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Abstract 
 

Dental implant treatment for the replacement of missing teeth has become 

mainstream in the dental industry today. The increase in the number of implants 

placed has also presented an increase in the number of complications seen in 

practice, such as peri-implantitis. Possible causes of peri-implantitis include 

foreign body reaction to implant particles released in the adjacent tissues, or 

bacterial invasion due to weak connective tissue attachments to implants. The 

aim of this PhD is to investigate particle release from implant fixtures and their 

potential effects on local cells in vitro and bioactive glass S53P4 (SiO2 53.8 

mol%, Na2O 22.70 mol%, CaO 21.80 mol%, P2O5 1.70 mol%) as a potential 

substrate for achieving collagen attachment with a view to develop a clinically 

applicable modification to the implant abutment. 

 

In vitro investigations of commonly used titanium alloys revealed significant 

toxicity and increased inflammatory response from local cell lines to grade 5 

titanium alloy  particles when compared to grade 4, Roxolid® (Ti15Zr) and 

zirconia. An ex vivo study confirmed particle release during implant insertion from 

all test implants, which was significantly higher with grade 5 tapered implants. 

Grade 5 particles demonstrated an ability to influence macrophage polarity 

towards the M1 phenotype. When the particles were cultured with S53P4 

bioactive glass dissolution product the inflammatory response to grade 5 particles 

from local cell lines was suppressed and the macrophage polarity was affected 

towards the M2 phenotype. This indicates a potential anti-inflammatory property 

of S53P4 not previously described. An initial investigation of S53P4 as a potential 

substrate for collagen attachment was carried out using scanning electron 

microscopy (SEM) imaging. Further studies on the anti-inflammatory properties 

and collagen attachment on S53P4 are needed to understand the mechanism of 

cellular response to S53P4 and to identify its possible clinical application as a 

substrate on dental implants. 
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1. Introduction 
 

Dental implant treatment is widely available as an effective means of replacing 

missing teeth with long term predictability(1, 2). Several factors have been 

suggested to influence implant success and there are various theories for the 

aetiology of late implant failure. In this chapter a literature review will provide an 

overview of the natural dentition in health and disease, relate this to the dental 

implant as a replacement for the tooth and present competing theories for the 

aetiology of peri-implantitis as the main cause of late failure. The emphasis of this 

project will be on the potential role of particle release from implant biomaterials in 

the onset of peri-implantitis, and possible materials that can provide resistance to 

implant failure. The subsequent four chapters will be on the experimental work 

carried out with the concluding remarks in the final chapter. This work has 

resulted in three publications. 

The rational for this research is to improve the gap in knowledge with regards to 

the role of dental implant biomaterials in the onset and progression of peri-

implantitis, and to investigate preventative strategies. This can have clinical, 

manufacturing and future research implications. 

1.1 Literature review 

1.1.1 Human dentition in health and disease 
 

In health, the tooth has an intact periodontal ligament which securely holds the 

tooth in the alveolar bone of the jaw. The transmucosal anatomy, where the tooth 

emerges from the alveolar bone through the mucosa into the environment of the 

oral cavity consists of connective tissue attachments between the tooth 

cementum and the adjacent alveolar bone and gingivae (gums), followed by the 

more superficial junctional epithelium with hemidesmosomal attachments 

between the tooth enamel and the adjacent gingivae Fig. 1 (3). The healthy tooth 

will have no carious cavities, no inflammation within the pulp of the tooth or in 

tissues supporting the tooth and there will be no loss of supporting gum and 

bone.  
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Figure 1. Dental gingival (gum) anatomy at the point of emergence into the oral 
cavity. Adapted from ITI speaker’s library. 

1.1.1.1 The transmucosal anatomy of a tooth 
 

In nature, whenever a structure communicates between the deep tissues of the 

body, beyond the basal membrane zone (BMZ) of the skin or mucosa and the 

external environment, there is a potential for pathogens to invade. Hairs, nails 

and horns are structures that emerge from the dermis and do not penetrate the 

BMZ. Whereas teeth emerge from the jawbone into the hostile oral environment 

with its associated chemical, physical and microbial insults.  

 

The anatomy of the junction between the tooth and the oral mucosa as the tooth 

emerges from the jaw into the oral cavity is depicted in Fig. 1. As the tooth 

emerges from the bony socket into the oral cavity there is a connective tissue 

attachment just above the crest of bone, which is then covered by the junctional 

epithelium. The collective name for the connective tissue attachment and 

junctional epithelium is the Biologic Width. 

 

In healthcare, various devices that need to be implanted deep into tissues 

communicate with the external environment for various periods of time. The 

short-term use of intravenous catheters for a few hours to days does not need a 

strong connective tissue connection as that would complicate their removal. 

However, prostheses for replacing limbs, dental and maxillofacial implants, 

cochlear implants and long-term catheters for renal dialysis for example would 
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benefit from having collagen fibres from adjacent tissues inserting into the 

prosthesis at the entry point to provide a protective barrier against the external 

environment, as seen with natural teeth (Fig. 1).  

 

Several processes or mechanisms are involved in the attachment process of the 

connective tissue fibres to the teeth and bone. Understanding these processes or 

mechanisms is paramount for the attempt to mimic this around artificial 

prostheses. The roots of teeth are held in place inside the jawbone via a fibrous 

joint (gomphosis) called the periodontal ligament (PDL), which is rich in blood 

supply and stem cells, with an important role in repair and regenerative 

processes around the tooth. The periodontal ligament allows tooth movement of 

50-80 µm under occlusal load (biting) (4). This movement is possible due to the 

wavy pattern of the PDL fibres, which allow for elongation. Also, the PDL ground 

substance consists of 70% water allowing for a ‘shock absorbing’ property. 

Collagen fibres in PDL (mainly type I and III) have a high turnover compared to 

those in tendons and are therefore less mature and thinner in diameter (55 

nm)(3). Type V collagen is found in the interstitial fibrils and between the fibril 

bands. Collagen IV, VI and XII are thought to play a role in remodelling of the 

PDL(3). 

 

The PDL fibres insert in cementum at one end and bone at the other. The 

insertion is thought to be achieved via connections to non-collagenous proteins in 

the corresponding matrices which then calcify and ‘lock’ the fibres in. The 

calcified ends are referred to as Sharpey’s fibres. During bone remodelling, 

osteopontin and bone sialoprotein play an important role in detaching and 

reattaching of the fibres to the new bone laid down(3). Glycoproteins are thought 

to be of importance in the PDL attachment include fibronectin and tenascin, 

which is concentrated at the alveolar bone and cementum insertion sites. The 

rest of the ground substance consists of non-collagenous matrix proteins such as 

alkaline phosphatase, hyaluronate, glycosaminoglycans (GAG), proteoglycans 

and glycoproteins. These may play a role in the organisation of the ligaments(5). 

The main GAG is dermatan, a polysaccharide with anionic charge that can 

covalently bond to proteins to form proteoglycans. Therefore, there are important 

non-collagenous proteins (bone sialoprotein, osteopontin, fibronectin, tenascin) 
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and extra cellular matrix (ECM) ground substances (dermatan GAG) that play an 

important role in the PDL fibre attachment to the cementum and bone.  

 

Fig. 2 depicts the junctional epithelium’s very unusual anatomy in that there are 2 

epithelial layers, a supra-basal layer connecting to the tooth via the internal basal 

membrane zone (epithelial attachment against the tooth) and basal layer with an 

external basal membrane zone separating epithelium from the underlying 

connective tissue.  

  

Figure 2. Junctional epithelium. Adapted from Kobayashi, K.(6). 

 

The internal BMZ differs in its anatomy from other BMZ’s in that 

hemidesmosomes attach to the tooth surface, the Lamina Reticularis is missing, 

and the ECM consists mainly of Collagen VIII and Laminin 332 (Fig. 3).   

 

 

Figure 3. Left: Diagram of basement membrane zone in skin. Right: Diagram of 
basement membrane zone of gingival junctional epithelium. Adapted from 
Abdallah, M. N. et al 2017(7). 
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Laminin 332 is thought to be important in the soft tissue attachment mechanism; 

the ECM seems to play an important role in this (7). The collagen attachments 

between the root of the tooth and the gingival tissues (above the crest of bone) 

have a mechanical protective role for prevention of bacterial invasion as well as 

providing stability of the gum’s position. This has important implications for 

dentists in the control of the cosmetic appearance of the gums around the tooth. 

If this barrier is disrupted by bacteria, inflammation and bone loss can result. The 

inflammatory process can cause release of matrix metalloproteinases (MMP) 

from macrophages and bacteria, resulting in the  breakdown of collagen in the 

PDL and bone matrix,  with subsequent tissue loss and pocketing around the 

teeth. This process is better known as periodontal disease.  

 

Tooth loss can occur for a number of reasons including tooth decay, chronic 

periodontal disease (gum disease), trauma, and pathology such as cysts and 

head and neck cancer. Chronic periodontal disease will be expanded on further 

below due to its relevance to this research topic of peri-implantitis. 

 

1.1.1.2 Chronic periodontal disease 
 

Chronic inflammation of the gingivae (gingivitis) and the periodontal ligament 

(periodontitis) is caused by the buildup of plaque on teeth, restorative material 

such as fillings or crowns and dentures. Plaque is a bacterial biofilm in which 

stable communities of bacteria can be established when it forms on hard surfaces 

of the dentition as there is no shedding from the dental surface, unlike the oral 

mucosa (8). 

The biofilm formation starts with the adsorption of salivary proteins and mucins 

on intraoral hard surfaces to form a pedicle onto which bacteria can directly 

attach. As the bacterial colony grows an extracellular polymer matrix is 

synthesised and deposited, allowing further attachment of microbes without direct 

access to the pedicle and the development of a thicker biofilm. 
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As the thickness of the biofilm increases, the diffusion of oxygen becomes limited 

due to the matrix which results in an increasingly anaerobic condition in deeper 

aspects of the biofilm. This results in an increasingly gram negative and 

anaerobic species which utilise periodontal tissues, blood supply and other 

microorganisms for nutrients, compared to the surface bacteria which tend to be 

more gram positive, aerobic or facultative anaerobic (such as streptococci), which 

utilise products in saliva as nutrients. Gram negative, anaerobic species that 

have been associated with periodontal disease progression include: 

Porphyromonas gingivalis, Prevotella intermedia, Tannerella forsythia, 

Treponema denticola, Fusobacterium nucleatum and Campylobacter species. 

Prevention of plaque biofilm build up is the basic principle underlying oral hygiene 

protocols, such as brushing teeth in order to disrupt the biofilm and transition of 

bacterial species to the more gram negative and anaerobic species which are 

believed to be involved in the advanced periodontal disease. If the plaque buildup 

continues undisturbed tissue damage can take place as a result of direct bacterial 

action as well as the indirect host response, such as the release of proteolytic 

enzymes, pro-inflammatory cytokines (IL1β, IL6, TNFα) and complement 

activation. These can result in the loss of the periodontal collagen fibres and 

bone resorption. In an inflamed PDL, stem cells may have an impaired 

immunomodulatory function  which  can lead to an imbalanced immune response 

with an acceleration of osteoclastogenesis, inflammation and bone loss (9). 

The loss of supporting tissue around the tooth gives rise to areas of pocket 

formation between the tooth and adjacent gums, resulting in micro-environments 

which are protected from the disruptive cleaning by tooth brushing.   Other local 

factors such as poor restorative margins with an overhanging filling which the 

patient cannot access to clean also provide a micro-environment for undisturbed 

plaque buildup. This can cause tissue damage and further periodontal pocket 

formation, which in itself is a protected environment for the plaque and therefore 

allows for the propagation of the disease with further tissue loss until the eventual 

loosening and loss of the tooth (8).  

The natural barriers around a tooth usually slow down or limit the pathological 

process through the physical collagen attachment barrier and the immune 
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response from the well vascularised periodontal ligament. The result of this 

protective mechanism is to create fibrous encapsulation of the inflammatory 

process (10) and limit the spread of infection. Hence, in patients with periodontal 

disease there can be isolated pockets around the root of the tooth where there 

has been an invasion of the barrier and tissue loss, but then the barrier is re-

established lower down; this can slow the invasive process down. 

The rate of disease progression is dependent on several factors, including the 

host’s inflammatory response which can be an overreaction in individuals who 

are highly susceptible to periodontal disease. Other factors that affect the rate of 

disease progression include the patient’s general health, smoking, oral hygiene, 

and immune status. 

 

1.1.2  Dental implants in health and disease  

1.1.2.1 Demand for dental implants 
 

The demand for dental implant treatment as a means of replacing missing teeth 

is likely to grow with the ever-increasing population age and public awareness of 

this treatment modality(1). A general dental practitioner today cannot avoid 

dealing with dental implants in their day-to-day practice. Global figures for the 

number of implants placed per 10,000 population is summarised Fig. 4. 
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Figure 4. Dental implant placements per 10,000 population. Adapted from 
Straumann report 2016 (11). 

 

The trend in the percentage of population over 65 years of age has increased 

dramatically and is forecasted to increase exponentially in the coming decades 

(Fig.5). 

 

 

Figure 5. Increase in world population relative to 2000, by broad age group, 
2000-2050. Adapted from United Nations (2015). World population Prospects: the 
2015 revision (12). 
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The significance of the above projections includes: 

 

1. As the percentage of the population over sixty is increasing, so is the need 

for implant treatment due to higher edentulism in the elderly.  

2. Implant longevity is becoming more significant as patients are living 

longer. 

 

Dental implant treatment can improve the quality of life for people with missing 

teeth. The improvement in chewing, speaking and patient satisfaction from 

placing two implants in the lower jaw to support the denture has been well 

demonstrated over the years (13, 14). 

1.1.2.2 What is a dental implant? 
 

A dental implant consists of two major components: the implant fixture which is 

designed to replace the root of a tooth and sits in the jawbone, followed by the 

crown which is the tooth part. The crown itself consists of the abutment, which is 

secured inside the implant with a screw, and the ceramic (or metal-ceramic) 

cover/ crown, which has the appearance of a natural tooth. 

 

 

Figure 6. Implant components. Adapted from ITI speaker’s library. 1. Implant 
fixture 2. Implant/ abutment interface (micro-gap) 3. Abutment screw 4. Abutment 
5. Abutment fit surface. 
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Fig. 6 depicts a bone level implant which is the most commonly used implant; this 

refers to the fact that the implant fixture is set in bone, with the implant-abutment 

junction at bone level. This contrasts with the tissue level implant (Fig. 7 and 8) 

where the implant-abutment junction is at gum level and remote from the bone. 

 

 

Figure 7. Schematic of a tissue level versus bone level implant: 1. Tissue level 
implant 2. Bone level implant 3. Restored tissue level implant with a short 
abutment 4. Restored bone level implant with longer abutment. Designed by Dr F 
Barrak, illustration by Kitty Lungley. 

 

 

Figure 8. Bone level implant on the left half and tissue level on the right half of the 
image. Adapted from ITI speaker’s library. 

 

Bone level implants are much more widely used and available commercially 
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because their deeper position below the gum allows for adjustment in angulation 

of the crown where necessary to improve the aesthetic and functional position. 

The tissue level implant positioning must be exact, as there is less room to 

compensate for the fixture angulation as depicted by the green ‘safe’ and red 

‘danger zones’ in Fig. 9.  

 

Figure 9. . Tissue level implant (left) has a much smaller ‘safe’ zone of varying 
angles of placement depicted in green, compared to a bone level implant (right). 
Tissue level implant placement needs to have more precise placement. Adapted 
from ITI speaker’s library. 

 
Dental Implants have high survival rates over a 10 year period in which patients 

have been followed up for (15). However, implants are still susceptible to failure 

secondary to inflammation in the supporting tissues, referred to as peri-implantitis 

(15). There has been a considerable amount of clinical research carried out on 

peri-implantitis, ranging from aetiology and risk factors to its management. 

Despite the sizable volume of work on the subject there are still no conclusively 

effective treatment modalities (16). There is still controversy on the aetiological 

origin of the onset of peri-implantitis (17). 

 

1.1.2.3 Bone healing around dental implants. 
 

Surgical trauma to the bone during the osteotomy drilling process causes 

bleeding from the alveolar bone marrow due to damage to the vasculature within 

the bone marrow. On insertion of the implant, its surface becomes impregnated 

with a fibrin coagulum, neutrophils and macrophages. Subsequently, fibroblasts 
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infiltrate the site,  forming granulation tissue and angiogenesis commences. 

Sequestrated, non-viable bone fragments from the surgery are then removed by 

osteoclasts migrating into the site; this starts the  process of new bone formation 

mediated by factors released from bone matrix breakdown by the osteoclasts. 

Mesenchymal stem cells and fibroblasts from the adjacent alveolar bone 

differentiate into osteoblasts which lay down immature bone matrix, known as 

osteoid. This is subsequently mineralised to form immature woven bone. Some of 

the woven bone is formed directly on the implant surface through differentiation of 

pre-osteoblasts to active osteoblasts, while some of the bone is generated by 

extension from local trabecular bone, referred to as distance osteogenesis. In 

humans, woven bone formation takes approximately twelve weeks and mature 

lamellar bone can takes six months to form (18). 

At the time of implant placement, achieving stability of the fixture is required to 

ensure a stable surface on which new bone can grow. If the implant is mobile, 

fibrous tissue is likely to form rather than bone. This initial stability of the implant 

at the time of surgery is termed primary stability and is achieved through 

mechanical engagement of the implant threads in the alveolar bone. However, 

this stability is reduced during the healing process as a result of bone remodelling 

which involves resorption of the bone in contact with the implant and deposition 

of new bone. Formation of new bone and osseointegration of the implant brings 

about the secondary stability, which is long lasting in a healthy implant. Fig. 10 

demonstrates the temporal relationship between primary and secondary stability 

of the implant graphically and highlights a period of dip in implant stability at 

approximately 3 weeks post-surgery when the stability is compromised as the 

primary stability is lost due to remodelling and the secondary stability is being 

established with new bone formation (18). 
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Figure 10. Graphical representation of the temporal relationship between primary 

mechanical stability (black line) and secondary osseointegration stability (blue 

line) of a dental implant. The period of drop in total stability when primary stability 

is reduced and secondary stability in still being established is depicted with the 

green line showing a dip in stability at 3 to 4 weeks post placement of implant. 

Adapted from Villar C.C (18). 

 

1.1.2.4 Healthy implant 
 

In health the peri-implant tissues will be free from inflammation, swelling, 

suppuration (pus discharge), the alveolar bone will be integrated with the implant 

surface and the transmucosal section will have weak hemidesmosomal 

connections with the implant surface. Clinically, there would be no distinguishing 

features between the gums around the tooth or implant. However, on 

examination the probing depths around the implant may be deeper than around 

the tooth and the papillae (gum between adjacent teeth) may be blunted (19). 

 

 

 



 36 

1.1.2.5 Early and late implant failure 
 

Implant failures that occur before the crown is fitted and loaded in occlusal 

function are referred to as early failures and are likely to be due to the failure of 

the implant to integrate following surgery. The causes of early implant failure 

include post-operative infection, the risk of which may be reduced with a 

prophylactic dose of antibiotics; there is some evidence to suggest a reduced rate 

of infection with the use of single dose of pre-operative antibiotics, however, there 

are conflicting opinions on this (2).  Poor surgical technique with overheating  

damage to the bone resulting in osteonecrosis, and a lack of bone implant 

contact following implant placement can result in fibrous encapsulation as 

opposed to osseointegration (2). These can subsequently result in early implant 

failure. Systemic predisposing factors for early implant failure include smoking, 

immunocompromised patient, and medications such as selective serotonin 

reuptake inhibitors (20). 

Late implant failure refers to the loss of an implant after successful integration 

has taken place. This research is in relation to late implant failures as a result of 

peri-implantitis which is the main cause of late implant failure and will be the 

focus of the rest of this work. 

 

Comparative anatomy and disease progression of teeth and dental implants  

As dental implants emerge from the jawbone through the mucosa into the oral 

cavity, the soft tissue surrounding the per-mucosal aspect follows the same 

sequence of having connective tissue over the bone, followed by epithelium (the 

biologic width) as in teeth. However, the key differences are that implants do not 

have a periodontal ligament and the connective tissue covering the bone does 

not attach to the implant (Fig.11) but runs parallel or circumferentially around the 

neck of the abutment in a bone level implant (or the smooth collar of the tissue 

level implant) (10, 21). 
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Figure 11. Comparative anatomy of tooth and implant. Adapted from ITI 
Speaker’s library. 

 

The lack of collagen attachment around the neck of implants means that the 

physical barrier against bacterial invasion, advancing inflammation and recession 

is missing (10). The rich blood supply and stem cells normally found around the 

natural tooth are also reduced due to the lack of the periodontal ligament (3).  

Fig. 12 shows the contrast between the natural tooth where inflammation is 

encapsulated in pockets and an implant where the physical barrier of collagen 

attachment is lacking thereby allowing rapid spread of inflammation to the bone. 

Therefore, inflammation around an implant can progress much faster and spread 

around its circumference with significant bone loss. This process is referred to as 

peri-implantitis and can result in catastrophic bone loss as shown in Fig. 13 (10, 

15, 21-23). The aetiology and clinical features of peri-implantitis are similar to that 

of periodontitis, in that inflammation as a result of bacterial colonies and the local 

host response results in the damage and loss of soft and hard tissue support for 

the implant (10). However, the disease onset and progression in peri-implantitis is 

different with an earlier onset of bone loss and a non-linear progression (15). 
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Figure 12. Diagrammatic comparison of the inflammatory infiltrate extension on a 
tooth surface (left) and an implant surface (right). Adapted from Salvi, G.E. (10). 

(10)  

 

 

Figure 13. Radiograph of dental implants depicting the vertical bone loss 
appearance pathognomonic of peri-implantitis. Adapted from ITI Speaker’s 
library. 

 

Further complications with dental implants develop when there is bone loss 

around the neck of the fixture, including aesthetic compromise, further tissue loss 

with the advancement of the inflammatory process and increased risk of implant 
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fracture secondary to the loss of the bone support. This loss of bone can be very 

dramatic with significant consequences to the patients where they can become 

worse off from where they started as further reconstruction or restoration will be 

more complicated with compromised results, if at all possible (10, 15, 21-23). 

