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Abstract 

Dental implants are becoming an increasingly popular way to replace missing teeth. Whilst 
implant survival rates are high, a small number fail soon after placement, with bacterial 
contamination a principal cause. Bacterial contamination of the implant surface can disrupt 
osseointegration; the process by which the implant becomes anchored into bone. This 
work describes the development of a chlorhexidine hexametaphosphate coating for 
titanium that slowly hydrolyses to release the antiseptic agent chlorhexidine. The aim was 
to develop a coating that released sufficient chlorhexidine to demonstrate an antimicrobial 
effect, whilst simultaneously allowing attachment, proliferation and differentiation of 
human cells involved in osseointegration.  

A range of methods were investigated to coat sand blasted and acid etched titanium 
substrates with chlorhexidine hexametaphosphate. Following initial development, two 
coatings demonstrated gradual chlorhexidine release over several hours, and were taken 
forward for antibiofilm efficacy and cytocompatibility testing. 

A multispecies biofilm model was developed, characterised, and used to determine the 
efficacy of the coatings in preventing bacterial biofilm formation on the coated titanium 
substrates. Cytocompatibility testing was undertaken using human mesenchymal stem 
cells; the ability of these cells to attach, metabolise, proliferate, and differentiate into bone 
forming osteoblasts was evaluated.  

Results demonstrated that both coatings significantly reduced the biofilm biomass formed 
up to 72 hours, with a concurrent reduction in metabolic activity in the first 24 – 48 hours. 
One coating appeared to be cytocompatible, with cells able to perform normal functions 
and commence osteoblastic differentiation, albeit at a slower rate than those grown on 
uncoated titanium. 

With further refinement, these coatings may have application in the prevention of bacterial 
contamination of dental implants at surgery. This could contribute to a reduction in rates of 
early implant failure.  
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1.1 Dental Implants 

 Overview  

Dental implants are used to replace a missing tooth or teeth. They are essentially screws, 

most commonly machined from a titanium alloy, which are surgically placed into the jaw, 

after which they are colonised by bone forming cells – osteoblasts - and become fixed into 

bone in a process known as osseointegration. These implants act as an artificial ‘tooth root’ 

to which a false tooth or teeth – in the form of crowns, bridges or removable dentures - can 

be attached. This allows a patient to eat, speak and socialise more normally than they might 

without teeth (Thomason et al., 2009).  

Implants can be used to dentally rehabilitate patients who have lost teeth due to dental 

caries, periodontitis, trauma, head and neck cancers, and for patients who are missing teeth 

congenitally. Their popularity is continually increasing (Le Guéhennec et al., 2007; Global 

Business Intelligence, 2013), since they often allow a ‘fixed’ rather than removable option to 

replace teeth. However, there are problems associated with dental implants that can render 

them unusable; these include failure of osseointegration (Camps-Font et al., 2015) or chronic 

infection (Renvert et al., 2018). These problems may occur due to microbial contamination 

of the implant, a suboptimal patient immune or healing response, or iatrogenic factors 

(Esposito et al., 1998; Zhao et al., 2009; Chrcanovic et al., 2014; Jepsen et al., 2015; Camps-

Font et al., 2018). If not treated successfully, these problems can result in substantial bone 

loss around the implant, and symptoms for the patient, eventually rendering it unusable – 

an implant failure.  

Research in the field of implant dentistry is now centred around reducing implant failures by 

maximising the rate and quality of osseointegration, and developing treatment methods to 

both prevent and manage chronic infection associated with implants. Whilst antibiotics have 

previously been widely used both in prevention and treatment of implant infection, it is now 

accepted that in most instances, their efficacy is questionable (Esposito et al., 2013; Park et 

al., 2018). In a climate of increasing antimicrobial resistance (AMR), alternative technologies 

to address these problems must be investigated.  

 History of dental implants 

The concept for a modern dental implant was first identified by Brånemark in 1952 when, 

during the study of wound healing in the femurs of rabbits, he noted that the titanium cells 
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used to study blood flow had become fused with the bone and could not be removed 

(Brånemark, 1983). A similar phenomenon had also been noted previously by Bothe et al. 

(1940) and Leventhal (1951), with Bothe concluding that due to its strength, hardness and 

apparent biocompatibility, titanium had great potential to be used in prostheses in humans. 

Brånemark termed the process by which the titanium fused with the bone ‘osseointegration’. 

He carried out further research to develop a titanium implant to replace missing teeth. The 

first ‘root form’ dental implants (i.e. mimicking the form of a natural tooth root) in a human 

were placed in 1965 by Brånemark, and these remained in place and functional for the 

subsequent 40 years of the patient’s life.  

The first commercial dental implants were manufactured in Sweden in the 1970s, and 

Brånemark continued their development and placement in patients at a private clinic. 

However, their acceptance and use by the international dental community only came in the 

early 1980s, and more widespread use in the United Kingdom did not start until the 1990s. 

Dental implants continue to be developed and refined by multiple commercial organisations, 

and there are well over 1300 different designs worldwide (Binon, 2000).  

 Use of dental implants 

Implants are becoming increasingly popular across all patient groups and, since the 1990s, 

their use has increased year on year (Le Guéhennec et al., 2007; Global Business Intelligence, 

2013). Due to their mechanical strength and integration with bone, implants can allow 

patients to have a fixed prosthesis to replace a missing tooth or teeth, where previously only 

a bridge or removable denture would have been mechanically suitable. Thus, they eliminate 

the loading and potential damage on adjacent teeth that previously would have been used 

as bridge or denture abutments. Implant retained removable prostheses (dentures) have 

also been shown to provide a better quality of life (QoL) with regards to a patient’s ability to 

eat, speak and socialise versus other prostheses, and have been recommended as the first 

line treatment choice for patients with an edentulous mandible in 2 international consensus 

statements (Feine et al., 2002; Thomason et al., 2009).  

Over time, more research and longer survival data for dental implants have become 

available, which seem to demonstrate increasing longevity of implants in the majority of 

patients (Pjetursson et al., 2014). Survival rates after 10 years of 99% (Buser et al., 2012) and 

after 25 years of 90% (Horikawa et al., 2017) respectively make implants an increasingly 

attractive, long term solution for replacing missing teeth. Currently, over 1 million dental 
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implants are placed worldwide each year, with an estimated 10% increase annually (Global 

Business Intelligence, 2013). Based on the most recent Adult Dental Health Survey data 

(2009), by the year 2020, approximately 1.8 million people in the UK will have at least one 

dental implant (Public Health England, 2011).   

