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“We pass through this world but once. Few tragedies can be more extensive 
than the stunting of life, few injustices deeper than the denial of an opportunity 
to strive or even to hope, by a limit imposed from without, but falsely identified 
as lying within.” 
 

 Stephen Jay Gould 
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ABSTRACT 

 

 Teeth, in addition to being considered indispensable organs for carrying out, among 

other functions, masticatory functions, are geometric structures that shape the facial profile and 

the esthetics of the smile, their morphology and absence conditioning not only a series of 

physiological functions, but also the personality of an individual. 

 

 In the last fifty years, there have been great technological achievements in the 

replacement of missing teeth.  

 

 Dental implantology has revolutionized clinical dental practice, to the point of becoming 

a routine act in dental cabinets, becoming, after five decades, a recognized therapeutic advance 

in the treatment of partial or total tooth loss. The technique is reliable and eliminates the use of 

fixed or removable prostheses, which invariably alter the adjacent supporting teeth after a short 

or medium period of time. 

 

 The concept of osseointegration, introduced and defined by Brånemark in 1969, has 

undergone variations in terms of technique, devices to be implanted and design of the prostheses 

supported by the implanted devices. 

 

 Current research is mainly focused on rectifying the surfaces of the implants that are in 

intimate contact with the peri-implant bone, surfaces that researchers and industry are trying to 

improve day by day, with the aim of shortening the osseointegration periods and also ensuring 

their stability and durability over time. 

 

 In this Doctoral Thesis, which we present as a compendium of publications, to opt for 

the Degree of Doctor by the University of Alcalá de Henares, we carried out an extensive review 

of the scientific literature on the latest trends in titanium coatings, focusing on chitosan coatings, 

together with a meta-analysis that studied in depth the effectiveness of bioactive surfaces on 

the osseointegration of titanium dental implants. 
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 Experimentally, we investigated in a canine model the efficacy of chitosan-coated 

titanium dental implants in peri-implant bone remodeling, analyzing the results by computed 

microtomography.  We found that chitosan-coated implants showed superior 

osseointegration compared to the control group. We also describe a novel method of surface 

coating with chitosan, which is clinically useful without the use of toxic surface intermediates. 

 

 On the other hand, we investigated, in a minipig model, the osseointegration capacity of 

titanium surfaces treated with carboxyethylphosphonic acid and functionalized with BMP-7, 

finding a significant increase in the bone-impact contact surface, compared to the control group. 

 

 The four articles (Appendices 1- 4) and the eleven complementary articles (Appendices 

5.1- 5.11) presented, studied and evaluated, both the current knowledge and our research on the 

osseointegration capacity of different treatments, coatings and surface functionalizations of 

titanium dental implants, comparing the results with implants with a conventional etched 

surface, without any additional coating. 

 

 
 

Three implants with the same surface and different morphology used in our studies. 
A) Galimplant, IPX® Implant; B) Bioner, Bioetch® Implant; C) Klockner®, Essential 

Implant. 
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2. INTRODUCTION 
 
 
2.1. Concept 

 
 
2.1.1. Dental Implants 

 

 According to the RAE (Royal Spanish Academy), an implant is a tissue or material that 

is placed in the body to improve some of its functions, or for aesthetic purposes.1. 

 A dental implant is a biosanitary product designed to replace the root of a non-existent 

tooth and place a prosthesis in its place to rehabilitate the masticatory and esthetic function of 

the missing anatomical structure.  

 They are usually shaped like a threaded screw (Figure 1) and are made of biocompatible 

materials that do not produce a rejection reaction by the body and allow them to be attached to 

the bone. 

 

 

 

 
                     

                               
Figure 1. Image of a machined Ti implant without surface etching. Private collection. Image 

by the author. 
 

  

 

 
1 REAL ACADEMIA ESPAÑOLA: Diccionario de la lengua española, 23.ª ed. https://dle.rae.es [Consulted in: 10-09-2022]. 
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Regarding its structure, titanium (Ti) and its alloys are the most commonly used in the 

manufacture of dental implants, due to the excellent mechanical properties of this material, its 

high resistance to corrosion, its low specific weight and its high biocompatibility2,3,4. 

 

 Ti, when exposed to the environment, forms a Ti oxide (TiO2) coating on its surface. 

This protective layer gives Ti a high resistance to corrosion, however, TiO2 is smooth and is 

not suitable for osseointegration, becoming integrated only after a long waiting process. 

Moreover, this protective layer is extremely thin and easily soluble, resulting in frequent 

failures of dental implants5.     

 

 The best-known alloy in the manufacture of dental implants was the one developed by 

Brånemark in 1952 and used for the first time in a patient in 1965. The implant design devised 

by Brånemark consisted of a threaded screw, surgically screwed into the bone, with an internal 

thread where the prosthesis was screwed after osseointegration (Figure 2)6. 

 

 

 

 

 
2 Ottria L, Lauritano D, Andreasi Bassi M, Palmieri A, Candotto V, Tagliabue A, Tettamanti L. Mechanical, chemical and 

biological aspects of titanium and titanium alloys in implant dentistry. J. Biol. Regul. Homeost. Agents. 2018, 32, 81-90. 

 

3 Kaur M, Singh K. Review on titanium and titanium-based alloys as biomaterials for orthopaedic applications. Mater. Sci. 

Eng. C. Mater. Biol. Appl. 2019, 102, 844-862.  

 

4 Janson O, Gururaj S, Pujari-Palmer S, Karlsson M, Strømme M, Hakan E, Ken W. Titanium surface modification to enhance 

antibacterial and bioactive properties while retaining biocompatibility. Mater. Sci. Eng. C. Mater. Biol. Appl. 2019, 96, 272-

279. 

 

5 De Nardo L, Raffaini G, Ebramzadeh E, Ganazzoli F. Titanium oxide modeling and design for innovative biomedical 

surfaces: a concise review. Int. J. Artif. Organs. 2012, 35, 629-641.  

 

6 Albrektsson T, Branemark PI, Hansson HA, Lindstrom J. Osseointegrated titanium implants. Requirements for ensuring a 

long-lasting, direct bone-to-implant anchorage in man. Acta. Orthop. Scand. 1981 52, 155. 
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Figure 2. A Drawing of a titanium implant threaded in bone; B Radiographic image; C Micro 

computed tomography (micro-CT). Image by the author. 
 

 
 2.1.2. Concept of osseointegration 
 
  
 Brånemark defined osseointegration as "the direct structural and functional connection 

between the living bone and the functionally loaded implant surface".  

 

 The first phase of osseointegration of dental implants is related to mechanical anchorage 

in the bone and is called primary stability, being almost exclusively conditioned by the surgical 

procedure. This initial fixation is gradually reduced with the passage of time, giving way to the 

stability or secondary anchorage of the implant, which is characterized by a biological union 

between the implant surface and the bone tissue; this is what the Anglo-Saxon language has 

come to be known as Bone to Implant Contact (BIC). 

 

 However, although the process of osseointegration was first described by Brånemark et 

al. half a century ago,7, the actual mechanism of this osseointegrative process remains unknown 

and has not been studied in depth8. 

 
7 Brånemark, P.I.; Adell, R.; Breine, U.; Hansson, B.O.; Lindström, J.; Ohlsson, A. Intra-osseous anchorage of dental 

prostheses. I. Experimental studies. Scand. J. Plast. Reconstr. Surg. 1969, 3, 81–100. 

 

8 López-Valverde N, Flores-Fraile J, López-Valverde A. The Unknown Process Osseointegration. Biology (Basel). 2020, 168.  
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 Recently, two of the proposed theories have gained special interest: the "foreign body 

reaction", which interprets osseointegration from the point of view of adverse immunological 

processes9 and what some authors have called the "brain-bone axis"10. 

 
Foreign-body reaction 

 Any foreign body that comes into contact with vital tissue can trigger the 

immune/inflammatory systems, activating defense cells: neutrophils, lymphocytes, monocytes 

and proinflammatory macrophages, among others. Osteoclasts in bone tissue have a variety of 

specific functions, many of which are unknown. Their function (estimated, exclusively, as bone 

remodeling), has been reconsidered, in the last decade, as cells capable of secreting cytokines, 

of common origin, with others of the immune system. Kiesel et al.11, proposed a very attractive 

hypothesis, according to which osteoclasts would be antigen-presenting cells in the bone 

marrow, participating in the recruitment and maintenance of CD8+ T lymphocytes.  

 While, in addition to osteoclasts, cells derived from the monocyte/macrophage lineage 

are one of the first cell types to come into contact with biomaterials implanted in bone tissue, 

certain multinucleated giant cells (MNGCs) are involved in the process of encapsulation or 

rejection of the implanted material12. In vitro research has shown that macrophages can 

differentiate into osteoclasts or MNGCs13, however, the function of these two cell types, 

 
 

9 Trindade, R.; Albrektsson, T.; Wennerberg A. Foreign Body Reaction to Biomaterials: On Mechanisms for Buildup and 

Breakdown of Osseointegration. Clin Implant Dent Relat Res. 2016, 18, 192-203. 

 

10 Naveau, A.; Shinmyouzu, K.; Moore, C.; Avivi-Arber, L.; Jokerst. J.; Koka, S. Etiology and Measurement of Peri-Implant 

Crestal Bone Loss (CBL). J. Clin. Med. 2019, 8, 166. 

 

11 Kiesel, J.R.; Buchwald, Z.S.; Aurora R. Cross-presentation by osteoclasts induces FoxP3 in CD8+ T cells. J Immunol. 2009, 

18, 5477-5487. 

 
12 Miron, R.J.; Zohdi, H.; Fujioka-Kobayashi, M.; Bosshardt, D.D. Giant cells around bone biomaterials: Osteoclasts or multi-

nucleated giant cells?. Acta. Biomater. 2016, 46, 15–28. 

 
13 Takeshita, S.; Kaji, K.; Kudo, A. Identification and characterization of the new osteoclast progenitor with macrophage 

phenotypes being able to differentiate into mature osteoclasts. J. Bone Miner. Res. 2000, 15, 1477–1488. 
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osteoclasts and MNGCs, remains unknown to researchers, despite growing evidence that 

MNGCs may play a role in the integration of biomaterial into bone14. On the other hand, it is 

also unclear whether MNGCs remain active throughout the life of the implant, or whether their 

activity disappears with the passage of time; if so, bone tissue repair would evolve into a state 

of chronic inflammation, which would end with the destruction of the tissue12,15. 

Brain-Bone Axis 

 Recent research has shown that the nervous system plays a fundamental role in bone 

regeneration and remodeling16,17.The involvement of the autonomic nervous system, mainly the 

sympathetic nervous system (SNS), in the differentiation of bone remodeling is attracting 

increasing attention among researchers. An intact autonomic nervous system contributes to the 

maintenance of healthy bone tissue. On the contrary, its deterioration could induce abnormal 

bone remodeling and its association with clinical diseases, such as postmenopausal 

osteoporosis, complex regional pain syndrome, adolescent idiopathic scoliosis and depression-

induced osteoporosis18,19. Bone remodeling would be controlled by the hypothalamus, through 

 
 
14 Miron, R.J.; Bosshardt, D.D. OsteoMacs: Key players around bone biomaterials. Biomaterials. 2016, 82, 1–19. 

 
15 Carcuac, O.; Abrahamsson, I.; Albouy, J.P.; Linder, E.; Larsson, L.; Berglundh, T. Experimental periodontitis and peri-

implantitis in dogs. Clin. Oral Implants Res. 2013, 24, 363–371. 

 

16 Kim, J.G.; Sun, B.H.; Dietrich, M.O.; Koch, M.; Yao, G.Q.; Diano, S.; Insogna, K.; Horvath, T.L. AGRP neurons regulate 

bone mass. Cell Rep. 2015, 13, 8–14.  
 
17 Elefteriou F. Regulation of bone remodeling by the central and peripheral nervous system. Arch Biochem Biophys. 2008, 

473, 231-236. 

 
18 Ji-Ye, H.; Xin-Feng, Z.; Lei-Sheng, J. Autonomic control of bone formation: its clinical relevance. Handb Clin Neurol. 

2013, 117, 161-171. 

 

19 Ji-Ye, H.; Lei-Sheng, J.; Li-Yang, D. The Roles of the Sympathetic Nervous System in Osteoporotic Diseases: A Review 

of Experimental and Clinical Studies. Ageing Res Rev. 2011, 10, 253-263. 
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a process involving adrenergic nerves and neurotransmitters20. Growth hormones, secreted by 

the pituitary gland under the control of the hypothalamus, could induce the proliferation of 

osteoblasts and osteoclasts, with a fundamental role in the bone formation/destruction 

balance21. 

 The discovery of glucose localization by neurons of the arcuate nucleus of the 

hypothalamus would be compatible with the possibility that it is the brain that monitors the state 

of the skeleton22.  

 The skeleton is considered an active organ, which sends information to others, such as 

the brain. Lee et al.23 demonstrated that osteocalcin (the second most widely expressed protein 

in bone, after type I collagen) behaves like a hormone, stimulating the release of insulin from 

pancreatic β-cells. Other authors have reported that osteocalcin regulates the brain, being 

fundamental in the development of the hippocampus and cognitive functions24. On the other 

hand, neurotransmitters such as serotonin, noradrenaline and dopamine could be involved in 

bone remodeling mechanisms25,26. It is known to clinicians that prolonged use of central 

 
20 Varela, L.; Horvath, T.L. Leptin and insulin pathways in POMC and AgRP neurons that modulate energy balance and 

glucose homeostasis. EMBO Rep. 2012, 13, 1079–1086. 

 

21 Olney, R.C. Regulation of bone mass by growth hormone. Med. Pediatric Oncol. 2003, 41, 228–234. 

 
22 Shi H, Sorrell JE, Clegg DJ, Woods SC, Seeley RJ.  The Roles of Leptin Receptors on POMC Neurons in the Regulation 

of Sex-Specific Energy Homeostasis. Physiol Behav. 2010, 11, 165-172. 

 
23 Lee, N.K.; Sowa, H.; Hinoi, E.; Ferron, M.; Ahn, J.D.; Confavreux, C.; Dacquin, R.; Mee, P.J.; McKee, M.D.; Jung, D.Y.; 

Zhang, Z.; Kim, J.K.; Mauvais-Jarvis, F.; Ducy, P.; Karsenty, G. Endocrine Regulation of Energy Metabolism by the Skeleton. 

Cell. 2007, 130, 456–469. 

 
24 Karsenty, G.; Olson, E.N. Bone and Muscle Endocrine Functions: Unexpected Paradigms of Inter-organ Communication. 

Cell. 2016, 164, 1248–1256. 

 
25 Elefteriou, F. Regulation of bone remodeling by the central and peripheral nervous system. Arch. Biochem. Biophys. 2008, 

473, 231–236. 

 
26 Kinjo, M.; Setoguchi, S.; Schneeweiss, S.; Solomon, D.H. Bone mineral density in subjects using central nervous system-

active medications. Am. J. Med. 2005, 118, 1414.e7–1414.e12. 
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nervous system (CNS) depressant drugs leads to a decrease in bone mass, with consequent 

osteoporosis and an increased risk of fractures. Gupta et al.27, in a clinical trial in people with 

senile dementia, they reported a higher failure of dental implants in patients under 

antidepressant treatment, although it is not clear whether the higher failure rate could be due to 

the drug itself, or to the mental state of these patients, or perhaps to a disruption of the CNS-

bone remodeling axis. 

 These considerations lead us to believe that the brain regulates skeletal homeostasis, 

although extensive studies on the immune/inflammatory system, bone physiology and its role 

in bone remodeling and growth are required. 

 
 2.1.3. Bioactive surfaces  
 
  The osseointegration of a dental implant is conditioned by the type of material from 

which it is made, as well as its surface configuration and the type of coating. Although there 

are various materials used for the manufacture of dental implants, titanium is currently the most 

widely used, mainly due to its inert behavior when in contact with biological tissues. 

 One of the key points in modifying the surface of an implant is to transform it into a 

bioactive surface by coating it with a biofunctionalized material. 

  

 During the last fifteen to twenty years, different techniques have been developed to 

improve the surface properties of Ti, with the manufacture of dental implants and orthopedic 

prostheses that favor rapid osseointegration, allowing the patient to return to his daily life and 

achieving a larger bone/implant contact surface that, at the same time, increases the durability 

over time of the implant. Research on different experimental models has provided several 

 
27 Gupta, B.; Acharya, A.; Pelekos, G.; Gopalakrishnan, D.; Kolokythas, A. Selective serotonin reuptake inhibitors and dental 

implant failure-a significant concern in elders?. Gerodontology. 2017, 34, 505–507. 
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modifications on implant surfaces, such as calcium (Ca), magnesium (Mg) or strontium (Sr), 

aimed at improving osseointegration28,29,30,31.  

 

 For this purpose, different preparation methods are used, such as titanium plasma 

sputtering, which consists of projecting Ti hydride particles by means of a plasma arc of a noble 

gas at a high temperature against the surface of the implant, so that the metal is thrown against 

the surface and the particles are fused to it, forming a 30 µm layer. (Figure 3)32. 

 
Figure 3. Plasma spray treated Ti surface. Taken from Straumann®. 

  

 This technique increases the roughness of the Ti surface, increasing the contact of the 

bone with the implant. However, some authors have drawn attention to the fact that small 

 
28 Fontana F, Rocchietta I, Addis A, Schupbach P, Zanotti G, Simion M. Effects of a calcium phosphate coating on the 

osseointegration of endosseous implants in a rabbit model. Clin Oral Implants Res. 2011, 22, 760–766. 

 
29 Galli S, Naito Y, Karlsson J, et al. Local release of magnesium from mesoporous TiO2 coatings stimulates the peri-implant 

expression of osteogenic markers and improves osteoconductivity in vivo. Acta Biomater. 2014, 10, 5193–5201. 

 
30 Andersen OZ, Offermanns V, Sillassen M, et al. Accelerated bone ingrowth by local delivery of strontium from surface 

functionalized titanium implants. Biomaterials. 2013, 34, 5883–5890. 

 
31 López-Valverde N, Muriel-Fernandez J, Gomez de Diego R, Ramirez, J M.; Lopez-Valverde A. Effect of Strontium-Coated 

Titanium Implants on Osseointegration in Animal Models: A Literature Systematic Review. JOMI. 2019, 34, 1389-1396 
 
32 Jemat A, Ghazali MJ, Razali M, Otsuka Y. Surface Modifications and Their Effects on Titanium Dental Implants. Biomed 

Res. Int. 2015, 2015:791725. 
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particles of Ti could separate from the surface of the implant due to friction between the implant 

and the bone, passing into the organism and potentially releasing harmful ions33. 

 

 Another common technique to increase the surface roughness of Ti is by sandblasting 

through a compressed air nozzle, thus achieving different types of roughness. Among the 

particles used are alumina and calcium phosphate, this method being known as Ti 

sandblasting34. This type of surface treatment produces a significant improvement in the contact 

between the bone and the implant, but in spite of providing the implants with an adequate 

surface morphology, it has the disadvantage of being highly contaminating. 

  

 Acid etching is another technique dedicated to increase roughness; it consists of 

immersing the implants for a certain time in various types of acids, such as hydrochloric acid 

(HCl), sulfuric acid (H2SO4), nitric acid (HNO3) and hydrogen fluoride (HF). The implants are 

immersed for several minutes in this type of solutions, heated to temperatures above 100º C, 

thus obtaining a homogeneous microporous surface, which significantly improves the 

osseointegration process. (Figure 4)35.  

  

 However, several studies have shown that, after the sandblasting process, it is practically 

impossible to remove the sand particles that remain adhered to the implant surface, even if the 

implants are subjected to acid etching. 

 

 
33 Franchi M, Orsini E, Martini D, Ottani M, Fini G, Giavaresi R, Giardino A, Ruggeri Destination of titanium particles 

detached form titanium plasma sprayed implants.  Micron. 2007, 38, 618-625 

 
34 Asensio G, Vázquez-Lasa B, Rojo L. Achievements in the Topographic Design of Commercial Titanium Dental Implants: 

Towards Anti-Peri-Implantitis Surfaces. Review. J. Clin. Med. 2019, 8, 1982. 

 
35 Wang Q, Zhou P, Liu S, Attarilar S, Lok-Wang Ma R, Zhong Y, Wang L. Multi-Scale Surface Treatments of Titanium 

Implants for Rapid Osseointegration: A Review. Nanomaterials (Basel). 2020, 10, 1244. 
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Figure 4. Acid-etched implant surface. 

Taken from Ziacom®.	
	

 Finally, we would like to refer to the process of anodization, either potentiostatic or 

galvanostatic of Ti, based on the treatment of the metal by means of electric currents of 200 

A/m2 and a potential of 100V, using as electrolyte solutions of acids such as H2SO4, HNO3, HF 

and H3PO4. 

  

 With all this, the dissolution of the titanium oxide is achieved, through which the electric 

current circulates, increasing the thickness of the oxide layer and, therefore, the roughness of 

the surface (Figure 5)36. 

 
36 Le Guéhennec L, Soueidan A, Layrolle P, Amouriq Y. Surface treatments of titanium dental implants for rapid 

osseointegration, Review Article. Dental Materials. 2007, 23, 844-854. 
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Figure 5. Implants with anodized transmucosal collar. The one on the left with gold texture 

and the one on the right without texture. Taken from Sweden & Martina®. 

 
 
 
 

2.2. Historical review 
 
 
 Until Brånemark's discovery, attempts to implant metal in the form of screws, 

laminates or other morphologies in the maxillae had an unfavorable prognosis, and there 

were no experimental or clinical studies to support a predictable prognosis for dental 

implantation. 

  

 In the cases of the laminas (Figure 6), most of the successes were reduced to 

fibrointegration. In this case, the implant was surrounded by a fibrous scar capsule or 

glove. In some cases, this fibrous capsule, stimulated by the masticatory load, increased 

in thickness and eventually osteolysis occurred with consequent destruction of the 

surrounding bone. In addition, this type of device was splinted to the adjacent teeth and, 

as a result, the patient ended up losing not only the implants, but also the teeth to which 

they were splinted, as well as the adjacent maxillary bone. 
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        Figure 6. Graph and Rx. of Linkow's laminae in the lower jaw. 

 
 

 Like many great discoveries, the one concerning osseointegration, was not 

directly sought after, but was the result of a chance observation, during another type of 

research. 

 

 

 Per-Ingvar Brånemark, a Swedish orthopedic surgeon, professor of anatomy in 

Gothenburg (Figure 7) was conducting a project on bone microvascularization and the 

complexity of healing. The research was carried out on rabbit tibiae and fibulae. 

Implanted in these bones were Ti microchambers that provided information on 

circulatory and cellular changes in living bone. When the time came to remove these 

devices for reuse, due to their high cost, he observed that the microchambers (Figure 8) 

adhered to the bone and were very difficult to remove. 
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Figure 7. Per-Ingvar Brånemark. Source: University of Gothenburg, Sweden. 

 

 
Figure 8. Radiographic image of a Ti microchamber used in Brånemark's original 

study. Taken from Brånemark et al. 1981. 
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The first article published by Brånemark, presenting his studies on osseointegration to 

the international scientific community, was in 198137. In this article, Brånemark et al. 

summarized fifteen years of experimentation with Ti implants in animals and later in humans, 

including, for the first time in the history of implantology, success and failure criteria and a 

surgical protocol for predictably anchoring a Ti screw into the maxillary bone. 

 

In later years, when very few dentists had heard of implants and even fewer had heard 

of the concept of osseointegration and the requirements for a successful dental implant, 

Brånemark proposed using a commercially pure Ti implant (grades 1, 2, 3 and 4) in the form 

of a threaded screw with a machined surface and an external hexagon for the prosthetic 

connection (Figure 9). This type of surface required long times to achieve osseointegration. In 

addition, it required six months of waiting, without masticatory function, in the maxilla, reduced 

to three months in the mandible. The preparation of the implant bed needed to be as atraumatic 

as possible, generating as little heat as possible during bone drilling, by means of a cooling 

system using physiological saline solution and drilling drills of progressive diameters. 

 

 
Figure 9. Original Brånemark machined Ti implant. Taken from Nobelpharma®. 

 

 

 
37 Adell R, Lekholm U, Rockler B, Brånemark PI. A 15-year study of osseointegrated implants in the treatment of the 

edentulous jaw. Int. J. Oral. Surg. 1981, 10, 387-416. 
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2.3. State of the art. Review of current knowledge 
 
  

The machined surface of the dental implants was the starting point38 but, subsequently, 

different modifications of the Ti surface have been studied to improve its conditions and 

biological properties of osseointegration. Ti is a biomaterial that has a low bioactivity; 

therefore, different surface treatments have been developed to improve its osseointegration 

capacity39. 

 

Metal passivation methods involve the creation of an outer layer of protective material, 

such as a micro-coating that makes the material "passive", i.e., more resistant to environmental 

corrosion. In the case of Ti, this is done to obtain a protective layer of Ti oxide (TiO2). The 

usual passivation product is hydrochloric acid (HCl), although some research has proposed 20% 

citric acid, indicating that the passivation of the Ti surface by means of this acid would improve 

its corrosion resistance and bactericidal capacity40. 

 

 Our research showed that bone-to-implant contact, after 12 weeks, increased by up to 

76% in Ti implants etched and passivated with citric acid41. 

 

 The modification of the surface of dental implants is one of the most innovative and 

productive fields in biomedical research, trying to achieve a product that meets the ideal 

 
38 Albrektsson, T.; Sennerby, L. State of the art in oral implants. J. Clin. Periodontol. 1991, 18, 474–481. 

 
39 Palmquist, A.; Omar, M.; Esposito, M.; Lausmaa, J.; Thomsen, P. Titaniun oral implants: Surface characteristics, interface 

biology and clinical outcome. J. R. Soc. Interface 2010, 7, 515–527. 

 
40 Verdeguer, P.; Gil, J.; Punset, M.; Manero, J.M.; Nart, J.; Vilarrasa, J.; Ruperez, E. Citric Acid in the Passivation of Titanium 

Dental Implants: Corrosion Resistance and Bactericide Behavior. Materials 2022, 15, 545. 

 
41 Aragoneses, J.; Valverde, N.L.; Fernandez‐Dominguez, M.; Mena‐Alvarez, J.; Rodriguez, C.; Gil, J.; Aragoneses, J.M. 

Relevant Aspects of Titanium and Zirconia Dental Implants for Their Fatigue and Osseointegration Behaviors. Materials 2022, 

15, 4036. 
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functional and biological requirements42,43. Surface topography plays a crucial role in 

osseointegration, and researchers know that the cellular response can be adapted by modifying 

the texture of implant surfaces. 

 

 Rough topographies at the micro, sub-micro and nano scales can be very effective in 

promoting osseointegration44,45,46. 

 

 Currently, much of the research is focused on antibacterial and antiadhesive surfaces. 

Figure 10 shows the increase in publications during the last fifty years. These types of surfaces 

include both materials capable of reducing bacterial adhesion to the implant surface and active 

antibacterial materials with a predefined bactericidal activity47,48 

 
42 Li, J.; Cui, X.; Hooper, G.J.; Lim, K.S.; Woodfield, T.B. Rational design, bio-functionalization and biologicalperformance 

of hybrid additive manufactured titanium implants for orthopaedic applications: A review. J. Mech. Behav. Biomed. Mater. 

2020, 105, 103671. 

 
43 Lu, X.; Xiong, S.; Chen, Y.; Zhao, F.; Hu, Y.; Guo, Y.; Wu, B.; Huang, P.; Yang, B. E_ects of statherin onthe biological 

properties of titanium metals subjected to di_erent surface modification. Colloids Surf. B. Biointerfaces 2020, 188, 110783. 

 
44 Gittens RA, McLachlan T, Olivares-Navarrete R, Cai Y, Berner S, Tannenbaum R, Schwartz Z, Sandhage KH, Boyan BD. 

The effects of combined micron- /submicron-scale surface roughness and nanoscale features on cell proliferation and 

differentiation. Biomaterials. 2011, 32, 3395-3403. 

  
  45 Gittens RA, Olivares-Navarrete R, Cheng A. Anderson DM, McLachlan T, Stephan I, Geis-Gerstorfer J, Sandhage KH, 

Fedorov AG, Rupp F, Boyan BD, Tannenbaum R, Schwartz Z. The roles of titanium surface micro/nanotopography and 

wettability on the differential response of human osteoblast lineage cells. Acta Biomater. 2013, 9, 6268-6277 

 
46 Gittens RA, Olivares-Navarrete R, McLachlan T, Cai Y, Hyzy SL, Schneider JM, Schwartz Z, Sandhage KH, Boyan 

BD.Differential responses of osteoblast lineage cells to nanotopographically-modified, microroughened titanium- aluminium-

vanadium alloy surfaces. Biomaterials. 2012, 33, 8986-8994.  

 

47 Zhao L, Chu PK, Zhang Y, Wu Z. Antibacterial coatings on titanium implants. J. Biomed. Mater. Res.  2009, B 91, 470-

480. 

 
48 Simchi A, Tamjid E, Pishbin F, Boccaccini AR. Recent progress in inorganic and composite coatings with bactericidal 

capability for orthopaedic applications. Nanomedicine. 2011, 7, 22-39. 
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Figure 10. Increase in publications, according to the U.S. National Library of Medicine 

database, from 1983 to March 2023. (Mesh terms: [bioactive surfaces] AND [dental 

implants]). 

 

 A bioactive surface is one that is capable of achieving better quality osseointegration in 

the shortest time, with the objective of solving situations such as poor bone quality or reducing 

waiting times for functional prosthetic loading (Figure 11). 

 

 
Figure 11. Three types of bioactive surfaces (sandblasted, acid etched and hydrophilic 

surface). Taken from Bti (Biotechnology Institute®). 

 

 The biofunctionalization of a given biomaterial consists of modifying the 

physicochemical properties of its surface, which improves the biological response of an 

organism when it comes into contact with this biomaterial49 (Figure 12). 

 

 
49 López-Valverde N, Flores-Fraile J, Ramírez JM, Sousa BM, Herrero-Hernández S, López-Valverde A. Bioactive Surfaces 

vs. Conventional Surfaces in Titanium Dental Implants: A Comparative Systematic Review. J. Clin. Med. 2020, 9, 2047.  
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 The modification of implant surfaces can be achieved by different techniques such as 

plasma polymerization reactions or the adsorption of polyelectrolytes, with the aim of 

generating biomimetic surfaces that favor osteoinduction and, consequently, ensure 

osseointegration. 

 

 Micro-arc oxidation (MAO) or plasma electrolyte oxidation (PEO) is a type of 

electrochemical treatment, which results in a more stable oxide layer than anodic oxidation. If 

the electrolyte in which PEO is performed contains calcium and phosphate ions, the oxide layer 

produced may contain hydroxyapatite (HA). This ceramic layer possesses high stability and 

resistance to corrosion and wear, enhancing the host cellular reaction, in terms of osteoblastic 

proliferation and differentiation50,51,52.  

 

 
Figure 12. Schematic of a Ti surface biofunctionalized with chitosan.  Own source. 

 
50 Santiago-Medina, P.; Sundaram, P.A.; Diffoot-Carlo, N. The effects of micro arc oxidation of gamma titanium aluminide 

surfaces on osteoblast adhesion and differentiation. J Mater Sci Mater Med. 2014, 25, 1577-1587. 

 
51 Chung, CJ.; Su, R.T.; Chu, H.J.; Chen, H.T.; Tsou, H.K.; He, J.L. Plasma electrolytic oxidation of titanium and improvement 

in osseointegration. J Biomed Mater Res B Appl Biomater. 2013, 101, 1023-1030. 

 

52 Whiteside, P.; Matykina, E.; Gough, J.E.; Skeldon, P.; Thompson, G.E. In vitro evaluation of cell proliferation and collagen 

synthesis on titanium following plasma electrolytic oxidation. J Biomed Mater Res A. 2010, 94, 38-46. 
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 One of the first Ti coatings to achieve better osseointegration was HA. It is a non-toxic, 

non-inflammatory and non-immunogenic material with bioactive and osteoconductive 

properties53. 

 

 HA coating has been proposed by some researchers to modify the Ti surface to promote 

bone healing and osseointegration, which would allow much faster functional loading of dental 

implants. However, at present, there are no standard manufacturing guidelines for depositing 

HA on the surface of implants54, although it seems that this disadvantage could be due to poor 

quality coatings and the hardening and crystallization of the products. However, some authors, 

such as Alexander et al.55 have indicated that, although HA coatings exponentially increase cell 

adhesion, they may have a cytotoxic effect that slows the growth of cells attached to the implant 

coating. Other researchers56, have also questioned the efficacy of HA-coated surfaces in terms 

of osteoblastic activation. 

 

 Another traditional modification of Ti surfaces has been Calcium-Phosphate (Ca-Ph) 

which produces highly osteoconductive coatings57. 

 
53 Qadir, M.; Li, Y.; Wen, C. Ion-substituted calcium phosphate coatings by physical vapor deposition magnetron sputtering 

for biomedical applications: A review. Acta Biomater. 2019, 89, 14–32. 

 
54 Ong, J.L., Chan, D.C.N. Hydroxyapatite and their use as coatings in dental implants: A review. Crit. Rev. Biomed. Eng. 

2000, 28, 667–707. 

 
55 Alexander, F.; Christian, U.; Stefan, T.; Christoph, V.; Reinhard, G.; Georg, W. Long-term effects of magnetron-sputtered 

calcium phosphate coating on osseointegration of dental implants in non-human primates. Clin. Oral Implant. Res. 2009, 20, 

183–188. 

 
56 Lee, J.; Yoo, J.-M.; Ben Amara, H.; Lee, Y.-M.; Lim, Y.-J.; Kim, H.-Y.; Koo, K.-T. Bone healing dynamics associated 

with 3 implants with different surfaces: Histologic and histomorphometric analyses in dogs. J. Periodontal Implant Sci. 2019, 

49, 25–38. 

 
57 Quaranta, A.; Iezzi, G.; Scarano, A.; Coelho, P.G.; Vozza, I.; Marincola, M.; Piattelli, A. A Histomorphometric Study of 

Nanothickness and Plasma-Sprayed Calcium–Phosphorous-Coated Implant Surfaces in Rabbit Bone. J. Periodontol. 2010, 81, 

556–561. 

 



2. INTRODUCTION   N. LÓPEZ-VALVERDE 
 

 26 

 

 Although the best results in terms of BIC at 3, 4 and 8 weeks have been obtained with 

surfaces modified with Ca-Ph, some authors attribute exclusively osteoconductive properties to 

this coating58. 

 

 Research into new methods of implant surface preparation is constantly evolving. 

Successful osseointegration depends on the amount of bone in direct contact with the implant 

surface. Destruction of the bone-implant contact area can lead to implant failure. 

 Infection is often another cause of implant failure59 and is most often associated with 

gram-negative periodontal pathogens (Porphyromonas gingivalis, Prevotella intermedia, 

Tannerella forsytbia, Eikenella corrodens, Filifactor alocis, Aggregatibacter 

actinomycetemcomitans and Staphylococcus aureus) and the benefits of certain antimicrobials 

in the treatment of peri-implant diseases have been demonstrated60. 

 

 Plasma biology is a new line of research currently being used to functionalize Ti surfaces 

and improve their biocompatibility61. The objective of this type of technology is to generate a 

fine plasma on the surface of the implant, using small devices that are easy to use in dental 

clinics, since conventional devices, in addition to being large, need to work under vacuum and 

their processing is limited and expensive. (Figure 13). 

 
58 Coelho, P.G.; Lemons, J.E. Physico/chemical characterization andin vivoevaluation of nanothickness bioceramic 

depositions on alumina-blasted/acid-etched Ti-6Al-4V implant surfaces. J. Biomed. Mater. Res. Part A. 2009, 90, 351–361. 

 
59 Sahrmann, P.; Gilli, F.; Wiedemeier, D.B.; Attin, T.; Schmidlin, P.R.; Karygianni, L. The Microbiome of Peri-Implantitis: 

A Systematic Review and Meta-Analysis. Microorganisms. 2020, 8, 661. 

 
60 Chouirfa, H.; Bouloussa, H.; Migonney, V.; Falentin-Daudré, C. Review of titanium surface modification techniques and 

coatings for antibacterial applications. Acta Biomater. 2019, 83, 37-54.  

 
61 Parham, P.L., Jr.; Cobb, C.M.; A French, A.; Love, J.W.; Drisko, C.L.; Killoy, W.J. Effects of an air-powder abrasive 

system on plasma-sprayed titanium implant surfaces: An in vitro evaluation. J. Oral Implant. 1989, 15, 78–86. 
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Figure 13. Q150 TS Plus. Sputtering metallizer. Aname®.	

 Argon (Ar) plasma, at low temperature, is highly effective in the decontamination and 

cleaning of surfaces, suppressing contaminating chemical residues and Ti impurities, producing 

an activating effect on the surface of the implant that improves cell proliferation and adhesion, 

as a consequence of mineralization62 ; However, the devices used are expensive and operate at 

high temperatures and low pressures, making them difficult to use in the dental clinic. Giro et 

al.63, in a study in a canine model, found significant results in terms of osseointegration, using 

implants treated with Ar plasma at low temperature, recommending it to be used directly in the 

dental office immediately before implantation64.  

  

 In recent years, products such as chitosan and melatonin have attracted the attention of 

dental biomedical research as biofunctionalizers of titanium surfaces. 

 

  

 
62 Wang, L.; Wang, W.; Zhao, H.; Liu, Y.; Liu, J.; Bai, N. Bioactive Effects of Low-Temperature Argon-Oxygen Plasma on 

a Titanium Implant Surface. ACS Omega 2020, 5, 3996–4003. 

 

63 Giro, G.; Tovar, N.; Witek, L.; Marin, C.; Silva, N.R.F.; Bonfante, E.A.; Coelho, P.G. Osseointegration assessment of 

chairside argon-based nonthermal plasma-treated Ca-P coated dental implants. J. Biomed. Mater. Res. Part A. 2012, 101, 98–

103. 

 

64 Cha, S.; Park, Y.-S. Plasma in dentistry. Clin. Plasma Med. 2014, 2, 4-10. 
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 Chitosan, also known as chitosan, is an amino polysaccharide biopolymer (Figure 14), 

derived from chitin, which manifests osteoconductive, healing and antimicrobial properties, 

making it attractive for use as a bioactive coating to improve osseointegration of dental 

implants. In nature, chitin is, after cellulose, the second most common biopolymer, synthesized 

by a wide range of species, such as crustaceans, insects and fungi65,66. 

 

 
Figure	14.	Chitosan	chemical	structure. 

 
 The complex structure of chitin, the difficulty of its extraction and its insolubility in 

aqueous solution limited research on this polymer until the 1980s. 

 

 The interesting characteristics of chitosan, such as its biocompatibility, non-toxicity, 

low allergenicity and biodegradability, allow its use in various applications, arousing the 

interest of researchers for its pharmaceutical and biomedical use, both of the product and its 

derivatives, having achieved, in recent years, an important development. Its medical 

applications include, among others, wound healing due to its coagulating properties, as a  

 

 

 
65 Chandy T, Sharma, C P. Chitosan-as a biomaterial. Biomater. Artif. Cells Artif. Org. 1990, 18, 1–24. 

 

66 Rinaudo M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603–632. 
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pharmaceutical excipient, in the treatment of obesity and as a scaffold in tissue 

engineering67,68,69. 

 

 The main source of production is crustacean shells, mainly shrimp and crabs. Generally, 

shells of the same size and species are grouped, cleaned, dried and crushed into small pieces. 

There is no standardized purification method, since different chitin sources require different 

purification treatments due to the diversity of their structures. Conventionally, the protocol is 

divided into three stages: demineralization, deproteinization and decolorization, which can be 

carried out by chemical or biological treatments (enzymatic or fermentative treatment).70,71,72. 

 The conversion of chitin into chitosan can be done by enzymatic or chemical 

deacetylation, the latter being the most widely used for commercial preparation, due to its lower 

cost and the possibility of mass production73. 

 
67 Felt, O.; Buri, P.; Gurny, R. Chitosan: A unique polysaccharide for drug delivery. Drug Dev. Ind. Pharm. 1998, 24, 979–

993. 

 
68 Han, L.K.; Kimura, Y.; Okuda, H. Reduction in fat storage during chitin-chitosan treatment in mice fed a high-fat diet. Int. 

J. Obes. Relat. Metab. Disord. 1999, 23, 174–179. 

 
69 Zhang, Y.; Zhang, M. Three-dimensional macroporous calcium phosphate bioceramics with nested chitosan sponges for 

load-bearing bone implants. J. Biomed. Mater. Res. 2002, 61, 1–8. 

 
70 Younes, I.; Rinaudo, M. Chitin and chitosan preparation from marine sources. Structure, properties and applications. Mar. 

Drugs. 2015, 13, 1133–1174. 

 
71 Percot, A.; Viton, C.; Domard, A. Optimization of chitin extraction from shrimp shells. Biomacromolecules. 2003, 4, 12–

18. 

 
72 Jung, W.J.; Jo, G.H.; Kuk, J.H.; Kim, K.Y.; Park, R.D. Extraction of chitin from red crab shell waste by cofermentation 

with Lactobacillus paracasei subsp. tolerans KCTC-3074 and Serratia marcescens FS-3. Appl. Microbiol. Biotechnol. 2006, 71, 

234–237. 

 
73 No, H.K.; Meyers, S.P. Preparation and characterization of chitin and chitosan—A review. J. Aquat. Food Prod. Technol. 

1995, 4, 27–52. 
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 The quality of chitosan depends on the source of chitin and its isolation method, and the 

product is currently marketed with different degrees of deacetylation74 (Figures 15 y 16). 

 

 
Figure 15. Commercial packaging of chitosan. Own source. 

	
Figure 16. Chart on the origin and properties of chitosan. 

 

 As a tissue repairer, chitosan provides a three-dimensional growth matrix, stimulating 

macrophage activity and cell proliferation while activating fibroblasts, promoting tissue 

repair75. 

 Melatonin- N-acetyl-5-methoxytryptamine- (Figure 17) is a hormone synthesized and 

secreted mainly by the pineal gland in a circadian manner. It is considered one of the most 

potent antioxidants, due to its capacity to eliminate, neutralize or purify free radicals76; topically 

 
74 Galed, G.; Miralles, B.; Inés Paños, I.; Santiago, A.; Heras, Á. N-Deacetylation and depolymerization reactions of 

chitin/chitosan: Influence of the source of chitin. Carbohyd. Polym. 2005, 62, 316–320. 

 
75  Ueno, H.; Mori, T.; Fujinaga, T. Topical formulations and wound healing applications of chitosan. Adv. Drug Deliv. Rev. 

2001, 52, 105–115. 

 
76 Vanecek J. Melatonin binding sites. J Neurochem. 1988, 51,1436–1440. 
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applied to the surface of implants, it has been shown to promote the proliferation and synthesis 

of type I collagen in human osteoclasts in vitro77. 

 

 
Figure	17.	Melatonin (N-acetyl-5-methoxytryptamine). 

 In addition to the pineal gland, melatonin is produced by several other tissues, including 

the retina, thymus, spleen, ovaries, testes, intestine and bone marrow78. 

 

 Melatonin plays an important role in many physiological processes, such as circadian 

rhythms, blood pressure regulation, seasonal reproduction, ovarian physiology and immune 

function79. 

 

 
 

77 Nakade O, Koyama H, Ariji H, Yajima A, Kaku T. Melatonin stimulates proliferation and type I collagen synthesis in 

human bone cells in vitro. J Pineal Res. 1999, 27, 106-110. 

 
78 Reiter, R.J. Pineal melatonin: Cell biology of its synthesis and of its physiological interactions. Endocr. Rev. 1991, 12, 151–

180. 

 
79 Dominguez-Rodriguez, A.; Abreu-Gonzalez, P.; Sanchez-Sanchez, J.J.; Kaski, J.C.; Reiter, R.J. Melatonin and circadian 

biology in human cardiovascular disease. J. Pineal Res. 2010, 49, 14–22. 
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 Currently, research and applications of melatonin in hard tissues, bones and teeth, have 

received great attention. Melatonin has been investigated in relation to bone tissue remodeling, 

osteoporosis, osseointegration of dental implants and dentin formation80,81,82. 

 

 Bone repair is a complex and continuous process. Biologically, it takes place in three 

phases: inflammatory, proliferative and remodeling. During these three stages, a series of highly 

complex biochemical processes take place, including inflammatory cell infiltration, 

angiogenesis, cell proliferation and differentiation, with deposition of collagen and mineral 

matrix while granulation tissue is generated. 

 

 Studies have indicated that melatonin may play an important role in the bone healing 

process, due to its antioxidant properties, regulation of bone cells and stimulation of 

angiogenesis83,84. Halici et al.85 conducted a biochemical and histopathological observation of 

the results of intraperitoneal applications of melatonin (30 mg/kg/day) to accelerate bone 

 

80 Cardinali, D.P.; Ladizesky, M.G.; Boggio, V.; Cutrera, R.A.; Mautalen, C. Melatonin effects on bone: Experimental facts 

and clinical perspectives. J. Pineal Res. 2003, 34, 81–87.  

81 Kotlarczyk, M.P.; Lassila, H.C.; O’Neil, C.K.; D’Amico, F.; Enderby, L.T.; Witt-Enderby, P.A.; Balk, J.L. Melatonin 

osteoporosis prevention study (MOPS): A randomized, double-blind, placebo-controlled study examining the effects of 

melatonin on bone health and quality of life in perimenopausal women. J. Pineal Res. 2012, 52, 414–426.  

82 Ladizesky, M.G.; Boggio, V.; Albornoz, L.E.; Castrillon, P.O.; Mautalen, C.; Cardinali, D.P. Melatonin increases oestradiol-

induced bone formation in ovariectomized rats. J. Pineal Res. 2003, 34, 143–151.  

83 Ramirez-Fernandez, M.P.; Calvo-Guirado, J.L.; de-Val, J.E.; Delgado-Ruiz, R.A.; Negri, B.; Pardo-Zamora, G.; 

Penarrocha, D.; Barona, C.; Granero, J.M.; Alcaraz-Banos, M. Melatonin promotes angiogenesis during repair of bone defects: 

A radiological and histomorphometric study in rabbit tibiae. Clin. Oral Investig. 2012, 17, 147–158.  

84 Calvo-Guirado, J.L.; Ramirez-Fernandez, M.P.; Gomez-Moreno, G.; Mate-Sanchez, J.E.; Delgado-Ruiz, R.; Guardia, J.; 

Lopez-Mari, L.; Barone, A.; Ortiz-Ruiz, A.J.; Martinez-Gonzalez, J.M.; et al. Melatonin stimulates the growth of new bone 

around implants in the tibia of rabbits. J. Pineal Res. 2011, 49, 356–363.  

85 Halici, M.; Oner, M.; Guney, A.; Canoz, O.; Narin, F.; Halici, C. Melatonin promotes fracture healing in the rat model. 

Eklem. Hastalik. Cerrahisi. 2010, 21, 172–177. 
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fracture healing in a rat model. The authors found that the levels of myeloperoxidase, which 

plays a key role in oxidant production, in the experimental group treated with melatonin, 

decreased in the early stage of fracture healing. Other studies have revealed the possible role of 

melatonin in osteoporosis.  

 Nocturnal plasma melatonin levels decrease with age, decreasing, dramatically, during 

menopause, which is associated with postmenopausal osteoporosis. There is a correlation 

between decreased plasma melatonin levels and a higher incidence of bone deterioration. Night 

work leads to alterations in melatonin secretion and severe disruption of circadian rhythm. All 

these observations taken together could suggest, as we have indicated, that melatonin may be 

involved in the pathogenesis of osteoporosis86,87,88. 

 

 Missing teeth are the most common pathology in middle-aged and elderly people. There 

are several conventional restorative options for these edentulous patients, such as removable 

dentures, fixed dentures, overdentures, etc. Unfortunately, users of such conventional dentures 

experience a number of problems, such as instability of the dentures, inability to chew food of 

a certain hardness and decreased self-confidence due to mobility. 

 In recent decades, implant-supported prostheses have become a widely accepted 

treatment for the dental restoration of totally or partially edentulous patients89. 

 Implant osseointegration is related to the direct apposition of new bone in contact with 

the implant surface, as well as to the remodeling of pre-existing bone. Bone neoformation 

involves a barrage of different events, including cell maturation and apposition, vascular 

 
86 Vakkuri, O.; Kivela, A.; Leppaluoto, J.; Valtonen, M.; Kauppila, A. Decrease in melatonin precedes follicle-stimulating 

hormone increase during perimenopause. Eur. J. Endocrinol. 1996, 135, 188–192. 

 
87 Bellipanni, G.; Bianchi, P.; Pierpaoli, W.; Bulian, D.; Ilyia, E. Effects of melatonin in perimenopausal and menopausal 

women: A randomized and placebo-controlled study. Exp. Gerontol. 2001, 36, 297–310. 

 
88 Ostrowska, Z.; Kos-Kudla, B.; Marek, B.; Swietochowska, E.; Gorski, J. Assessment of the relationship between circadian 

variations of salivary melatonin levels and type I collagen metabolism in postmenopausal obese women. Neuro Endocrinol. 

Lett. 2001, 22, 121–127. 

 
89 Emami, E.; Heydecke, G.; Rompre, P.H.; Grandmont, P.D.; Feine, J.S. Impact of implant support for mandibular dentures 

on satisfaction, oral and general health-related quality of life: A meta-analysis of randomized-controlled trials. Clin. Oral 

Implants Res. 2009, 20, 533–544. 
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infiltration, and bone formation and mineralization. The primary stability of implants is very 

important to avoid implant failure, and the osseointegration process can be accelerated by the 

local administration of growth factors; in this regard, certain authors, such as Cutando et al. 

(“Links between melatonin and bone metabolism have been documented in many studies. In 

these investigations, melatonin acted on the bone as a local growth factor, with paracrine 

effects on nearby cells”) have come to consider the hormone a local growth factor90. Its use to 

promote bone regeneration around dental implants has been evaluated in several studies, based 

on different animal models, in which the authors used melatonin alone or in combination with 

other substances such as growth hormone or porcine bone91,92,93. 

 On the other hand, melatonin could act as an anti-inflammatory and antioxidant. Its anti-

inflammatory properties have been studied by comparison with indomethacin, a non-steroidal 

anti-inflammatory drug, in a rat paw edema model, with no significant differences found; in 

this study, de la Rocha et al.94, suggested that melatonin could act as a natural inhibitor of 

cyclooxygenase functions, modulating the inflammatory activity of this enzyme. 

 

 There is increasing evidence demonstrating the anti-inflammatory role of melatonin, 

both in acute and chronic processes. However, most of the data have been obtained from 

 
90 Cutando, A.; Gómez-Moreno, G.; Arana, C.; Muñoz, F.; Lopez-Peña, M.; Stephenson, J.; Reiter, R.J. Melatonin stimulates 

osteointegration of dental implants. J. Pineal Res. 2008, 45, 174–179. 

 
91 Tresguerres, I.F.; Clemente, C.; Blanco, L.; Khraisat, A.; Tamimi, F.; Tresguerres, J.A. Effects of local melatonin 

application on implant osseointegration. Clin. Implant. Dent. Relat. Res. 2012, 14, 395–399. 

 
92 Calvo-Guirado, J.L.; Gómez-Moreno, G.; López-Marí, L.; Guardia, J.; Marínez-González, J.M.; Barone, A.; Tresguerres, 

I.F.; Paredes, S.D.; Fuentes-Breto, L. Actions of melatonin mixed with collagenized porcine bone versus porcine bone only on 

osteointegration of dental implants. J. Pineal Res. 2010, 48, 194–203. 

 
93 Guardia, J.; Gómez-Moreno, G.; Ferrera, M.J.; Cutando, A. Evaluation of effects of topic melatonin on implant surface at 

5 and 8 weeks in Beagle dogs. Clin. Implant. Dent. Relat. Res. 2011, 13, 262–268. 

 
94 De la Rocha, N.; Rotelli, A.; Aguilar, C.F.; Pelzer, L. Structural basis of the anti-inflammatory activity of melatonin. 

Arzneimittelforschung. 2007, 57, 782–786. 
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experimental studies in vitro and in experimental animals, while clinical studies have not shown 

consistent results95.  

 

 Administration of exogenous melatonin in animal studies, prior to acute conditions, has 

shown a decrease in the inflammatory response, a reduction in proinflammatory cytokines, such 

as interleukin-1β and tumor necrosis factor-α, along with increased levels of the anti-

inflammatory cytokine IL-4 in serum96. 

 

 Due to these properties, both molecules, chitosan and melatonin, have been considered 

as stimulators and enhancers of bone regeneration around dental implants97,98. 

 

 

2.4. Corrosion of Ti. Implications for long-term stability and function of 

dental implants. 

 
 Most commercially available implant systems are made of pure titanium or Ti-6Al-4V 

(titanium-aluminum-vanadium) titanium alloys. Commercially pure titanium is available in 

four grades. Grade 1 is the purest, and grade 4 contains the highest number of interstitial 

elements or impurities, although it has the highest mechanical strength. The addition of 

aluminum and vanadium increases strength and fatigue resistance and can affect corrosion  

 

 

 
95 Nabavi, S.M.; Nabavi, S.F.; Sureda, A.; Xiao, J.; Dehpour, A.R.; Shirooie, S.; Silva, A.S.; Baldi, A.; Khan H., Daglia, M. 

Anti-Inflammatory Effects of Melatonin: A Mechanistic Review. Crit. Rev. Food Sci. Nutr. 2018, 59, S4–S16. 

 

96 El-Shenawy, S.M.; Abdel-Salam, O.M.E.; Baiuomy, A.R.; El-Batran S.; Arbid, M.S. Studies on the Anti-Inflammatory and 

Anti-Nociceptive Effects of Melatonin in the Rat. Pharm. Res. 2002, 46, 235–243.  

97 López-Valverde, N.; Pardal-Peláez, B.; López-Valverde, A.; Ramírez, J.M. Role of Melatonin in Bone Remodeling around 

Titanium Dental Implants: Meta-Analysis. Coatings. 2021, 11, 271.  

98 López-Valverde, N.; López-Valverde, A.; Ramírez, J.M. Systematic Review of Effectiveness of Chitosan as a 

Biofunctionalizer of Titanium Implants. Biology. 2021, 10, 102.  
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resistance properties, resulting in the release of metal ions99. Ti and Ti alloys exhibit superior 

biocompatibility, high strength-to-weight ratio, low modulus of elasticity and improved 

mechanical properties, such as high fatigue strength and fracture toughness. The corrosion 

resistance of Ti and Ti alloys is due to the high affinity of Ti for oxygen, which results in the 

formation of a thin and stable passive oxide layer, protecting the material from reactive 

species100. 

 The surface oxide film thickness of Ti is approximately 4 nanometers, which offers 

protection against chemical attack, acidic solutions and oxidizing environments and makes Ti 

implants highly resistant to corrosion in the oral environment98. 

 The most common types of corrosion found on metallic dental implants are galvanic 

corrosion, fretting (wear, accompanied by corrosive damage), pitting corrosion and 

environmentally induced cracking101.  

 

 Fretting corrosion is caused by repeated micromovement or friction of metal surfaces 

leading to mechanical wear and breakdown of the passive surface oxide layer. Fretting can 

occur between dental implants and bone, during implant placement and exposure to cyclic loads 

produced by chewing and parafunctional habits. Recent studies have shown that fretting and 

oxide disturbance on the surface of load-bearing implants can lead to increased corrosion. 

 Abnormal electrical signals can affect the response and stability of adjacent tissue, and 

fretting corrosion can amplify other types of corrosion by causing the passivation film to break 

down and expose bare Ti without any surface oxide102. 

 
99 Bhola, R.; Bhola, S.M.; Mishra, B, Olson, D.L. Corrosion in titanium dental implants/prostheses–a review. Trends Biomater 

Artif Organs. 2011, 25, 34-46.  

100 Gosavi, S.; Gosavi, S.; Alla, R. Titanium. A Miracle Metal in Dentistry. Trends Biomater Artif Organs, 2013, 27, 42-46.  

101 Adya, N.; Alam, M.; Ravindranath, T.; Mubeen, A.; Saluja, B. Corrosion in titanium dental implants: literature review. J 

Ind Prosthodont Soc. 2005, 5, 126.  

102 Corne, P.; De March, P.; Cleymand, F.; Geringer, J. Fretting-corrosion behavior on dental implant connection in human 

saliva. J Mech Behav Biomed Mater. 2019, 94, 86-92. 
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 Modification of the implant surface microstructure has been shown to improve the 

biological response and the chemical and mechanical properties, thus reducing friction and 

corrosion of metallic implants103. 

 Biomodification of the implant surface is a process that limits the loss of metal ions. It 

can be achieved by various implant surface modifications, such as surface machining, 

sandblasting, acid etching, anodic oxidation, plasma spraying, nitriding, and 

biocompatible/biodegradable coatings104. 

 Dental implants are subject to local osteolysis processes and loss of stability and clinical 

fixation. 

 Ti alloys contain significant amounts of alloying elements that have a different 

morphology and crystallization than Ti, which can affect osseointegration, especially due to 

corrosion products containing aluminum and vanadium. Roynesdal et al.105 demonstrated that 

marginal bone loss around implants showed the worst results in powdered Ti implants. Olmedo 

et al.106 reported that the presence of macrophages in the peri-implant soft tissue induced by a 

corrosion process plays an important role in implant failure. 

 Today, despite recent innovative metallurgical and technological advances and 

remarkable progress in the design and development of surgical and dental materials, failures 

occur. One of the reasons for these failures may be due to corrosion. Clinical evidence of Ti 

degradation in vivo is the presence of particles in the peri-implant areas. Such particles can be 

of very different sizes, from the nanoscale (Figure 18) to the macroscale visible to the naked 

eye of the tissues. 

 

103 Narasimha Rao, G.; Pampana, S.; Yarram, A.; Suresh Sajjan, M.C.; Ramaraju, A.V.; Bheemalingeswara Rao, D. Surface 

Modifications of Dental Implants: An Over- view. Int J Dent Mater. 2019, 1, 17-24.   

104 Jemat, A.; Ghazali, M.J.; Razali, M.; Otsuka, Y. Surface modifications and their effects on titanium dental implants. 

BioMed Research International. 2015, 1-11. ArticleID 791725.  

105 Roynesdal, A.K.; Ambjornsen, E.; Haanaes, H.R. A Comparision of 3 different Endogenous nonsubmerged implants in 

endentoulous mandible: A clinical report. Int J Oral Maxillofac Implants. 1999, 14, 543-8.  

106 Olmedo, D.; Fernadez, M.M.; Guglidmotti, M.B.; Cabrini, R.L. Macrophages related to dental implant failure. Implant 

Den. 2003, 12, 75-80.  
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 The most favorable implant surface would be the one capable of resisting the most 

extreme conditions that may occur in the mouth. The choice of the materials used for the implant 

can be made by evaluating their galvanic corrosion behavior. When the mechanisms that 

guarantee the bioacceptance of implants and their structural stabilization are fully understood, 

implant failures will be rare, provided they are used correctly and placed in the indicated 

locations. 

 

 
Figure 18. Titanium particles of various scales found in periprosthetic areas. (a Photograph of 

a mandible fragment with titanium particles visible to the naked eye, reproduced and adapted 

from Lechner et al. (2018) under Creative Commons Attribution 4.0 International License (CC 

BY 4. 0); (b and c) transmission electron microscopy micrographs of nanoparticle aggregates 

(indicated by black arrows) in peri-implantitis-affected tissues, reproduced and adapted from 

Bressan et al. (2019) under Creative Commons Attribution 4.0 International License (CC BY 

4.0)107.  

 

 Carboxyethylphosphonic acid, (HO2C-CR1H-CR2H-PO3H2), is characterized as a 

potent corrosion inhibitor. Phosphonic acid molecules would be able to form stable bonds with 

passivated metal oxides, such as Ti oxide, creating an organic layer, on which to perform 

 
107 Prestat ,M.; Thierry, D. Corrosion of titanium under simulated inflammation conditions: clinical context and in vitro 

investigations. Acta Biomater. 2021, 136, 72-87. 
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modifications aimed at improving cell adhesion and biocompatibility of Ti108. Aresti et al. and 

Aragoneses et al. demonstrated in vitro and in vivo, respectively, that Ti surfaces treated with 

carboxyethylphosphonic acid were capable of producing an increase in proteins immobilized 

on their surface and in the mineralization of the bone-implant interface109,110,111. 

 

 Silanization has long been considered the gold standard coating method for adding 

organic components to Ti oxide; however, siloxane products can be hydrolytically unstable, 

which can lead to a decrease in the concentration of organic components on the implant surface 

when the silanized surface is exposed to an aqueous medium112. For this reason, new modifying 

coatings for implant surfaces have been proposed, through the application of organic acids, such 

as carboxyethylphosphonic acid, which, besides interacting strongly with Ti oxide, would allow 

the formation of stable surfaces, capable of binding biomolecules, such as bone morphogenetic 

proteins (BMPs) on the metal oxide, creating a true chemical bond between the bone tissue and 

the implant surface, with the absence of fibrous tissue at that interface113. BMPs are considered 

osteoinductive proteins belonging to the transforming growth factor beta (TGF-β) family with 

 
108 Fini, M.; Savarino, L.; Aldini, N.; Martín, L.; Giavaresi, G.; Rizzi, G.; Martini, D.; Ruggeri, A.; Giunti, A.; Giardino, R. 