 

1.1.2.6 Aetiology of peri-implantitis 
 

The current consensus for the aetiology of peri-implantitis is that it is plaque 

associated implying a bacterial origin (19). 

Some researchers believe that peri-implantitis may start as a foreign body 

reaction, which then develops into an infection with secondary bacterial invasion 

(24), as opposed to having a primary bacterial aetiology. There is, however, a 

consensus agreement that a history of periodontitis makes the individual more 

susceptible to peri-implantitis (19). There may be a complex interaction between 

the materials used, the bacterial biofilm and the patient’s immune response, 

which may be over-reacting to the stimulus. 

Other suggested causes of peri-implantitis include the presence of peri implant 

cement adjacent to the implant below the gum level which results in an 

inflammatory reaction to the cement material with  subsequent bone loss. This 

would occur following restoration of the implant crown using any of the various 

dental cements to secure the crown on the implant abutment. Many clinicians use 

screw retained crowns in order to avoid cement, partly for this reason but also as 

the screw retained crown can make crown retrieval, if required, easier than with a 

cemented crown. Limited evidence has also been linked peri-implantitis to poorly 

positioned implants that hinder oral hygiene measures. The evidence for occlusal 

overload and peri-implantitis is inconclusive. Although he evidence for the link to 

bio corrosion and particle release as a cause of peri-implantitis is considered as 

yet to be determined (19), there is some evidence to suggest that particles 

emanating from implants are deposited into the surrounding tissues, which may 

play a role in implant failure because of the tissue reaction (25, 26). This could be 

significant as one must consider the implant material and its constituent metals 

such as the presence of vanadium in titanium alloy (Ti6Al4V), termed Grade 5 

titanium alloy. The Grade 5 alloy has been shown to cause a tissue inflammatory 
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reaction in contrast to the grade 4 commercially pure (CP) Ti, or the Roxolid® 

alloy of Ti (85%) and Zr (15%) (Fig. 14) (27).  

 

 

Figure 14. Micrograph of tissue in contact with implants made of commercially 
pure titanium (left) and Ti6Al4V alloy (right). Scale not available. Adapted from 
Steinemann 1998 (27). 

 

 

Studies have demonstrated that fibroblasts proliferate successfully on Ti, Zr, Ta, 

Nb, but not when in contact with Cu, Mo and V. There was complete inhibition of 

osteoblast growth when cultured on pure discs of V, Ag, Zn and Fe and partial 

inhibition with Sn and Al. There was no inhibition on contact with Ti and Zr  (27). 

 

Although the consensus opinion for the aetiology of peri-implantitis is of a 

bacterial origin (19), it is important to consider other theories and the emerging 

evidence. Hence the importance of this research to investigate the potential role 

of particle release in peri-implantitis and the influence of the various materials 

currently used in implant fixtures. 

The various theories put forward above have been summarised in Fig. 15 (17). 
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Figure 15. . Diagram summarising the theories for the aetiology of peri-implantitis. 
Adapted from Fretwurst et al. 2017 (17). 

 

 

Although implants are considered to have very high survival rates, 94% with 10 

years or longer follow up periods (28), increasing numbers being placed globally 

is causing a growing awareness of their limitations: the lack of connective tissue 

attachment in the biologic width and peri-implantitis. 

 

There is no agreed or effective protocol for the treatment of peri-implantitis which, 

once established, has a high rate of recurrence (16). Derks and Tomasi’s (15) 

epidemiologic review revealed that 1 in 5 implants placed develop peri-implantitis 

after 3.4 to 11 years in functional loading. However, the definition of peri-

implantitis has historically been inconsistent; this was due to disagreement on the 

threshold bone loss before a diagnosis of peri-implantitis can be made (varied 

from 0.5 mm to 4 mm of bone loss between different groups). More recently a 

consensus was reached for the diagnosis of peri-implantitis (19). Future studies 

on peri-implantitis will hopefully be more standardised with the agreed diagnostic 

criteria, even though the aetiology is still debated. 

 
 

 



 42 

1.1.3 Titanium properties 
 

Titanium is found naturally as an oxide in either the stable Rutile phase, or a 

metastable phase such as Anatase or Brookite. Irreversible phase transformation 

from Anatase to Rutile takes place at 600°C as a result of reconstructive breaking 

and reforming of bonds, which results in 8% volume contraction and hence higher 

density of Rutile phase. Ti is a transition metal with a hexagonal closed packed 

(HCP) crystal structure (alpha phase) up to 882.5°C (the transus temp) beyond 

which it is transformed to the body centered cubic (BCC) (beta phase). Titanium’s 

melting point is 1678°C. Due to its incomplete d-shell Ti is able to form solid 

solutions with certain elements such as Zr (15).  
 

In implant dentistry titanium is used as an alloy, or in its commercially pure grade 

4 form containing traces of Fe, C, O, N, which provide more yield strength 

compared to lower grades, without changing the Young’s modulus which is 

dependent on the chemical bonds rather than the microstructure. Grade 4 

commercially pure titanium (Ti-CP4) mainly consists of the alpha phase with 

spontaneous TiO2 layer formation, rendering it biocompatible.  

 

The most commonly used Ti alloys are the Ti6Al4V (Grade 5) and Ti15Zr 

(Roxolid® Straumann Group). Ti6Al4V has dual alpha and beta phases, with Al as 

an alpha phase stabiliser and V as a beta phase stabiliser, which improves the 

strength and physical properties. Ti6Al4V has higher strength with a lower 

coefficient of elastic mismatch with bone, however, it is more prone to corrosion 

due to the reduced surface oxide layer (15, 17, 29).  

  

Zr is a transition metal with phase transition temperature similar to Ti. Ti15Zr has 

a binary alpha phase with smaller grain size, thereby increasing the surface area 

for layer of oxides, which enhances the material’s corrosion resistance when 

compared to Ti6Al4V, but has reduced strength (30). Table 1 summarises the 

properties of the currently commonly used materials in dental implants. 
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Table 1 -  1. List of dental implant material properties (31-33) 

Material Modulus of 
elasticity 

(GPa) 

Tensile 
strength 

(MPa) 

Yield 
strength 

(MPa) 

Reference 

Ti-CP4  104 550 483 (31-33) 
Ti6Al4V 113 930 860 (31) 
Roxolid 98 850 849 (32, 33) 
Zirconia 
(Y-TZP) 

200 >1200 900 (32, 33) 

 
Some metals are susceptible to corrosion, following interaction with tissue fluids 

resulting in hydrolysis (decomposition of a substance by water). An 

electrochemical reaction which results in ion release can give rise to hydroxides, 

hydrous oxides and oxides, which can result in a foreign body reaction, giving 

rise to tissue loss. With CP titanium, an oxide layer (3-10 nm thickness) forms 

within seconds of being exposed to air or tissue fluid; this oxide layer may inhibit 

Ti dissolution (27). 

 

Titanium particles have been shown to start an inflammatory response with the 

release of IL1β, IL6 and TNFα from macrophages. This inflammatory reaction is 

accompanied by increased bone loss through osteoclastic activity and reduced 

osteoblastic activity (34). The inflammatory response results in macrophage 

recruitment with their subsequent release of MMP and activation of the 

complement cascade. Particles can be released for various reasons, including 

friction during fixture insertion, wear between the implant and abutment interface, 

corrosion and following use of metal instruments on the implant surface for 

cleaning and debridement (35, 36). 

 

1.1.4 The role of tissue response in peri-implantitis 
 

Consensus opinion suggests a bacterial aetiology for peri-implantitis (19). 

However, there is a growing school of thought and research efforts to investigate 

the potential role of titanium and titanium alloy particles in the onset of the 

inflammatory process in peri-implantitis (37). The orthopaedic community has 

accepted the role of particle release in aseptic osteolysis around hip replacement 

implants (38-40). The mechanical and tissue dynamics of orthopaedic prosthesis 
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are very different to the oral environment, nevertheless this is worth investigating 

as certain alloys and surface properties may play a significant role. The bacterial 

involvement could be due to the fact that dental implants are transmucosal, 

emerging from the alveolar bone through a thin layer of weakly connected soft 

tissue and into the oral cavity with its rich bacterial flora and the various fluids that 

moderate the chemistry and pH of the local environment. The orthopaedic and 

veterinary surgeons encounter similar challenges when they are working with 

transcutaneous prosthesis for replacement of limbs. This issue of bacterial 

invasion is also of importance in other fields whenever a prothesis such as a 

canula or catheter needs to be transmucosal for long periods. Despite the clear 

bacterial involvement in peri-implantitis, there is a possible foreign body 

inflammatory reaction as the aetiological origin which then allows bacterial 

invasion as a secondary, or synergistic factor (41). 

 

In order to understand the potential factors involved in the aetiology of peri-

implantitis it would help to consider the tissue response to the fixtures from the 

time of surgery and implant placement, as this is where the initial tissue response 

and subsequent healing takes place, both of which may be influenced by the 

reaction to the materials used. The initial response to surgery and implant fixture 

placement involves the innate immune system whereby the trauma to the soft 

tissues and the alveolar bone from the surgical procedure causes damage to 

blood vessel and ECM. This results in an inflammatory reaction mediated by a 

cascade of events, the initial part of which is summarised in Fig. 16 (42).  
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Figure 16. Flow diagram of the initial inflammatory response to implant 
placement. Design and illustration by Dr F Barrak. 

 

At the time of surgery, the drilling process results in in the exposure and release 

of matrix proteins which activate the innate immunity cascades including the 

coagulation pathway, platelet activation, kallikrein - kinin pathway and the 

complement cascade (37, 42, 43). The latter results in enhanced inflammatory 

response through C3a, C5a which act as anaphylatoxins by activating histamine 

and serotonin release from mast cells resulting in vasodilatation, increased 

permeability, lymphocyte chemotaxis as well as opsonisation of contaminating 

pathogens during the surgery. 

 

The damaged ECM components and bacterial Lipopolysaccharides (LPS) also 

activate the Antigen Presenting Cells (APC) locally through Toll-like receptors 

(TLR). The activated APC will release Cytokines (IL1β, IL6, TNFα) which will 

cause vasodilation and interact with the local endothelial cell integrins to bring 

about increased permeability and release of selectins to provide adhesion for 

circulating neutrophils and monocytes and enable their 'seeping' out into the 

tissues at the injury site. Once the cells are in the ECM chemokines released by 
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the APC (CXCC8) will 'guide' neutrophils and monocytes from the blood vessels 

to the APC at the injured location. The neutrophils and now macrophages will 

engulf foreign bodies, pathogens and damaged cells by endocytosis. 

The APC will also activate the appropriate CD4 cells by presenting the 

phagocytosed antigens on the MHCII receptors which will result in phagocytosis 

as well as developing adaptive immunity. The latter can cause release of 

Reactive Oxygen Species (ROS), Reactive Nitrogen Species (RNS), proteinases 

and cathepsins. 

 

The increased permeability of the local vessels also allows for proteins from 

plasma to 'seep' out into the tissues and aid in the formation of a new provisional 

matrix. Biomaterial surface properties can affect, or through design, guide the 

subsequent tissue response. The initial phase following the insertion of a device 

involves the attachment of proteins from the blood stream and local tissues to the 

substrate surface. The type of protein that is attracted to the surface will, to a 

large extent, depend on the surface properties of the biomaterial. The initial 

proteins may be displaced by others with a higher affinity to the surface, the 

Vorman effect. The surface proteins play an important role in the local cell 

interactions and can be used to guide this initial response to the implant (37).  

 

The inflammatory process is a complex network involving cross reacting factors 

which can have positive and negative feedback loops affecting different parts of 

the network by amplification or limiting the responses. Although certain elements 

of the inflammatory response are identified and better understood, the overall 

process is far from being a linear cascade of events which can be systematically 

worked out and controlled in isolation and we still do not have the complete 

picture (42). This may partly explain the lack of agreement on the aetiology of 

peri-implantitis, the potential role of particles in the onset of the inflammatory 

process around dental implants and the potential influence of the biomaterials we 

are currently using in our daily clinical practice. Fig. 17 is an outline of some the 

events that may contribute to the emergence of peri-implantitis, including the 

potential role of Ti/ Ti alloy particles.  
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Figure 17. Flow diagram of sequence of events leading to corrosion and 
inflammation in tissues adjacent to implants. Design and illustration by F Barrak. 

 

At the time of implant placement titanium particles have been shown to be 

released due to shear forces on the micro roughened implant surfaces (44). 

Particle release can also take place as a result of wear at the implant – abutment 

junction and due to corrosion. These particles are not degradable and those of 

less than 5 µm can be phagocytosed by macrophages in local tissues and on the 

implant surface. This may result in the disruption of cellular function and the 

detachment of the phagocyte from the matrix or substrate and the resultant 

anoikis (cell death as a result of detachment). The lysosome can rupture and 

release ROS, RNS and proteinases, activating the nucleotide oligomerisation 

domain like receptor-P3 (NODLR-P3) inflammasome formation and activation of 

Capsase 1 with the subsequent conversion of pro-IL1β and pro-IL18 to active 

IL1β & IL18 (Fig. 17). The inflammasome may also result in pyroptosis 

(inflammatory cell death) which will also result in the release of cellular 

components including cytokines. The cytokines thus released from the affected 

cell will result in enhancing the inflammatory response (37, 40, 45).  

 

Phagocytosed particles larger than 10 µm can result in apoptosis, or the cell may 

avoid apoptosis and instead through the release of IL4 and IL13 promote the 
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fusion of the cells and formation of foreign body giant cells (FBGC) resulting in 

chronic inflammation (37). 

 

Particle endocytosis and inflammasome activation, or FBGC formation result in 

enhancing the inflammatory process and potential chronic inflammation which 

results in ROS, RNS, proteinase release. The chronic inflammation results in a 

reduced pH in the local environment, which is often exacerbated by oral fluids 

including fluoride, H2O2 and dietary acids. The chronic drop in pH can cause 

corrosive damage to titanium resulting in surface damage in the form of pitting, 

etching and cracks (46, 47). This process can, over time, result in the loss of the 

passive TiO2 layer, which can be permanent, exposing the titanium core which 

become ionised (Ti3+, Ti4+)  with reduced potential for osseointegration (47).  

 

The loss of the passive layer can take place at pH 6, very close to the salivary 

resting pH of 6.3-7.0 which can drop to pH 3.5 for short periods in the presence 

of acidic drinks (46). Exposure of the core titanium to electrolytes results in 

further corrosion. Once crevices and cracks develop, the area of stagnant fluid 

becomes depleted of oxygen with a further drop in pH, resulting in a potential 

propagation of the corrosive process with pitting and delamination of the surface 

(47). Macrophages and FBGC (and bacteria) can adhere to the implant surface 

where they provide a 'protected' environment between the cell membrane and the 

implant surface for the release of ROS, enzymes and acids which in 

phagolysosomes can have as low as pH 4 (37). 

 

The corrosion products influence the macrophages to release inflammatory 

cytokines. Also, the increased number of particles and surface area encourage 

further phagocytosis. The process of inflammation, corrosion, surface damage 

and further inflammation can become self-propagating and further amplified in the 

presence of physical stresses such as the micro motion of the implant and 

mobility at the micro gap of the implant-abutment junction. This can result in 

faster corrosion and eventual clinically detectable peri-implantitis, bone loss and 

implant loss (47). 
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1.1.5 Possible inflammatory pathway at cellular level 
 

The activation of the inflammasome is thought to be as a result of the APC/ 

macrophage being primed first via the TLR activation by extracellular pathogen 

associated molecules (PAMP) such as LPS. Activated TLR will result in nuclear 

factor kappa B (NFkB) transcription with the resultant synthesis of pro-IL1β, pro-

IL18 and TNFα ready for their release which requires caspase 1 activation. 

Internalisation of material (e.g. Ti particles) directly into the cytosol, or by 

endocytosis (which results in rupture and release of the lysosome contents) 

causes disruption and activates the NLR-P3 inflammasome complex assembly 

and subsequent activation of caspase 1 to convert pro-IL1β and pro-IL18 to their 

active forms to be released and enhance the inflammatory response. There is a 

possibility that priming of macrophages can take place by TNFα via cytokine 

receptors, in addition to the priming via TLR activation by PAMP (Fig.18) (40, 45, 

48). An initial inflammatory response in a sterile environment with no bacterial 

components can still result in priming the cell for inflammasome activation. This is 

thought to be a possible mechanism for the sterile osteolysis seen in orthopaedic 

prosthesis loosening. 

 

 

Figure 18. . Particle induced inflammasome activation pathway diagram. 1. 
Priming of the NFкB transcription via LPS/ TLR4 or TNFα/ cytokine receptor. 2. 
Particle internalisation pathways a. phagocytosis b. adhesion of proteins, calcium 
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and other ions from ECM resulting in trojan horse effect c. particles passing into 
the cytoplasm via membrane receptors. 3. Leakage of cathepsin protease from 
the lysosome. 4. Outflow of K+. 5. K+ efflux is sensed by NLRP3 receptor leading 
to Inflammasome component assembly. 6. Caspase-1 is activated by NLRP3 
inflammasome; Caspase-1 converts pro IL1β to the active form. 7. IL1β release 
from membrane pores. Adapted from Jämsen et al. 2020 (48). 

 

The importance of the grade of titanium used in the biomaterial becomes clear 

when we consider the chemical and physical influences on the surface. It 

becomes even more important to consider the potential toxicity of certain 

biomaterials when they are in particles especially if micro and nano sized. Implant 

companies carry out the standard testing of the materials using the entire fixture, 

with no current standards available for testing the implant material particles. 

Grade 5 titanium alloys contain vanadium and aluminium, which are toxic (38). 

This also raises the question of whether certain grades of Titanium and Ti alloys 

are more susceptible to corrosion and degradation, and therefore more likely to 

release particles with potential toxic influence in the tissues. Although some 

studies have suggested there is no difference between Ti-CP4  and Ti6Al4V (49), 

the in vivo conditions are very different to the experimental models where the 

many variables cannot be replicated accurately, such as the protein adhesions on 

the implant surface, the subsequent cellular response, the bacterial 

contamination in the presence of the occlusal loads and the implant- abutment 

micromovements, all of which can play a role in the conditions at the implant 

surface at various sites. 

 

1.1.6 Biomaterial considerations for connective tissue attachment 
 

Whether foreign body reaction or infection is the primary cause of peri-implantitis, 

having strong connective tissue attachments could be beneficial in disease 

limitation and maintenance of the soft tissue levels for function and aesthetics. 

Several attempts have been made to achieve connective tissue attachment for 

transcutaneous and transmucosal prostheses with the aim of reducing infection 

rates and their longevity.  

 

Materials used for attempting soft tissue attachment include polymers such as 
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polyurethanes, polyethylene terephthalate (PET), silicones and polymethyl 

methacrylate (PMMA). However, these polymers are too weak and have 

unwanted tissue reactions. Several metals have been used for tissue integration. 
Metals have free electrons, unlike in living tissue. Gold and silver are resistant to 

corrosion in air, but not in body fluids. Stainless steel and cobalt-based alloys 

also become polarised and undergo redox reactions in living tissues. Other 

metals such as iron and aluminium are more susceptible to corrosion whereas 

nickel, vanadium, molybdenum and copper can be toxic to cells (27). 
Ti has the right combination of the desired properties of strength, being inert and 

highly resistant to corrosion in living tissue as a result of the oxide layer. This 

process applies to Ti and Zr in that the oxygen atoms move into the metal oxide 

layer and the metal ions do not migrate to the surface, unlike other metals e.g. 

gold and stainless steel which is why they corrode. Water molecules are attracted 

to the oxide surface, and a hydroxyl group is formed, either as a lone group or as 

a bridging group. Therefore, the TiO2 layer has amphoteric and zwitterion 

properties. 

 

TiO2 properties allow it to interact with various functional groups in the 

extracellular matrix, such as hydroxyl (OH), carbonyl (CO), carboxyl (COOH), 

amine (NH), sulfonate (SO3H), and have physiological effects. Understanding 

these interactions may be the key to achieving the desired strong connective 

tissue attachment, e.g. interactions with ECM molecules such as osteopontin, 

bone sialoprotein, Dermatan and Fibronectin. The latter is a key ECM protein that 

enables attachment of cells and substrate via the functional groups on its 

arginine-glycine-aspartate (RGD) sequence. This sequence interacts with 

integrins on cells and influences cellular activity. 

 

The question is whether Ti, as the currently preferred metal substrate, can 

promote connective tissue attachment. Although Ti remains inert in tissues, it can 

cause allergic reactions (0.6% prevalence), and undergo corrosion and increased 

oxidation in acidic conditions of bacterial biofilm (27). The oxide layer may not be 

favourable for soft tissue attachment. CP titanium is graded 1-4 based on the 

following properties - strength, corrosion resistance, ductility with Grade 1 being 

the most resistant to corrosion and most ductile while Grade 4 is the least 
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resistant to corrosion but the strongest and least ductile. Grade 4 is used in 

dental and orthopaedic implants due its higher strength compared to the other 

lower grades. 

 

The most commonly used Ti alloy commercially is Ti6Al4V, also known as Grade 

5 Ti alloy with 6% Al, 4% V, 90% Ti. This has higher strength than the Ti-CP4 , 

but has poor wear resistance, and is more expensive. The poor wear resistance 

is very important in long term prostheses, as it can result in the release of 

particles in the tissues which can have toxic effects, such as vanadium particles 

in a Grade 5 implant. Even at 4% vanadium can cause an inflammatory response 

with a foreign body reaction (Fig. 14) (27). Studies have shown that epithelial 

cells spread and attach more favourably on Titanium Grade 4 and 5 alloy 

compared to porcelain and aluminium oxide based on scanning electron 

microscopy (SEM) and immunofluorescence results; but gingival fibroblast 

attachment was unfavourable on Grade 5 alloy (Ti6Al4V) compared with grade 

Ti-CP4, as evidenced with rounded cell shapes indicating lack of attachment (50). 

This may possibly be due to the toxicity of Al or V. 

