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Abstract: Nowadays, dental implants have become more common treatment for replacing missing
teeth and aim to improve chewing efficiency, physical health, and esthetics. The favorable clinical
performance of dental implants has been attributed to their firm osseointegration, as introduced
by Brånemark in 1965. Although the survival rate of dental implants over a 10-year observation
has been reported to be higher than 90% in totally edentulous jaws, the clinical outcome of implant
treatment is challenged in compromised (bone) conditions, as are frequently present in elderly people.
The biomechanical characteristics of bone in aged patients do not offer proper stability to implants,
being similar to type-IV bone (Lekholm & Zarb classification), in which a decreased clinical fixation
of implants has been clearly demonstrated. However, the search for improved osseointegration has
continued forward for the new evolution of modern dental implants. This represents a continuum of
developments spanning more than 20 years of research on implant related-factors including surgical
techniques, implant design, and surface properties. The methods to enhance osseointegration of
dental implants in low quality (type-IV) bone are described in a general manner in this review.
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1. Introduction

Dental implants have become a more common treatment for replacing missing teeth [1].
Consequently, in clinical dentistry, dental implants aim to increase patient satisfaction in terms of
improved chewing efficiency, physical health, and esthetics. The global dental implant market is
anticipated to grow steadily from US$3.4 billion in 2011 to US$6.4 billion in 2018 [1]. The favorable
clinical performance of dental implants has been attributed to their firm bone integration.

In 1965, Brånemark introduced the term “osseointegration” to describe the successful outcome
of bone-to-implant integration [2]. Clinically, the process of osseointegration reflects the mechanical
anchorage of a dental implant into the jaw bone that persists under all normal conditions of oral
function. Overall, bone regeneration related to dental implants in a healthy condition is a complex
process and can take up to several weeks. A few days after implantation, several biological events
(bone regeneration) are regulated by several growth and differentiation factors that are released in
the implant vicinity [3,4]. The process of bone regeneration is formed either on the implant surface
(i.e., de novo bone formation, contact osteogenesis) or from the surrounding bone towards the implant
surface (i.e., distance osteogenesis) [5]. Finally, bone remodeling occurs by replacing immature with
mature bone at the implant site, providing biological (mechanical) stability, which is secondary to
primary fixation obtained during implant insertion.

Although the survival rate of dental implants over a 10-year observation has been reported
to be higher than 90% in totally edentulous jaws [6], dental implants do fail in some patients.
There are many reasons for dental implant failure including an inappropriate diagnosis and treatment
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plan, inadequate information on the patient’s medical history, or lack of experience and surgical
skills to place dental implants correctly [7]. Most importantly, the clinical outcome of implant
treatment is challenged in compromised (bone) conditions, as are frequently present in elderly
patients. For example, epidemiological data show that osteoporosis is increasing among the elderly
female and male (>65 years) population [8,9]. A striking characteristic of the osteoporotic condition
is the severe reduction of bone quality and quantity which is suggested to be detrimental for
bone–implant integration [9]. Additionally, the biomechanical characteristics of osteoporotic bone do
not offer proper stability to implants, being similar to type-IV bone (Lekholm & Zarb classification;
Figure 1), in which a decreased clinical fixation of implants has been clearly demonstrated [7,10].
Thus, decreased osteogenic capacity of bone in an osteoporotic condition can be considered as
a possible risk factor for implant failure. Such a risk of implant failure in osteoporotic bone is
hypothetically related to various factors that compromise bone–implant healing and potentially impair
osseointegration. An impairment of bone–implant regeneration in osteoporotic condition includes
the imbalanced activity of osteoblast/osteoclast cells acting on bone formation and remodeling.
In addition, proliferation and activity of mesenchymal cells and osteoblastogenesis seem affected [11].
Although research on osteoporosis is ongoing, including prevention and treatment modalities,
the knowledge on bone-biomaterial regeneration in osteoporotic bone remains limited. However,
the search for improved bone regeneration in challenged conditions has helped propel the continuing
evolution of modern dental implants. This represents a continuum of developments spanning more
than 20 years of research on implant related-factors including surgical techniques, implant design,
and material and surface properties.
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Figure 1. Lekholm & Zarb classification: Type I, the entire bone is composed of very thick cortical 
bone; Type II, thick layer of cortical bone surrounds a core of dense trabecular bone; Type III, thin 
layer of cortical bone surrounds a core of trabecular bone of good strength; and Type IV, very thin 
layer of cortical bone with low density trabecular bone of poor strength. 