Biomechanical and histomorphometric investigations on two morphologically differing titanium surfaces with and without 

fluorohydroxyapatite coating: An experimental study in sheep tibiae. Biomaterials. 2003, 24, 3183–3192. 

 

109 Aresti, A.; Aragoneses, J.; López-Valverde, N.; Suárez, A.; Aragoneses, J.M. Effectiveness of Biofunctionalization of 

Titanium Surfaces with Phosphonic Acid. Biomedicines. 2021, 9, 1663.  

 
110 Aragoneses, J.; Suárez, A.; López-Valverde, N.; Martínez-Martínez, F.; Aragoneses J.M. Assessment of the Tissue 

Response to Modification of the Surface of Dental Implants with Carboxyethylphosphonic Acid and Basic Fibroblastic Growth 

Factor Immobilization (Fgf-2): An Experimental Study on Minipigs. Biology (Basel). 2021, 10, 358. 

 
111 Aragoneses, J.; López-Valverde, N.; López-Valverde, A.; Rodríguez, C.; Macedo De Sousa, B.; Aragoneses, J.M. Bone 

Response to Osteopontin- Functionalized Carboxyethylphosphonic Acid- Modified Implants. Experimental Study in a Minipig 

Model. Front. Mater. 2022, 9, 914853. 

 

112 Matinlinna, J.P.; Tsoi, J.K.; de Vries, J.; Busscher, H.J. Characterization of novel silane coatings on titanium implant 

surfaces. Clin Oral Implants Res. 2013, 24, 688-697. 

 

113 Liu, Y.; Huse, R.O.; de Groot, K.; Buser, D.; Hunziker, E.B. Delivery mode and efficacy of BMP-2 in association with 

implants. J Dent Res. 2007, 86, 84-89. 
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the capacity to stimulate the differentiation of pluripotential cells towards different cell lineages 

and promote osseointegration of dental implants114. 

 

 It would be very complex to address, in this introduction, the different investigations on 

the surfaces, biofunctionalizations and coatings of Ti dental implants, which currently represent 

one of the most attractive resources for researchers. However, in different research and review 

studies, carried out and published by us (Appendix 5.1-5.12 of this doctoral thesis), we present 

the results obtained in this regard. 

 

 

2.5. Animal model. 
 Research on dental implants in large experimental animals has been carried out in 

different mammals, from primates or "dwarf pigs" (minipigs) to different breeds of dogs such 

as the Labrador or Beagle115,116,117,118 (Figure 19).  

 

 
114 López-Valverde, N.; Aragoneses, J.; López-Valverde, A.; Quispe-López, N.; Rodríguez, C.; Aragoneses, J.M. 

Effectiveness of biomolecule-based bioactive surfaces, on osseointegration of titanium dental implants: A systematic review 

and meta-analysis of in vivo studies. Front Bioeng Biotechnol. 2022, 10, 986112. 

 

115 Marukawa, E.; Asahina, I.; Oda, M.; Seto, I.; Alam, M.I. Enomoto S. Bone regeneration using recombinant human bone 

morphogenetic protein-2 (rhBMP-2) in alveolar defects of primate mandibles. Br J Oral Maxillofac Surg. 2001, 39, 452-945. 

 

116 Gahlert, M.; Röhling, S.; Wieland, M.; Sprecher, C.M.; Kniha, H.; Milz, S. Osseointegration of zirconia and titanium 

dental implants: a histological and histomorphometrical study in the maxilla of pigs. Clin Oral Implants Res. 2009, 20, 1247-

1253. 

 

117 Coelho, P.G.; Granato, R.; Marin, C.; Bonfante, E.A.; Freire, J.N.; Janal, M.N.; Gil, J.N.; Suzuki, M. Biomechanical 

evaluation of endosseous implants at early implantation times: a study in dogs. J Oral Maxillofac Surg. 2010, 68, 1667-1675. 

 

118 Lee. J.; Decker, J.F.; Polimeni, G.; Cortella, C.A.; Rohrer, M.D.; Wozney, J.M.; Hall, J.; Susin, C.; Wikesjö U.M. 

Evaluation of implants coated with rhBMP-2 using two different coating strategies: a critical-size supraalveolar peri-implant 

defect study in dogs. J Clin Periodontol. 2010, 37, 82-90. 
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Figure 19. Beagle breed dog. 

 

 The masticatory apparatus has, in all of them, an anatomophysiological similarity with 

the human, allowing the study of the phenomenon of osseointegration under different 

conditions of functional load, surgical techniques and evaluation of the response of the bone 

tissue since, in addition, they have a faster metabolic cycle, so that healing times are shortened, 

both using commercialized products or those in the process of being commercialized. 

  

 However, the high cost of primates, their delicate maintenance, and their institutional 

protection, as well as the bioethical and moral implications surrounding them, have led research 

to move towards more feasible models, such as dogs and minipig pigs, as they are omnivorous 

animals and have a chewing system comparable to humans and are relatively resistant to 

infection and therefore suitable for surgical experimentation119. 

 Leporids and rodents are animals with low acquisition and feeding costs, easy to house 

and simple to anesthetize. However, in these experimental models, surgical approaches are 

usually performed extraorally, since they do not allow the use of standard commercially 

available products. Currently, the latter, together with the dog, are the animal models most 

commonly used in implantology research, using anatomical areas such as the femur, tibia and 

mandible, respectively. 

 Nevertheless, the dog, together with the pig, are the animals with the most similar bone 

structure to humans, although there are moral and ethical implications when using them as 

 
119  Herring, S.W. Animal models of TMJ research. J. Musculoskel. Neuron Interact. 2003, 3, 391-394. 
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experimental animals. Pigs and sheep are not species with such emotionality, but pose problems 

of housing, management and availability120,121. 

  

 It should be noted that the microstructure of human bone is not comparable to any of 

the most commonly used animal models (Table 1). 

 
Table 1. Similarities with humans of different animal species. 

 
 Dog Goat Sheep Pig Rabbit Rat 
Macrostructure ++ +++ +++ ++ + + 
Microstructure ++ + + ++ + + 
Bone composition +++ ++ ++ +++ ++ ++ 
Bone remodeling ++ ++ ++ +++ + ++ 

 

 For this reason, most researchers recommend adapting the animal models, depending 

on the clinical indications of each investigation and each study122. 

 

 In short, traditionally, two types of animal models have been used: large animal models 

(dogs, pigs and non-human primates) to study implants for clinical use123  and small animal 

models (rabbits, mice and rats) to study what could be defined as "adapted or modified 

implants" for the target animal species (Figure 19). 

 

 
120 Yoo, S.Y.; Lee, J.S.; Cha, J.K.; Kim, S.K.; Kim, C.S. Periodontal healing using a collagen matrix with periodontal ligament 

progenitor cells in a dehiscence defect model in beagle dogs. J Periodontal Implant Sci. 2019, 49, 215-227. 

 

121 Newman, E.; Turner, A.S.; Wark, D. Thepotentialofsheep for the study of osteopenia: current status and comparison with 

other animal models. Bone. 1995, 16, 277-284. 

 

122 Li, Y.; Chen, S.K.; Li, L.; Qin, L.; Wang, X.L.; Lai, Y.X. Bone defect animal models for testing efficacy of bone substitute 

biomaterials. J Orthop Translat. 2015, 6, 95-104. 

123 Stadlinger, B.; Pourmand, P.; Locher, M.C.; Schulz, M.C. Systematic review of animal models for the study of implant 

integration, assessing the influence of material, surface and design. J. Clin. Periodontol. 2012, 39, 28–36.  
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Figure 19. Studies with animal models in implant research. A) from 1990 to 2011 and B), 

from 2010 to 2020. Taken from Stadlinger et al., 2012. 

 

 

 Preclinical studies in dogs have been used for the study of regenerative therapies and 

barrier membranes, due to their ease of handling and manipulation, both in surgery and 

postoperatively, despite, as mentioned above, the associated ethical implications124. However, 

during the last two decades, together with the rabbit, they have been used as the preferred 

experimental model,125,126 for dental implant studies. 

 

124  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.  

125 Berglundh, T.; Lindhe, J.; Marinell, C.; Ericsson, I.; Liljenberg, B. Soft tissue reaction to de novo plaque formation on 

implants and teeth. An experimental study in the dog. Clin. Oral Implants Res. 1992, 3, 1–8.  

126 Lindhe, J.; Berglundh, T.; Ericsson, I.; Liljenberg, B.; Marinello, C. Experimental breakdown of peri-implant and 

periodontal tissues. A study in the beagle dog. Clin. Oral Implants Res. 1992, 3, 9–16.  
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3.1. RATIONALE 
 Our research work is justified by the need to find bioactive coating materials for Ti 

implants, which shorten waiting times and ensure the osseointegration of Ti devices. 

 

3.2. OBJECTIVES 

 

3.2.1. Main objective. 
 The main objective of our research was to evaluate the dynamics of bone healing around 

dental implants with different coatings and surface treatments and to compare it with implants 

with conventional etched surface without additional treatments. 

 

3.2.2. Specific objectives. 
 A). To evaluate, by means of micro-CT, 12 weeks after implantation, the density and 

crestal bone loss in implants with a bioactive coating (chitosan), and to compare them with 

implants with a conventional etched surface (Bioetch®), in different areas of the canine 

mandible. 

 

 B).  To evaluate, by histomorphometric study, the osseointegration and the behavior of 

implants with surfaces treated with carboxyethylphosphonic acid and coated with BMP-7 and 

compare them with conventional surface implants in "minipig" tibiae. 
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HYPOTHESIS  

 
 The hypothesis of the research was to demonstrate the osseointegrative capacity of 

implants functionalized with different bioactive surfaces, and to compare them with implants 

with conventional etched surfaces. 

 

   

NULL HYPOTHESIS (H0)  

  

 There is no difference in peri-implant bone neoformation between implants with 

conventional etched surface and implants with bioactive surface.  
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Bone Quantification Around
Chitosan-Coated Titanium Dental
Implants: A Preliminary Study by
Micro-CT Analysis in Jaw of a Canine
Model
Nansi López-Valverde1, Antonio López-Valverde2*, Marta Paz Cortés3, Cinthia Rodríguez4,
Bruno Macedo De Sousa5 and Juan Manuel Aragoneses3

1Department of Medicine and Medical Specialties, Faculty of Health Sciences, Universidad Alcalá de Henares, Alcalá de Henares,
Spain, 2Department of Surgery, University of Salamanca, Instituto de Investigación Biomédica de Sala-manca (IBSAL),
Salamanca, Spain, 3Faculty of Dentistry, Universidad Alfonso X El Sabio, Villanueva de la Cañada, Spain, 4Department of
Dentistry, Universidad Federico Henríquez y Carvajal, Santo Domingo, Dominican Republic, 5Institute for Occlusion and Orofacial
Pain Faculty of Medicine, University of Coimbra, Polo I-Edifício Central Rua Larga, Coimbra, Portugal

Surface treatments of Ti in the dental implant industry are performed with the aim of in-
creasing its bioactivity and osseointegration capacity. Chitosan (Cht) is a polysaccharide
that has been proposed as a promising biomaterial in tissue engineering and bone
regeneration, due to its ability to stimulate the recruitment and adhesion of osteogenic
progenitor cells. The aim of our preliminary study was to evaluate, by micro-computed
tomography (micro-CT), the osseointegration and bone formation around Cht-coated
implants and to compare themwith conventional surface-etched implants (SLA type). Four
im-plants (8.5 mm length × 3.5 mm Ø) per hemiarch, were inserted into the jaws of five
dogs, divided into two groups: chitosan-coated implant group (ChtG) and control group
(CG). Twelve weeks after surgery, euthanasia was performed, and sectioned bone blocks
were obtained and scanned by micro-CT and two bone parameters were measured: bone
in contact with the implant surface (BCIS) and peri-implant bone area (PIBA). For BCIS and
PIBA statistically significant values were obtained for the ChtG group with respect to CG
(p = 0.005; p = 0.014 and p < 0.001 and p = 0.002, respectively). The results, despite the
limitations, demonstrated the usefulness of chitosan coatings. However, studies with
larger sample sizes and adequate experimental models would be necessary to confirm the
results.

Keywords: titanium dental implant, chitosan-coating, micro-computed tomography, caninemodel, osteointegration

INTRODUCTION

Dental implant treatments have now become indispensable in clinical dental practice. The survival
rate exceeds 90%, although studies on success rates are difficult to interpret, mainly due to a large
number of variables, such as the surgical techniques used and the follow-up periods, in addition to
the different criteria that have been proposed to define implant success (Simonis et al., 2010). Modern
oral im-plantology uses different devices, in terms of size, shape, length, thickness and composition,
from pure titanium (Ti) to titanium-aluminum-vanadium alloys (Ti-Al-V), due to their
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biocompatibility and high corrosion resistance (von Wilmowsky
et al., 2014). However, the biological response of tissues can be
improved by different surface treatments that provide both
bioactivity and osseointegration capacity (Jemat et al., 2015).
The first materials used in implantology provoked marked
inflammatory reactions that led to the formation of fibrous
tissue around the implant, with consequent failure; however,
the latest generation materials, in addition to awakening
metabolic activities, do not affect the normal biological
metabolism, being considered as bioinductive materials (Li
et al., 2019a; Hotchkiss et al., 2019), it is currently considered
that certain changes on the surface of Ti play an active role in the
control of the cellular response, resulting in reduced healing times
and improved healing of the peri-implant area (Le Guéhennec
et al., 2007a; Alfarsi et al., 2014). Current trends are directed not
only towards achieving optimal osseointegrative surfaces, but also
towards surfaces with antibacterial activity for prolonged periods
of time, either by blocking microbial adhesion or by preventing
late infections (Palla-Rubio et al., 2019).

Chitosan (Cht) is a polysaccharide derived from partially
deacetylated chitin, formed by copolymers of glucosamine and
N-acetylglucosamine. It possesses several amino groups attached
to the main chain of the polysaccharide, which are readily
available for chemical reaction and formation of salts with
acids (Singla and Chawla, 2001). In recent years, it has been
proposed as a promising biomaterial in certain dental and tissue
engineering applications, in addition to being used as a
cholesterol-lowering agent, hemostatic, drug carrier etc.
(Ylitalo et al., 2002; Rojo and Deb, 2015; Ahsan et al., 2018;
Hu et al., 2018; Ahn et al., 2021; Yu et al., 2022).

Some studies consider it as bactericidal and others as
bacteriostatic, although its mechanism of action in both situations
is not exactly known, since different factors have been proposed as
contributing to its antibacterial action, among them, the amino
groups of its structure and the origin of the chitin (Rabea et al., 2003;
Matica et al., 2019). Likewise, its high biocompatibility,
hydrophilicity and biodegradability, in addition to being non-
toxic (Tajdini et al., 2010), are noteworthy. For all these reasons,
its ability to increase cell adhesion and protein adsorption in Ti
coatings has been highlighted, which would be beneficial for
improving the osseointegration of dental implants (Bumgardner
et al., 20032003; Bumgardner et al., 2003; López-Valverde et al.,
2021). Muzzarelli et al. (Muzzarelli et al., 1994) demonstrated in a
clinical trial on 10 patients, bone neoformation andmineralization of
post-extraction sockets, due to the cationic nature and chelating
ability of Cht; these results would highlight the potential of Cht
coatings to support and facilitate osseointegration of orthopedic and
craniofacial implants. Cht-based implants have been found to elicit
minimal foreign body reaction, with little or no fibrous
encapsulation and promote a rapid healing response (Kim et al.,
2008).Most implant failures are due to poor early bone healing at the
bone-implant interface (Sakka et al., 2012) and in this aspect, Cht has
been proposed as a biomaterial with good bioactivity for osteogenesis
(Hu et al., 2009).

However, as implant surface modifications have changed,
investigations have become multifactorial in an attempt to
develop detailed information on design optimization, resulting

in difficulty in capturing the detailed bone response in a timely
manner and with sufficient resolution by current conventional
methods (Vandeweghe et al., 2013a).

The good film-forming ability of Cht allows its use in the
coating of dental implants and the coated surfaces show good cell
compatibility with osteoblastic and fibroblastic cells (Shukla et al.,
2013a). Numerous studies of Ti coatings with Cht have been
performed, with the attachment of Cht to the metal substrate
being considered a challenge, either by electrophoretic
deposition, layer-by-layer deposition, casting methods, spin
coating and dip coating methods (Bumgardner et al.,
20032003; Reddy Tiyyagura et al., 2016; Chen et al., 2017;
Höhlinger et al., 2017). Dip coating of a substrate, used in our
study, is a simple form of deposition, especially for small
substrates, forming thin layer deposits, which can be further
compacted, by heat treatment. Moreover, it is an economical way
to deposit thin layers from chemical solutions, with relatively fair
control over the layer thickness (Grosso, 2011). Dip coating is
based on a steady flow condition, and the coating thickness is
determined by the competition between viscous force, surface
tension, gravity and substrate withdrawal rate (Scriven, 1988).

On the other hand, some researchers have pointed out the
limitations of histomorphometry in providing quantitative and
qualitative bone information, due to the dependence on slice
position and possible interface damage during sample cutting and
grinding procedures, in addition to relying on a small number of
sections, which means a limited subset of the entire sample. All
this, together with the sample preparation time, the destructive
nature of the method and its cost, has led to the proposal of new
evaluation techniques, such as micro computed tomography
(micro-CT) analysis, which increase the performance of the
evaluation, providing the same resolution capacity as
conventional techniques and, above all, because they take
advantage of the non-destructive nature of the specimens
(Kampschulte et al., 2016; Becker et al., 2017; He et al., 2017).

In addition, micro-CT produces an improved resolution in the
range approximately 1,000,000 times smaller than normal CT
scanning, allowing a three-dimensional (3D) evaluation of the
specimen in high resolution and providing 3D reconstructed
images, to obtain a better understanding of the bone architecture,
generated within the area of interest (AoI) (Szmukler-Moncler
et al., 2004; Boyd et al., 2006; Peyrin et al., 2014).

Therefore, the aim of our study, was to evaluate the
osseointegration and bone formation at crestal, mid and apical
levels of Cht-coated Ti implants in the mandible of a canine
model and to compare them with conventional implants with an
etched surface (SLA type) without coating. The null hypothesis
was that uncoated implants, with a conventional SLA-type etched
surface, have the same osseointegration and bone formation
capacity as implants coated with Cht.

MATERIALS AND METHODS

Study Design
Forty implants (8.5 mm length x 3.5 mm Ø) were inserted in the
jaws of 5 Foxhound dogs, four per hemiarch. They were randomly
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divided into two groups: a group of im-plants re-coated with
chitosan (ChtG) and a group of control implants without coating
(CG). Two bone parameters were measured around the implant,
Bone in Contact to the Implant Surface (BCIS) and Peri-Implant
Bone Area (PIBA) at three levels: crestal, middle and apical of
each implant. The study protocol was approved on 24 July 2020
by the Ethics Committee of the Catholic University of Murcia
(Spain) with code CE072004.

Implant Surface Topography
Bioner® Ti implants, grade 5 (TiAl6V4) (Sant Just Desvern,
Barcelona, Spain) (CG), were etched by the proprietary
Bioetch® method, which provides a homogeneous macro- and
microtextured macropore surface in the 15–20 µm range
(Höhlinger et al., 2017) (Figures 1A,B)

Implant Surface Preparation
The chitosan coating (ChtG) was prepared according to the
procedure described by Vakili et al. with slight modifications
(Vakili and Asefnejad, 2020). 0.5% (w/v) chitosan was prepared
in 0.5% (v/v) acidic solution by stirring the solution for 12 h on a
magnetic stirrer. The film-forming solution was prepared
following the procedure described by Zhang et al. with slight
modifications (Zhang et al., 2019). Glycerol (0.4 g) was dispersed
in 80 ml of acetic acid (1%, w/v) by stirring for at least 12 h (4°C).
The prepared chitosan solution was added to the film-forming
solution using a syringe pump (Infusomat® Space, Braun,
Barcelona, Spain), at a rate of 50 ml/h, stirring by mechanical
shaker at 800 rpm. The implants were coated with Cht by
immersion in the prepared solution, coating the entire implant
surface. The coated implants were then dried in a drying oven
with rotary drum and air blowing at 25°C for the formation of a
uniform film, with a relative humidity of 50%, to avoid cracking
and deformation of the coating (Figure 1C). CG implants did not
receive any surface coating. Both CG and ChtG implants were
sterilized by gamma irradiation. This method of sterilization in
ChtG was preferred so as not to give rise to sterilization biases
with GC. Other methods, such as ethylene oxide, in addition to

leaving residues detrimental to health, could damage the
molecular structure of the coating and its susceptibility to
degradation, although the effects of sterilization on the
stability of the molecular structure and the mechanical
properties of the coating itself are unclear. Certain in vitro
studies have shown that the early stages of mineralization are
essentially independent of the sterilization method (Ueno et al.,
2012; Türker et al., 2014).

Surgical Protocol
The surgical procedures, supervised by a veterinary surgeon, were
performed under general anesthesia, infusing Propofol®
(Propovet, Abbott Laboratories Ltd., Queens-borough, Kent,
United Kingdom), through a catheter installed in the cephalic
vein. Anesthetic maintenance was performed by means of a
volatile anesthetic (Isoflurane, IsoVet 1000 mg/g®, Piramal
Critical Care B.V. Voorschoten, NL). In addition, a local
anesthetic was administered to the surgical sites (articaine
40 mg, with 1% epinephrine, Ultracain®, Normon, Madrid,
Spain). Three premolars and the first mandibular molar (P2,
P3, P4 and M1) of each animal were extracted by odontosection
(Figure 2). The placement of the implants in the empty sockets
(Figure 2) was determined by the randomization program
(http://www.randomization.com). The experimental animals
were assigned to the two different implant surfaces: 20
implants with Cht from the test group (ChtG) and 20
uncoated implants from the commercial company Bioner
(Bioetch®, Bioner Sistemas Implantológicos, Barcelona, Spain)
(CG), randomly distributed among five dogs. Each dog received
eight screw implants (8.5 mm length x 3.5 mm Ø in the premolar
and molar area), four per hemiarch. Cover screws were placed to
allow a submerged healing protocol (Figure 2). The implants
were placed in the post-extraction sockets without friction of the
implant with the alveolar walls (Figure 2), achieving primary
stability of the implants in the apical area, so as not to damage the
coating with the insertion forces, leaving the cylindrical part of
the implant in contact with the blood clot and only the conical
apical part in contact with the bone. Healing abutments were not

FIGURE 1 | Implant surface topography. CG surface (A,B). ChtG coated implant surface (C).
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placed to avoid bacterial contamination and contact with the
antagonist teeth during chewing and to avoid disturbing the rest
period of the implants. No grafting materials were used in the
spaces between the alveolar walls and the placed implants
(Figure 2). The flaps were closed with simple sutures (Silk 4-
0®, LorcaMarín, Lorca, Spain). The animals were maintained on a
soft diet from the time of surgery until the end of the study.
Sacrifice was performed after 12 weeks, using pentothal natrium
(Abbot Laboratories, Madrid, Spain) perfused through the
carotid artery, after anesthesia of the animal. Sectioned bone
blocks were obtained.

Micro-Computed Tomography Analysis
After euthanasia of animals (after 12 weeks of implants placement),
the sections of the block were preserved and fixed in 10% neutral
formalin. Image acquisitions were per-formed using a multimodal
SPECT/CTAlbira II ARS scanner (Bruker® Corporation, Karksruhe,
Germany). The acquisition parameters were 45 kV, 0.2 mA, and
0.05mm voxels. The acquisition slices were axial, 0.05mm thick,
and 800 to 1,000 images were obtained from each piece through aflat
panel digital detector with 2,400 × 2,400 pixels and a FOV (field of
view) of 70 mm × 70mm. The implants were grouped according to
the three axes (transverse, coronal, and sagittal). The sagital axis was
used for BCIS and PIBAmeasurements. In all images the same color
scale was used (0 min and 3 max) with the same parameters in FOV
(%): 90 and zoom 0.6, with a hardness of 1. The areas of interest
(AoIs) were manually fixed by three micro-CT cross-sections at

crestal, mid and apical levels; the apical section avoided the conical
area of the implant (Figure 3). The voxels in contact with the
implant surface were excluded in the measurements because they
were considered artifact zones, estimating a value of 0.5 mm higher
than the implant diameter for the calculation of the BCIS AoI (4mm
Ø) and 2mm for the calculation of the PIBA AoI (5.5 mm Ø)
(Figure 4).

The AMIDE tool allowed us to obtain the data in statistical
form (Hounsfield Units), with maximums, minimums and
deviations. AMIDE is a tool for visualizing, analyzing and
registering volumetric medical image data sets (AMIDE,
UCLA University, Los Angeles, CA, USA). It allows drawing
two-dimensional and three-dimensional AoIs directly on the
images and generating statistical data for these AoIs. 3D Slicer
program (http://www.slicer.org) provided the 3D images of the
bone-to-implant contact area (Figure 5).

Statistical Analysis
SPSS Statistics 26.0 (IBM,Chicago, IL, USA)was used as the statistical
analysis program. Statistical analysis of the BCIS and PIBA variables
in the crestal, mid and apical areas was performed for the
experimental and control groups. The normality of the data
generated by the microtomographic analyses was examined using
the Shapiro-Wilk test. The mean and standard deviation of each
group were proposed; the p-value and p for trend derived from the
differences and changes in each group were presented, with a
significance level of ≤0.05.

FIGURE 2 | Surgery. (A), Odontosection; (B), Implant insertion; (C), Implant placed in subcrestal position with cover screws for submerged curing; (D), Lack of
friction between the implant and the bone wall.
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RESULTS

All the implants used in the 5 dogs achieved osseointegration.
Two parameters, Bone in Contact to the Implant Surface (BCIS)
and Peri-Implant Bone Area (PIBA) were measured in crestal,
mid and apical, resulting in a total of 120 sites for each
measurement parameter, in the experimental group (ChtG)
and in the control group (CG).

The mean value and standard deviation of the trends for each
group are shown in Tables 1, 2. For BCIS the values in crestal,
mid and apical, in the experimental group (ChtG), were
3,770.11 ± 245.60, 3,245.25 ± 1,477.08 and 4,196.82 ± 453.03,
respectively and 3,829.29 ± 249.08, 3,958.75 ± 1,477.08 and
4,112.13 ± 112.6, respectively, in the control group (CG).
Trend analysis in the experimental group showed a higher

statistical significance (p = 0.005) with respect to the control
group (p = 0.014). For PIBA the values in crestal, mid and apical,
in the experimental group, were 3,613.00 ± 1,109.12, 3,905.75 ±
809.65 and 3,759.17 ± 944.73, respectively and 4,162.50 ± 618.02,
3,705.20 ± 1,045.86 and 3,832.71 ± 1,201.43, respectively, in the
control group. Trend analysis in the experimental group showed
considerable statistical significance (p < 0.001) versus the control
group (p = 0.02). Figures 6, 7 represents the boxplots of the
results.

DISCUSSION

Since Brånemark published his first study on the osseointegration
of Ti implants in 1969, there have been numerous variations of

FIGURE 3 | Areas of interest (AoI) delimited by three micro-CT slices at crestal, mid and apical level.

FIGURE 4 | Artifact area in white color; bone in contact with the implant surface (BCIS) in green color and peri-implant bone area (PIBA) in yellow color.
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their surfaces, all with the aim of achieving early and more
durable osseointegration. The topography and roughness of
the surfaces have been questioned in terms of osteoblastic cell
differentiation and it has been shown that the attachment of this
type of cells is greater on smooth surfaces, although rougher
surfaces have been associated with greater cell differentiation
(Bachle and Kohal, 2004; Esposito et al., 2005). Apart from
surface characteristics, it is also known that osseointegration is
affected by factors such as the biological compatibility of an
implant (Annunziata and Guida, 2015). Therefore, to improve
the bioactivity of implants, the surface can be modified by
incorporating organic and inorganic phases either within or
on the Ti oxide layer, using ions, inorganic molecules or
organic molecules (Jiang et al., 2014; Anitua et al., 2015).

The evaluation of bone-implant contact provides evidence of an
implant anchored in the bone and has traditionally been established
as the most commonmethod of evaluation, however, the concept of
osseointegration has undergone variations and is now considered as
“a reaction to a foreign body in which interfacial bone is formed as a

defensive reaction to protect the implant from the tissues”
(Albrektsson et al., 2017; Albrektsson and Wennerberg, 2019).
The amount of bone in contact with the implant, as well as the
frictional properties at the contact interface, are important
parameters influencing bone-implant mechanics. However, the
stability of implants in trabecular bone has been little studied and
considering the reduced contact surface between trabecular bone
and implant, it has been suggested that macroscopic phenomena
such as trabeculae-implant mechanical fixation would dominate
over the microscopic aspects such as friction (Huang et al., 2008;
Wirth et al., 2010).

In the present study, a model was designed in the canine
mandible, where 2 bone parameters were measured in the area
surrounding the implant, Bone in Contact with the Implant
Surface (BCIS) and Peri-implant Bone Area (PIBA), at crestal,
mid and apical levels, both in the Cht-coated implant group
(ChtG) and in the control group (CG), with conventional
etched surface, and the results were analyzed by means of
micro-CT.

FIGURE 5 | (A), Micro-CT image in sagittal plane and graph to represent the artifact area, bone in contact with the implant surface (BCIS) (4 mmØ) and peri-implant
bone area (PIBA) (5.5 mm Ø); (B), 3D image with the contact and non-contact surfaces of the bone with the implant.

TABLE 1 | Specific crestal, mid and apical trends in the experimental and control groups for BCIS (mean ± deviation).

BCIS Crestal Mid Apical p-values

ChtG 3,770.11 ± 245.60 3,245.25 ± 1,477.08 4,196.82 ± 453.03 0.005 *
CG 3,829.29 ± 249.08 3,958.75 ± 1,477.08 4,112.13 ± 112.6 0.014

BCIS, bone in contact to the implant surface; ChtG, chitosan group; CG, Control Group. General linear model (p ≤ 0.05). * Statistical significance.

TABLE 2 | Specific crestal, mid and apical trends in the experimental and control groups for PIBA (mean ± deviation).

PIBA Crestal Mid Apical p-values

ChtG 3,613.00 ± 1,109.12 3,905.75 ± 809.65 3,759.17 ± 944.73 <0.001 *
CG 4,162.50 ± 618.02 3,705.20 ± 1,045.86 3,832.71 ± 1,201.43 0.02

PIBA, Peri-Implant Bone Area; ChtG, chitosan group; CG, control group. General linear model (p ≤ 0.05). * Statistical significance.
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Although no single animal species meets all the requirements
of an ideal model, an understanding of the differences in bone
architecture and remodeling between different species of

experimental animals could help to select a suitable species.
Most studies resort to modified and inadequate experimental
models, both the experimental animal (rabbit rat...) and the

FIGURE 6 | Boxplot of peri-implant bone area (PIBA) values at crestal, mid and apical levels.

FIGURE 7 | Boxplot of bone in contact with the implant surface (BCIS) values at crestal, mid and apical levels.
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implantation site, with extraoral surgical approaches (tibia,
femur...), so that the results cannot be extrapolated to humans,
among other reasons, because of the lack of cortical remodeling
and the fact that the cessation of growth occurs much later in
these species than in other mammals (Ferguson et al., 2018). On
the other hand, in vitro cultures maintain tissues or organs
without vascularization, limiting the supply of nutrients,
oxygen and waste elimination and, therefore, the extrapolation
of the results to the in vivo situation limits the model. All this,
without taking into account the reduced lifespan of the cultured
cells (Pizzoferrato et al., 1994). Our preclinical study used the
mandible of a canine model, with greater similarity to the human
in terms of bone architecture and remodeling. The dog, along
with the pig, are considered valuable models for the study of
tissues adjacent to dental implants, and large-breed dogs can
support human dental implants (Pearce et al., 2007). To our
knowledge, this is the first time that this experimental model has
been used for the study of the effectiveness of Cht as a coating for
dental implants.

Cht is a macromolecule that has achieved great attention in the
biomedical industry, arousing great interest in bone regeneration
(De Jonge et al., 2008; Ebhodaghe, 2021). It has the ability to
stimulate the recruitment and adhesion of osteogenic progenitor
cells, facilitating bone formation. In addition, it has been shown
that no inflammatory or allergic reactions occur after topical
application (Kim et al., 2003; Waibel et al., 2011; Azuma et al.,
2015; Sukpaita et al., 2021).

Typically, toxic reagents, such as 3-
isocyanatopropyltriethoxysilane and glutaraldehyde, are used
to form Cht coatings for silanization and attachment to the Ti
substrate but these techniques involve complex processing that
hinders coating deposition and limits clinical applicability (Yuan
et al., 2008). However, although efforts have been made to
increase the bond strength of hydroxyapatite coatings on
implant alloys, as they are brittle materials, it is unclear
whether these high bond strengths would be necessary for the
polymeric Cht material (Bumgardner et al., 2007).

The dip coating used in our study (Vakili and Asefnejad,
2020), in addition to resisting the forces used during
implantation, because of the surgical technique employed, is
an inexpensive way of depositing thin layers from chemical
solutions, with relatively fair control over the thickness of the
layer and offers the possibility of fine-tuning the amount of
material that can be deposited and, therefore, the thickness of
the final film. For these reasons, it is becoming increasingly
popular not only in research and development laboratories,
but also in industrial production. Grosso have proposed the
immersion technique as a very suitable method to impregnate
porosities, make nanocomposites or perform nanofusion.
(Grosso, 2011); Brinker et al. (Brinker et al., 1992) pointed out
wet methods, as suitable, since they are homogeneously organized
in the final film, with adequate thickness control.

The amount of Cht can be adjusted by controlling the
concentration of the Cht solution and certain authors have
indicated that, as the amount of loaded Cht increases, its
antibacterial properties increase; therefore, controlling the
amount of loaded Cht would endow the Ti implant with

better biological and anti-bacterial properties. Cht loading in
0.5% acidic solution, was considered adequate (Vakili and
Asefnejad, 2020), although the optimization of the amount of
loaded Cht, degradation rate and antibacterial effect still need to
be further investigated (Li et al., 2019b). Most of the existing
studies on the efficacy of Cht as a Ti coating, as we have noted
above, are in vitro studies or in vivo studies on inadequate models,
or that resort to complicated coating methods, or toxic products,
which hinder or impair their clinical applicability (Bumgardner
et al., 2007; Kung et al., 2011; Takanche et al., 2018a; Zhang et al.,
2020).

Sukpaita et al. (Sukpaita et al., 2019) demonstrated the ability
of Cht scaffolds to self-promote bone tissue and repair calvarial
bone defects in mice. Tian et al. (Tian et al., 2014), in an in vitro
study, indicated that Cht film loaded on a Ti surface would
promote osteoblast proliferation and differentiation in a dose-
dependent manner, which could represent a new approach in the
treatment of Ti implants. Zhang et al. (Li et al., 2019b) showed
that porous Ti with a Cht/Hydroxyapatite coating could promote
osteoblast-like cell proliferation and differentiation and
osseointegration in vivo. Bumgardner et al. (Bumgardner et al.,
2007) evaluated the ability of Cht coatings on Ti to promote bone
formation and osseointegration compared to calcium phosphate
coatings and uncoated Ti, in a 12-weeks rabbit model,
maintaining the hypothesis that it may not be important that
the Cht coating persists long-term, once a good bone-implant
interface has been established, in the same way that some
investigators have speculated with calcium phosphate coatings
(Yang et al., 2005).

Even heterotopic (extraskeletal) bone formation induced by
Cht-collagen-coated Ti implants has been demonstrated in vivo
(Kung et al., 2011). Overall, researchers conclude that Cht
significantly accelerates the bone regeneration process and,
therefore, in terms of its biocompatibility and osteoinductivity,
it can be considered as a biomaterial of great relevance in human
bone healing (Ge et al., 2004; Pang et al., 2005; Guzmán-Morales
et al., 2009; Muzzarelli, 2009; Ezoddini-Ardakani et al., 2012;
Mututuvari et al., 2013), which is consistent with the results
obtained in our research.

The good film-forming ability of Cht allows its use in the
coating of dental or orthopedic implants, and the coated surfaces
have been shown to possess good cellular compatibility with
fibroblast cells. Klokkevold et al. (Klokkevold et al., 1996)
reported that chitosan films enhanced osteoprogenitor cell
differentiation, facilitated bone formation, and inhibited
fibroblast proliferation. Moreover, the activity of Cht against
bacteria such as Escherichia coli, Streptococcus mutans,
Staphylococcus aureus, Bacillus subtilis and Actinomyces
naeslundii (Renoud et al., 2012; Lin et al., 2021) and to
prevent oxidative damage caused by free radicals (Ngo et al.,
2011) has also been demonstrated. Takanche et al. in an in vivo
study on osteoporotic rat jaws demonstrated, by micro-CT, that
Cht-coated Ti implants increased the volume and density of
newly formed bone and implant osseointegration, as well as the
upregulation of bone morphogenetic protein, by inhibiting
osteoclastogenesis. All these and other demonstrated properties
make this biopolymer a good biocompatible and bioactive
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osteoconductor and a useful coating for orthopedic and
craniofacial implant devices.

However, in the future, it will be necessary to determine the
bond strength of the coatings and changes in bond strength over
time and to evaluate the degradation of the coating in lysozyme
solutions in the oral environment, as degradation rates may be
different in the presence of this enzyme and changes in
degradation would be important for the development of the
implant-tissue interface (Yuan et al., 2008). It will also be
necessary to determine whether changes in initial cell growth,
or differences in Cht degradation, result in less cell
mineralization. In addition, it will need to be determined
whether surface morphology, roughness, and coating
chemistry could be related to cell and tissue responses.

In our study, two bone parameters in the vicinity of the im-
plant (BCIS and PIBA) were measured by micro-CT. The best
statistical significance was obtained for PIBA, in the experimental
group (ChtG) (p < 0.001), despite the fact that all the inserted
implants obtained optimal osseointegration. The maximum value
was obtained for PIBA at the crestal level of M1 in ChG
(6,347.05 ± 413.2) and the minimum for BCIS at the mid-level
of P2 in CG (1765.03 ± 358.01).

Micro-CT currently allows observation of bone tissue in a three-
dimensional manner, as well as quantitative analysis in several
sections, which is not possible by histomorphometric analysis. It
detects only mineralized tissue and is therefore suitable for analyzing
the bony annulus and assessing bone formation around implants
during healing periods; moreover, histological studies could not be
performed in clinical trials (Vandeweghe et al., 2013b; Nakahara
et al., 2019). Rebaudi et al. (Rebaudi et al., 2004), have proposed it as
a suitable technique for the analysis of peri-implant bone tissues,
proposing it as a non-destructive evaluation, which allows the
analysis of the bone-implant interface. Lyu and Lee (Lyu and Lee,
2021), in a study on rabbit tibiae, reported that the measurement of
bone in contact with the implant by micro-CT is feasible to evaluate
implant osseointegration, obtaining results similar to
histomorphometric ones, although they recognize that the
method needs further optimization. Likewise, they recognize that,
in most cases, they can only use one or two histological sections per
implant for histomorphometric evaluation, which could lead to an
over- or underestimation of the peri-implant bone.

Nevertheless, we are aware of our limitations, in terms of small
sample size and difficulty in accurately detecting the bone in close
contact with the implant surface, due to the thin layer of noise in

the surrounding area and the microtomography settings. and the
difficulty of accurately detecting the bone in close contact with the
implant surface, due to the thin layer of noise in the surrounding
area and the microtomography settings. These drawbacks should
be taken into account when interpreting the results. In future
ongoing studies, the samples will be studied by
histomorphometric analysis to compare the results.

CONCLUSION

The results of this preliminary study demonstrated the usefulness
of Cht coatings on Ti surfaces to improve the osseointegration of
dental implants. In addition, within the limitations, the use of
nondestructive micro-CT analysis, seems to be useful to evaluate
bone healing in the surroundings of the implant surfaces.

Since the design of the present study allowed only a
preliminary analysis, the data obtained could serve as a basis
for the design of future studies.
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The aim of this work was to analyze and compare the effect of bone
morphogenetic protein-7 on biological parameters related to implant
osseointegration in an experimental animal model. Sixteen dental implants
were placed in the tibias of four randomly selected minipigs for the following
dental implant surface treatments: Group A: conventional treatment of the dental
implant surface by SLA (n = 8) and Group B: treatment of the dental implant
surface with carboxyethylphosphonic acid and bone morphogenetic protein-7
(n = 8). The animals were sacrificed one month after dental implants placement
and a histomorphometric study was performed for the evaluation of bone-to-
implant contact, corrected bone-to-implant contact, new bone formation,
interthread bone density and peri-implant density using Student’s t-test and
the non-parametric Mann-Whitney test. The histomorphometric parameters
bone-to-implant contact and corrected bone-to-implant contact showed
statistically significant differences between the study groups; 34.00% ± 9.92%
and 50.02% ± 10.94%, respectively (p = 0.004) for SLA and 43.08% ± 10.76% and
63.30% ± 11.30%, respectively (p = 0.003) for BMP-7. The parameters new bone
formation, interthread bone density and peri-implant density did not show
statistically significant differences between the study groups (p = 0.951, p =
0.967 and p = 0.894, respectively). Dental implant surfaces treated with
carboxyethylphosphonic acid and BMP-7 improve the biological response of
dental implants to osseointegration.

KEYWORDS

dental implants, biological parameters, BMP-7, osseointegration, minipig model

1 Introduction

Currently, dental implant placement is considered a predictable treatment option to
restore partially or fully edentulous patients; however, despite high success rates, early
failures occur, usually attributable to insufficient osseointegration in the early stages of
osseointegration, surgical trauma, and infections (Esposito et al., 1998 ; Sakka et al., 2012;
Alghamdi and Jansen, 2020).
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In recent years, research has focused on surface treatment
procedures for titanium (Ti) alloy dental implants to enhance
their biological response during the osseointegration process and
prevent the development of peri-implant diseases (Ferraris et al.,
2011). Titanium-aluminum-vanadium alloy (Ti-6Al-4V), in
addition to having superior strength, provides biocompatibility
and mechanical properties to dental implants (Kaur and Singh,
2019) and this, together with surface treatment techniques,
modifying the roughness, topography, chemistry and electrical
charge of dental implants, would promote an increase in the
biological response of the surrounding peri-implant tissues, and
of the microscopic contact surface, which would improve the
histological reaction at the bone-implant interface (Gittens et al.,
2014; Jemat et al., 2015).

Therefore, manufacturers have subjected dental implants to
different technical approaches, based on etching, blasting or a
combination of both (Khang et al., 2001; Fini et al., 2003;
Szmukler-Moncler et al., 2004; Le Guéhennec et al., 2007;
Wennerberg and Albrektsson, 2009; Leon-Ramos et al., 2019)
with the aim of increasing the surface roughness and,
consequently, the success rate of osseointegration. In particular, it
has been described that the application of carboxyethylphosphonic
acid (CEPA), enhances the osseointegration process, improving
protein adhesion, after generating a physicochemical layer of
Al2O3 or TiO2 (Aragoneses et al., 2021). On the other hand,
conventional surface treatments (Sandblasted Large-Grit Acid-
Etched, SLA type) have shown enhanced osseointegrative power
when combined with surface bioactivation, based on the
immobilization of proteins, enzymes or peptides, which could
induce a specific cellular response in peri-implant tissues in the
early stages of osseointegration (López-Valverde et al., 2020).
Moreover, in order to promote histological performance, some
organic substrates have been used to induce bioactivation; in
particular, the osteogenic capacity of bone morphogenetic
proteins has been demonstrated “in vivo” to induce ectopic bone
formation by stimulating bone remodeling (Kim et al., 2017). The
latest advances are focused on bioactive surfaces, which endow the
mechanical properties of implants with osteoinductive properties, by
functionalizing the surface, providing a synergistic effect on
osteogenesis through molecular recognition events, determining,
in a short period of time, the type of tissue that will develop at the
bone-implant interface (Rupp et al., 2018).

Bone morphogenetic proteins (BMPs) are osteoinductive
proteins belonging to the transforming growth factor beta (TGF-
β) family with the ability to stimulate the differentiation of
pluripotential cells towards different cell lineages and promote
osseointegration of dental implants (López-Valverde et al., 2022).

Silanization has long been considered, the gold standard coating
method for adding organic components to Ti oxide; however,
siloxane products can be hydrolytically unstable, which may
result in a decrease in the concentration of organic components
on the implant surface when the silanized surface is exposed to an
aqueous medium (Matinlinna et al., 2013). For this reason, new
modifying coatings for implant surfaces have been proposed,
through the application of organic acids such as phosphates or
carbonates, which, in addition to interacting strongly with Ti oxide,
allow the formation of stable surfaces, which bind biomolecules,
such as BMPs on the metal oxide, creating a true chemical bond

between bone tissue and the implant surface, with absence of fibrous
tissue at the bone-implant interface (Liu et al., 2004; Hall et al., 2007;
Liu et al., 2007).

The aim of our work was to analyze and compare the effect of
BMP-7 on biological parameters related to implant osseointegration
in an experimental animal model, with a null hypothesis (H0) stating
that there were no differences in these biological parameters, between
dental implants treated and not treated superficially with BMP-7.

2 Materials and methods

2.1 Study design

Four (n = 4) female minipigs of the Landrace Large White race of
25 kg of weight were selected for this study, according to the European
Committee for Standardization guidelines for bone tissue testing.
Each animal randomly (Epidat 4.1, Galicia, Spain) received two (n = 2)
dental implants (grade IV titanium (90 Ti, 6 Al and 4 wt%) 4.0 mm
diameter and 10 mm length with an internal taper and conical wall
connection (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain)
randomly selected (Epidat 4.1, Galicia, Spain) of the following
dental implant surface treatments: Group A: conventional dental
implant surface treatment through SLA (Galimplant, Sarria, Lugo,
Spain) (n = 8) and Group B: dental implant surface treatment with
CEPA and BMP-7 (Galimplant, Sarria, Lugo, Spain) (n = 8). The
randomized, triple blinded, and prospective experimental research
was approved on 19 March 2013 by the Ethics Committee in Animal
Experimentation (ECAE) of the Puerta de Hierro University Hospital
(Madrid, Spain) (ECAE Code: 017/2013). In addition, the study was
conducted in accordance with the ethical principles of the ARRIVE
guidelines, Royal Decree 1,201/2005 of October 10 (86/609/CEE and
ETS 123) on the protection of animals used in experimentation and
for other scientific purposes, as well as Council Directive 86/609/EEC
of 24 November 1986 and were carried out in accordance with
the United Kingdom. Animals (Scientific Procedures) Act 1986,
the associated guidelines, and EU Directive 2010/63/EU for animal
experiments. The randomized experimental research was performed
at the Getafe University Hospital/European University of Madrid
(Madrid, Spain) between November 2021 and April 2022. Sample size
was determined with a confidence level of 95% (Zα/2 = 1.96), a
significance level of 5% (Error α = 0.05) and a power of 80% (Error β =
0.20; Power = 0.80) using the GRANMO sample size calculator;
subsequently, a sample size of 8 dental implants was stablished in each
study group.

2.2 Conditioning of implant surfaces

The surface of the dental implants (n = 16) (Surgimplant IPX,
Galimplant, Sarria, Lugo, Spain) were submitted to a dilution of
50 mL tetrahydrofuran (THF) (Uvasol®, Madrid, Spain) and 55 mg
CEPA for one day at 76°C. Afterwards, the CEPA was activated with
a solution of 5 mL distilled water, 175 mL of ethyl-3-(3-
dimethylaminopropyl) carboxyamide (EDC) and 54 mg of
N-hydroxysulfamide (NHS) for 15 min at room temperature. The
stability of the pH was checked (pH 7) using a pH-meter (MP230,
Mettler Toledo®, Barcelona, Spain) during the full process. EDC
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activates carboxyl groups and amines by reacting with a carboxyl
group to form an O-acylisourea intermediate; however, if it does not
react with the amine, it hydrolyzes and regenerates the carboxyl
group, thus incorporating the NHS. In the presence of
N-hydroxysulfamide, EDC can be used to convert carboxyl
groups to amine-reactive N-hydroxysulfamide esters, activating
the CEPA with EDC and NHS to react with the amino groups of
BMP-7. Once the carboxyl groups were activated, 20 mg of BMP-7
was incubated for 1 h at 37°C.

Finally, the dental implants were exposed to ultrasonic waves to
remove impurities, packed in laminar flow cabinets under a sterile
atmosphere and sterilized by gamma radiation at 25 KGy. Moreover,
the dental implants were blinded to the operator by covering packing.

2.3 Experimental procedure

Veterinary assistance was given throughout the study. General
anesthesia was induced with intravenous injected propofol
0.2–0.4 mg/kg (Diprivan®, AstraZeneca, Cambridge,
United Kingdom) using a 20 G needle (BD Microlance®, Becton
Dickinson, Franklin Lakes, NJ, United States) and epidural
anesthesia by injecting bupivacaine (Bupinex®, Richmond Vet
Pharma, Buenos Aires, Argentina) and fentanyl (Fentanilo®,
Kilab, Buenos Aires, Argentina). Additionally, local anesthesia
was also infiltrated with articaine 4% and 1:200,000 epinephrine
(Ultracain®, Normon, Madrid, Spain). One N°7 endotracheal tube
with a balloon cuff was placed and connected to a circular anesthesia
circuit (Leon Plus, Heinen&Löwenstein, Bad Ems, Germany).
Multimodal analgesia was used during the study, including
medetomidine 0.01 mg/kg (Medetor®, Virbac, Carros, France),
ketamine 5.0 mg/kg (Ketonal 50®, Richmond Vet Pharma, Buenos
Aires, Argentina), midazolam 0.2 mg/kg (Dormicum®, Roche S.A.,
Basilea, Switzerland) and atropine 0.02 mg/kg (Atropina®,
Pharmavet, Bogotá, Colombia). Then, a drilling sequence was
performed following the manufacturer´s recommendations using
a micromotor (AM-25 E RM, W&H, Bürmoos, Austria) and a
contra-angle (WS-75 LG, W&H, Bürmoos, Austria) at 20:
1 reduction with profuse saline serum (Vitulia® 0.9%, Barcelona,
Spain), after performing an incisión on the tibia. Subsequently, four
dental implants (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain)
were placed on one tibia of each animal at 40 N torque. Afterwards,
multimodal analgesia was administered by a transdermal patch of
buprenorphine 0.3 mg/kg (Buprex®, Quintiles, Danbury, CT,
United States) and meloxicam (Kern Pharma, Madrid, Spain) or
buprenorphine 0.05–2 mg/kg (Buprex®, Quintiles, Danbury, CT,
United States) if neccessary. Moreover, antibiotic therapy of
amoxicilin 1.5 g (Clamoxyl®, Pfizer, New York, NY,
United States) was also administered intramuscularly.

2.4 Euthanasia procedure

Animals were randomly (Epidat 4.1, Galicia, Spain) euthanized
by an overdose of sodium pentobarbital, under a premedication with
Zolacepam-Tiletamina-Medetomidina (Zoletil 5 mg/kg,
medetomidine 0.1 mg/kg) administered intramuscularly, four
weeks after the surgical intervention.

2.5 Histomorphometric analysis

The four tibias were fixed in 10% buffered formalin solution for
two weeks to allow histomorphometric processing at the
Department of Veterinary Clinical Sciences of University
Veterinary Hospital Rof Codina (Lugo, Spain). The dental
implants (Surgimplant IPX, Galimplant, Sarria, Lugo, Spain) and
bone fragments were then individually extracted with an oscillating
autopsy saw (Exakt, Kulzer, Germany) in 16 mm thick sagittal serial
sections and dehydrated in semi-liquid alcoholic solutions (80, 96,
100 and 100%) for three days. The samples were embedded in
glycolmethacrylate (GMA; 2-hydroxyethyl methacrylate, HEMA,
JB-4; JB-4 Plus) (Technovit 7200 VLC, Heraeus Kulzer,
Wehrheim, Germany). Finally, the samples were sectioned into
50 µm thick slices (Exakt Aparatebau GMBH, Hamburg,
Germany) and stained with the Levai Laczko staining technique
and examined with light optical microscopy (BX51, Olympus,
Tokyo, Japan) by an experienced pathologist who was unaware
of the randomization of the study groups. In addition, images from
histological analysis were processed using Adobe Photoshop CS3
(San Jose, CA, United States), digitized (Intuos 4 large, Wacom,
Saitama, Japan) and loaded into the Cell Sens Dimensions software,
Olympus (Tokyo, Japan) (Balik et al., 2019) in order to evaluate the
following variables in an isolated 5 mm × 5 mm area.

- Bone-implant contact (BIC), described as the percentage of the
dental implant surface in contact with the surrounding bone.

- Corrected bone-implant contact (BICc), described as the
length of bone in contact with the dental implant surface
excluding regions non-covered by bone.

- New bone formation (BV/TV), described as the area of new
bone formed after placing the dental implant.

- Interthread bone density (BAI/TA), described as the area of
threads covered by the surrounding bone.

- Peri-implant bone density (BAP/TA), described as the area of
bone that grows along the length of the implant.

All these values were expressed as percentages.

2.6 Statistical tests

Statistical analysis of all variables was carried out using SAS 9.4
(SAS Institute Inc., Cary, NC, United State). Descriptive statistics were
expressed as means, medians, and standard deviations (SD) for
quantitative variables. Comparative analysis was performed by
comparing the BIC (%), BICc (%), BV/TV (%), BAI/TA (%) and
BAP/TA (%) histomorphometric parameters between the SLA and
BMP-7 study groups, using the Student’s t-test and theMann-Whitney
non-parametric test. The statistical significance was set at p < 0.05.

3 Results

3.1 Histomorphometry

Figure 1 shows the longitudinal section of the specimen before
being processed by the software for data extraction. The second
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image of each frame shows, bymeans of the software, the areas of old
bone in pink, the areas of new bone in yellow and the areas of soft
tissue in light color. The amount of soft tissue is much more
abundant in the control group. The bone-implant contact line is
much more extensive in the experimental group.

3.2 Statistical results

The means, medians and SD values for BIC (%)
histomorphometric parameter of the study groups are displayed
in Table 1 and Table 2 and Figure 2.

Student’s t-test revealed statistically significant differences in
histomorphometric parameters BIC and BICc between the
experimental and control groups (p = 0.004 and p = 0.003,
respectively). No statistical significance was found between the
groups for the other parameters studied; the BAI/TA group
obtained values of 32.71 ± 10.87 for the experimental group
versus 32.91 ± 7.76 for the control group (p = 0.967); the BAP/
TA group, 45.47 ± 11.07 for the experimental group versus 44.79 ±
8.67 for the control group (p = 0.894) and the BV/TV group, 27.01 ±

6.00 for the experimental group versus 26.63 ± 7.90 for the control
group (p = 0.951).

4 Discussion

Early osseointegration has been shown to be influenced by both
the roughness and surface coatings of Ti (Le Guéhennec et al., 2007;
Sakka et al., 2012).

Organic coatings on inorganic surfaces, such as Ti, have been
widely used to improve their biocompatibility and induce a specific
biological response and different in vivo investigations
demonstrated increased adhesion and proliferation of osteoblastic
cells with BMP-2 based coatings (Schliephake et al., 2005;
Schliephake et al., 2009).

BMPs act as potent regulators during bone and cartilage
formation and repair and both recombinant human BMP-2 and
BMP-7 have been approved for clinical use in bone regeneration,
fracture healing and spinal fusion (Carreira et al., 2014). Although
BMP-2 has been the most studied, certain studies have
demonstrated in vitro the potential of BMP-7 as a stimulator of

FIGURE 1
Histomorphometric section images of the BIC of implants in the Acid-BMP-7 (experimental) and SLA (control) groups after four weeks. The yellow
color is new bone, more abundant and with greater contact with the implant surface in the experimental group compared to the control group.

TABLE 1 Descriptive statistics of the BIC (%) histomorphometric parameters.

BIC (%) n Mean Median SD Minimum Maximum

SLA 8 34.00a 33.17 9.92 21.91 46.47

BMP-7 8 52.02b 51.34 10.94 38.88 66.34

a, b different superscripts mean statistically significant differences between groups (p < 0.05).

Frontiers in Bioengineering and Biotechnology frontiersin.org04

López-Valverde et al. 10.3389/fbioe.2023.1153631



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 71 

 

 
 

bone regeneration (Zhang et al., 2012), it has also been documented
that BMP-7 stimulates the maturation of osteoblastic progenitors
and induces the differentiation of undifferentiated non-osteogenic
cells to osteoblasts (Shen et al., 2010). Busuttil Naudi et al. reported
bone regeneration in critical rabbit mandibular defects using beta-
tricalcium phosphate (β-TCP) scaffolds and recombinant human
bone morphogenetic protein 7 (rhBMP-7) (Busuttil Naudi et al.,
2012).

Currently, biomimetic coatings have been developed to induce
the formation of a biologically active surface layer of apatite on the
implant surface, by developing various techniques capable of
creating functional groups (-OH, -COOH, -CH = CH2, etc.). Liu
et al. (2002) suggested that pre-deposition of hydroxyapatite (HA)
on functionalized self-assembled monolayer surfaces, could be an
efficient and fast way to prepare biomimetic apatite coatings on
surgical implants. On the other hand, it has been described that the
use of acids for peptide anchoring further stimulates the activity of
the implant surface, increasing its initial osseointegration; Aresti
et al. (2021) demonstrated that the treatment of the surface with
CEPA provides functional anchoring groups such as carboxyl
groups, and increases the roughness of the dental implant
surface, due to the corrosive action of the acid, which causes

structural modifications on the surface as a result of the erosive
action of the acid, thus showing a more complex surface structure,
which induces a greater surface hydrophilicity, which would
guarantee a greater affinity for the adhesion and proliferation of
osteoblasts to the implant surface. These results would coincide with
those found in our study, in which the parameters BIC and BICc
were statistically significant between the groups experimental and
control.

Other studies reported on the immobilization of BMP-2 after
using 11-(hydroxydecyl) phosphonic acid and 12-(carboxydecyl)
phosphonic acid to evaluate the reactivity of different surfaces using
trifluoroethylamine hydrochloride, since these reactive molecules,
can immobilize on the implant surface under the same conditions as
a protein, demonstrating a higher covalent immobilization of
fluorine molecules in the -COOH group with respect to the -OH
group (Adden et al., 2006).

The inducing effect of BMPs on the differentiation of
mesenchymal stem cells into osteoblasts has also been
demonstrated, which would lead to an improvement in local
bone growth, in addition to stimulating the formation of calcium
deposits (Hoffmann et al., 2001; Karageorgiou et al., 2004);
therefore, these molecules have been extensively studied in dental

TABLE 2 Descriptive statistics of the BICc (%) histomorphometric parameters.

BICc (%) n Mean Median SD Minimum Maximum

SLA 8 43.08a 43.13 10.76 24.81 55.37

BMP-7 8 63.30b 67.00 11.30 45.13 76.27

a, b different superscripts mean statistically significant differences between groups (p < 0.05).

FIGURE 2
For both BIC and BICc, the box plot shows that themean value of the BMP7-acid group (test group) was higher than that of the control group. In the
Q-Q plots, the points are within the confidence interval and are randomly distributed on both sides of the axis, indicating that the distribution is normal for
each group and variable. The bar chart shows the means of the compared groups (statistically significant for the variables BIC and BICc). * Statistical
significance.
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implantology, in particular BMP-2 (Sykaras et al., 2001; Stadlinger
et al., 2008; Wölfle et al., 2014), mainly for their ability to improve
osseointegration of dental implants, since BMP-2, BMP-4 and BMP-
7 appear to induce comparable levels of bone augmentation
(Kirkwood et al., 2003; Leknes et al., 2008; Susin et al., 2010) and
in recent years several studies have focused on the role of BMPs in
osteoblastic differentiation and their inducing function in
collagenous and non-collagenous protein synthesis
(Constantinescu-Bercu et al., 2022), however, few studies have
focused on analyzing BMP-derived peptides for their osteogenic
capacity; Kirkwook et al. (2003), analyzed in vitro the minimal
bioactive sequences of BMP-7, to evaluate its potential for
biomaterial immobilization and its use in controlling osteoblast
functions, demonstrating the potential of this molecule to induce
osteoblast-specific genes associated with non-collagenous matrix
formation and mineralization, along with gene expression, which
would suggest some role of BMP-7 in mineralization.