 

For the purposes of this study, the main interest is in the positive interaction of 

the epithelial cells and fibroblasts to the substrate with regards to their 

proliferation and attachment. As far as metal substrates are concerned, the 

evidence supports Ti-CP4 over other metals and Ti alloys. 

 

Other materials to consider for transmucosal prostheses include ceramics such 

as calcium phosphate, aluminium oxide or zirconium oxide, which can be applied 

as a plasma spray or used as bulk material and are discussed next. 

 

Hydroxyapatite (HA), which is calcium phosphate (Ca10(PO4)6(OH)2), has 

excellent biocompatibility having a similar composition as mineralised bone. 

However, its brittle mechanical properties with long-term degradation and crack 

propagation, have resulted in increased complication rates as the HA coatings 

can shear off during placement or function. There are conflicting reports 

regarding the effect of HA on soft tissue attachment (7). Different morphologies 

seem to affect the soft tissue attachment (7). When porous and solid HA, as well 
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as concave and round surfaces were compared to the solid HA showed better 

attachment and the concave surface showed more stable attachment of soft 

tissues. CP Ti has been shown to have superior attachment to HA.  

 

Aluminium oxide has been shown to have good bone and soft tissue integration, 

both at epithelial and connective tissue level with hemidesmosomal attachments 

(structures that enable cells to attach to underlying surface such as the basal 

lamina, ECM) and the presence of BMZ (51). However, failure rates of aluminium 

oxide implants were high (survival of 65-92%) possibly due to its brittleness, low 

tensile strength and long-term aging. Hemidesmosomal attachments may not be 

sufficient for the barrier effect which is achieved with the connective tissue 

attachment to the cementum of teeth. 

 

Zirconia, yttrium-stabilized tetragonal zirconia polycrystals (Y-TZP), is stronger 

than aluminium oxide and is thought to have reduced tendency to collect plaque 

which is another desirable property for dental implants. However, in the presence 

of water it undergoes ‘low temperature degradation’ from tetragonal to monoclinic 

phase, which is brittle. The preparation of zirconia is very technique sensitive 

(52). Zirconia implants are more brittle with less flexion in response to load. 

Failure rates have been reported to be higher than Ti, however, more studies are 

required for conclusive results on the long-term survival and success of Zirconia 

implants compared to Ti. One of the weak points of the Zirconia implants are the 

threads where high stresses can result in fractures, which can be in response to 

high torque forces during the implant insertion. Zirconia in thin sections, as is 

desired on a thread, is weak. Two-piece Zirconia implants have an even higher 

risk of fracturing due to the internal abutment threads. The evidence for soft 

tissue integration to Zirconia or Ti and Zr alloys is lacking with some conflicting 

results. 
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1.1.7 Attempts at connective tissue attachment 
 

1.1.7.1 Design 
 

Various design modifications have been used to promote soft tissue attachment; 

these include surface treatments, collars (or flanges), grooves, porous structures, 

surface roughness manipulation, as well as surface energy and wettability. 

Current surface treatments attempted include: 

 

● Mechanical e.g. blasting with Ti, Zr, Al; 

● Chemical e.g. acid etching, anodisation; 

● Physical e.g. sputtering, ion deposition. 

  

Although these rough surfaces increase surface area for bone integration, they 

do not necessarily enhance soft tissue attachment. The summary of current 

evidence is (7): 

 

● Epithelial cells attach and proliferate better on smooth surfaces; 

● Fibroblast attachment and proliferation is better on rough surfaces; 

● There was no difference in connective tissue response to different rough 

material between Ti, Zr and TiZr alloys; 

● Research on the nanoscale roughness is inconclusive so far for soft tissue 

attachment, although there is evidence for its effectiveness in 

osseointegration, potentially through affecting direct cell-substrate 

interactions e.g. via RGD motif. 

 

1.1.7.2 Collars and flanges 
 

Studies have looked at increasing the surface area for soft tissue attachment by 

adding a mesh collar, nylon hooks, steel springs and solid flanges Fig. 19 (53). 

These have shown better soft tissue ‘integration’; however they still do not offer 

strong connections due to the direction of the soft tissue attachment (collagen 

fibril alignment) not being perpendicular to the implant core. The surgical 
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technique for positioning of the implant becomes very sensitive to ensure that the 

collar is at the correct height in relation to the appropriate aspect of the skin or 

mucosa. 

 

 

 

Figure 19. Images depicting transcutaneous implants with pores in flanges (a) 
coated with hydroxyapatite coating; and (b) plain titanium. Adapted from 
Pendegrass, C.J. (53). 

 

1.1.7.3 Grooves 
 

Groove orientation, depth and spacing can affect the position and growth of 

epithelial cells and fibroblast response. Contact guidance is a term to describe 

the ability of controlling epithelial cell and fibroblast orientation by altering the 

groove characteristics on an implant (54). Studies have shown that epithelial cell 

and fibroblast attachment and orientation can be influenced by the titanium 

surface microgroove morphology (53, 55, 56). 

 

Contact guidance can be seen in studies by Nevins et al. (57) with the 

histological images (Fig. 20) demonstrating the orientation of the collagen fibres 

being ‘guided’ towards the implant surface with the grooves created by the Laser 

Lock technology. However, orientation does not mean attachment, and so far, the 
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latter has not been demonstrated. 

 

 

Figure 20. Histology and illustrations depicting connective tissue in contact with 
BioHorizons® (grade 5 Ti alloy) implant surfaces, (a) smooth surface depicting 
parallel orientation of collagen fibres to the implant surface and (b) laser grooved 
surface depicting collagen orientation towards the implant surface. Adapted from 
Nevins et al. (57) Illustrations designed by Dr F Barrak and drawn by Kitty 
Lungley. 
 

 

1.1.7.4 Porosity 
 

Different cell types will need different porosity for the growth and establishment of 

blood supply for tissue metabolism. Poly(hydroxyethyl methacrylate) has been 

used as a negative control as its surface does not allow protein attachment and 

so the results will reflect the pore size effect as opposed to the surface reaction. 

Results from studies have shown that (7): although the effects of porosity are not 

fully understood, a pore size of 40 µm and throat size of 16 µm allowed 

a 

b 
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incorporation of soft tissues predictably irrespective of surface characteristics; 

pore sizes of > 100 µm demonstrated higher rates of epithelial downgrowth and 

implant exposure (58). 

 

1.1.7.5 Surface energy and hydrophilicity 
 

Fibroblasts have a positive response to increased hydrophilicity with the highest 

attachment found at 20-40° water contact angle. Epithelial cells did not respond 

to wettability, but more to nanotopography of intermediate surface energy 

compared to the unmodified Ti (with lowest energy) and nanotubular Ti (with the 

highest energy). 

 

1.1.7.6 Biomolecular coating 
 

Biomolecular coating e.g. peptides, and seeding of mesenchymal stem cells are 

further techniques being studied for the achievement of connective tissue 

attachment. The aims of biomolecular coating include: 

 

1. Reduction of non-specific protein attachment and cell adhesion; 

2. Enhancement of selective  tissue cell attachment; 

3. Integrin mediated cell stimulation for healing. 

 

Fibroblasts and epithelial cells have ECM surrounding them with different 

constituents (e.g. epithelial cells are in contact with laminin) and therefore we can 

expect them to respond to different proteins. Components of ECM include 

collagen type I, collagen type IV, laminin, fibronectin, vitronectin. Collagen type I 

and IV have been shown to improve epithelial attachment (59). Laminin 332 has 

also been shown to improve epithelial cell attachment and reduce epithelial down 

growth. Fibronectin, on the other hand, promotes fibroblast attachment and has 

binding sites for fibrin, thrombin, heparin sulphate and integrins (arginine, glycine, 

aspartic acid – RGD sequence) which play a role in cellular interaction with the 

ECM. 
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Other biomolecular factors to be considered include: platelet derived growth 

factor (PDGF) which speeds up healing in response to injury physiologically, and 

as demonstrated in experiments around implants (60); E-Cadherins, which are 

calcium dependent trans-epithelial adhesion proteins have also been considered 

for biomolecular treatments (61); and vitamins D and E, which have beneficial 

effect on fibroblasts in vitro (62). 

 

Various methods have been used for coating of medical devices such as implant 

fixtures and bone substitutes to improve bone healing via targeted cell activation. 

These include the use of growth factors such as BMP 2, 7 and various peptides 

with the aim of targeting specific cells and specific functions within them (63). The 

use of growth factors has had much attention with conflicting results in relation to 

their effectiveness for the stimulation of bone growth predictably (64). The 

application of growth factor proteins onto substrate surfaces is via adsorption 

methods and has disadvantages. The large protein molecules are susceptible to 

folding and structural changes in response to small environmental fluctuations 

such as pH and temperature. These can alter the protein’s activity by altering the 

active sites. Also, the adsorption of the protein molecules involves weak forces 

which results in dissipation of the growth factors with reduced concentrations in 

the intended target site as well as ectopic bone growth, hence the need for the 

higher concentrations used in medical devices to compensate for the loss of 

activity from some of the factors. 

 

In contrast to the use of growth factor proteins which are adsorbed, the 

application of small peptide chains to medical device surfaces can be attained via 

covalent bonding which allows a more stable, controlled  and targeted approach, 

both in terms of dosage, site of activity and cellular responses (63). Hence, with 

small chain peptides lower doses are required and they are also less likely to 

have undesirable immunogenic effects compared to proteins, while still 

maintaining their intended targeted cellular action. Reyes et al. 2017 (65) showed 

the effects of using biomolecular treatment using selective amino acid sequences 

for stimulating osteoblasts via α2 β1 integrins and Runx2/Cbf1a expression, as 

demonstrated in Fig. 21 where the bone to implant contact as well as the pull-out 

forces were much higher with the implants coated with amino acid sequence 
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(GFOGER) compared to the implants coated with collagen, which in turn were 

higher than the uncoated implants. 

 

 

Figure 21. Histology images depicting the difference in bone to implant contact 
with different coatings - left: GFOGER peptide coating, middle: collagen I and 
right: no coating. The blue bar depicts scale of 200 µm. Adapted from Reyes, 
C.D. 2017 (65). 

 

The choice of the peptide chain can influence the cellular interaction for the 

desired effect. Several peptides have been identified to have different cellular 

influences. For example RGD, is an amino acid sequence found on fibronectin, 

vitronectin and collagen, which interacts with integrins on various cells in a non-

specific way to enhance adhesion. Other peptide sequences are believed to be 

important in cell adhesion and spreading such as KRSR and FHRRIKA (Phe-His-

Arg-Arg-Ile-Lys-Ala) which was shown to be effective on silanised titanium 

surfaces (63). 

 

Various scaffolds have been considered for application of small peptide chains. 

The use of peptides incorporated in hydrogel scaffolds may provide a structure to 

allow physical and chemical fixation of collagen fibers. Although hydrogels have 

lower mechanical strength than bone, the transmucosal application would not 

involve the loading forces encountered in the intra-osseous aspect of the implant. 

However, a disadvantage of hydrogels is the rate of degradation which would be 

of significant importance for the desired long-term physical connective tissue 

attachment. 

 

Other materials considered for the application of small chain peptides include 

bioactive glasses, as well as direct application to titanium implant surfaces. This 
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methodology has been focused on bone healing mainly, however, there may be 

applications for controlling connective tissue attachment. 

 

1.1.7.7 Summary of biomaterial  properties required for achieving 
connective tissue attachment 
 

Based on the above literature analysis  and the natural tooth anatomy the  

suggested criteria for an ‘ideal substrate’ may have the following characteristics: 

 

● Porosity with pore size of 40 µm and throat size of 16 µm;  

● Surface energy with a of 20-40° water contact angle; 

● Roughness - micro or possibly at nano level; 

● Specific affinity for integrins and cell selectivity for fibroblasts possibly 

through biomolecular surface treatments; 

● Bioactive surface; 

● Anti-microbial properties; 

● Ability to calcify to ‘lock’ collagen attachments - mimicking the tooth 

cementum/ PDL relationship (Fig. 22). 

 

 

 

 

Figure 22. . SEM image and illustration showing the collagen fibres inserted in 

the calcified cementum matrix. Adapted from Beertsen, W. 1997 (66). Illustration 

designed by F Barrak and drawn by Kitty Lungley. 

(66). 
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1.1.8 Bioactive glass as a potential substrate for achieving connective 
tissue attachment 
 

Bioactive glass  is a material that comes very close to having many of the desired 

properties for the ideal substrate to allow connective tissue attachment in a 

similar way to cementum of the tooth. 

1.1.8.1 Bioactive glass structure 
 

Bioactive glass is an amorphous material rich in Si with a tetrahedral structure as 

shown in Fig. 23. 

 

 

 

 

Figure 23. (a) Bridging oxygen (b) Non-bridging oxygen with a network modifier 
cation. Adapted from Aguiar, H. 2018 (67) 

 

There are two main types of bonds in a glass network: bridging oxygen bonds 

between neighbouring Si atoms that hold the network together - network forming 

oxide (SiO2) and non-bridging oxygen bonds between Si and network modifier 

atoms that disrupt the network - network modifying oxides (Na2O, K2O, CaO, 
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MgO). The behaviour of bioactive glass depends on the balance of bridging and 

non-bridging O bonds Fig.23. The bioactive response based on compositional 

variations in 6% P2O5 systems is shown in Fig. 24. 

 

1.1.8.2 Bioactive glass composition and properties 
 

Melt quenched glass needs to be cooled rapidly to avoid crystallisation. If the 

cooling is slow or if there are insufficient network formers, a crystalline 

microstructure will form. Base components of the original 45S5 bioactive glass 

are SiO2 46.14 mol%, Na2O 24.35 mol%, CaO 26.91 mol%, P2O5 2.60 mol%.  

 

 

Figure 24. The bioactivity map of CaO, Na2O and SiO2 composition systems with 

6% P2O5 and the bioactive response. Adapted from Jones. J (68). 

 

Much research has been carried out on the properties of bioactive glass and its 

uses as a bone substitute, however, very little has been done on its potential as a 

substrate for connective tissue attachment. Bioactive glass has a wide range of 

possible compositions, which provide a variety of properties to choose from. It 

may be possible to mimic the mechanism for achieving strong connective tissue 

attachment seen around teeth, which involves collagen fibre endings aligning on 
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the tooth surface due to initial ionic attraction followed by calcification which 

‘locks’ the fibres on the surface (69).   

 

One of the important properties of bioactive glass includes the changes that take 

place at its surface once introduced into tissue fluids. This starts with a leaching, 

releasing alkaline earth elements (network modifiers) resulting in an increase in 

pH. This is followed by dissolution of the Si-O-Si bonds due to the OH group 

action. Silica is released into the tissues and a layer of silanols (SiOH) forms. 

Calcium phosphate precipitates at the surface and crystallises into 

hydroxycarbonate apatite (HCA) by incorporating carbonate ions. HCA interacts 

with collagen and matrix forming cells are activated; this enables bonding of the 

glass to the surrounding bone and soft tissue. This resembles the incorporation of 

Sharpey’s fibres into the cementum of a tooth. Other desirable properties of 

bioactive glass include its potential antibacterial properties, as has been 

suggested for S53P4 bioactive glass with the following composition: SiO2 79.45 

mol%, CaCO3 53.62 mol%,  Na2CO3  59.13 mol%, P2O5 5.94 mol% (70-72).  

 

S53P4 bioactive glass has been chosen for further study in this PhD not only due 

to its desirable bioactive and antibacterial properties mentioned above, but also 

due its low substitution (degradation) rate, which is important in implant dentistry 

for long term stability of augmented sites. It is also already Food and Drug 

Administration approved (FDA) approved and in clinical use in orthopaedic and 

craniofacial surgery, which allows clinical application of the product in implant 

dentistry.  

1.2 Motivation  for this PhD project 
 
As a clinician in this growing field of dentistry, the diagnosis of peri-implantitis is 

extremely challenging with the knowledge of the unpredictability of the current 

treatments.  The patients are advised that the treatment of peri-implantitis is at 

best a salvage procedure to try and stop disease progression and maintain the 

implant in function. Patient expectations have to be managed for even this 

salvage procedure’s long-term success, as this is also unpredictable with an 

unlikely re-establishment of osseointegration in the areas of bone loss (16). 
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There is therefore a need for further research to better understand the 

aetiological contributing factors for peri-implantitis and preventing its occurrence 

or improving the treatment outcomes. This knowledge may have potentially wider 

benefits in all disciplines involving transcutaneous and transmucosal prostheses.  

 

Based on the above literature review, there are two key areas of gaps in 

knowledge in relation to the aetiology and prevention of peri-implantitis. These 

are the potential role of dental implant particles in the aetiology of peri-implantitis 

which is currently considered to require further evidence (19), and the ability to 

achieve robust collagen attachment in the transmucosal segment of the implant 

prosthesis as a barrier to microbial invasion and hence prevention of peri-

implantitis. 

 

1.2.1 Aims and objectives 
 

The aims and objectives of this research are to investigate: 

a. The potential role of dental implant particles in peri-implantitis  

 

b. The potential use of S53P4 bioactive glass as a substrate for collagen 

attachment  

 

The specific objectives of the research are to answer the following questions: 

1. Are particles released from the implant surfaces during implant placement 

and if so, is this influenced by implant morphology and grade of Titanium 

used? 

2. Are the particles released from dental implants cytotoxic and behave 

differently to the bulk material? if so, what is the mechanism of 

cytotoxicity? 

3. Can the grade of Titanium influence tissue response and macrophage 

polarity? Can the inflammatory response be reduced with biomaterials? 

4. Can connective tissue attachment be achieved to reduce the ease of 

bacterial invasion? 
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2. Investigation of particles released from dental implants following mock 
implantoplasty and their effect on human gingival fibroblasts 
 

2.1 Introduction 
 

The use of titanium dental implants to replace missing teeth has been well 

documented and accepted as a treatment option (73, 74). Despite the 

predictability of dental implants there are potential complications such as peri 

implant inflammation (peri-implantitis), which can result in rapid loss of the bone 

supporting the fixture with eventual loss of the implant (10, 15, 75, 76). Bone loss 

around the neck of the implant can be due to bone remodelling and therefore, the 

diagnosis of peri-implantitis is made when bone loss takes place in the presence 

of inflammation in the surrounding gums, as demonstrated at clinical examination 

by bleeding on probing and deepening pockets between the implant and the 

surrounding tissues. 

 

The aetiology of peri-implantitis has been suggested to be related to plaque and 

the associated bacterial invasion of the tissues by a consensus report published 

in 2018 (19). The risk factors for developing peri-implantitis include a history of 

periodontal disease, uncontrolled diabetes mellitus and smoking. There have also 

been suggestions about the aetiology being related to an initial foreign body 

reaction to particle release from the implant surface, resulting in bone loss and 

subsequent bacterial invasion (24, 37, 41, 77). Particle release from the implant 

fixtures can take place during implant placement as a result of the shear forces 

on the roughened surface of the implant, from the implant-abutment interface due 

to wear and occlusal loading of the implants. The particles released locally may 

also be found in distant sites (25). Particle release from dental implants can also 

take place as a result of corrosion due to exposure to fluoride treatments and the 

acidic environment in the oral cavity (78, 79). 

 

The treatment of peri-implantitis is aimed at stopping the inflammatory process 

and the progression of disease, and to maintain the implant in function. This 

involves a range of procedures from debridement and antiseptic application to 
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surgical and resective treatment which involve the removal of the exposed and 

contaminated rough surface of the implant to reduce plaque retention. The latter 

is referred to as implantoplasty and involves the use of rotary instruments to drill 

the outer superficial rough implant surface including the threads (Fig. 2 - 1). The 

procedure creates a smooth surface rendering it less plaque retentive. However, 

the procedure results in particle release in the tissues, which can be very difficult 

to control. 
 

 

Figure 2 - 1. a Schematic representation of the amount of implant diameter 
reduction using rotary drilling instruments during the implantoplasty procedure; 
adapted from ITI speaker’s library. b Clinical image of before and after 
implantoplasty of a small segment of an exposed implant to remove the rough 
surface and threads and reduce plaque retention; C/o Dr Wail Girgis 
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The aim of this study was to use simulated implantoplasty on two commonly used 

titanium implant grades (grade 4 and 5) to investigate the particle characteristics 

and in vitro human gingival fibroblast cellular response. 

2.2 Materials and methods 
 

2.2.1 Materials 
 

Six dental implants were purchased, three 4.1 by 12 mm grade 4 commercially 

pure bone level tapered Straumann implants (Sussex UK) and three 5.0 by 10.5 

mm grade 5 titanium alloy bone level tapered Bio Horizon implants (Berkshire 

UK). The grade 5 titanium alloy consists of 90% Ti, 4% V and 6% Al with trace 

elements of Fe. 

Reagents and solvents were purchased from Sigma-Aldrich (Dorset UK). 

 

2.2.2 Simulated implantoplasty method 
 

The procedure was standardised by using a single operator, dental implants were 

held using a table clamp, the drilling was carried out using new single use 

diamond burs (Diatech G856.314.021.9ML-200453AA) in a handpiece (W&H, 

Alegra dental turbine handpieces TE-98 Led G) at 50,000 rpm for 5 minutes. 

The particles released were collected in Falcon tubes to analyse. 

 

2.2.3 Particle size measurement 
 

The particles collected were suspended in 70% ethanol at 5mg.ml-1. Particle size 

was analysed by using the Malvern Zetasizer and Mastersizer for 3 sub runs of 

15 minutes duration each, automatically set by the instrument. The suspended 

particles were placed in an ultrasonic bath for 15 minutes immediately prior to 

performing laser diffraction measurement to minimise their settling at the base of 

the Falcon tubes. 
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2.2.4 Scanning electron microscopy 
 

The particles were dried in a 60°C oven, secured using carbon tape on an 

aluminium sample holder and coated with 10 nm gold. A Zeiss Sigma-300 SEM 

was used to acquire images with electron high voltage (EHT) of 10 kV, working 

distance (WD) of 7 mm, and for energy dispersive X-ray spectroscopy (EDX) 

analysis using samples coated with 10 nm gold using silver conductive paint to 

make contact with the holder. 