To explain the above-mentioned problem better, the remedies to enhance bone–implant 
integration in low quality (Type IV) bone are described in a general manner in this review.  

2. Design of Dental Implants and Primary Stability 

Over the last few decades, several implant-design concepts have been developed and are 
commercially available. Dental implants mostly possess a threaded cylindrical- or conical(root)-
design (Figure 2). The design parameters primarily affect load (i.e., stress/strain) distribution in the 
bone tissue, resulting in a proper implant fixation and function. These include implant diameter and 
length as well as thread pitch, shape, and depth. Additionally, the presence of threads increases the 
surface area for osseointegration, and thereby aids in the achievement and maintenance of direct 
bone–implant integration [12]. Implant geometry can significantly enhance initial stability and the 
biomechanical fixation of the implant after the healing process [13]. Therefore, dental implant 
stability is a prerequisite parameter to promote the process of osseointegration, consequently 
ensuring the success of an implant treatment [13]. Depending on bone quantity and quality, the 
degree of implant anchorage may also be affected directly by the condition of bone itself as well as 

Figure 1. Lekholm & Zarb classification: Type I, the entire bone is composed of very thick cortical
bone; Type II, thick layer of cortical bone surrounds a core of dense trabecular bone; Type III, thin layer
of cortical bone surrounds a core of trabecular bone of good strength; and Type IV, very thin layer of
cortical bone with low density trabecular bone of poor strength.

To explain the above-mentioned problem better, the remedies to enhance bone–implant integration
in low quality (Type IV) bone are described in a general manner in this review.

2. Design of Dental Implants and Primary Stability

Over the last few decades, several implant-design concepts have been developed and are
commercially available. Dental implants mostly possess a threaded cylindrical- or conical(root)-design
(Figure 2). The design parameters primarily affect load (i.e., stress/strain) distribution in the bone
tissue, resulting in a proper implant fixation and function. These include implant diameter and length
as well as thread pitch, shape, and depth. Additionally, the presence of threads increases the surface
area for osseointegration, and thereby aids in the achievement and maintenance of direct bone–implant
integration [12]. Implant geometry can significantly enhance initial stability and the biomechanical
fixation of the implant after the healing process [13]. Therefore, dental implant stability is a prerequisite
parameter to promote the process of osseointegration, consequently ensuring the success of an implant
treatment [13]. Depending on bone quantity and quality, the degree of implant anchorage may also be
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affected directly by the condition of bone itself as well as the stiffness of the implant-bone interface.
However, it has to be mentioned that the relationship between the design of an implant and its primary
stability is still subject to controversy in literature [13].
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Figure 2. Dental implants are mostly available as (A) threaded cylindrical-shaped or
(B) conical (root)-shaped (Images are courtesy of Baltic Osseointegration Academy/Public
Information. http://www.boaoffice.lt/EN/9/). Radiographic images displaying clinical cases in
which both ((C,D), respectively) implant-designs are inserted in the jaw bone.

Despite an important role of biomechanics in the establishment of osseointegration,
implant-design concepts are not expected to promote advantageous functions by specific control
of bone cells and tissues interactions at the implant interfaces.

3. The Importance in Surgical-Implantation Techniques

Conventionally, the placement of dental implants sacrifices much bone tissue during the drilling
procedure, which is performed with a consecutive series of surgical drills to prepare an implant
bed fits the implant exactly. Consequently, several modalities of implantation techniques have
been proposed to optimize a high degree of implant stability without removing additional bone,
especially in situations where limited bone density (i.e., challenged condition) is available. For example,
a surgical technique has been introduced that compresses the bone tissue laterally and apically using
an osteotome spreader [14]. Additionally, the ‘undersized drilling’ technique has been also explored
extensively and most implant manufacturers are currently recommending the undersized drilling
technique for implant placement [15]. In this procedure, bone density is locally optimized by lateral
bone compression along the implant sides using a final drill diameter considerably smaller than
the implant diameter. This method has resulted in higher insertion torque values, which, in turn,
are the indicator of improved primary implant (mechanical) stability [15]. Besides enhancing the
primary stability of an implant, the undersized surgical technique showed the additional advantage of
osteogenic bone fragments becoming translocated and interspersed along the surface of the implant,
with evident signs of contribution of these bone particles to stimulate peri-implant bone healing and
remodeling [16]. Still, further studies should be performed to evaluate the biological mechanisms
underlining the favorable results of the undersized drilling technique and its beneficial role in the
process of new bone formation.
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4. Physicochemical Surface Modifications for Dental Implants

