating five sur-
faces with distinct texture and chemistry, pinpointing

Figure 6.
Representative histologic section for all groups at 2 and 4 weeks in vivo: (A
and D, respectively) at a region where intimate contact between implant
surface and cortical bone occurred immediately after placement, (B and
E, respectively) region where healing chamber formation occurred
between implant thread and cortical bone, and (C and F, respectively)
trabecular bone region.
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which of the surface parameters accounted for the
differences in biomechanical and histomorphometric
results is not possible, and experimental studies con-
trolling these variables are warranted.
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Abstract: Laser metal sintering has shown promising results,

but no comparison with other commercially available surface

has been performed. This study sought to evaluate the biome-

chanical and histological early bone response to laser sintered

implants relative to alumina-blasted/acid-etched (AB/AE). Sur-

face topography was characterized by scanning electron mi-

croscopy and optical interferometry. Surface chemistry was

assessed by x-ray photoelectron spectroscopy. Beagle dogs (n

¼ 18) received 4 Ti-6Al-4V implants (one per surface) in each ra-

dius, remaining for 1, 3, and 6 weeks (n ¼ 6 dogs per evaluation

time) in vivo. Bone-to-implant contact (BIC) and bone area frac-

tion occupancy (BAFO) were evaluated. Biomechanical evalua-

tion comprised torque-to-interface failure. The laser sintered

surface presented higher Sa and Sq than AB/AE. Chemistry

assessment showed the alloy metallic components along with

adsorbed carbon species. Significantly higher torque was

observed at 1 (p < 0.02) and 6 week (p < 0.02) for the laser sin-

tered, whereas at 3 week no significant differences were

observed. Significantly higher BIC and BAFO was observed for

the Laser Sintered (p < 0.04, and p < 0.03, respectively) only at

1 week, whereas no significant differences were observed at 3

and 6 weeks. The laser sintered implants presented biocompat-

ible and osseoconductive properties and improved biomechan-

ical response compared with the AB/AE surface only at 1 and 6

weeks in vivo. VC 2012 Wiley Periodicals, Inc. J Biomed Mater Res Part

B: Appl Biomater 100B: 1566–1573, 2012.
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INTRODUCTION

Research trends have emphasized toward implant design
modifications capable of improving the early host implant
tissue response1 and therefore hastening healing time. The
main benefit would be the potential reduction in treatment
time frames through prosthetic restorations that could be
placed in occlusal function earlier than originally recom-
mended protocols.1–3

Among implant design modifications attempting to
improve the host-to-implant response, implant surface mod-
ifications have been extensively investigated.1–6 The ration-
ale for surface modification lies upon the fact that it is the
first part of the implant to interact with biofluids, which
potentially alters the cascade of events that leads to bone
healing and intimate apposition with the device.7 Several
reviews cover the large number of possibilities included in
implant surface modifications, and it is a general consensus
that both rough surfaces (over smooth turned surfaces) and

surface chemistry (additions of Ca-P–based bioceramics in
various forms over noncoated surfaces) may favor the early
host-to-implant response.1,5,6,8

Whereas implant surface texturing is usually accom-
plished after the implant device is milled to its desired
stock shape, surface roughness may be tailored by its fabri-
cation method such as in laser metal sintering.9 The process
is based on rapid prototyping, where the constructed CAD
file is built by a metal forming procedure with a high-power
laser beam focused on a metal powder bed and pro-
grammed to fuse particles creating a thin metal layer. The
process continues until the apposition of layers results in
the final shape of the 3D projected device.10,11 The resulting
surface is porous with functionally graded structures where
a gradient of porosity is observed perpendicular to the long
axis, high porosity at the surface and the constituting core
material that may be selected to suit the device’s intended
use. In addition, a repeated porous pattern with
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interconnected pore network has been described after the
laser sintering process,12 potentially improving osseointe-
gration.13 Since the graded structure decreases the discrep-
ancy between the elastic modulus of titanium and that of
surrounding bone, a desirable reduction in the interface
stress has also been claimed.11

The laser sintering process has a wide range of applica-
tions for producing temporary or permanent implantable
devices, especially when a design is needed to provide an
implant’s proper structural and biological function.14

Although the existing in vitro12 and in vivo data9,15 on laser
metal sintering shows promising results, qualitative and
quantitative histological comparisons with other commer-
cially available implant surfaces along with biomechanical
testing is yet to be understood. Thus, the present study bio-
mechanically (torque-to-interface failure) and histomorpho-
metrically evaluated the effect of laser sintering compared
to alumina-blasted/acid-etched implant (AB/AE) surface
modifications in the early bone response in a beagle model.
We have hypothesized that the intricate surface topography
resulting from laser sintering would improve early biome-
chanical and histomorphometric parameters compared with
an AB/AE implant surface.

MATERIALS AND METHODS

The implants used in this study were Ti-6Al-4V screw type
implants with 3.75 mm of diameter and 10 mm in length
provided by the manufacturer (AB-Dental, Nir Galim, Israel).
A total of 86 implants were used and divided in two groups
according to surface treatment: Laser Sintered (experimen-
tal) and Alumina-Blasted/Acid-Etched (AB/AE) (control) (n
¼ 38 per group). The remaining implants (n ¼ 10) were
used for surface characterization. Specific detail regarding
the processing parameters of the surfaces was not provided
from the manufacturer. It has been suggested that while
high throughput fabrication may be achieved, all dimen-
sional tolerances must be observed during the post fabrica-
tion steps, as well as the potential void inclusion during the
sintering process.11

Surface characterization
The surface characterization was accomplished utilizing
three different methods. First, scanning electron microscopy
(SEM) (Philips XL 30, Eindhoven, The Netherlands) was per-
formed at various magnifications under an acceleration volt-
age of 15 kV to observe the different groups’ surface topog-
raphy (n ¼ 1 per group).

The second step was to determine the roughness param-
eters by optical interferometry (IFM) (Phase View 2.5, Palai-
seau, France). Three implants of each surface were eval-
uated at the flat region of the implant cutting edges (three
measurements per implant) and Sa (arithmetic average high
deviation) and Sq (root mean square) parameters deter-
mined. A filter size of 250 � 250 lm2 was utilized. Follow-
ing data normality verification, statistical analysis at 95%
level of significance was performed by one-way ANOVA.

The third procedure was the surface specific chemical
assessment performed by x-ray photoelectron spectroscopy

(XPS). The implants were inserted in a vacuum transfer
chamber and degassed to 10�7 torr. The samples were then
transferred under vacuum to a Kratos Axis 165 multitechni-
que XPS spectrometer (Kratos Analytical, Chestnut Ridge,
NY). Survey spectra were obtained using a 165 mm mean
radius concentric hemispherical analyzer operated at con-
stant pass energy of 160 eV for survey and 80 eV for high
resolution scans. The take off angle was 90� and a spot size
of 150 � 150 lm2 was used. The implant surfaces were
evaluated at various locations (three per implant).

In vivo model and surgical procedure
The in vivo study comprised of 18 adult male beagles of
�1.5 years old. The study was approved by the Ethics Com-
mittee for Animal Research at the École Nationale
V�et�erinaire d’Alfort (Maisons-Alfort, Val-de-Marne, France).
The beagles remained in the facility for 2 weeks prior to
the surgical procedures.

For surgery, three drugs were administered until general
anesthesia achievement by intramuscular injection. The
drugs were atropine sulfate (0.044 mg/kg), xylazine chlo-
rate (8 mg/kg), and ketamine chlorate (15 mg/kg). The im-
plantation site was the radius epiphysis. Batches of six bea-
gles were utilized for each evaluation time in vivo, where
each animal received one implant of each group in each
radii (one limb provided sample for biomechanical testing
and the other for histologic evaluation).

For implant placement, the surgical site was shaved
with a razor blade followed by application of antiseptic io-
dine solution. An incision of �5 cm through the skin and
periosteum was performed and the periosteum was elevated
for bone exposure.

Sequential drills were utilized following the manufac-
turer’s recommendation at 1200 rpm under abundant saline
irrigation. The different implant groups were alternately
placed from proximal to distal at distances of 1 cm from
each other along the central region of the bone. The starting
implant surface was also alternated between dogs to mini-
mize bias in the torque and histomorphometric evaluation.

After placement the healing caps were inserted and
sutured in layers with vicryl 4-0 (Ethicon Johnson, Miami,
FL) for periosteum and nylon 4-0 (Ethicon Johnson, Miami,
FL) for skin. The dogs stayed in animal care facility and
received antibiotic (Benzyl Penicilin Benzatine 20.000 UI/
Kg) and anti-inflammatory (Ketoprofen 1% 1 mL/5 kg)
medication to control the pain and infection. Euthanasia
was performed after 1, 3, and 6 weeks by anesthesia over-
dose and the limbs were retrieved by sharp dissection.

Torque testing was performed immediately after eutha-
nization. The radius was adapted to an electronic torque
machine equipped with a 500 Ncm torque load cell (Test
Resources, Shakopee, MN). Custom machined tooling was
adapted to each implant’s internal connection and the bone
block was carefully positioned to avoid specimen misalign-
ment during testing. The implants were torqued in counter
clockwise direction at a rate of �0.196 radians/min and a
torque versus displacement curve was recorded for each
specimen.
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Histomorphometric analysis
The implants in bone were reduced to blocks and immersed
in 10% buffered formalin solution for 24 h. The blocks
were then washed in running water for 24 h, and gradually
dehydrated in a series of alcohol solutions ranging from 70
to 100% ethanol. Following dehydration, the samples were
embedded in a methacrylate-based resin (Technovit 9100,
Heraeus Kulzer GmbH, Wehrheim, Germany) according to
the manufacturer’s instructions. The blocks were then cut
into slices (�300 lm thickness) aiming the center of the
implant along its long axis with a precision diamond saw
(Isomet 2000, Buehler, Lake Bluff), glued to acrylic plates
with an acrylate-based cement, and a 24 h setting time was
allowed prior to grinding and polishing. The sections were
then reduced to a final thickness of �30 lm by means of a
series of SiC abrasive papers (400, 600, 800, 1200, and
2400) (Buehler, Lake Bluff, IL) in a grinding/polishing
machine (Metaserv 3000, Buehler, Lake Bluff, IL) under
water irrigation.16 The sections were then toluidine blue
stained and referred to optical microscopy for histomorpho-
logic evaluation.