 

2.2.5 Ion release from titanium particles 
 

Simulated body fluid (SBF) was prepared in a 1 L polypropylene beaker 

containing 700 ml of deionised (DI) water warmed to 37°C in a water bath, by 

slowly adding reagents according to the Kokubo method while continuously 

stirring the solution and monitoring the pH to avoid sudden increase and 

precipitation. Table 2-1 lists the reagents in order they were carefully added with 

the amounts used (80, 81). Once the reagents were mixed, the solution was 

made up to 1 L using DI water, stored at 37°C and used within 48 hours. The SBF 

was adjusted to pH 7.4 at 37°C before use and the particles were suspended in 

simulated body fluid at three concentrations: 0.75, 1.5 and 3 mg.ml-1 in airtight 

polyethylene containers. In addition to the particles, a whole undisturbed implant 

fixture was also placed in SBF in a sealed polyethylene container for comparison 

of the whole implant to its particles. The containers were kept in a 37°C water 

bath and placed on an orbital shaker rotating at 120 rpm. Aliquots of 1 ml were 

taken for pH and ionic analysis at day 0, day 3 and day 10. 
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Table 2 -  1. List of reagents and their amounts, in order of addition for preparing 
SBF (73) 

Order Reagent Amount 
1 NaCl 8.035g 
2 NaHCO3 0.355g 
3 KCl 0.225g 
4 K2HPO4.3H2O 0.231g 
5 MgCl2.6H2O 0.311g 
6 1.0M-HCl 39ml 
7 CaCl2 0.292g 
8 Na2SO4 0.072g 
9 Tris 6.118g 
10 1.0M-HCl 0-5ml 

 

2.2.6 Preparing culture media 
 

Basal Dulbecco′s Modified Eagle′s Medium (DMEM) containing 1% (v/v) penicillin 

and streptomycin (100 unit.ml-1 penicillin and 100 μg.ml-1 streptomycin) and 10% 

(v/v) Foetal Bovine Serum (FBS) was prepared for culture expansion of human 

gingival fibroblast (HGF) cell line (PCS-201-018TM, ATCC®, UK). Table 2-2 

summarises the DMEM components (Sigma-Aldrich). 

 

Table 2 -  2. List and amounts of components in DMEM (Sigma-Aldrich) 

  

COMPONENTS g/ L 

Inorganic salts  

CaCl2 0.265 

Fe(NO3)3.9H2O 0.0001 

MgSO4 0.09767 

KCl 0.4 

NaHCO3 3.7 

NaCl 6.4 

NaH2PO4 0.109 

Amino Acids  

Vitamins  
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Cryopreserved stock HGFs were thawed rapidly in a 37°C water bath. 1 ml of cell 

suspension was added to 9 ml of basal media and placed in 75 cm2 flask. Cells 

were maintained in humidified atmosphere at 37°C, 5% CO2 and 21% O2 for 3 

days until 70-80% confluence. Culture medium was replaced every 2-3 days. 

 

To passage cells, culture medium was removed and cells were washed with 

phosphate buffered saline (PBS) 3 times. 1X Trypsin ethylenediaminetetraacetic 

acid (TE) (1 ml of Trypsin EDTA 0.5% (10X) was added to 9 ml PBS to dilute to 

1X TE 0.05%) was added to the culture flask and introduced to the incubator for 1 

minute.  Cell motility was checked under light microscopy to ensure detachment 

of most cells and basal medium was added to flask to arrest the TE activity. Cell 

suspension was added to a Falcon tube and centrifuged for 4 minutes at 

approximately 400 G (1200 RPM); the supernatant media was carefully discarded 

into a separate Falcon tube temporarily. Cells were counted using a 

haemocytometer and resuspended to achieve the desired concentration for the 

test groups.  

 

Before use in culture, the titanium particles were sterilised using 70% ethanol for 

1 minute. Grade 4 and grade 5 particles were suspended in DMEM at 

concentrations of 0.75, 1.5 and 3 mg.ml-1 in airtight polyethylene containers and 

placed in an orbital shaker at 120 rpm, at 37°C for 72 hours. The test samples 

were divided into 2 groups: Group 1 - Dissolution product group – Grade 4 and 

grade 5 particles were filtered using 0.2 μm polytetrafluoroethylene (PTFE) 

membrane syringe filters following incubation to remove the particles before the 

cells were cultured with the media; Group 2 – Particle group - the cells were 

cultured with the particles present in the media. Basal DMEM and DMEM 

containing whole, unprocessed grade 4 and grade 5 implants were used as 

controls. 24 well culture plates were used for each time point (3 days, 7 days and 

10 days), 12 wells for each test group with 3 repeats for each variable and 

controls in each group (3 X basal media, whole implant in media, grade 4 and 

grade 5). Media change was carried out every 2-3 days using the stock media. 

The effect of the titanium particles on the HGF metabolic activity was investigated 

by performing a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) metabolic activity assay with group 1 and group 2 test samples. 
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2.2.7 Metabolic activity assay 
 

A 24-well plate was seeded with 3000 cells/cm2 and after 24 hours in DMEM the 

media was replaced with the test samples with 10% FBS supplement and 

incubated for a further 3, 7 and 10 days. At each time point the media was 

removed and replaced with 100 µl MTT (1 mg.ml-1) in serum-free medium, freshly 

prepared) and incubated for 3 hours. MTT solution was removed and the 

formazan derivatives produced by metabolically active cells were then dissolved 

with 100 µl dimethyl sulfoxide (DMSO) and introduced into the plate reader to 

measure luminescence at 570 nm (SpectraMax M5). 

 

2.2.8 Inductively coupled plasma optical emission spectroscopy sample 
preparation 
 

Samples for Inductively coupled plasma optical emission spectroscopy (ICP-

OES/ ICP)  (iCaP6300 Duo, ThermoFisher Scientific, UK) were in 3 groups:  SBF, 

dissolution products of particles from immersion in DMEM for 3 days and DMEM 

samples from culture studies with particles present. Collected samples were 

filtered through 0.2 µm filter and diluted (1:10 dilution) in nitric acid and stored 

until all the samples were ready for analysis. ICP standards containing 0, 2, 5, 10, 

20 and 40 µg,ml-1 of Ti, V, Al, Fe were prepared. pH measurements were also 

taken at all the time points used for the ICP. 

 

Standard solution used (µl):  0 50 125 250 500 1000 

Concentration (µg.ml-1):   0 2 5 10 20 40 

 

Total made up with nitric acid to 25 ml using ICP flasks (2 M nitric acid solution 

was prepared by adding 127 ml nitric acid to distilled water to make up to 1 L). An 

acid blank was used as control. 
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2.2.9 Statistical analysis 
 
Results were presented as mean ± standard deviation (S.D.). Mann–Whitney U 

test (2 groups) or Mann–Whitney U test with Bonferroni correction (> 2 groups) 

was performed using OriginPro 2019. Results were deemed significant if the 

probability of occurrence by random chance alone was less than 5% (i.e. p < 

0.05). 

2.3 Results 
 

2.3.1 Particle sizing 
 

Particles produced by performing implantoplasty resulted in larger size particles 

with grade 4 implants when compared to grade 5 implants, 77.4 ± 9.1 μm (modal 

number 66.3 μm) and 48.4 ± 6.4 μm respectively (modal number 43.1 μm).  

Nano-sized particles were also detected on laser diffraction analysis; diameters 

were Grade 4: 125.4 ± 10.9 nm (modal number 109.3 nm) and Grade 5: 57.74 ± 

2.66 nm (modal number 52.1 nm). 
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2.3.2 Particle morphology and composition 
 

 

Figure 2 - 2. Images of implants and SEM of particles produced by mock 
implantoplasty procedure. a–c Straumann implant (commercially pure grade 4 
titanium). d–f BioHorizons® (grade 5 titanium alloy). Arrows indicate titanium 
oxide spheres. Scale bar represents 20 and 5 μm for low and high magnification 
respectively. 

 

SEM images of the particles produced by implantoplasty showed irregular sizes 

and shapes for both grade 4 and grade 5 samples with some spherical particles 

in both groups, indicated by the arrow in Fig. 2 - 2. 

 

EDX analysis confirmed the spherical particles to be titanium oxide and 

demonstrated the presence of vanadium and aluminium in grade 5 samples only. 

Titanium and carbon were present in both samples Fig. 2 - 3. 
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Figure 2 - 3. EDX spectra of particles produced by the mock implantoplasty 
procedure. a, b Particles from grade 4 commercially pure titanium implant, a 
angular microparticles and b small spheres. c, d particles from grade 5 titanium 
alloy, c angular microparticles and d small spheres. 

 

2.3.3 Inductively coupled plasma optical emission spectroscopy 
 

Elemental concentration in the SBF, immersion of the implant particles in SBF 

and DMEM was measured using ICP over 3- and 10-day time points and at 3 

concentrations 0.75. 1.5 and 3 mg.ml-1. There was no Al or Fe release detected 

from grade 4 or grade 5 particles immersed in SBF for all the time points and all 

three concentrations (Fig. 2 – 4). Ti release was minimal at day 3 and day 10 for 

both grade 4 and 5 particles. V release was only detected after 10 days of 

immersion of grade 5 particles Fig. 2 - 4. The pH of SBF remained at 7.4 

throughout the time points and at the different particle concentrations. 
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Figure 2 - 4. Titanium (Ti) and vanadium (V) release from the particles in 
simulated body fluid (SBF). Experimental duration was 10 days. Results 
presented as mean ± standard deviation, n = 3. 

 

Particles immersed in DMEM released no detectable Fe or Al ions with low levels 

of Ti ions in both grade 4 and 5 samples. V ions were detected from grade 5 

particles at 0.116 + 0.023 mg.ml-1. The change in concentrations did not have an 

effect Fig. 2 - 5. 
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Figure 2 - 5. Titanium (Ti) and vanadium (V) content in Dulbecco’s Modified Eagle 
Medium (DMEM). a, b Dissolution products (media filtered through 0.2 μm PTFE 
membrane following initial soaking of the particles for 3 days) and c, d DMEM 
sampled during cell culture studies where cells were cultured with the particles 
over a period of 10 days (particles removed prior to ICP measurement). Results 
presented as mean ± standard deviation, n = 3. 

 
2.3.4 Metabolic activity 
 

HFG cells cultured with grade 4 particle dissolution products at all three 

concentrations had no reduction of metabolic activity at the 3-, 7- and 10-day time 

points, as assessed with MTT assay. Cells cultured with grade 5 dissolution 

products had a reduced metabolic activity at the 10 day time point, although this 

was not statistically significant. The different concentrations of grade 5 particle 

dissolution products did not have any effect on the results (Fig. 2 – 6a). 

 

HGF cells cultured in the presence of grade 4 particles (without filtering particles 

from the media) showed no reduction in the metabolic activity at any time point or 

concentration. However, there was significant reduction in the metabolic activity 

of cells cultured with grade 5 particles through all the time points. The different 
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concentrations did not have an effect. There was no reduction in the metabolic 

activity with cells exposed to the whole implant in either group (Fig. 2 – 6b). 

 

Figure 2 - 6. The effect of different concentrations (0.75, 1.5 or 3 mg.ml-1) of 
grade 4 and grade 5 implant particles on human gingival fibroblast viability in vitro 
using an MTT metabolic activity assay. a, cells exposed to a dissolution products 
(ions and nanoparticles), b, culture medium containing suspended implant 
particles for the duration of the culture period. Basal medium and basal medium 
containing unprocessed dental implants were used as controls. All results were 
normalized against the value of basal medium at day 3. Results presented as 
mean ± standard deviation, n = 3. The asterisk indicates p < 0.05, and + indicates 
0.05 < p < 0.1 when compared to basal medium control at each time point. 
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2.4 Discussion 
 

Particles produced by performing mock implantoplasty were smaller in the grade 

5 implant group than grade 4. This is likely to be due to the higher hardness of 

grade 5 titanium alloy. G5 hardness of 36 (HRC, Rockwell C) compared to 23 

(HRC, Rockwell C) of G4 (82, 83). 

 

The results show no adverse effects on the cell viability when HGF are cultured 

with grade 4 dissolution products and when exposed to the particles in media for 

up to 10 days. In contrast, cells cultured with grade 5 particle dissolution products 

had reduced viability after 10 days, although not statistically significant. The 

significant difference was seen when the cells were exposed to the grade 5 

particles, where the viability was markedly reduced for all time points. There was 

no change in the pH in any of the groups. 

 

Grade 5 particles’ adverse effect on the cell metabolic activity may be as a result 

of the smaller sized particles, or as a result of the presence of vanadium which 

has been shown to be toxic (84, 85). The ICP results reflect the presence of 

vanadium where the cell viability was found to be reduced in MTT assays. This 

was observed from the first timepoint of 3 days of culturing cells in the presence 

of grade 5 particles. Other studies support the slow release of V (86, 87) and the 

increased cytotoxicity of V with increasing concentrations of 1.17–1.53 μg.ml-1 

(85, 88). Although Al was not detected in the ICP analysis, grade 5 alloy contains 

6% Al as well as trace elements of Fe. The presence of Al needs to be 

considered, as it may play a potential role in the reduced cell viability  

 

The V concentration in this study after 10 days in DMEM was approximately 0.1 

μg.ml-1, hence the reduced viability observed in the MTT assay. The grade 4 

particle size detected in this study ranged 125.4 ± 10.9 nm–77.4 ± 9.1 μm. For 

grade 5, the particle size range was 57.74 ± 2.66 nm–48.4 ± 6.4 μm. The smaller 

particles of grade 5 could be due to the higher hardness of the alloy. This range 

of nano and fine particles can enter cells through various routes of endocytosis, 
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which include phagocytosis in specialised cells (macrophages, monocytes and 

neutrophils) and pinocytosis in other mammalian cells (89, 90).  Particle uptake 

by fibroblasts within the size range in this study has been previously 

demonstrated (91-93). Once inside the cell, the effects are not fully understood, 

however, there is potential for damage to the deoxyribonucleic acid (DNA) and 

other molecular effects (40, 94, 95). The detrimental effects of TiO2 nano and 

microparticles were enhanced in the presence of LPS (92). It is important to also 

consider that even commercially pure titanium has impurities such as iron (Fe) 

and nickel (Ni), which may also play a role in cellular responses, especially as 

allergic reactions have been reported in humans (96-100). 

 

2.5 Conclusions 
 

This study shows that grade 5 implant particles reduce HGF cell viability 

significantly in vitro, as early as 3 days in culture. The particle size released from 

mock implantoplasty ranged from nano to fine particles which can have 

intracellular consequences that are not yet fully understood, but the reduction in 

cell metabolic activity is likely to be due to release of V ions, although the 

presence of Al must also be considered despite the ICP results . The particles 

may have biological consequences for our patients and although this data is 

purely from in vitro experiments and cannot be extrapolated to the clinical 

scenario for implant placements where such large amounts of particles are not 

released, it does raise an important question on the use of the implantoplasty 

procedure, especially with grade 5 implants. 
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3. Particle release from different dental implant systems immediately after 
placement in an ex-vivo pigs jaw model 
 

3.1 Introduction 
 

Titanium and its alloys have been widely used in orthopaedic and dental implant 

surgery (101). A major cause of dental implant failure is peri-implantitis, which is 

characterized by the presence of inflammation in the peri-implant soft tissues and 

the resultant bone loss (28). The aetiology of peri-implantitis is currently believed 

to be plaque related (19), however there is some evidence to support aseptic 

inflammation secondary to particle release from implant surfaces as a 

contributing factor, if not the primary cause of implant failure (102-104). 

 

Particle release from implants can take place during fixture insertion as a result of 

shear forces on the micro-roughened surface. Wear from functional loading at the 

implant-abutment interface and corrosion due to exposure to oral fluids can 

accelerate the degradation of the surface of the implant resulting in more particle 

and ion release (103-107). Manufacturers assess the biocompatibility of dental 

implants using standards such as International Organisation for Standardisation 

(ISO) 10993 to ensure there is no leaching from the fixture in cell culture. 

However, the presence of particles in the peri-implant tissues can result in 

chronic inflammation due to the frustrated phagocytosis of small endocytosed 

particles (108). Studies have demonstrated a particle size range from nano to 

micrometer (26, 104, 109) and peri-implant soft tissue biopsies have revealed 

inflammation around particle aggregates (110, 111). The cellular response to 

nano sized particles is not fully understood. The higher exposed surface area of 

small particles can result in a higher rate of ion release. Other studies using 

orthodontic mini implants have found particles from the implants in lung, liver, 

spleen and bone tissues (112, 113). Particles released from ultrasonic scaling of 

grade 5 (titanium alloy consisting of 90% Ti, 6% Al and 4% V) implant surfaces 

have resulted in the upregulation of inflammatory factors IL1β, IL6 and TNFα, in 

in vitro and animal studies (35). 
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The aim of this study was to investigate the impact of the dental implant 

geometric design (tapered or parallel morphology) and material (grade 4, grade 5 

and Roxolid®) on the release of particles immediately following ex vivo implant 

fixture placement in pig mandibles. The uptake of implant particles by HGF and 

RAW macrophages was also investigated in vitro. 

  

3.2 Materials and methods 
 

Dental implants were ordered from Straumann UK for grade 4 commercially pure 

titanium and Roxolid® (Ti15Zr) with sand blasted large grit acid etched (SLA) 

surfaces - Straumann Ti-CP4 cylindrical bone level (BL), Straumann Ti-CP4 bone 

level tapered (BLT-S), Straumann Ti15Zr Bone level tapered Roxolid® (BLT-R). 

BioHorizons® tapered implants (BH) were ordered for grade 5 alloy (Ti6Al4V) 

implants. 

 

The Straumann implants had diameters of 3.3 and 4.8 mm, each with 12 mm 

length and tapered and parallel walled cylindrical implants. BioHorizons® implants 

were all tapered at 3.4 and 4.6 mm diameters and 12 mm length. Table 3 - 1 

summarises the implant variables. 

 

Titanium particles for Ti-CP4 and Ti6Al4V were gifted by Dr Jonathan Jeffers 

(Imperial College London) and for Roxolid®, discs provided by Straumann (Basel, 

Switzerland) were used to drill and produce particles. Pig mandibles were 

purchased from Medical Meat Supplies (Oldham, UK) and the reagents were 

purchased from Sigma-Aldrich (Dorset, UK) and ThermoFisher Scientific 

(Paisley, UK). 

 

3.2.1 Implant placement protocol 
 

Implants were placed in the superior aspect of the ramus of pigs’ mandibles using 

the appropriate system’s drilling protocol. Each ramus was split in 3 sections, one 

for implant placement and 2 controls, which consisted of an unprepared section 

and a section where an osteotomy was drilled but no implant was placed (Fig. 3 -
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1). The controls were to assess any particles present in the mandible predrilling 

or from drilling without implant placement. There were 5 repeats for each implant 

group.  

 

The bone segments for controls and test sites were then sectioned vertically and 

the implants removed from test sites. This allowed implant removal without using 

reverse torque, which could cause further particle release and affect the results of 

investigating particle release from implant placement alone. Samples collected 

for SEM and micro-computed tomography (μ-CT) analysis were stored at 4°C in 

paraformaldehyde. The samples for ICP were stored at -20°C for further 

preparation and analysis. 

 

Table 3 - 1. Summary of implant characteristics with the loss in mass following ex 
vivo placement. All implants had 12 mm length. Ti-CP4 is commercially pure 
grade 4 implant; Ti15Zr is the alloyed implant with 85% titanium and 15% 
zirconium; Ti6Al4V is the grade 5 alloy consisting of 90% titanium, 6% aluminium 
and 4% vanadium.  
 

Brand Model 
no. 

Implant 
type Material Surface 

Endosteal 
diameter 

(mm) 

ID in 
this 

study 

Mass loss after 
implantation  

(estimated, µg) 
Straumann® 21.2612 Cylindrical Ti-CP4 SLA® 3.3 BL3 554 ± 15 
Straumann® 21.6612 Cylindrical Ti-CP4 SLA® 4.8 BL4 661 ± 15 
Straumann® 21.3412 Tapered Ti-CP4 SLA® 3.3 BLT-S3 134 ± 13 
Straumann® 21.7412 Tapered Ti-CP4 SLA® 4.8 BLT-S4 519 ± 15 

Straumann® 21.3512 Tapered Roxolid® 
(Ti15Zr) SLA® 3.3 BLT-R3 448 ± 35 

Straumann® 21.7512 Tapered Roxolid® 
(Ti15Zr) SLA® 4.8 BLT-R4 548 ± 38 

BioHorizons® TLX3412 Tapered Ti6Al4V Laser-
Lok®/RBT 3.4 BH3 639 ± 54 

BioHorizons® TLX4612 Tapered Ti6Al4V Laser-
Lok®/RBT 4.6 BH4 691 ± 15 
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Figure 3 - 1. Image depicting the experimental setup of the pig mandible and the 
morphology of the different implants. (a) The ramus of the pig mandible was 
sectioned in 3 compartments: undrilled bone (control), drilled bone without 
implant placement (control) and implant placement (test). (b) vertical section 
through the untreated bone, (c) vertical section through the drilled bone without 
implant placement, (d) vertical section through the bone where implant was 
placed, after removing the implant. Representative image of implants following 
placement and removal: (e) Straumann Ti-CP4 cylindrical bone level (BL); (f) 
Straumann Ti-CP4 bone level tapered SLA surface (BLT-S); (g) Straumann 
Ti15Zr Bone level tapered Roxolid® (BLT-R) and (h) BioHorizons® Ti6Al4V 
tapered (BH). Scale bars are 1cm. 
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3.2.2 Preparation of bone samples 
 

Bone samples were dissolved in acid using 5 ml of 4 parts 65% nitric acid plus 1 

part 96% sulfuric acid. Working inside a fume hood, the samples were placed in 

acid in polypropylene tubes with screw caps pierced to allow fumes to escape. 

Samples were held in a 40°C bath overnight, the temperature was then increased 

to 70°C for 2 hours and 95°C for a further hour, as described previously (114). 