The osseointegration process relates to the all biological interactions between the host bone
and implant surface. In view of this, implant surface modification is considered as an important
approach to favor this process (Figure 3). Implant surface modification enhances the interactions
with biological fluids and cells and accelerates peri-implant bone healing as well as improves
osseointegration at sites that lack sufficient quantity or quality of bone [4]. In the past two decades,
various surface modification approaches have been proposed and studied to improve implant
osseointegration. For instance, implant surface micro-roughness offers an advantage as the area
of contact is enlarged, which plays a significant role in anchoring cells and connecting to surrounding
tissues, thereby favoring peri-implant osteogenesis [17]. Different methods have been developed to
modify implant surface micro-roughness, of which grit-blasting, acid etching, or combinations are
most commonly used. Grit-blasting is performed by projection of silica (sand-blasting), hydroxyapatite,
alumina, or titanium oxide (TiO2) particles, and is followed commonly by acid-etching to homogenize
the micro-profile of the implant surface and to remove as much of the residual blasting particles as
possible. Acid-etching is often performed using hydrofluoric, nitric, sulfuric acid or combinations
thereof [18]. Recently, the modification of the implant surface at the nanoscale level has been also
introduced, which is based on the assumption that mimicry of the nano-pattern of bone structures
might increase the surface energy—and hence improve matrix protein adsorption, bone cell migration,
and proliferation—and finally enhance osseointegration [19]. However, further investigations are
needed to explore the capacity of nanometer scale surface topographies to enhance the osteogenicity
of titanium implants.
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Figure 3. Illustration representing biological beneficial of surface coatings on dental implants.
Drugs or bioactive factors can be delivered to the local bone microenvironment around implants,
in which osteogenic factors and process are promoted; thereby increasing osteoblast differentiation
and mineralization.

In contrast to the physical modifications, the deposition of bioactive coatings onto the
implant surface by means of several biochemical deposition techniques have been explored [20,21],
among which calcium phosphate (CaP) coatings have received significant attention because of their
chemical similarity to the natural bone mineral, and the fact that coatings can be applied along the
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implant surfaces by different industrial processing methods [20]. CaP-based implant coatings show
the ability to directly bond to bone tissue and increase the biochemical interlocking between bone
and surface materials [20]. Other efforts focused on the deposition of bioactive molecules, such as
extracellular matrix (ECM) proteins collagen, enzymes, and growth factors. Coating titanium surfaces
with ECM-proteins are found to enhance implant osseointegration through the accelerated speed and
amount of new bone formed at the interface [21]. More recently, in vitro and in vivo investigations have
suggested that implant surface coatings combining CaP ceramics and bioactive molecules might play an
instructive (i.e., osteoconductive) role to control peri-implant osteogenesis, and thereby accelerate the
process of bone–implant interactions [22]. In an animal study, we hypothesized that coating of titanium
implant surface with CaP or collagen type-I can significantly improve the implant-bone response in
osteoporotic and healthy conditions. Interestingly, CaP and collagen type-I surface coatings enhanced
implant osseointegration by 1.6- to 2.0-fold compared to control groups. In this study, it was confirmed
that the use of osteogenic surface coatings has a favorable effect on the bone–implant interface in
both osteoporotic and healthy conditions [23]. In addition to CaP and collagen type-I, growth factors
like bone morphogenetic proteins (BMPs) and transforming growth factor-β1 (TGF-β1) have also
been investigated for accelerating bone regeneration around dental implants [24]. For instance,
Lan et al. [25] and co-workers evaluated the influence of rhBMP-2 on implant osseointegration in a
rabbit animal model. Their results showed a positive effect of rhBMP-2 on the quantity and quality of
bone formation around implants. However, other preclinical studies reported no beneficial effect of
implant surface coatings with growth factors on osseointegration [26,27].