 Dental implant components and materials 

Modern dental implants consist of 3 parts:  

1) Implant: a cylindrical or tapered screw that is placed into a pre-drilled hole in the jaw 

bone. This sits either completely within the bone (‘bone level implant’) or has a small 

section protruding into the oral cavity (‘tissue level implant’) 

2) Abutment: fits into a hollow portion of the implant and emerges partially into the 

mouth, through the soft tissue 

3) Superstructure: often a crown or bridge component, which fits onto the abutment 

and emerges into the mouth from the soft tissue to replace the missing tooth or 

teeth. If implants are to be used to retain a removable prosthesis (a denture), the 

superstructure may be magnetic or of a stud or bar form, which corresponds to the 

negative imprint of itself on the fit surface of the prosthesis and holds the prosthesis 

and implant together, and thus stable in the mouth (Figure 1.1).  

 

Figure 1.1. Schematic of a ‘bone level’ dental implant and crown replacing a single tooth. The implant screw is 
placed into the bone between the roots of the adjacent teeth, the abutment connects into the internal portion 
of the implant, and the crown is attached to the abutment.  

 

Implants are commonly manufactured from metal, either a commercially pure titanium, or a 

titanium-vanadium alloy (frequently Ti-6Al-4V, indicating 6% and 4% content of aluminium 
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and vanadium respectively), due to its properties of excellent strength, wear and corrosion 

resistance, and biocompatibility. The popularity of zirconium oxide as an alternative material 

for implant manufacture has increased in recent years, mainly due to its white colour, but it 

exhibits increased risk of fracture and is more expensive and complex to manufacture into 

dental implants. 

In air, titanium immediately forms an oxide layer that, when placed in living bone, does not 

cause an adverse immune response and is thus deemed biocompatible. It has been 

suggested that on the atomic scale this may involve bonding between the oxide portion of 

the implant surface and hydroxyapatite nanocrystals present in bone (Palmquist et al., 2010).  

This forms a structural and functional connection between living bone and the surface of the 

implant, which is commonly known as the phenomenon of ‘osseointegration’ (Albrektsson 

et al., 2009). Osseointegration occurs by the initial adhesion and growth of mesenchymal 

stem cells (MSCs) onto the implant surface, which then differentiate to form osteoblasts. 

These produce a mineralised matrix, containing hydroxyapatite, across the implant surface, 

resulting in the implant-bone connection.  

 Placement of dental implants 

Dental implants are placed during a surgical procedure (Figure 1.2). A ‘pilot’ hole is drilled 

into the bone where the implant is to be placed. This may be immediately after extraction of 

a tooth, or in an area of intact or healed bone. The implant is screwed into this pilot hole 

with a controlled torque to minimise damage to the bone and therefore optimise healing 

time. At this stage the implant may be covered and allowed to osseointegrate before having 

an abutment and superstructure placed (‘delayed loading’). Alternatively, an abutment and 

superstructure may be placed at the same time (‘immediate loading’).  
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Figure 1.2. Stages in the placement of a bone level dental implant. A – a gum flap is raised to expose the underlying 
jaw bone, and a pilot hole is drilled into the bone. B – the implant is slowly screwed into the bone. C – an abutment 
is placed that connects to the internal portion of the implant. D – the superstructure i.e. crown or denture, is 
placed (screwed, clipped or cemented) onto the abutment. Step B may be followed by a period of healing to allow 
osseointegration of the implant before steps C and D are completed (‘delayed loading’), or steps A-D may be 
carried out during the same procedure (‘immediate loading’).  

 

 Osseointegration 

The process of osseointegration follows a complex series of molecular cascades and 

mechanisms, and is similar to the way a bone fracture heals. Following the surgical trauma 

of implant placement, some areas – such as the top of the implant screws – will be in direct 

contact with bone, whilst the rest of the implant will be coated in a layer of blood coagulum 

and particles of spongy and cortical bone. This blood clot serves as an initial matrix for the 

invasion of MSCs, the precursors to bone forming osteoblasts (section 1.2.1 gives further 

information on MSCs). Platelets present in the blood clot form a fibrin network that releases 

messenger molecules, which attract MSCs to the area.  

Approximately 35% of the implant is in direct contact with bone at this point and in these 

areas, MSCs migrate directly onto the surface of the implant. Eventually, after differentiation 

into mature osteoblasts, these cells start to produce a mineralised matrix. For areas where 

there is no direct contact with bone, the same process occurs from the edge of the existing 

bone, towards the implant surface. The degree of bone-implant contact (BIC) confers primary 
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stability to the implant. The implant is deemed to exhibit secondary stability once it is 

completely encased in bone and osseointegrated. The speed of this process is variable, but 

it typically takes 6-12 weeks to gain secondary stability, and this is dependent on a number 

of surgical, patient, and implant surface factors (Schwarz et al., 2010). After this stage, bone 

growth and remodelling continue to occur around the implant for several months.  

 Mesenchymal stem cells (MSCs) 

Stem cells (SCs) are the cells from which all cell types in an organism originate. SCs are formed 

and reside in a ‘stem cell niche’, the conditions of which allow them to self-renew i.e. divide 

and form daughter cells by mitosis. Once they leave the niche, SCs become transit amplifying 

cells, and begin the pathway to specialisation via formation of progenitor cells, 

differentiating cells, and eventually specialised cells.  

SCs are defined by their ability to proliferate and self-renew, and to differentiate into cells 

with a specific phenotype and function. They can remain in their SC form until appropriate 

signalling or stimulation drives them to differentiate into a specialised cell. SCs are classified 

according to their ability to form different cell types. MSCs originate in the bone marrow and 

are a multipotent SC, meaning they can differentiate into multiple specialised cell types. 

MSCs can differentiate into osteoblasts, chondrocytes, adipocytes and myocytes. MSCs 

cannot be cultured indefinitely and as such, are not strictly SCs, but this term is still 

commonly used to identify them; a more accurate term is ‘mesenchymal stromal cells’ 

(Lindner et al., 2010). In this work, the abbreviation ‘MSC’ is used to indicate a population of 

cells capable of differentiating into osteoblasts.  