However, there are no uniform results regarding the osteogenic
power of BMP-7-functionalized Ti; an in vitro study by Togashi et al.
(2009) found no effect of the addition of rhBMP-7 to the culture
medium on the viability, proliferation, or differentiation of osteoblast-
like cells, whereas others have found superior osteogenic power of
samples with BMP-7 (Cirano et al., 2014). Zuardi et al. (2022) in a
recent study, demonstrated that the effects of BMP-7 on osteogenic
differentiation in vitro, would be conditioned by the topography of the
surface on which the cell cultures are grown, the concentration of the
growth factor in the culture medium and the stage of differentiation of
the osteoblastic cells. Chen et al. (2013) developed a BMP-7-activated
Ti gene delivery system for in vitro osteoblast culture and found
enhanced differentiation capacity. This demonstrates that strategies
for the development of metallic implants functionalized with BMP-7
(and probably with other bioactive molecules) should take into
account the release profile during the repair process, depending on
the concentration used for functionalization, and the physicochemical
characteristics of the implant surface, all with the aim of guaranteeing
a specific cellular behavior and/or generating an appropriate tissue
phenotype. Nemcakova et al. (2022) in a combined in vitro and in vivo
study found, after 4 and 12 weeks, a more pronounced osteogenic cell
maturation and increased mineralization of the extracellular matrix
around Ti6Al4V implants functionalized with BMP-7; in contrast, in
our study we found no statistical significance in the BAI/TA and BAP/
TA parameters. These results coincided with those obtained by
Stenport et al. (2003) who, in a study in rabbit tibiae and femurs,
foundmore areas of osteoid-like tissue in implants treated with BMP-
7. Susin et al. (2010), Leknes et al. (2008) attribute the results to the
concentration of rhBMP-7 used and agree that the observed bone
remodeling would be proportional to higher doses of rhBMP-7.
Leknes et al. (2008) are in agreement with our study and show
robust bone formation after 4 weeks and remodeling of newly
formed bone with characteristics similar to those of old bone. As
in our study, Hunziker et al. (2021) in an experimental osteoporotic
model, found at the third postoperative week, a significantly higher
BIC value in the BMP-7 group compared to the Ti metal surface only
control group.

Finally, it should be noted that the potential of rhBMP-7 to
promote bone formation has been evaluated in a wide variety of
large preclinical animal models (Phillips et al., 2006; Hunziker et al.,
2021; Schierano et al., 2021) and in our study we used an

experimental model with comparable bone anatomy and healing
to humans and which has been used extensively in research related
to maxillofacial surgery and dental implants. The anatomic and
physiologic similarities of the pig to humans in terms of size,
physiology, and bone biology have contributed to the successful
use of this animal to understand and treat various bone situations
and our experimental design was based on previous studies with this
animal model, which considered the anatomical characteristics of
the tibia to be similar to those of the human mandibular bone in
terms of cortical/cancellous ratio and bone quality (Okubo et al.,
2002; Mardas et al., 2014).

Our results rejected H0 and demonstrated that Ti dental
implants exposed to CEPA and coated with BMP-7 exhibit a
favorable biological response prone to osseointegration.

Further preclinical studies are needed to investigate the
beneficial effects of BMP-7 on bone repair in contact with
biomaterials (Senna et al., 2021).
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Role of chitosan in titanium
coatings. trends and new
generations of coatings
Nansi López-Valverde1†, Javier Aragoneses1†,
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Survival studies of dental implants currently reach high figures. However,
considering that the recipients are middle-aged individuals with associated
pathologies, research is focused on achieving bioactive surfaces that ensure
osseointegration. Chitosan is a biocompatible, degradable polysaccharide with
antimicrobial and anti-inflammatory properties, capable of inducing increased
growth and fixation of osteoblasts around chitosan-coated titanium. Certain
chemical modifications to its structure have been shown to enhance its
antibacterial activity and osteoinductive properties and it is generally
believed that chitosan-coated dental implants may have enhanced
osseointegration capabilities and are likely to become a commercial option
in the future. Our review provided an overview of the current concepts and
theories of osseointegration and current titanium dental implant surfaces and
coatings, with a special focus on the in vivo investigation of chitosan-coated
implants and a current perspective on the future of titanium dental implant
coatings.

KEYWORDS

titanium dental implants1, osteointegration2, bioactive surfaces3, chitosan coating4,
future direction5

Introduction

In the last 50 years, dental implants have become a predictable treatment option for
the replacement of missing teeth, improving the quality of life and masticatory function of
patients rehabilitated using them (Jofre et al., 2013 ; Hartlev et al., 2014 ; Tarnow, 2014 ;
Buser et al., 2017 ).

There are currently about 1,500 different implant systems in terms of topography,
wettability, chemistry, and surface modification (Le Guéhennec et al., 2007 ; Junker et al.,
20092009). These characteristics contribute to the biological processes occurring during
osseointegration by direct interaction with host osteoblasts in bone formation (Le
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Effectiveness of
biomolecule-based bioactive
surfaces, on os-seointegration of
titanium dental implants: A
systematic review and
meta-analysis of in vivo studies
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Cinthia Rodríguez3 and Juan Manuel Aragoneses4

1Department of Medicine and Medical Specialties, Faculty of Health Sciences, Universidad Alcalá de
Henares, Madrid, Spain, 2Department of Surgery, Instituto de Investigación Biomédica de Salamanca
(IBSAL), University of Salamanca, Salamanca, Spain, 3Department of Dentistry, Universidad Federico
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Titanium and alloy osseointegrated implants are used to replace missing
teeth; however, some fail and are removed. Modifications of the implant
surface with biologically active substances have been proposed. MEDLINE
[via Pubmed], Embase and Web of Science were searched with the terms
“titanium dental implants”, “surface properties”, “bioactive surface
modifications”, “biomolecules”, “BMP”, “antibacterial agent”, “peptide”,
“collagen”, “grown factor”, “osseointegration”, “bone apposition”,
“osteogenic”, “osteogenesis”, “new bone formation”, “bone to implant
contact”, “bone regeneration” and “in vivo studies”, until May 2022. A
total of 10,697 references were iden-tified and 26 were included to
analyze 1,109 implants, with follow-ups from 2 to 84 weeks. The ARRIVE
guidelines and the SYRCLE tool were used to evaluate the methodology and
scientific evidence. A meta-analysis was performed (RevMan 2020 software,
Cochane Collaboration) with random effects that evaluated BIC at 4 weeks,
with subgroups for the different coatings. The heterogeneity of the pooled
studies was very high (95% CI, I2 = 99%). The subgroup of BMPs was themost
favorable to coating. Surface modification of Ti implants by organic
bioactive molecules seems to favor osseointegration in the early stages
of healing, but long-term studies are necessary to corroborate the results of
the experimental studies.

KEYWORDS

titanium dental implants, bioactive surface modifications, biomolecules, peptides,
bone morphogenetic protein, grown factor, components of the extracellular
matrix, osteointegration
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1 Introduction

Since the introduction of dental implants by Brånemark in
the 1960s, titanium (Ti) and some Ti alloys (Ti6Al4V) have been
used in edentulous patients to replace missing teeth (Osman and
Swain, 2015), their long-term success depending mainly on their
osseointegration. However, despite the high success rates
recorded, some of them have to be removed due to failure
(Moraschini et al., 2015; Alghamdi and Jansen, 2020).

Recently, the attention of researchers has been focused on
chemical and topographical modifications of dental implant
surfaces and surface coatings with biologically active materials
(Le Guéhennec et al., 2007).

These materials, in addition to provoking a response in living
tissue, would have the capacity to achieve a faster, higher quality
and more durable osseointegration, reducing the waiting time for
prosthetic rehabilitations and solving the problems of poor bone
quality (Stanford, 2008). Currently, bioceramics, ions and
biomolecules are applied for bioactive purposes (Ellingsen
et al., 2004; Cooper et al., 2006; Badr and Hadary, 2007;
Zagury et al., 2007). The latter include biomacromolecules
(lipids, proteins, polynucleic acids and polysaccharides) and
biomicromolecules (oligopeptides, deoxyribonucleotides,
amino acids, monosaccharides and metabolic products), which
are of extraordinary importance for physiological processes and
homeostasis (Fischer et al., 2020).

The ability to adhere to bone tissue and the chemical
similarity with this tissue have led to great interest in calcium
phosphate (CaP) coatings on the surface of implants, precisely
because they increase the biochemical anchorage between the
bone and the surface materials (Bosco et al., 2013). Similarly,
protein coatings have been used in recent years because they
accelerate the bone regeneration process at the bone-implant
interface and improve osseointegration (Raphel et al., 2016).

Bone morphogenetic protein (BMP) and collagen have been
proposed as bone regeneration stimulating materials. Collagen is
an important component in bone composition, leading to
increased tissue vascularization and decreased inflammation
by curbing macrophage and osteoclast activity (Lee et al.,
2014). In turn, BMPs play an important role in osteogenesis
by regulating the differentiation of bone mesenchymal stem cells
(MSCs) and osteogenic cells (Dolanmaz et al., 2015a).

Synthetic peptides have been shown to stimulate bone
formation by enhancing the binding of osteoblast cell
adhesion receptors (e.g., integrins, selectins, and cadherins).
Binding of osteoblast integrin receptors to these bioactive
molecules stimulates their interaction with their extracellular
matrix (ECM) and promotes cell proliferation and
mineralization (Garcia and Reyes, 2005).

Studies have shown that biofunctionalization of implant
surfaces with biomimetic peptides would result in a greater
increase in the bone-to-implant contact surface (BIC) and an
increase in bone density around the implant (Lutz et al., 2010a).

However, the process of peptide immobilization on Ti implant
surfaces can be a complex process, despite the fact that, in recent
years, specific methods have been developed to achieve this goal
(Narai and Nagahata, 2003; Russell et al., 2008; Viera-Negron
et al., 2008). Also, it has been observed that the biological activity
of certain peptides would be reduced by the immobilization
process. The surface density, together with the length of the
spacers and the orientation, would condition the bactericidal
effect of the peptides (Giro et al., 2008). Moussa and Aparicio
demonstrated in vitro that bacterial abundance on peptide-
coated hydroxyapatite (HA) discs was significantly lower than
in controls (Andrea et al., 2018a). Makihira et al. tested in
edentulous dog mandibles, the osseointegrative capacity of Ti
implants coated with a histatin-derived peptide, demonstrating,
by histological and micro-CT analysis, increased trabecular bone
formation around the coated implants (Riool et al., 2017). Their
observations suggest that antimicrobial peptides on Ti implants
would decrease bacterial colonization on the implant surface and
facilitate osseointegration (Silva et al., 2016; Zhang et al., 2018).

Despite the existence in the literature of reviews to evaluate the
effects of different implant surface modifications on peri-implant
bone formation and osseointegration (Makihira et al., 2011; Andrea
et al., 2018b;Moussa andAparicio, 2020; Siwakul et al., 2021) and the
known benefit on osseointegration of the use of bioactive molecules
(Junker et al., 2009), we have not found meta-analyses that
investigate the results in depth, so the aim of our study was to
evaluate the role and efficacy of bioactive surfaces on
osseointegration. Our meta-analysis limited the research interest
to titanium dental implants coated with biomolecules, i.e. organic
molecules produced by a living organism.

2 Materials and methods

2.1 Registration

This systematic review was registered at INPLASY,
registration number INPLASY202260076.

2.2 PICOS and focused question

Supplementary Table S1: PRISMA Checklist]. According to the
PRISMA guidelines for Systematic Reviews and Meta-Analyses
(Hutton et al., 2016), a specific question was formulated based on
the PICOS principle (Participants, Interventions, Control,
Outcomes, and Study Design). The focused question was, “Does
the bioactive surface of titanium dental implants, based on
biomolecules, influence osseointegration?“.

P) Participants: Subjects received endosseous implantation.
I) Interventions: Implants with incorporated bioactive surfaces

based on biomolecules.
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C) Control: Implants with conventional etched surfaces (SLA
type).

O) Outcome: Bone to Implant Contact (BIC).
S) Study design: Preclinical studies in unmodified experimental

animal models.

2.3 Search strategy

The electronic databases PubMed/MEDLINE, WOS and
EMBASE were searched until May 2022, with the terms Medical
Subject Headings (MeSH): “titanium dental implants”, “surface
properties”, “bioactive surface modifications”, “biomolecules”,
“BMP”, “antibacterial agent”, “peptide”, “collagen”, “grown factor”,
in combination with “osseointegration”, “bone apposition”,
“osteogenic”, “osteogenesis”, “new bone formation”, “bone to
implant contact”, “bone regeneration” and “in vivo studies”. The
Boolean operators AND/OR were used to refine the search. In
addition, relevant studies in the gray literature and reference lists
of included studies were also examined (cross-referenced). The search
strategy and the PICOS strategy are shown in Table 1.

2.4 Inclusion and exclusion criteria

2.4.1 Inclusion criteria
1) Studies regarding Ti implant surfaces coated with

biomolecules; b) Studies reporting evaluation of the effect of
biomolecular coatings on bone formation or osseointegration; 3)
Studies published in English.

2.4.2 Exclusion criteria
1) In vitro studies; b) Studies usingmodified animals; 3)Narrative

reviews and systematic reviews; 4) Irrelevant and duplicate studies
and those that did not meet the established inclusion criteria.

2.5 Data extraction and analysis

Studies that did not refer to the research question were eliminated
and only the titles and abstracts of the selected articles were
considered and entered into an Excel spreadsheet. Two reviewers
(N.L.-V. and A.L.-V.) selected the titles and abstracts independently.
Discrepancies between the two reviewers were discussed until a
consensus was reached for inclusion of the studies. The full texts
of the selected studies were then obtained for inclusion and analysis.

2.6 Risk of bias of included articles

An adapted version of the Cochrane RoB tool with specific
biases in animal studies (SYRCLE) was used to assess the
scientific evidence in all selected studies (Hooijmans et al., 2014).

2.7 Quality of the reports of the included
studies

Two reviewers N.L.-V. and A.L.-V evaluated the included
studies according to the ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines (Stadlinger et al., 2012a), which
include a total of 23 items. Each item was scored by 0 (not reported)
or 1 (reported), with a complete count of all included studies.

2.8 Statistical analysis

The meta-analysis was performed using RevMan software
[ReviewManager (RevMan) (Computer program). Version 5.4.1,
The Cochrane Collaboration, 2020].

A meta-analysis based on Odds Ratio (OR) with 95% confidence
intervals (CI) was performed for adverse event outcomes. Mean
difference (MD) and standard deviation (SD) were used to
estimate effect size. The random-effects model was selected
because of the expected methodological heterogeneity in the
included studies; furthermore, heterogeneity was interpreted as
significant when the I2 value was >50%. The threshold for
statistical significance was defined as p < 0.05. A funnel plot was
used to assess publication bias.

3 Results

3.1 Selection and description of the studies

Among the available literature, three categories of
biomolecular coatings have been evaluated in this review: 1)
peptides, 2) BMPs and 3) ECM. The initial electronic search
yielded 10,697 references. After eliminating duplicates and
irrelevant articles based on their title and abstracts, 84 articles

TABLE 1 Systematic search strategy (PICOS strategy).

Population Experimental animals receiving
implants with bioactive
surfaces based on
biomolecules

Intervention Intraosseous implant treatments

Comparisons Intraosseous implants with conventional etched surfaces
(SLA type)

Outcomes Bone to Implant contact (BIC)

Study design Preclinical studies in unmodified experimental animal
models

Search
combination

#1 AND #2 OR

Language English

Electronic
databases

PubMed/MEDLINE, WOS and EMBASE
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were selected, of which, after eliminating those that did not meet
inclusion criteria (in vitro studies, systematic reviews, modified
animals...), 26 full texts were selected (Anitua, 2006; Germanier
et al., 2006; Wikesjö et al., 2008a; Wikesjö et al., 2008b; Wikesjö
et al., 2008c; Stadlinger et al., 2008; Anitua et al., 2009; Barros
et al., 2009; Ishibe et al., 2009; Yang et al., 2009; Lutz et al., 2010b;
Polimeni et al., 2010; Susin et al., 2010; Ramazanoglu et al., 2011;
Stadlinger et al., 2012b; Sverzut et al., 2012; Jiang et al., 2013;
Cecconi et al., 2014; Korn et al., 2014; Kim et al., 2015; Yoo et al.,
2015; Cardoso et al., 2017; Bae et al., 2018; Cho et al., 2019; Cho
et al., 2021; Pang et al., 2021). The concordance between
reviewers (N.L-V., A.L-V.) was 100% with a Cohen’s kappa
index of 1 (total concordance). (Figure 1. Flow Diagram).

Table 2 provides the evaluation of the ARRIVE criteria in
animal studies, with a mean rating of 16.5 ± 1.5. All studies
provided adequate information in terms of title, abstract,

introduction, ethical statement, species, surgical procedure,
outcome assessment and statistical analysis. Items 5 (Rationale
for animal models), 19 (3Rs, Replace, Reduce and Refine), 20
(Adverse events), were not reported in any of the included
studies. Item 11 (Accommodation and handling of animals)
was reported by only five studies (Anitua, 2006; Anitua et al.,
2009; Ishibe et al., 2009; Lutz et al., 2010b; Korn et al., 2014) and
item 21 (Study limitations) was reported by six studies (Jiang
et al., 2013; Korn et al., 2014; Kim et al., 2015; Yoo et al., 2015;
Cardoso et al., 2017; Bae et al., 2018).

3.2 Risk of bias assessment

The Random sequence generation domain was the most
frequently mentioned (60%). Blinding of participants and

FIGURE 1
Flowchart.
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personnel and Blinding of outcome assessment were the least
mentioned domains. The domains Incomplete outcome data and
Selective reporting were the least clear. The lack of information
resulted in a high and unclear risk of bias for most of the included
studies (Figure 2).

3.3 Characteristics of the included studies

Qualitative synthesis. A total of 1,109 implants were evaluated.
Most of the studies employed commercial Ti and Ti alloy implant
models, with the exception of two studies in rat tibias (Ishibe et al.,

FIGURE 2
SYRCLE’s risk of bias tool.

TABLE 3 Surface modification with peptides. Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter
mm)

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Cho et al.,
2019 (Cho
et al., 2019)

Rabbit A human
vitronectin-derived
peptide

Tibiae 2 weeks 11 × 3.5 Ø Ti, grade 4 (16) BIC, BA There were no
significant differences
in BIC and BA between
the groups

Germanier
et al.
(Germanier
et al., 2006)

Pig RGD-peptide-
modified polymer

Maxilla 2 and
4 weeks

6 × 2.7 Ø Commercially
pure Ti (48)

BIC Bone tissue scaffolding
was observed at
2 weeks, increasing
bone density at 4 weeks

Lutz et al.
(Lutz et al.,
2010b)

Pig Biomimetic active
peptide (P-15)

Forehead region 2 and
4 weeks

8 × 3.5 Ø Commercially
pure Ti (54)

BIC, BD Significant positive
effect of the biomimetic
peptide group on BIC
with high contact rates
at both 14 and 30 days.
The biomimetic
peptide had no
significant effect on
peri-implant BD

Barros et al.
(Barros et al.,
2009)

Dog Bioactive peptide
(sequence of
aminoacids related
to bone formation)

Mandible 8 weeks 9.5 × 4.5 Ø Commercially
pure Ti (48)

BIC, BD Bone apposition and
bone density around Ti
implants depended on
bioactive peptide
concentrations

Yang et al.
(Yang et al.,
2009)

Rabbit RGD layer-by-layer Femur 4, 8, and
12 weeks

10 × 3 Ø Ti (60) BIC, BA, RTQ RGD coating results in
increased BIC, peri-
implant bone
formation and
extraction torque
values

Ti, Titanium; BIC, bone to implant contact; BA, bone area; BD, bone density; RTQ, removal torque test; RGD, Arginine-glycine-aspartic.
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TABLE 4 Surface modification with Bone Morphogenetic Proteins (BMPs). Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter
mm)

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Kim et al. (Kim
et al., 2015)

Dog rhBMP-2 Tibiae 8 weeks 7 × 3.5 Ø Pure Ti (24) BIC, BV, ISQ Concentrations of
0.5 and 1 mg/ml
rhBMP-2 promote
osseointegration and
bone regeneration in
areas with open bone
defects

Pang et al. (Pang
et al., 2021)

Rabbit BMP-2+HA Tibiae 4 weeks 7 × 3.3 Ø Pure Ti (8) BIC, BA, RTQ The combination of
BMP-2 with HAp
functions as an activator
of osseointegration

Yoo et al. (Yoo
et al., 2015)

Rabbit rhBMP-2/PLGA Tibiae 3 and
7 weeks

7 × 3.75 Ø Pure grade IV
Ti (32)

BIC, BA Submicron-sized PLGA/
rhBMP-2 Ti coatings
showed an increase in
BIC during the early
stages of healing

Cardoso et al.
(Cardoso et al.,
2017)

Pig PPL10BMP Parietal bone 4, 8 and
weeks

6 × 1.1 Ø Pure Ti (120) B/T, BIC The association of
PPL10 and BMP-2 did
not produce a bone
improvement

Ishibe et al.
(Ishibe et al.,
2009)

Rat rhBMP-2/
heparin

Tibiae 3 weeks 2 × 1 Ø Pure Ti (70) BIC The incorporation of
BMP-2 and heparin has
the potential to stimulate
new bone formation
around implants in vivo

Jiang et al. (Jiang
et al., 2013)

Rabbit rhBMP-2 Femur 2, 4 and
8 weeks

8 × 4.1 Ø Pure Ti (30) BIC Acid-etched titanium
implants coated with
BMP-2 slightly
accelerated early bone
formation around the
implant

Susin et al. (Susin
et al., 2010)

Dog rhBMP-7 Jaw 3, 4, 7, and
8 weeks

10 × 4 Ø Ti (36) BIC, BD Porous titanium oxide
implants coated with
rhBMP-7 stimulated
bone formation and
osseointegration

Polimeni et al.
(Polimeni et al.,
2010)

Dog rhGDF-5 Jaw 3, 4, 7, and
8 weeks

10 × 4 Ø Ti (72) BIC, BD Dental implants coated
with rhGDF-5 showed a
dose-dependent
osteoinductive and/or
osteoconductive effect

Ramazanoglu
et al.
(Ramazanoglu
et al., 2011)

Pig rhBMP-
2+rhVEGF165

Calvaria 1, 2, and
4 weeks

6 × 4.2 Ø Pure Ti (90) BIC, BD, BV The combined
administration of
rhBMP-2 and
rhVEGF165 in
biomimetic coating did
not result in an
improvement of BIC

Wikesjö et al.
(Wikesjö et al.,
2008a) (1)

Dog rhBMP-2
(0,75 or
1.5 mg/ml)

Jaw 3, 4, 7 and
8 weeks

10 × 4 Ø Ti (72) BIC, BD The implant surfaces
coated with rhBMP-2
induced
osseointegration, but
BIC values were
significantly higher in
the control group

Wikesjö et al.
(Wikesjö et al.,
2008b) (2)

Dog rhBMP-2 (0.2 or
4.0 mg/ml)

Jaw 4 and
8 weeks

8.5 × 3,75Ø Ti (32) BIC, BD Adsorbed rhBMP-2 on
implant surfaces initiates
dose-dependent peri-
implant bone
remodelling

(Continued on following page)
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TABLE 4 (Continued) Surface modification with Bone Morphogenetic Proteins (BMPs). Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter
mm)

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Wikesjö et al.
(Wikesjö et al.,
2008c) (3)

Monkey rhBMP-2 (0,2 or
2 mg/ml)

Maxilla 16 weeks 8.5 × 3,75Ø Ti (24) BIC, BD The rhBMP-2 coated Ti
surface enhances/
accelerates local bone
formation in type IV
bone resulting in
significant
osseointegration

Anitua (Anitua,
2006) (1)

Goat PRGF Tibiae and radii 8 weeks 8.5 x 3Ø Ti (23) BIC Coating dental implants
with PRGF immediately
before insertion
improved
osseointegration

Anitua (Anitua
et al., 2009) (2)

Goat PRGF Tibiae 8 weeks 8.5 x 3Ø Ti (26) BIC Hydration of titanium
implants with liquid
PRGF improves the
integration of oral
implants into cortical
bone. The potential
therapeutic effects of this
approach could be
extrapolated to other
prosthetic devices

Ti, Titanium; BIC, bone to implant contact; BV, bone volume; BA, bone area; ISQ, implant stability quotient; HA, hydroxyapatite; PLGA, poly(D,L-lactide-co-glycolide); PPL10, 10%
phosphorylated pullulan; Peri-implant bone formation (B/T); BD, bone density; rhGDF-5, recombinant human GDF-5; rhVEGF165, recombinant human vascular endothelial growth
factor; rhBMP-2, recombinant human bone morphogenetic protein-2; PRGF, plasma rich in growth factors.

TABLE 5 Surface modification with ECM. Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter)
mm

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Sverzut et al.
(Sverzut et al.,
2012)

Dog Type I Collagen Jaw 3 weeks 8.5 × 3.75 Ø Ti (24) BIC, BA The collagen coating of Ti
implants improves
osteoinduction and tissue
vascularization while
reducing inflammatory
response and macrophage
and osteoclast activity

Stadlinger
et al.
(Stadlinger
et al., 2008) (1)

Pig Type I Collagen/
rhBMP-4

Jaw 3 and
7 weeks

12 × 4.25 Ø Ti (120) BIC The inclusion of
chondroitin sulfate in the
coating increases the BIC
of collagen-coated
implants, however, the
additional inclusion of a
low amount of rhBMP-4
had a detrimental effect

(Continued on following page)
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2009; Bae et al., 2018) that used rods and microscrews, respectively.
The implants featured either a re-coated or uncoated surface with
peptides in five studies (Germanier et al., 2006; Barros et al., 2009;
Yang et al., 2009; Lutz et al., 2010b; Cho et al., 2019), BMPs in
fourteen studies (Anitua, 2006; Wikesjö et al., 2008a; Wikesjö et al.,
2008b; Wikesjö et al., 2008c; Anitua et al., 2009; Ishibe et al., 2009;
Polimeni et al., 2010; Susin et al., 2010; Ramazanoglu et al., 2011;
Kim et al., 2015; Yoo et al., 2015; Cardoso et al., 2017; Pang et al.,
2021), or ECM products in seven studies (Stadlinger et al., 2008;
Stadlinger et al., 2012b; Sverzut et al., 2012; Cecconi et al., 2014; Korn
et al., 2014; Bae et al., 2018; Cho et al., 2019). Follow-up periods
ranged from 2 to 16 weeks, except for the study by Bae et al. (Bae
et al., 2018) that the follow-up period was extended to 84 weeks. The
most commonly used experimental models were the dog (Wikesjö
et al., 2008a;Wikesjö et al., 2008b; Barros et al., 2009; Polimeni et al.,
2010; Susin et al., 2010; Sverzut et al., 2012; Kim et al., 2015; Cho
et al., 2019) and the pig (Germanier et al., 2006; Stadlinger et al.,
2008; Lutz et al., 2010b; Susin et al., 2010; Ramazanoglu et al., 2011;

Stadlinger et al., 2012b; Korn et al., 2014; Cardoso et al., 2017). The
jaw and tibia were the most commonly used bones for implantation
and all included studies evaluated the BIC; six studies evaluated BA
(Yang et al., 2009; Sverzut et al., 2012; Yoo et al., 2015; Cho et al.,
2019; Cho et al., 2021; Pang et al., 2021) and nine studies evaluated
BD (Wikesjö et al., 2008b; Wikesjö et al., 2008c; Stadlinger et al.,
2008; Barros et al., 2009; Lutz et al., 2010b; Polimeni et al., 2010;
Susin et al., 2010; Ramazanoglu et al., 2011; Korn et al., 2014). The
main characteristics of the studies are shown in the tables below
(Tables 3–5).

3.4 Quantitative synthesis (meta-analysis)

The same studies included in the qualitative synthesis were
used to perform a meta-analysis comparing Ti implants coated
with different biomolecules, with Ti implants etched. Meta-
analysis of adverse outcomes could not be performed due to

TABLE 5 (Continued) Surface modification with ECM. Characteristics of the included studies.

Study Animal
model

Biomolecule Implantation
site

Length
of study

Implanted
device
(length
and
diameter)
mm

Material
and
number
of
implanted
devices

Parameters
measured

Findings

Cho et al. (Cho
et al., 2021)

Dog Type I
Collagen/GA

Jaw 8 weeks 8 × 4 Ø Pure Ti (36) BIC, BA Gamma-irradiated
collagen crosslinking is as
effective as GA
crosslinking in terms of
bone regeneration
efficiency

Bae et al. (Bae
et al., 2018)

Rat Type I
Collagen/GA

Tibia 84 weeks 2.5 × 1.5 Ø Ti (12) BIC, NBV Radiation cross-linked
collagen-coated Ti
implants possess potential
osteoinductive qualities
without the adverse effects
of chemical agents

Korn et al.
(Korn et al.,
2014)

Pig Collagen/CS/
sHya

Jaw 4 and
8 weeks

15 × 5 Ø Ti (36) BIC, BD Collagen/CS/sHya-coated
Ti implants did not show
an increase in BIC
compared to the acid-
etched and blasted
References surface.
However, they did increase
bone density compared to
the References surface

Stadlinger
et al.
(Stadlinger
et al.,
2012b) (2)

Pig Collagen/CS Jaw 4 and
8 weeks

9.5 × 4.5 Ø Ti (120) BIC, BD The coatings did not show
a significant effect on BIC
or BVD.

Cecconi et al.
(Cecconi et al.,
2014)

Rabbit Type I Collagen/
Apatite

Femur 7 weeks 8.5 × 4 Ø Ti (24) BIC Coating with bone apatite
and type I collagen
increased new bone
formation and bone
attachment around Ti
implants

Ti, Titanium; BIC, bone to implant contact; BV, bone volume; BA, bone area; rhBMP-2, recombinant human bone morphogenetic protein-2; GA, glutaraldehyde; NBA, new bone area;
ITBD, inter-thread bone densities; NBV, new bone volume; CS, chondroitin sulfate; BVD, bone volume density; sHya, sulfated hyaluronan.
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FIGURE 3
Forest plot for meta-analysis of studies evaluating BIC at 4 weeks after placement, assuming a random-effects model. SD, standard deviation;
CI, confidence interval.
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lack of data. All included studies (Anitua, 2006; Germanier et al.,
2006; Wikesjö et al., 2008a; Wikesjö et al., 2008b; Wikesjö et al.,
2008c; Stadlinger et al., 2008; Anitua et al., 2009; Barros et al.,
2009; Ishibe et al., 2009; Yang et al., 2009; Lutz et al., 2010b;
Polimeni et al., 2010; Susin et al., 2010; Ramazanoglu et al., 2011;
Stadlinger et al., 2012b; Sverzut et al., 2012; Jiang et al., 2013;
Cecconi et al., 2014; Korn et al., 2014; Kim et al., 2015; Yoo et al.,
2015; Cardoso et al., 2017; Bae et al., 2018; Cho et al., 2019; Cho
et al., 2021; Pang et al., 2021) evaluated bone-to-implant contact
(BIC), using measurement 4 weeks after placement. The
heterogeneity of the grouped studies was very high (I2 = 99%)
(Figure 3). Only one result favorable to coating, was found in the
BMPs subgroup. Analysis of the grouped studies showed no
significant differences between coatings and controls.

3.5 Publication bias and heterogeneity

The grouped studies show graphic signs of publication bias
(Figure 4).

4 Discussion

The purpose of the present study was to answer the following
clinical question: “Does the bioactive surface of titanium dental
implants, based on biomolecules, influence osseointegration?”.

Osseointegration is the stable anchorage of an implant through
direct bone-to-implant contact (Albrektsson and Johansson, 2001).

The main objective of surface modifications of endosseous
implants is to modulate the response of the host bone tissue to
achieve better osseointegration.

This review focused on BIC analysis in three categories of
biomolecular Ti implant coatings: peptides, BMPs and ECM and
identified 26 preclinical research articles that used BIC analysis to
assess peri-implant bone formation in different animal models.
The included studies found that coatings with bioactive
molecules increased bone values around the implant; only the
study by Ramazanoglu et al. (2011) found no difference in BIC in
the rhBMP-2 coating.

After insertion of an endosseous implant, a series of events occur
between the host and the implant surface. During the
intercommunication of the implant surface and the blood of the
recipient, ligands and proteins are dynamically adsorbed at the
implant surface and through a subsequent inflammatory process
are released from it, followed by bone formation around the bioactive
surface, reaching the maximum degree of organization and
biomechanical properties through several remodeling cycles
(Lemons, 2004; Goiato et al., 2009). Due to the dynamic nature
of the bone-biomaterial interface, biomaterials for endosseous dental
implants must have short- and long-term biocompatible and
biofunctional properties (Xuereb et al., 2015). It was Puleo and
Nanci (Puleo and Nanci, 1999), in 1999, who first indicated that
“biochemical surface modification strives to utilize current
knowledge of the biology and biochemistry of cell function and
differentiation".

Since then, and especially in recent years, surface
modifications of Ti and Ti6Al4V implants, using methods
based on the immobilization of biologically active organic
molecules, have aroused particular interest among researchers,
with the aim of increasing cell migration and adhesion to the
substrate and avoiding nonspecific addition of proteins, to
improve the healing process (Panayotov et al., 2015).
(Drexelius and Neundorf, 2021) Antimicrobial peptides have
evolved as reliable alternatives to commonly used antibiotics and
are positioned as candidates for antimicrobial surface coatings of
implants. A review by Drexelius and Neundorf concluded that
they have excellent in vitro and in vivo antimicrobial activity
(Drexelius and Neundorf, 2021). Kang et al. (Kang et al., 2013) in
a mixed in vitro and in vivo study used a laminin-2-derived
peptide capable of promoting initial cell adhesion and
propagation of osteoblast-like cells in vitro, acting as an
accelerator of osseointegration of implant materials and
determining its positive effect, in vivo, on BIC values.

Plasma and extracellular matrix proteins (type I collagen,
fibronectin, vitronectin, osteopontin, and bone sialoprotein),
which contain at binding sites the RGD (Arg-Gly-Asp)
sequence, together with receptor integrins, constitute an
important recognition system for cell adhesion (Ruoslahti,
1996). Two of the selected studies (Germanier et al., 2006;
Yang et al., 2009) investigated the effect of RGD coating by a
layered self-assembly technique on porous surface implants,
concluding that the peptides possess potential to transmit
particular cell adhesion properties to Ti surfaces and are able
to enhance cell-material interactions. Kroese-Deutman et al.

FIGURE 4
Funnel plot of grouped studies. The asymmetry proves
publication bias.
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(Kroese-Deutman et al., 2005) used a porous Ti fiber mesh
implant coated with the RGD peptide in the rabbit skull and
compared it with porous Ti fiber mesh disks without the RGD
sequence. Histological and histomorphometric examinations
after 4 and 8 weeks showed a significant increase in bone
growth in the RGD-Ti group compared to the control group.

BMPs belong to the transforming growth factor beta (TGF-β)
family and are biological factors with a strong ability to induce bone,
cartilage and connective tissue formation through the differentiation
of bonemesenchymal stem cells (Dolanmaz et al., 2015b). They have
been investigated as one of the growth factors (GF) that stimulate
undifferentiated cells to become osteoblasts, with a certain ability to
attract undifferentiated mesenchymal cells, regulating angiogenesis,
chemotaxis and cell multiplication (Chang et al., 2010; Öncü and
Alaaddinoğlu, 2015; Öncü et al., 2016). Numerous studies have
reported that the use of BMPs improves the process of osteogenesis,
osteoblast activity and osseointegration after dental implantation
(Chen et al., 2004; Halloran et al., 2020). Nine of the reviewed studies
(Wikesjö et al., 2008a; Wikesjö et al., 2008b; Wikesjö et al., 2008c;
Ishibe et al., 2009; Ramazanoglu et al., 2011; Jiang et al., 2013; Kim
et al., 2015; Yoo et al., 2015; Pang et al., 2021) used BMP-2 as a Ti
implant coating. Wikesjö et al. used recombinant human bone
morphogenetic protein-2 (rhBMP-2) in three studies and in
different experimental models (Wikesjö et al., 2008a; Wikesjö
et al., 2008b; Wikesjö et al., 2008c); in one study with non-
human primates (Wikesjö et al., 2008c), they found that Ti
surface coated with rhBMP-2 accelerated type IV bone
formation; another study, in a canine model (Wikesjö et al.,
2008b), based peri-implant bone remodeling on rhBMP-2 doses,
reporting that sites receiving implants coated with rhBMP-2 at
3 mg/ml, showed increased formation of immature trabecular bone.
On the contrary, the same authors in a third study, also on a canine
model (Wikesjö et al., 2008a), demonstrated that rh BMP-2 at doses
of 0.75 or 1.5 mg/ml, despite inducing osseointegration, did not
increase BIC values, resulting significantly higher in the control
group (uncoated Ti). Similarly, Ramazanoglu et al. (Ramazanoglu
et al., 2011) found no increase in BIC in Ti implants with rhBMP-2
biomimetic coatings, despite inducing an improvement in peri-
implant bone density.

Anitua et al. (Anitua et al., 2007; Anitua et al., 2009) proposed
implant wetting with autologous growth factors, obtaining
significant improvements in osseointegration. Lee et al. (Lee
et al., 2010) reported that Ti porous oxide implants coated
with rhBMP-2 significantly induce bone formation and
remodeling, although they did not find significant effects
according to the application techniques.

The ECM is a three-dimensional network, with an
abundance of macromolecules, such as type I collagen,
proteoglycans, laminin and fibronectin, which provides
biochemical and structural support to surrounding cells

(Daley and Yamada, 2013). It has been highlighted that
ECM could affect the differentiation, survival and
potentiality of mesenchymal stem cells (MSCs) by
modulating the activity of growth factors and affecting cell
behavior (Assis-Ribas et al., 2018). Feng et al. in a recent
investigation (Feng et al., 2020) studied the behavior of MSC
laminates, obtained by a decellularization process, on SLA-
surfaced implants and demonstrated that they promoted
adhesion, proliferation and osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs) in vitro, and
improved osseointegration of implants in vivo. Shekaran and
Garcia in a review study (Shekaran and García, 2011)
highlighted the functionalization of implants with ECM
peptides or proteins, to modulate host cell responses to the
implant material and to enhance osseointegration and bone
formation. They also observed that surfaces presenting the
peptide Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER), from the
α1 chain of type I collagen, promote osteoblastic
differentiation of primary bone marrow cells in vitro, and
that GFOGER-functionalized titanium implants would
improve implant integration in a rat cortical model by
enhancing peri-implant bone formation and implant
attachment to bone. Despite this, studies such as those by
Hennessy et al. (Hennessy et al., 2009) disagree with these
results, suggesting that collagen mimetic peptides would
exclusively stimulate osteoblastic differentiation and that the
beneficial effects would be due to the role of these peptides as
differentiation rather than adhesion factors. Stadlinger et al.
(Stadlinger et al., 2008; Stadlinger et al., 2012b) in two in vivo
studies did not obtain variations in BIC at 4 and 8 weeks after
cycloaddition in collagen-coated implants, finding only a slight
increase in bone-to-implant contact around the implants that
incorporated CS in the coating and observing that the
additional inclusion of a low amount of rhBMP-4 had a
detrimental 4meta-analysis had several limitations: first,
different experimental models were used, suggesting different
bone formation dynamics, especially in early healing times
(Pearce et al., 2007; Wancket, 2015). These factors may
influence the observed BIC values. Second, this meta-analysis
focused only on three biomolecular coatings (peptides, BMPs,
and ECMs), leaving out other bioactive coatings; moreover, the
coatings in the different studies were not single coatings, but
most resorted to combined coatings. Thirdly, the discrepant
follow-up periods (2–84 weeks) and differences in the number
of animals in the studies, could condition the results. Fourth,
the various investigations analyzed several parameters
indicative of bone neoformation and in our meta-analysis
only BIC was chosen as a measure indicative of
osseointegration (Albrektsson and Johansson, 2001; Gehrke
et al., 2020).
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5 Conclusion

In summary, the present meta-analysis revealed that the use
of certain bioactive organic molecules seems to promote peri-
implant bone formation, which could influence osseointegration
during the early stages of healing; however, different factors make
comparison between studies difficult and complicate the
interpretation of the results on peri-implant bone formation.
Nevertheless, in order to confirm the clinical applicability of
these findings, in addition to a greater number of preclinical
studies on suitable experimental models, clinical trials with
prolonged follow-up periods would be necessary, since the
results of preclinical experiments do not necessarily reflect the
human clinical reality.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding author.

Author contributions

Conceptualization, NL-V and JA; methodology, NL-V;
formal analysis, NQ-L and AL-V; investigation, NL-V and JA;
writing—original draft preparation AL-V; data curation, JA and

CR; supervision, JA and AL-V. All authors have read and agreed
to the published version of the manuscript. All authors have read
and agreed to the published version of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of
the authors and do not necessarily represent those of
their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
986112/full#supplementary-material

References

Albrektsson, T., and Johansson, C. (2001). Osteoinduction, osteoconduction
and osseointegration. Eur. Spine J. 2 (2), S96–S101. doi:10.1007/
s005860100282

Alghamdi, H. S., and Jansen, J. A. (2020). The development and future of dental
implants. Dent. Mat. J. 39, 167–172. doi:10.4012/dmj.2019-140

Andrea, A., Molchanova, N., and Jenssen, H. (2018). Antibiofilm peptides and
peptidomimetics with focus on surface immobilization. Biomolecules 8, 27. doi:10.
3390/biom8020027

Andrea, A., Molchanova, N., and Jenssen, H. (2018). Antibiofilm peptides and
peptidomimetics with focus on surface immobilization. Biomolecules 8, 27. doi:10.
3390/biom8020027

Anitua, E., Orive, G., Pla, R., Roman, P., Serrano, V., and Andía, I. (2009). The
effects of PRGF on bone regeneration and on titanium implant osseointegration in
goats: A histologic and histomorphometric study. J. Biomed. Mat. Res. A 91,
158–165. doi:10.1002/jbm.a.32217

Anitua, E., Sánchez, M., Orive, G., and Andía, I. (2007). The potential impact of
the preparation rich in growth factors (PRGF) in different medical fields.
Biomaterials 28, 4551–4560. doi:10.1016/j.biomaterials.2007.06.037

Anitua, E. A. (2006). Enhancement of osseointegration by generating a dynamic
implant surface. J. Oral Implantol. 32, 72–76. doi:10.1563/736.1

Assis-Ribas, T., Forni, M. F., Winnischofer, S. M. B., Sogayar, M. C., and Trombetta-
Lima, M. (2018). Extracellular matrix dynamics during mesenchymal stem cells
differentiation. Dev. Biol. N. Y. 1985. 437, 63–74. doi:10.1016/j.ydbio.2018.03.002

Badr, N., and Hadary, A. (2007). Hydroxyapatite-electroplated cp-titanium
implant and its bone integration potentiality: An in vivo study. Implant Dent.
16, 297–308. doi:10.1097/ID.0b013e31805d7dc4

Bae, E. B., Yoo, J. H., Jeong, S. I., Kim, M. S., Lim, Y. M., Ahn, J. J., et al. (2018).
Effect of titanium implants coated with radiation-crosslinked collagen on

stability and osseointegration in rat tibia. Materials 11 (12), 2520. doi:10.
3390/ma11122520

Barros, R. R., Novaes, A. B., Jr, Papalexiou, V., Souza, S. L., Taba, M., Jr, Palioto, D.
B., et al. (2009). Effect of biofunctionalized implant surface on osseointegration: A
histomorphometric study in dogs. Braz. Dent. J. 20, 91–98. doi:10.1590/s0103-
64402009000200001

Bosco, R., Edreira, E. R. U., Wolke, J. G., Leeuwenburgh, S. C., van den
Beucken, J. J., and Jansen, J. A. (2013). Instructive coatings for biological
guidance of bone implants. Surf. Coat. Technol. 233, 91–98. doi:10.1016/j.
surfcoat.2013.02.039

Cardoso, M. V., de Rycker, J., Chaudhari, A., Coutinho, E., Yoshida, Y., Van
Meerbeek, B., et al. (2017). Titanium implant functionalization with phosphate-
containing polymers may favour in vivo osseointegration. J. Clin. Periodontol. 44,
950–960. doi:10.1111/jcpe.12736

Cecconi, S., Mattioli-Belmonte, M., Manzotti, S., Orciani, M., Piccioli, A., and
Gigante, A. (2014). Bone-derived titanium coating improves in vivo implant
osseointegration in an experimental animal model. J. Biomed. Mat. Res. 102,
303–310. doi:10.1002/jbm.b.33008

Chang, P. C., Lang, N. P., and Giannobile, W. V. (2010). Evaluation of functional
dynamics during osseointegration and regeneration associated with oral implants.
Clin. Oral Implants Res. 21, 1–12. doi:10.1111/j.1600-0501.2009.01826.x

Chen, D., Zhao, M., and Mundy, G. R. (2004). Bone morphogenetic proteins.
Growth factors. 22, 233–241. doi:10.1080/08977190412331279890

Cho, C. B., Jung, S. Y., Park, C. Y., Kang, H. K., Yeo, I. L., andMin, B. M. (2019). A
vitronectin-derived bioactive peptide improves bone healing capacity of SLA
titanium surfaces. Mater. (Basel) 12 (20), 3400. doi:10.3390/ma12203400

Cho, W. T., Kim, S. Y., Jung, S. I., Kang, S. S., Kim, S. E., Hwang, S. H., et al.
(2021). Effects of gamma radiation-induced crosslinking of collagen type I coated

Frontiers in Bioengineering and Biotechnology frontiersin.org15

López-Valverde et al. 10.3389/fbioe.2022.986112



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 105 

 
 

 

 

dental titanium implants on osseointegration and bone regeneration.Mater. (Basel)
14 (12), 3268. doi:10.3390/ma14123268

Cooper, L., Zhou, Y., Takebe, J., Guo, J., Abron, A., Holmen, A., et al. (2006).
Fluoride modification effects on osteoblast behavior and bone formation at TiO
grit-blasted c.p. titanium endosseous implants. Biomaterials 27, 926–936. doi:10.
1016/j.biomaterials.2005.07.009

Daley, W. P., and Yamada, K. M. (2013). ECM-modulated cellular dynamics as a
driving force for tissue morphogenesis. Curr. Opin. Genet. Dev. 23, 408–414. doi:10.
1016/j.gde.2013.05.005

Dolanmaz, D., Saglam, M., Inan, O., Dundar, N., Alniacık, G., Gursoy Trak, B.,
et al. (2015). Monitoring bone morphogenetic protein-2 and -7, soluble receptor
activator of nuclear factor-κB ligand and osteoprotegerin levels in the peri-implant
sulcular fluid during the osseointegration of hydrophilic-modified sandblasted acid-
etched and sandblaste. J. Periodontal Res. 50, 62–73. doi:10.1111/jre.12182

Drexelius, M. G., and Neundorf, I. (2021). Application of antimicrobial peptides
on biomedical implants: Three ways to pursue peptide coatings. Int. J. Mol. Sci. 22,
13212. doi:10.3390/ijms222413212

Ellingsen, J., Johansson, C., Wennerberg, A., and Holmén, A. (2004). Improved
retention and bone-tolmplant contact with fluoride-modified titanium implants.
Int. J. Oral Maxillofac. Implants 19, 659–666.

Feng, Y., Jiang, Z., Zhang, Y., Miao, X., Yu, Q., Xie, Z., et al. (2020). Stem-cell-
derived ECM sheet-implant complexes for enhancing osseointegration. Biomater.
Sci. 8, 6647–6656. doi:10.1039/d0bm00980f

Fischer, N. G., Münchow, E. A., Tamerler, C., Bottino, M. C., and Aparicio, C.
(2020). Harnessing biomolecules for bioinspired dental biomaterials. J. Mat. Chem.
B 8, 8713–8747. doi:10.1039/d0tb01456g

Garcia, A. J., and Reyes, C. D. (2005). Bio-adhesive surfaces to promote osteoblast
differentiation and bone formation. J. Dent. Res. 84, 407–413. doi:10.1177/
154405910508400502

Gehrke, S. A., AramburúJúnior, J., Pérez-Díaz, L., do Prado, T. D., Dedavid, B. A.,
Mazon, P., et al. (2020). Can changes in implant macrogeometry accelerate the
osseointegration process?: An in vivo experimental biomechanical and histological
evaluations. PLoS One 15 (5), e0233304. doi:10.1371/journal.pone.0233304

Germanier, Y., Tosatti, S., Broggini, N., Textor, M., and Buser, D. (2006).
Enhanced bone apposition around biofunctionalized sandblasted and
acid-etched titanium implant surfaces. A histomorphometric study in miniature
pigs. Clin. Oral Implants Res. 17, 251–257. doi:10.1111/j.1600-0501.2005.01222.x

Giro, G., Gonçalves, D., Sakakura, C. E., Pereira, R. M., Marcantonio Júnior, E.,
and Orrico, S. R. (2008). Influence of estrogen deficiency and its treatment with
alendronate and estrogen on bone density around osseointegrated implants:
Radiographic study in female rats. Oral Surg. Oral Med. Oral Pathology Oral
Radiology Endodontology 105, 162–167. doi:10.1016/j.tripleo.2007.06.010

Goiato, M. C., Pellizzer, E. P., dos Santos, D. M., Barão, V. A., de Carvalho, B. M.,
Magro-Filho, O., et al. (2009). Clinical viability of immediate loading of dental
implants: Part I-factors for success. J. Craniofac. Surg. 20, 2 139–2142. doi:10.1097/
SCS.0b013e3181bec71a

Halloran, D., Durbano, H. W., and Nohe, A. (2020). Bone morphogenetic
protein-2 in development and bone homeostasis. J. Dev. Biol. 8, 19. doi:10.3390/
jdb8030019

Hennessy, K.M., Pollot, B. E., Clem,W. C., Phipps,M. C., Sawyer, A. A., Culpepper, B.
K., et al. (2009). The effect of collagen I mimetic peptides on mesenchymal stem cell
adhesion and differentiation, and on bone formation at hydroxyapatite surfaces.
Biomaterials 30, 1898–1909. doi:10.1016/j.biomaterials.2008.12.053

Hooijmans, C. R., Rovers, M. M., de Vries, R. B., Leenaars, M., Ritskes-Hoitinga,
M., and Langendam, M. W. (2014). SYRCLE’s risk of bias tool for animal studies.
BMC Med. Res. Methodol. 14, 43. doi:10.1186/1471-2288-14-43

Hubbell, J. A. (1999). Bioactive biomaterials. Curr. Opin. Biotechnol. 10, 123–129.
doi:10.1016/s0958-1669(99)80021-4

Hutton, B., Catalá-López, F., and Moher, D. (2016). The PRISMA statement
extension for systematic reviews incorporating network meta-analysis: PRISMA-
NMA. Med. Clin. 147 (6), 262–266. doi:10.1016/j.medcli.2016.02.025

Ishibe, T., Goto, T., Kodama, T., Miyazaki, T., Kobayashi, S., and Takahashi, T.
(2009). Bone formation on apatite-coated titanium with incorporated BMP-2/
heparin in vivo. Oral Surg. Oral Med. Oral Pathology Oral Radiology Endodontology
108, 867–875. doi:10.1016/j.tripleo.2009.06.039

Jiang, Q. H., Liu, L., Peel, S., Yang, G. L., Zhao, S. F., and He, F. M. (2013). Bone
response to the multilayer BMP-2 gene coated porous titanium implant surface.
Clin. Oral Implants Res. 24, 853–861. doi:10.1111/j.1600-0501.2011.02383.x

Junker, R., Dimakis, A., Thoneick, M., and Jansen, J. A. (2009). Effects of implant
surface coatings and composition on bone integration: A systematic review. Clin.
Oral Implants Res. 20 (4), 185–206. doi:10.1111/j.1600-0501.2009.01777.x

Kang, H. K., Kim, O. B., Min, S. K., Jung, S. Y., Jang, D. H., Kwon, T. K., et al.
(2013). The effect of the DLTIDDSYWYRI motif of the human laminin α2 chain on
implant osseointegration. Biomaterials 34, 4027–4037. doi:10.1016/j.biomaterials.
2013.02.023

Kim, N. H., Lee, S. H., Ryu, J. J., Choi, K. H., and Huh, J. B. (2015). Effects of
rhBMP-2 on sandblasted and acid etched titanium implant surfaces on bone
regeneration and osseointegration: Spilt-mouth designed pilot study. Biomed.
Res. Int. 2015, 1–11. doi:10.1155/2015/459393

Korn, P., Schulz, M. C., Hintze, V., Range, U., Mai, R., Eckelt, U., et al. (2014).
Chondroitin sulfate and sulfated hyaluronan-containing collagen coatings of
titanium implants influence peri-implant bone formation in a minipig model.
J. Biomed. Mat. Res. A 102, 2334–2344. doi:10.1002/jbm.a.34913

Kroese-Deutman, H. C., van den Dolder, J., Spauwen, P. H., and Jansen, J. A.
(2005). Influence of RGD-loaded titanium implants on bone formation in vivo.
Tissue Eng. 11 (11-12), 1867–1875. doi:10.1089/ten.2005.11.1867

Le Guéhennec, L., Soueidan, A., Layrolle, P., and Amouriq, Y. (2007). Surface
treatments of titanium dental implants for rapid osseointegration. Dent. Mat. 23,
844–854. doi:10.1016/j.dental.2006.06.025

Lee, J., Decker, J. F., Polimeni, G., Cortella, C. A., Rohrer, M. D., Wozney, J. M.,
et al. (2010). Evaluation of implants coated with rhBMP-2 using two different
coating strategies: A critical-size supraalveolar peri-implant defect study in dogs.
J. Clin. Periodontol. 37, 582–590. doi:10.1111/j.1600-051X.2010.01557.x

Lee, S. W., Hahn, B. D., Kang, T. Y., Lee, M. J., Choi, J. Y., Kim, M. K., et al. (2014).
Hydroxyapatite and collagen combination-coated dental implants display better bone
formation in the peri-implant area than the same combination plus bonemorphogenetic
protein-2-coated implants, hydroxyapatite only coated implants, and uncoated implants.
J. Oral Maxillofac. Surg. 72, 53–60. doi:10.1016/j.joms.2013.08.031

Lemons, J. E. (2004). Biomaterials, biomechanics, tissue healing, and immediate-
function dental implants. J. Oral Implantol. 30, 318–324. doi:10.1563/0712.1

Lutz, R., Srour, S., Nonhoff, J., Weisel, T., Damien, C. J., and Schlegel, K. A.
(2010). Biofunctionalization of titanium implants with a biomimetic active peptide
(P-15) promotes early osseointegration. Clin. Oral Implants Res. 21, 726–734.
doi:10.1111/j.1600-0501.2009.01904.x

Lutz, R., Srour, S., Nonhoff, J., Weisel, T., Damien, C. J., and Schlegel, K. A.
(2010). Biofunctionalization of titanium implants with a biomimetic active peptide
(P-15) promotes early osseointegration. Clin. Oral Implants Res. 21, 726–734.
doi:10.1111/j.1600-0501.2009.01904.x

Makihira, S., Nikawa, H., Shuto, T., Nishimura, M., Mine, Y., Tsuji, K., et al.
(2011). Evaluation of trabecular bone formation in a canine model
surrounding a dental implant fixture immobilized with an antimicrobial
peptide derived from histatin. J. Mat. Sci. Mat. Med. 22, 2765–2772. doi:10.
1007/s10856-011-4440-2

Moraschini, V., Poubel, L. A., Ferreira, V. F., and Barboza Edos, S. (2015).
Evaluation of survival and success rates of dental implants reported in longitudinal
studies with a follow-up period of at least 10 years: A systematic review. Int. J. Oral
Maxillofac. Surg. 44, 377–388. doi:10.1016/j.ijom.2014.10.023

Moussa, D. G., and Aparicio, C. (2020). Targeting the oral plaque microbiome
with immobilized anti-biofilm peptides at tooth-restoration interfaces. PLoS One 15
(7), e0235283. doi:10.1371/journal.pone.0235283

Narai, S., and Nagahata, S. (2003). Effects of alendronate on the removal torque of
implants in rats with induced osteoporosis. Int. J. Oral Maxillofac. Implants 18,
218–223.

Öncü, E., and Alaaddinoğlu, E. E. (2015). The effect of platelet-rich fibrin on
implant stability. Int. J. Oral Maxillofac. Implants 30, 578–582. doi:10.11607/jomi.
3897

Öncü, E., Bayram, B., Kantarci, A., Gülsever, S., and Alaaddinoğlu, E. E. (2016).
Positive effect of platelet rich fibrin on osseointegration.Med. Oral Patol. Oral Cir.
Bucal 21 (5), e601–e607. doi:10.4317/medoral.21026

Osman, R. B., and Swain, M. V. (2015). A critical review of dental implant
materials with an emphasis on titanium versus zirconia. Mater. (Basel) 8, 932–958.
doi:10.3390/ma8030932

Panayotov, I. V., Vladimirov, B. S., Dutilleul, P. Y., Levallois, B., and Cuisinier, F.
(2015). Strategies for immobilization of bioactive organic molecules on titanium
implant surfaces - a review. Folia Med. Plovdiv. 57, 11–18. doi:10.1515/folmed-
2015-0014

Pang, K., Seo, Y. K., and Lee, J. H. (2021). Effects of the combination of bone
morphogenetic protein-2 and nano-hydroxyapatite on the osseointegration of
dental implants. J. Korean Assoc. Oral Maxillofac. Surg. 47, 454–464. doi:10.
5125/jkaoms.2021.47.6.454

Pearce, A. I., Richards, R. G., Milz, S., Schneider, E., and Pearce, S. G. (2007).
Animal models for implant biomaterial research in bone: A review. Eur. Cell. Mat.
13, 1–10. doi:10.22203/ecm.v013a01

Frontiers in Bioengineering and Biotechnology frontiersin.org16

López-Valverde et al. 10.3389/fbioe.2022.986112



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 106 

 
 

 

 

 

Polimeni, G., Wikesjö, U. M., Susin, C., Qahash, M., Shanaman, R. H., Prasad, H.
S., et al. (2010). Alveolar ridge augmentation using implants coated with
recombinant human growth/differentiation factor-5: Histologic observations.
J. Clin. Periodontol. 37, 759–768. Epub 2010 May 25. doi:10.1111/j.1600-051X.
2010.01579.x

Puleo, D. A., and Nanci, A. (1999). Understanding and controlling the bone-
implant interface. Biomaterials 20 (23-24), 2311–2321. doi:10.1016/s0142-9612(99)
00160-x

Ramazanoglu, M., Lutz, R., Ergun, C., von Wilmowsky, C., Nkenke, E., and
Schlegel, K. A. (2011). The effect of combined delivery of recombinant human bone
morphogenetic protein-2 and recombinant human vascular endothelial growth
factor 165 from biomimetic calcium-phosphate-coated implants on
osseointegration. Clin. Oral Implants Res. 22 (12), 1433–1439. doi:10.1111/j.
1600-0501.2010.02133.x

Raphel, J., Karlsson, J., Galli, S., Wennerberg, A., Lindsay, C., Haugh, M. G., et al.
(2016). Engineered protein coatings to improve the osseointegration of dental and
orthopaedic implants. Biomaterials 83, 269–282. doi:10.1016/j.biomaterials.2015.12.030

Riool, M., de Breij, A., Drijfhout, J. W., Nibbering, P. H., and Zaat, S. A. J. (2017).
Antimicrobial peptides in biomedical device manufacturing. Front. Chem. 5, 63.
doi:10.3389/fchem.2017.00063

Ruoslahti, E. (1996). RGD and other recognition sequences for integrins. Annu.
Rev. Cell Dev. Biol. 12, 697–715. doi:10.1146/annurev.cellbio.12.1.697

Russell, R. G. G., Watts, N. B., Ebetino, F. H., and Rogers, M. J. (2008).
Mechanisms of action of bisphosphonates: Similarities and differences and their
potential influence on clinical efficacy. Osteoporos. Int. 19, 733–759. doi:10.1007/
s00198-007-0540-8

Shekaran, A., and García, A. J. (2011). Extracellular matrix-mimetic adhesive
biomaterials for bone repair. J. Biomed.Mat. Res. A 96, 261–272. doi:10.1002/jbm.a.32979

Silva, R. R., Avelino, K. Y., Ribeiro, K. L., Franco, O. L., Oliveira, M. D., and
Andrade, C. A. (2016). Chemical immobilization of antimicrobial peptides on
biomaterial surfaces. Front. Biosci. 8, 453–142. doi:10.2741/s453

Siwakul, P., Sirinnaphakorn, L., Suwanprateep, J., Hayakawa, T., and Pugdee, K.
(2021). Cellular responses of histatin-derived peptides immobilized titanium
surface using a tresyl chloride-activated method. Dent. Mat. J. 40, 307–941.
doi:10.4012/dmj.2020-307

Stadlinger, B., Hintze, V., Bierbaum, S., Möller, S., Schulz, M. C., Mai, R., et al. (2012).
Biological functionalization of dental implants with collagen and glycosaminoglycans-A
comparative study. J. Biomed. Mat. Res. 100 (2), 331–341. doi:10.1002/jbm.b.31953

Stadlinger, B., Pilling, E., Huhle, M., Mai, R., Bierbaum, S., Scharnweber, D., et al.
(2008). Evaluation of osseointegration of dental implants coated with collagen,
chondroitin sulphate and BMP-4: An animal study. Int. J. Oral Maxillofac. Surg. 37,
54–59. doi:10.1016/j.ijom.2007.05.024

Stadlinger, B., Pourmand, P., Locher, M. C., and Schulz, M. C. (2012). Systematic
review of animal models for the study of implant integration, assessing the influence
of material, surface and design. J. Clin. Periodontol. 39, 28–36. doi:10.1111/j.1600-
051x.2011.01835.x

Stanford, C. M. (2008). Surface modifications of dental implants. Aust. Dent. J. 53
(1), S26–S33. doi:10.1111/j.1834-7819.2008.00038.x

Susin, C., Qahash, M., Polimeni, G., Lu, P. H., Prasad, H. S., Rohrer, M. D., et al.
(2010). Alveolar ridge augmentation using implants coated with recombinant
human bone morphogenetic protein-7 (rhBMP-7/rhOP-1): Histological
observations. J. Clin. Periodontol. 37, 574–581. doi:10.1111/j.1600-051X.2010.
01554.x

Sverzut, A. T., Crippa, G. E., Morra, M., de Oliveira, P. T., Beloti, M. M., and Rosa,
A. L. (2012). Effects of type I collagen coating on titanium osseointegration:
Histomorphometric, cellular and molecular analyses. Biomed. Mat. 7 (3),
035007. doi:10.1088/1748-6041/7/3/035007

Viera-Negron, Y. E., Ruan, W. H., Winger, J. N., Hou, X., Sharawy, M. M., and
Borke, J. L. (2008). Effect of ovariectomy and alendronate on implant
osseointegration in rat maxillary bone. J. Oral Implantol. 34, 76–82. doi:10.1563/
1548-1336(2008)34[76:EOOAAO]2.0.CO;2

Wancket, L. M. (2015). Animal models for evaluation of bone implants and
devices: Comparative bone structure and common model uses. Vet. Pathol. 52,
842–850. doi:10.1177/0300985815593124

Wikesjö, U. M., Huang, Y. H., Xiropaidis, A. V., Sorensen, R. G., Rohrer, M. D.,
Prasad, H. S., et al. (2008). Bone formation at recombinant human bone
morphogenetic protein-2-coated titanium implants in the posterior maxilla
(Type IV bone) in non-human primates. J. Clin. Periodontol. 35, 992–1000.
doi:10.1111/j.1600-051X.2008.01322.x

Wikesjö, U. M., Qahash, M., Polimeni, G., Susin, C., Shanaman, R. H., Rohrer, M.
D., et al. (2008). Alveolar ridge augmentation using implants coated with
recombinant human bone morphogenetic protein-2: Histologic observations.
J. Clin. Periodontol. 35, 1001–1010. doi:10.1111/j.1600-051X.2008.01321.x

Wikesjö, U. M., Xiropaidis, A. V., Qahash, M., Lim, W. H., Sorensen, R. G.,
Rohrer, M. D., et al. (2008). Bone formation at recombinant human bone
morphogenetic protein-2-coated titanium implants in the posterior mandible
(Type II bone) in dogs. J. Clin. Periodontol. 35, 985–991. doi:10.1111/j.1600-
051X.2008.01318.x

Xuereb, M., Camilleri, J., and Attard, N. J. (2015). Systematic review of current
dental implant coating materials and novel coating techniques. Int. J. Prosthodont.
28, 51–59. doi:10.11607/ijp.4124

Yang, G. L., He, F. M., Yang, X. F., Wang, X. X., and Zhao, S. F. (2009). In vivo
evaluation of bone-bonding ability of RGD-coated porous implant using layer-by-layer
electrostatic self-assembly. J. Biomed. Mat. Res. A 90, 175–185. doi:10.1002/jbm.a.32055

Yoo, S. Y., Kim, S. K., Heo, S. J., Koak, J. Y., Lee, J. H., and Heo, J. M. (2015).
Biochemical responses of anodized titanium implants with a poly(lactide-co-
glycolide)/bone morphogenetic protein-2 submicron particle coating. Part 2: An
in vivo study. Int. J. Oral Maxillofac. Implants 30, 754–760. doi:10.11607/jomi.
3701b

Zagury, R., Harari, N., Conz, M., Soares, A., and Vidigal, G. (2007).
Histomorphometric analyses of bone interface with titanium-aluminum-
vanadium and hydroxyapatite- coated implants by biomimetic process. Implant
Dent. 16, 290–296. doi:10.1097/ID.0b013e3180e9d9ed

Zhang, X., Geng, H., Gong, L., Zhang, Q., Li, H., Zhang, X., et al. (2018).
Modification of the surface of titanium with multifunctional chimeric peptides to
prevent biofilm formation via inhibition of initial colonizers. Int. J. Nanomedicine
13, 5361–5375. doi:10.2147/IJN.S170819

Frontiers in Bioengineering and Biotechnology frontiersin.org17

López-Valverde et al. 10.3389/fbioe.2022.986112



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 107 
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APPENDIX 5. ADDITIONAL PUBLICATIONS 

 

 Previously and during the Doctoral Program in Health Sciences (D420) at the University 

of Alcalá de Henares, the doctoral candidate carried out and collaborated in a series of 

investigations, in accordance with the proposed line of research. All of them have been part of 

the training base of the PhD student and have been published in high impact journals of the JCR 

(1st and 2nd quartiles), appearing in nine of them as first author and in three as co-author. 