Once the samples cooled down to room temperature, they were centrifuged and 

the supernatant was collected for analysis. In order to assess the quantity of 

implant particle released a standard curve was developed by dissolving known 

amounts (0.75 mg, 1.5 mg and 3.0 mg) of particles of Ti, Ti6Al4V and Ti15Zr in 

acid using the same method described above.  

 

3.2.3 Inductively coupled plasma optical emission spectroscopy  
 

ICP was used to measure the elemental concentration of Ti, V, AL and Fe in the 

dissolved solutions. Standards for Ti, Al, V and Fe were prepared at 0, 2, 5, 20 

and 40 µg.ml-1 for calibration. Samples were prepared by using 1 ml from the 

sample in 9 ml of de-ionised water and filtering through the 0.2 µm membrane. 

The samples were run in triplicates. 

 

3.2.4 Scanning electron microscopy 
 

A representative sample of implants from each group was used for SEM imaging 

using Zeiss Sigma-300. For each implant 3 images were taken: the neck, body 

and apex (Fig. 3 – 1h) of each fixture at X125 and X1500 magnifications (Fig. 3 - 

6).  The implants were prepared for SEM imaging by drying them in 60°C oven 

overnight and coating with 10 nm gold once secured on an aluminium sample 

holder by a carbon tape. 
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3.2.5 Three-dimensional micro-computed tomography 
 

Bone samples were collected for Three-dimensional micro-computed tomography 

(μ-CT) investigation following implant removal. The samples were stored in 

polypropylene tubes with 1.5x1.5x1.5 cm dimensions in each tube, wrapped in 

radiolucent cotton in order to maintain a distance between the samples and 

prevent overlap during μ-CT scanning. The 3D μ-CT Zeiss Versa 520 X-Ray 

scanner (Zeiss, Germany) at the Natural History Museum was used for this 

experiment and the 3-D reconstructed volumes were visualised and analysed 

using Fiji ImageJ software (version 1.52p, NIH, USA). The settings were 140 kV 

voltage, 71 µA current (with high efficiency filter), 12.3 µm voxel size, 0.4✕ optical 

magnification, 5 s exposure time, 2.5 MHz camera readout, 1 recon binning and 

1601 projections. 3D μ-CT images were visualised using Fiji ImageJ software 

(version 1.52p, NIH, USA). The images were analysed by scrolling through to 

detect the presence of dense radio-opaque material in the wall of the 

osteotomies, which would be indicative of titanium particle release. 

 

3.2.6 Cell culture 
 

Particles of grade 4 and grade 5 titanium alloy were functionalised to become 

fluorescent before culturing with HGF (ATCC, Middlesex, UK) and RAW 264.7 

(Sigma-Aldrich, Dorset, UK) cell lines to demonstrate particle uptake by cells. 

 
3.2.7 Particle functionalisation and fluorescent labelling 
 

Particles were placed in absolute ethanol 5 mg.ml-1, before gently adding 28% 

ammonium hydroxide (5%v/v) followed by 3-aminopropyl triethoxysilane (1:5). 

The solution was placed on an orbital shaker at 200 rpm for 16 hours to complete 

functionalisation of the particles. Absolute ethanol was used to wash the 

functionalised particles and fluorescein 5(6)-isothiocyanate (FITC) 1 mg.ml-1 

dissolved in absolute ethanol was used to label the particles by leaving the 

solution containing the functionalised particles with a 1:1 weight ration of particle 

and FITC on an orbital shaker for a further 16 hours at 200 rpm.  
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The functionalised and FITC labelled particles were prepared for culture by 

washing with absolute ethanol, deionised water and sterilised with 70% ethanol. 

For each of the cell lines, HGF and RAW 264.7 three tissue culture μ-dishes 

(ibidi®, Thistle Scientific Ltd, Glasgow, UK) were seeded with 300 cells/ cm2 in 

DMEM supplemented with 1% Penicillin & Streptomycin and 10% FBS and 

incubated for 24 hours before introducing the FITC labelled particles at a 

concentration of 250 μg.ml-1. After 16 hours the cells were fixed with 4% 

formaldehyde (10 ml 16% vial in 30 ml PBS) to prepare for staining and confocal 

microscopy. 

 

3.2.8 Preparation of solutions/ reagents for staining 
 

• 1% Bovine serum albumin (BSA) in PBS (0.5 g of BSA in 50 ml PBS) was 

prepared to block nonspecific binding of antigens and antibodies and to 

act as carrier for the antibody. 

• Permeabilisation buffer was prepared in 50 ml of de-ionised water by 
adding 5.15 g sucrose, 0.146 g NaCl, 0.03 g MgCl2, 0.238 g HEPES, 0.25 

mls of Triton X with pH adjustment to 7.2 (115).  

• PBS TWEEN 0.5% was prepared by adding 0.25 ml TWEEN in 50 ml 

PBS. 

 

3.2.8.1 Staining 
 

Fixative was gently removed from the samples and washed twice with PBS. 

Permeabilisation buffer solution was added to the surface to be stained and left 

for 15 minutes before washing with PBS. Blocking BSA solution was then added 

and left for 10 minutes.  

 

Phalloidin (Alexa Fluor® 568-conjugated phalloidin 1:1000 dilution in labelling 

buffer) was added, wrapped in foil and kept at 4°C for 1 hour, washed with Tween 

for 10 minutes and counter stained with 4’,6-diamidino-2-phenylindole (DAPI) (0.1 

μg.ml-1 in PBS) for 10 minutes and kept in dark. The samples were imaged using 
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Leica SP5 MP laser scanning confocal microscope (Leica Microsystems, Wetzlar, 

Germany) and soft-Ware Fiji ImageJ software (version 1.52p, NIH, USA) to 

generate orthogonal views. 

 

3.2.9 Statistical analysis 
 
Results were presented as mean ± standard deviation (S.D.). Statistical analyses 

including non-parametric t-test (2 groups) and Kruskal-Wallis test with Dunn's 

post-test (3 or more groups) using Prism 8 (GraphPad Software, US). Results 

were deemed significant if the probability of occurrence by random chance alone 

was less than 5% (i.e. p < 0.05). 

3.4 Results 
 

Titanium particles were detected from all implants tested. Zirconium and 

vanadium particles were only detected with the alloyed implants, Ti15Zr and 

Ti6Al4V respectively. 

 

3.4.1 Implant diameter  
 

The increase in diameter of implant resulted in significantly more particle release 

in the BL and BLT-S groups, both grade 4 commercially pure titanium (Table 3 - 

2).  

 

Table 3 - 2. Summary of ICP-OES results for Ti release in the Ti-CP4 group. 

Implant diameter and type Titanium release detected in bone samples 
3 mm BL 6.0 ± 0.2 mg. ml-1 Ti 

4 mm BL 8.6 ± 0.2 mg. ml-1 Ti 

3 mm BLT 1.5 ± 0.1 mg. ml-1 Ti 

4 mm BLT 5.6 ± 0.2 mg. ml-1 Ti 

 

In the BLT-R group (Ti15Zr) and the BH group (Ti6Al4V) the increase in diameter 

did not result in significantly increased particle release of any of the components. 
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3.4.2 Morphology and material 
 

The cylindrical implants in the BL group released significantly more particles than 

the tapered implants of the same diameter and material (Ti-CP4). The BH group 

(Ti6Al4V, tapered) had significantly more particle release than all the other 

implant groups for the respective diameters. No particles were detected in either 

of the two control groups - no drilling, no implant placement and osteotomy drilled 

but no implant placed (Fig. 3 - 2). 

 

 
Figure 3 - 2. ICP-OES measurements of (a) Ti, (b) Zr and (c) V detected in 
dissolved bone samples following implant placement. Results presented as mean 
+ standard deviation (n=5). 
 

In order to measure the approximate amount of particle lost from the implant 

surfaces a standard curve was developed using known quantities of particle for 

ICP analysis. The standard curve was then used to extrapolate approximate 

particle loss in µg (Fig. 3 - 3). 
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Figure 3 - 3. Standard curve for estimating the quantity of Ti particles detected in 
bone. This was determined by carrying out ICP-OES analysis of known quantities 
of implant material. 
 
 
3.4.3 Three-dimensional micro-computed tomography  
 

The µ-CT scans had a maximum resolution of 12 µm/ voxel and therefore only 

larger particles were detectable on the images. The presence of particles 

embedded in the walls of the osteotomy was confirmed in the BH (3 mm and 4 

mm diameter), BL (3 mm diameter) and BLT-S (3 mm diameter) groups Fig. 3 - 4. 

 
Figure 3 - 4. Representative µ-CT sections of controls and bone samples 
following implant placement and removal. The yellow circles depict areas of high 
attenuation (radio-opacity) suggestive of metallic particle. Scale bar for controls is 
5 mm and for test group is 2 mm. 
 
3.4.4 Scanning electron microscopy  
 

SEM images were carried out on new, unused titanium implants (Fig. 3 - 5) to 

compare with the test groups (Fig. 3 - 6).  Topographical changes were evident in 
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the implant type surfaces, in all three regions (apex, centre and neck). Cracks 

and areas of the surface peeling were more frequent in the alloyed implant 

surfaces, in particular the Ti6Al4V group. 

 
Figure 3 - 5. SEM images of new implants prior to surgical placement. Scale bars 
for high magnification is 500 µm; scale bars for the low magnification is 50 µm. 
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Figure 3 - 6. SEM images of a representative sample of implants following 
placement and removal. Yellow arrows depict areas of surface damage with 
visible cracks and peeling. Scale bars for high magnification is 500 µm; scale 
bars for the low magnification is 50 µm. 
 

Dynamic Light Scattering (DLS) analysis was carried to assess the particle size in 

the different implant materials, as summarised in table 3 - 3. 

 

Table 3 - 3. Summary of the DLS results for the three implant material groups. 

Particle material Particle diameter (µm) Nano particle sizes (nm) 
Ti-CP4 34.1 ± 3.8 (D50 = 32.2) 95.4 ± 9.1 (modal number 79.3) 

Ti6Al4V 33.3 ± 4.4 (D50 = 30.3) 77.74 ± 10.4 (modal number 70.1) 

Ti15Zr 97.8 ± 8.2 (D50 = 85.2) 135.1 ± 11.3 (modal number 86.8) 
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3.4.5 Confocal microscopy 
 

Particle uptake by the HGF and RAW 264.7 cells was confirmed with confocal 

microscopy using FITC labelled particles for comparison with controls (Fig. 3 - 7). 

All particle types were taken up by both cell lines. The orthogonal images 

developed by z stacking confirmed the presence of the particles mainly within the 

cytoplasm of the cells. 

 

 
Figure 3 - 7. Confocal images of representative samples of HGF’s and RAW 
264.7 controls and cells cultured in the presence of functionalised titanium 
particles. Orthogonal images created using z stacking confirm the presence of 
the titanium particles within the cells. Yellow staining depicts actin microfilaments, 
blue depicts the nuclei and green is the FITC functionalised titanium particles. 
Scale bars are 100 µm. 
 

3.5 Discussion 
 

The aim of this study was to investigate the release of particles from dental 

implants immediately following placement of the fixtures. Some implant systems 

have developed narrower implants in order to allow fixture placement in narrower 

jaw ridges with reduced bone volume. In order to increase the strength of the 

implants in narrower diameters Ti alloys have been developed (116), the most 

commonly used ones being Ti6Al4V and Ti15Zr. This study also investigated the 
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effect of the implant diameter, morphology and material composition on particle 

release. 

 

Particle release during placement of dental implant fixtures is thought to occur 

due to placement shear forces as a result of mechanical damage to the micro 

roughened surfaces, as well as dissolution into surrounding tissues (25, 117). 

There was no significant difference in the implant placement torques. The 

particles detected are therefore unlikely to be as a result of the variation in the 

placement forces.  

 

The wider diameter implants had more Ti release in the Ti-CP4 groups but there 

was no significant difference in the either of the alloy groups (Ti15Zr and 

Ti6Al4V). The wider diameter implants have a larger surface area which would 

explain higher Ti release. The effect of implant morphology was compared using 

the BL and BLT-S groups as these have identical surfaces and material 

composition, with the only difference being that BL is cylindrical and BLT-S is 

tapered. The other implant types (BH, BLT-R) were all tapered. There was 

significantly more Ti release from the BL cylindrical implants compared to the 

BLT-S tapered fixtures (Fig. 3 - 2).  

 

The surgical protocol for preparing for the placement of a cylindrical implant 

varies slightly from the tapered implant in that the osteotomy needs to be tapped 

to create a thread pattern coincident with the fixture. The reason for this is that 

the cylindrical implant thread is less aggressive than the tapered one, which is 

self-tapping. In this study tapping was not performed for any of the implants in 

order to standardise the procedure. Hence, the results for the higher particle 

release in the cylindrical implant group needs to be considered with caution as 

clinically tapping would be indicated. The clinical surgical protocol includes sterile 

saline irrigation during the drilling process, however, in this study irrigation was 

not used in order to avoid particles being dislodged from, or pushed into the 

osteotomy sites. 

 

The SEM images revealed cracks and peeling of the implant surfaces with more 

damage observed at the neck and apex areas. This may be due to the more 
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cortical bone quality in the neck region, especially in the mandible model and as 

the apex of the implant engages the apical bone both of which give the implant 

the primary stability. 

 

There was significantly more particle release from the Ti6Al4V implants 

irrespective of the implant diameter (P<0.01). There have been reports that Ti 

alloys have a reduced surface hardness (118, 119) and that Ti6Al4V is also more 

susceptible to corrosion (120, 121). Ti15Zr has been shown to be more resistant 

to corrosion than Ti6Al4V (122, 123). 

 

Micro and nano particle release from titanium implants and the presence of 

particles in intra-operative fluids have been previously reported (104, 124-126). 

The significance of particle release in the peri-implant tissues has been linked to 

the aseptic loosening of orthopaedic implants (127, 128). The quantity of particle 

release has been reported in the range of 0.2 mg – 3 mg with increased 

osteoclastic activity and implant loosening within 7 days of orthopaedic implant 

placement (129-131). In this study the amount of particle release from all 

samples was within this range (0.2 mg – 3 mg), using the standard curve 

developed to extrapolate the ICP results to measure the quantity of particle 

released (Fig. 3 - 3). 

 

The effect that the presence of particles has on cells is not fully understood. The 

cells are unable to spread on small particles which become internalised, as 

demonstrated with the confocal images in this study (Fig. 3 - 7). The mechanism 

for internalisation is not clear. This may involve invagination of the cell 

membrane, possibly with a Trojan Horse effect whereby the particles aggregate 

with a mixture of tissue proteins, calcium and phosphorous ions (132). In the 

case of nanoparticles, passive diffusion into the cell may occur with molecular 

consequences such as DNA methylation and modification of ribonucleic acid 

(RNA) (109, 124, 133). 

 

The intracellular sequelae form the presence of particles is not understood and 

may involve inflammatory processes, increase reactive oxygen species, 

cytotoxicity or carcinogenesis (35, 124, 134). There is evidence for the 
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mitochondrial and cytotoxicity of vanadium and adverse effects of aluminium, 

such as neurotoxicity and granulomatosis (135, 136). Zirconium has mainly been 

shown not to have any adverse effects, however, there have been some reports 

of zirconium affecting alterations in micro RNA with epigenetic changes (137-

139). 

 

3.6 Conclusions 
 

This study confirmed the release of micro and nano particles during implant 

placement in the ex vivo pig mandible model, which was confirmed with ICP 

analysis and supported with µCT imaging. The implant morphology and material 

composition was shown to be relevant. The cylindrical implant released 

significantly more particles than the tapered one, however, this may be due to 

omitting tapping of the osteotomy during the surgical protocol and conclusions on 

this regard need to be guarded. 

 

There was significantly more particle release from the Ti6Al4V implants 

compared to all the other types. The particles from all implant materials were 

internalised by both HGF and RAW 264.7 cell lines as demonstrated by confocal 

microscopy. Further investigations are indicated to understand the effect of the 

micro and nano particles in the peri-implant tissues and the intracellular pathways 

involved. This may help our understanding of any potential relationship between 

particle release and peri-implantitis. In the meantime, the release of vanadium 

and aluminium containing micro and nano particles, which are then taken up by 

local cells is a cause for concern as clinicians are using these implants on a 

global level. 
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4. Preparation and characterisation of bioactive glass S53P4 
 

4.1 Introduction 
 

The aim of this study was to prepare S53P4 bioactive glass (BAG), characterise 

and assess its biocompatibility in vitro with a view to investigate its suitability as a 

potential substrate for application in implant dentistry. S53P4 has been used as a 

bone substitute with anti-bacterial (70-72) properties.  

 

Bioactive glass in tissue fluid develops a hydroxycarbonate apatite layer, which 

interacts with the matrix and activates cells enabling the formation of a bond 

between BAG and the surrounding bone and soft tissues (140). The main aim of 

this study was to investigate S53P4 bioactive glass preparation methods and 

properties as a powder and disc and its biocompatibility with HGF. This is with a 

view to demonstrate HGF attachment and proliferation on bioactive glass surface 

as a preliminary attempt to mimic the collagen attachment seen in nature 

between the alveolar bone and cementum on the tooth surface.  

 

4.2 Materials and methods 
 

4.2.1 Materials 
 

Invitrogen (Life Technologies) UK and Sigma-Aldrich UK were used for 

purchasing the reagents and chemicals needed unless specified otherwise. This 

includes DMEM (Dulbecco’s Modified Eagle Medium Ref: 21885-025), penicillin-

streptomycin (P4333), PBS (phosphate buffered saline, tablet, P4417; solution, 

P5493), trypsin-EDTA (ethylenediaminetetraacetic acid, 10× solution, T4174), L-

Ascorbic acid 2- phosphate (A8960), dexamethasone (D4902), citric acid 

(C2404), DMSO (dimethyl sulfoxide, D2650). Primary gingival fibroblasts (normal, 

human, LOT# 64440682, PCS-201-018) were purchased from ATCC UK. 
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Additional chemicals were purchased from Fisher Scientific UK, including ethanol 

99.8+% (10437341). 

 

4.2.2 Making and preparing glass 
 

Powder mixture for S53P4 was prepared with the following composition (Table 4 - 

1) for a batch of 150 g approximately. 

 

Table 4 -  1. Chemical components of S53P4 bioactive glass expressed in mol% 
and wt% 

Chemical component  mol% wt% 
SiO2 53.80 52.964 

CaCO3 21.80 20.030 

Na2CO3 22.70 23.052 

P2O5 1.70 3.954 

 

The furnace was preheated to 1400°C. The powder mixture was thoroughly mixed 

for 30 minutes on a “roller” prior to being introduced into a platinum crucible Fig. 4 

- 1. 

 

 
Figure 4 -  1. Platinum-4% gold crucible. 

 

The crucible was introduced in the furnace at 1400°C and left for 90 minutes. The 

molten glass was removed from the furnace and immediately cooled by pouring 

in room temperature de-ionised water onto a sieve to drain the water. The frit was 
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then removed from the water and placed in a glass beaker and dried in 120°C 

oven for 24 hours. The dry frit was placed in the platinum crucible and introduced 

to the pre-heated furnace at 1400°C for 30 minutes to melt. A graphite mould with 

two cylindrical shapes of 11 mm by 16 mm (Fig. 4 - 2) was placed in a separate 

adjacent furnace and heated to 520 °C. 

 

 
Figure 4 -  2. Graphite mould (left); dimensions for pouring bioactive glass 
cylinders (right) 

 

The graphite mould was removed from the furnace, the molten frit was poured 

into  it and the mould was re-introduced in the furnace at 520°C for 30 minutes. 

The furnace temperature was then turned to room temperature and left for 24 

hours for furnace cooling before removing it and harvesting the two cylindrical 

bioactive glass samples Fig. 4 - 3a. 

 

 
Figure 4 -  3. a. Bioactive glass cylinders removed from mould b. Positioning of 
bioactive glass cylinder for cutting using diamond disc c. Cutting of bioactive 
glass cylinders into discs at 2mm intervals Isomet saw.  
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The bioactive glass cylinders were then sectioned at 2 mm intervals with a 20LC 

diamond disc (0.8 mm blade) Isomet saw (Buehler) at 4200 rpm at a feed rate of 

4.5 mm/ min (Fig. 4 - 3 b and c). 

 

The discs were then polished using 1200P metallographic abrasive paper on 

Metaserv 250 (grinder polisher) for 2 minutes. This was followed by 3 minutes 

finer polishing using the Universal polisher with 1 µm polishing discs Fig. 4 - 4. 

 

 
Figure 4 -  4. Polishing instruments: a. Metaserv 250 grinder for coarse polishing; 
b. Universal polisher for finer polish; c. Polished bioactive glass discs. 

 

Glass powder was prepared by grinding samples using mortar and pestle 

followed by vibrating micro-mill and sieve shaker for reducing the particle size to 

100 µm.  
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Further BAG powder preparation was carried out using variations in quenching 

and annealing during the process for analysis using X-Ray diffraction (XRD) in 

order to assess the influence of the preparation on the crystallinity of the glass. 

Four preparation groups were used: air cooled in the crucible and unannealed 

(UA); air cooled in the crucible and annealed (A); water quenched and 

unannealed; water quenched and annealed. The pH was also measured at 

multiple timelines for each BAG preparation powder placed in Basal DMEM to 

assess the dissolution properties of the different preparations. 

 

4.2.3 Preparing culture media  
 

Basal DMEM containing 1% (v/v) penicillin and streptomycin (100 unit.ml-1 

penicillin and 100 μg.ml-1 streptomycin) and 10% (v/v) FBS (Foetal Bovine 

Serum) was prepared for culture expansion of HGF cell line. Cryopreserved stock 

HGFs were thawed rapidly in a 37°C water bath. 1 ml of cell suspension was 

added to 9 ml of basal media and placed in 75 cm2 flask. Cells were maintained 

in humidified atmosphere at 37°C, 5% CO2 and 21% O2 for 3 days until 70-80% 

confluence. Culture medium was replaced every 2-3 days. 