 Differentiation 

Differentiation is the process by which SCs change into a more specialised cell type. This is 

achieved through a specific combination of extra- and intracellular signalling events, which 

cause changes in gene expression and subsequent modulation of protein expression. Many 

stimuli can initiate the process of differentiation, including changes in nutrients, chemokines, 

signalling molecules, as well as physical interactions with other cells and between SCs and a 

surface (Dalby et al., 2007; Kilian et al., 2010; Tonelli et al., 2012). Specific conditions can be 

replicated in vitro to achieve cell differentiation into a particular lineage; for example, 

osteogenic differentiation requires the presence of β-glycerol-phosphate, ascorbic acid-2-

phosphate, dexamethasone and foetal bovine serum (FBS) in growth media (Barry et al., 

2004). 
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 MSC differentiation into osteoblasts  

Osteoblasts are bone-forming cells that originate from MSCs. The exact process of MSC 

differentiation into osteoblasts is still subject to discussion, mainly due to the use of many 

different models and cells lines in research (Rutkovskiy et al., 2016). However, there is a 

consensus on some pathways and signalling molecules that play a key role. 

In skull bones, including the maxilla and mandible, osteoblasts differentiate from MSCs to 

pre-osteoblasts and eventually form mature osteoblasts, following key cell signalling events 

(Figure 1.3). Two transcription factors that play an important role in this osteogenic lineage 

commitment are SOX-9 and Runt-related transcription factor 2 (RUNX2). SOX-9 limits the 

ability of MSCs to differentiate into osteoblasts, while RUNX2 mediates osteoblastic 

differentiation. These transcription factors can, in turn, be regulated by Wnt and hedgehog 

signalling pathways, which can be activated as a result of changes in cytoskeletal tension 

when MSCs adhere to a surface (Rutkovskiy et al., 2016). This ultimately leads to activation 

of β-catenin, which translocates to the nucleus, resulting in activation of pro-osteogenic 

genes, including RUNX2, and inhibition of SOX-9, allowing MSCs to become pre-osteoblasts 

(Figure 1.4). By contrast, the Notch pathway occurs upstream of Wnt and thus controls the 

rate at which pre-osteoblasts commence differentiation (Canalis, 2008). 

 

Figure 1.3. Key signalling in the pathway of MSC differentiation into osteoblasts. Factors that stimulate osteogenic 
differentiation are shown in green, whilst those in red reduce the number of cells entering this pathway. 
Frequently used markers to detect each stage of the differentiation process (highlighted in orange) are shown in 
blue text. BMP - Bone morphogenetic protein, PDGF – platelet-derived growth factor, IGF - insulin-like growth 
factor, TGF-β - transforming growth factor β, ALP - alkaline phosphatase. Timings of each stage are approximate, 
and depend on various environmental conditions. They are based on those quoted by Stein and Lian, 1993. 
Diagram adapted from Van Blitterswijk and De Boer, 2015.  
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RUNX2 has key roles in osteoblast differentiation, both at the exit of pre-osteoblasts from 

the cell cycle (Komori et al., 2017) and also during the later stages of osteoblast maturation. 

In the latter, RUNX2 results in secretion of osteocalcin, which causes associated increases in 

the levels of osteopontin and alkaline phosphatase (ALP), and consequently formation of 

mineralised matrix (Stein et al., 2004). Once mature, the specialised function of osteoblasts 

is to produce and mineralise bone, but this cannot be done by individual cells. Rather, cells 

group together to form an osteon and produce collagen and proteins such as osteopontin 

and osteocalcin, which together make up the bone organic matrix, the osteoid. This is 

deposited initially as a ‘template’ that is later mineralised by osteoblast synthesis of 

hydroxyapatite, resulting in mineralised bone matrix. This is composed of approximately 30% 

mineralised matrix and 70% organic matrix. Additionally, osteoblasts secrete bone matrix 

proteins, including collagen type 1 alpha 1, osteocalcin and ALP (Jensen et al., 2010). 

The maturation stages of osteoblasts are characterised by expression of specific molecular 

markers (Figure 1.3). These are often used to assess key stages of differentiation in vitro: 

Stage 1, cells continue to proliferate and express, among other proteins, osteopontin; Stage 

2, cells commence differentiation and mature the extracellular matrix with ALP and collagen; 

Stage 3, cells form the characteristic cuboid-shaped osteoblasts, and mineralisation of the 

matrix occurs as osteocalcin is deposited into the scaffold, resulting in deposition of mineral 

substance (Rutkovskiy et al., 2016).  

 Bone formation by osteoblasts 

Pre-osteoblasts and osteoblasts form bone in several steps. Initially, the fibrin matrix formed 

from the blood clot is replaced with connective tissue containing collagen. At this stage, 

vascular structures also start to form from the particles of spongy bone present. By 

approximately 10 days after implant placement, the collagen is mineralised by the deposition 

of hydroxyapatite between its fibres, making woven bone, which forms around the dense 

networks of new blood vessels present. Woven bone is also known as ‘phase 1 bone’ and 

forms at a rate of 30-60 µm a day. It is soft, with limited mechanical strength and a 

disorganised structure. From approximately day 14 onwards, lamellar or ‘phase 2 bone’ 

forms as woven bone matures, at a rate of 0.6-1 µm a day. This has a well organised, 

orientated layer structure, resulting in greater strength than woven bone. Throughout this 

time, BIC increases, improving the secondary stability of the implant. Once encased in 

mineralised matrix, osteoblasts either become osteocytes or lining cells, or may undergo 

apoptosis.  
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 MSC – biomaterial interactions 

An understanding of the interaction between MSCs and biomaterials, and subsequent cell 

responses, is critical in the field of dental implants. The ability of a MSC to adhere to and 

subsequently undergo osteoblastic differentiation directly influences osseointegration, and 

hence implant success. 

 Adhesion to titanium 

Adhesion of a cell to a biomaterial surface is mediated in part by the extracellular matrix 

(ECM): a layer of proteins, derived from surrounding tissue fluid or blood, that are adsorbed 

onto the material surface. Cells use receptors on their surface called integrins to bind to the 

ECM. These integrins are, in turn, tethered to actin fibres of the cell cytoskeleton. When 

integrins interact with ECM, phosphorylation cascades are activated within the cell involving 

Rho-associated protein kinase (ROCK) and phosphorylating myosin light chain kinase (MLCK). 