 

 They are shown below: 
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Abstract: Although it was already described more than fifty years ago, there is yet no in-depth
knowledge regarding the process of osseointegration as far as its mechanism of action is concerned.
It could be one of the body’s ways of reacting to a foreign body, where the individual’s immune
response capacity is involved. It is known that the nervous system has an impact on bone health and
that the role of the autonomic nervous system in bone remodeling is an attractive field for current
research. In the future, immuno/neuromodulatory techniques will open new and exciting lines
of research.

Keywords: osseointegration; foreign-body reaction; bone remodeling; immuno/neuromodulatory
techniques

Although the process of osseointegration was first described by Brånemark and colleagues [1],
50 years later, the real mechanism of this process, remains unknown and has not been studied in depth.
The model proposed by Koka and Zarb marked genetics as one of the patient’s inherent variables,
necessary, to achieve “su�cient” and lasting results [2].

Among the proposed theories, two have acquired particular interest: “foreign-body reaction”,
which interprets osseointegration from the point of view of adverse immune processes [3]; and the
so-called by certain authors “brain-bone axis” theory [4].

1. Foreign-Body Reaction

Contact between any foreign body and vital tissue can trigger the activation of the
immune/inflammatory systems, activating defense cells: neutrophils, lymphocytes, monocytes and
proinflammatory macrophages, among others. Osteoclasts have a variety of specific functions in bone
tissue, many of them unknown. Their function, regarded, exclusively, as bone remodeling, has been
reassessed in the last decade, recognizing them as cells that are capable of secreting cytokines that
share a common origin with others of the immune system. Kiesel and colleagues [5] proposed a very
attractive hypothesis according to which osteoclasts would be antigen-presenting cells in the bone
marrow, participating in the recruitment and maintenance of CD8+ T lymphocytes.

However, in addition to osteoclasts, cells derived from the monocyte/macrophage lineage, are
one of the first cell types that come into contact with biomaterials implanted in bone tissue, alongside
osteoclasts, and certain foreign body giant cells (multinucleated giant cells, MNGCs) take part in the
encapsulation or rejection of the implant material [6]. In vitro research has proven that macrophages
can di↵erentiate into osteoclasts or into MNGCs [7]; however, the role of both cell types, osteoclasts
and MNGCs, remains unknown to researchers, even though there is growing evidence that MNGCs
can play a specific role in the integration of biomaterials with the host bone [8]. On the other hand,
neither is there a clear answer to whether MNGCs would remain active throughout the entire life
of the foreign body or whether their activity would disappear over time, in which case bone tissue
repair would evolve into a condition of chronic inflammation, that would end with the consequent
destruction of the tissue [6,9].

Biology 2020, 9, 168; doi:10.3390/biology9070168 www.mdpi.com/journal/biology
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2. Brain-Bone Axis

Recent studies, have shown that the nervous system plays an essential role in bone regeneration
and remodeling [10,11]. The participation of the autonomic nervous system, especially, the sympathetic
nervous system (SNS), in the modulation of bone remodeling, is awakening growing interest among
researchers. An intact autonomic nervous system contributes to the maintenance of healthy bone
tissue, whereas its alteration could induce abnormal bone remodeling and its association with clinical
conditions such as postmenopausal osteoporosis, adolescent idiopathic scoliosis, complex regional pain
syndrome or depression-induced osteoporosis [12,13]. Bone remodeling would be controlled by the
hypothalamus through a process involving adrenergic nerves and neurotransmitters [14]. The growth
hormones secreted by the pituitary gland, controlled by the hypothalamus, could induce osteoblast
and osteoclast proliferation, playing an essential role in the bone formation-destruction balance [15].

The discovery of glucose-sensing neurons in the arcuate nucleus of the hypothalamus would be
compatible with the possibility of the brain monitoring the skeleton’s condition [16].

The skeleton, is considered an active organ that sends information to others such as the brain.
Lee and colleagues [17] proved that osteocalcin (the second most widely expressed protein in bone
after collagen type I), behaves as a hormone, stimulating the release of insulin from the pancreatic
�-cells. Other authors have reported that osteocalcin would regulate the brain, being crucial to the
development of the hippocampus and cognitive functions [18]. On the other hand, neurotransmitters
such as noradrenaline, serotonin and dopamine could take part in bone remodeling mechanisms [11,19].
Long-term use of central nervous system (CNS) depressants is known to cause decreased bone mass,
resulting in osteoporosis and a higher risk for fractures. Gupta and colleagues [20] reported higher rates
of implant failure in patients under antidepressant therapies, although they do not explain whether
this is due to the drug or to the patients’ mental health itself, or perhaps even to a disruption of the
CNS-bone remodeling axis.

While these considerations suggest that the skeleton’s homeostasis is regulated by the brain, it is
necessary to conduct extensive research on the immune/inflammatory system, bone physiology and
the brain’s role in bone growth and remodeling. All of this would contribute to the understanding and
monitoring of the complex phenomenon of osseointegration.
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Simple Summary: The low bioactivity of titanium limits its applications. The biofunctionalization 
of its surfaces with certain polymers could improve and accelerate the osseointegration process. 
Chitosan is a natural polysaccharide derived from chitin, which has been proposed in biomedical 
engineering. This systematic review evaluated in vivo studies with chitosan-coated titanium 
implants compared with non-functionalized implants. 

Abstract: Chitosan is a natural polysaccharide extracted from the shells of crustaceans that has been 
proposed as a scaffold in tissue engineering. Certain studies have proven a greater osseointegration 
of titanium surfaces that are functionalized with chitosan. The MEDLINE, CENTRAL, PubMed, and 
Web of Science databases were electronically searched for in vivo studies. Seven studies met the 
inclusion criteria. Animal models, implant site, chitosan incorporation methods, and methods of 
analysis were emphasized. The selected studies were individually discussed regarding the coatings, 
osseointegration potential, and suitability of the experimental models used, analyzing their 
limitations. We concluded that chitosan-biofunctionalized titanium surfaces have greater 
osseointegration capacity that uncoated control titanium alloys.  

Keywords: titanium implant; chitosan; coating surface; functionalization 
 

1. Introduction 
The biofunctionalization of titanium (Ti) implants aimed at faster osseointegration 

has led researchers to develop different surfaces that can provide high osteogenic capacity 
[1]. Despite the osseointegration capacity of sandblasted, granulated, etched (SLA) 
surfaces, compared to machined surfaces, they require periods of 3 to 6 months to achieve 
adequate osseointegration [2]. Nevertheless, biofunctionalization using certain peptides, 
growth factors, nucleotides, or extracellular matrix proteins could lead to faster and more 
predictable osseointegration [3–6]. 

Chitosan (CS) is a natural polysaccharide derived from the partial deacetylation of 
chitin, a structural element found on the exoskeleton of crustaceans, insects, and on the 
cell walls of fungi, being the second most abundant natural polysaccharide after cellulose 
[7]. 

Its interesting qualities as a biodegradable, non-toxic, biocompatible, and 
immunotoxicity-free material, alongside its anticancer, antioxidant, and antimicrobial 
properties, allow it to be used for wound healing, as a drug carrier, in the management of 
obesity, or as a scaffold in tissue engineering [7–11]. 

The raw material used for its production is chitin, which conventionally 
demineralized, deproteinized, decolored, and finally highly purified, can be used for 
medical or pharmaceutical purposes. The conversion of chitin to CS is carried out through 
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enzymatic or chemical deacetylation, the latter being the most common method of 
commercial preparation [12–15]. 

The poor bioactivity and deficient antibacterial properties of Ti surfaces can lead to 
failure and postoperative infections, limiting its applications [16–18], which is why it is 
necessary to modify Ti surfaces to improve their bioactivity. 

There are currently different improvement methods, such as bioactive coatings and 
surface patterns (microstructures, nanostructures, micro-nanostructures); because of 
these well-proven benefits, such as the case with bioactive coatings, the use of Ti coatings 
has become one of the dominant approaches in the biomedical field to improve the 
osseointegration of dental implants [19]. 

The aim of our study was to conduct a systematic review of the scientific literature 
on in vivo studies related to the effectiveness of CS for the biofunctionalization of Ti 
surfaces aimed at improving osseointegration. 

2. Materials and Methods 
2.1. Protocol 

The studies were selected according to the Preferred Reporting Items for Systematic 
Review and Meta-Analysis (PRISMA) guidelines for systematic reviews [20], formulating 
a specific question based on the PICO (Participants, Intervention, Control, Outcome) 
framework:  

(P) Participants: Subjects received endosseous implantation; 

(I) Intervention: Implants with chitosan incorporation; 

(C) Control: Implants without chitosan incorporation; 

(O) Outcome: Bone formation around the implant body. 

The research question was: “Does the use of chitosan in titanium dental implant 
surfaces influence osseointegration?”. 

2.2. Data Sources and Search Strategy 
The MEDLINE, CENTRAL, PubMed, and Web of Science electronic databases were 

searched for findings published in the last 10 years until December 2020. The MeSH terms 
(Medical Subject Headings) used in MEDLINE, CENTRAL, and Pudmed data bases were: 
“titanium” [MeSH Terms], “implant” [MeSH Terms], “chitosan” [MeSH Terms], “coated 
materials, biocompatible” [MeSH Terms], “animals” [MeSH Terms]; the Boolean operator 
AND was used to refine the search. In Web of Science, the search terms were: “titanium 
implants”, “chitosan functionalized surface”, “chitosan coating surfaces”, “in vivo”; the 
Boolean operators AND, OR were used to refine the search (Table S1). 

2.3. Inclusion and Exclusion Criteria 
The inclusion criteria for the study selection were:  

1. In vivo studies; 
2. Studies where at least one layer of CS was used to coat the Ti; 
3. Studies where bone growth or the formation of a biological seal around the Ti 

implant surface coated with CS alone or in combination with other products or 
molecules was assessed; 

4. Studies on endosseous implants; 
5. Studies that included non-modified animals (osteoporotics, diabetics…). 

The exclusion criteria for the study selection were:  
1. In vitro studies; 
2. Narrative and systematic reviews; 
3. Studies that did not use endosseous implants, duplicates, and informatives.  
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2.4. Data Extraction and Analysis 
Two independent reviewers (N.L-V., A.L-V.) extracted data from the full texts of the 

selected articles, including general information, animal parameters (total number, 
species), chitosan incorporation methods, evaluation moments, analysis methods, 
conclusions, and implant parameters (total number, length, diameter, shape, location, and 
characteristics of the implant surface and control) The uncertainty in determining the 
eligibility of the studies was resolved by discussion between the two reviewers. 

2.5. Risk of Bias (RoB) of the Selected Articles 
SYRCLE’s risk of bias tool (an adapted version of the Cochrane RoB tool with specific 

biases in animal studies) was used to assess the methodology of the scientific evidence in 
all the selected studies [21]. 

2.6. Quality of the Reports in the Selected Articles 
This assessment involved the modified guidelines provided by Animal Research: 

Reporting of In Vivo Experiments (ARRIVE) [22], with a total of 23 items. Each item was 
rated by the reviewers N.L-V. and A.L-V. with scores of 0 (not reported) or 1 (reported), 
with an overall inventory of all the studies included (Table 1). 

Table 1. Checklist of Animal Research: Reporting of In Vivo Experiments (ARRIVE) criteria reported by the included 
studies. 

Studies 
Wang et al. 

2019 [23] 
Song et al. 
2018 [24] 

Chen et al. 
2017 [25] 

Bhattarai et al. 
2015 (a) [26] 

Bhattarai et al. 
2015 (b) [27] 

Marsich et al. 
2013 [28] 

Travan et al. 
2012 [29] 

1. Title 1 1 1 1 1 1 1 
Abstract        
2. Species 1 1 1 1 1 1 1 

3. Key finding 1 1 1 1 1 1 1 
Introduction        

4. Background 1 1 1 1 1 1 1 
5. Reasons for 

 animal models 
0 0 0 0 0 0 0 

6. Objectives 1 1 1 1 1 1 1 
Methods        

7. Ethical statement 1 1 1 1 1 1 1 
8. Study design 1 1 1 1 1 1 1 
9. Experimental  

procedures 
1 1 1 1 1 1 1 

10. Experimental  
animals 

1 1 1 1 1 1 1 

11. Accommodation and  
handling of animals 

1 0 0 1 1 0 0 

12. Sample size 1 1 1 1 1 1 1 
13. Assignment of 

animals  
to experimental groups 

0 0 0 0 0 0 0 

14. Anesthesia 1 1 1 1 1 1 1 
15. Statistical methods 1 1 1 1 1 1 1 

Results        
16. Experimental results 1 1 1 1 1 1 1 

17. Results and estimation 1 1 1 1 1 1 1 
Discussion        

18. Interpretation  
and scientific  
implications 

1 1 1 1 1 1 1 

19. 3Rs reported 0 0 0 0 0 0 0 
20. Adverse events 0 0 0 0 0 0 0 

21. Study limitations 0 0 0 0  1  0 0 
22.Generalization/ 1 0 1 0 1 1 1 
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applicability 
23. Funding 1 1 1 1 0 1 1 

TOTAL, SCORE 18 16 17 17 18 17 17 
Mode Value: 17.14 ± 0.63. Each item was judged as “0” (not reported) or “1” (reported). The total score for each of the 
included studies was also recorded. 

3. Results 
3.1. Characteristics of the Studies 

From 2010 until December 2020, a total of 41 studies were identified and 
subsequently assessed by the reviewers. After an initial screening, 19 duplicate studies 
were removed. A second screening led to the removal of 15 studies that were regarded as 
inadequate because they did not clearly meet the inclusion criteria (Figure 1, Flowchart). 
Tables 2–4 provide a general description of the details of the studies. 

 
Figure 1. Flowchart. 
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Table 2. Characteristics of included studies. 

Studies 
Animal 

Model (n) 

Location of  
Implant  

Placement 

Follow-
up 

Analysis Methods Conclusions 

Wang et al. 
2019 [23] 

Rat model 
(60) 

Mesial (root 
area of upper 

right first 
molar) 

4 weeks
- H&E staining. 

- immunofluorescence staining 

The plasmid pLAMA3-CM released from a 
chitosan/collagen coating was used for adhesion and 

peri-implant tissue attachment to titanium implants by 
functioning as a transmucosal barrier. 

Song et al. 
2018 [24] 

Rat model 
(20) 

Femur  
(midshafts) 

2 weeks

- Fluorescence images. 
- Live/dead staining of cells on 

different surfaces. 
- Confocal laser scanning microscopy. 

The HA/CS multilayer alone  
improved surface hydrophilicity. 

Phase-transited lysozyme nanofilm modulated materials 
and was applied for surface modification of implants. 

Chen et al. 
2017 [25] 

New 
Zealand 

white 
rabbits 

(4) 

Femora  
condyles 

4 and  
12 

weeks 

- µ-CT analysis 
- Histochemistry 

- The percentage of bone-to-
implant contact was measured 

with H&E staining images. 

The multilayer coated Ti implants were capable of 
promoting the proliferation, osteogenesis differentiation, 
and osteogenesis-related gene expression of osteoblasts 
and had great potential for clinical implementation in 
vivo with enhanced osteogenesis at the interface of the 

bone and implant. 

Bhattarai 
et al. (a) 

2015 
[26] 

Rat model 
(10) 

Mandibles  
(lower first 
molar area) 

4 weeks

- µ-CT analysis 
- Immunohistoche- 

- mistry, hematoxylin and eosin, and 
tartrate resistance acid phosphatase 

staining. 

The application of CS-GNP/GFBP-3 enhanced bone 
remodeling around Ti implant surfaces by down-
regulating osteoclastogenesis and up-regulating 

osteogenesis. T 

Bhattarai 
et al. (b) 

2015 
[27] 

Rat model 
(24) 

Mandibles 
(lower  

first molar 
area) 

1, 2, 3, 
and 6  
weeks 

- µ-CT analysis. 
- Histological evaluation.  

Local administration of CS-GNP/PPAR decreases 
implant-induced inflammation and enhances the 

expression levels of osteogenic molecules around the 
implantation site and helps to accelerate bone formation 

and bone–implant integration. 

Marsich et 
al. 2013 

[28] 

Minipig  
model 

Femur 8 weeks

- Histological: Sections were cut along 
the implant axis and stained with the 

van Gieson method; Olympus 
BX51TF microscope imaging, 

Olympus Corp., Tokyo, Japan. 
- Histomorphometric: The analysis 

consisted of a quantitative evaluation 
of the %BIC in the cortical area. 

It is assumed that the addition of nAg to the Chitlac 
coating may have influenced the peri-implant bone 
response, which was manifested in the absence of 

lamellar peri-implant bone.  
The mechanisms are not clear and need further 

investigation. 

Travan et 
al. [29] 
2012 

Minipig  
model 

Femur 8 weeks

- Histological: Sections were cut along 
the implant axis and stained with the 

van Gieson method; Olympus 
BX51TF microscope imaging, 

Olympus Corp., Tokyo, Japan. 
- Histomorphometric:  

- A quantitative assessment of the 
direct (BIC) was performed. 

For the Chitlac implants, the total BIC was 72% (min 59%, 
max 80%). 

Histomorphometric analysis: Chitlac-TS (nonroughened 
surface), 72% of the implant interface was in close contact 

with the cortical bone. 

H&E, Hematoxylin&Eosin; Ti, Titanium; GNP, Gold Nanoparticles; GFBP, Growth Factor Binding Protein; PPAR, 
Peroxisome Proliferator Activated Receptor; BIC, Bone-to-Implant-Contact; nAg, Silver Nanoparticles; Chitlac, lactose 
derivative of a highly deacetylated chitosan; TS, Unmodified Thermoset; HA, Hyaluronic Acid. 
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Table 3. Characteristics of implants. 

Studies 
Implants 

(n) 

Implant 
Dimensions, 

D(Ø) × L (mm) 

Implant 
Shape  

Chitosan  
Incorporation  
(See Figure 2)  

CS-modified Implant  
Surface Characteristics 

Wang et al. [23] 16 2 Ø × L 4   Screw NR 

A CS coating was designed to release plasmid DNA 
and the codeposition of type IV collagen was applied 

with the purpose of synergistically promoting 
cellular adhesion and new tissue attachment to the  

titanium implants. 

Song et al. [24] 20 2 Ø × L 2  Ti rods 
By immersion in CS solution 

dissolving 0.1% CS in a 1% acetic 
acid solution. 

Nanofilm coated with  
multilayer of HA-CS. 

Chen et al. [25] 16 3 Ø × L 13  Ti rods 

CS solution (3 mg mL−1) was 
prepared with HCl solution (pH 
5.0). First, a thin layer of CS was 

deposited on the Ti surface, 
followed by three gel–CS bilayers 

and one HA layer. 

Three gel–CS bilayers. 

Bhattarai et al. 
(a) [26] 

10 0.85 Ø × 4.5  Screw 

For coating with CS-GNP–IGFBP-3 
the implants were immersed 10 
times in a nanoparticle–DNA 
solution and frozen at −40 °C. 

NR 

Bhattarai et al. 
(b) [27] 

24 0.85 Ø × 4.5  Screw 

The CS-GNP–PPAR-coated 
implants were immersed in a 

nanoparticle–DNA solution and 
frozen at −240 °C. 

NR 

Marsich et al. 
[28] 

6 3.6–5 Ø × 8  
Truncated 

cone  
Coated with Chitlac or Chitlac–

nAg.  
NR 

Travan et al. 
[29] 

 3.6–5 Ø × 8  
Truncated 

cone  
Coated with Chitlac or Chitlac–TS. NR 

NR, Not Reported. 

Table 4. Evaluation of tissues. 

Studies, Year Soft Tissue Bone Formation 

Wang et al. 2019 [23] 
Inform through 

images 
Inform through images 

Song et al. 2018 [24] NR 
- Fluorescence images of the rat femora after 2 weeks of implant placement. 

- Bone histology at 2 weeks after implant placement. 
- Histological analysis of the decalcification samples around Ti. 

Chen et al. 2017 [25] NR 

- Bone volume 2 and 4 weeks 
- Bone-to-implant binding 12 weeks. 

- New bone formation (area percentage) 2 and 4 weeks. 
- %BIC2 and 4 weeks. 

Bhattarai et al. 2015 (a) 
[26] 

NR 
- Bone volume 4 weeks. 

- Supporting bone around implants. 
Bhattarai et al. 2015 (b) 

[27] 
NR Bone formation around the implant body (inform through images). 

Marsich et al. 2013 [28] NR BIC for Chitlac–nAg 26% (minimum 22%, maximum 27%) 

Travan et al. 2012 [29] NR 
Chitlac-TS implants showed direct bone–implant contact with a minimal soft tissue interlayer, indicating 

good biological compatibility of the material. 
For the Chitlac-TS implants, the total BIC was 72% (minimum 59%, maximum 80%)  

BIC, Bone-to-Implant Contact; Chitlac-TS, lactose derivative of a highly deacetylated chitosan with unmodified thermoset; 
Chitlac–nAg, Chitlac–lactose–silver nanoparticles; TS, Thermoset; NR, Not Reported. 
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Figure 2. Graphic of CS incorporation to Ti in included studies. 2 
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3.2. Risk of Bias and Quality Assessment of the Animal Studies Included 
The risk of bias assessment results for the animal studies are shown in Figure 3. 

Although allocation to blinding was mentioned in several articles, the lack of information 
on the method used resulted in a high and unclear risk of bias for most items. Table 1 
shows the ARRIVE guidelines checklist for the animal studies included. The mean score 
for the studies was 17.14 ± 0.63. All of the studies reported correctly on the title, abstract, 
introduction, ethical statement, species, surgical procedure, outcomes assessment, and 
statistical analysis. Items 5 (reasons for animal models), 13 (assignment of animals to 
experimental groups), 19 (3Rs, Replace, Reduce and Refine.) and 20 (adverse events) were 
not reported in any of the included studies; only the study by Bhattarai et al. (b) reported 
limitations in terms of clinical applicability.   

 
Figure 3. SYRCLE’s (Systematic Review Centre for Laboratory animal Experimentation) risk of bias tool. 

4. Discussion 
Over time, surface modifications with greater osseoinductive capacity have been 

developed, with the purpose of overcoming the limitations of traditional Ti surfaces [18]. 
The most common strategy is the modification of Ti surfaces using biofunctional 

molecules. This biofunctionalization method involves the deposition of organic and 
inorganic chemical compounds on the surface with the aim of improving bone-to-implant 
contact, and thus obtaining an ideal surface capable of full osseointegration capacity and 
excellent biocompatibility [30,31]. However, certain treatments that are used on Ti 
surfaces may alter their properties and trigger unknown reactions to a foreign body, 
affecting the responses of the hard and soft tissues in contact with it; this aspect is largely 
unknown because of the reduced number of in vivo studies [32]. 

Although CS is a product that has awakened great interest in the area of biomedical 
engineering, it has poor solubility in water, which limits its use in living systems [33], 
where acid solutions such as acetic acid are to be used instead [24,34,35]. 
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All the studies included in our systematic review [23–29] included an in vitro and an 
in vivo experimental part using different coatings on Ti surfaces, with CS being among 
them.  

Marsich and colleagues [28] and Travan and colleagues [29] used lactose-modified 
chitosan (Chitlac) as a coating for implants, using Ti alloy micro-corrugated implants 
(Ti6Al4V) as controls in an experimental minipig femur model, reporting the coating’s 
anti-inflammatory and anti-infective benefits. In this regard, certain authors have recently 
found evidence of the anti-inflammatory and antioxidant effects of Chitlac in combination 
with hyaluronic acid on human chondrocytes [36]. Wang and colleagues [23] used a rat 
experimental model to assess soft tissue healing around CS–collagen-modified Ti 
surfaces. Soft tissue sealing of the surfaces prevented bacterial invasion, and therefore 
early dental implant failure [37]. Chen and colleagues [25] assessed the antioxidant and 
osteogenic capacity of a multilayer surface on Ti substrates (CS–catechol, gelatin, and 
hydroxyapatite), reporting that multilayered Ti implants were able to promote 
osteogenesis and osteoblast-related gene expression, and also had remarkable potential to 
improve the bone–implant interface in vivo. The findings of Georgopoulou and colleagues 
and Park, Oryan, and colleagues [38–40] were consistent with these results, indicating that 
using a CS–gelatin multicoating on Ti surfaces would increase osteogenic gene expression, 
providing a promising strategy for bone tissue engineering. Song and colleagues [24] used 
rat femurs to compare Ti cylinders with others coated with CS, HA (Hyaluronic Acid), 
and a flavonoid (icariine), reporting higher rates of native bone in the group treated with 
CS–HA–icariine 2 weeks after implant placement. Certain studies have highlighted the 
osseoinductive properties of the CS–HA combination due to its favorable bioactive 
characteristics and mechanical properties to structurally and compositionally reproduce 
bone tissue [41,42]. Finally, Battarai and colleagues [26,27] conducted two studies based 
on rat mandibles, both of them assessing Ti coated with gold nanoparticles. The first [26] 
added a second coating with growth factors and the second [27] with peroxisome 
proliferator-activated receptor. Both studies reported greater bone formation around the 
CS-coated implants as compared to the control Ti implants. 

Although all the studies included in our review reported favorable results regarding 
bone growth around Ti implants with one coating of CS [29] or in combination with other 
coatings [23–28], it should be noted that there are a series of limitations concerning the 
included studies.  

Biomedical researchers use different procedures, which include cell tissue and 
cultures, experimental animal models, computer simulations, and clinical studies, aimed 
at mitigating human inconveniences. They all have their advantages and disadvantages, 
although studies based on animal models have less of the latter than in vitro studies. Some 
of these shortcomings are the differences in biokinetic parameters or the extrapolation of 
results to humans; the absence of biokinetics in in vitro methods may lead to 
misinterpretation of the results [43]. 

The studies included in our review used both in vivo and in vitro testing; the latter 
method was not considered because most of the studies involved monoculture research 
carried out under static growth conditions, bearing no similarity to the conditions of 
dental implants in humans, which are subject to contact with fluids such as saliva in the 
oral cavity, making it very difficult to extrapolate the results to the biology of the human 
body and potentially leading to misleading conclusions. Another significant limitation of 
in vitro studies is protein concentration in the fluids created in the laboratory. The use of 
a single host protein or a small selection of them never reflects in vivo oral conditions, 
which are highly complex [44,45]. 

Regarding the experimental animal models used in the studies included in our 
systematic review, 5 studies [23–27] used rodents and two used minipig models [28,29]. 
In this respect, it should be noted that neither the rodents (rabbits, rats) nor the chosen 
implant sites (tibia, femur, mandible, etc.) are suitable models to be extrapolated to 
humans, since cortical remodeling is absent and they stop growing later than other 
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mammals; pigs would perhaps be the most similar animal in terms of bone composition 
and remodeling [46,47].  

On the other hand, it would have been desirable to compare experimental coatings 
with traditional Ti dental implant surfaces (e.g., SLA), with all intraosseous devices being 
made of Ti of the same purity; some studies used pure Ti [23,24], while others used Ti 
alloys (Ti6Al4V) [28,29]. 

Likewise, all the studies included in our review had serious limitations in terms of 
the number, quality, and methodology of the in vivo studies; precisely, because of the 
paucity of studies and the complexity of the data they provide, a complementary meta-
analysis could not be conducted. 

5. Conclusions 
Bearing in mind the limitations mentioned above, it seems that Ti dental implants 

coated with CS may have greater osseointegration capacity. It is likely to become a 
commercial option for the biofunctionalization of dental implants in the future. However, 
confirmation of this possibility would require well-designed clinical research using broad 
samples, standardized protocols, and long-term monitoring to support the use of CS as a 
coating for Ti implants for osteoinduction purposes, and thus to provide surfaces that 
ensure rapid osseointegration. 

Supplementary Materials: The following are available online at www.mdpi.com/2079-
7737/10/2/102/s1, Table S1. Database search terms. 
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Ti Titanium 
SLA Sandblasted, Large-Grit, Acid-Etched 
HA Hyaluronic Acid 
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CHITLAC Chitosan–Lactose 
BIC Bone-to-Implant-Contact 
H&E Hematoxylin and Eosin 
GNP Gold Nanoparticles 
GFBP Growth Factor Binding Protein 
PPAR Peroxisome Proliferator-Activated Receptor 
nAg Silver Nanoparticles 
TS Unmodified Thermoset 
HCL Hydrochloric Acid 
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Abstract: The theory, known as the “brain‐bone axis” theory, involves the central nervous system 
in bone remodeling. The alteration of the nervous system could lead to abnormal bone remodeling. 
Melatonin produced by the pineal gland is a hormone that is characterized by its antioxidant prop‐
erties. The aim of this meta‐analysis was to examine the role of melatonin in the growth of new bone 
around titanium dental implants in vivo. A manual search of the PubMed and Web of Science da‐
tabases was conducted to identify scientific studies published until November 2020. We included 
randomized clinical trials (RCTs) and animal studies where melatonin was used with titanium im‐
plants. Fourteen studies met the inclusion criteria. Quality was assessed using the Jadad scale and 
SYRCLEʹs risk of bias  tool. Our meta‐analysis revealed  that  the use of melatonin during  implant 
placement improves bone‐to‐implant contact percentages in animals (difference of means, random 
effects: 9.59 [95% CI: 5.53−13.65]), reducing crestal bone loss in humans (difference in means, ran‐
dom effects: ‐0.55 [95% CI: 1.10–0.00]). In animals, titanium implants using melatonin increase bone‐
to‐implant contact surface 2−6 weeks after their placement and reduce crestal bone loss in humans 
following six months. The results of  this meta‐analysis should be  taken with caution, due  to  the 
small samples and the large heterogeneity among studies. 

Keywords: melatonin; bone formation; titanium dental implants; systematic review; meta‐analysis 
 

1. Introduction 
The first description of osseointegration was provided by Brånemark and colleagues 

[1] more than 50 years ago, and to date, this process still remains unexplored. One of the 
theories posed in recent years, referred to as the “brain‐bone axis theory” by certain au‐
thors [2], has drawn particular  interest. It suggests the  involvement of the sympathetic 
nervous system (SNS) in bone remodeling, claiming the need for the autonomic nervous 
system to be undamaged in order to contribute to the maintenance of healthy bone tissue, 
with its alteration leading to possible anomalies in bone remodeling [3,4]. This remodeling 
process would be mainly controlled by neurotransmitters (noradrenaline, serotonin and 
dopamine), and growth hormones secreted by the pituitary gland could stimulate osteo‐
blast and osteoclast proliferation, which plays a crucial part  in  the bone  formation‐de‐
struction balance [5,6].   

It has been proven that the group of glucose‐sensing neurons in the hypothalamic 
arcuate nucleus makes control of the skeleton by the brain possible [7], and that long‐term 
use of certain central nervous depressant drugs causes a reduction in bone mass that re‐
sults in osteoporosis, and therefore in high rates of dental implant failure in patients under 
treatment with such drugs [8]. 

The biofunctionalization of a certain biomaterial consists of modifying the physico‐
chemical characteristics of its surface, which improves a bodyʹs biological response when 
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it comes into contact with it, despite the fact that there are other factors that influence the 
creation of an adequate surface bone‐implant contact, such as bone quality or proper sur‐
gical technique [9–11].   

In recent decades, different techniques to improve titanium (Ti) surface topography 
and promote osseointegration have been developed, since Ti surfaces have no antioxidant 
properties and the cells that grow on the surface may be under permanent oxidative stress 
[12]. Current research is focused on obtaining surfaces that may achieve better and faster 
osseointegration through morphological or biochemical modification [13,14]. 

Melatonin  (MT)  (Melatonin, N‐acetyl  5‐methoxytriptamine)  is  a  hormone  that  is 
mainly synthetized in the pineal gland. It is regarded as a relevant mediator of angiogen‐
esis and bone formation due to its antioxidant effects, its production being precisely mod‐
ulated under the influence of the hypothalamus [15–17]. Previous studies have assessed 
its  anti‐inflammatory properties,  as well  as  its  relevant  role  in peri‐implant bone  for‐
mation  [18–21], all due to  its extraordinary capacity  to destroy reactive oxygen species 
[22]. In this regard, the benefits of its topical application on post‐extraction sockets and 
before dental  surgery  to prevent bisphosphonate‐related osteonecrosis have  also been 
noted [23]. However, it should be noted that despite this knowledge, the clinical applica‐
tion of antioxidant therapies and surface biofunctionalization in this respect to enhance 
dental‐implant surgery is very limited.   

The purpose of our study was to carry out a systematic review of the literature related 
to bone growth and remodeling around Ti dental implants, combined with MT.   

2. Materials and Methods 
Eligible studies were selected according to the Preferred Reporting Items for System‐

atic Review and Meta‐Analysis  (PRISMA) guidelines  for systematic reviews and meta‐
analysis [24] (Table S1, Checklist). 

2.1. Protocol   
The  Population,  Intervention, Comparison  and Outcome  framework  (PICO) was 

used as a basis to formulate the research question, which was: “The inclusion of melatonin 
in dental implant surgery: does it influence osseointegration?”. 

(P) Participants:  the  subjects  received  endo‐bone  implant placement.  (I)  Interven‐
tions: implants including melatonin. (C) Control: implants without melatonin. (O) Out‐
come: Bone‐to‐Implant Contact (BIC) (in animal studies) and Marginal Bone Level (MBL) 
in randomized clinical trials (RCTs). 

2.2. Data Sources and Search Strategy 
The PubMed and Web of Science electronic databases were searched  for  findings 

published in the last 15 years until November 2020. The search terms used were: “titanium 
dental implants AND melatonin surface”; “melatonin AND dental implants”; and “mela‐
tonin AND dental  implants AND bone  formation”. The Boolean operator  ʺANDʺ was 
used to combine the searches.   

2.3. Inclusion and Exclusion Criteria 
The inclusion criteria for the study selection were:   

x Randomized clinical trials and animal studies on Ti implants, with and without the 
incorporation of melatonin.   

x Randomized  clinical  trials and animal  studies  that  reported bone‐implant  contact 
percentages, with and without the incorporation of melatonin.   

x Studies with a minimum of six implants/group. 
The exclusion criteria for the study selection were:   

x In vitro studies.   
x Narrative and systematic reviews. 
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x Clinical cases.   
x Studies that assessed the effectiveness of melatonin in bone regeneration without in‐

cluding dental implants, duplicates and those that failed to meet the inclusion crite‐
ria. 

2.4. Data Extraction and Analysis 
Those articles that failed to address the research question were removed. The corre‐

ponding titles and abstracts of the eligible articles were taken, and two reviewers (NL‐V 
and AL‐V) separately drew up a selection of them. The reviewers discussed and solved 
the discrepancies over  the choice of articles  that arose. The  full versions of  the chosen 
articles were then obtained for review and inclusion. 

2.5. Risk of Bias (RoB) of the Selected Articles 
The methodology of the scientific evidence gathered in the selected studies was as‐

sessed using SYRCLEʹs risk of bias  tool  (an adapted version of  the Cochrane RoB  tool, 
with specific biases in animal studies) [25]. 

2.6. Quality of the Reports of the Selected Articles 
This assessment was based on the provided ARRIVE (Animal Research: Reporting of 

In Vivo Experiments) guidelines [26], with a total of 23 items. The reviewers, N.L.‐V. and 
A.L.‐V., allocated each item a score of 0 (not reported) or 1 (reported), including an overall 
inventory of all the selected studies. 

2.7. Quality of the Reports of the Included Randomized Clinical Trials 
The assessment was carried out using the Jadad scale [27], which reveals the meth‐

odological quality of a study based on how it describes randomization, blinding and drop‐
outs (withdrawals). The scale goes from 0 to 5, with a score of ≤ 2 meaning poor quality 
and a score of ≥ 3 meaning that the report meets high quality standards. 

2.8. Statistical Analysis 
The meta‐analysis was conducted using the RevMan 5 program (Review Manager 

(RevMan)  [Computer  program].  Version  5.4.  Copenhagen,  Denmark:  The  Nordic 
Cochrane Centre, The Cochrane Collaboration, London, UK, 2014). Animal studies were 
assessed for BIC [28–30] between 2 and 6 weeks after placement, and crestal bone loss or 
MBL of implants was assessed in RCTs 6 months after placement [31,32]. Mean difference 
(MD) and standard deviation (SD) were used for the assessment of continuous variables 
(BIC and crestal bone loss), weighting by inverse variance with a 95% confidence interval 
(CI). The threshold for statistical significance was established at p < 0.05. Heterogeneity 
was assessed by calculating I2 and Chi‐square, using a random effects model in both cases. 
The sensitivity analysis was conducted by excluding one study at a time to check whether 
there were changes in the results. A funnel plot graph was used to assess publication bias. 

3. Results 
3.1. Characteristics of the Studies 

Until November 2020, a total of 135 studies were identified for subsequent assess‐
ment by the reviewers. After a first screening, 41 duplicate studies were removed. In a 
second  screening, 26  studies  that did not  clearly meet  the  inclusion  criteria, and were 
therefore considered inadequate, were removed (Figure 1, Flowchart). Table 1 provide the 
evaluation of the ARRIVE criteria in animal studies. Tables 2 and 3 provide a general de‐
scription of the details corresponding to the RCTs and experimental animal studies, re‐
spectively. Table 4 provides the Jadad quality score in RCTs.   
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Figure 1. Flowchart. 

Table 1. Checklist of ARRIVE criteria reported by the included studies. 

Studies 
Palin et 
al. 2018 
[33] 

Salomó‐
Coll et al. 
2016 [34] 

Dundar 
et al. 2016 
[35] 

Calvo‐
Guirado et al. 

2015 
[36] 

Tresguerres 
et al. 2012   
[37] 

Muñoz 
et al. 
2012   
[38] 

Guardia 
et al. 2011 
[39] 

Calvo‐
Guirado et al. 

2010 
[40] 

Calvo‐
Guirado et al. 

2009 
[41] 

Cutando 
et al. 2008 
[42] 

Takechi 
et al. 2008 
[43] 

1. Title  1  1  1  1  1  1  1  1  1  1  1 
Abstract  –  –  –  –  –  –  –  –  –  –  – 
2. Species  1  1  1  1  1  1  1  1  1  1  1 

3. Key finding  1  1  1  1  1  1  1  1  1  1  1 
Introduction  –  –  –  –  –  –  –  –  –  –  – 
4. Bankground  1  1  1  1  1  1  1  1  1  1  1 
5. Reasons for 
animal models 

0  0  0  0  0  0  0  0  0  0  0 

6. Objectives  1  1  1  1  1  1  1  1  1  1  1 
Methods  –  –  –  –  –  –  –  –  –  –  – 
7. Ethical 
statement 

1  1  1  1  1  1  1  1  1  1  1 

8. Study design  1  1  1  1  1  1  1  1  1  1  1 
9. Experimental 
procedures 

1  1  1  1  1  1  1  1  1  1  1 

10. Experimental 
animals 

1  1  1  1  1  1  1  1  1  1  1 
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11. 
Accommodation 
and handling of 

animals 

0  1  0  1  0  0  1  1  1  1  0 

12. Sample size  1  1  1  1  1  1  1  1  1  1  1 
13. Assignment 
of animals to 
experimental 

groups 

1  1  1  1  1  0  0  1  0  0  0 

14. Anaesthesia  1  1  1  1  1  1  1  1  1  1  1 
15. Stadistical 

methods 
1  1  1  1  1  1  1  1  1  1  1 

Results  –  –  –  –  –  –  –  –  –  –  – 
16. Experimental 

results 
1  1  1  1  1  1  1  1  1  1  1 

17. Results and 
estimation 

0  1  0  1  1  1  1  1  1  1  1 

Discussion  –  –  –  –  –  –  –  –  –  –  – 
18. 

Interpretation 
and Scientific 
implications 

1  1  1  1  1  1  1  1  1  1  1 

19. 3Rs reported  0  0  0  0  0  0  0  0  0  0  0 
20. Adverse 

events 
0  0  0  0  0  0  0  0  0  0  0 

21. Study 
limitations 

0  0  0  0  0  0  0  0  0  0  0 

22.Generalizatio
n/ applicability 

0  0  0  0  0  0  1  0  0  0  0 

23. Funding  0  0  0  0  0  1  1  0  0  1  1 
TOTAL SCORE  15  17  15  17  16  16  18  17  16  17  16 

Mode Value: 16.36 ± 0.88 (Mean value and standard deviation); Each item was allocated a score of “0” (not reported) or 
“1” (reported). The total score of each of the included studies was also recorded. 

Table 2. Characteristics of randomized clinical trials (RCTs). 

Study, Year  Participants 
Number 

Interventions 
Number 

Implants Number  Outcomes  Test Group 
  p Values 

Conclusions 

Hazzaa et al. 2020. 
[44]. 

23 
46 sites for dental 

implants. 
46 

‐ Radiographic 
evaluation: MBL and 

BL 
‐ PPD 
‐ PIST 

p = 0.000 

The combined use of 
ABG with MLN is a 

promising 
alternative for early 

loading. 

Hazzaa et al. 2019. 
[45]. 

26 
26 sites for dental 

implants. 
52 

‐ Radiographic 
evaluation: MBL and 

BD 
‐ GI 

p = 0.001 

Application of 
melatonin with ABG 
around immediate 

implants is a 
valuable option for 
replacing missing 
teeth in the esthetic 
zone in terms of soft 
and hard tissues. 

El‐Gammal et al. 
2016. [46]. 

14 
14 sites for dental 

implants. 
14 

Periotest; MPD; 
DPD; and MBL. 

p = 0.2 

The topical 
application of 

melatonin could be a 
good treatment 
option for dental 
implants in the 

posterior maxilla. 
MBL (Marginal Bone Loss); BD (Bone Density); PPD (Pre‐implant Probing Depth); PIST (Peri‐implant soft tissue); GI (Gin‐
gival Index); MPD (Mesial Probing Depth); DDP (Distal Probing Depth); ABG (Autogenous Bone Graft); MT (Melato‐
nin). 
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Table 3. Characteristics of Animal Studies. 

Studies, Year  Animals 
Melatonin 

Administration 
Form 

Implants 
Number 

Implantation 
Sites 

Tracing 
(weeks) 

Conclusions 

Palin et al.   
2018 [33] 

Rat model 
Melatonin in 
saline solution; 

orally 
36  Tibia  60 days 

The use of melatonin 
restores the bone repair 

process during the 
osseointegration phase 

Salomó‐Coll 
et al. 2016 

[34] 

American 
foxhound dog 

model 

Implants 
submerged in 
melatonin at 5% 

in solution 

36 
Jaw, 

premolars 
area 

12 weeks 

Topical applications of 
melatonin to implants 

placed immediately after 
extraction improved 
osseointegration and 

reduced bone resorption. 

Dúndar et al. 
2016 [35] 

New Zealand 
rabbit model 

Locally (powder 
melatonin) into 

the dental 
implant socket 
before implant 
placement 

24  Tibia  4 weeks 

Local melatonin 
administration at the 
osteotomy site during 

surgical implant insertion 
may stimulate more BIC. 

Calvo‐
Guirado et al. 

2015   
[36] 

New Zealand 
rabbit model 

Local 
application of 
melatonin 
(Titanium 

dental implant 
with melatonin 
doping surface) 

20  Tibia 
1 week and 
4 weeks 

The use of melatonin 
improves the formation of 

new bone around the 
implants 

Tresguerres et 
al. 2012 [37] 

New Zealand 
rabbit model 

3 mg of 
melatonin 

administered 
locally at the 

osteoctomy site 
as a lyophilizate 
powder before 

implant 
placement 

20 
Jaw, molars 

area  4 weeks 

Local melatonin 
administered in the 

osteoctomy site at the time 
of implant placement may 
induce more trabecular 

bone to implant contact and 
more trabecular area 

density. 

Muñoz et al. 
2012 [38] 

Beagle dog 
model 

Topical 
administration. 

Prior to 
implanting, a 
layer of 1.2 mg 
lyophilized 
powdered 

melatonin was 
applied to the 
bone hole 

48 
Jaw, 

premolars 
area. 

2, 5 and 
8 weeks 

Melatonin has stimulating 
effects on osteogenesis and 
enhances the formation of 
new bone around titanium 
implants in the early stages 

of healing 

Guardia et al. 
2011 [39] 

Beagle dog 
model 

Prior to 
implanting, a 
layer of 1.2 mg 
lyophilized 

48 

Jaw, 
premolars 
and molars 

area 

5 and 
8 weeks 

Melatonin may bring about 
a reduction in bone 

resorption and an increase 
in bone mass because of its 
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powdered 
melatonin was 
applied to the 
bone hole 

repression of osteoclast 
activation 

Calvo‐
Guirado et al. 
2010 [40] 

 

Beagle dog 
model 

Implants 
covered with 5 
mg lyophilized 

powdered 
melatonin 

36  Femur 
2 and 
4 weeks 

Melatonin‐coated implants 
increase BIC and reduce 

crestal bone loss. 

Calvo‐
Guirado et al. 
2009 [41] 

Beagle dog 
model 

Prior to 
implanting, a 
layer of 5 mg 
lyophilized 
powdered 

melatonin was 
applied to the 
bone hole 

24 
Jaw, 

premolars 
area 

2, 4 and 
12 weeks 

Melatonin increases BIC 
and reduces crestal bone 

loss. 

Cutando et al. 
2008 [42] 

Beagle dog 
model 

Topical 
administration. 

Prior to 
implanting, a 
layer of 1.2 mg 
lyophilized 
powdered 

melatonin was 
applied to the 
bone hole 

48 
Jaw, 

premolars 
area 

2 weeks 

Topical application of 
melatonin may act as a 
biomimetic agent in the 

placement of endoosseous 
dental implants. 

Takechi et al. 
2008 [43] 

Rat model 

Locally 
injected around 
the implant sites 

5 days after 
implantation. 

48  Tibia  4 weeks 

Melatonin has effects on 
osteogenesis and enhances 
the formation of new bone 
around titanium implants. 

3.2. Risk of Bias and Quality Assessment of Animals Included Studies 
The risk of bias assessment results for the animal studies are shown in Figure 2. Alt‐

hough allocation to blinding was mentioned  in several articles,  the  lack of  information 
resulted in a high and unclear risk of bias for most of the items. The ARRIVE checklist 
criteria for the animal studies [26] included are shown in Table 1. The mean score of the 
studies was 16.36 ± 0.88. All the studies provided adequate information in terms of title, 
abstract, introduction, ethical declaration, species, surgical procedure, assessment of re‐
sults and statistical analysis. None of  the studies reported  items 5  (Reasons  for animal 
models), 19 (3Rs, Replace, Reduce and Refine), 20 (Adverse events), 21 (Study limitations) 
or 22 (Generalization/applicability). 
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Figure 2. SYRCLEʹs risk of bias tool. 

3.3. Methodological Quality of the Included Randomized Studies   
The mean score of the studies was 3.3 ± 1.2. Two of the included studies [44,46] scored 

≥3; the study by Hazzaa et al. [45] obtained the lowest score (Table 4). 

Table 4. Jadad quality score of randomized controlled trial, included in the meta‐analysis. 

Study and Year  Randomization  Blinding  Dropouts  Total Score 
Hazzaa et al. 
2020. [44].  3  0  0  3 

Hazzaa et al. 
2019. [45]. 

1  0  0  2 

El‐Gammal et al. 
2016. [46]. 

3  1  1  5 

Each study was assigned a score of 0–5; Mode value: 3.3 ± 1.2 (Mean value and standard devia‐
tion). 

3.4. Meta‐Analysis Results   
The meta‐analysis for bone‐implant contact was carried out between 2 and 6 weeks 

after implant placement in animal studies [34–37,39,41–43], while that of crestal bone loss 
was performed six months after placement in RCTs [44–46]. 

Three animal studies were excluded from the quantitative analysis: that by Palin et 
al. [33], as it did not measure bone‐implant contact; the study by Muñoz et al. [38], which 
combined melatonin with growth hormone; and the study conducted by Calvo‐Guirado 
et al. in 2010 [40], where melatonin was combined with pig bone.   

Heterogeneity in the results was very high (I2 = 96%; Chi‐square = 193.87; 95% CI), 
which is why a random effects model was chosen, assuming that the differences among 
studies were due to heterogeneity, and that the effect of small studies on the result of the 
meta‐analysis was relevant. The results of the sensitivity analysis did not suggest the ex‐
clusion of any study to be the cause for heterogeneity, the latter being always above 90%; 
however, it appeared to be the cause for significant changes in the direction or size of the 
effect. Since in this case the large effect size suggested a positive result (higher percentage 
of bone‐implant contact), the forest plot’s labels were inverted. 

The study of the forest plot (Figure 3) revealed no significant differences between the 
two groups (melatonin vs. placebo) in the studies of Guardia et al. [39], Calvo‐Guirado et 
al. en 2015 [36] and Salomó‐Coll et al. [34], since confidence intervals at 95% overlap and 



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 139 

 
 
 
 
 
 
 
 
 

Coatings 2021, 11, 271  9  of  14 
 

 

cross the line of no effect. In the remaining studies [33,35,37,38,40–43], the experimental 
group (melatonin) achieves significantly better results than the placebo group. There were 
also no noticeable differences among studies, since the confidence intervals of the selected 
studies overlap, except in the case of Takechi et al. [43], where results were more favorable 
to melatonin than in the other studies. 

The meta‐analysis revealed that treatment with melatonin is associated with greater 
contact between the implant’s surface and the bone in the assessment carried out between 
2 and 6 months after implant placement (difference in means, random effects: 9.59 [95% 
CI: 5.53–13.65]). 

 
Figure 3. Forest plot for the meta‐analysis of animal studies assessing bone‐implant contact between 2 to 6 weeks after 
placement,  taking  the mean difference as  the effect size  index, weighting by  inverse variance and assuming a random 
effects model. CI = Confidence Interval. 

As  regards RCTs,  three  studies  [44–46]  assessed  crestal  bone  loss  6 months  after 
placement were selected. 

Heterogeneity was high (I2 = 95%; Chi‐square = 41, 50; 95% CI), so a random effects 
model was chosen, assuming that the differences among studies were due to heterogene‐
ity rather than chance. The study of the forest plot (Figure 4) revealed that the difference 
between the two study groups (melatonin vs. placebo) was not significant in the study by 
El‐Gammal et al. [46], while in the two studies by Hazzaa et al. [44,45], the experimental 
group (melatonin) achieved better results than the placebo group.   

The meta‐analysis also proved that, after 6 months, the implants placed in the exper‐
imental group (melatonin) presented less marginal bone loss than those placed in the con‐
trol group (difference in means, random effects: −0.55 [95% CI: 1.10–0.00]). The load in‐
crease in the study by El‐Gammal et al. [46] led to a widening of the confidence interval 
for the overall effect size. Nevertheless, because of the small size of the sample and the 
large heterogeneity among studies, the results of this meta‐analysis should be taken with 
caution. 

 
Figure 4. Forest plot for the meta‐analysis of the human clinical trials assessing crestal bone loss 6 months after placement, 
taking the mean difference as the effect size index, weighting by inverse variance and assuming a random effects model. 
CI = Confidence Interval. 
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3.5. Publication Bias and Heterogeneity 
The  experimental  studies  show graphical  signs of publication bias,  as  can be ob‐

served in the Funnel Plot (Figure 5). 

 
Figure 5. Funnel plot for animal studies. The asymmetry proves publication bias. 

4. Discussion 
The purpose of this study was to explore the role of MT in bone growth and remod‐

eling around Ti dental implants, both in RCTs and in experimental animal trials.   
Bone remodeling involves hormones, cytokines, growth factors and other molecules 

[47], with MT being one of the hormones that modulates bone formation and absorption. 
Certain studies have reported that MT stimulates the osteogenic activity of bone tis‐

sue,  increasing human osteoblast differentiation  in vitro and  inducing the formation of 
cortical bone in mice in [48]. 

The relationship between MT and bone metabolism has been demonstrated in several 
studies [37,41,45], with evidence of its effect as a precursor of bone cells in rat bone mar‐
row [49]. Koyama and colleagues [50] were the first to prove that the administration of 
MT in young rats during their growth period increased spongy bone mass and inhibited 
bone resorption. If such findings were to be confirmed using adult animals with no en‐
dogenous MT, they could be useful to explain the concept of osseointegration. Satomura 
and colleagues proved that MT accelerates osteoblastic differentiation in humans and ro‐
dents, suggesting its possible application as pharmaceutical agent to promote bone regen‐
eration [51]. Nevertheless, in an in vitro study on the effect of melatonin on adipogenesis 
and osteogenesis in human mesenchymal stem cells, Zhang and colleagues [52] reported 
an early increase in adhesion and proliferation but found no differences in extended cul‐
ture periods. 

The experimental studies  included  in our meta‐analysis  [34–37,39,41–43] show  the 
beneficial effects of MT as regards bone regeneration around Ti dental implants, be it top‐
ically applied on  implant beds  [34,37,39,41,42],  coating  the  implant  [35,36], or  injected 
around the implants at the time of placement [43]. However, although certain studies re‐
ported a reduction in osteoclastogenesis [53] when topically applied to the alveolar socket 
after extraction prior to surgery [23], Cobo‐Vázquez and colleagues [54], in a pilot study 
using a sample of 10 patients, found no differences regarding bone density when MT was 
applied to post‐extraction alveolar sockets of retained mandibular third molars. Accord‐
ing to our systematic review, Tresguerres and colleagues [37] presented the most thor‐
ough histological results, reporting changes in the cortical and medullary regions, and a 
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larger amount of trabecular tissue in contact with the implants in the group treated with 
MT. The remaining studies only reported histomorphometric results [34–36,39,40,42,43]. 

Current studies regard the skeleton as a true endocrine organ controlled by the hy‐
pothalamus [55]. Protein degradation mediated by the ubiquitin‐proteasome pathway is 
essential  to regulate  the balance between bone  formation and bone resorption  through 
certain signal transduction pathways, which regulate the activity of mature osteoblasts 
and osteoclasts [56].     

Apart from contributing to synchronize biological rhythms and its antioxidant and 
inflammatory  effects,  among  others, MT  has  immunomodulatory  effects  and  induces 
apoptosis [57]. However, the role of MT in the formation of new bone is not fully defined, 
its reduction being regarded as proportional to skeletal maturation and with contraindi‐
cations concerning its function, such as the fact that certain individuals with different de‐
fects in osteoblast function are at a greater risk for osteosarcoma. Conversely, MT can im‐
prove  the normal  functions of osteoblasts, and would  therefore play a protective  role 
against bone cancer [58,59]. 

Because of the ethical implications associated with histopathological examinations, 
the RCTs included in our meta‐analysis exclusively reported macroscopic and radiologic 
results; nevertheless, the reduced number of included studies prevented an adequate and 
conclusive meta‐analysis. Moreover, the study by Hazzaa and colleagues [45] presented 
certain limitations in its design and in how it was conducted, such as group randomiza‐
tion, implant location, reason for removal, demographic characteristics of the participants 
and the degree to which they balanced between groups that reduce the reliability of its 
results  [60]. Nonetheless, our meta‐analysis  found  that MT stimulates  the  formation of 
new bone and increases bone density around Ti dental implants, although  it presented 
serious limitations, mainly associated with the heterogeneity among the selected studies 
and the scarcity of RCTs. On the other hand, there were significant discrepancies among 
animal studies regarding measurement of the parameters of bone surface in contact with 
the  implant, as had been observed  in  the radiologic measurements  in  the RCTs. There 
were also major differences  regarding  the amounts, preparation,  forms of application, 
concentrations and application timing of MT. Another important limitation was that none 
of the included studies considered factors such as bone quality or the surgical technique 
used – these factors would provide biases in obtaining results. 

The study by Takechi and colleagues [43], which is consistent with that of Satomura 
and colleagues [51], was the only one where melatonin was used systemically (intraperi‐
toneal, 100 mg/Kg weight) until the animals were sacrificed (4 weeks after implant place‐
ment): this form of administration and dosage conflicts with those used by the other au‐
thors included  in the review [33–43]. The systemic administration of MT requires large 
doses of the drug, which increases the possibility of side effects; therefore, the topical ap‐
plication of MT is preferred over its systemic administration [61]. This same discrepancy 
in form of administration and dosage could be observed in the RCTs, while Hazzaa and 
colleagues and El‐Gammal and colleagues [44,46] used MT in the form of topical gel, in 
doses of 1.2 mg., and Hazzaa and colleagues [45] used it in powder form, not specifying 
the dosage. Hence, there  is no consensus as to the best route of administration  for this 
molecule, and the dosage required to achieve the desired effect.   