The bone-to-implant contact (BIC) was determined
at 50� to 200� magnification (Leica DM2500M, Leica

Microsystems GmbH, Wetzlar, Germany) by means of a
computer software (Leica Application Suite, Leica
Microsystems GmbH, Wetzlar, Germany). The regions of
bone-to-implant contact along the implant perimeter
were subtracted from the total implant perimeter, and
calculations were performed to determine the BIC. The
bone area fraction occupied (BAFO) between threads in
trabecular bone regions was determined at 100� mag-
nification (Leica DM2500M, Leica Microsystems GmbH,
Wetzlar, Germany) by means of computer software
(Leica Application Suite, Leica Microsystems GmbH,
Wetzlar, Germany). The areas occupied by bone were
subtracted from the total area between threads, and
calculations were performed to determine the BAFO
(reported in percentage values of bone area fraction
occupied).17

Preliminary statistical analyses showed no effect of
implant site (i.e., there were no consistent effects of posi-
tions 1 and 2 along the radius) on all measurements. There-
fore, site was not considered further in the analysis. Statisti-
cal evaluation of torque, BIC, and BAFO was performed by
Friedman’s test. Statistical significance was indicated by p-
levels less than 5%.

FIGURE 1. SEM of Alumina-Blasted/Acid-Etched (a and c) and Laser Sintered (b and d) presented different surface roughness morphology,

which can be seen at low and high magnification.
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RESULTS

Surface characterization
Implant surfaces’ electron micrographs are presented in
Figure 1 and their representative 250 lm � 250 lm IFM

three-dimensional reconstructions, in Figure 2(A,B). Their
respective Sa and Sq values are presented in Figure 2(C,D).
The surface texture observed at intermediate and high mag-
nification levels (Figure 1), as well as the IFM

FIGURE 2. (a, b) Representative IFM reconstruction (filter size of 250 � 250 lm2) of the AB/AE and laser sintered implants, respectively, (c) Bar

graph (mean 95% CI) representing the surface roughness parameters, Sa and Sq also illustrating a significant difference, p < 0.02 (asterisks rep-

resent statistically homogenous groups. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. X-Ray Photoelectron Spectroscopy Atomic Percentages for the AB/AE and Laser Sintered Implants

Al2p C1s O1s Ti2p V2p3

AB/AE 3.43 (1.2) 31.82 (4.2) 45.3 (3.3) 13.21 (2.2) 0.43 (0.15)
Laser sintered 2.88 (0.9) 42.1 (3.8) 35.09 (2.8) 10.64 (3.2) 0.21 (0.11)

Mean (6 SD).
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reconstruction [Figure 2(A,B)] revealed morphologic differ-
ences between the two groups. The IFM measurements pre-
sented significant differences for both Sa and Sq values [Fig-
ure 2(C)], where the experimental (laser sintered) implant
presented the higher values. Mean Sa and Sq values were
0.56 lm (0.11 lm, 95% CI) and 0.66 lm (0.11 lm, 95% CI)
for AB/AE and 1.26 lm and 1.59 lm for Laser Sintered,
respectively (0.35 lm and 0.38 lm, 95 % CI).

The XPS spectra demonstrated the presence of Al, C, O,
Ti, and V for the different surfaces (Table I). The highest
aluminum concentration was observed for the AB/AE likely

due to the alumina blasting procedure. Higher O, Ti, and V
concentrations were observed for the AB/AE surface. Con-
versely, higher C values were detected for the experimental
(laser sintered) surface (Table I).

In vivo model
The animal surgical procedures and follow-up demonstrated
no complications regarding procedural conditions, postoper-
ative infection, or other clinical concerns. No implants were
excluded from the study due to clinical instability immedi-
ately after the euthanization.

The biomechanical testing showed that significantly
higher torque to interface fracture was observed for the ex-
perimental surface relative to control at 1 week (p ¼
0.011), but that at 3 weeks no differences were observed
between surfaces (p ¼ 0.129). At 6 weeks, a significantly
higher removal torque (p < 0.002) was observed for the ex-
perimental surface in comparison to the control (Figure 3).

The nondecalcified sample processing showed intimate
bone contact with all implant surfaces at regions of cortical
and trabecular bone (Figure 4). Qualitative evaluation of the
toluidine blue stained thin sections revealed no morphologic
differences between surfaces at 1 and 3 weeks in vivo,
where intimate contact between cortical and trabecular
bone was observed. In addition, different healing patterns
were observed at specific regions along the implant bulk,
depending on the interplay between device geometry and
surgical instrumentation dimensions (Figure 4).

At the region of the implant where the inner thread di-
ameter was larger or equal the final surgical drilling dimen-
sion allowing intimate contact between implant surface and
cortical bone immediately after implantation, substantial
bone remodeling in proximity with the implant surface
occurred between 1 [Figure 4(A,D)] and 3 [Figure 4(B,E)]
weeks in vivo for all groups. While at 1 week in vivo old
bone remodeling was observed along with regions of newly
formed woven bone [Figure 4(A,D)], at 3 weeks substantial
woven bone was observed in proximity with the implant
surface [Figure 4(B,E)].

At regions where a healing chamber was formed due to
the formation of a space between the outer diameter of the
surgical instrumentation and the inner diameter of the
implant, woven bone formation was observed throughout
the space of the chamber and directly onto the implant sur-
face at 3 weeks in vivo [Figure 4(B,E)]. At 6 weeks, woven
bone replacement by lamellar bone was observed through-
out the healing chamber [Figure 4(C,D)] in both groups.

At trabecular bone regions, newly formed woven bone
was observed at 3 weeks [Figure 4(B,E)], and its replace-
ment by lamellar bone was observed at 6 weeks [Figure
4(C,F)] at regions in proximity with all implant surfaces.

The histomorphometric results demonstrated a signifi-
cant difference between experimental groups for BIC at 1
week in vivo (p < 0.04) with the laser sintered having a
higher value, whereas the 3 and 6 weeks in vivo exhibited
no significant differences between groups [p > 0.40 and p
> 0.11, respectively – Figure 3(A)]. The same trend was
observed for BAFO, where a significant difference was

FIGURE 3. (a) Bone-to-implant contact (p < 0.02). (b) Bone area frac-

tion occupancy (p < 0.02), and (c) Torque to interface failure (p <

0.01) statistics summary (mean 6 95% CI) for the different implants

and times in vivo (asterisks represent statically homogenous groups).
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observed at 1 week (significantly higher for laser sintered, p
< 0.03), but not at 3, and 6 weeks in vivo [p > 0.70. and p
> 0.60, respectively—Figure 3(B)].

DISCUSSION

Both histomorphometric parameters evaluated in this study
were significantly higher for the laser sintered compared
with the AB/AE only in the first week evaluation with val-
ues being not significantly different at the subsequent ob-
servation periods (3 and 6 weeks in vivo). As per the imag-
ing results, the three-dimensional surface configuration of
the laser sintered implant may have provided larger surface
area during the early stages of wound healing with
increased blood clot retention compared to the AB/AE. Gen-
eral BIC and BAFO measurements were in agreement with
the biomechanical results, where torque was significantly
higher for the laser sintered at 1 week and then not signifi-
cantly different to the AB/AE at 3 weeks. At 6 weeks when
more time was allowed for early bone healing, the histomor-
phometric results remained not significantly different
between groups whereas significantly higher torque was
observed for the experimental relative to the control
implant group. The 6 weeks results for BIC and BAFO con-
trasting with torque-to-interface failure test is in agreement
with the claim that static osseointegration histomorphomet-
ric parameters may fail to represent the bone/implant inter-
face mechanical properties. From a clinical standpoint,
lower BIC and BAFO may be preferred on a higher mechani-
cal property bone implant interface compared with a higher

BIC and BAFO on a lower mechanical property bone that
may yield reduced stability.1

The implant surface physical characterization showed
that both arithmetic mean of the absolute values of the sur-
face height within the sampling area and the root mean
square of the surface departures were significantly higher
for the laser sintered relative to AB/AE surface. It is possi-
ble that the observed 1 week significantly higher torque for
the laser sintered relative to the AB/AE is likely a function
of the higher resistance to torque provided by the increased
surface texture of the former, and should not be suggestive
as a motivation for immediate loading since the following
observation period (3 weeks) revealed no statistical differ-
ence in torque between groups. At early observation peri-
ods, such as 1 week, torque resistance seems to be highly
influenced by surface topography since osseointegration
process is at its very initial stage.18 The similar results
obtained at 3 weeks may be elucidated by the described
early bone healing events shown for screw-root form
implants with healing chambers where intense bone remod-
eling and resorption is observed at the regions where the
interplay between surgical techniques and implant macrode-
sign allows an intimate contact between bone and
implant.17,19–22 Because at 3 week woven bone was under
formation at healing chamber regions and bone resorption
was occurring at the implant outer threads, torque levels
were similar irrespective of implant group. However, with
initial lamellar bone formation in the healing chamber
region, the significant increase in torque values at 6 week

FIGURE 4. Optical micrographs at the top depicting 1, 3, and 6 weeks observation period for AB/AE implant surface (a, b, and c) and the same time

points at the bottom for laser sintered (d, e, and f). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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for the laser sintered suggests that the surface topography
was an important factor for improved bone response. The
Sa mean value (1.26 lm) for the laser sintered fell within
the moderately rough range, shown to provide the strongest
bone response compared to minimally rough (Sa 0.5–1 lm)
surfaces such as the AB/AE (0.56 lm).23

From a temporal standpoint, both topographic and
chemistry surface modifications have drawn atten-
tion,1,5,6,24,25 as both have been showing promising results
in vitro26 and in vivo27–35 relative to their moderately rough
predecessors. As for implant physical modifications at the
nanometric scale, the resulting surface configuration that
can be tailored on a laser sintered implant for improved
bone response is yet to be understood. Several processing
parameters seem to have an effect on the final surface to-
pography of laser sintered implants and likely on its osseo-
conductive properties, such as the power rating of the laser,
the diameter of the laser beam focus, the scanning speed,
the average particle size of the starting material powder, the
process atmospheric conditions and others.36 Nonetheless,
our surface chemistry results are suggestive that only bio-
compatible elements along with adsorbed carbon species
were present at the surface indicating that the fabrication
technique was suitable for biomedical applications. There-
fore, future investigation with variations in such processing
parameters along with surface physico-chemical characteri-
zation and in vivo experimentation is warranted.