This leads to contraction of the cell cytoskeleton, and groups of integrins are pulled together 

to form ‘cell adhesions’, which contain the protein vinculin (Bays et al., 2017). Adhesions are 

classified according to their size: focal complexes (<1 μm long), focal adhesions (1–5 μm long) 

or supermature or fibrillar adhesions (>5 μm long) (Biggs et al., 2008). When these adhesions 

form, this triggers an intracellular signalling cascade and results in accumulation of protein 

tyrosine kinases, such as focal adhesion kinase (FAK), at the site of the integrin clusters. 

Adhesion, and the resulting cytoskeletal signalling events, have been shown to play a key 

role in deciding MSC fate, and can be affected (or manipulated) by various factors (Dalby et 

al., 2018), as outlined below.  

 Cell seeding density and spreading 

Seeding density has been shown to affect lineage commitment of MSCs; a higher seeding 

density favours adipocyte formation, while a lower density favours osteogenic 

differentiation, independent of cell proliferation rate (McBeath et al., 2004). It is thought 

that this is related to the area available to the cell for adhesion. Low cell density seeding 

results in a ‘spread’ cell morphology. This has effects on the cytoskeleton via the action of 

increased RhoA activity on the ROCK pathway. This mechanism appears substantial enough 

to negate the need for specific growth media to induce osteogenic differentiation, and is 

further supported by other studies demonstrating that inhibition of ROCK suppressed MSC 

growth and differentiation (Dalby et al., 2014). Other work in this area has shown that 

increased cell spreading (mediated by low density seeding) results in increased myosin 
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contractility in the cytoskeleton, resulting in increased Wnt signalling, and thus increased 

osteoblast formation (Kilian et al., 2010).  

 Surface stiffness 

Surface stiffness has been shown to influence MSC adhesion; it has a downstream effect on 

cell shape and hence tension within the cytoskeleton, and thus determines lineage 

commitment. Stiff surfaces, which allow cell spreading and formation of larger adhesions, 

result in increased cytoskeletal tension. This increases ROCK signalling, resulting in 

osteogenic differentiation (McBeath et al., 2004; Dalby et al., 2014). Conversely, less stiff 

surfaces, which result in rounder cell morphology and less contact with the surface, lead to 

adipocyte formation (Figure 1.4).  

 

Figure 1.4. Influence of indirect mechanotransduction on lineage commitment in a MSC. Topographies that cause 
greater cell adhesions result in a spread cell shape, which increases tension in the cytoskeleton via the Rho-ROCK 
pathway. This increases Wnt signalling, altering gene expression and phenotype differentiation. 
Osteoblastogenesis is increased and adipocyte formation prevented. Green arrows indicate upregulation, red 
annotation indicates inhibition. Adapted from McBeath et al., 2004. 

 

 Surface topography and patterning 

Micro- and nanopatterning of surfaces can be used to manipulate MSC lineage commitment 

with similar efficiency to chemical stimulation using growth factors in media (McBeath et al., 
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2004; Dalby et al., 2007; Kilian et al., 2010). Micron scale features that increase cytoskeletal 

contractility lead to increased osteogenic differentiation via the same mechanisms discussed 

above (Figure 1.4). Nanofeatures of 10-20 nm height and depressions of 14-29 nm have a 

similar effect, also via activation of ROCK (Dalby et al., 2014).  

 

 Dental implant surface characteristics 

The findings of in vitro studies showing that implant surfaces have important effects on cell 

behaviour have informed implant surface development, and subsequent in vivo and clinical 

studies. Various surface characteristics have been shown to have an effect on the ability and 

speed with which osteoblasts colonise and differentiate across an implant surface, and thus a 

direct effect on osseointegration (Cochran et al., 1996; Yang et al., 2006). These are 

summarised in Table 1.1:  

Table 1.1. Influence of implant surface on stages of osseointegration 

Healing phase Influence of surface on osseointegration 

Initial: 

immediately 

following surgery 

Surface hydrophilicity and micro- and nanotopography affect retention of 

plasma proteins and coagulum, and formation of TiO2 layer (Park et al., 2001; 

Orsini et al., 2012)  

Greater hydrophilicity (SLActive® implants) favours more osteoid formation 

(than SLA implants) (Schwarz et al., 2007) 

3-4 days post 

surgery 

Surface roughness is correlated with increased MSC adhesion (Abrahamsson 

et al., 2004; Omar et al., 2010; Orsini et al., 2012)   

Increased gene expression for proteins involved in bone formation and bone 

resorption observed on oxidised implant surfaces (Omar et al., 2010)  

1 week post 

surgery 

Higher numbers of osteoblast cells observed on SLA surfaces vs. machined 

implants (Abrahamsson et al., 2004)  

2-4 weeks post 

surgery 

Quicker formation and higher volume of new bone observed on very 

hydrophilic surfaces (SLActive®) vs. SLA surfaces (Lang et al., 2011)   

Adapted from Pellegrini et al., 2018. SLA – sandblasted, acid etched titanium. SLActive® - a modified SLA surface 
produced by Straumann (implant company). 

 

The original dental implants were machined from titanium, giving them a very smooth 

surface across which osteogenic cells could grow and form bone. However, the healing time 

for these implants is 3-6 months (Abraham, 2014), due to the relatively low surface area for 

bone formation resulting in a delay in achieving secondary stability. Modifications to micro- 

and nanotopography have thus been investigated with the aim of reducing this healing time 

by inducing favourable biological responses to these topographies. These responses include 
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promotion of MSC adhesion, and stimulation of osteogenic differentiation and cell growth, 

migration and metabolism, and cytokine and growth factor production (Martin et al., 1995; 

Yang et al., 2006; Park et al., 2010; Abraham, 2014; Bok et al., 2015; Kim et al., 2015; Dalby 

et al., 2018). Additionally, on a larger scale, changes in topography result in an increased 

surface area, demonstrating greater stability after placement, and increased BIC resulting in 

faster osseointegration (Buser et al., 1991; Cochran et al., 1996, 1998; Yang et al., 2006; 

Dohan Ehrenfest et al., 2010; Park et al., 2010; Sezin et al., 2016). As such, implants with 

turned surfaces are considered at a higher risk of early failure compared with implants with 

a rougher surface (Esposito et al., 2014).  