5. Conclusions 
Bearing in mind the limitations of most of the studies, all of those included in this 

meta‐analysis reported that the topical application of MT on the ostectomy site at the time 
of implant placement can induce greater bone‐to‐implant contact, as well as greater bone 
mass and density around Ti dental implants, especially in the earliest stages of healing, 
thus favoring osseointegration. Nevertheless, to clearly confirm such affirmations, further 
research using broader, well‐designed samples with long‐term monitoring and standard‐
ized protocols for application, MT dosage and assessment of bone parameters is required; 
all with the purpose of ensuring predictable and reliable outcomes. 
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Abbreviations 
MT    Melatonin 
Ti  Titanium 
RCTs  Randomized Clinical Trials 
BIC  Bone Implant Contact 
MLB  Marginal Bone Loss 
BD  Bone Density 
PPD  Pre‐Implant Probing Depth 
PIST  Peri‐Implant Soft Tissue 
GI  Gingival Index 
MPD  Mesial Probing Depth 
DDP  Distal Probing Depth 
ABG  Autogenous Bone Graft 
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Abstract: Peri-implant bone density plays an important role in the osseointegration of dental implants.
The aim of the study was to evaluate via micro-CT, in Hounsfield units, the bone density around
dental implants coated with chitosan and melatonin and to compare it with the bone density around
implants with a conventional etched surface after 12 weeks of immediate post-extraction placement
in the jaws of Beagle dogs. Six dogs were used, and 48 implants were randomly placed: three
groups—melatonin, chitosan, and control. Seven 10 mm ⇥ 10 mm regions of interest were defined in
each implant (2 in the crestal zone, 4 in the medial zone, and 1 in the apical zone). A total of 336 sites
were studied with the AMIDE tool, using the Norton and Gamble classification to assess bone density.
The effect on bone density of surface coating variables (chitosan, melatonin, and control) at the crestal,
medial, and apical sites and the implant positions (P2, P3, P4, and M1) was analyzed at bivariate and
multivariate levels (linear regression). Adjusted effects on bone density did not indicate statistical
significance for surface coatings (p = 0.653) but did for different levels of ROIs (p < 0.001) and for
positions of the implants (p = 0.032). Micro-CT, with appropriate software, proved to be a powerful
tool for measuring osseointegration.

Keywords: titanium dental implants; chitosan coating; melatonin coating; bone density; Hounsfield
unity; micro-computed tomography

1. Introduction
Due to its excellent mechanical and biological properties, pure titanium (Ti) and

different alloys have been widely used in the fields of orthopedics and dentistry. The use of
Ti dental implants has revolutionized the field of dentistry, with implant treatments being
performed all over the world, with exponential growth over the years [1,2].

Current dental implant surfaces (SLA, sandblasted, large-grain, acid-etched) require
periods of 3 to 6 months to achieve adequate osseointegration [3]. On the other hand,
such surfaces are prone to certain bacterial infections, and it is not known whether this
propensity is due to the dubious antibacterial properties of Ti, or to the compromised
defenses of a certain type of host [4]. For all these reasons, the surfaces of Ti implants
are under constant study and evolution, with the aim of shortening waiting times and
ensuring osseointegration.
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Chitosan (Ch) is a cationic polysaccharide derived from chitin, composed of N-
acetylglucosamine and D-glucosamine [5]. It is a biopolymer with interesting proper-
ties such as biodegradability, biocompatibility, nontoxicity, and low allergenicity, which,
together with other antimicrobial and antifungal properties, make Ch one of the most
widely used polymers in the study of antimicrobial chemotherapies in therapeutic devel-
opment [6–9]. Its favorable biological properties, together with its availability and variety
of forms, have made it a good candidate for medical applications, such as periodontal and
bone regeneration [10]. Several studies have demonstrated its usefulness as an osteocon-
ductor and for enhancing bone formation, both in vitro and in vivo [11–14], as well as an
inducer of apatite and calcium/phosphorus ion deposition, with active biomineralization
properties, and its broad potential as a bone regenerator has been demonstrated [15–18].
In vitro and in vivo studies have shown that chitosan stimulates polymorphonuclear and
progenitor cell migration, enhancing angiogenesis and extracellular matrix reformation,
resulting in accelerated wound healing [19].

Melatonin (Mt, N-acetyl 5-methoxytryptamine), derived from tryptophan, is a hor-
mone synthesized and produced mainly in the pineal gland in a circadian manner [20],
with outstanding importance in angiogenesis, bone formation, and remodeling, due to its
antioxidant and anti-inflammatory effects and its extraordinary capacity to destroy reactive
oxygen species [21,22], the benefits of its application being known as a coating of dental
implants to improve their osseointegration [23–25].

In 1972, Godfrey Hounsfield communicated to the scientific community an imaging
technique called transverse computed axial tomography. Currently, CT is the only diag-
nostically justifiable imaging technique that allows approximate conclusions about the
structure and density of the maxillary bones and is considered an excellent tool for assess-
ing the distribution of compact and cancellous bone. Bone density (BD) can be assessed
using Hounsfield units (HU), which are directly related to tissue attenuation coefficients.
The Hounsfield scale is based on density values for air, water, and dense bone, which are
arbitrarily assigned values of �1000, 0, and +1000, respectively [26].

X-ray microtomography (micro-CT) is a conservative technique used in the evalua-
tion of bone morphometry, and several studies have demonstrated its usefulness in the
quantification of bone tissue [27–30]. Micro-CT systems developed in the early 1980s
have a high spatial resolution, producing voxels approximately 1,000,000 times smaller in
volume than CT voxels [31], making it possible to measure trabecular and cortical bone
and provide a spatial representation of bone structure in the peri-implant region while
assessing the qualitative and quantitative morphometry of the bone integration of dental
implants, having become one of the most widely used anatomical imaging modalities for
both research and clinical purposes [32,33].

The purpose of this study was to evaluate and compare, via micro-CT, the BD around
Ti dental implants coated with Ch and Mt, with implants with the SLA-type conventional
etched surface (Bioetch®, Bioner, Spain), after 12 weeks of immediate post-extraction
placement, in the jaws of Beagle dogs.

2. Materials and Methods
2.1. Study Design

Six Beagle breed dogs, aged approximately 5 years and weighing between 15 and
16 kg, were used, following the 3R principle in animal experimentation (replacement,
reduction, and refinement). A total of 48 implants were inserted, 4 implants in each
hemiarch, and randomly divided into three groups: melatonin test group (MtG), chitosan
test group (ChG), and control group (CG). It has been approved by the Ethics Committee of
the Catholic University of Murcia (Spain), study protocol, date 24 July 2020, code CE072004.
All dogs were in good health prior to the start of the study.
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2.2. Implant Surface Preparation

The manufacturer packaged the melatonin test group (MtG) implants immersed in
5% Mt-containing saline (TM-M5250 Sigma-Aldrich®, St. Louis, MO, USA), according to
Salomó-Coll et al. [34], and Ch group (ChG) implants immersed in a film-forming solution
according to the procedure described by Zhang et al. with slight modifications [35]. Ch
(1.6 g) and glycerol (0.4 g) were dispersed in 80 mL of an acetic acid solution (1% w/v),
shaking for at least 12 h (4 �C). Similarly to the control group (CG) implants, they were
sterilized by gamma irradiation. The control group implants (CG) did not receive any type
of surface coating.

2.3. Surgical Protocol

All surgical procedures were performed under general anesthesia via an intravenous
catheter in the cephalic vein, infusing Propofol® (Propovet, Abbott Laboratories Ltd., Queens-
borough, Kent, UK). Maintenance anesthesia was performed with volatile anesthetics. Local
anesthesia (Articaine 40 mg, with 1% epinephrine, Ultracain®, Normon, Madrid, Spain)
was administered at the surgical sites. All procedures were performed under the super-
vision of a veterinary surgeon. Extractions of premolars and the mandibular first molar
(P2, P3, P4, and M1) were performed in the mandibular hemiarch of each animal. Implant
placement was determined by the randomization program (http://www.randomization.com)
(29 October 2020), in which the experimental animals were assigned to the three different
implant surfaces: 16 implants with Mt (MtG), 16 implants with Ch from the test group
(ChG), and 16 uncoated implants from the commercial company Bioner (Bioetch®, Bioner
Sistemas Implantológicos, Barcelona, Spain) (CG), randomly distributed in six dogs. Each
dog received eight conical screw implants (Bioner®, Barcelona, Spain) (Ø3.5 mm ⇥ 8.5 mm
in the premolar area and Ø5 mm ⇥ 8.5 mm in the molar area), four per hemiarch, ran-
domly and bilaterally in the mandible. After placement, closure screws were placed to
allow for a submerged healing protocol (Figure 1A–D). No grafting materials were used in
the gaps between the bone cortices and the implants. The flaps were closed with simple
nonabsorbable interrupted sutures (Silk 4-0®, Lorca Marín, Lorca, Spain). Sacrifice was
performed 12 weeks after implant placement using pentothal natrium (Abbot Laboratories,
Madrid, Spain) perfused through the carotid arteries after anesthesia. Sectioned bone
blocks were obtained. The animals were maintained on a soft diet from the time of surgery
until the end of the study.

2.4. Micro-Computed Tomography Analysis

After euthanasia of animals (after 12 weeks of implants placement), the sections of
the block were preserved and fixed in 10% neutral formalin. Image acquisitions were
performed using a multimodal SPECT/CT Albira II ARS scanner (Bruker® Corporation,
Karksruhe, Germany). The acquisition parameters were 45 kV, 0.2 mA, and 0.05 mm voxels.
The acquisition slices were axial, 0.05 mm thick, and 800 to 1000 images were obtained
from each piece through a flat panel digital detector with 2400 ⇥ 2400 pixels and a FOV
(field of view) of 70 mm ⇥ 70 mm. The implants were grouped according to the three axes
(transverse, coronal, and sagittal). The sagittal section was used for BD measurements, as it
provided the best details of the bone structure. In all the images, the same color scale was
used (0 min and 3 max) with the same parameters in FOV (%): 90 and zoom: 0.6, with a
hardness of 1. BD around the implant was quantified in HU, using seven 10 mm ⇥ 10 mm
squares or regions of interest (ROI) in the bone implant contact area, two in the crestal area,
four in the medial area, and one in the apical area of the implant, using a medical image
data examiner (Figure 2A,B).
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Figure 1. (A–D) Dental extractions and implant placement.

 
Figure 2. Bone implant contact area (A) and regions of interest (ROIs, 1–7) (B).

The Norton and Gamble classification [36], modified by Misch [37], was used to assess
BD according to Lekholm and Zarb [38]. Once the 7 ROIs (Figure 2B) were positioned,
the AMIDE tool allowed us to obtain the data in statistical form, with maxima, minima,
and standard deviations; AMIDE is a tool for visualizing, analyzing, and registering
volumetric medical image data sets (AMIDE, UCLA University, Los Angeles, CA, USA).
It allows one to draw three-dimensional ROIs directly on the images and to generate
statistics for these ROIs. In addition, the program supports the following color maps:
Black/White, Red/Orange, Blue/Pink, and Green/Yellow, and each color has a given UH
range (Figure 3).
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Figure 3. Example of coded BD values from the AMIDE program at 12 weeks after implant placement in transverse, sagittal,
and coronal sections of P2, P3, P4, and M1: 250–400 HU (orange color); 400–500 HU (green color); 500–700 HU (pink color);
700–900 HU (yellow color); 900–1200 HU (red color). >850 HU, bone type 1; 500–850 HU, bone type 2/3; 0–500 HU, bone
type 4 (according to Norton and Gamble [36]).

2.5. Statistical Analysis

BD variables were analyzed in crestal, mid, and apical areas. Descriptive analysis was
performed with SPSS Windows 20.0 and the calculation of p-values was performed with
SUDAAN 7.0 (RTI, RTP, NC) to account for clustering (multiple sites around implants). We
estimated a posteriori, and using Sample Power 2.0 (SPSS, Chicago, IL, USA), the statistical
power obtained with those 336 studied locations (=6 dogs ⇥ 8 implants/dog ⇥ 7 locations/
implant), i.e., 112 locations/group. We initially considered from our experience a large
design effect (owing to locations being clustered within implants) of 1.33 in estimating
the HU measurements. This means that the effective sample size per group would be
84 (=112/1.33). These sample sizes allow, by using the t-test for independent groups
and with a power of 80% and 5% alpha error, the detection of an estimated Cohen’s d of
0.45 (below a medium effect size according to Cohen’s scale [39] when comparing HU
measurements between two groups). For crestal sites, the effective sample size per group
is 24 (=32/1.33), and this allows the detection of an effect size of 0.8 (large) [39]; for me-
dial sites, the corresponding figure is 48 (=64/1.33) with the capacity to detect an effect
size of 0.6, which is between medium (0.5) and large (0.8) [39]; and for apical sites, it is
12 (=16/1.33) and the detectable effect size is 1.2 (very large) (1.2) [40].

3. Results
The total sample consisted of 336 sites (ROIs). A wide range of BD was observed

in the different ROIs, depending on their location or level (crestal, medial, and apical)
and implant position (P2, P3, P4, and M1). In terms of surface coating, the highest BD
(+986 HU) was recorded in the medial of left P2, in CG, with mean values of 0.58 ± 0.20,
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0.54 ± 0.13, and 0.59 ± 0.14 for ChG, MtG, and CG, respectively, and the lowest BD was
recorded in the apical area (�243 HU) in left P4 in MtG, with mean values of �0.20 ± 0.32,
�0.18 ± 0.38, and �0.11 ± 0.33 for ChG, MtG, and CG, respectively. The lower BD in the
apical area could be explained by the proximity of the dental nerve canal in this region.
Regarding implant position, the highest BD (+995 HU) was recorded in left P3 and the
lowest (�330 HU) in left M1; mean values ranged from 0.12 ± 0.35 for P2 with the Mt
coating to 0.05 ± 0.23 for M1 with the Ch coating. Mean values and standard deviations are
shown in Table 1. Statistical analysis by linear regression showed no statistical significance
for surface coatings (ChG, MtG, and CG); however, we found statistical significance in
UH for ROIs in the different levels (crestal, medial, and apical) (p < 0.001) and implant
positions (P2, P3, P4, and M1) (p = 0.032) (Table 2).

Table 1. Description and comparison of BD measurements studied a in 336 sites b.

Variable
ChG MtG CG

p-Global c
- Mean ± SD n Mean ± SD n Mean ± SD

All 112 0.35 ± 0.32 112 0.33 ± 0.32 112 0.37 ± 0.30 0.631

ROI’s (in levels) - - - - - - -
Crestal [C] 32 0.58 ± 0.20 32 0.54 ± 0.13 32 0.59 ± 0.14 0.438
Medial [M] 64 0.38 ± 0.18 64 0.35 ± 0.22 64 0.38 ± 0.19 0.680
Apical [A] 16 �0.20 ± 0.32 16 �0.18 ± 0.38 16 �0.11 ± 0.33 0.723
p-global c - <0.001 - <0.001 - <0.001 -

paired
comparisons d - C 6= M 6= A - C 6= M 6= A - C 6= M 6= A -

Tooth type
(position) - - - - - - -

P2 35 0.11 ± 0.34 21 0.12 ± 0.35 28 0.09 ± 0.31 <0.001
P3 28 0.11 ± 0.34 35 0.08 ± 0.28 21 0.12 ± 0.34 0.207
P4 35 0.11 ± 0.33 35 0.12 ± 0.34 14 0.05 ± 0.22 0.963
M1 14 0.05 ± 0.23 21 0.07 ± 0.27 49 0.08 ± 0.29 0.693

p-global c - 0.003 - 0.004 - 0.582 -
paired

comparisons d - PM2 6= M1 - PM2 6= PM3,
M1 - - -

a: The measuring device makes a sweep with multiple measurements. The median of all measurements is taken. b: Corresponding to
6 dogs ⇥ 8 teeth/dog ⇥ 7 sites/tooth (6 ⇥ 8 ⇥ 7 = 336). c: With procedure REGRESS in SUDAAN to account for clustering (multiple sites
within teeth). d: With procedure DESCRIPT in SUDAAN, where “ 6=“ means p < 0.05.

Table 2. Multiple linear regression with BD as the dependent variable, in 336 sites a.

Variable � ± se b p-Value c

Group -

0.653
ChG 0.00 ± 0.04
MtG �0.04 ± 0.04
CG 0

ROIs (in levels) -

<0.001
Crestal 0.73 ± 0.04
Medial 0.54 ± 0.04

Apical (reference) 0

Tooth type (position) -

0.032
P2 �0.10 ± 0.04
P3 �0.04 ± 0.05
P4 �0.04 ± 0.05

M1 (reference) 0
a: Corresponding to 6 dogs ⇥ 8 teeth/dog ⇥ 7 sites/tooth (6 ⇥ 8 ⇥ 7 = 336). b: se = standard error. c: With
procedure REGRESS in SUDAAN to account for clustering (multiple sites within teeth).
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4. Discussion
The aim of this study was to evaluate, via micro-CT, the BD around Ch- and Mt-coated

Ti dental implants and to compare it with conventional SLA-type etched surface implants,
after 12 weeks of immediate post-extraction placement, in the jaws of Beagle dogs.

Micro-CT has proven to be the most suitable technique for the assessment of bone
mass in animal models; it is also a valuable tool for evaluating human biopsies and
necropsies [41,42], having been used not only qualitatively, but also quantitatively in
different clinical situations [43–46]. It is a noninvasive diagnostic tool that allows the
reuse of samples for other types of measurements and is also of great interest in the clinic,
where, for obvious reasons, conventional histomorphometry cannot be performed [47]. It
is currently used to evaluate morphometric characteristics as a complementary alternative
to conventional histological analysis [48]. Particularly in dentistry, it is an extremely useful
method for the study of human maxillary bone tissue associated with different conditions
and pathologies, and to evaluate the changes when the bone evolves after certain injuries or
is subjected to surgical procedures. In addition, it is an accurate and time-saving technique
for determining bone morphometry compared to manual methods [49–51].

Ch is considered an excellent material for osteoblast growth, due to its structural
characteristics similar to hyaluronic acid; some authors have reported its osteoconductive
capacity as a coating for implant materials, so it is widely used for bone regeneration
methods, due to its biocompatibility and anti-inflammatory power [52–54]. Khajuria
et al. [55] demonstrated in a periodontitis rat model that the local administration of Ch
preparations produced significant improvements in periodontal bone support ratios and
bone mineral density. In addition, López-Valverde et al. [56] reviewed the literature and
concluded that Ch-coated Ti dental implants may have a higher osseointegration capacity
and could become a commercial option in the future.

Mt has the capacity to stimulate osteoblastic differentiation and inhibit osteoclast
differentiation. Koyama et al. [57] demonstrated in mice that, at pharmacological doses,
causes an increase in bone mass by inhibiting bone resorption. Cutando et al. [58] first
applied it topically to the surface of dental implants. In vivo studies have shown that local
Mt administered at the ostectomy site at the time of implant placement can induce increased
contact between the trabecular bone and the implant and increased density of the trabecular
area [59]. Similarly, a recent meta-analysis [60] reported that the topical application of Mt
to implant sites could induce increased BD around Ti dental implants in the early stages
of healing. In this sense, certain studies support the hypothesis that wettability, together
with surface micro-texture, would be the determining factors in osteoblast response [61];
therefore, the surface preparation of implants has become a technical challenge.

Different studies have assessed the effectiveness of Ch and Mt as biofunctionalizers of
the surface of Ti dental implants, but, to our knowledge, our study was the first to compare
both coatings with each other and with a conventional SLA-type coating.

In our investigation, HU measurements ranged from �330 to +995, when all 336 sites
were evaluated, 12 weeks after implantation. A total of 112 sites were analyzed in the
crestal, medial, and apical levels (ROIs) and at the implant locations (P2, P3, P4, and M1),
for the three surfaces studied. In the Norton and Gamble study [36], taken as a reference, a
single standard implant of Ø3.5 mm ⇥ 11 mm L was used to allow the software to calculate
the BD values and, in our study, two implants of different thicknesses (Ø3.5 mm ⇥ 8.5 mm
and Ø5 mm ⇥ 8.5 mm) were used, depending on the premolar or molar area, so there
could be a bias in the reporting of the Hounsfield values.

The results of our study provided valuable information on different coatings of dental
implants in order to achieve better and faster osseointegration: the surfaces coated with
Ch and Mt achieved similar BD values around the implants to the control surface, with
conventional SLA etching (Bioetch®), with no significant statistical association observed in
the BD measurement values of Mt- and Ch-coated implants and conventional etched surface
implants. In this regard, Sultankulov et al. [62] in a recent review concluded that the Ch
could introduce valuable properties, such as antimicrobial activity and mucoadhesiveness,
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recommending further studies on this biopolymer and its osteogenic properties. Similarly,
Lu et al. [63] in another recent review highlighted the protective role of melatonin in
periodontitis, bone lesions, and osteoporosis, but, because a number of studies have shown
adverse effects, they recommended exploring and investigating the optimal conditions
of administration.

However, it is possible that these types of surface coatings are eliminated by the action
of the forces used during implantation, due to their low mechanical resistance, which
would explain the absence of statistical differences between the coated surfaces and the
control surfaces.

The most validated strategy to improve the bone-implant interface continues to
be the modification of the surface topography by increasing macro-, micro-, and nano-
roughness [64].

However, in order to improve the bioactivity of implants, some studies have proposed
surface modification by incorporating organic and inorganic ions and molecules, through
peptides, proteins, enzymes, and pharmaceuticals, on the Ti oxide layer (TiO2). All this
would lead to an improvement in the biological performance of Ti implants, which would
directly influence the local response of the surrounding tissues, improving the apposition
of the newly formed bone. In this regard, it is believed that the combination of organic
and inorganic components in Ti surface re-coatings would lead to bone-like coatings and,
thus, to new generations of surface-modified implants with improved functionality and
biological efficacy [65,66].

Another finding of our study was the statistical significance we found for BD in
different levels (crestal, medial, and apical) (p < 0.001) and positions (P2, P3, P4, and M1)
(p = 0.032) of the implants. In this regard, our results agreed with Shapurian et al. and
Di Stefano et al. [67,68] who, in their respective studies in mandibles, found significant
variations in bone density within the mandible, which would underline the importance of
identifying specific locations prior to implant placement.

We also found that micro-CT proved to be a very useful diagnostic method in the
measurement of peri-implant BD measured in HU. Panoramic radiography provides a
two-dimensional view of the anatomical structures of the mandible; however, micro-CT
provides much more specific data, such as height, width, or BD in the peri-implant area.
This parameter is a key factor to take into account when predicting implant stability and
survival. This survival is conditioned by bone quality, i.e., BD, as it has been shown that
BD around implants is decisive for their osseointegration [69,70]. In our study, the highest
BD was located at the P3 level in the Ch-coated implant group (+995 HU) in the crestal ROI
and the lowest (�330 HU) in the apical ROI in M1, probably due to the proximity of the
dental canal.

However, the results of our study were biased by a number of limitations that we
describe below: first, when defining an ROI in a micro-CT image, one has to take into
account that an artefact is always generated when there is a pronounced density gradient.

Due to the nature of the convolution kernels used in the filtered back-projection algo-
rithms, the area adjacent to a high-density object (e.g., the implant) is shown with too low
a HU number. This problem could be overcome, in part, if high-resolution kernels are used
when reconstructing the images, but this will result in an extremely noisy image and will
seriously impair the quantification of the BD in trabecular areas that are not affected by the
artefact. In this study, we draw ROIs at a “safe” distance from the implant in cross-sections,
but, despite this, an image may be distorted by metallic scatter, and certain studies have
highlighted the difficulty in performing an accurate morphometric analysis of the bony
areas surrounding an implant [71,72]. Secondly, Rebaudi et al. and Stoppie et al. [73,74]
reported that these artefacts created in the areas close to the implant would lead to bi-
ases in the measurement of BD in these areas, as it is measured including this artefact.
Song et al. [75], in a study with implants in beagle dogs, demonstrated that 45 to 63 µm
was a reasonable distance to compensate for artefacts in bone morphometric analysis of an
implant containing the tissue sample assessed by micro-CT, and the acquisition distance
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in our study far exceeded this figure. Thirdly, the micro-CT techniques used to quantify
peri-implant BD do not provide specific histological information on the nature of the bone
formed around the surfaces tested, despite the color coding of the HU provided by the
AMIDE software. Fourth and lastly, regarding clinical applicability, we are aware that
with the dog, despite having a similar bone structure to humans, both corticoradicular
configuration and mandibular bone remodeling follow different patterns [76].

5. Conclusions
The surface coatings tested/coated with Ch or Mt showed no difference in peri-

implant BD compared to the control group with a conventional etched surface, but they
did for implant locations and for position. On the other hand, despite the aforementioned
limitations, micro-CT, with appropriate complementary software, proved to be a very
useful method for the measurement of BD, providing quantitative data of the trabecular
bone around the implants.
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Abstract: Animal studies and the scarce clinical trials available that have been conducted suggest
that bioactive surfaces on dental implants could improve the osseointegration of such implants.
The purpose of this systematic review was to compare the e↵ectiveness of osseointegration of titanium
(Ti) dental implants using bioactive surfaces with that of Ti implants using conventional surfaces
such as sandblasted large-grit acid-etched (SLA) or similar surfaces. Applying the guidelines of
the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement,
the MEDLINE, PubMed Central and Web of Science databases were searched for scientific articles
in April 2020. The keywords used were “dental implants”, “bioactive surfaces”, “biofunctionalized
surfaces”, and “osseointegration”, according to the question: “Do bioactive dental implant surfaces
have greater osseointegration capacity compared with conventional implant surfaces?” Risk of bias
was assessed using the Cochrane Collaboration tool. 128 studies were identified, of which only 30 met
the inclusion criteria: 3 clinical trials and 27 animal studies. The average STROBE (STrengthening the
Reporting of OBservational studies in Epidemiology) and ARRIVE (Animal Research: Reporting of
In Vivo Experiments) scores were 15.13 ± 2.08 and 17.7±1.4, respectively. Implant stability quotient
(ISQ) was reported in 3 studies; removal torque test (RTT)—in 1 study; intraoral periapical X-ray
and microcomputed tomography radiological evaluation (RE)—in 4 studies; shear force (SF)—in
1 study; bone-to-implant contact (BIC)—in 12 studies; and BIC and bone area (BA) jointly—in
5 studies. All animal studies reported better bone-to-implant contact surface for bioactive surfaces
as compared to control implants with a statistical significance of p < 0.05. Regarding the bioactive
surfaces investigated, the best results were yielded by the one where mechanical and chemical
treatment methods of the Ti surfaces were combined. Hydroxyapatite (HA) and calcium–phosphate
(Ca–Ph) were the most frequently used bioactive surfaces. According to the results of this systematic
review, certain bioactive surfaces have a positive e↵ect on osseointegration, although certain coating
biomolecules seem to influence early peri-implant bone formation. Further and more in-depth
research in this field is required to reduce the time needed for osseointegration of dental implants.

Keywords: Ti dental implants; bioactive surfaces; biofunctionalized surfaces; osseointegration
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1. Introduction

The concept of osseointegration was introduced by Brånemark et al. in 1969 [1] to be later defined
by Albrektsson et al. as “a direct structural and functional connection between living bone and the
surface of a load-bearing titanium (Ti) implant” [2]. Machined dental implant surfaces were the starting
point [3] and, since then, di↵erent modifications to Ti surfaces have been tested in an attempt to
improve the biological conditions and properties of osseointegration. Ti is a low bioactivity biomaterial,
which is why di↵erent surface treatments have been developed aimed at improving osseointegration
capacity [4].

Implant surface modification is one of the most novel and productive research fields acquiring
relevance in the search for a system that meets the ideal functional and biological goals [5,6].
Surface topography plays a crucial role in osseointegration and it is known that cell response
can be modulated by adapting implant surface texture. Rough micro-, submicro- and nanoscale
topographies can be very e↵ective in promoting osseointegration [7–9]. Some authors have reported
that sandblasted and acid-etched (SLA) implants achieve osseointegration even in the absence of
primary stability [8].

The main systems that have been developed and are used to achieve adequate implant surface
roughness are sandblasting, acid etching, anodizing, and titanium plasma spraying [10]. Other strategies
that have been proposed for the improvement of titanium surface osseointegration include coatings
with hydroxyapatite, bioactive glasses, bisphosphonates, or collagen [11–14].

The bio-functionalization of a certain material consists of a modification of the physicochemical
properties of its surface, which would allow an improvement in the biological response of an organism
when it comes into contact with it.

Currently, most research is focused on antibacterial and antiadhesive surfaces which include
both materials that are able to reduce bacterial adhesion on implant surfaces and active antibacterial
materials with a defined antimicrobial activity [15,16].

Bioactive surfaces are those capable of achieving a faster and better quality of osseointegration
with the aim of solving such problems as poor bone quality or reducing waiting times for prosthetic
loading [17]. Figure 1 provides a graph demonstrating the increase in publications regarding this topic
in the last twenty years (elaborated with the data from the US National Library of Medicine).
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systematic review of the literature comparing the e↵ectiveness of osseointegration of bioactive dental
implant surfaces with that of implants without such surface morphology.

2. Methods

We performed study selection according to the PRISMA (Preferred Reporting Items for Systematic
Review and Meta-Analyses) guidelines for reporting systematic reviews and meta-analyses [19].

2.1. Protocol

The search strategy was conducted using the population, intervention, comparison, and outcome
(PICO) framework based on the following question: “Do bioactive dental implant surfaces have greater
osseointegration capacity compared with conventional implant surfaces?”

To answer this question, a sample population group of patients undergoing treatment with Ti
dental implants with bioactive surfaces was selected. Controls were patients who were treated with
conventional implant surfaces. The outcomes reviewed in the literature were the BIC (bone-to-implant
contact), BA (bone area), RTT (removal torque test), RE (radiological evaluation), SF (shear force),
or ISQ (implant stability quotient) values reported in the di↵erent selected studies.

2.2. Search Method for the Identification of Studies

A search in the MEDLINE, PubMed Central, and Web of Science electronic databases was
conducted in April 2020 to identify relevant scientific articles. The search terms used were “Ti dental
implants”, “bioactive surfaces”, “biofunctionalized surfaces”, and “osseointegration.”

2.3. Inclusion and Exclusion Criteria

Inclusion criteria:

(a) Studies published in English.
(b) Studies with Ti implants.
(c) Human studies with bioactive titanium implant placement procedures.
(d) Animal studies with bioactive titanium implant placement procedures.
(e) Studies evaluating BIC (bone-to-implant contact), BA (bone area), ISQ (implant stability quotient),

RTT (removal torque test), RE (intraoral periapical X-ray and microcomputed tomography
radiological evaluation), or SF (shear force).

Exclusion criteria:

(a) Studies using conventional Ti implants (SLA or similar surfaces).
(b) In vitro studies.
(c) Narrative reviews and systematic reviews.
(d) Case studies.
(e) Irrelevant (didactics, Delphi surveys . . . ) and duplicate studies and those that did not meet the

established inclusion criteria.

2.4. Data Extraction and Analysis

Studies that made no reference to the research question were removed and the titles and abstracts
of the articles selected were obtained and entered in an Excel spreadsheet. Two reviewers (N.L.-V. and
A.L.-V.) selected the titles and abstracts independently. Discrepancies in terms of study inclusion were
discussed between the two mentioned reviewers until consensus was reached. Subsequently, full texts
of the selected studies were obtained for their review and inclusion.
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2.5. Risk of Bias (RoB) of Included Articles

The Cochrane Collaboration, London, UK, tool was used to assess methodology of the scientific
evidence in all the selected studies as previously described [20].

2.6. Quality of the Reports of the Included Studies

This was assessed according to the modified STROBE statement (STrengthening the Reporting
of OBservational studies in Epidemiology) (Table 1) [21] and ARRIVE guidelines (Animal Research:
Reporting of In Vivo Experiments) (Table 2) [22], which include a total of 22 items. Each item was
assessed by reviewers N.L.-V. and A.L.-V. who attributed scores of 0 (not reported) or 1 (reported)
carrying out a complete count of all the studies included.

Table 1. Checklist of the STROBE (STrengthening the Reporting of OBservational studies in
Epidemiology) criteria reported in the human studies.

Studies Gursoytrak, B., Ataoglu, H. 2020 [23] Malchiodi et al. 2011 [24] Mistry et al. 2010 [25]

Section and item

1. Title and abstract 1 1 1

Introduction

2.Background 1 1 1

3. Objectives 1 1 1

Methods

4. Study design 1 1 1

5. Setting 1 1 1

6. Participants 1 1 1

7. Variables 1 0 1

8. Data sources/measurement 1 1 1

9. Bias 0 0 0

10. Study size 1 1 1

11.Quantitative variables 1 1 1

12. Statistical methods 1 0 1

Results

13. Participants 1 1 1

14. Descriptive data 0 0 0

15. Outcome data 1 1 1

16. Main results 1 1 1

17. Other analyses 0 0 1

Discussion

18. Key results 1 1 1

19. Limitations 0 0 0

20. Interpretation 0 0 0

21. Generalizability 0 0 0

Other information

22. Funding 1 0 1

Total score 16 13 17

Mode Value: 15.13 ± 2.08. Each item was attributed a score of “0” (not reported) or “1” (reported). The total score of
each of the included studies was also recorded.
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Table 2. Checklist of the ARRIVE (Animal Research: Reporting of In Vivo Experiments) criteria reported in the included studies.

Studies Cho et al. 2019 [26] Łukas Zewska-Kuska et al.
2019 [27]

Romero-Ruiz et al.
2019 [28] Lee et al. 2019 [29] Thiem et al. 2019 [30] Chan et al. 2018 [31]

1. Title 1 1 1 1 1 1

Abstract

2. Species 1 1 1 1 1 1

3. Key finding 1 1 1 1 1 1

Introduction

4. Background 1 1 1 1 1 1

5. Reasons for animal models 1 1 1 0 1 1

6. Objectives 1 1 1 1 1 1

Methods

7. Ethical statement 1 1 1 1 1 1

8. Study design 1 1 1 1 1 1

9. Experimental procedures 1 1 1 1 1 1

10. Experimental animals 1 1 1 1 1 1

11. Accommodation and handling of animals 1 1 1 0 1 1

12. Sample size 1 1 1 1 1 1

13. Assignment of animals to experimental groups 1 1 1 0 0 0

14. Anesthesia 1 1 1 1 1 1

15. Statistical methods 1 1 1 1 1 1

Results

16. Experimental results 1 1 1 1 1 1

17. Results and estimation 1 1 1 1 1 1

Discussion

18. Interpretation and scientific implications 1 1 1 1 1 1

19. 3Rs reported 0 0 0 0 0 0

20. Adverse events 0 0 0 0 0 0

21. Study limitations 0 0 0 0 1 0

22.Generalization/applicability 1 1 1 1 1 1

23. Funding 1 1 1 1 1 1

Total Score 20 20 20 17 20 19

J. Clin. Med. 2020, 9, 2047 6 of 26

Table 2. Cont.

Studies Romero-Gavilan et al.
2018 [32] Huanhuan et al. 2017 [33] Herrero-Climent et al.

2018 [34] Su et al. 2017 [35] van Oirschot et al.
2014 [36] Galli et al. 2014 [37]

1. Title 1 1 1 1 1 1

Abstract

2. Species 1 1 1 1 1 1

3. Key finding 1 1 1 1 1 1

Introduction

4. Background 1 1 1 1 1 1

5. Reasons for animal models 1 1 0 0 0 0

6. Objectives 1 1 1 1 1 1

Methods

7. Ethical statement 1 1 1 1 1 1

8. Study design 1 1 1 1 1 1

9. Experimental procedures 1 1 1 1 1 1

10. Experimental animals 1 1 1 1 1 1

11. Accommodation and handling of animals 0 0 0 0 0 0

12. Sample size 1 1 1 1 1 1

13. Assignment of animals to experimental groups 0 0 0 0 0 0

14. Anesthesia 1 1 1 1 1 1

15. Statistical methods 1 1 1 1 1 1

Results

16. Experimental results 1 1 1 1 1 1

17. Results and estimation 1 1 1 1 1 1

Discussion

18. Interpretation and scientific implications 1 1 1 1 1 1

19. 3Rs reported 0 0 0 0 0 0

20. Adverse events 1 0 0 0 0 0

21. Study limitations 0 1 0 0 0 0

22.Generalization/applicability 1 1 0 1 0 1

23. Funding 1 1 1 0 1 0

Total Score 18 19 16 16 16 16
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Table 2. Cont.

Studies Kang et al. 2013 [38] Gobbato et al. 2012 [39] Choi et al. 2012 [40] Aparicio et al.
2011 [41]

Diefenbeck et al.
2011 [42]

Azen ha et al.
2010 [43]

1. Title 1 1 1 1 1 1

Abstract

2. Species 1 1 1 1 1 1

3. Key finding 1 1 1 1 1 1

Introduction

4. Background 1 1 1 1 1 1

5. Reasons for animal models 0 0 0 0 0 0

6. Objectives 1 1 1 1 1 1

Methods

7. Ethical statement 1 1 1 1 1 1

8. Study design 1 1 1 1 1 1

9. Experimental procedures 1 1 1 1 1 1

10. Experimental animals 1 1 1 1 1 1

11. Accommodation and handling of animals 0 0 0 1 0 0

12. Sample size 1 1 1 1 1 1

13. Assignment of animals to experimental groups 0 0 0 1 0 0

14. Anesthesia 1 1 1 1 1 1

15. Statistical methods 1 1 1 1 1 1

Results

16. Experimental results 1 1 1 1 1 1

17. Results and estimation 1 1 1 1 1 1

Discussion

18. Interpretation and scientific implications 1 1 1 1 1 1

19. 3Rs reported 0 0 0 0 0 0

20. Adverse events 0 0 0 0 0 0

21. Study limitations 0 0 1 0 0 0

22.Generalization/applicability 0 1 1 1 1 1

23. Funding 1 0 1 1 1 1

Total Score 16 16 18 19 17 17

J. Clin. Med. 2020, 9, 2047 8 of 26

Table 2. Cont.

Studies Lutz et al. 2010 [44] Quaranta et al. 2010 [45] Barros et al. 2009 [46] Granato et al.
2011 [47] Fawzy et al. 2008 [48] Faeda et al. 2009 [49]

1. Title 1 1 1 1 1 1

Abstract

2. Species 1 1 1 1 1 1

3. Key finding 1 1 1 1 1 1

Introduction

4. Background 1 1 1 1 1 1

5. Reasons for animal models 0 0 0 0 0 0

6. Objectives 1 1 1 1 1 1

Methods

7. Ethical statement 1 1 0 1 1 1

8. Study design 1 1 1 1 1 1

9. Experimental procedures 1 1 1 1 1 1

10. Experimental animals 1 1 1 1 1 1

11. Accommodation and handling of animals 0 0 0 0 0 0

12. Sample size 1 1 1 1 1 1

13. Assignment of animals to experimental groups 1 1 0 0 1 1

14. Anesthesia 1 1 1 1 1 1

15. Statistical methods 1 1 1 1 1 1

Results

16. Experimental results 1 1 1 1 1 1

17. Results and estimation 1 1 1 1 1 1

Discussion

18. Interpretation and scientific implications 1 1 1 1 1 1

19. 3Rs reported 0 0 0 0 0 0

20. Adverse events 0 1 0 0 0 0

21. Study limitations 0 0 0 0 0 0

22.Generalization/applicability 1 1 1 1 1 1

23. Funding 1 1 1 1 0 0

Total Score 18 19 16 17 17 17
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Table 2. Cont.

Studies Alexander et al. 2009 [50] Germanier et al. 2006 [51] Teixeira et al. 2012 [52]

1. Title 1 1 1

Abstract

2. Species 1 1 1

3. Key finding 1 1 1

Introduction

4. Bankground 1 1 1

5. Reasons for animal models 0 0 0

6. Objectives 1 1 1

Methods

7. Ethical statement 1 1 1

8. Study design 1 1 1

9. Experimental procedures 1 1 1

10. Experimental animals 1 1 1

11. Accommodation and handling of animals 1 0 0

12. Sample size 1 1 1

13. Assignment of animals to experimental groups 1 1 1

14. Anesthesia 1 1 1

15. Statistical methods 1 1 1

Results

16. Experimental results 1 1 1

17. Results and estimation 1 1 0

Discussion

18. Interpretation and scientific implications 1 1 1

19. 3Rs reported 0 0 0

20. Adverse events 0 0 0

21. Study limitations 0 0 0

22.Generalization/applicability 1 1 1

23. Funding 1 1 1

Total Score 19 18 17

Mode Value: 17.7 ± 1.4. Each item was attributed a score of “0” (not reported) or “1” (reported). The total score of each of the included studies was also recorded.
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3. Results

3.1. Characteristics of the Studies

By April 2020, a total of 128 studies had been gathered and subsequently assessed by the
reviewers. From these, 92 studies were removed due to their being in vitro trials, duplicates, systematic
reviews, or irrelevant, leaving a total of 30 studies: 27 were carried out on animals [26–52] and 3 on
humans [23–25] (Figure 2 “Flowchart”). Tables 3 and 4 provide a general description of the details of
each study. Table S1 (PRISMA Checklist), describes section/items and pages.
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Table 3. Animal studies.

Studies Animals Surface Preparation Number of Implants Implantation Sites Tracing (Weeks) Conclusions

Cho et al.
2019 [26] New Zealand white rabbit model

A human
vitronectin-derived

peptide, VnP-16
16 Tibia 2 weeks

VnP-16 reinforces the osteogenic
potential of an SLA titanium dental

implant when this peptide is applied to
the SLA surface.

Łukaszewska-
Kuska et al.

2019 [27]
New Zealand white rabbit model Hydroxyapatite

(HA) coating 20 Tibia 2 weeks

The HA coating reported herein was
found to have chemical and physical
properties which appear to improve

osseointegration compared to
grit-blasted implants.

Romero-Ruiz
et al. 2019 [28] Minipig model

ContacTi® (alumina
particle bombardment

of titanium bioactivated
when treated

thermochemically)

12 Jaw, premolar and
molar area. 8 weeks

The surface ContacTi® showed
remarkable results in terms of the

osseointegration process.

Lee et al.
2019 [29] Dog model (IS-III Bioactive®) SLA

with HA nanocoating 9
Jaw, the second, the
third, and the fourth

premolars area
4 weeks

Osteoblasts might become more
activated with the use of an HA-coated

surface.

Thiem et al.
2019 [30] New Zealand white rabbit model Nanocrystalline

SiO2–HA coating 36 Femur 2 and 4 weeks
Distance osteogenesis does not seem to
become a↵ected by a bioactive SiO2–HA

surface coating.

Chan et al.
2018 [31] New Zealand white rabbit model

Bioactive glass
fiber-reinforced

composite (GFRC)
12 Femur 8 weeks

Histological evaluation revealed more
newly formed bone regeneration in the
GFRC implant group during the initial

healing period.

Romero-Gavilan
et al. 2018 [32] New Zealand white rabbit model

Silica hybrid sol-gel
coating applied onto

the Ti substrate
(35M35G30T)

10 Tibia 4 weeks

Implants coated with the 35M35G30T
coating demonstrated a clear increase in
inflammatory activity, surely due to an

associated, natural, and controlled
immune response.

Huanhuan
et al. 2017 [33] Rat model

Sr overcoated
acid-etched titanium

implant (SLA)
20 Tibia 2 and 8 weeks

The Sr–SLA surface showed increased
BIC (Bone of Implant Contact) and new
bone apposition around the implants.
The result indicated that the Sr–SLA

surface has an e↵ect that improves early
osseointegration.

Herrero-Climent
et al. 2018 [34] Minipig model

Blasting of combined
abrasive Al2O3 particles

with thermochemical
treatment (ContacTi®)

20 Maxillae 2, 4, and 8 weeks

The ContacTi® surface achieved faster
growth of hard tissues around the
implants compared to the blasting

surface, and for all the
histomorphometric parameters

evaluated, the values were higher.
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Table 3. Cont.

Studies Animals Surface Preparation Number of Implants Implantation Sites Tracing (Weeks) Conclusions

Su et al.
2017 [35] Rat model Ca nanosurface 24 Femur 8 weeks

Nanostructure modification with
incorporation of Ca2+ ions has a

synergistic e↵ect on the bone response to
the implant.

van Oirschot
et al. 2014 [36] Goat model HA coating 20 Iliac crest 4 weeks

HA coating enhanced the biological
properties compared to

grit-blasted/acid-etched implants.

Galli et al.
2014 [37] New Zealand white rabbit model

Coated with thin films
of mesoporous TiO2

having pore diameters
of 6 nm and loaded

with magnesium

20 Tibia 3 weeks

Local release of magnesium from
implant surfaces improves implant

retention in the early healing stage (3
weeks after implantation).

Kang et al.
2013 [38] New Zealand white rabbit model Laminin-2-derived

peptide 12 Tibia Not reported

Titanium implants coated with a
laminin-2-derived peptide can promote

osseointegration by accelerating new
bone formation in vivo.

Gobbato et al.
2012 [39] New Zealand white rabbit model Ca–Ph-coated (BAE-2) 16 Tibia 1, 3, and 13 weeks

The bioactive BAE-2 implant surface
provided healthy bone remodeling at 21

days of healing.

Choi et al. 2012
[40] New Zealand white rabbit model Bioactive

fluoride-modified 10 Tibia 2 weeks
The surface modified with bioactive

fluoride does not show superiority in the
early bone response.

Aparicio et el.
2011 [41] Minipig model Micro-rough

acid-etched (2Step) 32 Mandible and maxilla 2, 4, 6, and 10 weeks

The 2Step treatment produced
micro-rough and bioactive implants that
accelerated bone tissue regeneration and

increased mechanical retention in the
bone bed at short periods of

implantation.

Diefenbeck
et al. 2011 [42] Rat model

Plasma chemical
oxidation (Ca–Ph)

(TiOB surface)
128 Tibia 3 and 8 weeks

The bioactive TiOB surface has a positive
e↵ect on implant anchorage by

enhancing the bone–implant contact.

Azenha et al.
2010 [43] New Zealand white rabbit model SiO2–P2O5–Na2O, CaO,

and Bioglass®45S5 64 Femur 8 and 12 weeks
All tested materials are biocompatible
and are suitable to be used in clinical

dentistry.

Lutz et al.
2010 [44] Pig model

The experimental
implants were coated

with HA and
additionally with an

active biomimetic
peptide (P-15)

12 Jaw, premolar and
molar area. 2 and 4 weeks

Biofunctionalization of the implant
surface with a biomimetic active peptide
leads to significantly increased BIC rates

at 14 and 30 days and higher
peri-implant bone density at 30 days.
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Table 3. Cont.

Studies Animals Surface Preparation Number of Implants Implantation Sites Tracing (Weeks) Conclusions

Quaranta et al.
2010 [45] New Zealand white rabbit model

Plasma-sprayed
calcium-phosphate

(PSCa–Ph)
48 Femur 2, 4, and 8 weeks

Bioactive ceramic coatings were
biocompatible and osteoconductive.

However, the early bone response was
favored by the presence of the thicker

PSCaP coating.

Barros et al.
2009 [46] Dog model

Application of a thin
HA + bioactive peptide

coating
32 Mandibular premolar

area 8 weeks

Biofunctionalization of the implant
surface interferes with bone apposition
around titanium implants, especially in

terms of bone density.

Granato et al.
2011 [47] Dog model

Bioactive ceramic
coating deposition on an
alumina-blasted/acid-etched

surface

16 Tibia 2 and 4 weeks

A thin bioactive ceramic coating on the
implant surface did not a↵ect BIC, but
positively a↵ected the biomechanical

fixation of the implant.

Fawzy et al.
2008 [48] New Zealand white rabbit model NaOH/heat treatment 46 Tibia 2, 4, and 8 weeks

The sodium removal treatment was
shown to be e↵ective in improving the

early resistance of the bone–implant
interface.

Faeda et al.
2009 [49] New Zealand white rabbit model HA coatings 96 Tibia 4, 8, and 12 weeks

Implants with the HA biomimetic
coating can shorten the healing period of
implants by increasing the implant–bone

interaction during the first 2 months
after implant placement.

Alexander et al.
2009 [50] Non-human primate model Ca–Ph surface 25 Lower jaw 30 weeks

Implant coating with ultra-fine calcium
phosphate favors osteoconductive

properties in the early phase with the
avoidance of adverse reactions against
the material during the later stages of

osseointegration.

Germanier
et al. 2006 [51] Miniature pig model

Arg–Gly–Asp (RGD)
peptide-modified

polymer
(PLL-g-PEG/PEG–RGD)

(poly(L
lysine)-graft-poly(ethylene

glycol/ poly(ethylene
glycol- Arg–Gly–Asp)

PLL (120 L-lysine units)
PEG (47 ethylene glycol

units)

48 Anterior maxilla 2 and 4 weeks
Significant enhancement of new bone
apposition to the RGD-functionalized

SLA surface during the very early stages.

Teixeira et al.
2012 [52] Dog model

Alumina-blasted and
acid-etched (AB/AE)

surface
36 Center of the radius

diaphysis 2 and 4 weeks

Dental implant treatment with textured
surfaces with argon plasma produced

substantial improvements in
biomechanical fixation in the early

stages of implantation.
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Table 3. Cont.

Study BIC Values BA Values ISQ Values RTT Values RE Values SF Values

Test Control Test Control Test Control Test Control Test Control Test Control

Cho et al.
2019 [26] NR NR 61.5 ± 10.6%

**** NR NR NR NR NR NR NR NR

Łukaszewska-
Kuska et al.

2019 [27]
NR NR NR 69.85 ± 2.05%

**** NR NR NR NR NR NR NR NR

Romero-Ruiz
et al. 2019 [28] NR NR NR 73.5 ± 1.3% **** NR NR NR NR NR NR NR NR

Lee et al.
2019 [29] 77.28 ± 11.22% 68.80 ± 10.67% 44.94 ±

17.69% 36.53 ± 13.72% NR NR NR NR NR NR

Thiem et al.
2019 [30]

2 weeks, 66 ± 3% ** 4
weeks **, 65 ± 2%

2 weeks, 42 ± 1% 4
weeks, 44 ± 1% NR NR NR NR NR NR NR NR NR NR

Chan et al.
2018 [31] 37.9 ± 1.6% ** 37.1 ± 5.9% NR NR NR NR NR NR NR NR NR NR

Romero-Gavilan
et al. 2018 [32] NR NR NR NR NR NR NR NR 40.4 ± 27.9% *** 44.4 ± 21.6% NR NR

Huanhuan
et al. 2017 [33]

2 weeks **, 28.76 ±
8.44% 8 weeks **,

62.5 ± 35.78%

2 weeks, 22.57 ±
6.29% 8 weeks, 45.54

± 9.59%

2 weeks, 12.02
± 4.45% 8

weeks, 41.62
± 7.75%

2 weeks, 9.82 ±
3.49 8 weeks,
29.55 ± 5.53%

NR NR NR NR NR NR NR NR

Herrero-Climent
et al. 2018 [34]

2 weeks, 49.02 ±
26.3% 4 weeks **,
83.20 ± 8.12% 8

weeks **, 85.58 ±
3.81%

2 weeks, 39.32 ±
2.48% 4 weeks, 46.53
± 9.81% 8 weeks,

46.20 ± 3.54%

NR NR NR NR NR NR NR NR NR NR

Su et al.
2017 [35] NR NR NR NR NR NR NR NR 20.58 ± 3.02% ** 70.25 ± 4.53% NR NR

van Oirschot
et al. 2014 [36] 57.5 ± 8.5% ** 40.7 ± 13.2% 43.6 ± 9.0%

**** 32.0 ± 10.4% NR NR NR NR NR NR NR NR

Galli et al.
2014 [37] 15.2 ± 17.6% **** 8.51 ± 3.4% 66.61 ± 10.3%

**** 74.4 ± 15.2% NR NR NR NR NR NR NR NR

Kang et al.
2013 [38] ‡‡ NR NR NR NR NR NR NR NR NR NR NR

Gobbato et al.
2012 [39] ‡‡ NR NR NR NR NR NR NR NR NR NR NR

Choi et al.
2012 [40] 42.6 ± 4.0% **** 36.0 ± 5.4% 47.0 ± 5.4%

**** 47.4 ± 3.4% NR

Aparicio et el.
2011 [41] ‡ NR NR NR NR NR NR NR NR NR NR NR
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Table 3. Cont.

Study BIC Values BA Values ISQ Values RTT Values RE Values SF Values

Test Control Test Control Test Control Test Control Test Control Test Control

Diefenbeck
et al. 2011 [42] NR NR

3 weeks, 47.4
± 11.5% ** 8

weeks, 60.8 ±
7.8% **

3 weeks, 27.5 ±
4.40% 8 weeks,
69.0 ± 6.04%

NR NR NR NR NR NR NR NR

Azenha et al.
2010 [43]

8 weeks, 93 ± 6.55%
**** 12 weeks, 90 ±

9% ****

8 weeks, 87 ± 8% 12
weeks, 92 ± 8% NR NR NR NR NR NR NR NR NR NR

Lutz et al. 2010
[44]

2 weeks, 76.7 ± 26.1%
4 weeks, 75.8 ± 23.9%

2 weeks, 63.8 ± 28.1%
4 weeks, 75.8 ± 23.9% NR NR NR NR NR NR NR NR NR NR

Quaranta et al.
2010 [45]

3 weeks, 27.1 ± 1.1%
4 weeks, 43.0 ± 3.0%
8 weeks, 61.0 ± 4.5%

**

3 weeks, 23.0 ± 0.2%
4 weeks, 31.5 ± 2.4%
8 weeks, 46.0 ± 4.1%

NR NR NR NR NR NR NR NR NR NR

Barros et al.
2009 [46] 47.0 ± 16.8% **** 41.4 ± 18.7% NR NR NR NR NR NR NR NR NR NR

Granato et al.
2011 [47]

2 weeks, 71.70 ±
20.37% 4 weeks, 75.70
± 18.20% ****

2 weeks, 79.02 ±
16.02% 4 weeks, 86.99

± 8.40%
NR NR NR NR NR NR NR NR NR NR

Fawzy et al.
2008 [48] NR NR NR NR NR NR NR NR NR NR

2 weeks, 91.12 ±
36.57% 4 weeks,
240.72 ± 97.41%
8 weeks, 562.45
± 132.93% **

2 weeks, 61.50 ±
28.15% 4 weeks,
214.56 ± 61.31%
8 weeks, 508.20
± 111.78%

Faeda et al.
2009 [49] NR NR NR NR NR NR NR NR

2 weeks, 55.42
± 12.86% 8

weeks, 24.0 ±
6.34% 12 weeks,
33.85 ± 6.28% **

2 weeks, 23.28 ±
4.46% 8 weeks,
63.71 ± 14.79%

12 weeks, 64.0 ±
18.05%

NR NR

Alexander et al.
2009 [50] 74.9 ± 9.8% **** 73.2 ± 17% NR NR NR NR NR NR NR NR NR NR
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Table 3. Cont.

Study BIC Values BA Values ISQ Values RTT Values RE Values SF Values

Test Control Test Control Test Control Test Control Test Control Test Control

Germanier
et al. 2006 [51]

2 weeks, 61.68 ±
4.21% *** 4 weeks,
62.52 ± 8.04% ***

2 weeks, 43.62 ±
10.79% 4 weeks,
62.46 ± 6.37%

NR NR NR NR NR NR NR NR NR NR

Teixeira et al.
2012 [52]

2 weeks ‡
4 weeks ‡

2 weeks ‡
4 weeks ‡ NR NR NR NR NR NR NR NR NR NR

HA (hydroxyapatite); SIO2 (silicon dioxide); Sr (strontium); SLA (sandblasted with long-grit corundum followed by acid etching with sulfuric and hydrochloric acid); Al2O3 (aluminum
oxide); Ca (calcium); Ta (tantalum); P (phosphorus); P2O5 (Phosphorus Oxide); CaO (Calcium Oxide); NaOH (Sodium Hydroxide). BIC (bone implant contact); BA (bone area); ISQ (implant
stability quotient); RTT (removal torque test); RE (radiological evaluation); SF (shear force); NR, not reported; ‡ Reported in a figure; ‡‡ Reported in a histological image. Significance:
* p < 0.01, ** p < 0.05, *** p < 0.001, **** p > 0.01.

Table 4. Human studies.

Studies
Type of
Study

Surface
Preparation

Number of
Implants

Implantation
Sites

Tracing
(Weeks) Conclusions

BIC Values ISQ Values

Test Control Test Control

Gursoytrak,
B., Ataoglu,
H. 2020 [23]

Randomized
clinical
study

Alkali-modified
(bioactive) and

sandblasted
surfaces

50 (2 groups) Mandibular
molar area

2, 6, and
12 weeks

No significant di↵erences.
The ISQ of the bioactive

implants that exhibit high
primary stability fell more
than those of the implants

with sandblasted surfaces at
2 and 6 weeks after the
operation; both types of

implants produced similar
clinical results at 12 weeks

post-operation.

NR NR

2 weeks, 73.68 ±
3.84% 6 weeks,
69.8 ± 4.61% 12
weeks, 73.40 ±

4.30% *

2 weeks, 72.91 ±
4.63%6 weeks,
71.36 ± 7.42 12
weeks, 72.15 ±

3.39%

Malchiodi
et al. 2011

[24]
Case series

Resorbable
calcium

phosphate (CaP)
coating made of
brushite (FBR)

3 Posterior
mandible

8, 10, and
12 weeks

Immediately loaded FBR
implants placed in the

posterior jaw can achieve
osseointegration within 6–12

weeks of loading.

54.4 ± 3.74% **** 70.1 ± 2.16% NR NR

Mistry et al.
2010 [25] Not reported Bioactive glass

(BG) coating 62
Anterior maxilla

and anterior
mandible

12 months

Overall results showed that
BG-coated implants are as
successful as HA-coated

implants in achieving
osseointegration.

Bioactive glass
group:

6 months,
0.93 ± 0.26%
12 months,

0.78 ± 0.42%

HA group:
6 months,

0.92 ± 0.30%
12 months,

0.82 ± 0.40% **

NR NR

BIC (bone implant contact); ISQ (implant stability quotient); NR, not reported. Significance: * p < 0.01, ** p < 0.05, **** p > 0.01.
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3.2. ISQ, BIC, BA, RTT, RE, and SF Information

Of the clinical studies, only Gursoytrak and Ataoglu reported ISQ, finding no significant di↵erence
between Ti surfaces and bioactive (alkali-modified) surfaces after twelve weeks [23]; Malchiodi and
colleagues [24] reported the BIC value by means of radiological analysis of the bone-implant interface
in three biopsies in CaP-coated Ti implants; Mistry and colleagues [25] compared two modified Ti
surfaces, one with HA and the other with bioactive glass, reporting bone-implant contact values
obtained from CT scans (no significant di↵erences).

In animal studies, ISQ was reported by 2 studies [26,27], both of which showed an increase when HA
and alumina bioactive surfaces were used. BIC was reported in 11 studies [28–30,32,33,35–40,42–46,49–51];
BIC and BA together—5 studies [28,32,35,36,39]; RTT was reported in a study using rat tibiae where
machined Ti surfaces and HA coated surfaces were compared [48]; RE (microcomputed tomography) is
reported in 2 studies [31,34], SF—in one study [47].

3.3. Synthesis of Included Studies

Thirteen studies used rabbits as animal models [23,27,30–32,37–39,43,45,48,49], 5—pigs [28,34,41,44,51],
4—dogs [29,46,47,52], 3—rats [33,35,42], 2—goat and non-human primates [36,50]. Sixteen modifications of
the Ti surface were used, the most used bioactive surface being HA [27,29,36,44,46,49]. In humans, the worst
results were reported by Malchiodi and colleagues who studied a bioactive surface of CaP. The study
of Germanier and colleagues [51] who compared SLA surfaces (sandblasted large-grit acid-etched) with
surfaces modified by a bioactive peptide found significant differences in the extent of BIC during the early
stages of bone regeneration (RGD (Arg–Gly–Asp)-SLA 61.68 ± 4.21, SLA 43.62 ± 10.79), reporting the
highest statistical significance (p < 0.001) in terms of peri-implant bone growth among all the included
studies. All animal studies [26–52] reported an increase in peri-implant bone formation when using the
surfaces studied, as compared to control surfaces (p > 0.05), 6 of them reporting the best results (p < 0.01) in
the formation of peri-implant bone in the surfaces studied [30,31,33,34,36,45].

3.4. Risk of Bias (RoB Cochrane Collaboration’s Tool)

In the studies considered is shown in Figures 3 and 4. Among the clinical trials, only one [23]
met the blinding of participants and personnel and the blinding of outcome assessment criteria.
The random sequence generation and allocation concealment domains were not met in any of the
clinical trials considered.

Among the animal studies, 46% met the random sequence generation domain and only 2 [26,48]
met the blinding of participants and personnel criteria.

The average STROBE and ARRIVE scores were 15.13 ± 2.08 and 17.7 ± 1.4, respectively. According
to the ARRIVE checklist, the study by Mistry et al. obtained the highest scores [25]; item 11
(accommodation and handling of animals) was only reported in 5 studies [26–30]; items 19, 20, and 21
(3Rs reported, adverse events, and study limitations) were not reported in any of the included studies.
The maximum scores were achieved in the studies by Cho et al., 2019, Łukaszewska-Kuska et al., 2019,
Romero-Ruiz et al., 2019, and Thiem et al., 2019 [26–29]. As regards the STROBE statement checklist,
items 9 (bias), 14 (descriptive data), 19 (limitations), 20 (interpretation), and 21 (generalizability) were
not reported in any of the studies (Tables 3 and 4).
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4. Discussion

The main purpose of implant surface modifications is to modulate the host tissue and favor
osseointegration. This review assessed the capacity of improvement of osseointegration of bioactive
surface modifications as compared to the conventional titanium surface (SLA or similar surfaces).
Although a large part of research in implant dentistry is currently focused on the study of bioactive
surfaces, only three studies based on human trials were found: one compared the ISQ of two types of
implants, with and without a bioactive surface [23]; another studied a series of calcium phosphate
(CaP)-coated Ti implants [24]; and the third study analyzed the e↵ectiveness of hydroxyapatite and
bioactive glass-coated Ti implants [25]. One of the reasons for the scarcity of this type of studies
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could be their ethical implications, since, for obvious ethical reasons, it is not possible to obtain gold
standard histological samples (biopsies) to analyze bone formation around implants; however, one of
the included clinical trials [24] studied through biopsy a series of samples obtained from patients.
Nevertheless, even though bone-to-implant contact can be assessed using techniques such as electron
microscopy [53,54], researchers have established histomorphometric analysis as the most widely used
method in most studies [55,56].