An in vitro study comparing acid-etched and laser sin-
tered titanium surfaces has shown improved osteoblastic
differentiation, production of bone morphogenetic protein,
vascular endothelial growth factor and specific bone
proteins for the laser sintered likely due to the controlled
porous topography.37 Although a clinical short-term compar-
ison of AB/AE and laser sintered microimplants have
reported significantly higher bone density in the threaded
area for the laser sintered surface, no differences in BIC or
in bone density outside the threaded area measurements
were detected.38 Therefore, several temporal evaluations
became key to understanding the potential differences in
healing events between different surfaces.

Although several animal models, such as the rabbit, pig,
sheep, goat, and others could suit in vivo research, the ca-
nine model has shown close similarity in bone composition
to that of human,39 and has been indicated as one of the
most appropriate for the testing of implant materials.40 Dif-
ferences in remodeling rate must be acknowledged and
have been reported for example between the canine model
and human.41

Our postulated hypothesis that laser sintered implants
would improve early biomechanical and histomorphometric
parameters compared to an AB/AE implant surface was par-
tially accepted, since only higher torque to interface failure
was observed at 1 and 6 week, but no differences were
found for BIC and BAFO.
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ABSTRACT | The addition of 
porosity to the traditionally used 
solid titanium metal implants has 
been suggested to more closely 
mimic the natural mechanical 
properties of bone and increase 
osseointegration in dental and 
orthopedic implants. The objective 
of this study was to evaluate 
cellular response to three-
dimensional (3D) porous Ti-6Al-4V 
constructs fabricated by additive 
manufacturing using laser sintering 
with low porosity (LP), medium 
porosity (MP), and high porosity 
(HP) with low resolution (LR) and 
high resolution (HR) based on a 
computed tomography scan of 
human trabecular bone. After 
surface processing, construct 
porosity ranged from 41.0% to 
76.1%, but all possessed micro-/
nanoscale surface roughness 
and similar surface chemistry 

containing mostly Ti, O, and C. 
Biological responses (osteoblast 
differentiation, maturation, and 
local factor production) by MG63 
osteoblast-like cells and normal 
human osteoblasts favored 3D 
than two-dimensional (2D) solid 
constructs. First, MG63 cells were 
used to assess differences in cell 
response to 2D compared to LR and 
HR porous 3D constructs. MG63 
cells were sensitive to porosity 
resolution and exhibited increased 
osteocalcin (OCN), vascular 
endothelial growth factor (VEGF), 
osteoprotegerin (OPG), and bone 
morphogenetic protein 2 (BMP2) 
on HR 3D constructs than on 2D 
and LR 3D constructs. MG63 cells 
also exhibited porosity-dependent 
responses on HR constructs, with 
up to a 6.9-fold increase in factor 
production on LP-HR and MP-
HR constructs than on HP-HR 

constructs. NHOsts were then used 
to validate biological response on 
HR constructs. NHOsts exhibited 
decreased DNA content and 
alkaline phosphatase activity and 
up to a 2.9-fold increase in OCN, 
OPG, VEGF, BMP2, and BMP4 
on 3D HR constructs than on 2D 
controls. These results indicate 
that osteoblasts prefer a 3D 
architecture than a 2D surface and 
that osteoblasts are sensitive to 
the resolution of trabecular detail 
and porosity parameters of laser-
sintered 3D Ti-6Al-4V constructs.
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ABSTRACT | Objectives: The 
objective of this study was to 
fabricate laser sintered constructs 
with a trabecular-inspired porosity 
and characterize the biological 
response in vitro and in vivo.
Methods: A CT scan of human 
trabecular bone was overlaid on 
itself 24 times to create porous 3D 
constructs.
Constructs were laser sintered 
from Ti-6Al-4V powder and were 
15mm in diameter and 5mm in 
height, including a 1mm solid base. 
2D controls were 1mm in height 
solid disks. Human mesenchymal 
stem cells (hMSCs) were plated 
on constructs and evaluated 
for osteoblastic differentiation, 
maturation and local factors after 
3, 6 and 9 days, and mineralization 
after 8w. Implants were 
6.5mmx3.5mm and 2mm in height 
with an arch for mechanical testing. 

Solid, 3D and 3D implants with 
DBX putty were placed on athymic 
nude rat calvaria for 10w to assess 
osseointegration.
Results: Porosity of 3D constructs 
for cell culture was 57±1%, and 
porosity of implants was 67±3%. 
Mostly Ti, O and C were present 
on material surfaces. Contact 
angle on 2D surfaces was 62±18o 
and solid implants was 47±17o. 
All constructs possessed micro-/
nano-scale topographies. Markers 
for osteoblastic differentiation, 
maturation and local factor 
production were elevated on 3D 
constructs compared 2D controls, 
and this was sustained over 
9d of culture. After 8w, hMSCs 
produced mineral content on 3D 
constructs as verified by SEM and 
LCM imaging. Mechanical pullout 
testing of implants on rat calvaria 
showed significantly higher force at 

failure for 3D and 3D-DBX implants 
compared to 2D implants; however, 
no differences were observed 
between 3D and 3D+DBX implants. 
MicroCT indicated vertical bone 
growth into both 3D and 3D+DBX 
implants that did not significantly 
differ from each other.
Histology corroborated microCT 
observations.
Conclusions: Laser sintered 3D 
implants sustain osteoblastic 
differentiation of hMSCs and induce 
vertical bone growth in an animal 
model without the use of exogenous 
factors.
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Abstract accepted to ORS Annual Meeting, 2016

ABSTRACT | Introduction: Over 1 
million joint replacement surgeries 
are performed in the United States 
each year, and approximately 20% 
of these procedures require the 
use of bone graft substitutes to 
aid in implant osseointegration 
[1,2]. The objective of this study 
was to analyze bone growth and 
mechanical integration of solid 
and 3D porous implants in a novel 
rat cranial onlay model, with 
and without the use of a bone 
substitute. The overall hypothesis 
was that 3dimensional (3D) 
trabecularinspired porosity is 
able to increase bone growth and 
mechanical pullout force of the 
implant compared to homogenous 
round holes in 2D implants. The 
hypothesis of the first study was 
that rough implant surfaces and 
the use of demineralized bone 
matrix putty (DBX) on laser sintered 

implants would increase bone 
growth into homogeneous holes 
and mechanical pullout
strength. The hypothesis of 
the second study was that 
trabecularinspired, interconnected 
porosity of laser sintered implants 
would be able to achieve similar 
vertical bone growth compared to 
porous implants with DBX, and that 
mechanical pullout force of porous 
implants would increase compared 
to solid implants.
Methods: In the first experiment, 
disks 5mm in diameter and 1mm 
in height with twelve evenly spaced 
0.5mm holes were manufactured 
using laser sintering from 
Ti6Al4V powder (EOS Systems). 
“Smooth” disks were polished 
with sandpaper, while “Rough” 
disks were blasted with calcium 
phosphate and acid etched to 
induce micro/ nanoroughness.

In the second experiment, “Solid” 
constructs 6.5mm in length, 
3.5mm in width and 2mm in height 
were manufactured and surface 
processed using the same methods 
as for “Rough” disks. “Porous” 
constructs were manufactured 
in the same dimensions, with a 
trabecularinspired porosity of 
5mm in length surrounded by 
0.75mm solid supports on each 
end. The trabecular porosity design 
was taken from a CT template of 
human femoral head superimposed 
upon itself 24 times, with a total 
interconnected porosity of 67% ± 
3%.
Implants used for mechanical 
testing included a 1mm diameter 
thick arch that spanned across the 
implant. Athymic nude male rats 
(n=8 for each group) approximately 
78 weeks old (200250g) were 
purchased from Harlan 
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Laboratories. After cranial incision, 
the periosteum was lifted. Pilot 
holes were drilled in the calvarium 
at the site of implant placement 
(between the coronal and sagittal 
cranial sutures) to allow for stem 
cell infiltration during healing. 
For both “DBX” groups, DBX was 
applied underneath and above disks 
before implantation. Implants were 
secured by a pursestring suture 
closing the periosteum, and then 
the outer skin flap was suture 
closed. Animals were harvested 
after 10 weeks for microCT analysis 
of bone growth, mechanical pullout 
testing and scanning electron 
microscopy of implants and calvaria 
after mechanical testing. Animal 
experiments were approved by 
the Institutional Animal Care 
and Use Committee at Virginia 
Commonwealth University. One 
way ANOVA with Bonferroni 
postcorrection to Student’s test was 
used to analyze data, with p<0.05 
indicating significance.
Results: In the first study, no 
statistically significant differences 
were observed for bone to implant 
contact for Smooth, Rough or DBX 
groups.