 Surface roughness modifications to improve osseointegration 

Surface roughness has been shown to be critical in influencing osteoblast colonisation. The 

most common surface roughness used for dental implants is 1-2 µm, as research suggests 

that this is the optimal range for promoting osteoblast differentiation and osseointegration 

(Albrektsson et al., 2005; Andrukhov et al., 2016). These so called ‘moderately rough’ 

surfaces seem to show an increased bone response, although the differences observed are 

not always statistically significant.  

The mechanism by which surface roughening appears to improve bone to implant response 

is unclear, and may be related to the actual physical changes to the surface, or chemical 

changes in the surface composition that occur when roughening is undertaken (Junker et al., 

2009; Kono et al., 2015). Depending on the scale at which roughening occurs, it may be a 

combination of these factors that results in increased osteogenic differentiation. Various 

techniques have been investigated to achieve optimal roughness (Gröbe et al., 2016), with 

the dual aims of biologically facilitating MSC adhesion and growth across the surface, 

alongside maximising the surface area to promote increased BIC and thus achieve secondary 

stability more rapidly. These techniques include:  

• subtractive processes such as grit blasting and/or acid etching  

• electrochemical alteration, such as anodisation 

• coatings, including growth factors, hydroxyapatite, extracellular matrix proteins, 

peptides and messenger molecules 

• laser ablation  

• photofunctionalisation 
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Grit blasting is commonly performed with aluminium oxide or titanium oxide particles. 

Aluminium oxide usually leaves behind a residue, which can be difficult to remove, and 

affects the surface chemistry of the implant and thus osseointegration. Titanium oxide 

blasted implants show better results, with increased BIC versus machined implants and good 

longevity in clinical studies (Ivanoff et al., 2001; Åstrand et al., 2004). 

Acid etching of titanium is carried out using hydrochloric, hydrofluoric, nitric or sulfuric acids, 

either alone or in combination, usually at an elevated temperature. This results in micropits 

on the surface of the titanium, which further increase its surface area and enhance 

osseointegration (Wong et al., 1995). A possible mechanism for this effect is improved 

attachment of osteogenic cells and fibrin directly onto the implant surface, enabling bone 

formation immediately after implant placement (Park et al., 2000). However, acid etching 

may deteriorate implant mechanical properties. 

Sandblasting with large grit followed by acid etching (SLA) (Dohan Ehrenfest et al., 2014; 

Barfeie et al., 2015) was first shown to increase torque removal versus other implant surfaces 

in the 1990s. It was observed that SLA had a high BIC as a result of increased surface 

roughness (Buser et al., 1991; Cochran et al., 1998), and in vivo studies and clinical trials have 

demonstrated higher removal torque (Buser et al., 1998), increased bone regeneration 

(Herrero-Climent et al., 2013), morphological changes to osteoblast cells suggestive of 

increased cell activation (Bok et al., 2015), increased ALP (Martin et al., 1995) and increased 

collagen expression (Yang et al., 2006) versus other surface preparations. Further 

modifications to SLA surfaces to increase hydrophilicity (SLActive® developed by the 

Straumann Institut) have shown improved BIC (Buser et al., 2004), and greater adhesion of 

osteoblast precursor cells (versus SLA, anodised and machined surfaces) (Kim et al., 2015). 

 Implant longevity 

Once an implant has osseointegrated, there is no evidence to show that one particular 

surface preparation has superior long term success (Esposito et al., 2014). There is still 

considerable variability in physical properties between implants prepared using the same 

techniques, and even between different areas on a single implant surface (Pellegrini et al., 

2018). This raises two questions:  
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i) can any observed change in osseointegration be attributed to specific 

preparation methods?  

ii) given the variability in properties across the surface of an implant, will this have 

any detectable effect at a clinical level?  

In vitro and in vivo studies may start to answer these questions, but since these studies are 

often performed under optimal conditions, far removed from those encountered clinically, 

it will only be through randomised controlled clinical trials (RCTs) that the true effects of 

surface modifications on implant success can be accurately evaluated.  

Whilst substantial research has collected data from in vitro, in vivo and clinical studies, a 

recent review suggested that it is still not clear which surface modifications give the most 

predictable outcome in terms of osseointegration (Barfeie et al., 2015) and long term implant 

survival (Esposito et al., 2014). Hence, the hunt for the ‘ideal’ implant surface continues. It 

has been suggested that this would be one that minimised bacterial adhesion whilst also 

promoting MSC adhesion, growth and proliferation, with the aim of achieving osteoblastic 

and fibroblastic differentiation, resulting in hard and soft tissue integration of the implant 

(Gröbe et al., 2016). 

 

 Oral Microbiota 

From a biomaterials perspective, dental implants are placed into an extremely challenging 

environment. The mouth is not sterile, and there are 770 different microbial species which 

have been identified as part of the normal oral microbiota (http://www.homd.org/). The 

microbiome is unique to every patient. This microbiota can alter over time due to local 

environmental factors – for example as a result of oral hygiene procedures, medication use 

(including antibiotics) or smoking - as well as due to changes in host age and health - both 

transient and permanent. Biomaterials will ideally remain unaffected by these alterations, 

which represents a challenge in biomaterial development and research.   

 Gram positive and Gram negative bacteria 

Bacteria can be classified by their Gram status. This refers to the use of a visible staining 

method first devised by Hans Christian Gram, which allows differentiation between bacteria 

according to the structure of their cell wall (Coico, 2005). Bacteria with a single cytoplasmic 

http://www.homd.org/
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membrane surrounded by a thick layer of peptidoglycan retain a crystal violet stain in the 

presence of Gram’s iodine, and show as a purple colour on light microscopy; these are 

referred to as Gram positive organisms. Those with a thinner layer of peptidoglycan between 

an inner and outer cytoplasmic membrane do not retain the crystal violet and rather are 

counterstained with safranin to show as a pink colour under light microscopy; these are 

termed Gram negative bacteria (Figure 1.5).  

 

Figure 1.5. Gram stain of a planktonic suspension containing crystal violet stained Gram positive coccobacilli 
(purple) and safranin stained Gram negative rods (pink).  