 

To passage cells, culture medium was removed and cells were washed with PBS 

3 times. 1X TE (1 ml of Trypsin EDTA 0.5% (10X) was added to 9 ml PBS to 

dilute to 1X TE 0.05%) was added to the culture flask and introduced to the 

incubator for 1 minute. The flask was removed and cell motility checked under 

light microscopy to ensure detachment of most cells and basal medium was 

added to flask to arrest the TE activity. Cell suspension was added to a Falcon 

tube and centrifuged for 4 minutes at approximately 400G (1200 rpm); the 

supernatant media was carefully discarded into a separate Falcon tube 

temporarily. Cells were counted using a haemocytometer and resuspended to 

achieve the desired concentration. 

 

Haemocytometer cell count in a 2X2 grid was: 3,3,2,2 = Total of 10 cells (or 40 

cells in a 4X4) so average of 2.5 cells per single grid square. Therefore, cell 

density = 2.5 X 4 X 104 = 10 X 104 = 1 X 105 cells.ml-1. 
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With a cell density of 1X105 ml-1, 0.1 ml will give 1X104. However, 0.1 ml was too 

much for the 11 mm disc diameter and therefore 0.05 ml was required. In order to 

keep the same cell number but half the volume, the cells were centrifuged again 

and placed in 5 ml fresh basal medium, thereby doubling the cell density. So the 

cell number remained the same but the volume used to cover the discs was now 

0.05 ml. 

 
4.2.4 Seeding on discs 
 

The S53P4 glass discs were used for seeding in order to simulate S53P4 surface 

on dental implants for collagen attachment. The transmucosal component of 

titanium implants are smooth for soft tissue apposition, hence the S53P4 discs 

surfaces were polished (using 1200 grit sand paper) to ensure a smooth surface. 

The discs were marked on the rough surface to ensure the finely polished surface 

was easily identified when placing them in the wells with the polished surface 

facing up. Glass discs were sterilised using 70% ethanol for 1 minute and 

washed 3 times using PBS. Individual discs were placed in each well of a 24-well 

plate with DMEM medium and placed in the 37°C incubator for 30 minutes. Prior 

to seeding DMEM was removed, 50 µl of cell suspension (1 x 104 cells/ disc) was 

placed on the polished disc surface and allowed to settle for 30 minutes in 

incubator. The cells were visually checked using light microscopy to ensure they 

have stabilised and 1 ml basal media was added to wells and left in incubator 

overnight. 

 

The cell number was kept low (1 x 104 cells/ disc) in order to allow better 

visualisation and confocal imaging of individual cells on the disc surface. 

However, no cells were seen on the surface during SEM and confocal 

microscopy. Further attempts were made with careful pipetting during seeding as 

well as during adding and changing media in order to avoid the loss of cells from 

the polished S53P4 disc surfaces. New discs were used without polishing the 

surfaces in order to aid cell attachment and avoid loss of cells due to the high 

polish.  No cells were detected on the surfaces of the discs despite repeating the 

process while ensuring delicate technique. The process was repeated again with 
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an increased cell concentration of 2 x 105 ml-1and the discs were seeded by 

placing 1ml of cell suspension to cover the entire disc in each well, which resulted 

in cell attachment as shown in Figs. 4-15 to 4-17. The technique was adjusted to 

the high cell concentration as this ensured an adequate number of cells to 

achieve attachment and did not hinder imaging of the cells on the surface of the 

discs. 

 
4.2.5 Scanning electron microscopy 

Representative samples of the S53P4 discs were used to seed with HGF for 

SEM microscopy and Live-Dead fluorescent staining. For SEM the cells were 

fixed with 4% formaldehyde (10mls of 16% formaldehyde in 30mls of PBS). 

Samples were dehydrated with increasing increments of ethanol concentrations 

(50%, 70%, 90% and 100%) for 10 minutes at each increment and overnight in 

hexamethyldisilazane (HMDS). The discs were secured using carbon tape on an 

aluminium sample holder and coated with 10nm gold prior to scanning. A Zeiss 

Sigma-300 SEM was used to acquire images (EHT = 5 kV, WD = 7 mm). 

 

4.2.6 Live-dead staining 
 

Live-Dead staining was carried out in order to confirm that the cells on the discs 

are alive and spreading. HGF were seeded on S53P4 discs within 35 mm μ-

dishes (ibidi®, Thistle Scientific Ltd, Glasgow, UK) in preparation for staining and 

fluorescent microscopy. These samples were not fixed. The one step staining 

solution was prepared according to manufacturer’s instructions (Abcam® 

ad115347 Live and Dead Cell Assay) using 5X dilution of the dye for fluorescent 

microscopy. Viable cells are permeable to the dye which becomes fluorescent 

green after intracellular esterases remove ester groups. In contrast dead cells 

with compromised plasma membranes are stained red following the binding of 

the dye to DNA with high affinity and the subsequent increase in fluorescence. 

The samples were imaged using Leica SP5 MP laser scanning confocal 

microscope (Leica Microsystems, Wetzlar, Germany). 
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4.2.7 ICP sample preparation 
 

Melt derived S53P4 glass was ground into powder and samples of S53P4 and 

pure SiO2 powder (S100) (CAS number 14808-60-7) were collected using a 100 

µm sieve. Dissolution products were prepared using 75 mg of powder in 50 ml 

SBF (68, 81) for both S100 and S53P4 powder. 1 ml samples were removed from 

each pot at the following time points: 30 minutes, 1 h, 2 h, 4 h, 8 h, 24 h and 1 

week. After each time point sample 1 ml of fresh SBF was added back to the pot 

in order to maintain the 50 ml volume. 

 

In addition, dissolution products of samples were prepared according to ISO 

standards at 0.2 g. ml-1 concentration in DMEM. Dissolution products of samples 

in disc form were prepared according to ISO standards at 3 cm2.ml-1 

concentration in DMEM. 1 ml was collected for each time point: 30 minutes, 1 h, 

2 h, 4 h, 8 h, 24 h. Collected samples were filtered through 0.2 µm filter and 

diluted (1:10 dilution) in nitric acid and stored until all the samples were ready for 

analysis. 

 

Following sample collection, the powder containing solutions were centrifuged 

and the supernatant was discarded. The powder and discs were dried in 60℃ 

oven for 24 hours and used for SEM imaging. ICP standards containing 0, 2, 5, 

10, 20 and 40 µg.ml-1 Ca, P, Na and Si were prepared. pH measurements were 

also taken at all the time points used for the ICP. 

 

Standard solution used (µl):  0 50 125 250 500 1000 

Concentration (µg. ml-1)   0 2 5 10 20 40 

 

 

Total made up with nitric acid to 25 ml using ICP flasks (2 M nitric acid solution 

was prepared by adding 127 ml nitric acid to distilled water to make up to 1L). 
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4.2.8 Metabolic activity assay  
 

Powder and discs of S100 and S53P4 were sterilised using 70% ethanol for 1 

minute and washed with PBS three times and powder samples centrifuged to 

remove the PBS. All samples were placed in DMEM and left for 3 days using ISO 

concentrations (0.2 g.ml-1 for powder and 3 cm2.ml-1 for disks). Samples were 

collected after 3 days and following another week soaking in DMEM. The 

resulting dissolution products collected were filtered through membrane with 0.2 

µm pores and used for cell culture.  Medical grade polyethylene (PE) was used 

as non-cytotoxic negative control and polyurethane (PU) containing 0.1% (w/w) 

zinc diethyldithiocarbamate (ZDEC) was used as cytotoxic positive control. 

Dilution series (25%, 50%, 75% and 100%) were prepared and supplemented 

with 10% (v/v) FBS prior to use in cell viability assays. 

 

Table 4 - 2 depicts concentrations for each of the dissolution products (S53P4 

powder, S53P4 disc, 100S powder, 100S discs, low concentration S53P4 powder 

and 100S powder) used to seed the plates for the MTT assay. 

 

Table 4 -  2. Dissolution product concentrations for MTT assay (volumes 
measured in µl). 

 Basal 
medium 

100% 75% 50% 25% 

FBS 50 50 50 50 50 
Dissolution 
Product 0 450 375 250 125 

DMEM 450 0 75 200 325 
 

For each of the dissolution product concentrations the total volume was 500 µl 

(sufficient for 3 repeats of 100 µl each). HGF were seeded on 96-well plate (75 

wells were needed with 100 µl per well) at 1×104 cells per well and left to grow in 

basal DMEM for 24 h. The media was then replaced by either fresh basal DMEM 

or the dissolution products. The plate set up is shown in Table 4 - 3. 
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Table 4 -  3.  MTT assay plate set up. 

Basal medium X3    
S53P4 Powder 100% X 3 75% X 3 50% X 3 25% X 3 
SiO2 Powder 100% X 3 75% X 3 50% X 3 25% X 3 
S53P4 Disc 100% X 3 75% X 3 50% X 3 25% X 3 
SiO2 Disc 100% X 3 75% X 3 50% X 3 25% X 3 
S53P4 Low 
Conc. 100% X 3 75% X 3 50% X 3 25% X 3 

SiO2 Low conc. 100% X 3 75% X 3 50% X 3 25% X 3 
 

After 24 h, the dissolution products were removed and replaced with 100 µl MTT 

(1 mg.ml-1 in serum-free medium, freshly prepared) and incubated for 3 h. MTT 

solution was removed and the formazan derivatives produced by metabolically 

active cells were then dissolved with 100 µl DMSO and introduced into the plate 

reader (SpectraMax M5). 

 

Dissolution products of S100 and S53P4 were also prepared using 75 mg in 50 

ml concentration (68) and cellular metabolic activity were monitored for 1 week 

using MTT assay.  

 

4.2.9 X-ray diffraction analysis 
 

XRD analysis was carried out on the S53P4 powder soaked in SBF and DMEM 

for 2 hours, as well as in SBF for 2 weeks prior to collecting samples by 

centrifuging at 4000 rpm for 4 minutes, removing supernatant, washing with de-

ionised water three times, with centrifuging following each wash and drying in 

120°C oven overnight 

For the modular powder diffractometer Bruker, Cu Kα radiation at 50 kV and 40 

mA was used. 2θ was set between 10 ° and 70 °, 0.0034 increments.   
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4.3 Results 
 

4.3.1 X-ray diffraction analysis of different preparations of bioactive glass  
 

 

Figure 4 -  5. XRD analysis of the various preparations of BAG powder. Air 
cooled in crucible, unannealed (UA), green line; air cooled in crucible, annealed 
(A), blue line; water quenched, unannealed (UA), red line; water quenched and 
annealed (A), black line.  

 

XRD analysis was carried out (Fig. 4 – 5) to ensure the amorphous structure of 

the bioactive glass particles prepared with variations in quenching and annealing 

process. There was no evidence of crystallinity in any of the four samples, with 

each XRD showing amorphous halos.  
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Table 4 -  4. Changes in pH for each preparation of the S53P4 BAG powder in 
DMEM at multiple time points. 

 

 

Time point 
(minutes) 

Dissolution pH value of the different S53P4 preparations 

 Water 
quenched 
Annealed 

Water 
quenched 
Unannealed 

Air cooled 
Annealed 

Air cooled 
Unannealed 

0 7.73 + 0.01 7.64 + 0.005 7.70 + 0.005 7.50 + 0.01 
15 7.56 + 0.01 7.39 + 0.01 7.41 + 0.005 7.40 + 0.005 
30 7.77+ 0.005 7.51 + 0.01 7.49 + 0.01 7.51 + 0.005 
45 7.87 + 0.005 7.71 + 0.01 7.71 + 0.01 7. 70+ 0.005 
60 8.07 + 0.005 7.93 + 0.005 7.86 + 0.01 7.84 + 0.005 
120 7.77 + 0.01 7.50 + 0.005 7.45 + 0.01 7.45 + 0.005 
240 7.73 + 0.01 7.51 + 0.005 7.43 + 0.005 7.46 + 0.005 

 

The highest pH recorded for each of the BAG preparation groups was in the 60-

minute time point, following which it dropped to near baseline levels in all 

preparations (Table 4 – 4). 
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4.3.2 Inductively coupled plasma spectrometry and pH analysis of S53P4 
and S100 discs and powder 
 

 

 
Figure 4 -  6. Elemental concentration of media following immersion of S53P4 
and S100 powder and discs in DMEM as measured by ICP-OES: a) Ca b) P c) Si 
d) pH value. Error bars representing ICP error (n=3). 

 

ICP results from S53P4 powder samples in DMEM showed a sharp rise in Ca 

levels up to 2 hours and then the levels plateau (Fig. 4 – 6). The P levels with 

S53P4 powder rose sharply in the second hour to reach a plateau in 4 hours. Si 

levels rose in both the glass powder groups; with S53P4 the rise was much 

higher reaching a plateau at 8 hours. There was a rise in Si levels from the 

S53P4 discs, but none from the S100 disc group. A rise in pH was observed in 

the S53P4 group, with a more marked rise in the powder group within the first 

hour (powder pH 9-9.5, disc pH 8-8.5).  
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Figure 4 -  7.  I Elemental concentration of media following immersion of S53P4 
and S100 powder in SBF as measured by ICP-OES: a) Ca b) P c) Si d) pH value. 
Error bars representing ICP error (n=3). 

 

ICP results from SBF samples revealed a steep rise in the amount of Ca release 

from S53P4 powder within the first few hours followed by a plateau for the rest of 

the week (Fig. 4 – 7a). P levels with S53P4 powder drops sharply in the first 24 

hours and then more steadily thereafter (Fig. 4 -7b). Si levels rise steadily, in 

parallel and stay high through all the measurements up to 1 week (Fig. 4 – 7c). In 

SBF the pH for S53P4 rises steadily from 7.8 to 8.2 over the week, whereas 

S100 powder stays at 7.6 throughout except for one measurement of 7.8 at 8 

hours (Fig. 4 – 7d). 
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Figure 4 -  8. Elemental concentration of media following immersion of S53P4 
and S100 powder in DMEM and SBF over the first 24 h, as measured by ICP-
OES: a) Ca b) P c) Si d) pH value. Error bars representing ICP error (n=3). 

 

Fig. 4 – 8 demonstrates the way S53P4 powder behaves in a very different 

manner in DMEM compared to SBF within the initial 24 hours. Ca, P and Si levels 

as well the pH is considerably higher in DMEM than in SBF.  

 

 

 



 114 

4.3.3 Metabolic activity assay 

 
Figure 4 -  9, MTT assay results from dissolution product extracts of S53P4 and 
S100 powder and disc samples cultured with Human Gingival Fibroblasts. 
Minimum Essential Medium (MEM) & PE = negative controls, PU = positive 
control, S53 = S53P4, PF = powder fresh sample, PW = powder 1-week sample, 
DF = Disc fresh sample, DW = Disc 1-week sample. In this chart Si = S100 

 

The MTT assay (Fig. 4 -9) revealed a very low viability of the HGF in samples of 

100% dissolution product from fresh S53P4 powder (S53 PF) (0.2 g.ml-1, ISO-

10993-12), which was not seen in the 1-week powder samples (S53 PW). There 

was a smaller drop in vitality in the 50% S53P4 dissolution product at 1 week 

(S53 PW). All the other results with the discs showed good viability throughout, 

comparable to the culture medium and medical grade non-toxic controls. 
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Figure 4 -  10. MTT assay results after 1, 3 and 7 days using basal medium as 
control, low concentration S53P4 bioactive glass powder and inert S100 glass 
powder cultured with Human Gingival Fibroblasts. 

 

Human gingival fibroblast cells cultured in dissolution products from 75 mg in 50 

ml S53P4 in medium showed good viability, comparable to the culture medium 

controls (Fig. 4 – 10). Inert S100 glass did not affect cell viability.  

 

4.3.4 Scanning electron and confocal microscopy 
 

SEM images of samples in DMEM (Fig. 4 – 11) and SBF (Fig. 4 -12) without cells 

revealed nodular structures from the first time point of 30 minutes on S53P4 

powder and discs but none on the S100 samples or controls (controls were glass 

samples not placed in media). 
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Figure 4 -  11. SEM of S53P4 and S100 powder and disc in DMEM. EHT = 5 kV, 
WD = 7 mm. Scale bars for low magnification = 15 µm, for high magnification = 
10 µm 
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Figure 4 -  12. SEM of S53P4 and S100 powder in SBF. EHT = 5 kV, WD = 7 
mm. Scale bars for low magnification = 15 µm, for high magnification = 10 µm 

XRD analysis was carried out on the S53P4 powder soaked in SBF and DMEM 

for 2 hours to confirm the presence of HA/ HCA crystals on the particle surfaces 

which would explain the nodular appearance on SEM images (Fig. 4-13). 

However, there were no HA/ HCA peaks for DMEM or SBF after 2 hours of 

soaking the powders. The peaks in Fig. 14-13 represent calcite deposition. In 
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order to achieve measurable results for HA on XRD the powder was allowed to 

soak in SBF for 2 weeks prior to carrying out XRD analysis which resulted in HA 

peaks as seen in Fig. 4-14 (141, 142).  

 

 

Figure 4 -  13. XRD analysis showing amorphous halos for the melt derived 
S53P4 powders after 2-hour soaking in SBF (black line) and DMEM (red line). 
The peak indicates the presence of calcite. 
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Figure 4 -  14. XRD analysis showing the amorphous halo for the melt derived 
S53P4 (S53P4, black line), and HCA/ HA crystals peaks after 2-week soaking in 
SBF (2-week dissolution, red line). hydroxyapatite (Ca10(PO4)6(OH)2, ICCD 
reference code: 9-432 (141, 142). 

 

HGF attachment on S53P4 discs was demonstrated on SEM by the spindle like 

features of the cells spreading on the disc surface with apparent filopodia (Fig. 4 

– 15). The morphology of unviable cells that do not attach would remain round. 

Confocal microscopy also revealed cell spreading and the green Live/ Dead 

staining indicating live cells, in the absence of any red staining. (Fig. 4 -16).  The 

FIB-SEM cut sectional images (Fig. 4 - 17) show close approximation of the HGF 

to the S53P4 disc surface morphology, but with no apparent cellular projections 

beyond the surface 
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Figure 4 -  15. SEM image of HGF attachment on S53P4 disc surface. WD = 11.5 
mm, EHT = 5 kV. 10 K X magnification. Scale bar = 1 µm. 

 

 

 

Figure 4 -  16. Confocal image of Live/ Dead staining of HGF on S53P4 discs. 
The green stain and spreading of the cells indicate live cells. Scale bar = 100 µm. 

 



 

 121 

 
Figure 4 -  17. FIB SEM images showing cut section of HGF attached on S53P4 
disc surface at increasing magnifications. (Left)10.5 k X magnification, scale bar 
= 1 µm. (Middle) 20 k X magnification, scale bar = 450 nm. (Right) 63 k X 
magnification, scale bar = 140 nm. WD = 5 mm, EHT = 1.49 kV, FIB probe = 20 
kV: 50 pA, tilt angle = 54°. 

 

4.4 Discussion 
 

The aim of this study was to investigate the properties of S53P4 as a potential 

substrate for application in dental implant surgery. The key areas of interest were 

to confirm the amorphous structure of the glass and investigate the dissolution 

characteristics and biocompatibility of S53P4. 

 

There was no increase in crystallisation detected from XRD analysis in air cooled 

samples, where the S53P4 bioactive melt was allowed to cool to room 

temperature in the crucible, compared with water quenched samples (Fig. 4 - 5). 

This could be because the air cooling from 1400°C to room temperature is fast 

enough to supercool the melt to a glass. Currently there are no detailed time-

temperature-transformation (TTT) diagrams for S53P4 to show the critical cooling 

rate to avoid crystallisation (143). The rapid drop in the temperature of the 

sample to below the transition temperature (Tg) does not provide enough time for 

crystal formation.  This suggests that air cooling in the crucible may be just as 

effective as water quenching for super cooling for glass formation. Further studies 

to develop a TTT diagram for S53P4 would allow a more detailed understanding 

of the time and temperature related behaviour of the material.  
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pH changes were analysed to assess any potential changes in dissolution 

behaviour in DMEM for the various BAG preparation methods (Table 4- 4). The 

pH increased in the first hour and dropped back to near baseline levels with all 

four preparations. The rise in pH could be due to the release of Na+ and Ca2+ and 

uptake of H+ from the media by the BAG glass surface. The subsequent drop in 

pH back to near baseline levels may be as a result of a precipitation on the glass 

surface. The presence of HCA precipitation was investigated with XRD analysis 

Fig. 4-13 and 4-14. Following 2 hours of soaking in SBF and DMEM the XRD 

revealed amorphous halos with a peak for calcite formation, but no HA/ HCA 

crystals were detected. However, following a period of soaking for 2 weeks the 

XRD analysis revealed HA/ HCA peaks indicating the possible need for longer 

soaking time required for measurable HA or HCA crystal levels to be formed 

(141, 142).  

 

The ICP results from samples in DMEM revealed Ca level fluctuations with 

bioactive glass, which is expected due to the dissolution and precipitation at the 

surface which eventually stabilises (Fig. 4 - 6a). Previous studies using bioactive 

glass, albeit different glass composition (included Li and K cation substitutions) 

reported initial rise in P levels followed by a small drop to a plateau level (144).  

However, with the S53P4 powder the phosphorus levels increased to a plateau 

(Fig. 4 - 6b). The precipitation seen in Fig. 4-13 XRD analysis is likely to be as a 

result of calcite deposition. HA/ HCA crystal formation may be enhanced with 

increased surface area and/ or increased soaking time of the powder (145). The 

latter was demonstrated with HA/ HCA crystal formation after 2 weeks’ soaking of 

the S53P4 powder in SBF for 2 weeks (Fig. 4-14), 

 

The SEM images (Fig. 4 - 11 & 12) revealed nodular deposits on the surface of 

S53P4 disc samples, suggestive of precipitation on the disc surfaces. The 

nodular appearance of precipitation is also found on S53P4 powder, compared to 

the SiO2 samples which don’t show precipitation on neither powder nor discs due 

to the more stable and less reactive surface.  Si levels rise as expected with a 

larger rise in S53P4 powder than S100 powder and for both the discs due to 

higher specific surface area of the particles exposed to the media and higher 

reactivity of S53P4 (Fig. 4 - 6c). Bioactive glasses with modifier cations (Na in the 



 

 123 

case of S53P4 bioactive glass) allow interaction with water where Na is replaced 

by a proton from water, thus increasing the pH of the solution and allowing for 

surface interactions resulting in dissolution and subsequent precipitation (144). 