The rest of the selected studies [26–52] are based on animal research using di↵erent animal models
and a variety of Ti surface coatings, with HA and Ca–Ph being the most common [27–29,36,46,52].
These six studies provided remarkable results as regards osseointegration, with conclusive findings
such as activation of osteoblastic activity and healing time through the increase of bone-to-implant
interaction during the first 2 months after placement [29,49].

Hydroxyapatite (HA) is a non-inflammatory, non-toxic, and non-immunogenic material with
osteoconductive and bioactive properties [57]. HA coating has been proposed for implant surface
modification to promote bone healing and osseointegration, which would allow early functional
loading. Nevertheless, there are currently no standard manufacturing guidelines for HA deposition
on implant surfaces [58]. In the past, multiple failures with HA-coated implants were reported [59];
however, it seems that such failures could be due to poor quality coatings and product crystallization [60].

A systematic review conducted by Qadir and colleagues [57] a�rms that the topography and
chemical properties of amorphous HA coating surfaces influence cell behavior and ion-substituted HA
coatings significantly increase cell adhesion, but can have a cytotoxic e↵ect that slows the growth of the
cells that are attached to the coating’s surface areas, however, some authors question the e↵ectiveness
of hydrophilic surfaces and HA-coated surfaces in terms of osteoblastic activation [29].

The healing times reported in the di↵erent studies included varied widely from 1 to 13
weeks [31,39]; in a study using goats, van Oirschot and colleagues [36] found that at 4 weeks,
HA-coated Ti had an osseointegrating e↵ect (BIC and BA values) superior to shot blasting/acid etching
(grit-blasted/acid-etched implants); Faeda and colleagues [49] studied Ti surfaces modified through
laser ablation and subsequently coated with HA measuring implant extraction force using RTT.
The average removal torque was higher in HA-coated implants obtaining significant values (p = 0.05)
at 4, 8, and 12 weeks and comparing them with control implants (only laser ablation implants and
machined surface implants). It is also worth noting that Mistry and colleagues [25] found similar
results between HA-coated implants and implants covered with bioactive glass in their clinical trial.

Another modification of the Ti surface coating used in the di↵erent studies included in this
systematic review was calcium–phosphate (Ca–Ph) [23,39,42,45]. Bioactive Ca and Ph-based ceramics
have received considerable attention over the years, leading to highly osteoconductive coatings [45,61].
In a study in rat tibiae, Diefenbeck and colleagues [42], using Ca–Ph-coated Ti implants, found a high
rate of early osseointegration compared to conventional surface Ti implants. It should be noted that the
best results in terms of BIC at 3, 4, and 8 weeks, were obtained with surfaces modified with Ca–Ph [45]
despite the fact that certain authors exclusively attribute osteoconductive properties to it [62].

The highest statistical significance was found in the study by Germanier and colleagues [51]
who compared conventional surfaces of Ti (SLA) and surfaces modified by a double peptide,
RDG (Arg–Asp–Gly) and RGD (Arg–Gly–Asp). At 2 weeks, RGD-coated implants yielded significantly
higher percentages of bone-to-implant contact than controls (p < 0.001). This RGD peptide could have
osteogenic properties that correlated with e↵ects that would alter cell binding and dissemination,
generating a more di↵erentiated cell morphology [63].

A large part of the included studies compared the surfaces studied with SLA or similar
surfaces [26–30,33,34,41,46,51]. Bioactive and biofunctional concepts were unclear in the included
studies, and only 9 of them [26,31,33,38,40,43,44,47,51] clearly specified biofunctionalization of the
Ti surface.

New methods of surface preparation are currently under constant investigation. The successful
osseointegration of dental implants depends on the amount of bone that is in direct contact with the
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implant surface. Destruction of the bone-implant-contact area (BIC) could lead to implant failure.
Early osseointegration is influenced by the roughness and coatings of the Ti surfaces [64,65], however,
infection is frequently the cause of failure of dental implants [66]. Implant infections are generally
associated with Gram-negative periodontal pathogens (Porphyromonas gingivalis, Prevotella intermedia/
Prevotella nigrescens, and Actinobacillus actinomycetemcomitans); various antimicrobial and antibiotic
peptides are proposed in order to solve these drawbacks [67]. In contact with air, Ti undergoes an
oxidation process that is of major importance in the osseointegration process; however, the oxide on the
Ti surface includes a large number of impurities, which would hinder the osseointegration process [68].

Plasma biology is a new interdisciplinary research area that is currently being used to functionalize
surfaces and improve their biocompatibility [69]. The relationship between plasma treatment of Ti
surfaces and di↵erentiation of bone tissue has been reported in several studies [70].

The objective of current technologies [71] is to generate thin plasmas using small and easy-to-use
devices. Ujino and colleagues [72] showed that osteogenic adhesion and di↵erentiation increased in
the cells grown on plasma-treated Ti discs as compared to those raised on untreated discs. Their device
uses piezoelectric mechanical resonance to amplify electrical energy and generate high voltage. In this
way, it ionizes the surrounding atmospheric air and produces plasma. Conventional plasma devices
require vacuum and processing is limited and expensive. In contrast, the Piezobrush® PZ2 device
(Relyon Plazma GmbH, Regensburg, Germany) used by Ujino and colleagues is compact and suitable
for use in dental practices.

Because of its decontaminating properties, argon plasma (Ar), which is widely used as a coagulant
in digestive surgery [73], has been proposed by certain authors [52,74–77] to improve early integration
of Ti implants due to its decontaminating properties.

At low temperature, the Ar-oxygen plasma could be highly e↵ective in cleaning surfaces,
eliminating chemical residues, contaminants, and impurities in Ti, and producing an activating
e↵ect on the surface of the implant, which would improve cell proliferation and adhesion and,
as a consequence, mineralization [74]; however, the devices used are expensive and work at high
temperatures or low pressures, making them di�cult to use in a regular dental o�ce. Teixeira and
colleagues [52] proposed its use in a dental o�ce immediately before implantation through the
use of non-thermal plasmas applied by means of manageable devices (KinPenTM® device, INP,
Greifswald, Germany) which allow the modification of the Ti surface at room temperature. Similarly,
in a study in Beagle dogs, Giro and colleagues [78] reported significant e↵ects in implants treated with
low-temperature Ar plasma. Therefore, the low-temperature Ar plasma could be used directly in a
dental o�ce both for surface disinfection and for direct application, in root canal disinfection, or in
other surgical techniques that are conducted immediately prior to implantation [79].

On the other hand, the experimental rodent models (rats and rabbits) used in many of the
studies included, as well as the choice of implant location (tibia and femur), are not considered
adequate models for the extrapolation of results to humans, among other reasons, because they
lack cortical bone remodeling and because they stop growing much later than other mammals [80].
Additionally, the bones of rabbits, which are the most commonly used species in the studies included
in this systematic review, are the most dissimilar in structure to human bone [81]. While none of the
species meets all the requirements of an ideal model, understanding the di↵erences in bone architecture
and remodeling among the di↵erent experimental animal species could help researchers to select an
adequate species for a specific research question.

Nonetheless, this systematic review is not free from limitations as regards number, quality,
and methodology of the studies included, both animal and human. First, only three clinical trials were
found [23–25], which is insu�cient to confirm the results they describe as significant in humans. Second,
the ecological fallacy in the interpretation of results due to the heterogeneity in the characteristics of the
studies (methodological diversity) and also to the population samples used in each of them (clinical
diversity) [82]. And, third, the concepts of bioactivation and biofunctionalization of surfaces are not
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always clear in the di↵erent studies included in this systematic review, leading to great heterogeneity
of results.

This heterogeneity of results could be due to the surface coating process and the di↵erent methods
used to evaluate the bone–implant surface contact: mechanical, histomorphometric, and radiological
(ISQ, RTT, RE, SF, BIC, and BA). Although Yang and colleagues [83] found greater osseointegration
and bone apposition using an electrochemical process in the modification of surfaces, the limited
information provided by most of the studies makes it di�cult to determine the best methods of
surface modification. Finally, another important aspect regarding the limitations of our study was the
publication bias, and therefore we are aware that our conclusions can only be applied to the sample of
included studies.

Therefore, to determine the e↵ect of bioactive and biofunctionalized surfaces on implant
osseointegration, it is necessary to reduce the risk for bias of the studies, eliminate confounding
factors, and establish a clear definition of adequate parameters, all of this aimed at obtaining the results
that might be useful in a wide range of clinical applications so that scientific evidence may support the
practice of clinical dentistry.

The purpose of this review was to assess the impact of bioactive surface modification on implant
osseointegration. However, it proved di�cult to conclude that such modifications might be beneficial
in terms of osseointegration, mainly because the risk of bias was high in most of the studies included
and their analysis was complicated and problematic, hampering the interpretation of results.

5. Conclusions

The e↵ect of bioactive modifications of dental implant surfaces is not always beneficial for
osseointegration, although certain biomolecules used for coating seem to influence early peri-implant
bone formation. All the materials proposed in the di↵erent studies included in this systematic review
to modify the implant surfaces of Ti and improve its osseointegration have di↵erent advantages
and limitations in terms of mechanical properties, biocompatibility, and osseointegration potential.
Therefore, long-term clinical trials are required to validate the success of implants using this type of
biomolecular coating. On the other hand, it should be noted that the results obtained using animal
models cannot always be extrapolated to human clinical reality.
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Abbreviations

BIC bone implant contact
BA bone area
RTT removal torque test
RE radiological evaluation
SF shear force
ISQ implant stability quotient
HA hydroxyapatite
SiO2 silicon dioxide
Sr strontium
SLA sandblasted with long-grit corundum followed by acid etching with sulfuric and hydrochloric acid
Al2O3 aluminum oxide
Ca calcium
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Ta tantalum
Ti titanium
P phosphorus
Ar argon
P2O5 phosphorus oxide
CaO calcium oxide
NaOH sodium hydroxide
CaP calcium phosphate
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Abstract: Titanium (Ti) dental implant failure as a result of infection has been established at 40%, 
being regarded as one of the most habitual and untreatable problems. Current research is focused 
on the design of new surfaces that can generate long-lasting, infection-free osseointegration. The 
purpose of our study was to assess studies on Ti implants coated with different antibacterial sur-
faces, assessing their osseointegration. The PubMed, Web of Science and Scopus databases were 
electronically searched for in vivo studies up to December 2020, selecting six studies that met the 
inclusion criteria. The quality of the selected studies was assessed using the ARRIVE (Animal Re-
search: Reporting of In Vivo Experiments) criteria and Systematic Review Center for Laboratory 
animal Experimentation’s (SYRCLE’s) risk of bias tool. Although all the included studies, proved 
greater osseointegration capacity of the different antibacterial surfaces studied, the methodological 
quality and experimental models used in some of them make it difficult to draw predictable con-
clusions. Because of the foregoing, we recommend caution when interpreting the results obtained.  

Keywords: titanium dental implants; antibacterial coating surfaces; osseointegration 
 

1. Introduction 

 More than 50 years ago, Bränemark described the process of osseointegration as “a 
direct structural and functional connection between ordered, living bone and the surface 
of a load-carrying implant”. This researcher proved that an implant’s titanium (Ti) oxide 
coating could fuse to living bone and that Ti and bone would be impossible to separate 
without fracturing [1,2]. 

The process of osseointegration basically consists of an anchoring mechanism 
through which Ti effectively bonds with the living bone, remaining under all normal load 
conditions and providing prostheses with long-term clinical stability [3,4]. Despite this, 
direct bone-to-implant contact could be indicative of a lack of systemic or local response 
to the implant’s surface and, therefore, osseointegration would involve a biologically neg-
ative tissue response [5]. Nevertheless, as reported in earlier publications [6], osseointe-
gration remains a complex and unknown process that depends on certain systems such 
as the immune system and the autonomic nervous system. 

Although postoperative infections after implant surgery are uncommon, some fail-
ures are due to infection at the moment of placement or in the following days [7], with a 
prevalence of around 12% [8]. Moreover, even completely sterilized Ti implants are prone 
to bacterial infections, sometimes as a result of the host’s defenses being compromised 
and others due to the questionable antibacterial properties of Ti that have been reported 
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in certain studies [9]. Bacterial infections around implant surrounding tissue (peri-implan-
titis), whose criteria were established at the World Workshop on the Classification of Per-
iodontal and Peri-implant Diseases and Conditions [10], are one of the most common and 
untreatable problems associated with Ti dental implants, compromising their integration 
and destroying their stability, leading to eventual failure [11]. 

This, alongside the need of early osseointegration, is one of the reasons why research 
in recent decades has focused more on implant surfaces than on the geometry and design 
of the devices, the aim being to achieve safer and longer osseointegration periods, after 
the testing and description of different dental implant coatings with antibacterial proper-
ties such as different molecules, metals, minerals, antibiotics and antiseptics, among oth-
ers [12–19]. Figure 1 illustrates the increase in the number of publications that has taken 
place in recent years. 

The purpose of this study was to assess, in vivo, different endosseous Ti devices 
coated with a variety of antimicrobial agents aimed at enhancing osseointegration. 

 
Figure 1. Increase in publications in recent years, with the keywords “Ti dental implants” AND 
“antibacterial surfaces coating” Source: Web of Science. 

2. Results 
2.1. Search Results and Study Description 

Until December 2020, a total of 30 studies were selected and independently assessed 
by two reviewers. A total of 6 studies were included in the systematic review (Figure 2 
Flowchart). 212 implants coated with 6 different antibacterial surfaces were assessed. No 
meta-analysis was conducted because of the scarcity and heterogeneity of the studies. 
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Figure 2. Flowchart. 

2.2. Description of the Characteristics of the Studies 
Tables 1–3 provide a general description of the characteristics of the included studies. 

The studies used 4 experimental models (rabbit [20], mouse [21], rat [22] and dog 
[19,23,24]). Sample sizes varied between 3 [19] and 36 animals [22]. Two studies [19,20] 
used metal coatings (Ta, Sr), two used antibiotic coatings (DC, BC) and two used [23,24] 
rhBMP. The longest monitoring period was 8 weeks [20,21,23,24]. All the studies reported 
on bone formation around implants, the most used measurement method being BIC [20–
24]. Only two of the studies assessed antibacterial activity of coating surfaces [19,22]. 
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Table 1. Characteristics of included studies. 

Studies Animal Model (n) Location of Implant 
Placement Follow-Up Analysis Methods Conclusions 

Zhang et al. [19] Beagle dog model 
(3) 

Mandible (premolars 
and molar area) 4 weeks 

-Micro-CT. 
-Bone volume (BV). 

-Bone Mineral Density (BMD). 
-Trabecular Thickness (Tb.Th). 

-Trabecular Number (Tb.N). 

The SLA-Ta (Tantalum) surface showed ex-
cellent antibacterial activity against Porphy-

romonas gingivalis and Fusobacterium nucle-
atum involved in peri- implant infections. 

Zhou et al. 
[20] 

New Zealand rabbit 
model 
(24) 

Femoral shafts area 8 weeks 

-Histological analysis of the BIC. 
-Pull-out force of the metallic Ti 
wires with and without coatings. 

-Bacterial counting method 

The incorporation of Strontium (Sr) induces a 
better osseointegration, but it did not affect its 

angiogenic and antibacterial 
capabilities. 

Ding et al. 
[21] 

Wild mice model 
(20) 

The upper first right 
molar area 8 weeks 

- Micro-CT 
- BIC 

- Bone Area (BA) 

The doxycycline (DC)-treated Hydroxyapatite 
(HA)-coated implant surface promotes bone 

apposition around the implant. 

Nie et al. 
[22] 

Rat model 
(36) Femur 3 weeks 

- Staphylococcus aureus concentra-
tion. 

- Micro-CT. 
- BIC. 

The bacitracin (BC) on the Ti surface demon-
strated potential prophylaxis against Ti im-
plant-associated infection. Further, the BC-
coated Ti showed potential towards osteoin-

ductvity in a rat model. 

Lee et al. 
[23] 

Hound Labrador 
dogs 
(12) 

Mandibular premolar 
area 8 weeks 

- Radiographic recordings (Presence 
of a periimplant radiolucent zone). 

- BIC 
- BMD 

Human bone morphogenetic protein- 2 
(rhBMP-2)-coated tita- nium porous oxide im-

plants induce significant bone formation. 

Susin et al. 
[24] 

Hound Labrador 
dogs 
(6) 

Mandibular premolar 
area 8 weeks 

- Radiographic recordings (Presence 
of a periimplant radiolucent zone). 

- BIC 
- BMD 

rhBMP-7 coated onto Ti porous-oxide surface 
implants induces clinically relevant local bone 
formation including osseointegration and ver-

tical augmentation of the alveolar ridge. 
BV, bone volume; BMD, bone mineral density; Tb.Th, trabecular thickness; Tb.N, trabecular number; BIC, bone to implant 
contact; Ti, titanium; Ta, tantalum ; Sr, strontium; BA, bone area; DC, doxycycline; BC, bacitracin; HA, hydroxyapatite; 
rhBMP, human bone morphogenetic protein. 

Table 2. Characteristics of implants. 

Studies 
Implants 

Number (n) 

Implant Dimensions, D(Ø) 

× L (mm) 

Ti Implant 

Shape 

Antibacterial Surface Incorpora-
tion 

(See Figure 3) 
Surface Coating 

Zhang et al. [19] 24 3.3 Ø × L 10 Screw Tantalum (Ta) 
The Ti base was sputtered Ti sprayed 
for 10 min. Then, Ta deposition was 
carried out for 40 min by sputtering. 

Zhou et al. [20] 24 2.5 Ø × L 10 Cylinder Strontium (Sr) 
The adhesion force and ion release of 

the coating are shown in figure. 
Ding et al. [21] 20 0.8 Ø × L 1.5 Screw Doxycycline (DC) Frequency sputtering method. 

Nie et al. [22] 36 1.5 Ø ×L 20 Rod Bacitracin (BC) BC grafted on the surface of Ti baci-
tracin (concentration 1 mg/mL). 

Lee et al. [23] 72 4.3 Ø × 10 L Screw 30 µg rhBMPm-2/implant was ap-
plied. 

Immersion of the entire implant in an 
rhBMP-2 solution. 

Susin et al. [24] 36 4 Ø × 10 L Screw 30 µg rhBMPm-7/implant was ap-
plied. 

Immersion of the entire implant in an 
rhBMP-7 solution. 

Ta, tantalum; Sr, strontium; DC, doxycycline; BC, bacitracin; rhBMP, human bone morphogenetic protein. 

Table 3. Antibacterial activity and bone formation in vivo. Outcomes. 

Studies, 
Year Antibacterial Activity Bone Formation 

Zhang et al. [19] 

The SLA-Ta surface hampered the biofilm formation of  
P. gingivalis, although the mechanism of antibacterial activ-

ity 
of the SLA-Ta surface remains unknown. 

Better osseointegration of the Ta coating. 
The BIC and BD of the coated implants (SLA-Ta) was significantly higher than 

that of those not modified with Ta (p < 0.05). 

Zhou et al. [20] NR 

The Sr coatings gave the implants better osseointegration ability compared to 
bare metal Ti substrates. 

BIC p < 0.01 compared to metallic  
Ti substrate. 

Ding et al. [21] NR At 4 and 8 weeks, BIC of DC group, was significantly higher than the one of 
HA group. 

Nie et al. [22] 
The number of bacteria in the bacitracin (BC) modified Ti 

implant was significantly lower compared to the unmodified 
Ti rod group. 

BIC for the Ti–BC implants were  
significantly higher than those of the  

Ti-implants (p < 0.05). 

Lee et al. [23] NR 
- The induced bone was thin trabecular bone, with restricted BIC. 

- Lamellar bone formation in at implants with to localized rhBMP-2 coating. 
- BD averaged 38.0 ± 3.8% and 34.4 ± 5.6% 
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for coronal- and soak-load implants, 
respectively (p > 0.05). 

- BIC-values averaged 25.0 ± 3.8% 
and 31.2 ± 3.3% (p > 0.05). 

Susin et al. [24] NR 

BIC values for Ti implants versus Ti coated with rhBMP-7 
44 ± 17 and 40 ± 9%, respectively. 

BD values were 44±17% versus 40 ± 9%,  
respectively. 

NR, not reported; BIC, bone implant contact; BD, bone density; Ta, tantalum; Sr, strontium; DC, doxycycline; BC, bacitra-
cin; HA, hydroxyapatite. 
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2.3. Risk of Bias and Quality Assessment of the Studies Included 
Risk of bias was assessed according to the SYRCLE guide (Systematic Review Center 

for Laboratory animal Experimentation) [25] (Figure 4). All the studies presented high risk 
of bias. The quality of the selected studies (ARRIVE [Animal Research: Reporting of In 
Vivo Experiments] criteria, Table 4) achieved a mean score of 17.6. None of the studies 
reported items 5 (Reasons for animal models), 19 (3Rs, Replace, Reduce and Refine), 20 
(Adverse events) and 21 (Study limitations), although Susin et al. [24] made reference in 
the discussion of their article to the beginning of the 3Rs, without mentioning if they com-
plied with it. Only one of the studies [21] failed to report item 22 (Generalization/Applica-
bility). 

 
Figure 4. SYRCLE’s (Systematic Review Centre for Laboratory Animal Experimentation) risk of 
bias tool. 

Table 4. Checklist of ARRIVE criteria reported by the included studies. 

Studies Zhang et 
al. [19] 

Zhou et 
al.  [20] 

Ding et 
al.  [21] 

Nie et 
al. [22] 

Lee et 
al. [23] 

Susin et 
al. [24] 

1. Title 1 1 1 1 1 1 
Abstract       

2. Species 1 1 1 1 1 1 
3. Key finding 1 1 1 1 1 1 
Introduction       

4. Background 1 1 1 1 1 1 
5. Reasons for 
animal models 0 0 0 0 0 0 

6. Objectives 1 1 1 1 1 1 
Methods       

7. Ethical statement 1 1 1 1 1 1 
8. Study design 1 1 1 1 1 1 
9. Experimental  1 1 1 1 1 1 
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procedures 
10. Experimental 

animals 1 1 1 1 1 1 

11. Accommodation and 
handling of animals 0 1 0 1 0 0 

12. Sample size 1 1 1 1 1 1 
13. Assignment of 

animals  
to experimental groups 

1 1 1 1 1 1 

14. Anesthesia 1 1 1 1 1 1 
15. Statistical methods 1 1 1 1 1 1 

Results       
16. Experimental results 1 1 1 1 1 1 

17. Results and  
estimation 1 1 1 1 1 1 

Discussion       
18. Interpretation  

and scientific  
implications 

1 1 1 1 1 1 

19. 3Rs reported 0 0 0 0 0 0 
20. Adverse events 0 0 0 0 0 0 

21. Study limitations 0 0 0 0  0 0 
22. Generalization/ 

applicability 1 1 0 1 1 1 

23. Funding 0 0 0 1 1 1 
TOTAL, SCORE 17 18 16 19 18 18 

17.6 ± 1.03. Score and mean deviation of the studies included. 

3. Discussion 
Dental implant surfaces are under constant research and evolution. Despite reporting 

survival rates above 95% [26], traditional SLA surfaces (Sandblasted, Large-Grit, Acid-
Etched Surface), are not free from disadvantages, one of them being hydrophobicity, 
which has led to additional modifications of this type of surface [27,28]. Another issue is 
the time required for bone healing which, although it has considerably reduced, still in-
volves a lengthy period [29]. 

In particular, oral cavity conditions (abundance of fluoride ions, lactic acid and cer-
tain microorganisms), resistance to corrosion and the antibacterial properties of Ti dimin-
ish, which could lead to premature surface infections and eventual implant failure [30,31]. 
Likewise, although the rough surfaces that currently characterize most dental surfaces 
favor osseointegration, certain authors have reported that such surfaces have the disad-
vantage of also favoring infection of the tissues that surround the implant (peri-implanti-
tis) [32]. Like osteogenic cells, oral cavity bacteria have an affinity for rough Ti surfaces, 
causing a true race to colonize its surface [33,34]. After colonization, the host develops an 
inflammatory response, generating proinflammatory cytokines that stimulate the genesis 
of osteoclasts and increase the risk of peri-implantitis [35,36], whose prevalence stands at 
up to 40%, depending on the site [37,38]. 

Of the 6 studies selected for our review, two [19,20] used metal coatings (Ta, Sr) with 
antimicrobial properties on Ti surfaces, two [21,22] used antibiotics coatings (DC, BC) and 
two [23,24] used human bone morphogenetic protein (rhBMP). 

Traditionally, the metallic compound that has been most frequently used as antibac-
terial has been silver (Ag) [39], followed by others such as Ta, Sr, Zinc (Zn), Ti and Copper 
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(Cu). Certain researchers have studied Ta’s biocompatibility and corrosion resistance [40], 
proving that porous Ta might allow bone formation and favor not only osseointegration, 
but also osseoincorporation, which would significantly improve the secondary stability of 
implants in bone tissue. On this aspect, in a study on Beagle dog models, Zhang and col-
leagues [19] used Ta coatings on Ti implants, reporting greater antibacterial capacity and 
greater osseointegration. 

Sr salt (Sr ranelate, SrRan) has been clinically used to treat osteoporosis, even though 
its mechanism of action on bone remodeling remains unknown. There is in vitro evidence 
of SrRan acting on mesenchymal cells in their osteogenic differentiation [41], reducing the 
attachment of osteoclasts to the bone surface by increasing collagen synthesis and alkaline 
phosphatase [42], thus improving osseointegration and early implant binding [43,44]. 
Zhou and colleagues [20] proved, in vitro and in vivo, that the addition of Sr to Ti oxide 
surfaces (TiO2) improved their osteogenic capacity as well as enhancing antigenic and an-
tibacterial activity; however, they realized that altering such surfaces with high contents 
of Sr would deteriorate such capacities. Nevertheless, in their systematic reviews, Shi and 
colleagues and López-Valverde and colleagues [45,46] reported differences in bone for-
mation around Ti implants coated with Sr, depending on the experimental model, consid-
ering it optimal in rat models and non-significant in other models such as rabbits. Such 
differences were attributed to possible dynamic bone formation and remodeling differ-
ences, especially in early healing intervals. A large number of in vitro and in vivo studies 
have revealed that, as well as good cytocompatibility, the addition of Sr and Ag to TiO2 
surfaces encourages strong antibacterial activity and accelerates new bone formation 
around the implant [47–50]. 

Microarc Oxidation (MAO) or Plasma Electrolitic Oxidation (PEO) is an electrochem-
ical treatment that results in a more stable oxide layer than anodic oxidation. If the elec-
trolyte in which PEO is performed contains calcium and phosphate ions, the oxide layer 
produced may contain HA. This ceramic layer possesses high stability and resistance to 
corrosion and wear, enhancing the host cellular reaction in terms of osteoblastic prolifer-
ation and differentiation, considered one of the most promising techniques, due to the 
formation of a high bond between the bone and the surface of Ti [51–55]. In our review, 
the study by Ding and colleagues [21] evaluated in mice, the formation of new bone on 
HA (cathodic sputtering) coated implant surfaces treated with DC in an oral environment, 
concluding that this coating would promote bone apposition around the implant. How-
ever, HA has been used as a vehicle for antibiotic delivery because commercial HA itself 
shows no activity against Gram-positive and Gram-negative bacteria [56,57]. Neverthe-
less, some studies have pointed out the need to evaluate the biocompatibility and tissue 
integration capacity of PEO-coated surfaces, as well as their corrosion resistance and an-
tibacterial capacity in vivo [58–62]. 

The use of antibiotic coatings (such as bacitracin, amoxicillin, doxycycline, gentamy-
cin) on dental implant surfaces could chemically improve molecular and cellular re-
sponses and reduce infection rates, facilitating osseointegration [63,64]. As well as acting 
as a potential factor in the treatment of periodontal diseases, doxycycline is one of the 
antibiotics that are commonly used to control infection after implant surgery [65,66]; 
therefore, incorporating this drug into implant surfaces could control the speed of release 
on the implant site [67]. In an in vivo study using mice, Ding and colleagues [21] reported 
a significant increase in BIC at 4 and 8 weeks in the doxycycline-coated implant group as 
compared with the HA-coated implants. Their results are consistent with those of other 
studies that propose doxycycline as an ideal bacteriostat that would remain on the im-
plant’s surface for at least two weeks following implant placement, without altering sur-
face topography [65,68,69]. In a study using rat femurs, Nie and colleagues [22] found 
significant differences between implants that had been altered with BC and Ti implants in 
implant sites that were contaminated with Staphylococcus aureus bacteria, reporting better 
osteogenic capacity in the BC-coated implants and therefore concluding that Ti–BC im-
plants could promote bone formation. In a previous in vitro study, these same authors 
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had proved the capacity of immobilized BC to enhance Ti hydrophilicity and that titanium 
immobilized with BC could inhibit bacterial attachment and colonization [70]. Neverthe-
less, certain studies have reported the problems that antibiotic coated implants could gen-
erate, among which are loss of bactericidal capacity and the generation of antibiotic-re-
sistant strains [71]. 

The last two studies included in our review, those by Lee and colleagues and Susin 
and colleagues [23,24], used Hound Labrador Mongrel dogs to assess new bone formation 
around endosseous Ti implants totally or partially coated with rhBMP-2 and rhBMP-7 
(Human Bone Morphogenetic Protein), placed in critical size bilateral peri-implant supra-
alveolar defects. With their different subtypes, BMPs (bone morphogenetic protein) are 
the most powerful osseoinducers known to date [72]. BMP-2 plays an essential role in 
chondrogenesis, osteogenesis and revascularization processes, anticipating that the other 
BMPs are incapable of replacing the function of BMP-2 in bone healing [73]. Cohen and 
colleagues [74] demonstrated in vitro that this protein would act as an immunomodulator 
in bacteria-infected neutrophils. Likewise, the presence of rhBMP-2 on the implant bed 
would stimulate and activate the infiltrating neutrophils that are the first line of defense 
in acute inflammatory response. They also reported that the production of reactive oxida-
tive species on contaminated surgical sites would indicate the role of rhBMP-2 as a prim-
ing agent for neutrophils, increasing their bactericidal capacities. Certain clinical trials 
have shown how low concentrations of certain bactericidal agents combined with BMP-2 
were able to almost completely suppress bacterial growth as compared to treatments that 
did not use BMP-2. 

Among other functions, BMP-7 plays a role in healing and regenerating the skeleton, 
being regarded as an important mediator in osteoblastic differentiation as well as a pow-
erful anti-inflammatory and antioxidant [75–77]. Susin and colleagues [24] reported that 
coating porous Ti oxide surfaces with rhBMP-7 would stimulate bone formation, enhanc-
ing osseointegration and vertical growth of the alveolar crest; nevertheless, they warned 
that the use of high concentrations of rhBMP-7, could give rise to local side effects. 

Lee and colleagues [23] reported that full coating of the implant surface with rhBMP-
2 would favor osseointegration and bone remodeling in compromised bones (type IV ac-
cording to Lekholm and Zarb [78]) and that local application of rhBMP-2 on the most cor-
onal part of the implant would provide an ideal coating to extrapolate animal studies to 
clinical trials (RCTs). In this regard, Chen ad colleagues, Ji and colleagues and Helbig and 
colleagues researched the effects on osteogenesis on chronically infected sites, proving 
that these proteins were capable of maintaining osteoinductivity in the presence of infec-
tion [79–82]. 

Direct coating of implant surfaces using BMP has been assessed in preclinical models 
with promising results as a feasible alternative to current bone augmentation procedures 
[83]. The use of rhBMP-7 as an alternative to autologous bone grafts has been approved 
both in Europe and in the USA, there being numerous studies that promote its use in the 
treatment of certain types of pseudoarthrosis [84,85]. There is proof that this protein plays 
an important role in M2 macrophage and monocyte polarization and is decisive to in-
crease the expression of anti-inflammatory cytokines [86,87], since it is known that the 
presence of monocytes/macrophages in the early stages and their transition to multinu-
cleated cells, coincides with the formation of ectopic bone around biomaterials [88]. Ulti-
mately, Ti substrates that release antibiotics and osteoinductive proteins (BMPs) would 
improve the function of osteoblastic cells and could be a promising material to promote 
osseointegration and longevity of implants in orthopedics and dentistry [89–91]. 

However, our systematic review has a series of limitations: first and foremost, the 
small number of studies, which precludes meta-analysis; second, there is significant vari-
ation in cortical bone formation and remodeling among the different experimental mod-
els, added to the fact that implant sites in some of the included studies (rat femurs) are 
not adequate models to extrapolate results to humans; third, the quality and methodology 
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of the included studies proved very disparate, hindering result comparison; fourth, pre-
clinical studies always provide less evidence and applicability to patients than clinical tri-
als, since they evaluate the effect of an intervention in cell or animal models. 

Although the six studies included reported positive effects as regards the effectivity 
of the antimicrobial coatings used, we believe that, in order to determine the efficacy of a 
certain surface, it is necessary to reduce biases, establish appropriate research parameters 
and eliminate confounders, the purpose of this being to obtain useful and clinically appli-
cable results. 

4. Materials and Methods 
4.1. Protocol and Register 

This study was designed by NL-V. The review was performed according to the 
PRISMA guidelines for systematic reviews [92] (Table S1, Checklist), using a specific ques-
tion based on the PICO framework: 

(P) Participants: subjects who received endosseous implants. 
(I) Intervention: modified implants coated with antibacterial surfaces. 
(C) Control: non-modified Ti implants. 
(O) Outcome: soft tissue response and bone formation around modified Ti im-

plants—BIC (bone implant contact), BA (bone area) and BD (bone density). 
The research question was: “Are antibacterial-doped titanium surfaces more osseoin-

tegrative than etched surfaces (SLA)?”. 

4.2. Selection Criteria, Information Sources and Search 
Exclusion criteria: Studies that did not use Ti surfaces coated with antibacterial sur-

faces or did not evaluate antibacterial activity; studies on modified animals (osteoporotic, 
diabetic…); in vitro studies; narrative reviews and systematic reviews, and studies pub-
lished in languages other than English. 

The PubMed, Web of Science (WOS) and Scopus databases were searched for articles 
published until December 2020. The MeSH terms (Medical Subject Headings) used in the 
PubMed databases were: “Dental Implants” [MeSH Terms] AND “Coated Materials” 
[MeSH Terms] AND “Biocompatible” [MeSH Terms] AND “Anti-Bacterial Agents” 
[MeSH Terms] AND “Animals” [MeSH Terms] AND “Osseointegration” [MeSH Terms]. 
The Boolean operator AND was used to refine the search. 

4.3. Data Extraction and Analysis 
The titles and abstracts of the articles yielded by the three search engines (PubMed, 

WOS and Scopus) were downloaded using Mendeley software (Elsevier Inc, New York, 
NY, USA, EE. UU.). Two reviewers (NL-V and AL-V) independently selected the titles 
and abstracts, and disagreements regarding inclusion were settled through discussion. 
The full texts of the selected articles were obtained and reviewed for inclusion. 

4.4. Risk of Bias  
This was assessed using an adapted version of the Cochrane RoB tool (Risk of Bias 

Tool), with specific biases for animal studies (SYRCLE’s RoB, Systematic Review Centre 
for Laboratory Animal Experimentation) [25]. 

4.5. Quality of the Selected Articles 
This was assessed using the modified ARRIVE guidelines (Animal Research: Report-

ing of In Vivo Experiments) with 23 items that were rated by the two mentioned reviewers 
(NL-V, AL-V), with scores of 0 (not reported) or 1 (reported) [93]. (Table 4. ARRIVE guide-
lines). 
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5. Conclusions 
According to all the assessed preclinical studies, implants with antibacterial coatings 

proved greater osseointegration than control surfaces; nevertheless, because of the limita-
tions of our review, it is difficult to conclude that such surfaces might have greater osse-
ointegration capacity, mainly because all the studies were biased in important methodo-
logical aspects. Therefore, the conclusions arrived at must be taken with relative caution. 

The main approach in the development of any type of implant consists of minimizing 
bacterial adhesion during the proliferation of osteogenic and fibroblastic cells, with the 
purpose of achieving high levels of hard and soft tissue integration. This requires the de-
velopment of multifunctional surface coatings. Hence, future research should focus on the 
design of a single type of multipurpose implant with improved clinical behavior regard-
ing bone and fibrous integration and which may, in turn, prevent infections of implant 
surrounding tissues. 

Supplementary Materials: www.mdpi.com/2079-6382/10/4/360/s1. Table S1: PRISMA Checklist. 
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Abstract: Ca-P coatings on Ti implants have demonstrated good osseointegration capability due
to their similarity to bone mineral matter. Three databases (PubMed, Embase, and Web of Science)
were searched electronically in February 2021 for preclinical studies in unmodified experimental
animals, with at least four weeks of follow-up, measuring bone-to-implant contact (BIC). Although
107 studies were found in the initial search, only eight experimental preclinical studies were included.
Adverse events were selected by two independent investigators. The risk of bias assessment of the
selected studies was evaluated using the Cochrane Collaboration Tool. Finally, a meta-analysis of the
results found no statistical significance between implants coated with Ca-P and implants with etched
conventional surfaces (difference of means, random effects: 5.40; 99% CI: �5.85, 16.65). With the
limitations of the present review, Ca-P-coated Ti surfaces have similar osseointegration performance
to conventional etched surfaces. Future well-designed studies with large samples are required to
confirm our findings.

Keywords: titanium dental implant; calcium-phosphate coating; osseointegration

1. Introduction
Titanium (Ti) is one of the most widely used materials for the manufacture of dental

and orthopaedic implants due to its mechanical properties, chemical stability, and excellent
biocompatibility [1]. The quality of implants depends on the properties of their surfaces;
therefore, the modification of these surfaces, with the aim of achieving optimal osseointe-
gration and shortening waiting times for functional loading, has become an area of great
interest for researchers and is under constant evolution.

The osseointegration of implants has been defined as a direct and functional connec-
tion between the bone and the implant, where the macroscopic and microscopic character-
istics of the implant surface are of great importance. Lack of osseointegration is often due
to poor bone formation around the implant surface, leading to insufficient fixation of the
implant [2].

The deposition of calcium-phosphate (Ca-P) coatings on the implant surface has
received significant attention due to the chemical similarity to natural bone mineral. Ca-
P-based coatings show the ability to adhere directly to bone tissue and to increase the
biochemical anchorage between bone and the coating material [3]. Ca-P coatings on

Materials 2021, 14, 3015. https://doi.org/10.3390/ma14113015 https://www.mdpi.com/journal/materials
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titanium implants have been shown to improve their biofunctionality by facilitating os-
seointegration and longevity, hence the existing philosophy regarding this type of coating
is that biological integration is improved when the structure mimics bone [4–6].

Ca-P, in the form of apatite, is the main mineral content (~69%) of natural bone [7].
However, it is not osteoinductive [8], and its activity is limited to osteoconduction, although
it has been shown that, in combination with growth factors and bioactive proteins, it can
be osteoinductive [9].

Ultrastructural observations have shown that Ca-P coatings partially dissolve, saturat-
ing body fluids in the peri-implant area and leading to a double precipitation of biological
apatite, which could serve as a substrate for bone-forming cells, the only difficulty being
matching the dissolution of the coating with the rate of healing to achieve ideal bone
apposition on the titanium surface [10].

Although previous reviews on this topic have been published, none of them compared
in vivo, Ca-P-coated Ti surfaces with conventional etched surfaces (sandblasted large grit
acid etched, SLA, surfaces). Therefore, the aim of the present systematic review and meta-
analysis was to bring together preclinical studies in experimental animals to determine
whether Ca-P-coated Ti implant surfaces possess increased osseointegration capability.

2. Materials and Methods
This systematic review and meta-analysis were conducted in accordance with the

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines [11].

2.1. Protocol and Registration
A search was carried out for any registered protocols on a similar topic in the Inter-

national Prospective Register of Systematic Reviews (PROSPERO). No systematic review
protocols were found in this database. Therefore, this review was pre-registered in the
PROSPERO platform under the identification number CRD-REGISTER-2-ID255185.

The Population, Intervention, Comparison, Outcome and Study Design framework
(PICOS) was used as a basis to formulate the research question, which was: “Do Ca-
P-coated Ti surfaces have a higher osseointegration capacity than etched Ti surfaces?”.
(P) Population: animals receiving endosseous Ti implants. (I) Intervention: Ti implants
with Ca-P incorporation. (C) Comparison: Ti implants with conventional surface. (O) Out-
come: bone formation around the implant surface. (S) Study design: preclinical studies in
unmodified experimental animals (Table 1).

Table 1. PICOS items.

Population (P) Unmodified animals (osteoporotic, diabetic . . . ) receiving endosseous
titanium implants.

Intervention (I) Ti implants with Ca-P incorporation.

Comparison (C) Ti implants with conventional etched surfaces (SLA type).

Outcomes (O) Bone formation around the implant surface (bone-to-implant contact, BIC).

Study design (S) Preclinical studies with at least six animals and 4 weeks follow-up.

2.2. Inclusion and Exclusion Criteria
The inclusion criteria for the study selection were:

- Preclinical studies in unmodified animals (osteoporotic, diabetic . . . ), using en-
dosseous implants with Ca-P incorporation;

- Studies with at least six animals and 4 weeks of follow-up;
- Studies published in English.
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The exclusion criteria for the study selection were:
- In vitro studies;
- Narrative and systematic reviews;
- Clinical cases;
- Studies that did not meet the established inclusion criteria.

2.3. Search Strategy
The following search strategy was used: Two independent researchers conducted elec-

tronic searches in the PubMed, Embase, and Web of Science (WoS) databases up to February
2021 with the Medical Subject Headings (MeSH) terms: “Titanium implants”, “biocompati-
ble coated materials”, “osseointegration”, “calcium phosphate”, “animal model”. Boolean
operators “AND” and “OR” were used to refine the search (Table A1).

2.4. Selection of Studies
Two independent reviewers (N.L.-V., A.L.-V.) carried out the study selection by ob-

taining full text data from the selected articles, including general information, animal
parameters (total number, species), methods of Ca-P incorporation, timing of assessment,
methods of analysis, conclusions, and implant parameters (total number, length, diameter,
shape, location, and surface characteristics of implant and control). After eliminating
duplicates, studies were selected according to the inclusion criteria. Cohen’s kappa statistic
was calculated to measure the level of agreement between the two reviewers. Disagreement
on the eligibility of studies was resolved by discussion between the two reviewers.

2.5. Risk of Bias
The Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk

of bias tool, an adapted version of the Cochrane RoB tool with specific biases in animal
studies), was used to assess the methodology of the scientific evidence in all selected
studies [12].

2.6. Quality of the Reports of the Selected Articles
Animal Research: Reporting of In Vivo Experiments (ARRIVE) [13] guidelines were

used, with a total of 23 items. Each item was scored by reviewers N.L.-V. and A.L.-V. with
scores of 0 (not reported) or 1 (reported), with an overall inventory of all included studies
(Table 1).

2.7. Statistical Analysis
Odds ratios (ORs) with 95% confidence intervals (CI) were used for adverse event

outcomes. The mean difference (MD) and standard deviation (SD) for BIC were used to
estimate effect size. The meta-analysis was performed using RevMan software (Review
Manager version 5.3; The Cochrane Collaboration, Copenhagen, Denmark). The random-
effects model was selected because of the expected methodological heterogeneity in the
included studies; furthermore, significant heterogeneity was interpreted when the I2 value
was > 50% [14]. The threshold for statistical significance was defined as p < 0.05. A funnel
plot was used to assess publication bias.

3. Results
3.1. Selection and Description of Studies

The initial electronic search yielded 107 references. After eliminating duplicates and
irrelevant articles based on their title and abstracts (in vitro studies, systematic reviews,
modified animals, non-Ti implants, and articles in other languages), 18 full texts were
selected [15–32]. The concordance between reviewers (N.L.-V., A.L.-V.) was 100% with
a Cohen’s kappa index of 1 (overall concordance). The reasons for rejecting 10 studies
out of the 18 selected were the following: use of unconventional implants [23,26,29,31],
comparing different apatite veneers [25,27,30], assessing parameters after occlusal load-
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ing [28], assessing the antimicrobial activity of the Ca-P veneer [24], and not providing data
for meta-analysis [32]. Finally, eight studies were selected for the meta-analysis [15–22]
(Figure 1).
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Figure 1. Flowchart.

Table 2 provides the assessment of the ARRIVE criteria in animal studies, with a mean
score of 17.25 ± 0.46. All studies provided adequate information in terms of title, abstract,
introduction, ethical statement, species, surgical procedure, outcome assessment, and sta-
tistical analysis. Items 5 (rationale for animal models), 19 (3Rs, replace, reduce and refine),
20 (adverse events), 21 (limitations of the study) and 22 (generalizability/applicability)
were not reported in any of the included studies.
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Table 2. Checklist of ARRIVE criteria reported by the included studies. Each item was judged as “0” (not reported) or “1” (reported). The total score of each of
included studies was also recorded.

Studies Koh et al.
2013 [15]

Fontana et al.
2011 [16]

Poulos et al.
2011 [17]

Quaranta
et al. 2010 [18]

Fügl et al.
2009 [19]

Le Guehennec
et al. 2008 [20]

Schliephake
et al. 2006 [21]

Caulier et al.
1997 [22]

1. Title 1 1 1 1 1 1 1 1
Abstract

2. Species 1 1 1 1 1 1 1 1
3. Key finding 1 1 1 1 1 1 1 1
Introduction

4. Background 1 1 1 1 1 1 1 1
5. Reasons for animal models 0 0 0 0 0 0 0 0

6. Objectives 1 1 1 1 1 1 1 1
Methods

7. Ethical statement 1 1 1 1 1 1 1 1
8. Study design 1 1 1 1 1 1 1 1

9. Experimental procedures 1 1 1 1 1 1 1 1
10. Experimental animals 1 1 1 1 1 1 1 1

11. Accommodation and handling of animals 0 1 1 0 1 0 0 0
12. Sample size 1 1 1 1 1 1 1 1

13. Assignment of animals to experimental
groups 1 1 1 1 1 1 1 1

14. Anesthesia 1 1 1 1 1 1 1 1
15. Statistical methods 1 1 1 1 1 1 1 1

Results
16. Experimental results 1 1 1 1 1 1 1 1

17. Results and estimation 1 1 1 1 1 1 1 1
Discussion

18. Interpretation and scientific implications 1 1 1 1 1 1 1 1
19. 3Rs reported 0 0 0 0 0 0 0 0

20. Adverse events 0 0 0 0 0 0 0 0
21. Study limitations 0 0 0 0 0 0 0 0

22. Generalization/applicability 0 0 0 0 0 0 1 0
23. Funding 1 0 1 1 0 1 1 1
Total score 17 17 18 17 17 17 18 17

Mode value: 17.25 ± 0.46.
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3.2. Risk of Bias Assessment
Although item 2 was mentioned in several studies, the lack of information resulted in

a high and unclear risk of bias for most of the included studies (Figure 2).
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3.3. Qualitative Synthesis
The most commonly used animal model was rabbit [15–17,20], and all included studies

evaluated BIC (Table 3); two of the included studies [17,21] evaluated bone density (BD)
and two bone area (BA) [15,18]. All implants used were commercial threaded implants and
only one of the studies used hydroxyapatite (HA) in combination with calcium oxide (CaO)
as a coating [15]. The methods of Ca-P incorporation to the surface of the experimental
implants were different in all selected studies (Table 4).

Table 3. Characteristics of the studies included.

Studies Animal
Model

Implants
(n)

Follow-Up
(Weeks) Analysis Methods Conclusions

Koh et al. 2013 [15] Rabbit model
(6) 12 2 and 4 Histomorphometry

BIC

A Ca-P coating on an anodized
surface may induce rapid

osseointegration at the
bone-implant interface and more

bone formation near the
implant surface.

Fontana et al. 2011 [16] Rabbit model
(36) 216 2, 4, and 9 Histomorphometry

BIC

The results using BIC values
suggest that the Ca-P coating had

no effect on improving
bone apposition.

Poulos et al. 2011 [17] Rabbit model
(20) 40 2 and 4 Histomorphometry

BIC

The porous titanium oxide implant
coated with calcium phosphate
behaved similarly to the porous

titanium oxide control.

Quaranta et al. 2010 [18] Rabbit model
(12) 48 3, 4, and 8 Histomorphometry

BIC
Ca-P coatings were osteoconductive
and promoted early bone response.
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Table 3. Cont.

Studies Animal
Model

Implants
(n)

Follow-Up
(Weeks) Analysis Methods Conclusions

Fügl et al. 2009 [19]
Non-human

primate
model (9)

25 80 Histomorphometry
BIC

Ca-P coating of implants enhances
osteoconductive properties in the

initial phase.

Le Guehennec et al. 2008
[20]

Rabbit model
(20) 40 2 and 8 Histomorphometry

BIC

Higher BIC for the titanium
implant coated with biomimetic

Ca-P as compared with the
grit-blasted implants.

The osseointegration of Ca-P-Ti was
similar to that observed for

implants with etched surfaces.

Schliephake et al. 2006
[21]

Foxhound
dog model

(10)
10 4 and 12 Histomorphometry

BIC

Coating an implant with Ca-P may
have a beneficial effect on

peri-implant bone regeneration and
could improve BIC in the early

stages of healing.

Caulier et al. 1997 [22] Goat model
(16) 64 16 Histomorphometry

BIC

No final conclusion can be drawn
due to the difference in surface

roughness between the coated and
noncoated implants.

Ca-P, calcium phosphate; BIC, bone-to-implant contact; Ti, titanium.

Table 4. Characteristics of implants.

Studies Implant Dimensions,
D(Ø) ⇥ L (mm)

Implant
Shape Ca-P Incorporation Surface Coating

Koh et al. 2013 [15] 3.5 Ø ⇥ 8 Screw Anodization Mixed HA and CaO
Fontana et al. 2011 [16] 3.75 Ø ⇥ 7 Screw Oxidation Ca-P

Poulos et al. 2011 [17] 3.75 Ø ⇥ 7 Screw Proprietary method
(Nobel Biocare®) Ca-P

Quaranta et al. 2010 [18] 4.5 Ø ⇥ 6 Screw Ion beam-assisted deposition Ca-P
Fügl et al. 2009 [19] 3 Ø ⇥ 10 Screw Magnetron-sputtered Ca-P

Le Guehennec et al. 2008 [20] 4.2 Ø ⇥ 6 Screw Blasting BCa-P
Schliephake et al. 2006 [21] 4 Ø ⇥ NR Screw Cathodic polarization Ca-P

Caulier et al. 1997 [22] 3.75 Ø ⇥ 10 Screw Plasma-spray Ca-P

HA, hydroxyapatite; CaO, calcium oxide; Ca-P, calcium phosphate; BCa-P, bicalcium phosphate; NR, not reported.

3.4. Quantitative Synthesis (Meta-Analysis)
The same studies included in the qualitative synthesis were used to perform a meta-

analysis comparing Ca-P-coated Ti implants with etched Ti implants, with a total of 455
implants being evaluated. A meta-analysis of adverse outcomes could not be performed
due to lack of data. All included studies [15–22] assessed BIC 4 weeks after placement.
Heterogeneity was very high (I2 = 99%) (Table 5)). Figure 3 shows the forest plot for the
meta-analysis.
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Table 5. Meta-analysis of BIC according to random-effects model.

Study or Subgroup
Exp. Ca-P Ti Sandblaster Mean Difference

Year
Mean SD Total Mean SD Total Weight IV, Random, 95% CI

Caulier et al. 67.4 27 64 26.5 16.2 64 12.2% 40.90 [33.19, 48.61] 1997
Schliephake et al. 45.2 9 10 31.5 10.8 10 12.0% 13.70 [4.99, 22.41] 2006

Le Guehennec et al. 47.3 3.9 40 68 3.9 40 12.9% �20.70 [�22.41, �18.99] 2008
Fügl et al. 74.9 0.98 25 73.2 17 25 12.4% 1.70 [�4.97, 8.37] 2009

Quaranta et al. 43 3 48 31.5 2.4 48 13.0% 11.50 [10.41, 12.59] 2010
Fontana et al. 31.37 17.79 216 27.68 14.66 216 12.9% 3.69 [0.62, 6.76] 2011
Poulos et al. 73.5 4.2 40 79.4 2.8 40 13.0% �5.90 [�7.46, �4.34] 2011

Koh et al. 53.7 10.9 12 53.6 15.8 12 11.6% 0.10 [�10.76, 10.96] 2013

Total (95% CI) 455 455 100.0% 5.40 [�5.85, 16.65]

Herogeneity: Tau2 = 253.60; Chi2 = 1166.29, df = 7 (P < 0.00001): I2 = 99%. Test for overall effect: Z = 0.94 (P = 0.35). SD, standard deviation;
CI, confidence interval.
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3.5. Publication Bias and Heterogeneity
The experimental studies show graphical signs of publication bias, as can be observed

in the funnel plot (Figure 4).
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4. Discussion
The purpose of the present study was to answer the following clinical question: “Do

Ca-P-coated Ti surfaces have a higher osseointegration capacity than etched Ti surfaces?”.
To quantify the potential effect of Ca-P-containing surfaces on peri-implant bone appo-
sition, a meta-analysis of BIC was performed. Our meta-analysis found no statistical
significance between implants coated with Ca-P and implants with conventional etched
surfaces (SLA type).

Certain thin Ca-P coatings have been shown to be amorphous and readily soluble in
simulated body fluids [33], and several studies have found no difference in early osseoin-
tegration between CA-P-coated implants and implants with etched or Ti powder-blasted
surfaces [34–36]. Koh and colleagues [15] in a study in rabbits concurred with these find-
ings, finding no difference in bone apposition around Ca-P-coated surfaces compared to
etched surfaces. Various forms of Ca-P differ in solubility and stability, which are charac-
teristics that alter their biocompatibility. HA is a very poorly soluble but very stable Ca
orthophosphate. Schliephake and colleagues [21] in a study in dogs compared the BIC of
Ca-P and HA-coated implants and uncoated implants, finding no significant differences
between the groups.

However, many studies have shown that Ca-P coatings improve the biocompatibil-
ity and fixation of implants; for example, Vercaigne and colleagues reported that Ca-P
coatings are much more effective in stimulating the bone reaction than microroughness
of surfaces [37], emphasizing that, in addition to the implant surface conditions, the bone
reaction to an oral implant is determined by the local conditions at the implantation site,
i.e., the presence of cortical or trabecular bone [38]. However, not all types of coatings
achieve the same results. The coating technique is another important factor that can alter
the solubility and stability of the coating [39]. Micro-coatings appear to improve fixation
in the first few weeks by increasing the bone-to-implant contact surface [40], although
these types of coatings tend to crack easily, detaching the coating and leading to implant
failure [41,42]. Despite this, each technique has different advantages and disadvantages in
terms of processing and outcome. However, coarse-grained coatings are the most prone
to fracture of the bone-coating-metal substrate interface long after implantation, which
has led to this type of implant falling into disuse in clinical practice. A study by Coelho
and colleagues [43] compared the biological response of Ti alloy (Ti-6Al-4V) cylinders with
Ca-P deposition cylinders in a dog model, determining the BIC using a computer program,
and found no significant differences between the two surfaces compared in the first weeks
of implantation.

Research seeks to improve the biomechanics of bone tissue by designing implants
with improved biocompatibility, osteoconductivity and osteoinductivity, leading to faster
and improved bone healing and turnover [44,45].

After implantation, the implant surfaces come into contact with biological fluids and
tissues, and there are two types of host response: either forming an intermediate fibrous
layer that does not guarantee adequate biomechanical fixation or direct bone-to-implant
contact, ensuring osseointegration [4]. However, the actual process of osseointegration
remains an unknown and little-studied mechanism, with genetics being identified as one
of the inherent variables in the patient [46].

Numerous studies have shown that early fixation and long-term mechanical stability
of fixtures are improved with rough profiles compared to smooth surfaces [47,48]; however,
rough surfaces are more prone to generating pathologies around the implant tissues (peri-
implantitis), and this would work against Ca-P-coated surfaces [49].

After implantation of Ca-P-coated fixtures, a layer of biological apatite is released on
the implant surface that could serve as a matrix for adhesion and growth of osteogenic
cells [50].

The studies included in our meta-analysis used different coating processes: oxida-
tion [15,16], micro-coating (particle deposition) [18–21], and blasting (plasma spray) [20].
The study by Poulos and colleagues [17] used a proprietary coating method not described
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in the study; however, it has been described that the plasma spray technique is not very
effective for coating dental implants with complex topographies [51], making it very diffi-
cult at this time to present a detailed discussion on the commercialization of Ca-P coatings,
films, and layers on commercial Ti implants [52]. However, mechanical conditions are
not the only requirement for promoting bone response. Implants with a thin Ca-P coat-
ing resulted in the highest amount of bone contact, but it is difficult to give a definitive
explanation for the coating effect of Ca-P ceramics [36].

Finally, it should be added that we encountered some serious limitations related to
this meta-analysis: firstly, the small number of studies included and therefore the limited
number of implants studied; second, the high risk of bias of all studies; third, the substantial
heterogeneity of the selected studies. This did not allow any solid conclusions to be drawn.

5. Conclusions
Within the aforementioned limitations, it can be concluded that Ca-P-coated Ti surfaces

have a similar osseointegration power to conventional etched surfaces (SLA or similar).
However, in order to confirm our results, well-structured, well-conducted studies with
larger samples and longer follow-ups are necessary.
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Appendix A

Table A1. PRISMA Checklist.

Section/Topic # Checklist Item Reported
on Page #

TITLE
Title 1 Identify the report as a systematic review, meta-analysis, or both. 1

ABSTRACT

Structured summary 2

Provide a structured summary including, as applicable: background; objectives;
data sources; study eligibility criteria, participants, and interventions; study

appraisal and synthesis methods; results; limitations; conclusions and implications
of key findings; systematic review registration number.

1

INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of what is already known. 2

METHODS

Objectives 4 Provide an explicit statement of questions being addressed with reference to
participants, interventions, comparisons, outcomes, and study design (PICOS). 2

Protocol and registration 5
Indicate if a review protocol exists, if and where it can be accessed (e.g., Web

address), and, if available, provide registration information including registration
number.

2

Eligibility criteria 6
Specify study characteristics (e.g., PICOS, length of follow-up) and report

characteristics (e.g., years considered, language, publication status) used as criteria
for eligibility, giving rationale.

2

Information sources 7 Describe all information sources (e.g., databases with dates of coverage, contact with
study authors to identify additional studies) in the search and date last searched. 2

Search 8 Present full electronic search strategy for at least one database, including any limits
used, such that it could be repeated. 2

Study selection 9 State the process for selecting studies (i.e., screening, eligibility, included in
systematic review, and, if applicable, included in the meta-analysis). 8

Data collection process 10
Describe method of data extraction from reports (e.g., piloted forms, independently,

in duplicate) and any processes for obtaining and confirming data from
investigators.

3

Data items 11 List and define all variables for which data were sought (e.g., PICOS, funding
sources) and any assumptions and simplifications made. 2

Risk of bias in
individual studies 12

Describe methods used for assessing risk of bias of individual studies (including
specification of whether this was done at the study or outcome level), and how this

information is to be used in any data synthesis.
6

Summary measures 13 State the principal summary measures (e.g., risk ratio, difference in means). 3

Synthesis of results 14 Describe the methods of handling data and combining results of studies, if done,
including measures of consistency (e.g., I2) for each meta-analysis. 7,8
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Abstract: Surface functionalization of dental implant surfaces has been a developing field in biomate-
rial research. This study aimed to obtain self-assembled monolayers (SAMs) using carboxyethylphos-
phonic acid on the surface of titanium (Ti) screws, and assessed the surface characteristics, biome-
chanical, and cellular behavior on the obtained specimens. This study had three groups, i.e., a control
(untreated screws), a test group treated with phosphonic acid, and a third group with treated acid
and bone morphogenetic protein (BMP-2) for in vitro analysis of cell lines. The assessed parame-
ters included surface wettability, surface characteristics using scanning electron microscopy (SEM),
protein immobilization, and cellular behavior of fibroblasts and mesenchymal stem cells of adipose
tissue (MSCat cells). For surface wettability, a Welch test was performed to compare the contact
angles between control (67 ± 1.83) and test (18.84 ± 0.72) groups, and a difference was observed in
the mean measurements, but was not statistically significant. The SEM analysis showed significant
surface roughness on the test screws and the cellular behavior of fibroblasts, and MSCat cells were
significantly improved in this group, with fibroblasts having a polygonal shape with numerous vesi-
cles and MSCat cells stable and uniformly coating the test Ti surface. Surface biofunctionalization of
Ti surfaces with phosphonic acid showed promising results in this study, but remains to be clinically
validated for its applications.