 

Gram positive and Gram negative bacteria have important structural differences regarding 

their surface structure and cell wall (Figure 1.6). These result in functional differences and 

are important when considering both their pathogenicity and the action of antimicrobial 

agents upon them.  

The thick cell wall in Gram positive bacteria is composed predominantly of peptidoglycan 

that can be degraded by lysozyme, which breaks the bond between the N-acetylmuramic 

acid and N-acetylglucosamine components. It is the outermost structure of these bacteria 

and therefore open to the immediate environment. It contains various proteins for adhesion, 

enzymes for activities related to colonisation, and lipoteichoic acid, a molecule that can 

induce host responses including inflammation and apoptosis, and confers hydrophobicity to 

the bacterium. The cell wall in Gram positive bacteria can be 20-80 nm thick.  
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Figure 1.6. Schematic of the structural differences between Gram positive and Gram negative bacterial cell walls. 
Structures shared by both are shown in black, those specific to Gram positive in purple, and those unique to Gram 
negative in pink. 

 

In Gram negative organisms, the cell wall is thinner, and composed of lipopolysaccharide 

(LPS), lipoprotein and a thin layer of peptidoglycan, which sits between the cytoplasmic 

membrane and the outer membrane in the periplasmic space. This space also contains 

enzymes and transport proteins that are anchored in the peptidoglycan layer. LPS confers a 

negative charge on the surface of the bacterium, and can induce host inflammatory 

responses; these may include shock, fever and activation of the complement cascade. 

Certain genera can induce their own specific activities e.g. LPS present in the cell wall of 

Porphyromonas gingivalis strongly stimulates alveolar, i.e. tooth bearing, bone resorption. 

LPS also provides a physical protective barrier to the extracellular environment, and it is 

thought that, for this reason, Gram negative bacteria are less susceptible to the action of the 

antiseptic agent chlorhexidine (CHX) than Gram positive organisms (Horner et al., 2012). The 

LPS is anchored in the outer membrane of the cell wall in Gram negative bacteria, which also 

contains transmembrane proteins and porins that regulate transport into and out of the cell 

and are a factor in greater resistance of some Gram negative genera to the action of 

antimicrobials. The inner or cytoplasmic membrane in all bacteria is a negatively charged 

phospholipid bilayer that can attract positively charged molecules, including antimicrobial 

agents.  
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 Factors contributing to bacterial survival and pathogenicity  

Other structures that contribute to bacterial function and pathogenicity include presence of 

a capsule, fimbriae, a fibrillar layer or vesicles. These aid survival and function of the bacteria 

and may result in negative effects on host cells, as well as facilitating bacterial evasion of 

host immune defences. 

A capsule provides protection to the organism from physical insult and phagocytosis, and 

may assist in adhesion or (co)aggregation. Previous work has shown coaggregation between 

Fusobacterium nucleatum and P. gingivalis to be mediated by capsular polysaccharide and 

LPS, which may contribute to increased pathogenicity (Rosen et al., 2006; Polak et al., 2016). 

Additionally, since it is composed of polysaccharide, it can also function as a nutrient source.  

Fimbriae are hair-like structures on the cell surface which can mediate adhesion to salivary 

proteins. Similar to LPS, they can invoke immune responses that lead to bone resorption, and 

can also aid invasion of host cells and horizontal DNA transfer. A fibrillar layer is exhibited by 

some Gram positive organisms (for example Streptococcus mitis) and whilst shorter than 

fimbriae, this also mediates direct adhesion to host proteins or cells, which for S. mitis allows 

it to act as a primary coloniser of the oral cavity.  

Vesicles are nano-sized blebs that contain LPS or enzymes, and are shed from the outer 

membrane of both Gram positive and Gram negative bacteria. These can diffuse into host 

tissues and stimulate an immune response. 

 The oral microbiota 

In the oral cavity, bacteria that cause periodontal disease and peri-implant disease (PID) tend 

to be anaerobic, Gram negative organisms, which often reside subgingivally. These include 

Fusobacterium, Prevotella, Tannerella, Veillonella and Treponema species, P. gingivalis, and 

Aggregatibacter actinomycetemcomitans. Increased numbers of these are often seen in 

periodontitis and PID (Socransky et al., 1998; Leonhardt et al., 1999; Mombelli, 2002; Carcuac 

et al., 2016; de Waal et al., 2016). Gram positive organisms frequently found in the oral cavity 

include Streptococcus, Actinomyces and Lactobacillus species, and these are commonly 

present as commensal organisms i.e. organisms present in the environment not causing 

disease or a negative host immune response. Further detail on specific organisms used in 

this work is given in section 3.2.1. The aim of regular oral hygiene practices such as 

toothbrushing and use of mouthwashes is to mechanically or chemically remove these 
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bacteria, reducing their numbers and thus minimising stimulation of the host inflammatory 

response, thereby reducing the risk of disease.  

 Oral biofilms  

Bacteria must be able to survive the rapid changes to the environment in the mouth that 

occur as a result of their host’s normal daily activities. These include rapid rises and falls in 

temperature, pH and nutrient availability as a result of consuming liquids and food, as well 

as mechanical forces that can result in removal of unattached bacteria and food debris, such 

as mastication, toothbrushing, continuous epithelial desquamation, and the ever-present 

salivary flow; which contains enzymes, including lysozyme, which can degrade bacterial cell 

walls (Lamont et al., 2014). One way in which oral bacteria resist these challenges is by the 

formation of biofilms.  

To persist within the oral cavity, oral bacteria have evolved to adhere to both the salivary 

pellicle that coats all hard and soft tissues present within the mouth, and to other members 

of the oral microbiota (known as coadhesion), ultimately forming a polymicrobial biofilm. 

This biofilm is a community of adherent microorganisms, embedded within a self-produced 

polymer matrix made up of extracellular polymeric substances (EPS), proteins, lipids, and 

extracellular DNA. 