The pH increase (Fig. 4 - 6d) reflects the loss of H+ from the media during cation 

exchange and dissolution of the bioactive glass surface, with DMEM values of pH 

9-9.5 for S53P4 powder and pH 8-8.5 for S53P4 discs. The larger increase in pH 

with the powder S53P4 is due to the larger surface area compared to the disc. 

 

ICP analysis was carried out on powdered S53P4 and S100 in DMEM but also in 

SBF with a view to assess the BAG behaviour in conditions more representative 

of the physiological conditions than in DMEM. ICP results from samples in SBF 

revealed an early sharp rise in Ca release with S53P4, reflecting the high 

reactivity of S53P4 surfaces. The sharp drop in P level within the first 24 hours 

followed by a more steady drop in SBF with S53P4 powder is likely to be due to 

precipitation (Fig. 4 - 7b).  Si levels stabilise after an initial rise for both S53P4 

and S100 (Fig. 4 - 7c), which can be expected if the suggested precipitation does 

not involve Si. The pH rise in S53P4 was as expected and for S100 there was a 

single measure of 7.8 at 8 hours which is likely to be an error, as the rest of the 

readings were consistent with no change in pH after the initial small rise (Fig. 4 - 

7d). 

 

ICP values of powder S53P4 and S100 within the first 24 hours were plotted in 

Fig. 4 - 8 to demonstrate the marked differences in dissolution behaviour in SBF 

compared to DMEM. This emphasises that the conclusions drawn from the 

DMEM dissolution ICP results may not be transferable to the in vivo physiological 

scenario. When these results are compared to studies assessing the in vitro 

dissolution product profile of melt derived 45S5 Bioglass (146), there are some 

similarities in that the dissolution products behaved differently in culture medium 

and in SBF. With 45S5 the trend of ion release in culture medium was slower 

than in SBF, but the final levels were higher in culture medium. This was 

particularly marked with Si. The pH rise was also higher in culture medium than in 

SBF, as was the case in this study. S53P4 powder in SBF shows a sharp, short 

lived spike of P levels in the first hour followed by a gradual drop, which is similar 
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to the trend seen in the study with 45S5. The early spike in P in SBF may be due 

to dissolution followed by precipitation. 

 

The higher reactivity of S53P4 powder is reflected in the ICP and pH results. The 

high pH values found is of importance as it can affect cell viability, which was 

investigated with the MTT assay. The MTT assay results for the 100% dissolution 

product from fresh S53P4 powder (0.2 g.ml-1 ISO-10993-12) showed a significant 

drop in cell viability; as stated by ISO-10993-12, if cellular viability is below 70% 

when in contact with dissolution products, the material cannot be considered 

biocompatible. The powder S53P4 may therefore not be suitable for fibroblast 

attachment based on the MTT assay results. This may be due to the large 

surface area to volume ratio of the powder, resulting in more rapid leaching and 

dissolution accompanied by the rapid rise in pH. S53P4 powder dissolution 

products (0.2 g.ml-1) were left for 1 week and used to repeat the same MTT assay 

in accordance to ISO10993 standards. A drop in viability with the 100% samples 

of S53P4 powders was not observed in the 1 week assay. This may be due to pH 

buffering having taken place over the one week period.  A linear relationship 

between Na2O content of glass and rise in pH due to the ionic exchange at the 

glass surface has been previously shown. The higher Na2O content also had 

higher cytotoxicity, which was not seen when the glass was subjected to ‘pre-

wash’ (147). These results are similar to the findings of the current study in that 

the cytotoxicity from the fresh powder was not found in the 1 week samples which 

have effectively gone through a ‘pre-wash’. The leaching of Na+ from the high 

surface area of the glass powder and exchange with H+ is the likely reason for 

the raised pH and the resultant cytotoxicity, and it is reversed by the 1 week 

conditioning which allows for a buffering effect. 

 

There was a low viability result at 1 week only for the 50% concentration, which is 

likely to be an error as all the other concentrations showed good viability (Fig. 4 - 

9, S53PW). The MTT assay showed a gradual improvement in viability from 1 

day to 7 days (Fig. 4 - 10), which may be due to the buffering effect taking place 

and reducing the pH back to physiologic range after the initial sharp rise 

described above. The sharp rise in Ca levels, and the subsequent rise in pH, may 

also result in reduced cell viability. All the other results with the discs showed 
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good viability throughout, comparable to the culture medium and medical grade 

non-toxic controls. 

SEM images (Fig. 4 - 15) showed spreading and cell attachment of HGF on 

S53P4 discs. The viability of the cells was confirmed with Live-Dead staining and 

fluorescent microscopy (Fig. 4 - 16), which confirmed live cells with esterase 

activity rendering the stain fluorescent green, in the absence of red staining which 

would indicate dead cells. Further imaging using FIB-SEM demonstrated the 

HGF cells following the rugged contour of the bioactive glass surface (Fig. 4 - 

17). Although the SEM and confocal images of the Live-Dead staining confirmed 

viable HGF spreading on the S53P4 discs, this does not give a measure of the 

strength of cell attachment. The FIB SEM images show good apposition of the 

cells against the disc surface. TEM was considered as a means of visualising the 

cell and disc surface relationship in more detail, however, based on the current 

FIB-SEM findings this was deemed unlikely to add value. Further studies are 

required to allow a quantitative measure of the strength of the cellular 

attachment. This could be carried out using techniques such as atomic force 

microscopy (AFM) micro and nano mechanical test (148, 149), wash techniques 

or nano scratch methods (150).The method for seeding was shown to be more 

effective by ‘flooding’ the discs in wells with high concentrations of HGFs in 

comparison to the staged addition of low density of cells on the discs, allowing 

the cells to attach and then adding media to fully cover the discs. The lack of cell 

attachment observed with the latter approach for seeding may have been due to 

the polished disc surfaces and the washing off of the cells during the addition of 

media. The procedure was repeated three times with unpolished disc surfaces 

and applying very delicate technique for adding and changing media, neither of 

which improved cell attachment. The lack of cell attachment is unlikely to be due 

to the pH rise or rapid release of calcium from the disc surface, as the pH 

measurement Fig. 4-6 did not reveal a significant rise and the MTT assay in Fig. 

4-9 demonstrated good viability of HGF in the presence of discs.  The lack of HA/ 

HCA deposition at the early stages of soaking, as demonstrated by the XRD 

analysis (Fig. 4-13) may have also contributed to the lack of cell attachment as 

the cells were only cultured with the discs for 24 hours. Longer periods of culture 

may have allowed adequate HCA precipitation, as demonstrated by the XRD 
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analysis in Fig. 4-14 with the discs in SBF for 2 weeks, and result in improved cell 

attachment with even lower density of cells.  

There is also some evidence that cell to cell contact plays an important role in the 

initial cell viability and ability to attach to substrate. The interaction of cells with 

the ECM and surrounding cells is seen in the majority of the living tissues. The 

intercellular distance has an influence on the intercellular signalling, cell adhesion 

and cell activation (151, 152). The improved cell attachment to the S53P4 disc 

surfaces when the higher cell density was used may have been as a result of the 

improved cell-cell contact thereby improving viability and ability to attach.  
 

4.5 Conclusions 
 

The S53P4 preparation methods described involving air cooled and melt-derived 

bioactive glass both result in amorphous structures, as confirmed by XRD 

analysis. S53P4 powder gives rise to a sharp increase in pH and Ca levels, both 

of which may affect cell viability at high concentrations. This effect is reduced 

following a one-week period of buffering. The S53P4 discs do not appear to have 

the same detrimental effect to viability. HA/ HCA crystal formation was only 

observed after 2 weeks of soaking the S53P4 powder in SBF. HGF were 

successfully seeded on S53P4 discs when soaked in media using a high density 

of cells. FIB-SEM and Live-Dead staining confirmed the spreading and 

attachment of HGF on the S53P4 disc surface. Therefore, the S53P4 discs 

appear not to be cytotoxic to HGF and potentially safe for clinical use. S53P4 

powder may need to be pre-conditioned prior to clinical use. Further studies to 

investigate the potential application of the S53P4 bioactive glass in conjunction 

with dental implant surfaces are planned to assess the ability to attain a robust 

collagen attachment, as the current study did not demonstrate the strength of 

attachment beyond surface apposition and spreading of living cells. 

 

 

 

 

 



 

 127 

 

 

 

 

 

 

 

 

  



 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

This page intentionally left blank 

 

  



 

 129 

5. Investigation of the influence of bioactive glass S53P4 on inflammatory 
markers 

5.1 Introduction 
 

A common complication in implant dentistry is peri-implantitis, a condition 

characterised by inflammation in tissues surrounding the implant resulting in the 

loss of supporting bone (19, 105, 153). Although the consensus opinion states 

that peri-implantitis is plaque induced (19), there is evidence to suggest that 

particle release from implant fixtures can cause inflammation and that vanadium 

(V) containing alloys can cause a rise in inflammatory markers such as IL6, IL1β, 

TNFα (35, 38, 104, 109, 125). TNFα, IL6 and IL1β are pro-inflammatory cytokines 

which cause vasodilation and increased permeability by acting on vascular 

endothelial cells thus enabling the local accumulation of neutrophils and 

monocytes in response to a foreign body invasion. The upregulation of these 

cytokines would therefore be an indication of a pro-inflammatory response. The 

aim of this study was to investigate the potential anti-inflammatory properties of 

S53P4 BAG by assessing its influence on macrophage polarisation and 

inflammatory marker release, particularly TNFα, IL6 and IL1β, from three cell 

lines, HGF, SaOs-2 osteoblasts, human bone marrow derived stromal cells 

(HBMSC) in the presence of titanium particles from Ti-CP4, Ti15Zr, Ti6Al4V and 

Zr.  

5.2 Materials and methods 
 

Titanium particles for Ti-CP4 and Ti6Al4V (Carpenter Additive, Widnes, UK) were 

gifted by Professor Jonathan Jeffers, and for Ti15Zr and Zr provided by 

Straumann® (Basel, Switzerland). Reagents were purchased from Merck Life 

Science (Dorset UK) and ThermoFisher Scientific (Paisley, UK). 
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5.2.1 Bioactive glass preparation 
 

Powder mixture for S53P4 was prepared using the composition described in 

chapter 4.  

 

The mixture was thoroughly mixed on a roller for 30 minutes prior to placing in a 

platinum crucible to introduce to 1400°C furnace for 90 minutes. The melt was 

then quenched in de-ionised water at room temperature in a sieve to drain the 

water from the frit immediately. The frit was placed in a 120°C oven for 24 hours 

to dry. 

 

Glass powder of 32 µm diameter was prepared by ball milling and sieving the frit. 

S53P4 dissolution product was prepared by using 75 mg BAG powder in 50 ml of 

culture media appropriate for each cell line and placed on an orbital roller at 37°C 

for 72 hours. ICP-OES was used to determine the concentrations of calcium, 

silicon and phosphorus. 

 

5.2.2 Cell culture 
 

The culture media used for human gingival fibroblasts (HGF PCS-201-018™, 

ATCC, UK) and SaOs-2 human osteoblastic cell line (HTB-85™, ATCC, UK) was 

DMEM with 10% (v/v) FBS, 1penicillin (100 unit.ml-1) and streptomycin (100 

µg.ml-1) (1% P-S). For human bone marrow derived stromal cells (HBMSC, 2M-

392, Lonza, UK) MEM with 10% FBS and 1% P-S was used and for THP-1 

human monocytic cell line (88081201, Merck Life Science, UK) the Roswell Park 

Memorial Institute medium (RPMI-1640) with 10% non-heat activated FBS and 

50 pM β-mercaptoethanol (BME) was used. 

 

Differentiation of THP-1 into macrophages was carried out using 24-hour 

incubation with 150 nM phorbol 12-myristate 13-acetate (PMA) followed by 24 

hour incubation with RPMI. 

 

Each cell line (HGF, SaOs-2, HBMSC, THP-1) was cultured in the appropriate 

media and in S53P4 dissolution products in the presence of the particles (Ti-CP4, 
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Ti6Al4V, Ti15Zr, Zr) at a concentration of 1.5 mg.ml-1. The particles were 

sterilised with absolute ethanol and washed with PBS prior to introducing the 

media. The S53P4 dissolution products were filter sterilised with 2 µm filters prior 

to adding to cells. 

 

5.2.3 Staining THP-1 cells 
 

THP-1 cells were seeded on 35 mm ibdi® microscopy µ-dish (Thistle Scientific, 

Glasgow, UK). Samples of 2.5 x 104 cells were differentiated by incubating in 150 

nM PMA for 24 hours followed by 24 hour incubation in RPMI. Control samples 

were prepared by centrifuging the undifferentiated cells which do not adhere. 

Undifferentiated THP-1 cells were fixated on microscopy µ-Dish by drying 100 µL 

PBS containing 2.5 × 104 cells. The cells were fixed with 4% Formaldehyde, 

which was replaced by 100 µL PBS and allowed to dry in 37°C oven overnight. 

Following wash and blocking with 1 % (w/v) BSA in PBS, samples were 

incubated at 4°C overnight with following primary antisera from ThermoFisher 

Scientific (Paisley, UK): CD14 (MA5-35200, 1:100 dilution), CD36 (PA1-16813, 

1:100 dilution) and CD68 (PA5-32330, 1:100 dilution). This was followed by hour-

long incubation with Alexa Fluor® 488-conjugated secondary antibody (1:1000 

dilution). All samples were counter-stained with 0.1 µg.ml-1 DAPI and imaged 

under Leica SP5 confocal microscope. 

 

5.2.4 Enzyme-linked immunosorbent assay  
 

Cytokine expressions were measured using enzyme-linked immunosorbent 

assay (ELISA) kits (Enzo Life Sciences, UK). 

for TNFα (ADI-902-099), IL1β (ADI-900-130), IL6 (ENZ-KIT178-0001) and 

mannose receptor (MMR/CD206, ThermoFisher Scientific, Paisley, UK) following 

the manufacturers’ instructions. Protein standards of known concentration were 

first prepared in accordance with the instruction of each kit. Blank controls, 

standards and sample supernatants were incubated in coated 96-well plates at 

manufacturers’ specified duration and temperature, followed by washing and 

incubation with detection antibody. Wash buffer (Tris buffered saline containing 

proteins and detergents) was prepared by dilution in distilled water from 
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manufacturers’ supplied stock. Plates were subsequently incubated with protein 

specific Streptavidin-Horseradish peroxidase conjugated, followed by incubation 

in 3,3’,5,5’ tetramethylbenzidine (TMB) and hydrogen peroxide. Reactions were 

stopped with stop solution (1M solution of hydrochloric acid in water) and optical 

densities (OD) were measured at specified wavelength using a microplate reader. 

Average net OD bound for each standard and sample were calculated by 

subtracting the average blank OD from the average OD for each standard and 

sample (Average Net OD = Average OD - Average Blank OD). A standard curve 

was plotted for each of the tested protein and the concentration of the protein of 

interest in the collected sample supernatants were determined by interpolation. 

5.2.5 Statistical analysis 
 
Results were presented as mean ± S.D (n = 3). Non-parametric test with Kruskal-

Wallis test (for multiple groups) were performed using GraphPad Prism. Results 

were deemed significant if the probability of occurrence by random chance alone 

was less than 5% (i.e. p < 0.05). 
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5.3 Results 
 

 
Figure 5 -  1. ELISA results showing expressions of TNFα, IL1β and IL6 cytokines 
by HGF (a, b, c respectively), SaOS-2 osteoblastic cells (d, e, f respectively) and 
BMSC (g, h, I respectively) in response to culturing with various implant material 
particles.  * p < 0.05 and + 0.05 < p < 0.1. 

 

Of the four implant material particles tested Ti6Al4V was the outlier with 

significantly higher expression of TNFα and IL1β from HGF, TNFα and IL6 from 

SaOS-2 osteoblastic cells  and IL1β and IL6 from HBMSC (Fig. 5 - 1). There was 

no statistically significant difference between the other materials and basal 

controls.  
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Figure 5 -  2. Confocal images showing THP-1 cells pre and post differentiation. 
CD14, CD36 and CD68 markers were stained (green) using 
immunohistochemical labelling and counterstained with DAPI (blue). Scale bar = 
50 µm. 

 

The confocal images (Fig. 5 - 2) show the higher intensity green staining of CD14 

markers (marker for monocytes) in pre-differentiated THP-1 cells while in 

differentiated cells the CD36 and CD68 (markers for macrophages) were more 

intensely stained with the green immunohistochemical labelling confirming the 

differentiation of the monocytes into macrophages. 
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Figure 5 -  3. THP-1 M1/M2 polarisation. ELISA results from THP-1 cells cultured 
with four types of implant particles showing the expression of a) TNFα as an M1 
marker and b) CD206 as an M2 marker.  * p < 0.05 and + 0.05 < p < 0.1. 

 

The expression of TNFα from THP-1 cells was significantly higher in the 

presence of Ti6Al4V particles with cells cultured in basal media, while S53P4 

dissolution products reduced the TNFα expression in the presence of Ti6Al4V 

particles (Fig. 5 - 3a).  The expression of CD206 markers, representative of M2 

polarisation, was significantly reduced from THP-1 cells cultured in basal media 

with Ti6Al4V. Cells cultured in S53P4 dissolution products did not show a 

significant reduction in the CD206 markers (Fig. 5 - 3b).  

 

5.4 Discussion 
 

Environmental factors can have an influence on cellular activity including cytokine 

release and the polarisation of macrophages, pro-inflammatory M1, or anti-

inflammatory (reparative) M2 gradient within which the cells are functioning (154, 

155). There have been various reports of the ability of dental implant particles 

causing inflammation (35, 104, 109, 125), which may play a role in peri-implantitis 
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(38, 109, 125). The aim of this study was to investigate the influence of S53P4 

BAG on polarisation of macrophages and on the inflammatory cytokine release in 

the presence of Ti-CP4, Ti6Al4V, Ti15Zr and Zr implant particles. THP-1 cell line 

was used for investigating the macrophage polarisation and the HGF, SaOS-2 

osteoblastic cells and HBMSC lines were used as relevant cell lines to represent 

the peri-implant tissues. 

 

The inflammatory markers expression (Fig. 5 - 1) were significantly higher with 

Ti6Al4V, which agrees with previous reports (35, 109, 125). Cells cultured with 

the other materials did not show a significant difference in cytokine release 

compared to cells cultured in basal medium controls with no particles. The 

influence of S53P4 was to significantly reduce the inflammatory marker 

expression from cells cultured with Ti6Al4V in all the cell lines. 

 

To assess the macrophage polarisation ELISA was used to measure the 

expression of TNFα as a marker for M1, pro-inflammatory activity and CD206 as 

a marker for M2, anti-inflammatory activity of differentiated THP-1 cells. Confocal 

microscopy of the immunohistochemical labelling (Fig. 5 - 2) confirmed the 

successful differentiation of THP-1 cells from monocytes to macrophages as 

evidenced with the green staining of CD36 and CD68, both markers for 

macrophages. In contrast, the CD14 is a marker for monocytes which is visible in 

pre-differentiated cells. 

 

The results showed a significant increase in M1 markers with cells cultured in the 

presence of Ti6Al4V, which was reversed when the same cells were cultured with 

S53P4 dissolution products (Fig. 5 - 3). Similarly, there was a significant 

suppression of the M2 markers with cells cultured in the presence of Ti6Al4V, 

which was reversed when the cells were cultured in S53P4 dissolution products. 

Although this study looked at a very limited number of markers, there is a 

suggestion that S53P4 may have anti-inflammatory properties which is likely to 

be due to the silicate ions found in the S53P4 dissolution products. This effect of 

reducing inflammatory markers such as TNFα and IL6 has been previously 

reported with silicate-based glasses when compared to zinc phosphate glasses 
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(156). Si ions have also been reported to enhance osteoblastic activity (157, 

158). 

 

These findings suggest S53P4 is a potentially promising material for application 

in implant dentistry with the anti-bacterial, regenerative and possible anti-

inflammatory properties. Further investigations are warranted to have a better 

understanding of the inflammatory pathways involving titanium particles, the role 

of BAG’s in modulating these and the clinical application of S53P4 on dental 

implant surfaces. 
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6. Final discussion 
 

The aim of this PhD was to investigate the role of biomaterials in peri-implantitis. 

Although the consensus opinion on the aetiology of peri-implantitis is bacterial 

infection, there is evidence that particles released from implants are able to 

instigate inflammatory responses in vitro (108, 159). Particles from implants are 

also found to migrate to remote sites with unconfirmed consequences (160, 161). 

The vast majority of dental implant systems use either Ti-CP4 or Ti6Al4V, which 

have been the focus of this thesis. However, some attention was also given to 

Ti15Zr (Roxolid®) and Zr as relatively more recent materials used in 

implantology. 

 

Figs. 16 and 17 summarise how the inflammatory process can be escalated, 

beginning from the surgical placement of an implant (Fig. 16) to the effects of 

titanium particles released from the implants which can potentially result in 

chronic inflammation and formation of FBGC (Fig. 17).  

 

In chapter 2 the release of nano and micro particles from implantoplasty 

procedures was confirmed, which were shown to be toxic to HGF for Ti6Al4V 

implants. The particles for Ti6Al4V implants were smaller than Ti-CP4 which may 

be the reason for the toxicity. However, the reduced cell viability from the MTT 

assay coincided with the presence of V as measured from ICP, which suggests 

the toxic effect of vanadium as supported by other studies (85, 88, 160, 161). 

However, the presence of Al in Ti6Al4V and other trace elements such as Fe 

must also be taken into consideration as these may play a potential role in the 

reduced viability of the HGF.  The large number of particles produced by this 

experiment do not relate to the simple implant placement, but rather to the 

implantoplasty procedure. 