However, vertical bone ingrowth 
into pores was significantly higher 
for DBX disks than for Smooth 
or Rough disks. Pullout testing 
revealed significantly higher force 
at failure for DBX disks compared 
to Smooth and Rough disks. 
Electron micrographs of calvaria 
and implants after mechanical 
testing showed bone nodules on the 
surface of Smooth group calvaria 
that did not remain in implant holes 
after testing. In contrast, bone was 
found incorporated into implant 
holes for Rough and DBX groups 
after testing, with additional bone 
nodule formation observed on 
DBX group calvaria. In the second 
study, bone to implant contact was 
significantly decreased for
Porous and DBX groups compared 
to for the Solid group.
Discussion: Although Rough 
disk implants had higher bone to 
implant contact and mechanical 
testing values compared to Smooth 
disk implants, the differences were 
not statistically significant. The DBX 
group had superior bone ingrowth 
into disk holes and mechanical 
pullout force compared to both 
Rough and Smooth disk implants, 

indicating that including holes in 
a 2D construct is not sufficient to 
induce bone growth without the 
use of a bone substitute. However, 
for 3D construct implants with a 
trabecularinspired porosity, no 
differences were seen for bone 
to implant contact or mechanical 
pullout force between Porous 
and DBX groups. This suggests 
that implant integration is 
porosity dependent, and that a 
trabecularinspired porosity can 
enhance vertical bone growth 
compared to homogenous round 
holes. Because bone to implant 
contact is not an indicative measure 
of implant success in 3D porous 
implants, we combined it with 
other metrics such as vertical bone 
growth and mechanical pullout 
testing.
Significance: This study indicates 
that trabecular boneinspired 
porosity produced by laser sintering 
Ti6Al4V can induce vertical bone 
growth, even without the use of a 
bone substitute. 
Acknowledgements: This study 
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Abstract accepted to AADR/CADR Annual Meeting (2015).

ABSTRACT | Objectives: Additive-
manufacturing (AM) offers 
the ability to tailor implants 
to individual patients and with 
specific surface treatments may be 
osteogenic. This could be beneficial 
for producing more effective 
treatment of edentulous mandibles 
in cases that can’t be restored 
conventionally. This study assessed 
effects of three bone treatment 
regimens on bone formation around 
AM-fabricated titanium-aluminum-
vanadium (Ti6Al4V) implants in rat 
and rabbit models.
Methods: Ti6Al4V disks and wrap 
implants were produced by AM and 
acid-etched to create a specific 
microsurface.
5.0mm disks with 0.05mm holes 
were implanted subperiosteally 
on the calvaria of male Sprague-
Dawley rats. Prior to insertion, 
bone was treated by in-situ 

decalcification (no treatment; 24% 
EDTA; or 37% phosphoric acid) 
(n=6/group).
Animals were euthanized at 35 and 
70d. Wrap implants were surgically 
affixed to left tibias of 30 New 
Zealand White rabbits. Animals 
were euthanized at 1w (n=3), 3w 
(n=16), or 6w (n=11). Fixed samples 
were analyzed by microCT and 
histology.
Results: Osteointegration was 
found on the base of the disks 
and bone infiltration into implant 
holes was achieved at 35 and 70d. 
Bony ingrowth varied within each 
treatment group, but no difference 
was found between groups. No 
new bone was observed in the 
wrap implants at 1w. At 3w bone 
formed outside the envelope and 
cartilage-in-transition-tobone 
was found. At 6w bone formed 
between implant and cortical bone 

with full osteointegration. Bone-
implantcontact increased, and was 
significantly higher at 6w compared 
to earlier times.
Conclusion: Ti6Al4V implants with 
specific surface roughness allow for 
osteogenesis and osteointegration, 
and the potential for bone to grow 
into a void space without use of 
bone graft substitutes. These data 
indicate that if implants are tailored 
to the individual’s mandible, there is 
a high chance for osteointegration, 
indicating potential new modes of
treatment and restoration in cases 
of mandibular bone deficiency.
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Abstract accepted to EuroPerio 2015 Conference.

ABSTRACT | Aim: The aim of this 
study was to characterize three-
dimensional (3D) porous Ti6Al4V 
constructs fabricated by additive 
manufacturing from a human 
trabecular bone template using 
laser sintering, and evaluate 
biological response to these 
constructs. 
Material and Methods: 2D control 
and 3D porous Ti6Al4V constructs 
were manufactured using laser 
sintering to produce constructs 
with low, medium and high porosity 
(LP, MP, HP) with low and high 
trabecular bone detail (LD, HD). 
Material characterization included 
contact angle (2D only), micro-
computed tomography, x-ray 
photoelectron spectroscopy, laser 
confocal microscopy, and scanning 
electron microscopy. MG63 cells 
were seeded (6x104 cells/construct) 
and harvested 24h after confluence 

on tissue culture polystyrene to 
assess response. hMSCs were 
seeded (2x106 cells) on MP-
HD constructs with and without 
collagen coatings and cultured for 
8w in growth or osteogenic medium 
to assess mineralization.
Results: Open porosity of 
constructs ranged from 41-76%. 
All constructs had similar surface 
micro- and nano-roughness after 
processing. Surface chemistry 
consisted mostly of O, C and Ti. 2D 
disks had a contact angle of 62o. 
MG63 cells had decreased DNA 
content and alkaline phosphatase 
activity and increased osteocalcin 
and BMP2 on 3D constructs 
in comparison to 2D. Vascular 
endothelial growth factor, BMP2 
and BMP4 were highest on MP-HD 
constructs. Mineral content was 
observed on MP-HD constructs 
after 8w with and without the 

presence of a collagen coating.
Conclusion: 3D Ti6Al4V constructs 
produced by additive manufacturing 
to mimic trabecular bone with 
varying porosity differentially affect 
osteoblast response and induce 
hMSC mineralization, even in 
the absence of osteogenic media 
supplements.
chondrocytes mature into a thin 
layer of bone, spreading from the 
implant holes. At 6 weeks, the bone 
establishes significant contact on 
the outward facing sides of the 
implant and has achieved good 
contact with the inward sides.  
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Abstract accepted to IADR Annual Meeting (2015).

ABSTRACT | The objective of 
this study was to analyze effects 
of porosity on proliferation and 
maturation of normal human 
osteoblasts (NHOst) using 3D 
titanium-aluminum-vanadium 
(Ti6Al4V) constructs fabricated by 
additive manufacturing based on a 
high-resolution human trabecular 
bone CT.
Methods: 2D (15mmx1mm) and 3D 
(15mmx5mm) Ti6Al4V constructs 
were manufactured from CT scans 
of human femoral trabecular 
bone using laser sintering in low, 
medium and high porosities (LP/
MP/HP). Surfaces were grit-blasted 
and acid-etched to achieve micro 
and nanoscale roughness. Porosity, 
surface chemistry, topography 
and compressive modulus were 
characterized on 3D constructs, 
and wettability was analyzed on 
2D surfaces. MG63 osteoblast-like 

cells and NHOst cells were seeded 
at 60,000 cells/construct/well and 
harvested 24h after confluence on 
TCPS. DNA, alkaline phosphatase 
specific activity (ALP), osteocalcin 
(OCN) and bone morphogenetic 
proteins 2 and 4 (BMP2/BMP4) were 
analyzed as markers for osteoblast 
proliferation, differentiation, 
maturation, or local factor 
production. Data were analyzed by 
ANOVA with Bonferroni post-test 
(n=6/variable).
Results: 3D constructs contained 
mostly O, C and Ti on their surfaces. 
2D contact angle was 62+19.
Surfaces had microscale roughness 
with homogeneous nanoscale 
features. Total porosity ranged from 
41.0±0.3 to 76.1±0.8%. For MG63 
and NHOst cells, DNA decreased 
on 2D surfaces compared to 
TCPS, and decreased on LP 
and MP constructs compared 

to 2D. MG63 ALP increased on 
2D surfaces compared to TCPS, 
but decreased on 3D constructs. 
NHOst cell ALP decreased on all 
surfaces compared to TCPS. For 
both MG63 and NHOst cells, OCN 
was increased on 3D constructs 
compared to TCPS and 2D; BMP2 
and BMP4 increased on LP and MP 
constructs compared to TCPS, 2D 
and HP.
Conclusions: Osteoblasts exhibited 
greater differentiation, maturation 
and local factor production in a 
human trabecular bone-like 3D 
environment compared to 2D, and 
this depended on porosity.
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Abstract accepted to AADR/CADR Annual Meeting (March 19-22, 2014).