 Formation, structure and function of oral biofilms 

In structure and in function, biofilms have been likened to a city (Watnick et al., 2000; 

Socransky et al., 2002), whereas planktonic organisms could be likened to individual 

dwellings. Initially, bacteria adhere to a surface and colonise it, provided there is a good 

nutrient supply and an environment that is conducive to proliferation. Like a city, the biofilm 

grows as bacteria reproduce and whilst initially, the growth will be outwards, with time, 

biofilms also grow ‘upwards’, often becoming microns thick. Those bacterial species initially 

involved in formation of the biofilm are termed primary colonisers. As more species 

coadhere, bridging microorganisms and secondary colonisers then join the community 

(Figure 1.7). In the oral cavity, primary colonisers are often Gram positive, aerobic organisms 

such as Actinomyces, Lactobacillus and Streptococcus species (Socransky et al., 2002; 

Subramani et al., 2009). Fusobacterium species are some of the most commonly found 

bridging organisms in the oral environment (Kolenbrander et al., 1989), whilst secondary 

colonisers are often Gram negative, anaerobic organisms. As the biofilm develops, bacteria 

secrete EPS that form the matrix of the biofilm. As the biofilm grows, channels develop 
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through the matrix to allow delivery of nutrients and removal of waste products. The biofilm 

matrix affords physical protection from local environments, such as extremes of pH, and 

provides a physical barrier to penetration by components of the host immune response or 

toxic agents such as antimicrobial oral health products or topical antibiotics (Fux et al., 2005). 

With a large number of bacteria living together in a community, the biofilm also offers the 

opportunity for communication and exchange of genetic information between organisms. 

Some species in oral biofilms are dependent on the presence of others for survival and 

growth due to nutritional or other dependencies, i.e. they are only able to grow in a 

multispecies biofilm environment (Vartoukian et al., 2016).  Some are able to use molecules 

produced by other species for their own growth and metabolism, such as lactic acid produced 

by Streptococcus species, which can be utilised by Veillonella, or the mutual growth 

enhancement seen between P. gingivalis and Treponema denticola (Hojo et al., 2009).   

As the biofilm matures, different microenvironments develop within it. The deepest regions, 

i.e. those closest to the substrate on which it has formed, become anaerobic and with a lower 

metabolic rate due to a limited supply of oxygen and nutrients. Conversely, more superficial 

regions of the biofilm are likely to have a better nutrient supply, but are also more exposed 

to shear forces in the environment. As a consequence, bacteria with particular characteristics 

thrive in different areas of a developing biofilm according to the specific microenvironments, 

meaning that the structure is not homogeneous. In the mouth, aerobic species dominate 

supragingivally, while anaerobic organisms thrive in deeper, subgingival sites, and typically 

derive their energy from the products of host tissue destruction.  

Eventually, sections of mature biofilm can detach and reattach at a distant site, where a new 

biofilm can become established in an environment with conditions favourable to new growth 

and proliferation. This enables the various bacterial species to survive and proliferate despite 

an ever-changing environment. 

 Environment within oral biofilms 

As well as symbioses between microorganisms, there are important relationships between 

host and microorganism. The primary nutrient source for supragingival oral bacteria is 

fermentable carbohydrate, and modulation of the host diet influences the species 

composition of oral biofilms; diets higher in sucrose favour colonisation by microorganisms 

including Streptococcus mutans, Streptococcus sobrinus and Lactobacillus species (van 

Palenstein Helderman et al., 1996). As these organisms metabolise the sucrose, the pH of 
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the local environment falls due to production of lactic acid, which in turn selects for aciduric 

organisms, including lactobacilli, thus driving the biofilm to one that is more cariogenic. 

Subgingivally, some species can use blood and its constituents in their metabolism; for 

example P. gingivalis and T. denticola induce gingival inflammation and increased local blood 

flow. Red blood cells can then be lysed by proteolytic bacteria, resulting in release of iron in 

the form of haem, which can be used in bacterial metabolism (Grenier, 1991).  

 

Figure 1.7. Temporal development of an oral biofilm. Initially, primary coloniser species attach to constituents of 
the salivary pellicle, and to other primary coloniser species. Then, bridging organisms coadhere with each other 
and primary colonisers, followed by coadhesion of secondary colonisers to the bridging organisms. Bacteria 
within the biofilm secrete extracellular polymeric substances (EPS), which form a protective matrix around the 
microbes. As it matures, the biofilm gradually becomes thicker, and sections may then detach and form a new 
biofilm at a distant site. 

 

 Challenges of eradicating biofilms 

The biofilm mode of growth confers many advantages to bacteria in comparison to 

planktonic conditions, and, as such, it is the favoured mode of growth for most species. 

Biofilms are more resistant to killing by the host immune response, and it has been shown 

that a 10-1000 times higher concentration of biocide is required to kill bacteria resident in a 

biofilm versus planktonic conditions (Socransky et al., 2002; Davies, 2003; Høiby et al., 2010), 

which can render systemic and local antimicrobial agents ineffective against an established 

biofilm. The increased resistance of biofilms has been attributed to several factors. Bacteria 

within the deepest regions of a biofilm are often particularly challenging to target with 

antimicrobial agents as the agents are unable to penetrate the matrix to the very base of the 

biofilm at bactericidal quantities. The reduced metabolic rate of bacteria at these deep sites 

can mean that antimicrobial drugs targeting bacterial metabolism are less effective (Wilson, 

1996; Socransky et al., 2002). Biofilms can also promote the horizontal transfer of genes 

conferring resistance to particular antimicrobial agents. These resistance genes may aid 

downregulation of surface proteins that are targeted by antimicrobial agents, upregulation 
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of surface proteins that prevent binding by antimicrobials, or production of enzymes, such 

as β-lactamases, which degrade or inactivate antimicrobial agents (Stewart et al., 2001; 

Davies, 2003; Høiby et al., 2010; Macià et al., 2014; Olsen, 2015; Saleem et al., 2016). For 

these reasons, eradicating a biofilm, whether mechanically or chemically, is challenging. 

Substantial research has been undertaken concerning both how to prevent biofilm formation 

on dental implants, as well as how to effectively eradicate a biofilm once it has become 

established. Strategies to prevent biofilm formation on implant surfaces have centred 

around 3 approaches: changes to surface topography to prevent bacterial adhesion, surfaces 

that actively release antimicrobial agents for a set period to prevent bacterial adhesion and 

kill cells in the immediate area, and surfaces with permanently bonded antimicrobial agents 

that prevent attachment of bacteria to the surface (Hickok et al., 2018).  