5. Drug-Based Implants Modification

Additionally, new coating strategies to improve implant osseointegration involve the development
of a dedicated drug-loading ability to locally target bone disorders around dental implants more
effectively [28]. For instance, antiresorptive (e.g., bisphosphonates) and anabolic (e.g., strontium ranelate
and statins) agents might improve implant osseointegration in osteoporotic bone [29]. When these
pharmacological drugs are incorporated onto the surface of implant, and released gradually and locally
in the peri-implant area, the bone healing process might be improved. Recently, we used an implantation
model in osteoporotic and healthy animals to analyze titanium implants coated with bisphosphonate
(BP)-loaded calcium phosphate nanoparticles (nCaP). After four weeks of implantation, bone regeneration
was significantly increased around the implant surfaces as functionalized with BP. The results of osteogenic
gene expression were similar to all implant surfaces. In conclusion, using nCaP/BP surface coatings
represents an effective strategy for improving bone–implant integration, especially in compromised bone
conditions [30].

From the aforementioned findings, it appears that there are many methods to modify implant
performance by improving the bone response physically, chemically, or therapeutically. However,
the exact underlying biological mechanisms of these methods have not been fully characterized.
Consequently, research has to focus on the in vivo investigation of existing implant surface
modifications in order to achieve the desired biological responses, especially in compromised
conditions. Long-term in vivo preclinical research is also necessary to investigate instructive as
well as therapeutic capabilities of an implant surface coating using osteoporotic animal models.

6. Experimental Models for Dental Implants

For the investigation of the osseointegration of bone implants with a newly developed surface
modification, animal experiments are of fundamental significance. Several animal models are
commonly used to study osseointegration (i.e., peri-implant osteogenesis) [31]. However, to explore
the biological efficacy of an implant surface designed to be applied in a compromised health condition,
a specific animal model is needed resembling the medical condition being investigated which is capable
of demonstrating a relevant biological response prior to clinical use. For instance, models reproducing
an osteoporotic condition can be useful to help understand the influence of the osteoporotic pathology
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on implant osseointegration. Induction of an osteoporotic condition has been proposed using different
methods, including the surgical removal of gonadal tissues, which leads to the development of a
systemic osteoporotic condition in both the peripheral and axial skeleton of animal. This might
experimentally mimic the complex bone–implant interactions and the decrease in osteoinductive
capacity that accompany osteoporotic conditions in humans [32,33]. Irrespective of the animal
models, valuable information can be retrieved from properly designed in vivo experiments. Static and
dynamic histomorphometrical and radiographical examinations as well as biomechanical testing
are recommended to evaluate peri-implant osteogenesis where different surface modifications are
compared. For instance, peri-implant bone contact and amount are commonly evaluated in vivo,
and are examples of static parameters. Differently, fluorescence analysis provides valuable dynamic
measurements of the bone healing around implant surfaces. Finally, for an accurate judgment of the
obtained results regarding peri-implant osteogenesis, an in vivo experimental setup should be well
designed and statistical analysis should be well conducted [34].

7. Conclusions

The developments regarding implant surface modifications seem critical for bone healing and
improving osseointegration at sites that lack sufficient quantity or quality of bone. Thus, the research
efforts at present are attempting to overcome the problems associated with implant complications
that might arise in challenged bone conditions through the development of the surface-coated bone
implants. Additionally, in vivo experiments that successfully addressed the instructive/therapeutic
capabilities of implant surface coatings should be continued.

Acknowledgments: The authors extend their appreciation to the Deanship of Scientific Research and College of
Dentistry Research Center (CDRC) at King Saud University.

Conflicts of Interest: The author declares no conflict of interest.

References

1. AAID (2011), Dental Implants Facts and Figures. Available online: http://www.aaidimplant.org/about/
Press_Room/Dental_Implants_FAQ.html (accessed on 22 December 2017).