Keywords: surface biofunctionalization; phosphonic acid; surface characteristics; scanning electron
microscopy; oral implantology; fibroblasts; stem cells

1. Introduction

Dental implants have been considered as an excellent fixed treatment option for the
restoration of areas with a missing tooth/teeth [1]. Even though the TiO2 layer provides
improved corrosion resistance and excellent physical load to the dental implants, it takes
around 3–6 months for the implant to become biologically active and get attached to the
surrounding bone (osseointegration) [2]. For improving the biological activity of Ti dental
implants, various surface modification techniques to alter surface roughness, topography,
chemistry, and electrical charge have been researched [3].

The primary methods of surface modification involve alteration in the topography.
There are also processes where biomimetic and biologically active substances have been
added to the dental implant surface for improving its biologic characteristics and potentiate
osseointegration [4–6]. There are two conflicting properties involved in these biofunctional
properties: they include enhancement or inhibition of protein adsorption/cell adhesion [7].
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An attractive approach to modify the interfacial properties of Ti and its alloys is
self-assembled monolayers (SAMs). They allow surface control and are easy to manipulate,
therefore, bioactivity and biocompatibility of the implant can be achieved at a low cost.
These types of layers have given rise to numerous studies [8–12].

Self-assembled monolayers (SAMs) for dental implants have been proposed as a
processing approach for the modification of Ti surfaces at the nanoscale level. SAMs are
formed by the immersion of substrate into an active surfactant solution in an appropriate
solvent (organic or aqueous), or by methods such as vapor deposition or aerosol spraying.
Immersion remains the easiest and cheaper method for its application in substrates with
complex geometrics [13,14].

Liu et al. [15] explored a strategy to enhance Ti osseointegration through the formation
of alkyl-based SAM in a Ti foil using end groups such as carboxyl, hydroxyl, vinyl, and
phosphate. It was reported that hydroxyapatite (HA) coating was obtained in carboxyl
and phosphate end groups when Ti foil was immersed in a solution that contained ions
with 1.5 times greater concentration than simulated body fluid (SBF). Another study by Liu
et al. [16] investigated the optimal functional end group for the formation of biomimetic
HA on Ti surfaces. The study concluded that the carboxylic acid end group provided the
optimal SAM for the formation of HA, and it was suggested that the affinity of carboxyl
groups to CaP played a crucial role in the surface crystallization of HA. Also, the alkyl
chain length of phosphonic acid also plays an important role for the formation of crystalline
HA [16].

Even though there are studies that show that carboxyl groups in SAMs are capable of
inducing HA crystallization, there is a dearth in evidence on cell proliferation/adhesion
properties, biocompatibility, and osteogenic potential of the treated surfaces. The hypothe-
sis for this in vitro study was based on the application of carboxyethyl phosphonic acid on
the Ti implant surface to obtain a monolayer of carboxyl groups that may give rise to an
increase of wettability, and a hydrophilic surface capable of generating stable links, and
which might serve as an intermediate layer for protein combination. The present study
aimed to analyze the physico-chemical and biological properties of Ti surfaces treated with
carboxyethylphosphonic acid that form SAMs by the immersion method.

2. Materials and Methods

In this in vitro study, three study groups were utilized to understand the differences
between untreated Ti screws, the Ti screw surface treated with carboxylphosphonic acid
resulting in the formation of SAMs, and the third group treated with acid and bone
morphogenetic protein (BMP-2).

• Untreated Ti screws;
• Ti screws treated with carboxylphosphonic acid using the immersion method;
• Ti screws treated with acid + BMP-2- (additional group during cellular behavior assay).

2.1. Surface Modification: Carboxyethylphosphonic Acid Treatment

The samples used in this study were Ti alloy (titanium (90%), aluminum (6%), vana-
dium (4%) (n = 10)) which underwent a process of immersion for a period of 24 h at 76 �C
in a mixture made with 50 mL of tetrahydrofuran (THF) and 55 mg of carboxyethylphos-
phonic acid. The preparation was performed in a three-neck flask and, to keep the constant,
the THF in the required linear reflux at 5 �C. After 24 h, the samples were removed,
and the next step was to activate the carboxyethylphosphonic acid. For the activation,
3-dimethylaminopropyl carboxylamide (EDC or EDAC) and NHS (N-hydroxysulfamide)
compounds were used.

The TiO2 surface has many OH groups on the surface with an internal Ti-O-Ti structure.
The application of a phosphonate will remove H2O upon heating, leaving a molecule with
an arrangement of carboxyl groups (COOH) on the surface.

H2O leaves a molecule with an arrangement of carboxyl groups (COOH) on the
surface, capable of generating stable bonds with protein molecules (Figure 1).
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intermediate does not link with a carboxyl group, it will hydrolyze and regenerate a car-
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to convert carboxyl groups to sulfo-NHS ester reactive aine. The activation of carboxyeth-
ylphosphonic acid was completed using NHS and EDC compounds, where Ti samples 
were immersed in a preparation of EDC + NHS for 15 min at room temperature. The prep-
aration is performed with 5 mL of water mixed with 175 mL of EDC plus 54 mg NHS—it 
reduced the pH of the preparation with hydrochloric acid to 7 [17] (Figure 2). 

 

Figure 1. Scheme of the molecular reaction of carboxyethylphosphonic acid on the titanium surface.
The black arrow indicates when carboxyethylphosphonic acid contacts and bonds to the OH groups
of TiO2.

The EDC was used to activate carboxyl groups and couple amines, and it reacts with
the carboxyl groups to form an intermediate of O-acylisourea amine reagent. In case
the intermediate does not link with a carboxyl group, it will hydrolyze and regenerate
a carboxyl group—NHS was utilized for this phase. In the presence of NHS, EDC can
be used to convert carboxyl groups to sulfo-NHS ester reactive aine. The activation of
carboxyethylphosphonic acid was completed using NHS and EDC compounds, where Ti
samples were immersed in a preparation of EDC + NHS for 15 min at room temperature.
The preparation is performed with 5 mL of water mixed with 175 mL of EDC plus 54 mg
NHS—it reduced the pH of the preparation with hydrochloric acid to 7 [17] (Figure 2).

Biomedicines 2021, 9, x FOR PEER REVIEW 3 of 20 
 

The TiO2 surface has many OH groups on the surface with an internal Ti-O-Ti struc-
ture. The application of a phosphonate will remove H2O upon heating, leaving a molecule 
with an arrangement of carboxyl groups (COOH) on the surface. 

H2O leaves a molecule with an arrangement of carboxyl groups (COOH) on the sur-
face, capable of generating stable bonds with protein molecules (Figure 1). 

 

Figure 1. Scheme of the molecular reaction of carboxyethylphosphonic acid on the titanium surface. 
The black arrow indicates when carboxyethylphosphonic acid contacts and bonds to the OH groups 
of TiO2. 

The EDC was used to activate carboxyl groups and couple amines, and it reacts with 
the carboxyl groups to form an intermediate of O-acylisourea amine reagent. In case the 
intermediate does not link with a carboxyl group, it will hydrolyze and regenerate a car-
boxyl group—NHS was utilized for this phase. In the presence of NHS, EDC can be used 
to convert carboxyl groups to sulfo-NHS ester reactive aine. The activation of carboxyeth-
ylphosphonic acid was completed using NHS and EDC compounds, where Ti samples 
were immersed in a preparation of EDC + NHS for 15 min at room temperature. The prep-
aration is performed with 5 mL of water mixed with 175 mL of EDC plus 54 mg NHS—it 
reduced the pH of the preparation with hydrochloric acid to 7 [17] (Figure 2). 

 
Figure 2. Scheme of the binding process from activation of carboxyl groups, incubation with the
protein, and immobilization of the protein.

2.1.1. Wettability
The surface wettability test was carried out by placing a drop of H2O on 10 samples

of Ti alloys treated with carboxyethylphosphonic acid, and 10 samples of untreated Ti
(control group). A photograph of the system was taken, and contact angle measurement
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was performed by means of a computer program (Imane Pool-ITZIP). Scanning electron
microscopy analysis was performed to evaluate the surface spectra in both the control and
test groups (Figure 3).
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2.1.2. Surface Texture Analysis
The surface spectra of both acid-treated and untreated screws were examined using

environmental SEM equipped with an X-ray emission probe that provided the necessary
characteristics for measuring the surface chemical composition of different biomaterials.
The SEM analysis was performed at low magnification (50⇥) on the cranial side of the
screws between the study groups. It is vital to dehydrate and process the specimens for the
observation under SEM. Firstly, the specimens were dehydrated by immersing them in a
graded series of ethanol from 30% to absolute ethanol. Once dehydrated, the samples were
taken to a critical point of total dehydration. A Polaron 3000 (Carl Zeiss Meditec, Dublin,
CA, USA) was used to perform this function using high vacuum.

The parts were then mounted on aluminum supports (stub), and sputter coated. The
process consisted of depositing a thin layer of gold/palladium on the surface of the samples
to increase their conductivity. A Zeiss metallizer was utilized for this process, and once
metallized, the samples were prepared for observation by SEM (Zeiss DMS 950). The
metallization may not have been necessary for the observation of the screw surface since Ti
is a metal, however, by means of gold/palladium coating, we ensure perfect conductivity
and additional functionality [18–20]—However, dehydration is mandatory. This is because
the water molecules that may have been retained during the treatment with an aqueous
solution need to be eliminated prior to SEM observation.

2.1.3. Protein Immobilization
The immobilization of the model protein used (glucose oxidase at the Ti interface) was

evaluated by fluorescence of the sample, thus, allowing the corroboration of the protein
binding. The efficiency of the reaction and the presence of protein was measured using a
fluorescein-label (NHS-Fluorescein). This molecule can react with the amine groups of the
proteins, thereby producing a fluorescent group at 530 nm. The appearance of this probe
can be correlated to the presence of the immobilized protein on the Ti surface.

Once the immobilization of protein on the surface of the modified Ti has been checked,
in vitro studies were carried out to assess the cell behavior of two cell lines: fibroblasts
and stem cells from adipose tissue (MSCat). In vivo studies were carried out to analyze
the biocompatibility.

2.2. Cellular Behaviour of Fibroblasts and MSCat Cells

2.2.1. Preparation of the Cultivation Medium
• Amniomax (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA): According

to the manufacturer’s package.
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• Medium 199: 9.82 g of M-199 (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD,
USA) was diluted in 1 L of ultrapure water, followed by the addition of sodium
bicarbonate, and diluted through a 0.22 µm porous filter (Millipore Ref.4480). Once
aliquoted into 100 mL fractions, the culture medium was supplemented with: 20%
fetal bovine serum (FCS) (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD,
USA); 1.2 mL of penicillin/streptomycin; 2 Mm/L hydroxyl-ethyl-piperazine-ethane-
sulfonic acid (HEPES buffer) (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD,
USA); 2 Mm/L-Glutamine (Gibco BRL); 20 µg/mL endothelial cell growth factor
(ECGF) (Sigma Aldrich, San Luis, MO, USA); and 90µg/mL heparin sodium (Roche,
Basel, Switzerland).

• Minimum Essentials Medium Eagle-MEM (Sigma Aldrich, San Luis, MO, USA). It
was reconstituted with 15% fetal bovine serum (Cultek), 1% L-glutamine (Sigma-
Aldrich, San Luis, MO, USA), and 1% antibiotics (penicillin and streptomycin) (Life
Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA) in 1 L of ultrapure water—
2.2 g of sodium bicarbonate was added and filtered through a 0.22 µm porous filter
(Millipore Ref.4480). The medium was then aliquoted into 100 mL glass bottles, and
supplemented with 0.05 lm Amphotericin B (Fungizone, Applied Biological Mate-
rials, Richmond, BC, Canada) and 1.2 mL penicillin (10,000 IU/mL)/Streptomycin
(10,000 µg/mL) (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA).

2.2.2. Proteolytic Enzyme Preparation
Two proteolytic enzymes (collagenase and trypsin) were used. Collagenase was used

to obtain cells from the different tissues, and trypsin was used to perform the different
subcultures from cells in primary culture.

• Collagenase. 100 mg of collagenase type I CLS (Worthington Biochemical Corporation,
Lakewood, New Jersey, USA) was reconstituted in 100 mL of MEM, and 1.5 mL of
calcium chloride was added. One the reconstitution was performed, it was sterilized
by filters of 0.22 µm (Millipore Ref.4480), and stored at �20 �C in 10 mL aliquots
until usage.

• Trypsin. 10 mL of Hanks Balanced Buffer Saline Solution (HBSS) (Life Technologies,
Inc., Gibco/BRL, Gaithersburg, MD, USA) was added to 90 mL of sterile distilled
water, mixed well, and then, 10 mL of this solution was added to another 10 mL of
trypsin EDTA 10X (Life Technologies, Inc., Gibco/BRL, Gaithersburg, MD, USA) to
obtain trypsin-EDTA 1X.

2.2.3. Cell Procurement and Cell Expansion in Culture
• Mesenchymal Stem Cells from Adipose Tissue (MSCat). For the extraction of stem

cells from rat adipose tissue (MSCat), a sample of subcutaneous adipose tissue was
procured from the inguinal area of the rat, and preserved in MEM medium until
processing (no more than 24 h). The tissue processing was performed under sterile
conditions using sterile materials and a laminar flow cabinet. At first, the tissue was
washed with MEM medium, then placed in a Falcon tube with 10 mL of 0.1% collage-
nase type I, and incubated for 30 min at 37 �C in the bath with maximum agitation.

Following incubation, the suspension was passed through a 100 µm porosity filter
in order to separate the adipose tissue fragments that had not been digested. The filtered
portion was placed in a clean Falcon tube, and centrifuged at 1050 rpm for 7 min at room
temperature. The supernatant was removed, and the sediment was re-suspended in MEM
medium. The recovered tissue was washed again with MEM medium, and, using scalpel
blades (No. 21), the tissue was cut into smaller explants that would get introduced in a
Falcon tube with 10 mL of trypsin, and incubated for 30 min at 37 �C in the bath with
maximum agitation.

Meanwhile, the sterile material used to filter the product of the enzymatic digestion
was prepared: the plunger was removed from a 50 mL syringe, a sterile gauze was intro-
duced into it with the help of forceps, and a Falcon tube with 10 mL of MEM was prepared.
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After 30 min, the digestion product was poured into the syringe, the plunger was then
placed and filtered through the gauze, dropping the filtered product into the Falcon tube
with MEM. The cell suspension obtained was centrifuged at 1050 rpm for 10 min at room
temperature. The supernatant was removed, and the pellet was re-suspended in MEM
medium for washing. This step was repeated twice to wash the sample well and remove
excess fat.

During the last wash, the collagenase enzyme prepared at the beginning was used
on the extract. It was re-suspended and placed on ice for 5 min. After this process, the
cell suspension will get separated from the lipid component following the digestion of the
adipocytes, and the lipid layer will remain on the top. With the help of a glass Pasteur
pipette, the cell suspension was removed carefully without disturbing the lipid layer.
The suspension was then centrifuged at 1050 rpm for 10 min at room temperature. The
supernatant was removed, and the sediment (adipose tissue stem cells) was re-suspended
in 3–6 mL of Amniomax medium, and transferred to 1–2 culture flasks of 25 cm2, which
were stored with the cap slightly open in an incubator with an atmosphere of 5% CO2,
37 �C, and a humid environment.

• Fibroblasts

The procedure used to procure fibroblasts consisted of introducing the skin biopsy
in a small Petri dish with a small amount of MEM, so that the tissue did not undergo
dehydration during processing. The dermis was isolated using forceps and scissiors. Once
the dermis was isolated, the tissue was cut using scalpel blades until small fragments
(explants) of 0.5–1 mm2 were obtained. Subsequently, 1mL of Amniomax culture medium
was added in a 25 cm2 culture flask, moving it gently so that the medium diffused over the
entire expansion surface.

Using a glass Pasteur pipette, the explants were collected and then stuck to the
expansion surface of the culture flask without sliding to the base of the flask. The culture
flask was introduced into the CO2 oven at 37 �C, placed in a vertical position with the
stopper slightly open to allow gas exchange in the incubator environment.

After a few hours, the flask was removed from the oven, previously closing the
stopper—in the hood, 1 mL culture medium was added while taking special care to not
detach the explants. The flask should be handled gently, and the volume of the culture
medium should not exceed 2.5 mL to avoid detachment and floating of the explants. The
flask was then placed back inside the CO2 oven with the stopper slightly open, this time in
a horizontal position.

2.3. Proliferation Study

Cell cultures were performed to see the cellular behavior of fibroblasts and MSCats
in an incubation period of 24 h in Amiomax medium. After seeding, all the prostheses
obtained were fixed with 3% glutaraldehyde for 2–4 h, and then washed with MILLONIG
buffer. Once fixed, the pieces were dehydrated using increasing series of acetone for 10 min
per series. Subsequently, the dehydrated pieces were mounted in filter paper cases in order
to subject them to a critical point in a Polaron E-3000 with CO2. Once completely dried, the
pieces were mounted on steel plates (ANAME), and metallized with gold-palladium in a
POLARON metallizer. In this way, the samples were prepared for observation by scanning
electron microscopy in a DSM-950 microscope (ZEISS).

The samples, fixed in Bouin’s liquid, were dehydrated and embedded in kerosene,
and then, blocks were cut with a MICROM HM 325 microtome into 5 µm thick sections.
After this procedure, immunohistochemical techniques were performed.

2.4. Migration Study

A parallel assay of excavated gates was performed, and in each of the gates used, there
were three wells. A collagen sponge that was soaked with BMP-2 was placed in the left
end well. At the opposite end, another collagen sponge was placed to which Amniomax
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medium was added. Once both sponges were soaked, 50,000 cells were seeded in the
central well.

In this assay, the study groups were: Fibroblasts (n = 8) and MSCat (n = 8).
In each of the gates, there were BMP-2 and control (no BMP-2). The times at which

samples were collected were: 24 h; 48 h; 7 d; and 14 d, at a rate of two samples per time
and study group.

2.5. Analysis of Titanium Surface Behavior

• Enzymatic Treatment

Once the cells (fibroblasts or MSCat) had reached semi-confluence (80% of the coated
culture flask), enzymatic treatment with a trypsin solution was carried out for 5 min at
37 �C. For this purpose, a trypsin solution was prepared in HBSS buffer free of calcium and
magnesium. Once the enzyme solution was prepared, the culture medium was removed
using a 5 mL pipette. The cells were washed with a suspension of 1% HBSS in sterile
distilled water to remove any remaining culture medium, and for the removal of calcium
or magnesium, which may influence the adhesion of the cells to the culture surface. One
percent trypsin solution, that was previously prepared in HBSS, was added and incubated
at 37 �C for 5 min, and sufficient time was given for the cells to detach from their substrate.
The control of the incubation time was vital, as trypsin has a potential deleterious effect on
cells, wherein a longer exposure time can result in the death of cells by cytotoxicity.

Following 5 min of incubation, 10 mL of culture medium with 20% fetal bovine serum
was added. The proteins present in the serum block the enzyme, and it remains active,
thereby blocking the enzymatic action on the cells in the culture medium. After deactivation
of the enzyme, the cell suspension was collected in a conical tube, and centrifuged at
1050 rpm for 10 min. The supernatant was removed, and the cell pellet was re-suspended
in 1 mL of Amniomax medium. Further to that, the cells were suspended at a rate of
5 ⇥ 105 cells/mL.

• Planting and Study Times. For this part of the procedure, the three study groups were
used for each cell lineage (Fibroblasts and MSCat cells):
# Control group (untreated screw);
# Screws treated with carboxyethylphosphonic acid;
# Screws treated with carboxyethylphosphonic acid plus BMP-2.

The same seeding methodology was utilized for all the three study groups. Firstly, the
screws were placed in a 96-well plate. Each screw was seeded with about 5 ⇥ 104 viable
cells in 100 µL Amniomax medium. The plate was then incubated at 37 �C for 30 min in
an incubator at 5% CO and 99% humidity. Under these conditions, cell adhesion on the
different seeded surfaces was ensured. Following which, 200 µL of Amniomax medium
was added to each of the wells, and incubated under the same conditions described above
for the different study times (24 h, 3, 7,1 4, 21, and 28 days). The culture medium was
renewed every 24 h. The number of samples for each cell lineage and each study group was
4 at each time interval. Each cell lineage was seeded in different plates to avoid possible
contamination. The rest of the wells in each of the plates not occupied by the trunks
belonging to each group were used as a control of cell growth at each time interval.

• SEM observation. At each study time interval, four samples were obtained for each
cell lineage and study group. Each sample was fixed for 2–4 h in 0.3% glutaraldehyde
solution. After the fixation time, the glutaraldehyde residues were removed by im-
mersing samples in a Millionig buffer solution. After the washing process, the samples
were processed for observation under the scanning electron microscope. Once fixed,
the pieces were dehydrated using increasing series of acetone (30, 50, 70, 90 and 100%)
for 10 min per series. Subsequently, the dehydrated parts were mounted in filter
paper cases for subjecting them to a critical point in a Polaron E-3000 with CO2. Once
completely dried, the pieces were mounted on steel plates (ANAME), and metallized
with gold-palladium in a POLARON metallizer. The samples were processed in this
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manner for observation by SEM on a DSM-950 microscope (Carl-Zeiss). The state of
the cells on the surface of the screws belonging to each study group at different time
intervals were observed using SEM.

2.6. Identification and Phenotypic Characterization

2.6.1. Immunohistochemical Tests
• Conventional immunohistochemistry. The technique used to detect the antigen-

antibody reaction was avidin-biotin labeled with alkaline phosphatase. The labeling
was studied with an optical microscope (ZEISS, Jena, Germany), and the same bio-
logical material to which the primary antibody had not been added was used as a
negative control, being replaced by washing buffer (PBS).

• Immunofluorescence. The marking was performed on tissue fixed with 10 % formalde-
hyde. Kerosene embedding, microtomy, and deparaffinization of the sections were
performed according to the technique used for optical microscopy. The antigen–
antibody reaction was detected using a reaction amplification system (TSA TM Plus
Fluorescence Systems; Perkin Elmer Life Sciences, Boston, MA, USA), with fluorescein
isothiocyanate (FITC) or cyanine 3 (Cy 3). The same biological material to which
the primary antibody had not been added was used as a negative control, and was
replaced by a buffer solution.

2.6.2. Enzyme-Linked Immunosorbent Assay (ELISA)
MSCat and Fibroblast cells were plated into 96-well plates at a density of 5 ⇥ 104 cells/

well divided and 200 µL Amniomax medium with 100 ng/mL BMP-2 (Sigma Aldrich San
Luis, MO, USA). Cells cultured in the same Amniomax medium without BMP-2 were
considered as the control group. The culture media for each group was collected at T0
(immediately after plating), 30 min, 1 h, 2 h, and 24 h after plating, and kept at �80 �C
until use.

The levels of BMP-2 secreted by the cells (fibroblasts and MSCat cells) were determined
by an enzyme-linked immunosorbent assay (ELISA) technique using a specific kit for this
protein (ABCAM). The technique involved a sandwich-type enzyme immunoassay for
the quantitative determination of BMP-2 levels released into the culture medium from
both fibroblasts and MSCat. The kit was provided with a microplate pretreated with a
specific antibody against rat BMP-2. The principle of the technique was in the realization
of a standard curve for which the kit was provided with a sample of BMP-2 of known
concentration (2000 pg).

A stock solution of BMP-2 at a concentration of 1000 pg/mL was prepared for perform-
ing the standard curve. From this dilution, successive dilutions were performed. In this
method, different standard samples were obtained at different known concentrations, and
each dilution contained 50% of the protein of the immediately preceding dilution, resulting
in a gradient of dilutions between 1000–15.6 pg/mL. The blank was performed using the
culture medium in order to remove the noise from the medium. At the time of performing
the test, the samples of the medium from the fibroblast and MSCat cultures were thawed
and centrifuged at 1000 rpm for the removal of cellular debris that may remain, and the
supernatant was used to perform the measurements. On the wells of the labeled plate from
the kit, 100 µL of each standard solution was added to it.

This process was carried out in duplicate, and fourteen wells (seven dilutions) were
used, and two other wells were used to make the blank. The rest of the wells were used for
the determination of the BMP-2 levels at the different times of study and for the different
cell types by the addition of 100 µL of each test solution for each well, performing the
tests in duplicate. Once the entire plate was covered, it was placed in incubation for two
hours at 37 �C. Following which, the content of each well was removed, and each well was
washed with 400 µL of washing solution from the commercial kit, prepared according to the
manufacturer’s instructions. This solution was then removed, and the reagent A solution
was added according to the manufacturer’s instructions. It was incubated for one hour at



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 215 

 
 

Biomedicines 2021, 9, 1663 9 of 20

37 �C, and, subsequently, it was washed again with the washing solution for 1–2 min. The
washing solution was then removed, and this process was repeated for three cycles. After
this process, 100 µL of working solution B (according to the manufacturer’s instructions)
was added, and the plate was incubated for 30 min at 37 �C. Following incubation, the
solution was removed, and the wells were washed as described above. Finally, 90 L per
well of the chromogenic substrate solution (TMB) was added and incubated for 15–20 min
at 37 �C until the color of the wells turned blue.

2.6.3. Molecular Studies (qRT-PCR)
With q-PCR, the amount of BMP-2 mRNA was quantified in both fibroblast and MSCat

cell cultures.
RNA extraction was performed by the guanidine isothiocyanate-phenol-chloroform

method of Chomczynski and Sacchi [21].
The integrity of the extracted RNA was checked through a 1% agarose gel contain-

ing 7 µL of SYBR Green II RNA gel stain (10,000⇥ g concentrate in DMSO) (Invitrogen,
Carlsbad, CA, USA). 2 µL of RNA was mixed with 8 µL of RNAse-free water and 2 µL of
BlueJuice™ Gel Loading Buffer (Invitrogen, Carlsbad, CA, USA) containing bromophenol
blue. Electrophoresis was carried out at 80 V for about 50 min. Observation of the bands
was performed with the aid of a transilluminator, and samples showing RNA degradation
were discarded.

The concentration of each sample was quantified by measuring the absorbance at
260 nm in an Ultrospec 3100 Pro spectrophotometer (Amersham Biosciences, Piscataway,
NJ, USA). Once the concentration of each sample was known, all were brought to the same
concentration of 50 ng/µL.

Using reverse transcription, cDNA was synthesized from 500 ng of total RNA. For this
purpose, 10 µL of RNA (50 ng/µL) was mixed with 10 µL of 2X RT mix prepared from the
kit components (High Capacity cDNA Reverse Transcription, Applied Biosystems, Foster
City, CA, USA).

In the first step, the reaction was subjected to an RNA denaturation cycle at 25 �C for
10 min in a thermal cycler. Subsequently, it was subjected to a cDNA synthesis cycle at
37 �C for 2 h. Finally, an enzyme denaturation cycle was performed at 85 �C for 5 s. The
cDNA obtained during the reverse transcription process was diluted at a ratio of 1:20, and
stored at �80 �C.

• In vitro retrotranscription. Retrotranscription (RT) reactions of the messenger RNAs
were performed to give rise to the corresponding cDNAs using the kit.

• Real-time PCR. Roche’s commercial Lightcycler FastStart DNA Master SYBR GreenI
kit was used to perform the real-time PCR reactions. Once the reaction mixture
was generated, it was subjected to a program of PCR cycles performed in the Roche
Lightcycler thermocycler.

The fluorescence emitted by the SYBGreen I probe during the real-time PCR reactions
described above was analyzed using LightCycler 4.05 software (Roche, Basel, Switzerland),
and crossing point (CP) values were obtained for the target gene and the reference gene
(GAPDH) in each of the samples. A calibration curve was included in each real-time PCR
reaction, and the reaction efficiency value was calculated from its slope. For each sample,
the amounts corresponding to the target gene and the reference gene were determined by
interpolation with the standard curve. Subsequently, the DNA content (percentage) was
calculated as the ratio between the amount of the target gene sequence and the amount of
the reference gene sequence.

To check for the presence of a single PCR product, a 2% agarose gel (SeaKem GTG
Agarose, Cambrex, Rockland, ME, USA) was run in 1⇥ TBE buffer, to which 7 L of SYBR
Green was added (Table 1).
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Table 1. Primer used in RT-PCR.

Gene S Primer Sequence (5
0!3

0
) AS Primer Sequence (5

0!3
0
) Banding Temperature

BMP-2 CCA GGT TAG TGA CTC AGA ACA C TCA TCT TGG TGC AAA GAC CTG C 60�

2.7. Statistical Analysis

Statistical tests were performed using the SPSS Macros software. The F-test was
performed for analysis of variances to assess the surface wettability. As there were unequal
variances, a modification of the t-test, known as the Welch test, was performed. Values of
p < 0.05 were considered as statistically significant.

3. Results

3.1. Wettability

The results of the F-test showed that there were unequal variances between the two
sample groups, and the Welch test observed the mean contact angle to be 67 for the control
group, and 18.84 for the test group. This leads to a value of t = 77.06 to relate to a Student’s
t distribution with approximately 12 degrees of freedom. For ↵ = 0.05, the reference
critical value of 1.78 indicates that there were statistically significant differences in the
contact angle measurements between the control group and the test group treated with
carboxyethylphosphonic acid. The box plots for the variation of the contact angles in each
group has been depicted in Figure 4.
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Figure 4. Boxplots showing the contact angle obtained for the control samples (blue) with its median
(67.8�), minimum (63.2�), and maximum (68.6�); and the treated samples (orange) with its median
(18.65�), minimum (18.3�), and maximum (20.8�).

3.2. Surface Texture Analysis Using SEM

It was observed that the cranial side of the screw surface did not differ from the control
group at lower magnification, but at higher magnifications, the surface roughness increased
in the Ti screws treated with carboxylphosphonic acid. The increase in texture was evident
in higher magnifications of 3000⇥. At the micrometer scale, granules appeared as ‘peak
and valley’ type surface structures due to the erosive process during the fabrication of
the substrate, with the acid-treated group having a more complex surface compared to
the control group. At higher magnifications of 1000⇥ and 3000⇥, a greater number of
cracks and ‘pecked’ images appeared on the surface of the acid-treated logs, indicative of
a higher surface texture, mainly due to the corrosive action of the acid that causes small
structural modifications on the surface of the screws, which became more evident at higher
magnifications (3000⇥) (Figure 5).
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3.3. Protein Immobilization

The immobilization of proteins on the control and test groups of screws was assessed
using glucose oxidase, and analyzed with NHS-Fluorescein tagging. A fluorescence was
observed with titanium at a wavelength of 533 nm, confirming the presence of immobilized
protein on the surface of the titanium using this method. The addition of fluorescein to a
phosphonic acid-treated screw generated a surface that did not show fluorescence, and it
can be concluded that this process is viable, and that the fluorescence seen in the Ti could
be due to the immobilization of the protein (Figure 6).
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3.4. Cellular Behavior—Fibroblasts

Proliferation studies showed that fibroblasts presented a characteristic spindle-shaped
morphology at 24 h. A high proliferation index, typical of these cells in culture, was
observed, resulting in the observation of numerous mitosis figures in the fibroblast cultures
at this time. Incubation of fibroblasts with BMP-2 did not affect the morphology of these
cells, which remained spindle-shaped. In comparison with fibroblasts from control cultures,
an increase in cell proliferation could be observed from the initial moments of the culture.

Migration studies showed that BMP-2 also induced a higher rate of cell migration,
demonstrating the high chemotactic power of this molecule. Observation of the excavated
wells revealed an increased cell migration from the central well to the well where it had
been incubated with BMP-2. This translated into the presence of a greater number of cells in
the wells treated with BMP-2 from the initial moments of the culture, and was maintained
until 24 h after the start of the culture, at which time, cells began to be seen in the untreated
well. The use of BMP-2 in the treated wells did not induce morphological differences, but
the presence of a greater number of dividing cells as a consequence of the induction with
BMP-2 was easily observed.

In relation to cell behavior on the titanium surface, the cellular behavior the fibroblasts
was studied following implantation on the titanium surfaces, either in the control group
or those treated with carboxyethylphosphonic acid. After 24 h, microscopic examination
revealed a smooth surface, but there was no homogenous adhesion on the titanium screws
in the control group. The fibroblasts adhered to the screws had a more polygonal morphol-
ogy with numerous vesicles on the surface. There is progressive dislocation of the seeded
fibroblasts from the titanium surface at around 14–21 days, and there is a vast amount of
cellular debris observed on the surface (Figure 7).
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Figure 7. SEM Study of the sowing of fibroblasts in different incubation periods: (A) Control screws after 24 h at 500⇥
in which zones are observed where the adhered cells present a more polygonal morphology with many vesicles on their
surface (arrows); (B) Control screws after 24 h at 1000⇥; (C) Control screws after 28 days at 500⇥; (D) Control screws after
28 days at 1000⇥ in which a large amount of cellular detritus is observed.

A contrasting finding was observed with fibroblasts seeded on the test groups treated
with the acid and BMP-2, where there was increased surface roughness on the screws. At
higher magnifications, the fibroblast cells exhibited a smooth surface with good adhesion
and expansion on the Ti surface at 24 h. Following 7 to 21 days of seeding, the cells formed
several layers with greater homogeneity across the Ti surface (Figure 8).
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over the treated surface of the titanium, growing in multilayer, which contrasts with the large amount of vesicles observed
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BMP-2 after 2 at 1000⇥ where areas of slight cellular denudation are evident.

3.5. Cellular Behavior—MSCat Cells

Proliferation studies showed that MSCat cells in culture presented a polygonal mor-
phology with a spherical and centered nucleus, characterized by the presence of several nu-
cleoli, demonstrating a high activity of these cells in culture. The characteristics of these cells
as undifferentiated cells are evidenced by their high proliferative and self-renewal power.
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BMP-2 treatment of mesenchymal cells from adipose tissue maintained a polygonal
morphology, similar to that described for the cultures of these cells in the groups that
were not treated with this bone morphogenetic protein. In this group, it is worth noting a
decrease in the proliferative power of these cells, caused fundamentally by the influence of
this protein on the possible differentiation of these mesenchymal cells.

In the migration study, it was demonstrated, as in the fibroblasts, that BMP-2 also
induced a higher rate of cell migration of MSCat cells.

A similar process of seeding of mesenchymal stem cells was performed on the Ti
screws in the control group and the test group treated with carboxyethylphosphonic acid
and BMP-2. After 24 h, there was uniform coating of mesenchymal cells on the Ti surface
in the control group, and the cells appeared with varying morphologies from fusiform,
flattened, to polygonal shapes. After 21 days, there was instability of the cellular layer, and
cellular denudation was observed (Figure 9).
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Figure 9. SEM Study of the sowing of MSCat in different incubation periods: (A) shows seeding on control screw observed
at 1000⇥ after 24 h; (B) shows seeding on control screw observed at 1000⇥ after 7 days; (C,D) shows seeding on control
screw observed at 500⇥ after 14 days; (E) shows seeding on control screw observed at 500⇥ after 21 days; (F) at 1000⇥ from
the surface of a screw belonging to the control group after 28 days of incubation where the formation of a multilayer with a
slight dislocation of the most superficial cellular layer is observed.

The MSCat cells seeded on the test specimens had a more stable layer, with cells having
a fusiform morphology and stable anchorage on the surface of the titanium. Around 14
and 21 days of observation, there were several layers of cells with high stability, and the
superficial layers had a pronounced secretory activity suggestive of a higher proliferation
(Figure 10).
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3.6. Identification and Phenotypic Characterization

3.6.1. Immunohistochemical Tests
Regarding immunofluorescence techniques for the type II BMP receptor, a very ho-

mogeneous distribution was observed along the membrane of the expanded fibroblasts in
culture, affecting approximately 75% of the cells. As for MScat cells, a very pronounced
labeling was observed on the membrane of isolated cells, which could demonstrate a higher
degree of differentiation of some of these cells (Figure 11).
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(c) MSCat cultures.

3.6.2. Enzyme-Linked Immunosorbent Assay (ELISA)
No BMP-2 release to the medium was detected in either fibroblast or MSCat control

cultures at any time. The addition of BMP-2 to the culture media caused a different
behavior between fibroblasts and MSCat cells: 30 min after treatment, no presence of
BMP-2 was observed in the fibroblast cultures. On the other hand, 30 min after stimulation,
a progressive increase in BMP-2 levels in the MSCat cell cultures was observed. Significant
differences were observed between 30 min and two hours after the stimulus between both
cell lines. In the absence of a new stimulus pulse, the secretion of BMP-2 by these cells
decreases over time, disappearing completely 24 h after the initial stimulus (Figure 12).
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3.6.3. Molecular Studies
MSCat and fibroblast cultures were used to undergo osteogenic differentiation induced

by bone morphogenetic protein type II (BMP-2) treatment, and the expression of messenger
RNA levels for BMP-2 was quantified at different study times. The results of the expression
of messenger RNA specific for BMP-2 can be seen in Figure 13.
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4. Discussion

There has been a tremendous increase in the research activity towards improving
the biological activity on the Ti and Ti alloy surfaces for the promotion of processes such
as osseointegration and soft tissue healing [22]. The conventional methods of surface
modification involved a top down approach involving multiple processes and special
guidance, whereas the emergence of nanotechnology has given rise to self-assembly, which
is a bottom up process that does not require specific guidance or an intervention during
the process of assembly [23].

In this in vitro study, it was observed that when there was an increase in surface
energy, it gets translated to higher surface wettability to blood, improved cellular adhe-
sion, and increased fibrin binding, matrix proteins, and differentiation factors. This can
influence cellular behavior such as proliferation, adhesion, and migration, and thereby
promote osseointegration and tissue healing following dental implant placement [24]. A
study conducted by Lan et al. [25] observed the water contact angles and the surface
wettability characteristics of a TiO2-modified surface with four types of phosphonic acid
compounds, along with the control. It was found that the TiO2 surface treated with
11-phosphonoundecanoic acid (PUA) had the best hydrophilic surface, with an average
contact angle measurement of 68.8 ± 0.7. The wettability and contact angle measurement
were based on the premise that when a material is placed in a biological surrounding,
there is adsorption of water to the material’s surface in the first few nanoseconds. Thus,
wettability of the material can determine its biological interactions, and, thus, moderate
hydrophilicity can favor cellular adhesion [26]. In this study, the average contact angle for
the control group was 67, and was 18.84 for the test group.

The SEM analysis of the Ti screws in both the groups revealed that there was a
considerable increase in the surface texture in the test group treated with the acid. The
appearance ranged from ‘peaks and valleys’ to a more cracked appearance on the Ti
surface. The surface texture and roughness on an implant can affect the rate at which
osseointegration occurs, and biomechanical fixation of the titanium to the bone [27]. The
surface roughness has been observed to play a significant role in protein adsorption
and adhesion of osteoblasts, which, in turn, can have an influence on the process of
osseointegration [28]. The increased surface texture observed in the test group in this study
could play an important role in the cellular behavior, as well as vital processes, such as
primary stability and osseointegration.

In this study, the immobilization of proteins revealed that there was significant fluo-
rescence of the Ti surface observed at 533 nm, suggestive of immobilized proteins. Similar
research, conducted by Tack et al. [29], observed an increase in immobilized proteins using a
similar method to this study, and the carboxyl functionalized group had the highest protein,
followed by the hydroxyl group. In this study, it was observed that cellular behavior such
as cell proliferation, migration, and morphology was improved on the treated surfaces with
acid and BMP-2 when compared to the control group. A study by Viornery et al. [30] ob-
served Ti discs following incubation in ethane-1,1,2-triphosphonic acid (ETP), and showed
that there was increased differentiation, proliferation, and production of proteins when rat
osteoblastic cells (CRP10/30) were seeded onto the functionalized surface.

The cellular behavior of fibroblasts and MSCat cells were observed in this study
following culture and seeding of these cell lines on the different study groups of Ti screws.
The fibroblasts had a more polygonal shape with numerous vesicles in the experimental
group with acid-treated Ti screws than the control group. There was also limited cellular
adhesion in the control group. The study group treated with acid and BMP-2 also showed
fibroblasts with a smoother surface and increased expansion, along with adhesion. Similar
findings were observed with the MSCat cell line on the experimental groups, and there was
a uniform coating of it. Mani et al. observed that SAMS on Ti surfaces prepared from an
aqueous solution of flufenamic acid via esterification reported the interaction of these SAMs
with human aortic endothelial cells (HAECs). It was shown that the cellular adhesion
was the highest in SAMs when compared to plain glass or the control Ti surface, although



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 225 

 
 

Biomedicines 2021, 9, 1663 19 of 20

the rate of proliferation was slower. The cells also showed a polygonal morphology [31].
Although a direct comparison cannot be made with this study, it is reasonable to assume
that functionalization with SAMs can result in a favorable Ti surface for cellular adhesion,
and it is worth exploring the mechanism in future research.

This study has assessed the effect of SAMs on Ti surfaces using carboxyethylphos-
phonic acid. The limitation with the SAMs technique lies in its reproducibility and the
production of an ideal surface. The findings from this study can be taken as a preliminary
insight into the promising findings with the usage of this nanotechnology in performing
surface modification on Ti surfaces for improving osseointegration and wound healing.
Further studies using an Alizarin Red S staining assay can be performed to assess the
cellular behavior at a further level. Even though the results at the laboratory stage show
promise, the clinical implications of the utilization of this technique, clinical application for
dental implantology, and the shelf-life of these functionalized implant surfaces remain to
be explored.

5. Conclusions

In this in vitro study, it was observed that the treated Ti screws with carboxyethylphos-
phonic acid had the lowest contact angle for surface wettability. It also showed increased
surface roughness when observed under SEM, and an increase in immobilized proteins on
its surface. It was also noted that the cellular behavior of fibroblasts and MSCat cells were
improved in the test group treated with the acid. The SAM surface modification technique
is a promising breakthrough in the field of implantology, but it has to be explored further
on its clinical implications and commercial viability.

Author Contributions: Conceptualization, A.A. and J.M.A.; methodology, J.M.A.; software, A.A.;
validation, A.A., J.A., A.S. and J.M.A. formal analysis, A.A., J.A., A.S. and J.M.A.; investigation, A.A.,
A.S. and J.M.A.; resources, J.M.A.; data curation, A.A. and J.A.; writing—original draft preparation,
A.A., J.A., A.S. and and J.M.A.; writing—review and editing, A.A., J.A., N.L.-V., A.S. and J.M.A.;
visualization, J.M.A.; supervision, A.A., J.A., A.S. and J.M.A.; project administration, J.M.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank Asha Ramesh for her technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pjetursson, B.E.; Heimisdottir, K. Dental implants—Are they better than natural teeth? Eur. J. Oral. Sci. 2018, 126, 81–87.
[CrossRef]

2. Branemark, P. Osseointegration and its experimental background. J. Prosthet. Dent. 1983, 50, 399–410. [CrossRef]
3. Jemat, A.; Ghazali, M.J.; Razali, M.; Otsuka, Y. Surface Modifications and Their Effects on Titanium Dental Implants. BioMed Res.

Int. 2015, 2015, 791725. [CrossRef]
4. Barros, R.R.M.; Novaes, A.B., Jr.; Papalexiou, V.; Souza, S.L.S.; Taba, M., Jr.; Palioto, D.B.; Grisi, M.F. Effect of biofunctionalized

implant surface on osseointegration: A histomorphometric study in dogs. Braz. Dent. J. 2009, 20, 91–98. [CrossRef]
5. Beutner, R.; Michael, J.; Schwenzer, B.; Scharnweber, D. Biological nano-functionalization of titanium-based biomaterial surfaces:

A flexible toolbox. J. R. Soc. Interface 2010, 7 (Suppl. 1). Available online: https://royalsocietypublishing.org/doi/10.1098/rsif.20
09.0418.focus (accessed on 30 November 2020). [CrossRef] [PubMed]

6. Lutz, R.; Srour, S.; Nonhoff, J.; Weisel, T.; Damien, C.J.; Schlegel, K.A. Biofunctionalization of titanium implants with a biomimetic
active peptide (P-15) promotes early osseointegration: Biofunctionalization of titanium implants with a biomimetic active peptide.
Clin. Oral. Implant. Res. 2010, 21, 726–734. [CrossRef] [PubMed]

7. Hanawa, T. Biofunctionalization of titanium for dental implant. Jpn. Dent. Sci. Rev. 2010, 46, 93–101. [CrossRef]
8. Tan, G.; Zhang, L.; Ning, C.; Liu, X.; Liao, J. Preparation and Characterization of APTES Films on Modification Titanium by SAMs.

Thin Solid Films 2011, 519, 4997–5001. [CrossRef]



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 226 

 
 
 
 
 
 

 

Biomedicines 2021, 9, 1663 20 of 20

9. Spori, D.M.; Venkatarman, N.V.; Tosatti, S.G.P.; Durmaz, F.; Spencer, N.D.; Zürcher, S. Influence of Alkyl Chain Length on
Phosphate Self-Assembled Monolayers. Langmuir 2007, 23, 8053–8060. [CrossRef]

10. Mann, J.R.; Nevins, J.S.; Soja, G.R.; Wells, D.D.; Levy, S.C.; Marsh, D.A.; Watson, D.F. Influence of Solvation and the Structure of
Adsorbates on the Kinetics and Mechanism of Dimerization- Induced Compositional Changes of Mixed Monolayers on TiO2.
Langmuir 2009, 25, 12217–12228. [CrossRef]

11. Ajami, E.; Aguey-Zinsou, K.F. Formation of OTS Self- Assembled Monolayers at Chemically Treated Titanium Surfaces. J. Mater.

Sci. Mater. Med. 2011, 22, 1813–1824. [CrossRef]
12. Bozzini, S.; Petrini, P.; Tanzi, M.C.; Zürcher, S.; Tosatti, S. Poly(ethylene glycol) and Hydroxy Functionalized Alkane Phosphate

Mixed Self-Assembled Monolayers to Control Nonspecific Adsorption of Proteins on Titanium Oxide Surfaces. Langmuir 2010,
26, 6529–6534. [CrossRef]

13. Ulman, A. Formation and Structure of Self-Assembled Monolayers. Chem. Rev. 1996, 96, 1533–1554. [CrossRef] [PubMed]
14. Love, J.C.; Estroff, L.A.; Kriebel, J.K.; Nuzzo, R.G.; Whitesides, G.M. Self-Assembled Monolayers of Thiolates on Metals as a Form

of Nanotechnology. Chem. Rev. 2005, 105, 1103–1170. [CrossRef]
15. Liu, Q.; Ding, J.; Mante, F.K.; Wunder, S.L.; Baran, G.R. The role of surface functional groups in calcium phosphate nucleation on

titanium foil: A self-assembled monolayer technique. Biomaterials 2002, 23, 3103–3111. [CrossRef]
16. Liu, D.P.; Majewski, P.; O’Neill, B.K.; Ngothai, Y.; Colby, C.B. The optimal SAM surface functional group for producing a

biomimetic HA coating on Ti. J. Biomed. Mater. Res. A 2006, 77, 763–772. [CrossRef]
17. Shalabi, M.M.; Wolke, J.G.C.; de Ruijter, A.J.E.; Jansen, J.A. Histological evaluation of oral implants inserted with different surgical

techniques into the trabecular bone of goats. Clin. Oral. Implant. Res. 2007, 18, 489–495. [CrossRef] [PubMed]
18. Svensson, S.; Suska, F.; Emanuelsson, L.; Palmquist, A.; Norlindh, B.; Trobos, M.; Bäckros, H.; Persson, L.; Rydja, G.; Ohrlander,

M.; et al. Osseointegration of titanium with an antimicrobial nanostructured noble metal coating. Nanomedicine 2013, 9, 1048–1056.
[CrossRef] [PubMed]

19. Hulander, M.; Hong, J.; Andersson, M.; Gerven, F.; Ohrlander, M.; Tengvall, P.; Elwing, H. Blood interactions with noble metals:
Coagulation and immune complement activation. ACS Appl. Mater Interfaces 2009, 1, 1053–1062. [CrossRef]

20. Hulander, M.; Lundgren, A.; Berglin, M.; Ohrlander, M.; Lausmaa, J.; Elwing, H. Immune complement activation is attenuated by
surface nanotopo-graphy. Int. J. Nanomed. 2011, 6, 2653–2666. [CrossRef]

21. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction.
Anal. Biochem. 1987, 162, 156–159. [CrossRef]

22. Shi, Q.; Qian, Z.; Liu, D.; Liu, H. Surface Modification of Dental Titanium Implant by Layer-by-Layer Electrostatic Self-Assembly.
Front. Physiol. 2017, 8, 574. Available online: http://journal.frontiersin.org/article/10.3389/fphys.2017.00574/full (accessed on 5
December 2020). [CrossRef] [PubMed]

23. Kumar, S.M.; Balakrishnan, P.K.; Hedge, C.; Dandekeri, S. Self-Assembled Monolayer- A Nano Surface Modification. J. Evol. Med.

Dent. Sci. 2020, 9, 1608–1612. [CrossRef]
24. Anil, S.; Anand, P.S.; Alghamdi, H.; Janse, J.A. Dental Implant Surface Enhancement and Osseointegration. Implant. Dent. A

Rapidly Evol. Pract. 2011, 83–108. Available online: http://www.intechopen.com/books/implant-dentistry-a-rapidly-evolving-
practice/dental-implant-surface-enhancement-and-osseointegration (accessed on 5 December 2020).

25. Lan, W.C.; Huang, T.S.; Cho, Y.C.; Huang, Y.T.; Walinski, C.J.; Chiang, P.C.; Rusilin, M.; Pai, F.T.; Huang, C.C.; Huang, M.S. The
Potential of a Nanostructured Titanium Oxide Layer with Self-Assembled Monolayers for Biomedical Applications: Surface
Properties and Biomechanical Behaviors. Appl. Sci. 2020, 10, 590. [CrossRef]

26. Chen, R.S.; Chen, Y.J.; Chen, M.H.; Young, T.H. Cell-surface interactions of rat tooth germ cells on various biomaterials. J. Biomed.

Mater. Res. A 2007, 83, 241–248, Erratum in: J. Biomed. Mater. Res. A 2008, 84, 567. [CrossRef]
27. Boyan, B.D.; Lohmann, C.H.; Dean, D.D.; Sylvia, V.L.; Cochran, D.L.; Schwartz, Z. Mechanisms Involved in Osteoblast Response

to Implant Surface Morphology. Annu. Rev. Mater. Res. 2001, 31, 357–371. [CrossRef]
28. Brett, P.M.; Harle, J.; Salih, V.; Mihoc, R.; Olsen, I.; Jones, F.H.; Tonetti, M. Roughness response genes in osteoblasts. Bone 2004,

35, 124–133. [CrossRef]
29. Tack, L.; Schickle, K.; Böke, F.; Fischer, H. Immobilization of specific proteins to titanium surface using self-assembled monolayer

technique. Dent. Mater. 2015, 31, 1169–1179. [CrossRef]
30. Viornery, C.; Chevolot, Y.; Léonard, D.; Aronsson, B.-O.; Péchy, P.; Mathieu, H.J.; Descouts, P.; Graetzel, M. Surface Modification of

Titanium with Phosphonic Acid to Improve Bone Bonding: Characterization by XPS and ToF-SIMS. Langmuir 2002, 18, 2582–2589.
[CrossRef]

31. Mani, G.; Chandrasekar, B.; Feldman, M.D.; Patel, D.; Agrawal, C.M. Interaction of endothelial cells with self-assembled
monolayers for potential use in drug-eluting coronary stents. J. Biomed. Mater. Res. B Appl. Biomater. 2009, 90, 789–801. [CrossRef]
[PubMed]



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 227 

 

 

APPENDIX 5.10. 

 

 
 

biology

Article

Assessment of the Tissue Response to Modification of the
Surface of Dental Implants with Carboxyethylphosphonic Acid
and Basic Fibroblastic Growth Factor Immobilization (Fgf-2):
An Experimental Study on Minipigs

Javier Aragoneses 1 , Ana Suárez 2,* , Nansi López-Valverde 3 , Francisco Martínez-Martínez 4

and Juan Manuel Aragoneses 5

!"#!$%&'(!
!"#$%&'

Citation: Aragoneses, J.; Suárez, A.;

López-Valverde, N.;

Martínez-Martínez, F.; Aragoneses,

J.M. Assessment of the Tissue

Response to Modification of the

Surface of Dental Implants with

Carboxyethylphosphonic Acid and

Basic Fibroblastic Growth Factor

Immobilization (Fgf-2): An

Experimental Study on Minipigs.

Biology 2021, 10, 358. https://

doi.org/10.3390/biology10050358

Academic Editors: Juan

Carlos Prados-Frutos and

María Prados-Privado

Received: 6 April 2021

Accepted: 22 April 2021

Published: 23 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Medicine and Medical Specialties, Faculty of Health Sciences, University of Alcalá,
28801 Madrid, Spain; javias511@gmail.com

2 Department of Preclinical Dentistry, School of Biomedical Sciences, Universidad Europea de Madrid,
Villaviciosa de Odón, 28670 Madrid, Spain

3 Department of Surgery, Instituto de Investigación Biomédica de Salamanca (IBSAL), University of Salamanca,
37007 Salamanca, Spain; nlovalher@usal.es

4 Orthopaedic and Trauma Service, Virgen de la Arrixaca University Hospital, El Palmar, 30120 Murcia, Spain;
fmtnez@gmail.com

5 Dean of The Faculty of Dentistry, Universidad Alfonso X El Sabio, 28691 Madrid, Spain;
jmaragoneses@gmail.com

* Correspondence: ana.suarez@universidadeuropea.es; Tel.: +34-654-691-012

Simple Summary: This study aimed to evaluate the efficacy of treating the surface of dental implants
with carboxyethylphosphonic acid for the immobilization of FGF-2, the influence of FGF-2 on cortical
bone in close contact with dental implants, new bone formation around dental implants in the
presence of FGF-2 and the influence of FGF-2 on the interthread bone area of dental implants during
the healing period after insertion.

Abstract: The aim of this study was to evaluate the effect of implant surface treatment with car-
boxyethylphosphonic acid and fibroblast growth factor 2 on the bone–implant interface during the
osseointegration period in vivo using an animal model. The present research was carried out in six
minipigs, in whose left tibia implants were inserted as follows: eight implants with a standard surface
treatment, for the control group, and eight implants with a surface treatment of carboxyethylphos-
phonic acid and immobilization of FGF-2, for the test group. At 4 weeks after the insertion of the
implants, the animals were sacrificed for the histomorphometric analysis of the samples. The means
of the results for the implant–bone contact variable (BIC) were 46.39 ± 17.49% for the test group and
34.00 ± 9.92% for the control group; the difference was not statistically significant. For the corrected
implant–bone contact variable (BICc), the mean value of the test group was 60.48 ± 18.11%, and that
for the control group, 43.08 ± 10.77%; the difference was statistically significant (p-value = 0.035).
The new bone formation (BV/TV) showed average results of 27.28 ± 3.88% for the test group and
26.63 ± 7.90% for the control group, meaning that the differences were not statistically significant
(p-value = 0.839). Regarding the bone density at the interthread level (BAI/TA), the mean value of the
test group was 32.27 ± 6.70%, and that of the control group was 32.91 ± 7.76%, with a p-value of 0.863,
while for the peri-implant density (BAP/TA), the mean value of the test group was 44.96 ± 7.55%,
and that for the control group was 44.80 ± 8.68%, without a significant difference between the groups.
The current research only found a significant difference for the bone–implant contact at the cortical
level; therefore, it could be considered that FGF-2 acts on the mineralization of bone tissue. The
application of carboxyethylphosphonic acid on the surface of implants can be considered a promising
alternative as a biomimetic coating for the immobilization of FGF-2. Despite no differences in the
new bone formation around the implants or in the interthread or peri-implant bone density being
detected, the biofunctionalization of the implant surface with FGF-2 accelerates the mineralization of
the bone–implant interface at the cortical level, thereby reducing the osseointegration period.

Biology 2021, 10, 358. https://doi.org/10.3390/biology10050358 https://www.mdpi.com/journal/biology



5. PUBLICATIONS   N. LÓPEZ-VALVERDE 

 228 

 
 

Biology 2021, 10, 358 2 of 16

Keywords: carboxyethylphosphonic acid; fibroblast growth factor; dental implants; minipigs

1. Introduction
The macroscopic and microscopic designs of dental implants are of great relevance.

The microscopic design (implant surface) is considered more important in the initial phases
of osseointegration and in initial loading, while the macroscopic design (implant design)
is more important in the mature phases of loading [1,2]. The design of a dental implant
is one of its main characteristics, since critical factors such as load distribution depend
on it and are intimately related to implant survival and the maintenance of long-term
osseointegration [3]. Other design parameters that affect the load distribution have also
been observed, such as the diameter (width, or smallest dimension of the implant) and the
length (length, or longest dimension of the implant) of the bone–implant interface, as well
as the depth, the shape and the thread pitch of the turn in threaded implants [4]. The surface
of a biomaterial is the only part that remains in contact with the biological environment;
therefore, it plays a crucial role in the biological response of bone tissue. Characteristics such
as the composition of the surface and its topography and roughness as well as its surface
energy affect the mechanical stability of the bone–implant interface and osseointegration
at the histological level [5,6]. The quality of the implant surface increases roughness
or develops microcavities that can favor the union of macromolecules on the implant
surface and bone and will determine the reaction of the bone tissue to the implantation
in the oral cavity [7]. The application of treatments on the surface of implants in order
to increase the roughness of said surface has been widely studied and has shown better
osseointegration in the short and medium term [8–10]. In addition, despite a success rate
of 95% in the short term, late implant failures are associated with peri-implantitis [11–13].
Surface bioactivation is a biochemical method of surface modification, whose objective is
based on the immobilization of proteins, enzymes or peptides that induce a specific cellular
response at the bone–implant interface. To modify this type of surface, organic components
are used, which are known to create a response in the bone and promote cell adhesion,
such as identification of the Arg-Gly-Asp (RGD) sequence, a mediator of cell binding with
plasma proteins and extracellular matrix proteins (fibronectin, vitronectin, type I collagen,
osteopontin or bone sialoproteins) [14–17]. The development of biocompatible layers that
attempt to mimic the adhesion of osteoblasts to obtain better and faster osseointegration is
an ongoing investigation. In recent years, different studies have been carried out aimed at
treating the surface of TiCP implants to achieve a rougher surface that allows the possibility
of anchoring bioactive substances that will improve the tissue integration of implants. One
of these techniques consists in treating the implant surface with carboxyethylphosphonic
acid. Carboxyethylphosphonic acid, also known as 3-phosphonopropionic acid (HO2C-
CR1H-CR2H-PO3H2), is characterized as a powerful corrosion inhibitor. Phosphonic acid
molecules can form stable bonds with passivated metal oxides, such as aluminum oxide
(Al2O3) or titanium oxide (TiO2), producing an organic monolayer on which modifications
could be made to improve cell adhesion and the biocompatibility of the surfaces of dental
implants [18]. Coating the surfaces of implants with bioactive molecules to change their
properties can positively modulate the biological response; covalently linked hyaluronan
dental implantation following interfacial interactions resulted in a satisfactory split-mouth
clinical outcome at 36 months in a follow-up study [19].

Following this line of research, this work proposes the binding of fibroblast growth
factors (FGF-2) on the surface of dental implants to improve bone–implant union and
the possibility of increasing its speed of osseointegration based on the ability of FGFs
to increase angiogenesis in vivo, therefore playing a crucial role in wound healing [20].
They have been shown to control the switch between adipocytes and the differentiation of
osteoblasts in the mesenchymal cells of the bone marrow stroma [21]. As has been shown
in recent studies, FGFs are proteins with osteoinductive properties, which are actively
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involved in osteoblastogenesis [20,22]. The present study is an experimental research work
on an ‘in vivo’ animal model, the purpose of which is to assess the bone tissue response in
the presence of two groups of implants (one group with standard surface treatment and the
other with a carboxyethylphosphonic acid surface treatment and immobilization of FGF-2).
For this purpose, the interthread and peri-implant bone density as well as bone–implant
contact and neoformation were evaluated histomorphometrically, which are parameters
studied to evaluate the behavior of new coatings.

2. Materials and Methods
2.1. Animal Models

This research was carried out on 6 minipigs of the Landrace breed (Subspecies: Sus
Scrofa Domestica), aged between 6 and 8 months and weighing between 20 and 25 kg,
from an experimental animal production farm (Distrizoo Animals SL, Madrid, Spain). This
experimental research in pigs was presented for Internal Regulations of the Ethics and
Animal Welfare Committee on 4 October 2012 and approved on 31 January 2013 by the
Ethics Committee in Animal Experimentation (CEEA) of the University Hospital Puerta
de Hierro Majadahonda (Madrid, Spain) and the Puerta de Hierro Majadahonda Research
Institute (IDIPHIM). Additionally, it followed the current international regulations on
experimental animals: Royal Decree 1201/2005 of October 10 (86/609/CEE and ETS 123)
on the protection of animals used in experimentation and for other scientific purposes,
as well as Council Directive 86/609/EEC of 24 November 1986 on the approximation of
the laws, regulations and administrative provisions of the Member States regarding the
protection of animals used in experimentation and other scientific purposes.