ABSTRACT | Objectives: Although 
most dental implants meet or 
exceed a 95% success rate over a 5 
year
period, compromised patients 
such as smokers, diabetics and the 
elderly have a much higher
rate of implant failure due to poor 
osseointegration. Porous titanium 
implants have been
introduced as a way of increasing 
mechanical interlocking and early 
bone integration. The
objective of this study was to 
characterize and evaluate cell 
response to 3D porous titanium
implants manufactured using laser 
sintering with porosity comparable 
to that of human
trabecular bone.
Methods: CT scans were conducted 
of femoral heads obtained from hip 
replacements. 3D
titanium disks 15mm in diameter 

and 4mm in height were 
manufactured from CT scan
templates using laser sintering 
with commercially pure titanium 
powder. Micro and nanoscale 
roughness were created by acid 
etching. Porosity, wettability, 
surface chemistry and topography 
were characterized. DNA, alkaline 
phosphatase specific activity 
(ALP), osteocalcin (OCN) and bone 
morphogenetic protein 4 (BMP4) 
were analyzed as markers for 
proliferation and enhancement 
of an osteoblastic environment 
of MG63 cells plated on surfaces. 
Data were analyzed by ANOVA with 
Bonferroni post-hoc test (n=6/
variable).
Results: Low, medium and high 
porosity surfaces were confirmed 
with total porosity values of 16.2%, 
38.5% and 70.0%, respectively. 
Nanoscale roughness was 

superimposed on microrough 
surfaces after treatment, and all 
surfaces were hydrophilic. Surface 
chemistry contained titanium, 
oxygen and carbon as the three 
most prevalent elements. DNA 
decreased with increasing porosity. 
ALP decreased with increasing 
porosity, while OCN exhibited 
the opposite trend. BMP4 also 
increased with increasing porosity, 
suggesting that a higher porosity 
is more favorable for osteoblastic 
differentiation.
Conclusion: Laser sintering is able 
to produce 3D porous implants 
based on a CT template
scan of human bone. These 
surfaces show increased cell 
response on highly porous surfaces,
suggesting improved 
osseointegration of laser sintered 
surfaces for dental implants.
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Abstract accepted to ORS Annual Meeting, 2015

ABSTRACT | Introduction: The 
number of discharges of patients 
with spinal fusion surgery for 
back problems has steadily 
increased over the past decade. 
There remains a need for a cage 
implant that will enable more 
effective osteointegration. Additive 
manufacturing offers the ability 
to tailor implants to individual 
patients and, with different surface 
treatment applications, may be 
osteoinductive. This capability 
could be particularly beneficial 
in producing more effective cage 
implants for interbody spinal 
fusion. In the present study, additive 
manufacturing was used to create 
a titanium alloy surface with a 
specific roughness to determine 
its osteogenic capacity in both a rat 
and rabbit model.
Methods: 5 mm disks were 
generated by laser sintering 

Ti6Al4V alloy powder. The resulting 
disks were grit blasted and then 
acid etched, subjected to a cleaning 
protocol and then sterilized via 
gamma radiation. In the first 
study, the discs were implanted 
subperiosteally on the surface 
of the calvaria of male Sprague 
Dawley rats under institutional 
approval of Virginia Commonwealth 
University (Richmond). Three 
treatment groups (n=6) were 
established to determine the effect 
of pretreating the implantation 
site via in situ decalcification. 
Following elevation of a periosteal 
flap, multiple 0.3mm holes were 
drilled into the marrow space of 
the left parietal bone. Exposed 
bone around these holes was left 
untreated, treated with 24% EDTA 
for five minutes, or 37% phosphoric 
acid for 1 minute. The disks were 
placed over the holes and the flap 

was sutured over the disk. Animals 
were euthanized at 35 and 70 days. 
In the second study, additively 
manufactured titanium alloy wrap 
implants (Figure 1b) were grit 
blasted, acid etched, cleaned and 
sterilized as above.
Implants were surgically affixed 
to the left tibia of 30 New Zealand 
White rabbits under institutional 
approval at the Medical University 
of Lodz (Lodz, Poland). Animals 
were euthanized at two weeks 
(n=3), three weeks (n=16), or six 
weeks (n=11) after surgery. All 
fixed samples from both studies 
were scanned by microCT and 
bone implant contact calculated. 
Samples were then embedded 
in resin and ground samples 
prepared. Twenty-eight of the 
wrap implant samples remained 
intact and viable after histologic 
processing and were then stained 
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with Stevenel’s Blue along with all 
48 disk implant samples. Samples 
were photographed using Zen 
2012 Blue Edition software with an 
AxioCam MRc5 camera and Axio 
Observer Z.1 microscope (Carl 
Zeiss Microscopy, Oberkochen, 
Germany). Bone implant contact 
(BIC) was calculated by dividing 
the bone contact perimeter by the 
total perimeter of the implant. Base 
and side BICs of the wrap implants 
were also calculated by measuring 
the bone facing sides (base) of the 
implant and outward facing sides of 
the implant. Statistics were derived 
using a oneway ANOVA test with a 
Tukey’s posttest for significance and 
p<0.05 considered significant.
Results: In the first study, 
osteointegration was present 
on the base of the disks and 
bone infiltration into the implant 
holes was achieved at both 35 
and 70 days as observed by both 
microCT and histomorphometric 
analysis. There was variability 
in the amount of bony ingrowth 
within each pretreatment group. 
No difference was seen between 
the treatment groups at either 
35 or 70 days. In the second 

study, wrap implants exhibited 
increased osteointegration on all 
on all sides with time. Total bone 
implant contact increased at each 
time point, and was significantly 
higher after six weeks compared to 
earlier time points, demonstrated 
both by microCT analysis and 
histomorphometric measurements. 
At one week, no new bone or 
cartilage was present. At three 
weeks, cartilage infiltrated the 
implant in areas and a thin layer of 
bone was observed growing from 
the implant holes. At 6 weeks, 
bone had established significant 
contact on the external side of the 
implant and demonstrated good 
contact with the osseous side of 
the implant. In addition, new bone 
was observed outside the bone 
envelope.
Discussion: Using a titanium 
alloy implant with a specific 
surface roughness allows for 
good osteoconduction and 
osteointegration, as well as the 
potential for bone to grow into 
a void space without the use of 
a bone graft substitute. In rats, 
there was no difference seen in 
pretreatment of the bone surface 

prior to implantation. However, 
all treatment groups showed 
vertical growth of bone into the 
holes of the implant after 70 days 
demonstrating the osteoconductive 
ability of the implant material. 
The titanium wrap used in rabbits 
allowed for osteointegration as 
early as 6 weeks, as well as the 
creation of vertical growth through 
the implant holes. These results 
suggest that this approach may 
enable consistent vertical growth 
of bone during implant placement 
allowing for better results following 
spinal fusion surgery.
Significance: Biomaterials 
are used in spine fusions, with 
varying material properties. 
However, additive manufacturing 
allows titanium alloy implants 
to be tailored to the space and 
a specific surface applied to 
allow osteoconduction and 
osteointegration of bone, potentially 
allowing a void space to be filled 
without the use of a bone graft 
substitute.
Acknowledgements: This study 
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Abstract accepted to BMES (BIOMEDICAL ENGINEERING SOCIETY) Annual Meeting (2015).

ABSTRACT | Introduction: Titanium 
and its alloys are commonly used 
materials in dental and orthopedic 
implants due to their desirable 
mechanical properties and ability to 
osseointegrate with bone. However, 
implant success rates are reduced 
dramatically for compromised 
patients, including smokers, 
diabetics and those with low bone 
density.
Implant design can be optimized 
with surface roughness and 
porosity to achieve a more desirable 
biological response. In this study, 
additive manufacturing was used 
to produce Ti6Al4V 3D constructs 
with porosities based on a human 
trabecular bone template, and 
human mesenchymal stem cell 
(hMSC) response was analyzed 
over a period of 8 weeks on these 
constructs to determine the effect 
of the 3D environment on biological 

response in comparison to a 2D 
environment.
Materials and Methods: Ti6Al4V 
powder was used to laser sinter 2D 
and porous constructs based on a 
trabecular bone template captured 
from a computed tomography (CT) 
scan of a human femoral head. 
Constructs were subsequently 
blasted with calcium phosphate 
and pickled in nitric acid. X-ray 
photoelectron spectroscopy (XPS), 
scanning electron microscopy 
(SEM) and laser confocal 
microscopy (LCM) were used to 
analyze chemistry, topography and 
roughness, respectively. Contact 
angle was performed on 2D 
surfaces and microCT on
3D constructs. Surfaces were 
gamma sterilized for cell culture 
and seeded with 60,000 hMSCs 
per construct for 3, 6 and 9 days 
to analyze DNA (proliferation), 

alkaline phosphatase specific 
activity (ALP, early osteoblast 
differentiation), osteocalcin (OCN, 
late osteoblast differentiation) and 
vascular endothelial growth factor 
(VEGF, blood vessel formation). 
Porous constructs were seeded 
with 2 million hMSCs for 8 weeks 
in osteogenic medium (OM), OM 
with bone morphogenetic protein 
2 (BMP2) and OM with a collagen I 
coating (COL1) on the surface, and 
mineralization was analyzed by 
SEM, LCM and energy dispersive 
x-ray (EDX).
Results and Discussion: Sintered 
constructs had mostly Ti, O and C 
present on their surfaces, and SEM 
and LCM revealed a homogenous 
combined micro-/nanoroughness 
as a result of surface treatment. 
Contact angle on 2D surfaces was 
62±18.
Porous constructs had 
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interconnected porosity 
(57.3±0.8%). DNA and ALP were 
decreased on 3D constructs 
compared to TCPS and 2D controls 
at 3, 6 and 9 days. In contrast, OCN 
and VEGF were increased on 3D 
constructs compared to TCPS and 
2D controls at 3, 6 and 9 days. For 
all three groups, DNA increased 
at 6 and 9 days compared to at 3 
days. For TCPS, ALP decreased at 
6 and 9 days compared to at 3 days, 
while there were no significant 
differences in ALP over time for 2D 
and 3D constructs.
OCN levels were relatively stable 
over 3, 6, and 9 days for all groups. 
For TCPS, VEGF was increased 
at day 9 compared to days 3 and 
6, while there were no significant 
changes for 2D surfaces. For 3D 
constructs, VEGF was increased in 
a time dependent manner (day 9 > 
day 6 > day3). SEM and OsteoImage 

hydroxyapatite staining of cells 
cultured for 8 weeks showed 
mineral deposition on all 3D 
constructs. EDX analysis revealed 
Ca:P ratios of 1.68, 1.50 and 1.41 
for OM, BMP2 and COL1 groups, 
respectively.
Conclusions: Additively 
manufactured 3D Ti6Al4V 
constructs with porosity in the 
likeness of human trabecular bone 
sustain osteoblastic differentiation 
of hMSCs over time compared to 
2D controls, and mineral deposition 
occurred by 8 weeks. Ca:P ratios 
suggest dystrophic calcification 
when OM alone was used; but 
physiological mineralization in 
cultures treated with BMP2 or 
grown on COL1 coated surfaces. 
These results suggest that a 3D 
environment with tailored porosity 
and surface roughness can enhance 
biological response and may 

improve osseointegration clinically.
Acknowledgements: This study 
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Abstract accepted to ORS Annual Meeting, 2015