2. Branemark, R.; Branemark, P.; Rydevik, B.; Myers, R.R. Osseointegration in skeletal reconstruction and
rehabilitation: A review. J. Rehabil. Res. Dev. 2001, 38, 175–181. [PubMed]

3. Kieswetter, K.; Schwartz, Z.; Dean, D.; Boyan, B. The role of implant surface characteristics in the healing of
bone. Crit. Rev. Oral Biol. Med. 1996, 7, 329–345. [CrossRef] [PubMed]

4. Puleo, D.; Nanci, A. Understanding and controlling the bone–implant interface. Biomaterials 1999, 20,
2311–2321. [CrossRef]

5. Davies, J.E. Understanding peri-implant endosseous healing. J. Dent. Educ. 2003, 67, 932–949. [PubMed]
6. Lekholm, U.; Gunne, J.; Henry, P.; Higuchi, K.; Lindén, U.; Bergstrom, C.; van Steenberghe, D. Survival of

the Brånemark implant in partially edentulous jaws: A 10-year prospective multicenter study. Int. J. Oral
Maxillofac. Implants 1999, 14, 639–645. [PubMed]

7. Kate, M.; Palaskar, S.; Kapoor, P. Implant failure: A dentist’s nightmare. J. Dent. Implants 2016, 6, 51–56.
[CrossRef]

8. Alsaadi, G.; Quirynen, M.; Komárek, A.; Van Steenberghe, D. Impact of local and systemic factors on
the incidence of oral implant failures, up to abutment connection. J. Clin. Periodontol. 2007, 34, 610–617.
[CrossRef] [PubMed]

9. Montes, C.C.; Pereira, F.A.; Thome, G.; Alves, E.D.M.; Acedo, R.V.; de Souza, J.R.; Melo, A.C.; Trevilatto, P.C.
Failing factors associated with osseointegrated dental implant loss. Implant Dent. 2007, 16, 404–412.
[CrossRef] [PubMed]

10. Jaffin, R.A.; Berman, C.L. The excessive loss of Branemark fixtures in type IV bone: A 5-year analysis.
J. Periodontol. 1991, 62, 2–4. [CrossRef] [PubMed]

11. Marco, F.; Milena, F.; Gianluca, G.; Vittoria, O. Peri-implant osteogenesis in health and osteoporosis. Micron
2005, 36, 630–644. [CrossRef] [PubMed]

http://www.aaidimplant.org/about/Press_Room/Dental_Implants_FAQ.html
http://www.aaidimplant.org/about/Press_Room/Dental_Implants_FAQ.html
http://www.ncbi.nlm.nih.gov/pubmed/11392650
http://dx.doi.org/10.1177/10454411960070040301
http://www.ncbi.nlm.nih.gov/pubmed/8986395
http://dx.doi.org/10.1016/S0142-9612(99)00160-X
http://www.ncbi.nlm.nih.gov/pubmed/12959168
http://www.ncbi.nlm.nih.gov/pubmed/10531735
http://dx.doi.org/10.4103/0974-6781.202154
http://dx.doi.org/10.1111/j.1600-051X.2007.01077.x
http://www.ncbi.nlm.nih.gov/pubmed/17433044
http://dx.doi.org/10.1097/ID.0b013e31815c8d31
http://www.ncbi.nlm.nih.gov/pubmed/18091169
http://dx.doi.org/10.1902/jop.1991.62.1.2
http://www.ncbi.nlm.nih.gov/pubmed/2002427
http://dx.doi.org/10.1016/j.micron.2005.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16182543


J. Funct. Biomater. 2018, 9, 7 7 of 8

12. Sykaras, N.; Iacopino, A.M.; Marker, V.A.; Triplett, R.G.; Woody, R.D. Implant materials, designs, and surface
topographies: Their effect on osseointegration. A literature review. Int. J. Oral Maxillofac. Implants 2000, 15,
675–690. [PubMed]

13. Steigenga, J.T.; Al-Shammari, K.F.; Nociti, F.H.; Misch, C.E.; Wang, H.-L. Dental implant design and its
relationship to long-term implant success. Implant Dent. 2003, 12, 306–317. [CrossRef] [PubMed]

14. Shalabi, M.M.; Wolke, J.G.; De Ruijter, A.J.; Jansen, J.A. A mechanical evaluation of implants placed with
different surgical techniques into the trabecular bone of goats. J. Oral Implantol. 2007, 33, 51–58. [CrossRef]
[PubMed]

15. Tabassum, A.; Meijer, G.J.; Wolke, J.G.; Jansen, J.A. Influence of the surgical technique and surface roughness
on the primary stability of an implant in artificial bone with a density equivalent to maxillary bone:
A laboratory study. Clin. Oral Implants Res. 2009, 20, 327–332. [CrossRef] [PubMed]