 

In chapter 3 the release of titanium particles from the implant surfaces during 

their placement was demonstrated in the ex-vivo model with a higher amount of 

particle release from Ti6Al4V implants. Implant surface damage following 

placement was observed on SEM as cracks and delamination. Surface damage 

resulting in pits and crevices can provide ‘protected’ sites for macrophages and 
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bacteria to adhere undisturbed, releasing ROS, RNS and proteinases which 

result in increased acidity in the surrounding area with further tissue destruction, 

corrosion of titanium, which causes further surface damage, particle release and 

propagation of the inflammatory process. Considering the salivary pH of 6.3-7.0 

and that the presence of acidic drinks can drop it to pH 3.5  (46) the oral cavity is 

potentially an environment in which corrosion is aided. The loss of the passive Ti 

layer (protective TiO2) can occur at pH 6 exposing the alloying elements, V and 

Al in grade 5 implants (162). The leaching of ions can cause a failure of 

osseointegration (47). 

 

The study in chapter 3 also demonstrated the uptake of particles from the 

different implant materials by both of the cell lines used (RAW 264.7 murine 

macrophages and HGF). There was no apparent difference in the rate of uptake 

between different materials, although this was not a quantitative analysis. In 

chapter 5 the inflammatory response of various cell lines to titanium particles was 

demonstrated with a significantly higher IL1β, IL6 and TNFα release as well as 

polarization of macrophages to the pro-inflammatory M1 gradient with Ti6Al4V 

particles compared to Ti-CP4, Ti15Zr and Zr. 

 

V is known to be toxic (38, 163) and its presence in the grade 5 implants is the 

likely reason for the reduced cellular viability (Chapter 2) and the increased 

inflammatory reaction (chapter 5), keeping in mind the presence and potential 

role of Al. Implant safety should be considered with their constituent elements in 

mind and not just as a whole unit, because particle release and corrosion of the 

surface will expose the constituent elements and the subsequent ionic leaching 

can elicit responses in the local cells (25, 40, 76, 77, 84, 85). The results from the 

particle studies consistently show that the safety of Ti6Al4V as an implant 

material needs to be reconsidered due to the V and possibly Al content.  

 

Clinically the tissues could also react to the materials used in the crown 

components, such as non-precious metals (Nickle, Chromium, Cobalt) used for 

their reduced price (164, 165). Galvanic currents can be generated between 

different metals causing corrosion and potentially affecting local cell function 

(162). 
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Leached ions can bind to proteins in the ECM forming aggregates which can 

enter cells through a ‘Trojan Horse’ mechanism (Fig. 18), or act as haptens 

eliciting a hypersensitivity reaction which can be T cell or B cell mediated (162).  

Metals can cross link cell surface molecules directly, or by binding to non-

antigenic tissue proteins, to bring about T cell receptor activation without APC 

presentation (88).  

 

Consideration should be given to the possibility of a hypersensitivity reaction to 

implant materials as the reason for the inflammatory responses observed in 

Chapters 2 and 5. There have been reports of suspected Ti delayed 

hypersensitivity (162).  The chronic accumulation of particles in the surrounding 

tissues as a result of wear, or corrosion could reach a threshold for FBGC or 

hypersensitivity reaction resulting in clinical bone loss and implant failure. 

This would fit the clinical picture of peri-implantitis occurring only in some 

individuals, including those with no known risk factors often several years after 

fixture placement. 

 

Consideration needs to be given to the purity of titanium dental implants and the 

potential for toxic, or allogenic contaminants within the fixtures. Dental implant 

manufacturing standards are set by the ISO standard 5832 and the American 

Society for Testing and Materials (ASTM) standard F67-13. The standards list the 

required composition of the elements in implants with ASTM grades 1-5 

(commercially pure grades 1-4 and Ti6Al4V alloy grade 5).  

 

The most commonly used grade of titanium in dental implants is grade 4, for 

which the standardised elemental composition is listed below with the maximum 

mass% values for each element with titanium as the balance: Nitrogen: maximum 

of 0.05 mass%, Carbon: maximum of 0.08 mass%, Hydrogen: maximum of 

0.0125 mass%, Iron: maximum of 0.5 mass%, Oxygen: maximum of 0.4 mass%. 

 

Despite the ISO and ASTM standards for grades 1-5 titanium implants, impurities 

have been found which included chromium (Cr), copper (Cu), nickel (Ni), lead 

(Pb), arsenic (As) and in zirconia implants thorium (Th-232) and uranium (U – 
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238) radionuclides (166).  . There has therefore not been enough attention paid 

to metal contaminants, especially those that are known to have allogenic 

properties. Contaminants may be introduced during surface treatments such as 

abrasion, etching and anodisation. As the various implant systems use different 

techniques for surface topography treatment, the level and type of contaminants 

will vary between different implant systems. 

 

The relationship between tissue reaction to different implant systems and their 

potential contaminants is difficult to ascertain, especially as this may differ not 

only between systems but also between different batches of the same system. 

The majority of the clinical data looking at the hypersensitivity reactions to 

implants have been case reports (166), which limits the data and the conclusions 

that can be drawn. There is therefore a clinical challenge not only in determining 

the cause of peri-implant inflammation between bacterial invasion, foreign body 

reaction, or hypersensitivity reaction but also in the case of the latter, whether it 

was instigated by one of the standardised component elements or by a 

contaminant.  

  

6.1 Strategies for the use of biomaterials in the prevention of peri-
implantitis 

6.1.1 Antibacterial surfaces 
 

Various methods have been used to modify the surface of the intra-osseous 

aspect of titanium prostheses with antibacterial properties. These include titanium 

nanotube (TNT) surfaces containing silver, hydrogel and sol-gel surfaces 

containing antibiotics. Although the latter have been shown to be effective 

antibacterial agents there are still questions about the long-term toxicity of TNT 

containing silver and hydrogels tend to be less strong than sol-gel and are lost 

more easily from implant surfaces (167). There is also potential for the use of 

multiple agents and patient specific antimicrobial agents. These surface 

modification techniques are useful and effective as relatively short lived anti-

bacterial cover for the surgical aspect of orthopaedic joint replacement implants, 

as the active anti-microbial agents last for short periods of time (hours to days) to 
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cover the initial healing period. However, long term bacterial resistance is more 

important for dental implants as these are exposed to the oral cavity with a 

potential weak point at the transmucosal aspect as explained in chapter 1.  In the 

absence of a physical barrier of collagen attachment at the transmucosal aspect 

of current dental implants, effective anti-bacterial surface coatings are the next 

line of defence. Nicol et al (167) proposed a surface coating with a hybrid sol-gel 

process onto HA coated titanium implants to allow multi drug delivery with control 

over physical properties. Future work into the use of this technology to adapt it for 

use with S53P4 bioactive glass with its antibacterial, anti-inflammatory and 

potential collagen attachment properties is indicated.  

 

6.2 The potential role of bioactive glass 
 

As part of the scope of this PhD the potential use of a substrate on the dental 

implant (or the implant abutment) surface to reduce the risk of peri-implantitis was 

considered. The work started in this PhD is very preliminary in assessing the 

response of local tissue cell lines to S53P4 as a material as well as the ability of 

HGF to adhere to its surface. The long-term focus is on the potential for soft 

tissue attachment rather than bone integration, with a view to achieving a method 

for stronger connective tissue attachment at the transmucosal junction where 

bacterial invasion can take place. The desirable characteristics of such a 

substrate would include the ability to mimic the tooth cementum in allowing 

collagen attachment, as well as anti-bacterial and anti-inflammatory properties to 

counteract the potential pro-inflammatory influence of titanium particles. Ideally, 

the material would also have approval for clinical applications. A coating with 

such a substrate could also reduce the risk of corrosion of the implant surface in 

body fluids and leaching of ions into the tissues (168). 

 

S53P4 Bioactive glass has been shown to from an HCA surface layer in tissues 

(68, 81) which may have the potential for surface collagen attachment as seen 

from the preliminary results in chapter 4 demonstrating HGF attachment on 

S53P4 disc surface. S53P4 also has anti-bacterial properties (70-72). In chapter 

5 the potential anti-inflammatory property was demonstrated (169). These are 
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very preliminary in vitro results and further work is needed as suggested below 

(see Future work section) to assess the possibility of clinical application.  
 

6.2.1 Application of bioactive glass on titanium implant surfaces 
 

For a bioactive glass coating to be effective in its proposed function of promoting 

collagen attachment it needs to be strong enough to withstand physiological and 

functional stresses, form a strong bond to the implant surface, and have a 

thermal expansion coefficient (TEC) similar to the implant material to remain 

attached while maintaining bioactivity. The composition of the BAG can be 

altered in order to control the TEC, crystallisation potential and bioactivity. 

 

Si is a BAG network former and its content has a key role in determining the 

network connectivity and hence its properties. Increasing the Si content will 

reduce the risk of crystallisation and make the TEC of the BAG closer to that of 

Ti6Al4V. However, increasing the Si content also increases the network 

connectivity (NC) which reduces the bioactivity of the glass as there will be less 

ionic leaching required for the precipitation and HCA formation, as well as pH 

changes deemed to have the antibacterial effects. SiO2 content of 56 to 68 wt% 

matches the TEC of TiV4Al6, while keeping Tg below Titanium’s α to β phase 

transformation temperature. For Ti6Al4V this temperature of phase 

transformation is 995-1010 (170). However, BAG compositions with Si content of 

more than 60 mol% are not bioactive (171). Conversely, if the Si content is too 

low ionic exchanges can happen more readily from the implant surface which can 

inhibit the bioactivity of the substrate, and BAG with SiO2 content of less than 

53wt% fracture more readily (170). 

 

Network modifiers (Na, K, Ca, Mg) influence the properties and stability of BAG. 

A higher network modifier content reduces the NC, reduces Tg and increases the 

ease of crystal formation during heating or cooling of the melt. The charge to size 

ratio (Field strength) of the network modifiers can also influence the stability of 

the network, as for example Ca will form a stronger ionic bond with NBO, than Na 

due to having a similar radius but stronger charge. Therefore, a higher Ca 
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content will increase network stability, increase Tg and reduce crystallisation 

tendency. The converse will apply if the Na ratio is increased (172). 

 

Apart from the BAG composition, the method of applying it onto the implant 

surface can affect its properties. Currently there is no Time-Temperature-

Transformation chart for S53P4 to measure the critical cooling rate, in order to 

help avoid crystallisation. Using data from differential scanning calorimeter onset 

temperature of crystallisation (Tx) has been shown to be 600-800 and Tg to be 

500-600 for S53P4, based on the absence of the exothermic peak from the heat 

of crystallisation. The sintering window for S53P4 (Tx-Tg) is 130°C which 

although narrow, it is wider than that for 45S5 (173).  

 

The methods for coating implant surfaces with BAG become relevant when 

considering the various techniques used. In vitro studies have shown promising 

results with enamelling BAG onto metal implant surfaces, while maintaining a 

strong bond and bioactivity (168, 170, 171, 174). 

 

6.2.2 Enamelling bioactive glass 
 

BAG compositions with partial substitution of Na2O with K2O and CaO with MgO 

have been shown to lower the TEC to one similar to Ti6Al4V and Ti and have 

been successfully applied to implant surfaces by enamelling (174).  

A surface reaction takes place between titanium and BAG producing titanium 

silicide and oxygen, as shown in the following equation: 

Ti  + 3SiO2 (glass) ----- Ti5Si3 + 3O2 (gas) 

 

Overheating the surface, or heating for too long can result in more brittle glass 

with air bubbles which compromise the adhesion to the implant surface (174). 

The surface coating of 50 µm was achieved as a protective layer; the Si content 

of these compositions were higher (6P57, 6P61 and 6P68) and only 6P57 

allowed precipitation to take place, which indicates the other compositions were 

not bioactive due to a Si content of more than 60 mol%. A second, more bioactive 

layer was applied using a sol-gel solution (171). There is a potential application 
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for the use of high silica content BAG to coat the implant surface with a lower 

silica content outer layer for bioactivity (168, 171). 

In summary, the challenges involved in coating implant surfaces with BAG 

include the loss of compositional control due to crystallisation, transport of 

unwanted ions from substrate into glass which can inhibit bioactivity, matching of 

thermal expansion coefficient of BAG and metals to avoid delamination (175). 

 

6.3 Porous gyroid surface 
 

For achieving an effective collagen attachment to the implant surface, akin to the 

attachment of periodontal ligament Sharpey’s fibers onto the root cementum, 

further work is needed to demonstrate the strength, stability and longevity of 

attachment that  can be achieved with S53P4 BAG. There may be an advantage 

to having a porous implant surface with interconnecting pores to allow 

entanglement of the collagen fibers to create a strong attachment for the desired 

transmucosal barrier to bacterial invasion. One technique that was briefly 

considered during this PhD was the use of gyroid (176-178) for developing an 

implant with an interconnecting porous section at the transmucosal part of the 

implant. This was developed by another PhD student (Dr Yu-Chien Lin) in the 

same group (Fig. 6 - 1). 
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Figure 6 - 1. (a) Schematic design of gyroid implant prototype. (b) Gyroid implant 
prototypes c/o Dr Yu-Chien Lin. 

 

The use of gyroid with or without the use of S53P4 BAG coating may be a 

potential solution for achieving the desired protective transmucosal barrier. There 

are several challenges with the application of the BAG onto an implant surface, 

which is more complicated when considering a porous structure. Also, the porous 

structure may become counterproductive if bacterial invasion does occur as a 

result of exposure to the oral environment following gum recession.  

The part that actually emerges from the bone level through the mucosa, which is 

where connective tissue attachment is desired, is within the implant abutment. 

One possible solution would be to use the porous component and BAG coating 

on the implant abutment component, rather than the implant fixture for bone level 

implants. The abutment can be changed if it becomes contaminated with bacteria 
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as a result of recession, and placing a new abutment with freshening of the gum 

margins can create new connective tissue attachment. 

 

Other methods may allow the combination of S53P4 bioactive glass in a porous 

structure which can be applied to the transmucosal aspect of the dental implants. 

There have been studies using various electrospinning techniques to combine 

bioactive glass in a membrane scaffold including strontium borosilicate bioactive 

glass and poly L lactic acid (179), strontium substituted bioactive glass and 

polycaprolactone (180) and silver doped nano hydroxyapatite with 

polycaprolactone (181). These studies demonstrated the effectiveness of 

combining bioactive glass and HA in the membrane scaffolds to use as a barrier 

membrane in GBR for bone regeneration. However, the application of the 

methods described may prove effective for achieving collagen attachment if the 

scaffold can be non-resorbable and combined with bioactive glass with or without 

antibacterial agents. Such a technique may allow for the construction of a ring 

made of electrospun material combined with S53P4, which can be applied to any 

implant transmucosal component, and ideally this would be replaceable allowing 

the application of a new ring in case of contamination. 

 

6.4 Other methods for prevention of peri-implantitis 
 

6.4.1 Biomimetics 
 

The use of biomimetics technology in the application of small chain peptides on 

implant surfaces can involve various methods, including silanisation and 

carbodiimide cross linking. Silanisation involves surfaces with hydroxyl groups 

which can be functionalised for peptide conjugation. Bioactive glass is such a 

surface where silanisation can be used (63). Carbodiimide cross linking involves 

amide bonds and has been shown to allow covalent bonding of collagen to a 

substrate. These techniques, although primarily used for bone regeneration, may 

have a potential application for the desired connective tissue attachment at the 

transmucosal component of a dental implant simulating the natural tooth’s 

biologic width.  
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The application can be via the use bioactive glass surface, a scaffold combined 

with bioactive glass, or via direct application onto the implant surface which can 

be smooth or porous such as the gyroid design. One challenge to overcome is 

the stability and strength of the connective tissue attachment, especially when 

dealing with the smooth surface of the transmucosal titanium implant or implant 

abutment. 

 

Some studies have demonstrated a multilayer peptide method to mimic the 

healing sequence in bone, starting with KRSR outer layer to promote adhesion, 

BMP mimetic peptide layer to promote differentiation and the final FHRRIKA layer 

to promote mineralisation (182). Although current studies have focused on 

osteogenesis, further work on using this degree of influence of cellular activity is 

needed to investigate the use of multi layered peptides for achieving strong 

collagen attachment and a controlled layer of mineralisation on implant surfaces 

in order to mimic the dental root cementum. 
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 7. Conclusions 
The main reason for the late failure of dental implants after they have 

successfully osseointegrated is Peri-implantitis, which is currently believed to be 

related to invading bacterial colonies from dental plaque biofilms (19). The 

treatment of peri-implantitis is complex with unpredictable outcomes (16), which 

may reflect the lack full understanding of its pathophysiology. Various competing 

theories to the bacterial aetiology have been provided. The focus of this PhD 

project has been on gaining a better understanding of the role implant particles, 

as one of the competing theories in the aetiology of per-implantitis, and also on a 

potential strategy to prevent its occurrence through a stronger transmucosal 

attachment barrier.  

 

The following are areas of knowledge that this PhD project has added to: 

 

1. Implant particles are released and surface damage takes place during the 

implant placement procedure. The amount of particle release is 

significantly higher from grade 5 tapered dental implants which are 

titanium alloys containing 6% Al and 4% V, compared to grade 4 

commercially pure or Ti15Zr alloyed implants – See chapter 3 (Published) 

(125). 

 

2. Grade 5 titanium alloy implant particles, were shown to be cytotoxic to 

HGF cell lines when compared to grade 4 implant particles in a simulated 

implantoplasty model. However, the undisturbed whole grade 5 implant did 

not demonstrate cytotoxicity – See chapter 2 (Published) (109).  

 

 
3. Grade 5 titanium alloy particles were shown to elicit significant 

inflammatory responses (IL1β, IL6, TNFα) in four different cell lines and 

influence the polarity of macrophages to an M1 pro-inflammatory state 

when compared to grade 4, Ti15Zr alloy and Zr implant particles. This 

inflammatory response was reversed in the presence of S53P4 bioactive 

glass dissolution products – See chapter 5 (Published) (169). 
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4. Although the actual mechanism of cytotoxicity of grade 5 implant particles 

has not been established in this project, it was demonstrated that the 

particles were toxic only when present in the media (the dissolution 

products were not toxic) and that the particles are taken up and 

internalised by cell lines. This suggests that the cytotoxicity is related to 

the uptake of particles by cells (chapter 2 and 3). 
 

S53P4 bioactive glass has potential anti-inflammatory properties (chapter 5) and allows 

fibroblast spreading on its surface which needs further investigation into the strength of 

the cell attachment (chapter 4). 
Although all of the research in this PhD has been in vitro and therefore, cannot be 

directly related to the clinical scenario, the above findings have potential clinical 

implications for dental implant companies, dental surgeons, and for researchers.  

Dental implant manufacturers currently test the implant fixtures for toxicity as a 

whole unit. There is enough evidence in the literature, including this project, to 

suggest that testing of tissue response to particles should be considered as part 

of the standard manufacturing procedure to ensure patient safety, especially as 

new material are being developed. The Dental surgeons’ decision on which 

material to use needs to be based on evidence and consideration needs to be 

given to the possible adverse effects from particles released from their choice of 

implant such as grade 5 implants. Clinical research carried out in peri-implantitis 

needs to take into account the materials used in the implants and include this 

data in their results for a better understanding of the role of materials; this is 

currently often missing and may therefore mask any influence on the onset or 

peri-implantitis.  

In conclusion, more in vitro evidence has been provided for the possible role of 

implant particles as a competing theory in the aetiology of peri-implantitis and the 

demonstrated anti-inflammatory property and potential for collagen attachment of 

S53P4 bioactive glass indicates the need for further research in its use as a 

substrate on dental implant surfaces. 
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 8. Future work 
 

Mechanism of inflammatory reaction to implant particles 

Further investigation is required to understand the interaction between ions 

leached from dental implant materials and the local bone and mucosa matrix 

proteins.  

c. Identifying the proteins involved in the formation of aggregates could help in 

recognizing the relevant cellular pathways involved in the inflammatory 

responses, as well as the possible mechanism for internalization of the 

particles.  Different metal implant constituents may influence different cellular 

pathways with the different downstream outcomes, such as seen with the 

pro-inflammatory effects of V compared to Ti and Zr in the previous chapters.  

 

d. Investigating the ability of the metal ions to act directly on T Helper cell 

receptors, bypassing the antigen presenting cell MHCII interactions, would 

help in understanding whether the inflammatory reactions to particles are as 

a result of a delayed type 4 hypersensitivity reaction. 

 

Confirming collagen attachment potential of S53P4 bioactive glass 

Although this research showed cell spreading and surface apposition of HGF on 

S53P4 bioactive glass surface, further investigation is required in the degree and 

strength of collagen attachment using quantitative methods such as AFM 

mechanical tests, nano scratch methods and wash techniques. A means of 

attaining a robust collagen attachment at the transmucosal aspect of dental 

implants is desirable as a potential barrier to microbial invasion, similar to the 

natural tooth. 

 

Application of glass to implant surfaces 

Following on from previous work on graded enameling of BAG onto metal implant 

surfaces (168, 170, 171, 174), further investigation into achieving enameling of 

S53P4 as an outer surface is indicated for its desired antibacterial and possible 

anti-inflammatory properties as well as its collagen attachment potential.  
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Sol-gel derived S53P4 application to implant surfaces 

Investigating methods for applying sol-gel derived S53P4 to titanium implant 

surfaces without losing the amorphous structure may provide a solution for the 

desired surface coating at the transmucosal section. 

 

Use of porous gyroid implant design 

Collagen attachment and interconnection through the porous structure of an 

implant surface may provide the physical collagen barrier desired to reduce the 

ease of microbial invasion around a dental implant. This work can start by 

investigating the effectiveness of the gyroid design using various pore sizes in an 

in vitro membrane model followed by histological sections to confirm collagen 

interconnection within the porous structure.  

 
Biomimetics to achieve collagen attachment 
The aim of this work would be to identify and test small peptide chains that are 

capable of encouraging collagen attachment onto a substrate surface. If 

successful, the investigation can progress to developing the application of the 

appropriate peptide chains directly onto titanium implant surfaces, or on their 

coatings. Multilayer peptide chains can be tested for various desired properties, 

such as antibacterial. 
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