ABSTRACT | Introduction: Titanium 
and its alloys are commonly 
used materials in orthopaedic 
implants due to their strong 
mechanical properties and ability to 
osseointegrate with bone. However, 
a stiffness mismatch between 
solid titanium and human bone 
results in stress shielding and 
bone resorption around implants 
[1]. Porous implants have been 
designed to better match the 
mechanical properties of bone, 
but pores are largely pre-defined 
and homogenous with limited 
surface processing [2]. Additive 
manufacturing such as laser 
sintering is a bottom-up approach 
to creating custom orthopaedic 
implants [3]. In this study, we use 
trabecular bone as a biological 
template for laser sintering 3D 
Ti6Al4V porous constructs with 
combined micro-/nano-roughness, 

and analyze both human 
mesenchymal stem cell (hMSC) 
and osteoblast (MG63) response to 
these constructs. 
Methods: 3D laser sintered (3DLS) 
constructs 15mm in diameter and 
5mm in height with a 1mm solid 
base were manufactured from 
Ti-6Al4V particles 25-45µm in 
diameter with the EOS Ytterbium 
fiber laser system, a wavelength 
of 1054nm, continuous power of 
200W, scanning rate of 7m/s and 
laser spot size of 0.1mm. Solid 2D, 
low, medium and high porosity (LP, 
MP, HP, respectively) constructs 
were manufactured with high 
detail by replicating a processed 
computed tomography scan of 
human trabecular bone. Constructs 
were further blasted with calcium 
phosphate particles and etched 
in 0.3N HNO3 to produce a micro-
rough surface. Constructs were 

further pickled in a bath of 1:1 
20 g/L NaOH:H2O2 and then in 
65% HNO3 to clean surfaces and 
induce nano-roughness. Chemistry, 
wettability, total and open porosity, 
surface roughness, surface 
topography and compressive 
modulus were characterized using 
x-ray photoelectron spectroscopy 
(XPS), sessile drop contact angle 
(on 2D surfaces only), laser 
confocal microscopy, scanning 
electron microscopy (SEM) and 
compression testing. MG63 
osteoblast or hMSC cells were 
plated on three different porosity 
3D constructs with TCPS, 2D used 
as control at a seeding density of 
60,000 cells/well and harvested 24 
hours after confluence to analyze 
DNA, alkaline phosphatase specific 
activity (ALP), osteocalcin (OCN), 
and vascular endothelial growth 
factor (VEGF).
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Results: Total percent porosity (avg 
± SD) for LP, MP and HP constructs 
was 54.2±0.9%, 59.5±0.5% and 
72.2±0.9%, respectively. Total 
and open porosity values were 
not significantly different. XPS 
showed mainly oxygen, carbon and 
titanium in the oxide layer, which 
was similar among all sintered 
constructs. An elevated presence of 
nitrogen was seen on 2D surfaces 
compared to 3D constructs, and 
other trace elements included 
phosphorous, calcium and 
sulfur. Contact angle of 2D proxy 
surfaces was 62±18o. Surface 
micro roughness (Sa, avg±SD) 
was 4.0±0.6µm for 2D surfaces 
and did not statistically differ 
from roughness of 3D constructs. 
Peak to valley roughness (Sz) 
was 34.1 4.7µm for 2D surfaces 
and was only lower than HP 
constructs, which had an Sz value 
of 37.6±7.9µm. Micro-CT revealed 
different macro-topographies for 
constructs with varying porosity 
(Fig 1a), SEM micrographs revealed 
different macro-topographies for 
constructs with varying porosity, 
while surface roughness induced by 
post processing at the micro- and 

nano-surface were similar with 
all construct (Fig 1b). For MG63 
cells, DNA decreased on 2D, LP, 
MP and HP constructs compared 
to TCPS and decreased on LP 
and MP constructs compared to 
2D. DNA for HP was significantly 
higher than LP and MP constructs. 
ALP activity was significantly 
elevated on 2D and decreased on 
LP and MP constructs compared 
to TCPS, decreased on LP, MP and 
HP constructs compared to 2D, 
and increased on HP compared to 
LP and MP constructs. OCN was 
increased on LP and MP constructs 
compared to both TCPS and 2D, 
and decreased on HP compared to 
LP and MP constructs (Fig 1c, top). 
VEGF was increased on MP and HP 
constructs compared to TCPS, 2D 
and LP constructs, and decreased 
on HP compared to MP constructs. 
For hMSC cells, DNA decreased on 
all sintered constructs compared to 
TCPS. ALP activity was reduced on 
all sintered constructs compared 
to TCPS, and LP, MP and HP 
constructs compared to 2D. OCN 
was increased on LP, MP and HP 
constructs compared to both TCPS 
and 2D sintered surfaces (Fig 1c, 

bottom). VEGF was increased on all 
sintered constructs compared to 
TCPS control. 
Discussion: Laser sintering was 
able to produce 2D and 3D porous 
Ti6Al4V constructs with low, 
medium and high porosities from a 
human trabecular bone template. 
Surface processing induced a 
combined micro-/nano- roughness 
on surfaces that has been 
previously perceived as favorable 
for osteoblast differentiation. A 
decrease in cell proliferation and 
increase in differentiation markers 
for both MG63 and hMSCs shows 
a favorable osteoblastic response 
to sintered constructs, although a 
reduced response was seen with 
hMSC cells compared to MG63 
cells. Cell response also favored 
3D constructs compared to 2D 
controls, suggesting structural 
parameters such as porosity, 
strut thickness and curvature 
may all contribute to osteoblast 
differentiation and maturation. 
Acknowledgements: This study was 
supported by A.B. Dental.



Abstract accepted to 92nd Meeting of the Virginia Academy of Science In response to the Call 
for Presentation Title

ABSTRACT | An increasing 
number of orthopaedic and dental 
implants are being implanted 
and must successfully serve a 
longer lifespan. Selective laser 
sintering (SLS) is a form of additive 
manufacturing that can produce 
customized, porous titanium alloy 
implants with high resolution. We 
created 3D titanium surfaces with 
low, medium and high porosity 
based on a human trabecular 
bone template, which were further 
blasted and pickled to induce 
combined micro-/nano-roughness. 
We characterized the porosity 
(41-76%), surface chemistry (Ti, 
O and C being the three most 
prominent elements), wettability 
(62 ± 18 degrees), roughness and 
topography (showing combined 
micro-/nano-roughness). We 
then analyzed MG63 osteoblast 
response to surfaces. Cell viability 

on surfaces with varying porosity 
was not significantly different. 
DNA (proliferation) and alkaline 
phosphatase specific activity 
(early osteoblast differentiation) 
decreased with increasing porosity, 
and osteocalcin (late osteoblast 
differentiation), osteoprotegerin 
(bone remodeling), VEGF (blood 
vessel formation), and BMP2, 4 
(factors for creating an osteogenic 
environment) increased with 
increasing porosity. The most 
favorable cell response was shown 
on high porosity, high resolution 
surfaces. The results of the 
present study indicate that surface 
modification and three dimensional 
structure can enhance bone 
apposition and osseointegration.
Acknowledgements: This study 
was supported by A.B. Dental.
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Abstract accepted to GTRIC 2014 (GEORGIA TECH RESEARCH INSTITUTE)

ABSTRACT | Titanium is a 
commonly used material for dental 
and orthopaedic implants that has 
good mechanical properties and 
high biocompatibility. However, 
osseointegration (close apposition 
of implant with bone) is greatly 
reduced in aging patients, diabetics, 
or smokers. Additive manufacturing 
provides complete control over 
implant porosity, which contributes 
to osseointegration, and cannot 
be achieved through traditional 
manufacturing methods. In this 
study, we used direct metal laser 
sintering to produce 3D porous 
titanium surfaces that mimic 
human trabecular bone porosity 
and have micro/nanoroughness.
Surfaces 15mm in diameter 
and 4mm in height were 
manufactured in titanium 
from a human trabecular bone 
computed tomography template, 

characterized with contact angle, 
xray photoelectron spectroscopy, 
laser confocal microscopy and 
microcomputed
tomography, and analyzed for 
osteoblast (bone cell) response. 3D 
printed surfaces of commercially 
pure titanium can be customized 
with porosity ranging from 1570%
open porosity, are hydrophilic, 
and have a combined micro 
and nanoroughness that has 
shown to be favorable for 
osteoblast differentiation 
and osseointegration. MG63 
osteoblastlike cells were plated 
on surfaces and assayed for 
protein 24 hours after reaching 
confluence. Osteoblast response 
showed decreased DNA content and 
alkaline phosphatase activity (early 
marker of osteoblast differentiation) 
on surfaces with increasing porosity 
whereas osteocalcin, a marker 

of welldifferentiated osteoblasts 
was increased. BMP4, a factor 
for creation of an osteogenic 
environment, increased with 
increasing porosity and compared 
to 2D control surfaces. Our results 
indicate that laser sintering can 
be used to custom manufacture 
implants with varying porosity and 
surface properties that increase 
osteoblast response, which may 
increase osseointegration in vivo.
Acknowledgements: This study 
was supported by A.B. Dental.
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Abstract accepted to BMES (BIOMEDICAL ENGINEERING SOCIETY) Annual Meeting (2014).