16. Tabassum, A.; Meijer, G.J.; Wolke, J.G.; Jansen, J.A. Influence of surgical technique and surface roughness on
the primary stability of an implant in artificial bone with different cortical thickness: A laboratory study.
Clin. Oral Implants Res. 2010, 21, 213–220. [CrossRef] [PubMed]

17. Schneider, G.; Perinpanayagam, H.; Clegg, M.; Zaharias, R.; Seabold, D.; Keller, J.; Stanford, C.
Implant surface roughness affects osteoblast gene expression. J. Dent. Res. 2003, 82, 372–376. [CrossRef]
[PubMed]

18. Mendonça, G.; Mendonça, D.B.; Aragao, F.J.; Cooper, L.F. Advancing dental implant surface
technology—From micron-to nanotopography. Biomaterials 2008, 29, 3822–3835. [CrossRef] [PubMed]

19. Prodanov, L.; Lamers, E.; Domanski, M.; Luttge, R.; Jansen, J.A.; Walboomers, X.F. The effect of nanometric
surface texture on bone contact to titanium implants in rabbit tibia. Biomaterials 2013, 34, 2920–2927.
[CrossRef] [PubMed]

20. Junker, R.; Dimakis, A.; Thoneick, M.; Jansen, J.A. Effects of implant surface coatings and composition on
bone integration: A systematic review. Clin. Oral Implants Res. 2009, 20, 185–206. [CrossRef] [PubMed]

21. De Jonge, L.T.; Leeuwenburgh, S.C.; Wolke, J.G.; Jansen, J.A. Organic-inorganic surface modifications for
titanium implant surfaces. Pharm. Res. 2008, 25, 2357–2369. [CrossRef] [PubMed]

22. Bosco, R.; Edreira, E.R.U.; Wolke, J.G.; Leeuwenburgh, S.C.; van den Beucken, J.J.; Jansen, J.A.
Instructive coatings for biological guidance of bone implants. Surf. Coat. Technol. 2013, 233, 91–98. [CrossRef]

23. Alghamdi, H.S.; Bosco, R.; van den Beucken, J.J.; Walboomers, X.F.; Jansen, J.A. Osteogenicity of titanium
implants coated with calcium phosphate or collagen type-I in osteoporotic rats. Biomaterials 2013, 34,
3747–3757. [CrossRef] [PubMed]

24. Meng, H.W.; Chien, E.Y.; Chien, H.H. Dental implant bioactive surface modifications and their effects on
osseointegration: A review. Biomark. Res. 2016, 14, 24. [CrossRef] [PubMed]

25. Lan, J.; Wang, Z.F.; Shi, B.; Xia, H.B.; Cheng, X.R. The influence of recombinant human BMP-2 on bone–implant
osseointegration: Biomechanical testing and histomorphometric analysis. Int. J. Oral Maxillofac. Surg. 2007, 36,
345–349. [CrossRef] [PubMed]

26. Schouten, C.; Meijer, G.J.; van den Beucken, J.J.; Spauwen, P.H.; Jansen, J.A. Effects of implant geometry,
surface properties, and TGF-beta1 on peri-implant bone response: An experimental study in goats.
Clin. Oral Implants Res. 2009, 20, 421–429. [CrossRef] [PubMed]

27. Nikolidakis, D.; Meijer, G.J.; Oortgiesen, D.A.; Walboomers, X.F.; Jansen, J.A. The effect of a low dose of
transforming growth factor beta1 (TGF-beta1) on the early bone-healing around oral implants inserted in
trabecular bone. Biomaterials 2009, 30, 94–99. [CrossRef] [PubMed]

28. Alghamdi, H.S.; Jansen, J.A. Bone regeneration associated with nontherapeutic and therapeutic surface
coatings for dental implants in osteoporosis. Tissue Eng. Part B Rev. 2012, 19, 233–253. [CrossRef] [PubMed]

29. Kyllönen, L.; D’Este, M.; Alini, M.; Eglin, D. Local drug delivery for enhancing fracture healing in osteoporotic
bone. Acta Biomater. 2015, 11, 412–434. [CrossRef] [PubMed]