2.2. Implants and Surface Treatment
For this research, the surgical procedure was performed by the same oral surgeon, and

two study groups were created. A total of 16 dental implants of grade IV titanium, 4 mm
in diameter and 10 mm in length, with an internal conical connection of 11� (Surgimplant
IPX Galimplant®, Galimplant S.L.U., Sarria, Lugo, Galicia, Spain), were inserted. All the
surgeries were performed on the same day. The implants were divided into two groups:
the control group (SE), with a standard Company SLA surface treatment, and the test
group (SP), with a surface treatment of carboxyethylphosphonic acid and immobilization
of FGF-2.

For the surface treatment, the implants were subjected to an immersion process in a
mixture with 50 mL tetrahydrofuran (Uvasol®, Madrid, Spain) and 55 mg carboxyethylphos-
phonic acid. The immersion was maintained for 24 h at a temperature of 76 �C. After
finishing the immersion process, the implants were rinsed with deionized water, ther-
mal dryed, and submerged in a dilution consisting of 5 mL distilled water, 175 mL of
ethyl-3-(3-dimethylaminopropyl) carboxyamide, and 54 mg of N-hydroxysulfamide for
15 min at room temperature. Afterward, the implants were gently washed with deionized
water and included, individually, into 0.5 mL microcentrifuge tubes (Eppendorf Tubes®,
Eppendorf AG, Hamburg, Germany) in a prepared stock solution consisting of distilled
water and FGF-2 at a concentration of 8 µg/mL. The stability of the pH was checked
(pH 7) using a pH meter (MP230, Mettler Toledo®, Barcelona, Spain) and the implants were
incubated in the solution in an incubator at 37 �C for 1 h (Galaxy® 170, Eppendorf AG,
Hamburg, Germany).

After the chemical manipulation of the implants, they were introduced into ultrasonic
tanks to eliminate the impurities present on the implant surface packed in laminar flow
cabinets under a sterile atmosphere (without any type of microbial life or contaminant)
and sterilized by gamma radiation at a dose of 25 KGy. The implants were sealed under
the manufacturer’s guarantee of sterility (Galimplant®, Sarria, Lugo, Galicia, Spain). The
entire handling process was carried out in a sterile environment and field.

Before the surgical intervention, each implant was stored in a separate opaque enve-
lope. Then, each of the implants was introduced according to its type of surface in two
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large sachets to avoid mixing so that the 8 test implants would remain in one sachet and
the 8 control implants in another sachet. For the coding of the samples, letters were as-
signed to each envelope. The coordinator placed a label with the identifying letter (hidden)
on each envelope according to the surface treatment that it presented. Therefore, the 16
implants remained in two envelopes: an envelope with 8 control surface implants with the
identification letters SE, and an envelope with 8 test surface implants with the letters SP.

Each of the experimental animals used in this study had a dossier (C1, C2, C3, C4,
C5 and C6). Inside each of the dossiers, the implants were included; of the 6 dossiers, 4
housed an envelope with 3 implants from the same group, while in the other 2 dossiers
were envelopes with 2 implants from the same group of study chosen at random. Each of
the envelopes included in each dossier corresponded to the implants to be placed in the
left posterior tibia (TI) of each experimental animal.

Both the surface of the implants to be incorporated into each dossier, and the implants
and the positions in which they should be placed (Mesial ‘M’, Center ‘C’ and Distal ‘D’) in
the left tibia of each animal (Figure 1) were randomly assigned.

 

Figure 1. Mucoperiosteal detachment exposing the bone surface.

2.3. Surgical Intervention
In the 18 h before the intervention, the animals remained on a solid food fast, allowed

to consume water up to 6 h before starting the surgery, to guarantee the smallest possible
volume of gastric content and, thus, avoid possible complications during the procedure,
such as the regurgitation or aspiration of gastric contents.

Premedication was performed intramuscularly in the lateral part of the neck (at the
level of the trapezius and cleido-occipital muscles), using a 20 G needle (BD Microlance®,
Becton Dickinson, Franklin Lakes, NJ, USA) and a 5 mL syringe (BD Plastipak®, Becton
Dickinson, Franklin Lakes, NJ, USA). Concentrations used were as follows: ketamine
(Ketonal 50®, Richmond Vet Pharma, Buenos Aires, Argentina) at a dose of 5 mg/kg
and midazolan (Dormicum®, Roche S.A., Basilea, Switzerland), at a dose of 0.5 mg/kg.
Medetomidine (Medetor®, Virbac, Carros, France) was used at a dose of 0.2 mg/kg. Finally,
atropine (Atropina®, Pharmavet, Bogotá, Colombia) was used at a dose of 0.3 mg/kg.

Once sedated, the hind legs of the animal were immobilized to shave the area to be
treated (internal face of the left tibia of the hind limbs). When all the animals were prepared
for the intervention, a veterinarian (who had no knowledge about the trial) randomly chose
the order of surgery for the 6 pigs. To later differentiate them, a tattoo of Roman numerals
(I, II, III, IV, V, and VI) was made using Chinese ink on the right ear of each animal, with the
number I corresponding to pig 1 (Dossier 1), etc. For the induction of general anesthesia
and for endotracheal intubation, propofol (Diprivan®, AstraZeneca, Cambridge, UK) was
administered intravenously. The used doses of propofol were 2–6 mg/kg for induction
and 0.2–0.4 mg/kg/min for maintenance. The animals were connected to an automatic
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ventilator (Oxylog® 3000, Dräguer, Lübeck, Germany) as well as to a capnograph (Oxylog®

3000, Dräguer, Lübeck, Germany). In addition, throughout the surgical procedure, each
animal was monitored with an electrocardiogram evaluation (GradyVet ECG 1000, Grady
Medical Systems, Murrieta, CA, USA) and temperature control. Epidural anesthesia
was carried out with bupivacaine 0.75% (Bupinex®, Richmond Vet Pharma, Buenos Aires,
Argentina) at a dose of 4.5 mL/Kg and fentanyl (Fentanilo®, Kilab, Buenos Aires, Argentina)
at a dose of 0.005 mg/Kg. In addition, loco-regional anesthesia in the dermis of the area
to be intervened was used; an infiltrative technique was applied with 4% articaine and
adrenaline in a ratio of 1:100,000 (Ultracain®, Normon, Madrid, Spain). In each of the
posterior left tibiae of the pigs, 2 or 3 implants were placed. The surgical drilling protocol
that followed was the conventional osseointegrated implant placement recommended by
the manufacturer. An implant motor (Implantmed SI-923, W&H, Burmoos, Austria) was
used with a micromotor (AM-25 E RM, W&H) and a 20:1 reduction contra-angle (WS-75
LG, W&H) from the same brand, with external irrigation through a dispenser (Omnia®,
Fidenza, Italy) and physiological saline (Vitulia® 0.9%, Barcelona, Spain) (Figure 2). After
surgery, each animal was administered antibiotic coverage to avoid infection of the surgical
wound. The antibiotic used was amoxicillin (Clamoxyl®, Pfizer, New York, NY, USA) at a
dose of 1.5 g, prepared as a solution for injection intramuscularly for a period of 5 days. The
opioid used was buprenorphine (Buprex®, Quintiles, Danbury, CT, USA), administered
intramuscularly at a rate of 0.01–0.04 mg/kg, every 6–8 h. Four weeks after the implants
were placed, all animals were sacrificed.

 

Figure 2. Placement of the 3 implants in the tibia with a separation of 5 mm.

2.4. Sample Praparation
The samples were kept in 10% formalin for at least 15 days before studying them.

Subsequently, their processing was continued, following the protocol proposed by Donath
and Breuer in 1982 [23]. Plastic infiltration was carried out by mixing glycolmethacry-
late (Technovit 7200®, Heraus Kulzer, Werheim, Germany) and benzoyl peroxide (BPO®,
Heraus Kulzer, Werheim, Germany) with ethyl alcohol at different concentrations, with
two final infiltrations in pure glycolmethacrylate. These steps were carried out under
constant agitation with a reciprocating shaker (SM30, Edmund Bühler, Germany), as in the
dehydration process. For histological analysis, specimen preparations were photographed
using a 40⇥ digital camera (Stylus SP-820UZ, Olympus, Tokyo, Japan) employing a motor-
ized light microscope (BX51, Olympus, Tokyo, Japan). The photographs were combined
using a computer program (Cell Sens Dimensions, Olympus, Tokyo, Japan) to obtain
high-resolution images to evaluate the response of the bone tissue.

After treating the images for the histomorphometric analysis, the bone area was
quantified concerning the total tissue area of each sample using the same software (Cell
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Sens Dimensions, Olympus, Tokyo, Japan). The measurements made in this study for
analysis were based on the study by Kuchler et al. (2013) [24], as follows:
• Bone–implant contact (BIC): percentage of the implant surface in direct contact with

the bone (Figure 3).

 

Figure 3. Treatment of the images using the Adobe Photoshop CS3 program (San Jose, CA, USA) and
a digitizing tablet (Intuos 4 large, Wacom, Saitama, Japan).

• Corrected bone–implant contact (BICc): Defined as the length of bone in direct contact
with the implant surface concerning the partial perimeter of the implant—that is,
eliminating the implant portions not surrounded by bone in the coronal and apical
parts of the implant. In this way, implant sections surrounded by tissues other than
bone are discarded.

• New bone formation (BV/TV) (bone volume/total volume): Defined as the area of new
bone formed after dental implant placement, expressed as a percentage (%). Quantifies
the volume of mineralized bone and is generally located between the implant threads
and at a distance of up to 300 microns around the implant (peri-implant area).

• Interthread bone density (BAI/TA): Defined as the area of bone within the threads
of the implant divided by the total area of tissue within them. The final result is
multiplied by 100 and expressed as a percentage. In summary, this is the percentage
of bone within the interthread portion.

• Peri-implant bone density (BAP/TA): Defined as the bone surface that grows along
the length of the implant within the thread in relation to the total available space and
the amount of bone in relation to the total surface to a distance of 0.3 mm from the
implant. A rectangle, 5 mm long and 300 microns wide, is used in histomorphometry,
formed by a line that joins the peaks of the implant threads (parallel to the peak
implant thread). Therefore, the peri-implant bone is defined as the area of bone within
the rectangle divided by the total area of tissue within the same.

To obtain this measurement, the digitized images were treated using software (Adobe
Photoshop CS3, San Jose, CA, USA) and a digitizing tablet (Intuos 4 large, Wacom, Saitama,
Japan), whereby the bone surrounding the implants was marked in yellow in the digitized
images. Once the images were processed, the bone area was quantified in relation to the
total tissue area of each sample using software (Cell Sens Dimensions, Olympus, Japan)

2.5. Statistical Analysis
The statistical analysis of this research was carried out in two different phases:
Descriptive statistics: The usual descriptive statistics were calculated for each variable,

which included the arithmetic average, median, typical deviation, variance, range and
typical error. The arithmetic mean values were expressed through a confidence interval
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(95%), in which the lower and upper values of the said interval were recorded. In the
descriptive study, comparative graphs of boxes and bars were attached for each of the
variables involved in the study to be able to visualize, in an approximate way, what, in the
second phase, was calculated as an inferential study.

Inferential statistics: A significance level of 5% (↵ = 0.05) was used. The data for each
implant, including the bone–implant contact (BIC), corrected bone–implant contact (BICc),
new bone formation (BV/TV), interthread bone density (BAI/TA) and peri-implant bone
density (BAP/TA), were statistically analyzed by subjecting the variables to tests to detect
the associated probability distributions.

Two test methods were applied to detect whether the datasets followed normal
probability distributions:

A: Kolmogorov–Smirnov and Shapiro–Wilk tests to contrast the hypothesis of the
normality of the population scores.

B: Q–Q normality graphs, in which each observed value was paired with its expected
value, the latter coming from a normal distribution.

In the assumption of detection of normality in the sample distribution, the means
were compared using the t-test for two independent variables or the one-way ANOVA
procedure. To interpret the results of the comparisons quantitatively, a p-value of 0.05 was
established, and the confidence interval for the difference of means was used.

3. Results
3.1. Histomorphometric Analysis of the Samples
3.1.1. Control Group

The histological analysis under the light microscope of the longitudinal sections of
the samples obtained in the control group (standard surface) revealed the formation of
new bone tissue in contact with the implant in the valley and implant thread regions.
Additionally, contact between the bone and the implant was observed without signs of
interposition of fibrous tissue, with interrupted medullary spaces at the bone–implant
interface (Figure 4)

 

Figure 4. Histological section of an implant from the control group (magnification ⇥ 4).

3.1.2. Test Group
The histological analysis under the light microscope of the longitudinal sections of

the samples obtained in the test group revealed the formation of new compact bone tissue.
Furthermore, intimate contact between the bone and the implant was observed without
signs of fibrous tissue formation, with interrupted medullary spaces at the bone–implant
interface (Figure 5). After treating the images for the histomorphometric analysis, the bone
area was quantified for the total area of tissue of each sample. For the evaluation of the
percentage of bone–implant contact (BIC) or bone integration, new bone formation and
bone density, as well as to obtain homogeneous measurements, a 5-mm wide working
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frame was established on the implant, with one of the sides superimposed on the implant
shoulder, excluding the medullary regions in proximity to the cortical bone. A color code
was also established for the identification of the different tissues (gray: implant; yellow:
new bone; pink: native bone). These measurements were made using the same computer
program (Cell Sens Dimensions, Olympus, Tokyo, Japan) and the same digitizing tablet
(Intuos 4 large, Wacom, Saitama, Japan) that were previously used for the analysis of
the photographs.

 

Figure 5. Histological section of an implant from the test group (magnification ⇥ 4).

3.2. Descriptive Statistics
The Kolmogorov–Smirnov and Shapiro–Wilk tests showed that the data fit a normal

probability distribution model. Table 1 shows a summary of the BIC variable results in the
test and control groups.

Table 1. Representation of the results obtained for the BIC variable of the test and control groups.

Implant (Test
Group)

Bone-Implant
Contact (BIC)

Implant (Control
Group)

Bone-Implant
Contact (BIC)

C2TIMSP1 23.69% C1TIMSE1 21.91%
C2TIDSP2 28.15% C1TICSE1 27.02%
C4TIMSP3 42.60% C1TIDSE3 23.55%
C4TICSP4 58.38% C3TIMSE4 28.82%
C4TIDSP5 29.21% C3TIDSE5 37.53%
C6TIMSP6 61.36% C5TIMSE6 46.47%
C6TICSP7 65.34% C5TICSE7 40.60%
C6TIDSP8 62.39% C5TIDSE8 46.11%

Figure 6 shows a box diagram corresponding to the variable BIC. The central line of
each box expresses the value of the median (test value: 50.49%; control value: 33.18%).
The mean ± standard deviation in the test group (46.39% ± 17.49%) is higher than that
in the control group (34% ± 9.92%). From the data analysis, it can be concluded that no
statistically significant differences were found for the BIC variable between the test group
and the control group.
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Figure 6. Box diagram corresponding to the BIC variable.

Table 2 shows a summary of the BICc variable results in the test and control groups.

Table 2. Representation of the results obtained for the BICc variable of the test and control groups.

Implant (Test
Group)

Corrected
Bone-Implant
Contact (BICC)

Implant (Control
Group)

Corrected
Bone-Implant
Contact (BICC)

C2TIMSP1 39.56% C1TIMSE1 24.81%
C2TIDSP2 42.74% C1TICSE2 40.94%
C4TIMSP3 57.85% C1TIDSE3 37.46%
C4TICSP4 73.91% C3TIMSE4 34.42%
C4TIDSP5 38.87% C3TIDSE5 45.31%
C6TIMSP6 76.38% C5TIMSE6 51.39%
C6TICSP7 71.15% C5TICSE7 54.97%
C6TIDSP8 83.36% C5TIDSE8 55.37%

Figure 7 shows a box plot corresponding to the variable BICc. It can be seen how the
values of the test group are generally higher than the values of the control group. The
central line of each box expresses the value of the median (test value: 64.50%; control
value: 43.13%). The average values are higher in the test group. The mean ± standard
deviation in the test group (60.48% ± 18.11%) is higher than that in the control group
(43.08% ± 10.77%). After analyzing the data, it can be concluded that there were statistically
significant differences for the BICc variable between both groups.

Table 3 shows a summary of the of the BV/TV variable in the test and control groups.
Figure 8 shows a box plot corresponding to the BV/TV variable. The central line of

each box expresses the value of the median (test value: 27.22%; control value: 25.64%).
The mean in the test group (27.28% ± 3.88%) is slightly higher than that in the control
group (26.63% ± 7.90%). After analyzing the data, it can be concluded that there were no
statistically significant differences for the BV/TV variable between both groups.
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Figure 7. Box diagram corresponding to the BICc variable.

Table 3. Representation of the results obtained for the BV/TV variable of the test and control groups.

Implant (Test
Group)

New Bone
Formation (BV/TV)

Implant (Control
Group)

New Bone
Formation (BV/TV)

C2TIMSP1 27.37% C1TIMSE1 26.79%
C2TIDSP2 28.58% C1TICSE1 20.71%
C4TIMSP3 33.03% C1TIDSE3 24.48%
C4TICSP4 22.16% C3TIMSE4 16.38%
C4TIDSP5 27.07% C3TIDSE5 40.22%
C6TIMSP6 22.28% C5TIMSE6 33.38%
C6TICSP7 31.55% C5TICSE7 31.03%
C6TIDSP8 26.18% C5TIDSE8 20.08%

 
Figure 8. Box plot corresponding to the BV/TV variable.
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Table 4 shows a summary of the of the BAI/TA variable in the test and control groups.

Table 4. Results obtained for the variable BAI/TA of the test and control groups.

Implant (Test
Group)

Interthread Bone
(BAI/TA)

Implant (Control
Group)

Interthread Bone
(BAI/TA)

C2TIMSP1 19.14% C1TIMSE1 39.15%
C2TIDSP2 26.44% C1TICSE1 27.72%
C4TIMSP3 38.39% C1TIDSE3 24.14%
C4TICSP4 35.88% C3TIMSE4 22.52%
C4TIDSP5 37.16% C3TIDSE5 36.22%
C6TIMSP6 37.35% C5TIMSE6 45.28%
C6TICSP7 29.93% C5TICSE7 35.59%
C6TIDSP8 33.87% C5TIDSE8 32.64%

Figure 9 shows a box plot corresponding to the variable BAI/TA. The central line of
each box expresses the value of the median (test value: 34.88%; control value: 34.12%).
The mean in the test group (32.27% ± 6.70%) is slightly higher than that in the control
group (32.91% ± 7.76%). After analyzing the data, it can be concluded that there were no
statistically significant differences for the variable BAI/TA between the test group (FGF
surface) and the control group (standard surface).

Figure 9. Box plot corresponding to the variable BAI/TA.

4. Discussion
The objective of these investigations was to promote the osseointegration mechanism

with the formation of bone tissue more quickly and in a greater quantity, the purpose
of which is to confer greater stability during the healing process, which also allows for
the quicker loading of the implant [25,26]. No studies have been found in the scientific
literature evaluating the application of carboxyethylphosphonic acid on the surface of
implants with the immobilization of basic fibroblast growth factors in a stimulation of
the osseointegration of dental implants in vivo. In the present study, it was possible to
immobilize FGF-2 molecules through a covalent bond on the surface of a dental implant
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previously treated with carboxyethylphosphonic acid. The immobilization of FGF-2 is
intended to accelerate the repair process by activating the synthesis of bone-forming
cells, a process known as osteoinduction. For this reason, the immobilization of FGF-
2 on the surface of dental implants plays an important role in the formation and early
development of bone, since its signaling regulates the expression of several genes related
to the formation of bone tissue and is involved in the proliferation and differentiation
of osteogenic cells [27]. Similar results were obtained by Mamalis et al. [28] in their
in vitro study. They chemically modified the rough surface of implants, discovering an
upregulation of osteoblastic differentiation and the suppression of osteoclastogenesis
regulating the RANKL/RANK/OPG transcriptional axis. Fibroblastic growth factors are
pleiotropic growth factors; that is, they intervene in a multitude of biological processes,
such as the regulation of cell proliferation, migration, adhesion and differentiation of
different tissues, such as epithelial tissue, soft connective tissue, nervous tissue and bone
tissue [17,29–31]. As previously described, FGF generally stimulates cell proliferation [32],
while melatonin is capable of promoting cell differentiation and the mineralization of bone
tissue [33–35]. To examine the effect of FGF-2 on osseointegration, the authors determined
the length of BIC in the measurement regions (zone A, zone B, zone C and zone D). The
results obtained in the control group were very low values in zone D at both 4 and 8 weeks.
This suggests that the contact seemed to come from the area of the existing bone (zone
A) to the side closest to the implant (zone D), where the contact is acquired more slowly.
In the test group, the total contact length (all zones) was significantly greater than that in
the control group at 4 and 8 weeks. It was observed that the contact with area D (the area
closest to the implant) was greater than that in the control group. This may be due to the
fact that FGF-2 stimulates the production of osteogenic cells at this level, thus favoring
contact osteogenesis. There is a great difference in the result of the BIC variable analyzed
by these authors (test: 88.02%; control: 76.37%) with respect to those obtained in the study
of this thesis (test: 46.39%; control: 34.00%). It is likely that this large difference is due to
the healing time of the implants, since in the present study, the sacrifice of the animals
occurred at 4 weeks, while in Carr’s study [36], it was performed at 3 months. In the
present investigation, there was only reference to bone healing one month after implant
placement; therefore, it could only be assessed at a point in time of bone tissue healing, but
the course of healing could not be observed. Therefore, it would be interesting to assess
the trend adopted by the two study groups at 2 and 8 weeks. In evaluating the effect of
FGF-2 on the surface of the implants in the test group, it could be the case that, at 2 weeks,
there was an osteoclastic stimulus that was neutralized at 3–4 weeks with the formation of
new bone, equalizing, at 8 weeks, the BIC with the control group, or that just the opposite
occurred—that, at 2 weeks, a powerful osteoblastic stimulus was produced with a very
intense bone formation that, over time (4 weeks), was neutralized and lost more and more
efficiency (8 weeks). In summary, as observed in these studies, bone remodeling occurs
earlier in trabecular bone (7 days) than in cortical bone (28 days), which, in turn, leads to
faster peri-implant regeneration in trabecular bone, but it should not be forgotten that the
cortical tissue, being less porous and having a higher density, provides greater fixation
to the implant [36,37]. With the idea of this premise, in the present study, the contact
between the implant surface and the cortical bone was evaluated to verify whether the
surface treatment used in the present investigation influences the mineralized tissue in the
induction of greater integration. For this, only the mineralization of the cortical tissue was
considered, and not the trabecular one. Therefore, in observing the statistically significant
data obtained for the BICc parameter in the test group compared to the control of the
present study, it can be considered that FGF-2 has a positive effect on the stimulation of
the mineralization of cortical bone. Okakazi’s study [38] already showed that, at 2 weeks
and at 5 weeks, the bone mineral content was double that in a normal bone remodeling
process. No studies have been found in the scientific literature that evaluate the effect
of fibroblast growth factors for the study of the BICc parameter; therefore, the results of
this study cannot be contrasted with other previous investigations. In summary of these
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observations, it could be considered that bone formation occurs within the first 4 weeks,
a period coinciding with the healing period of the implants in the investigation of the
present study. It was also observed in the study by Simion et al. [39] that, after 30 days,
new bone formation is reduced, and this new bone is replaced by lamellar bone, which
becomes much more evident at 90 days. Therefore, for the current research, it is assumed
that the advantage of applying FGF-2 on the surface of the implants lies in its effects
on osteogenesis, since it presents a proliferative effect on osteoblasts and improves bone
production by increasing the number of cells available to synthesize collagen [40]. The
idea was to create an implant surface that provides better conditions for the attachment of
osteoprogenitor cells to improve bone formation around the implant. Furthermore, in the
present study, with the modification of the surface of the implants of the test group through
the application of carboxyethylphosphonic acid and the immobilization of FGF-2, we
intended to obtain contact osteogenesis. In general, contact osteogenesis forms bone tissue
at a 30% faster rate than distant osteogenesis does [41]. In the present investigation, BV/TV
is defined as the area of new bone formed after dental implant placement, expressed as
a percentage (%). It quantifies the volume of mineralized bone and is generally located
between the implant threads and at a distance of up to 300 microns around the implant
(peri-implant area). The results obtained by Keiichi et al. [42] at 12 weeks with FGF
(28.7 ± 5.5%) are similar to those found in this study at 4 weeks (27.28 ± 3.88%); if the
animal model (rats vs. pigs) is also compared, rats show a faster bone metabolism than
pigs do. Therefore, with these data, it can be concluded that, in the current study, no
statistically significant differences were found between the two groups (test vs. control),
and a longer healing period may be necessary. In the present investigation, we tried
to histomorphometrically evaluate the bone density and both the interthread (BAI/TA)
and the peri-implant (BAP/TA) area of a new surface coating with the application of
carboxyethylphosphonic acid and the immobilization of FGF in the dental implants. It
has been observed, when reviewing several studies [36,39–44], that when evaluating the
integration of dental implants with a new surface treatment, the most analyzed variable
is BV/TV as a volume of interest of the bone surrounding the bone implant; that is, most
authors assess density based on the BV/TV parameter without performing interthread
(BAI/TA) and peri-implant (BAP/TA) bone density measurements. Using the same study
model to evaluate interthread bone density, Muñoz et al. [44], in 2012, investigated whether
the application of melatonin and growth hormone influenced the osseointegration of dental
implants. The variations between humans and other animal species are evident, as well as
the location in which dental implants are inserted and the state of the host tissue, since they
are seldom considered in a rational way. Therefore, it is of great importance to develop and
select suitable experimental models at all levels. For this research, minipigs were selected,
since before developing a clinical trial in humans, it is necessary to test it in animals, and the
model recommended is usually these pigs due to their similarity in bone structure [44]. It is
considered that this species can represent human bone tissue with respect to morphology,
composition [45] and microstructure [46] as well as its remodeling [47] and mineral density
characteristics [48]. However, the trabecular bone tissue of minipigs is denser than that
of human bone, since the areolar cavities that make up the network of bone lamellae and
where the bone marrow is housed in a human adult are 1200 µm long, while those in
minipigs are 350 µm long [49]. Nevertheless, their bone regeneration rate is comparable to
that of humans (1.2–1.5 mm/day in minipigs vs. 1.0–1.5 mm/day in humans) [50], as is the
rate of cortical bone mineralization, which is very similar between both species [51]. Even
so, the present model also has a series of limitations, such as the fact that mesenchymal stem
cells from minipigs have shown a significantly lower capacity to form differentiated and
functional osteoblasts than those in humans [52]. Furthermore, there is a difference in the
implantation site, since the mandibular or maxillary bone of humans is different in terms
of structure and embryonic origin to the tibia of minipigs. However, it is considered that
this animal model is suitable for this type of study, in which a fibroblast growth factor was
immobilized on the surface of implants previously treated with carboxyethylphosphonic
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acid. It has been considered an important factor in research to evaluate the variations in
biological reactions to growth factors in this species, which offers sufficient bone tissue for
the placement of implants of a suitable size for use in humans. The choice of this 4-week
healing period in minipigs was based on the study of Fuerst et al. in 2003, since, according
to their results, a healing period of one month is sufficient to observe bone formation
around dental implants treated with PDGF; furthermore, there was a significant increase
in BIC and, therefore, in the mineralization of the interface of the bone on the implant
surface [53]. However, the fact that no statistically significant differences were observed in
the BIC parameter, in the densities or in the new bone formation in this study may be due
to the insufficient healing period for the implants.

5. Conclusions
The application of carboxyethylphosphonic acid on the surface of implants can be

considered a promising alternative as a biomimetic coating for the immobilization of FGF-2.
In the pig model, the biofunctionalization with FGF-2 of the implant surface accelerated the
mineralization of the bone–implant interface to a cortical level, thus reducing the period of
osseointegration.
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Acid-Modified Implants. Experimental
Study in a Minipig Model
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Currently, dental implants have become a common and reliable treatment for restoring
masticatory function in edentulous patients. Their surface topography is of great
importance for the adhesion and remodeling of bone cells, both in the initial phases
and over time, and different strategies have been proposed to improve the biological
performance of conventional sandblasted, large-grit, acid-etched implant surfaces.
Corrosion has been identified as one of the causes of implant failure due to contact
with oral fluids. Carboxyethylphosphonic acid is a potent anticorrosive that would form
stable bonds with titanium oxide, generating an organic layer on which modifications could
be made to improve cell adhesion. Osteopontin is considered a molecule capable of
improving the osseointegration of titanium. Our study evaluated the osseointegration
capacity of titanium implants modified with carboxyethylphosphonic acid and
functionalized with osteopontin in a minipig model. A total of 16 implants were inserted
in the tibial diaphysis of two minipigs, 8 implants modified with carboxyethylphosphonic
acid and functionalized with osteopontin from the experimental group and 8 from the
control group with sandblasted, large-grit, acid-etched surface treatment. After 4 weeks,
the animals were sacrificed and the samples were analyzed by histomorphometric
analysis, assessing bone-implant contact, cortical bone-implant contact, percentage of
new bone, peri-implant bone density and interthread bone area interthread. Statistical
analysis was performed using SPSS v.18. Statistical significance was found between
groups for the percentage of new bone (p = 0.04) and for interthread bone area interthread
(p = 0.01). Functionalization of titanium surfaces by osteopontin may be of interest for
conditioning bone remodeling in the early stages of osseointegration, althoughmore in vivo
studies are needed to determine its real influence in this aspect.
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INTRODUCTION

Dental implants represent, nowadays, a reliable treatment for the
rehabilitation of masticatory and esthetic function in totally or
partially edentulous patients.

There are currently more than 1,300 different implant systems in
terms of dimensions, design, thread, implant-abutment connections,
surface topography and chemistry, wettability and surface
modification (Junker et al., 2009). Surface topography, wettability
and coatings contribute to the biological processes during
osseointegration, as they are in close relationship with host
osteoblasts during the osseointegration process (Smeets et al., 2016).

Despite the high long-term survival rate of dental implants,
there is a low failure rate (1%), due to insufficient osseointegration
during the first months of implant placement, although this rate is
increased (5%) throughout implant survival, due to peri-
implantitis (Chrcanovic et al., 2014; Smeets et al., 2014).

During implant osseointegration, in the contact osteogenesis
phase, osteoblasts migrate towards the implant surface,
differentiating and leading to the formation of new bone
(Junker et al., 2009; Yuan et al., 2018).

The surface topography of dental implants is of great importance
for adhesion, differentiation and bone remodeling, both during the
initial phase of osseointegration and in the long term (Pellegrini et al.,
2018). It is now considered that implant topography together with
adequate implant bed preparation are the fundamental basis for
clinical success (Le Guéhennec et al., 2007; Coelho et al., 2015; Ogle,
2015; Ren et al., 2021). Titanium (Ti) implants with a Sandblasted,
Large-grit, Acid-etched (SLA) surface show superior bone-to-implant
contact (50–60%) compared to other surface modifications, and the
suitability of this type of surface in terms of overall osteogenic
performance has been demonstrated in vivo (Mendonça et al.,
2008; Zhang et al., 2020); however, there are techniques aimed at
depositing hydroxyapatite and fluorapatite on the surface of Ti, which
use a coating and blasting method at room temperature (CoBlast)
that have reported excellent in vitro results (Dunne et al., 2015). In
order to improve the biological performance of implant surfaces,
biochemical and/or biophysical signals can be introduced by
mechanical, physical or chemical methods (Mendonça et al., 2008;
Dunne et al., 2015). Current research considers that the most
representative hierarchical Ti surface is the SLA surface, which
consists of micrometer-scale (20–40 μm) concavities produced by
large-grain sandblasting and smaller submicrometer-scale (0.5–3 μm)
concavities produced by acid etching. This type of surface has been
shown to promote osseointegration and achieve satisfactory clinical
results (Zhao et al., 2007).

Saliva contact corrosion has been pointed out as one of the
failure mechanisms in dental implants (Corne et al., 2019),
despite the fact that Titanium-Aluminum-Vanadium (Ti-
6Al4V) alloys, nowadays employed in dental implantology,
present additional advantages in terms of corrosion resistance,
such as rupture potential, corrosion rate, pitting degradation and
crevice corrosion (Klekotka et al., 2020).
Carboxyethylphosphonic acid, (HO2C-CR1H-CR2H-PO3H2)
(CEPA), is characterized as a potent corrosion inhibitor.
CEPA molecules can form stable bonds with passivated metal
oxides, such as aluminum oxide (Al2O3) or Ti oxide (TiO2),

producing an organic monolayer on which modifications could
be made to improve cell adhesion and biocompatibility of dental
implant surfaces (Aresti et al., 2021).

Surface bioactivation, on the other hand, is a biochemical
method of surface modification based on the immobilization of
proteins, enzymes or peptides that induce a specific cellular
response at the bone-implant interface. Coating implant
surfaces with bioactive molecules can modulate the biological
response (Meng et al., 2016).

It has been shown that certain adhesion molecules, such as
fibronectin, hyaluronic acid and osteopontin (OPN), are able to
enhance osseointegration of Ti surfaces in vitro; moreover, OPN,
from the extracellular matrix, would play an important role as a
mediator in bone cell adhesion and bone mineralization (Icer and
Gezmen-Karadag, 2018).

Therefore, the purpose of this research was to evaluate
whether the application of OPN on CEPA-modified Ti
implants would improve the osseointegration of dental
implants by histomorphometric study of five parameters:
bone-to-implant contact (BIC), cortical bone-to-implant
contact (BICc), bone volume/total volume BV/TV, bone
density inside the implant threads (BDIT) and perimplant
bone density PBD, in comparison with implants with
conventional surface treatment (SLA-type).

MATERIAL AND METHODS

Animal Model
The research was carried out on 2 Landrace (large white) minipigs,
18–2 weeks old at the beginning of the research and weighing
between 20 and 25 kg (Distrizoo Animals SL, Madrid, Spain) and
was approved by the Ethical Committee for Animal Experimentation
of the Hospital Universitario Puerta de Hierro Majadahonda,
Madrid, Spain, on 31 January 2013, Code CEEA: 017/2013.

Groups
Two groups were created: experimental group (G1) of implants
modified with carboxyethylphosphonic acid and functionalized
with OPN and control group (G2), with SLA surface treatment. A
total of 16 implants were inserted (8 implants for each group). All G1
implants were inserted in the left tibiae and all G2 implants were
inserted in the right tibiae. The randomization was carried out so that
the operator was unaware of the difference between the experimental
and control groups and thus did not affect their placement.

Implants and Surface Treatment
Self-tapping conical implants of Ti alloy grade 5 (Titanium 90%,
Aluminum 6% and Vanadium 4%) of 4 mm in diameter and
10 mm in length, with internal conical connection (Galimplant®,
Sarria, Lugo, Galicia, Spain) were used. The surface treatment
using carboxyethylphosphonic acid was described in a previous
investigation (Aragoneses et al., 2021). The OPN incubation
procedure, at a dose of 0.06 μg per implant (Osteopontin
human recombinant, expressed in HEX 293 Cells. Sigma-
Aldrich Laboratory), was performed once the necessary
carboxyl groups had been activated so that they were able to
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react with the amino groups of the protein (Figure 1).
Sterilization was performed by gamma radiation at a dose of
25 KGy. The implants were sealed under the manufacturer’s
quality guarantee (Galimplant®, Sarria, Lugo, Galicia, Spain).
The entire handling process was performed in a sterile
environment and field. This sterilization method was preferred
for the experimental group to avoid sterilization biases with the
control group. Other methods, such as ethylene oxide, in addition
to leaving residues detrimental to health, could damage the
molecular structure of the coating and its susceptibility to
degradation, although the effects of sterilization on the
stability of the molecular structure and the mechanical
properties of the coating itself are unclear. Some in vitro
studies have shown that the early stages of mineralization are
essentially independent of the sterilization method (Ueno et al.,
2012; Türker et al., 2014).

Surgery
The surgical procedure was performed on the same day and by a
single oral surgeon.During the 18 h prior to surgery, the animalswere
fasted from solid food, with free access to water consumption until
6 h before the start of surgery, to ensure the smallest possible volume
of gastric contents and to avoid possible complications during the
procedure, such as regurgitation of gastric contents. Premedication
was performed intramuscularly in the lateral part of the neck (at the
level of the trapezius and cleido-occipital muscles), using a
combination of medetomidine at a dose of 0.01mg/kg and
ketamine (Ketolar®, Pfizer SL, Madrid, Spain) at a dose of
5 mg/kg, plus midazolam (Dormicum®, Roche SA., Basel,
Switzerland) at a dose of 0.2 mg/kg and atropine (atropine Braun®
BRAUN MEDICAL, SA Jaen, Spain) at a dose of 0.02mg/kg. For
anesthetic induction and endotracheal intubation, propofol
(Diprivan®, AstraZeneca, Cambridge,United Kingdom) was
administered intravenously. Once endotracheal intubation was

performed, an adequate anesthetic plane was maintained with
propofol at a dose of 0.2–0.4mg/kg/min. During the entire
surgical procedure, the animal was monitored by means of
electrocardiogram evaluation, capnography and temperature
control; in addition, mechanical ventilation was established.
Subsequently, epidural anesthesia was performed with bupivacaine
(Bupivacaina®, Braun Medical, SA, Barcelona, Spain) and fentanyl
(Fentanest®, Barcelona, Spain); in addition, local anesthesia was used
infiltrated in the dermis where the incision would be made to access
the tibia, in order to control hemorrhage through the vasoconstrictor
of the anesthetic, in addition to enhance anesthesia and prevent
animal suffering (Articaine 4% and adrenaline 1:100.000, Ultracain®,
Normon, Madrid, Spain).

The location chosen in the tibia to insert the implants was the
medial aspect of the diaphysis, away from the path of large blood
vessels. The site chosen was away from the joints and muscle
insertions. This ensured proper mobility and health of the animals
from the time of surgery until the date of euthanasia. An Implantmed
W&H® implant motor and a 20:1 contra-angle reducer (W&HWI-
75E/KM) were used, with the surgical specifications indicated by the
surgical sequence protocol for performing the osteotomy. The drilling
of the bone beds was cooled with cold physiological serum (Vitulia
Sol® Physiological Serum. 0.9%, ERN SA, Barcelona, Spain). Once the
4 osteotomies were performed in the tibia of the pig’s leg, 4 implants
(10mm length x 4mmØ) were placed in each of the chosen tibias of
the animal. Prior to implant insertion, a 4.1 mmØ thread former was
used on the bone cortex to prevent the insertion force from acting
negatively on the coating. The implants in the left tibiaewere from the
experimental group (G1) and those in the right tibiae from the
control group (G2). The suture was made by planes, the deepest one,
using fast resorbable polyglactin of 5/0 thickness (VICRYL®, Johnson
and Johnson SA, Madrid, Spain) and dermis and epidermis using
non-resorbable braided silk of 3/0 thickness (Laboratorios Aragó,
Barcelona, Spain) (Figure 2). After surgery, each animal was given

FIGURE 1 | Activation of the carboxyl groups and immobilization of the protein between the carboxyl group and the protein amine. EDC (Ethyl-3-[3-
dimethylaminopropyl] carboxyamide). NHS (N-hydroxysulfamide).
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antibiotic coverage to prevent surgical wound infection with
amoxicillin (Clamoxyl®, Pfizer, New York, NY, United States) at a
dose of 1.5 g, prepared as an injectable solution, intramuscularly for
5 days. The opioid analgesic used was intramuscular buprenorphine
at a rate of 0.01–0.04mg/kg, every 6–8 h (Buprex®, Quintiles,
Danbury, CT, United States).

Preparation and Analysis of the Samples
Four weeks after implant placement, all the animals were sacrificed.
The tibiae were extracted and kept in 10% formalin for at least 15 days
before study. Subsequently, they were further processed following the
protocol proposed byDonath andBreuer (Donath and Breuner, 1982).
All samples and specimens were radiographed using a Schick
Tecnologies® (Long Island City, NY 11101, United States) digital
X-ray device. The cut and dehydrated specimens were embedded in
methacrylate (Technovit 7,200®, VLC-Heraus Kulzer GMBH,
Werheim, Germany). All samples with polished and treated surface
were subjected to a staining process with the method of Lévai Laczkó
(Jenö and Géza, 1975) for subsequent microscopic analysis.

An optical microscope (BX51, Olympus Corporation, Japan)
connected to a camera and digital image analysis equipment
(DP71, Cell-Sens Dimension 1.5, Olympus Corporation, Japan)
was used for histomorphometric analysis of the samples. The

stained samples were photographed with the digital camera at 40x
magnification. The digitized images were processed at high
resolution with the Cell Sens Dimensions computer system,
Olympus, Japan. The digitized images were processed using
software (Adobe Photoshop CS3, San Jose, CA, United States)
and a digitizer tablet (Intuos 4 large, Wacom, Saitama, Japan).

The analysis of the measurements was performed according to
the studies of Nkenke et al. and Kuchler et al. (Nkenke et al., 2005;
Kuchler et al., 2013) with the following measurement protocol:

- Bone-to-implant contact (BIC).
- Bone-implant cortical contact (BICc).
- Percentage of new bone (BV/TV).
- Peri-implant bone density (Peri-implant Bone Area, Tissue
Area, PBA/TA) and interthread bone density (Interthread
Bone Area, Tissue Area, IBA/TA).

To generate homogeneous measurements, a 5 × 5mm square
around the coronal portion of the implants was assumed as the
working area. The BIC was defined as the amount of implant
perimeter surface in direct contact with the bone tissue; the bone
density inside the threads (IBA/TA) was defined as the area of bone
grown inside the threads, in relation to the total interthread space

FIGURE 2 | Surgery.
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available; perimplant bone density (PBA/TA) was defined as the
amount of bone generated in relation to the total implant surface at a
distance of 0.3 mm from the implant and the percentage of new bone
(BV/TV) was defined as the new bone present inside the threads, up
to a distance of 0.3 mm away from the implant (Figure 3).

Statistical Analysis
The SPSS v.18 program was used. IBM (Chicago: SPSS Inc.
United States). The statistical analysis was carried out in two
distinct phases: the first using descriptive statistics to calculate the
arithmetic mean, median, standard deviation, variance, range and
standard error, expressing the values using a 95% confidence interval;
the second, using inferential statistics with a significance level of p <
0.05. Heterogeneity was calculated using the Kolmogorov-Smirnov
test, Shapiro-Wilk test and Q-Q normality plots.

RESULTS

Statistical Results
Using a 95% confidence interval, with a significance level <0.05,
statistical significance was found between G1 and G2 for BV/TV
(p = 0.04) and IBA/TA (p = 0.01); for BIC, BICc and PBA/TA the
differences between groups were not significant (Table 1).

Figures 4, 5 show boxplots and Q-Q (quantile-quantile) plots
for BV-TV and IBA/TA for the experimental and control groups,
respectively. The graph in Figure 6 shows the difference in means
between the experimental and control groups.

Histomorphometric Analysis
Histological analysis by light microscopy of longitudinal sections
of the specimens revealed bone-to-implant contact with

interrupted medullary spaces at the bone-to-implant interface.
No signs of fibrous tissue formation were found. Figure 7 shows a
total of 32 frames (16 for each experimental animal, 8 for each
tibia). The first image of each frame shows the longitudinal
section of the specimen before being processed by the software
for data extraction. The second image of each frame shows the
implants in gray color, in order to distinguish, by means of the
software, the areas of old bone (in pink color), the areas of new
bone (in yellow color) and the areas of soft tissue (in white color)
(Figure 7). The highest values for BIC and BICc were obtained in
the implants placed closer to the abdomen, in the right and left
tibiae of G2 (46.47 and 63.83% respectively). The highest values
for BV/TV and IBA/TA were obtained in the implants placed
closer to the abdomen in the left tibiae of G1 (45.28 and 52.11%
respectively).

DISCUSSION

The objective of our research was to determine the effect on
osseointegration and early bone tissue formation of CEPA-
treated and OPN-functionalized Ti implant surfaces
compared to conventional etched surface implants in a
minipig model.

The use of phosphonic acids for the purpose of bonding
specific molecules, or simply to modify the microscopic
properties of the implant surface, has been extensively studied.
Esposito et al. (Esposito et al., 2013) evaluated, by means of a
randomized clinical study, the clinical efficacy of a surface
treatment of Ti dental implants using a monolayer of
permanently bonded multiphosphonic acid molecules,
mimicking the surface of natural hydroxyapatite, obtaining no

FIGURE 3 | Image processing with Adobe Photoshop CS3 (San Jose, CA, United States). (A), Area of interest; (B) and (C), areas of new bone and
interrosseous bone.

TABLE 1 | Mean, standard deviation and p value in the groups for the different parameters.

Group BIC BICc BV/TV IBA/TA PBA/TA

G1 19 ± 47.81 24.81 ± 55.37 13.28 ± 39.47 14.52 ± 34.39 32.98 ± 58.57
G2 34 ± 36.97 41.10 ± 63.86 16.38 ± 40.22 22.52 ± 45.28 29.36 ± 57.30
p value G1 vs. G2 0.527 0.345 0.046a 0.012a 0.293

BIC, bone implant contact; BICc, Bone-implant cortical contact; BV/TV, percentage of new bone; IBA/TA, interthread bone area; PBA/TA, Peri-implant Bone Area, Tissue Area.
aStatistical significance.
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significant differences in terms of clinical healing with respect to
the SLA surface control group. Maho et al. (Maho et al., 2013 )
studied the primary bone bioactivity of phosphonic acid

functionalized Ti substrates. Viornery et al. (Viornery et al.,
2002) assessed the proliferation, differentiation and protein
production of rat osteoblastic cells on phosphonic acid-

FIGURE 4 | Boxplot and Q-Q plot for BV-TV.

FIGURE 5 | Boxplot and Q-Q plot for IBA/TA.
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modified titanium surfaces in vitro, finding no statistical
difference in osteoblast proliferation between phosphonic acid-
modified titanium and unmodified titanium, which would
indicate the absence of toxicity of phosphonic acids for the
osteoblasts used in the study, however, they found that the
synthesis of type I collagen was sensitive to surface
modification and the total amount of protein synthesized was
significantly higher than on unmodified titanium surfaces.

The ideal surface of dental implants should be one that is capable of
inducing osseointegration, regardless of the implantation site and the
quantity and quality of available bone (Fiorellini et al., 2016).
Nowadays, research on distant osteogenesis has become a
discovery of great importance, for the development of dental
implant surfaces and therefore, different molecules have been
proposed for the biochemical modification of surfaces, such as
peptides, extracellular matrix proteins, growth factors and
pharmacological agents (Meng et al., 2016; Tan and Al-Rubeai,
2019). Germanier et al. (Germanier et al., 2006) investigated on a
minipig model, peptide-modified implant surfaces, finding a
significant increase in BIC at 2 weeks compared to controls. Other
studies have demonstrated the positive effect on peri-implant bone
formation and osseointegration of Ti surfaces biochemically modified
with collagen (Morra et al., 2006; Schliephake et al., 2006).

It should be noted that during the proliferative phase of
osseointegration, fibroblasts are stimulated by growth factors to
secrete extracellular matrix proteins such as collagen, chondroitin,
fibronectin, vitronectin and other proteoglycans. The extracellular

matrix provides a guide for osteoprogenitor cells, whichmigrate to the
implant surface through integrin interaction (Terheyden et al., 2012).
It has been proposed that osteoblasts originate from a subset of
mesenchymal stem cells that line the minor vessels, called pericytes,
and that after the release of bonemorphogenetic protein (BMP), these
cells differentiate into osteoblasts (Murray et al., 2014). Stadlinger et al.
(Stadlinger et al., 2008) studied the osseointegration in pigs of implants
coated with extracellularmatrix components, suggesting that implants
coated with chondroitinsulfate could lead to a higher degree of bone
formation compared to control implants.

OPN has been shown to play a role in bonemineralization, wound
healing, angiogenesis, cell adhesion, cell differentiation and foreign
body response (Ishijima et al., 2007; Carvalho et al., 2018). Certain
studies have found that some adhesion molecules, such as hyaluronic
acid, fibronectin and OPN, together with OPN-derived synthetic
adhesion peptides, are able to enhance the osseointegration of
titanium surfaces in vitro (Lasa et al., 1997). Other in vitro
investigations have studied different synthetic materials coated with
OPN, with the purpose of exploring whether it could influence the
functionality of biomaterial surfaces (Lee et al., 2003; Gordjestani et al.,
2006; Liu et al., 2007; Bernards et al., 2008). Jensen et al. demonstrated
in vitro that the bone mass density around OPN-coated
hydroxyapatite surfaces were superior to uncoated surfaces, which
would mean a great potential for OPN-coated biomaterials such as
functional protein coatings, drug delivery systems in
orthopedic implants, or scaffolds for tissue engineering (Jensen
et al., 2010).

FIGURE 6 | Difference in means between experimental and control groups.
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FIGURE 7 | Images of histomorphometric sections of all implants in the study in groups G1 and G2. (A) and (B) represent the osteotomies with the least and most
proximity to the abdomen, respectively, and (C) and (D) the osteotomies with the least andmost proximity to the hoof, respectively. The first image shows the longitudinal
section of the specimen, before computer processing; the second image shows the photoshop-processed longitudinal section with the implants in gray and the areas of
old bone (pink), areas of new bone (yellow) and areas of soft tissue (white).
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OPN is naturally present on the non-organic surfaces ofmineralized
tissues, and several in vivo studies have examined the influence of OPN
on the formation and remodeling of mineralized tissue (McKee and
Nanci, 1996). Changes inmineralized tissue hardness, bone remodeling
rate and vascularizationhave also been reported. In a rabbit cranial bone
substitute model, OTP-coated coral HA granules were used (McKee
and Nanci, 1996; McKee et al., 2011), and a positive effect of OPN on
bone growth was observed; in addition, an inhibitory effect on the
adverse foreign body reaction to implants has also been reported (Tsai
et al., 2005; Liu et al., 2008). Asou et al. (Asou et al., 2001) used
ectopically implanted bone discs in muscle in wild-type mice and
compared them with OTP knockout mice; histological analysis
indicated that the number of osteoclasts associated with the
implanted discs was reduced in OPN knockout mice. In addition,
they examined vascularization immunohistologically, and found that
the number of vessels containing endothelial cells around the bone discs
implanted in the muscle was reduced in the OTP knockout mice. This
would indicate the link between OPN-dependent vascularization and
osteoclast accumulation and that OPN is necessary for efficient
vascularization by hemangiogenic endothelial cells and subsequent
osteoclastic bone resorption.

Some in vivo studies have shown that differences in apoptosis
rates would not explain the effects of OPN on vascularization,
highlighting the possibility that vitronectin or other molecules
may compensate for the absence of OPN in preventing apoptosis
(McHugh et al., 2000; Lee et al., 2019).

The functional and structural characteristics of OPN predict a
capacity of this protein to regulate calcification in the matrix of
mineralized tissues and to participate, more specifically, in cell-matrix
and matrix-matrix/mineral adhesion; it has been shown that OPN
production is one of the first and last secretory activities of the
osteoblast lineage and that this activity manifests, morphologically, as
a limiting line at the interface ofmineralized tissues at the bonematrix
interface, implicating this protein in osteoclast adhesion and possibly
in haptotaxis; it has even been suggested that it could act as a
promoter of interfacial adhesion between opposing substrates,
maintaining overall bone integrity during the bone remodeling
sequence and resulting in an adherent between different dissimilar
tissues or biocompatible materials such as osseointegrated implants
(Wai and Kuo, 2004; Carvalho et al., 2021). Certain studies have
reported that several types of bone tissue-related cells, such as
osteoblasts and osteoclasts, are forced to mediate by OPN
induction (Chellaiah and Hruska, 2003; Shin et al., 2004).
However, some studies have recognized that OPN may have
negative effects on the mineralization process, probably through
inhibition of nucleation and growth of hydroxyapatite crystals
(Pampena et al., 2004; Azzopardi et al., 2010).

Our study did not find statistical significance for BIC, BICc
and PBA/TA values, in the OPN-functionalized implants,
versus the control group, however, statistically significant
values were found for BV/TV (p = 0.04) and IBA/TA (p =
0.01), results consistent with other recent studies, such as
Makishi et al. who in a study in knockout mice, suggested that
OPN-coated implants would enhance direct osteogenesis
during osseointegration (Makishi et al., 2022). Implant
healing time shows a large variation in the time of
evaluation, ranging from 1 week to 6 months. Some studies

evaluate a single reading, while others have evaluated up to
four readings. Our research established 4 weeks of waiting
until euthanasia of the animals, although the tendency to
healing over time was not analyzed, something that we
consider to be one of the limitations of the study and that,
if it had been extended (12 weeks, for example), different BIC
results would have been obtained (Ramazanzadeh et al.,
2014). On the other hand, another factor that seems to
influence peri-implant bone formation is the anatomic
location of the implant, since the dynamics of bone
formation differ among the different locations (Jenny et al.,
2016). In the same way, implants with wider diameters are
associated with less bone formation (Jimbo et al., 2014). All
this could have contributed to the poor results obtained in the
experimental group for some of the parameters studied.

Finally, all research suggests that chemically
nanostructured Ti surfaces can enhance endogenous
extracellular OPN deposition by osteogenic cells in vitro as
a function of etching time, a finding that should be taken into
account in strategies for biofunctionalization of implant
surfaces with cell-binding molecules (Bueno et al., 2011).

CONCLUSION

Based on the results obtained, it could be verified that the
biofunctionalization of the Ti surface can be a good option to
condition the biological processes that take place in the bone
remodeling around dental implants. However, OPN should be
carefully studied in different concentrations and at different times
of bone remodeling, in extensive in vivo studies that allow us to
perceive its real influence on the formation of a greater quantity
and quality of peri-implant bone.
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6.1. FIRST ARTICLE: 

“Bone Quantification Around Chitosan-Coated Titanium Dental Implants: A 

Preliminary Study by Micro-CT Analysis in Jaw of a Canine Model”. 

 

  The osteoblastic cellular fixation is accentuated on smooth surfaces of the implants; 

however, rough surfaces are associated with greater cellular differentiation. It is also known 

that osseointegration is partly dependent on the biological compatibility of the implants. 

 On the other hand, the amount of bone in contact with the implant, as well as the 

frictional properties at the contact interface, are important parameters that influence bone-

implant mechanics; however, the stability of implants in trabecular bone has been little studied 

and considering the reduced contact surface between the trabecular bone and the implant, it has 

been suggested that macroscopic phenomena such as trabecula-implant mechanical fixation 

would dominate over microscopic aspects such as friction. 

 In this study, a canine mandible model was designed, where two bone parameters were 

measured in the area surrounding the implant, the bone in contact with the implant surface and 

the peri-implant bone area, at crestal, mid and apical levels, both in the group of implants with 

chitosan coating and in the control group, with conventional etched surface (SLA type) and the 

results were analyzed by computerized microtomography, which increases the performance of 

the evaluation, and provides, above all, its non-destructive character of samples. 

  Currently, microtomography makes it possible to observe bone tissue three-

dimensionally, as well as to perform a quantitative analysis in several sections, which is not 

possible by histomorphometric analysis. It only detects mineralized tissue and is therefore 

considered a suitable method for analyzing the bone ring and assessing bone formation around 

implants during healing periods; moreover, histological studies, for obvious reasons, cannot be 

performed in clinical trials. 

 In our preclinical study, we used the mandible of a canine model, with greater similarity 

to the human in terms of architecture and bone remodeling. The dog, along with the pig, are 

considered valuable models for the study of tissues adjacent to dental implants, and large-breed 

dogs can support human dental implants. To our knowledge, our research was the first to use  
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this experimental model for the study of the efficacy of chitosan as a coating for dental implants. 

On the other hand, we described a novel and simple method of chitosan coating by immersion,  

easy to perform and clinically useful, without the use of toxic intermediates such as 

cyanoacrylates, which hinder the results.  

 Although all the implants, both in the experimental and control groups, obtained optimal 

osseointegration, we found that, in the implants coated with chitosan, the analysis of the trend 

in the experimental group showed a considerable statistical significance compared to the control 

group. 

  

 

6.2. SECOND ARTICLE: 

“Role of BMP-7 on biological parameters osseointegration of dental implants:  

Preliminary results of a preclinical study”. 

 

 Bone morphogenetic proteins are osteoinductive proteins belonging to the transforming 

growth factor beta family with the capacity to stimulate the differentiation of pluripotential cells 

towards different cell lineages and promote osseointegration of dental implants and it has been 

described that the surface treatment of Ti with carboxyethylphosphonic acid enhances the 

osseointegration process, improving protein adhesion. In recent years, new implant surface 

modifying coatings have been proposed, through the application of organic acids that, in 

addition to interacting strongly with Ti oxide, allow the formation of stable surfaces, capable 

of binding biomolecules such as BMPs on the metal oxide, creating a true chemical bond 

between the bone tissue and the implant surface, with the absence of fibrous tissue at the bone-

implant interface. 

 For this study, four female minipigs were selected and each animal randomly received 

in each tibia, two Ti grade IV dental implants of 4 mm diameter and 10 mm tapered internal 

connection length with the following surface treatments: Group A: conventional treatment of 

the dental implant surface using SLA (n = 8) and Group B: treatment of the dental implant 

surface using carboxyethylphosphonic acid and BMP-7 (n = 8). 

 Preliminary results of this preclinical study showed that, after four weeks, the 

experimental implants with BMP-7 functionalized carboxyethylphosphonic acid treated surface  
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obtained statistically significant differences for the histomorphometric parameters BIC and 

corrected BIC compared to the control group; however, no significant differences were found 

between the groups for new bone formation and bone density. 

 

 

6.3. THIRD ARTICLE: 

“Role of chitosan in titanium coatings. Trends and new generations coating” 

  

 Studies on the survival of dental implants currently reach high figures. However, taking 

into account that the recipients are middle-aged individuals, often with pathologies associated 

with this condition, research is currently focused on the achievement of bioactive surfaces that 

ensure osseointegration.  

 Chitosan is a biocompatible and degradable polysaccharide with antimicrobial and anti-

inflammatory properties, capable of inducing greater growth and fixation of osteoblasts around 

titanium coated with this biomaterial.  

 Certain chemical modifications of its structure have been shown to enhance its 

antimicrobial activity and osteoinductive properties, and it is generally believed that chitosan-

coated dental implants may have a higher osseointegration capacity and are likely to become a 

commercial option in the future. This review, it provided a broad overview of current concepts 

and theories of osseointegration and current titanium dental implant surfaces and coatings, 

describing a proprietary method of chitosan coating. He also raised a special focus on in vivo 

research, chitosan-coated implants and a current perspective on the future of titanium dental 

implant coatings. 

 

 
6.4. FOURTH ARTICLE: 

“Effectiveness of biomolecule-based bioactive surfaces, on osseointegration of titanium 

dental implants: A systematic review and meta-analysis of in vivo studies” 

  

 Osseointegrated titanium and titanium alloy implants are currently used to replace 

missing teeth; however, some fail and have to be removed.  
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 In order to improve osseointegration, different modifications of the implant surface with 

biologically active substances have been proposed, leading us to perform this meta-analysis that 

focused on a systematic review of preclinical studies in the MEDLINE [via Pubmed], Embase 

and Web of Science databases, with the terms "titanium dental implants", "surface properties", 

"bioactive surface modifications", "biomolecules", "BMP", "antibacterial agent", "peptide", 

"collagen", "grown factor", "osseointegration", "bone apposition", "osteogenic", 

"osteogenesis", "new bone formation", "bone to implant contact", "bone regeneration" and "in 

vivo studies", until May 2022.  

 We identified 10,697 references and included 26 that analyzed 1,109 implants, with 

follow-ups from 2 to 84 weeks. We used the ARRIVE guidelines and the SYRCLE tool to 

evaluate the methodology and scientific evidence of the included articles. We performed a 

meta-analysis (RevMan 2020 software, Cochrane Collaboration) with random effects to 

evaluate BIC (bone implant contact) at 4 weeks, analyzing the subgroups for the different 

coatings. The heterogeneity of the pooled studies was very high (95% CI, I2=99%). The 

subgroup with Bone Morphogenetic Proteins (BMPs) coating had the best results.  

 We conclude that the modification of the surface of Ti implants by organic bioactive 

molecules, although it seems to favor osseointegration in the early stages of healing, does not 

provide conclusive evidence of this and therefore, long-term studies would be necessary to 

corroborate the results of the experimental studies. 

 

 
 

 

 

 

 

 

 

 

 

 



 

    

 

 
 
 
 
 

 
 
 

  

7. CONCLUSIONS 



7. CONCLUSIONS   N. LÓPEZ-VALVERDE 

 260 

 
 
 

  



7. CONCLUSIONS   N. LÓPEZ-VALVERDE 

 261 

 
 
 
 
 

 
 

CONCLUSIONS 
  

  From the results obtained in our research, we draw the following conclusions: 

 

1. Current Ti implant surfaces incorporate nanotechnology in etching, and this type of 

surface roughness, biofunctionalized with carboxyethylphosphonic acid, has been shown to 

enhance osseointegration capability. 

 

2. The modification of the surface of Ti implants by organic bioactive molecules, although 

it seems to favor osseointegration in the early stages of healing, does not provide conclusive 

evidence. 

 

3. As for bioactive surface coatings, chitosan, due to its antimicrobial and osteoinductive 

capabilities, could become a commercial option in the future. For our part, we have described 

a novel method of functionalizing Ti dental implants with a uniform chitosan film. 
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