ABSTRACT | Introduction:
Edentulous patients (those 
lacking teeth) require one of two 
approaches to augmentation: 
inserting a vertical bone graft, 
or subperiosteally anchoring a 
device on which an implant can 
be attached. Bone grafts have 
had unpredictable results and 
can undergo resorption over time, 
compromising implant stability and 
success. As of the subperiosteal 
approach, current materials have 
not proven to directly integrate 
with the bone, in a process termed 
osseointegration. Therefore, we 
used additive manufacturing to 
create a titanium alloy surface with 
a specific roughness to determine 
if it would be osseoinductive in a 
challenging rabbit model over six 
weeks. 
Materials and Methods: Additively 
manufactured titanium alloy wrap 

implants (Figures 1 and 2) were 
acid etched and grit blasted and 
surgically affixed to the left tibia 
of 30 New Zealand White rabbits 
under institutional approval at 
the Medical University of Lodz 
(Lodz, Poland). Animals were 
euthanized at two weeks (n=3), 
three weeks (n=16), or six weeks 
(n=11) after surgery. Fixed samples 
were scanned by microCT and 
bone-implant contact calculated. 
Samples were then embedded 
in resin, and ground samples 
prepared. 28 of the implant 
samples remained intact and 
viable after processing and were 
then stained with Stevenel’s Blue. 
Samples were photographed using 
Zen 2012 Blue Edition software 
with an AxioCam MRc5 camera and 
Axio Observer Z.1 microscope (Carl 
Zeiss Microscopy, Oberkochen, 
Germany). Bone-implant contact 

(BIC) was calculated by dividing 
the bone contact perimeter by the 
total perimeter of the implant. Base 
and side BICs were also calculated 
by measuring the bone-facing 
sides (base) of the implant and 
outward facing sides of the implant. 
Statistics were derived using a one-
way ANOVA test with a Tukey’s post-
test for significance and p<0.05 
considered significant.
Results and Discussion: 
Osseointegration of the implants 
increased on all sides over time. 
Total BIC increased at each 
time point examined, and was 
significantly higher after 6 weeks 
than the earlier time points, both 
by microCT and histomorphometric 
measurements. Base and side BICs 
increased over time. At 2 weeks, 
cartilage can be seen growing 
toward the implant in areas where 
direct contact does not exist. After 

A. Cheng, A. Humayun, Barbara D. Boyan, Zvi Schwartz, PhD, DMD.

Wrap Implant 

13



3 weeks, the chondrocytes mature 
into a thin layer of bone, spreading 
from the implant holes. At 6 weeks, 
the bone establishes significant 
contact on the outward facing sides 
of the implant and has achieved 
good contact with the inward 
sides.      
Conclusions: Here we 
demonstrate that using a titanium 
alloy implant with a specific 
surface roughness allows for 
satisfactory osseoconduction and 
osseointegration, as well as the 
creation of vertical dimension 
without a bone graft. The use 
of the titanium wrap allows for 
osseointegration as early as 6 
weeks after placement. These 
results suggest that this approach 
may be a novel way to achieve 
consistent vertical augmentation 
during implant placement, 
decreasing healing time and 

allowing implants to be loaded 
sooner.
Acknowledgements: This study 
was supported by A.B. Dental.



Abstract accepted to BMES (BIOMEDICAL ENGINEERING SOCIETY) Annual Meeting.

ABSTRACT | Introduction: More 
than 500,000 dental implants 
are placed each year in the 
United States. Success rates are 
95% for healthy patients, but 
are dramatically reduced in the 
elderly and compromised patients. 
Titanium (Ti) is commonly used 
as a dental implant material 
because of its good biocompatibility 
and mechanical strength. Ti 
implant surfaces modified with 
combined micro- and nano-scale 
surface roughness and with high 
wettability have greater osteoblast 
differentiation and improved bone-
implant contact in comparison to 
smooth implants. As an alternative 
to traditional, subtractive 
manufacturing methods, additive 
manufacturing methods such as 
laser sintering have increased 
efficiency and decreased waste, 
while maintaining good spatial 

resolution of 3D implant features. 
Additive manufacturing methods 
combined with simple surface 
treatments of grit blasting and 
acid etching can produce a unique 
implant. The purpose of this study 
was to analyze effects of a 3D laser 
sintered titanium implant surface 
with combined micro-/nano-
roughness and wettability in vitro 
and in a novel in vivo model of bone 
formation and osseointegration. 
Materials and Methods: 
Disks 15mm in diameter were 
manufactured using direct metal 
laser sintering. Ti alloy particles 
(24-45 µm diameter) were sintered 
with an ytterbium laser using a 
spot size of 0.1mm at 1054nm, 
continuous power of 200W, and a 
scanning rate of 7m/s. Disks that 
were machined (M), laser sintered 
machined (M-LST), laser sintered 
blasted with CaPO4 (LST), and 

acid etched LST (A-LST) were 
used for in vitro studies. The disk 
surfaces were characterized for 
topography with scanning electron 
microscopy (SEM), roughness 
with laser confocal microscopy, 
and wettability with sessile drop 
contact angle. MG63 osteoblast-like 
cells were plated at 20,000 cells 
per surface and assayed for DNA, 
alkaline phosphatase (ALP) specific 
activity, osteocalcin (OCN), BMP2, 
VEGF, FGF2, and integrins α2 and 
α1 (ITGA2, ITGB1). Implants 3.7mm 
in diameter and 8mm in height 
were implanted in 8 male New 
Zealand white rabbits (4±0.25kg) 
to evaluate osseointegration. 
A-LST implants were placed in the 
right femur and machined/ CaP 
blasted clinically used implant was 
placed in the contralateral leg. 
Morphometric analysis of bone-
implant contact and mechanical 
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testing were performed after 3 and 
6 weeks' post-operative. Tensile 
testing was performed with an MTS 
Insight 30using a custom fabricated 
sample holder opposite a 30 KN 
load cell at 1mm/min.
Results and Discussion: 
Microtopographic features were 
visible by SEM on LST surfaces, 
while A-LST surfaces had 
nanotopographic features overlaid 
on microtopographic surfaces 
visible at high magnification. 
Quantitative roughness (Ra) values 
of 3.37 ± 0.62μm and peak-to-
valley height (Sz) of 62.74 ± 9.81μm 
were obtained for LST disks. LST 
surfaces were also hydrophilic, 
exhibiting contact angle of 34 ± 
7 degrees. DNA was higher on 
all surfaces compared to the M 
group. ALP was higher on LST 
and A-LST compared to machined 
disks. OCN increased in a surface 

roughness-dependent manner. 
BMP2 and ITGA2 were higher on 
all surfaces compared to M, and 
higher on LST and A-LST compared 
to M-LST. VEGF increased on 
LST and A-LST compared to M 
group only. FGF2 increased on 
LST and A-LST compared to both 
M and M-LST. ITGB1 increased 
on all surfaces compared to M, 
and A-LST compared to M-LST. 
MicroCT analysis of bone-implant 
contact of implants retrieved after 
6 weeks of implantation revealed 
no significant differences between 
control and experimental implant 
groups in the superior cortical, 
inferior cortical or trabecular 
bone. Histomorphometric analysis 
demonstrated significant difference 
in bone-implant contact between 
the A-LST vs M-LST in the cortical 
portion implants retrieved at three 
weeks, as well as in the cortical 

and total bone-implant contact 
of implants retrieved at 6 weeks. 
Mechanical testing demonstrated 
no significant difference at the force 
of failure between the M-LST and 
A-LST during pull out testing.  
Conclusions:  We produced 
implants by additive manufacturing 
that, after surface treatment by grit 
blasting and acid etching, yielded 
a unique surface with combined 
micro-/nano-roughness and lower 
wettability than conventional 
implants. These surfaces enhanced 
osteoblast response, induced cells 
to produce local factors in vitro 
and improved the osseointegration 
process in vivo.
Acknowledgements: This study was 
supported by AB Dental.
Acknowledgements: This study 
was supported by A.B. Dental.



Abstract accepted to SFB 2014 (SOCIETY FOR BIOMATERIALS)

ABSTRACT | Statement of Purpose: 
Dental implants are placed in over 
500,000 people each year in the 
United States, most of which are 
successful [1]. However, dental 
implant failure rates increase 
dramatically for the elderly, 
patients with diabetes, a history 
of smoking, or are otherwise 
compromised [2]. Titanium is a 
commonly used material in dental 
implants, with good biocompatibility 
and mechanical strength. It has 
been shown that titanium implant 
surfaces modified with combined 
micro and nano surface roughness 
increase osteoblast differentiation, 
which can lead to improved implant 
osseointegration [3]. However, 
traditional manufacturing methods 
produce surfaces that require a 
series of additional treatments 
to induce roughness. 3D additive 
manufacturing methods such as 

laser sintering have increased 
efficiency and decreased waste, 
while maintaining good spatial 
resolution. The purpose of this 
study was to analyze effects of a 
3D laser sintered titanium alloy 
implant surface with combined 
micro-/nano-roughness in vitro and 
in a novel in vivo model. 
Methods: Disks 15mm in diameter 
and 1mm in height and screws 
3.7mm in diameter and 8mm in 
height were manufactured using 
direct metal laser sintering. 
Titanium alloy (Ti6Al4V) particles 
24-45 µm in diameter were sintered 
with a ytterbium laser spot size 
of 0.1mm at 1054nm, continuous 
power of 200W and scanning rate of 
7m/s. Surfaces were characterized 
for topography with scanning 
electron microscopy (SEM), 
chemistry with x-ray photoelectron 
spectroscopy (XPS) and energy 