30. Alghamdi, H.S.; Bosco, R.; Both, S.K.; Iafisco, M.; Leeuwenburgh, S.C.; Jansen, J.A.; van den Beucken, J.J.
Synergistic effects of bisphosphonate and calcium phosphate nanoparticles on peri-implant bone responses
in osteoporotic rats. Biomaterials 2014, 35, 5482–5490. [CrossRef] [PubMed]

31. Pearce, A.; Richards, R.; Milz, S.; Schneider, E.; Pearce, S. Animal models for implant biomaterial research in
bone: A review. Eur. Cells Mater. 2007, 13, 1–10. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/11055135
http://dx.doi.org/10.1097/01.ID.0000091140.76130.A1
http://www.ncbi.nlm.nih.gov/pubmed/14752967
http://dx.doi.org/10.1563/0-827.1
http://www.ncbi.nlm.nih.gov/pubmed/17520947
http://dx.doi.org/10.1111/j.1600-0501.2008.01692.x
http://www.ncbi.nlm.nih.gov/pubmed/19298286
http://dx.doi.org/10.1111/j.1600-0501.2009.01823.x
http://www.ncbi.nlm.nih.gov/pubmed/20070754
http://dx.doi.org/10.1177/154405910308200509
http://www.ncbi.nlm.nih.gov/pubmed/12709504
http://dx.doi.org/10.1016/j.biomaterials.2008.05.012
http://www.ncbi.nlm.nih.gov/pubmed/18617258
http://dx.doi.org/10.1016/j.biomaterials.2013.01.027
http://www.ncbi.nlm.nih.gov/pubmed/23380354
http://dx.doi.org/10.1111/j.1600-0501.2009.01777.x
http://www.ncbi.nlm.nih.gov/pubmed/19663965
http://dx.doi.org/10.1007/s11095-008-9617-0
http://www.ncbi.nlm.nih.gov/pubmed/18509601
http://dx.doi.org/10.1016/j.surfcoat.2013.02.039
http://dx.doi.org/10.1016/j.biomaterials.2013.02.033
http://www.ncbi.nlm.nih.gov/pubmed/23465489
http://dx.doi.org/10.1186/s40364-016-0078-z
http://www.ncbi.nlm.nih.gov/pubmed/27999672
http://dx.doi.org/10.1016/j.ijom.2006.10.019
http://www.ncbi.nlm.nih.gov/pubmed/17300917
http://dx.doi.org/10.1111/j.1600-0501.2008.01657.x
http://www.ncbi.nlm.nih.gov/pubmed/19298297
http://dx.doi.org/10.1016/j.biomaterials.2008.09.022
http://www.ncbi.nlm.nih.gov/pubmed/18838161
http://dx.doi.org/10.1089/ten.teb.2012.0400
http://www.ncbi.nlm.nih.gov/pubmed/23088597
http://dx.doi.org/10.1016/j.actbio.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25218339
http://dx.doi.org/10.1016/j.biomaterials.2014.03.069
http://www.ncbi.nlm.nih.gov/pubmed/24731712
http://dx.doi.org/10.22203/eCM.v013a01


J. Funct. Biomater. 2018, 9, 7 8 of 8

32. Muschler, G.F.; Raut, V.P.; Patterson, T.E.; Wenke, J.C.; Hollinger, J.O. The design and use of animal models
for translational research in bone tissue engineering and regenerative medicine. Tissue Eng. Part B Rev. 2010,
16, 123–145. [CrossRef] [PubMed]

33. Turner, A.S. Animal models of osteoporosis—Necessity and limitations. Eur. Cells Mater. 2001, 1, 66–81.
[CrossRef]

34. Alghamdi, H.S.; van den Beucken, J.J.; Jansen, J.A. Osteoporotic rat models for evaluation of osseointegration
of bone implants. Tissue Eng. Part C Methods 2013, 20, 493–505. [CrossRef] [PubMed]

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1089/ten.teb.2009.0658
http://www.ncbi.nlm.nih.gov/pubmed/19891542
http://dx.doi.org/10.22203/eCM.v001a08
http://dx.doi.org/10.1089/ten.tec.2013.0327
http://www.ncbi.nlm.nih.gov/pubmed/24124802
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Design of Dental Implants and Primary Stability 
	The Importance in Surgical-Implantation Techniques 
	Physicochemical Surface Modifications for Dental Implants 
	Drug-Based Implants Modification 
	Experimental Models for Dental Implants 
	Conclusions 
	References