dispersive x-ray spectroscopy 
(EDX), roughness with laser 
confocal microscopy, and wettability 
with sessile drop contact angle. 
Machined disks (M), laser sintered 
machined disks (M-LST), laser 
sintered disks blasted with CaPO4 
(LST) and laser sintered disks 
blasted with CaPO4 particles and 
acid etched (A-LST) were used for 
in vitro studies. MG63 osteoblast-
like cells were cultured at 20,000 
cells per surface and assayed for 
DNA, alkaline phosphatase (ALP) 
specific activity, osteocalcin (OCN), 
bone morphogenetic protein 2 
(BMP2), vascular endothelial 
growth factor (VEGF), fibroblast 
growth factor 2 (FGF2), integrins α2 
and α1 (ITGA2, ITGB1). OCN, OPG 
and BMP2 were also analyzed from 
normal human osteoblast (NHOST) 
cultures. For in vivo studies, 8 
male New Zealand white rabbits 
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4+0.25kg in weight were implanted 
with a laser sintered implant in the 
left femur and a control implant 
in the contralateral bone. Micro-
computed tomography (micro-CT) 
was used to analyze bone-to-
implant contact after 6 weeks of 
implantation. 
After production, SEM revealed 
LST surfaces had a rough 
microtopography, while A-LST 
surfaces also included a 
fine nanotopography at high 
magnification. Quantitative 
roughness (Ra) values of 
3.37+0.62μm and peak-to-valley 
height (Sz) of 62.74+9.81μm 
were obtained for LST disks. LST 
surfaces were also hydrophilic, 
exhibiting contact angle of 34+7 
degrees. XPS analysis showed that 
titanium (87.8+0.5%), aluminum 
(8.3+0.7%) and vanadium (3.9+0.2%) 
were the three most dominant 
elements, although calcium and 
phosphorous were also revealed 
through EDX analysis of A-LST 
surfaces due to the surface 
treatment. For MG63 cells, DNA 
was elevated on all surfaces 
compared to the M group. ALP 
activity was increased on LST 

and A-LST compared to both 
M and M-LST. OCN increased 
on all groups with increasing 
surface roughness. BMP2 and 
ITGA increased on all surfaces 
compared to M, and increased 
on LST and A-LST compared to 
M-LST. VEGF increased on LST 
and A-LST compared to the M 
group only. FGF2 increased on LST 
and A-LST compared to both M 
and M-LST. ITB1 increased on all 
surfaces compared to M, and A-LST 
compared to M-LST. Expression 
of OCN, OPG and BMP2 by NHOST 
cells increased in a roughness-
dependent manner on M, M-LST, 
LST and A-LST surfaces. Micro-
CT analysis of bone-to-implant 
contact of implants retrieved after 
6 weeks of implantation revealed 
no significant differences between 
control and experimental implant 
groups in the superior cortical, 
inferior cortical or trabecular bone, 
although differences may have been 
obscured by the implant shadowing. 
Conclusions:  3D laser sintering 
is a method of producing titanium 
alloy surfaces and implants 
that are inherently hydrophilic 
and can be modified for varying 

surface roughness. Surfaces with 
combined micro-/nano-roughness 
enhanced osteoblast response 
and have potential for increased 
osseointegration in vivo. 
References: 1 American Academy 
of Implant Dentistry
2 Moy PK. Int J Oral Max Impl. 
2005;20(4):569-577.
3 Gittens RA. Biomaterials. 
2011;32(13):3395-3403
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ABSTRACT | Introduction: 
Although it has been shown that 
multi-scale roughness is able to 
increase osteoblast response in 
vitro and osseointegration in vivo, 
many solid orthopaedic implant 
materials such as titanium (Ti) have 
different mechanical properties 
than bone, contributing to stress 
shielding in addition to decreased 
osseointegration for at-risk 
patients [1, 2].
Varying macro/micro porosity 
allows the implant to be tailored 
to better mimic the host bone’s 
mechanical properties, and has 
been shown to reduce stress 
shielding in clinical cases [1]. 
However, top-down or bulk 
manufacturing methods do not 
provide complete control over 
an implant’s porosity, shape and 
size. Selective laser sintering 
achieves a micro-scale resolution 

that can be manufactured from 
the bottom-up, producing porous 
surfaces that are further able to be 
roughened by chemical treatment 
to enhance osseointegration [3]. In 
this study, we used laser sintering 
combined with chemical treatment 
to manufacture Ti scaffolds with 
multi-density trabecular-like 
porosity from original patient CT 
scans of
trabecular bone, and study their 
effect on osteoblast proliferation 
and differentiation.
Methods: CT scan of a human 
femur retrieved from a hip 
replacement procedure was used to 
create a porosity template for disk 
production. Original bone porosity 
was rotated and superimposed 
upon itself 12, 24 or 36 times to 
create disks with high, medium and 
low porosities, respectively. Porous 
disks 15mm in diameter and 5mm 

in height were produced with 
commercially pure grade 2 titanium 
particles 24-45 μm in diameter 
with a ytterbium fiber laser system, 
wavelength of 1054 nm, continuous 
power of 200W, scanning rate of 7 
m/s, and laser spot size of 0.1mm. 
After production, disks were blasted 
with CaPO4 particles, acid etched 
with HNO3 and rinsed in distilled 
water and methanol. Finally, disks 
were pickled in a mixture of NaOH 
and H2O2,then with HNO3 before 
rinsing in distilled water and drying 
for 24 hours. Scanning electron 
microscopy (SEM) was used to 
evaluate surface topography, 
x-ray photoelectron spectroscopy 
(XPS) to evaluate the surface 
chemistry, contact angle on the 
underside of disks as a proxy for 
surface wettability, laser confocal 
microscopy (LCM) to evaluate 
macro- and micro-roughness, 
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and microCT to evaluate porosity. 
MG63 osteoblast-like cells were 
seeded on disks at a plating 
density of 60,000 cells/disk and 
cultured until confluence on a 
TCPS control, without the use of 
differentiation media. DNA, alkaline 
phosphatase specific activity 
(ALP) and bone morphogenetic 
protein 4 (BMP4) were measured 
as markers of osteoblast 
proliferation, differentiation and 
production of osteogenic factors. 
All measurements were performed 
with at least n=6 per disk and 
significance is noted at p<0.05 
according to 1way ANOVA with 
Bonferroni correction.
Results: SEM images visually 
confirmed differences in porosity 
at the macro scale, while showing 
similar roughness for high and 
medium porosity groups at the 
micro-scale. Nano-scale features 
were formed on surfaces after 
pickling treatment. XPS showed 
high levels of oxygen, carbon and 
titanium on all surfaces, followed by 
trace amounts of nitrogen, calcium, 
phosphorus and aluminum. Contact 
angle results showed neutral 
to moderate hydrophilicity on 

high porosity surfaces, and high 
hydrophilicity on medium and 
low porosity surfaces. microCT 
evaluations revealed porosities 
of 65.2% ± 3.3% for high porosity 
samples, 27.6% ± 1.8% for medium 
porosity samples, and 7.4% ± 0.8% 
for low porosity samples.
Osteoblast growth on the different 
surfaces showed significantly 
decreased DNA with decreasing 
porosity when compared to TCPS. 
ALP activity was lower on high 
and medium porosity surfaces and 
similar on high porosity surfaces 
when compared to TCPS. BMP4 
level was similar to TCPS with a 
significance increase in BMP level 
as porosity decreased.
Discussion: Characterization 
of 3D scaffold (porous) Ti disks 
revealed similar topography at the 
micro- scale, while roughness, 
chemistry, wettability and porosity 
varied at the macro-scale. Surface 
treatment was able to induce 
roughness at the micro- and nano-
scale, which has been shown to be 
desirable for increasing osteoblast 
proliferation and differentiation 
[2, 4]. These results indicate that 
the combination of macro three 

dimensional structure with the 
correct micro/nano-roughness 
decreases cells proliferation 
and increases cell differentiation 
concomitant with increased local 
factor production, indicating 
induction of bone formation and 
osseointegration. 
Significance: Selective laser 
sintering allows implant design 
and porosity to incorporate the 
patient’s own bone structure 
through a CT scan. This method has 
the ability to produce customized 
implants for patients with 3D 
structure and correct porosity, 
while reducing material waste 
in the manufacturing process. 
Moreover, surface treatment 
to induce micro- and nano-
roughness on implants result in 
the combination of macro and 
micro/nano structure, which will 
support osteoblastic differentiation, 
increased production of local 
factors important for creating an 
osteogenic environment and as a 
whole will enhance bone formation 
and osseointegration.
Acknowledgements: This study 
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ABSTRACT | Problem: Decreased 
osseointegration in compromised 
patients leads to dental and 
orthopaedic implant failure. 
Porous implants have shown good 
biological response but porosity is 
difficult to customize.
Objective: To investigate the 
effect of porosity and surface 
features of 3D Ti-6Al-4V constructs 
manufactured from a trabecular 
bone template.
Methodology: Human trabecular 
bone was used as a template to 
laser sinter low (LP), medium (MP) 
and high porosity (HP) constructs 
with low (LD) and high detail (HD). 
Ti-6Al-4V disks had 15mm diameter 
and 5mm height, and micro-/nano-
roughness after surface treatment. 
Compressive modulus, surface 
chemistry, porosity, topography, 
roughness and wettability were 
analyzed. MG63 cells were 

analyzed for DNA, protein, alkaline 
phosphatase specific activity 
(ALP), osteocalcin (OCN), vascular 
endothelial growth factor (VEGF) 
and bone morphogenetic protein 2 
(BMP2).
Results: Construct porosities 
ranged from 41% to 76% with 
complete interconnectivity. Surface 
roughness at the micro-scale was 
not significantly different among 
3D constructs. O, C, and Ti were 
most common surface elements. 
Contact angle on 2D surfaces was 
62 degrees. Osteoblast response 
increased for HD constructs 
compared to 2D and 3DLD. DNA 
and ALP activity was decreased 
on HDLP and HDMP constructs, 
while OCN, VEGF and BMP2 were 
elevated. 3DHD constructs showed 
more than a sevenfold increase 
in expression of certain factors 
when compared to TCPS and 2D 

controls, indicating the effect of 3D, 
porosity and structure detail on cell 
response. 
Significance:  Laser sintering 
can produce 3D porous Ti-6Al-
4V constructs with trabecular 
bone detail. Surface and 
structural features enhance 
osteoblast response, suggesting 
osseointegration in vivo. 
Disclosures: ZS is a consultant for 
AB Dental.
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