 

 Microbiology of peri-implant disease (PID) 

 The role of biofilm formation in peri-implant disease 

Biofilm formation is an important aspect of PID pathogenesis, as it is widely acknowledged 

that plaque bacteria are the primary cause of these conditions (Steenberghe et al., 1990; 

Renvert et al., 2018). Almost immediately upon placement in the mouth, the supragingival 

aspect of dental implants becomes coated with a layer of salivary glycoproteins (Siqueira et 

al., 2012), which mediate the adhesion of primary oral colonisers, predominantly 

Streptococcus species (Subramani et al., 2009). Bacterial adhesion to dental implants occurs 

via electrostatic interactions, including Lifshitz-van der Waals forces and acid-base bonding 

(Busscher et al., 2010). 

These bacteria then facilitate attachment of other microorganisms, leading to development 

of a biofilm. Any biofilm will result in inflammation of the mucosa around newly placed 

implants, but problems particularly arise if this biofilm is not removed regularly by the 

patient during oral hygiene practices. Mucosal inflammation facilitates development of a 

peri-implant ‘pocket’, and the formation of biofilm on the subgingival portion of the implant. 

In the early stages of healing, the presence of any microorganisms here can disrupt 

osseointegration and therefore implant healing (Matthes et al., 2017). As the biofilm 

matures, conditions favour survival and growth of anaerobic, Gram negative organisms, 

which can result in greater host tissue destruction and eventually, bone resorption. This puts 

the implant at risk of ‘early’ failure (see section 1.3.7).  
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 Microorganisms implicated in PID 

There is considerable variability between studies as to which microorganisms, and in what 

proportions, are associated with infected implants, and how this compares to healthy 

implant sites. This is likely due to the number of different detection techniques used (Padial-

Molina et al., 2016; Valente et al., 2016). Nonetheless, early colonisers of a newly placed 

implant are often primary colonisers of the oral cavity belonging to the Streptococcus and 

Actinomyces genera (Quirynen et al., 2002; Subramani et al., 2009). Late colonisers of a 

mature, implant associated biofilm include anaerobes associated with periodontitis, such as 

A. actinomycetemcomitans, P. gingivalis, Prevotella intermedia, Fusobacterium spp., 

Tannerella forsythia, T. denticola, Selenomonas sputigena, Prevotella nigrescens, 

Campylobacter rectus and Peptostreptococcus micros (Leonhardt et al., 1999; Hultin et al., 

2002; Mombelli, 2002; Shibli et al., 2007; Ata-Ali et al., 2011; Heuer et al., 2012; 

Charalampakis et al., 2015). Other species not usually seen in periodontitis have also been 

reported, including Staphylococcus aureus, Staphylococcus epidermidis, Enterobacter 

aerogenes, Enterobacter cloacae, Escherichia coli, Helicobacter pylori, Parvimonas micra, 

Pseudomonas spp., and Candida spp. (Leonhardt et al., 1999; Belibasakis, 2014). One study 

identified 69 different species at peri-implantitis (PI) sites, and at a 10-fold higher abundance 

than found at healthy implant sites (Tamura et al., 2014).  

1.3.6.2.1 Streptococcus mitis 

S. mitis is an alpha-haemolytic, Gram positive coccobacillus, recognised as one of the most 

abundant commensal microorganisms of the oropharynx (Paster et al., 2005).  S. mitis is a 

facultative anaerobe, and thus can carry out respiration in the presence or absence of 

oxygen, although growth and replication are slower under anaerobic conditions. In the oral 

cavity it is not usually associated with disease per se, although it is often present in 

pathogenic biofilms due to its role as a primary coloniser. S. mitis displays adhesins on its cell 

surface that mediate attachment to various components of the salivary pellicle, including 

albumin, proline-rich proteins, glycoproteins, mucins, and sialic acid, thus allowing 

colonisation of any pellicle coated structure within the oral cavity (Kolenbrander et al., 1993; 

Nobbs et al., 2009; Abranches et al., 2018). The antigen I/II family of adhesins, which are 

present on the cell surface of most species of oral streptococci, facilitate binding to multiple 

targets, including glycans present in human salivary mucin (Abranches et al., 2018). The 

dominance of S. mitis in oral biofilms also reflects its capacity to inhibit the growth of other 
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potential competitor microorganisms via the production of hydrogen peroxide (Abranches 

et al., 2018).  

1.3.6.2.2 Fusobacterium nucleatum 

F. nucleatum is a Gram negative, obligate anaerobe, although it does appear to tolerate and 

even thrive in low levels of oxygen, rather than strictly anaerobic conditions (Rogers et al., 

2015). It displays a fusiform or spindle shaped rod morphology, and one of its key 

characteristics is an ability to coadhere with many different bacterial species. This was first 

identified by Kolenbrander and co-workers (Kolenbrander, 1988), and has led to it being 

termed a ‘bridging organism’, since it is able to coadhere with both primary and secondary 

colonisers during biofilm formation (Kolenbrander et al., 1993, 2010; Jakubovics et al., 2010; 

Mark Welch et al., 2016) (Figure 1.7). This is driven by specific adhesin-receptor pairs 

expressed on the cell surface of F. nucleatum and the partner microorganism. As a 

consequence of its promiscuous coadhesion capabilities, F. nucleatum is almost ubiquitously 

present in subgingival biofilms, and is heavily implicated in periodontitis and PID (Quirynen 

et al., 2002; Socransky et al., 2002; Tamura et al., 2014; de Waal et al., 2016).  

In addition to mediating physical interactions with other microorganisms in a developing 

biofilm, F. nucleatum can actively support the development of conditions more amenable to 

colonisation by pathogenic bacteria. For example, F. nucleatum has been shown to support 

the growth of P. gingivalis in an oxygenated, carbon dioxide depleted environment by 

depleting the oxygen to produce a more anaerobic environment (Rogers et al., 2015). F. 

nucleatum also produces butyric acid, propionate, and ammonium ions, which inhibit 

proliferation of human gingival fibroblasts, thus reducing healing response in the gingivae, 

again perpetuating conditions favourable to pathogenic biofilm formation. A synergistic 

relationship between F. nucleatum and T. forsythia resulting in increased alveolar bone loss 

has been demonstrated in a murine model (Settem et al., 2012), which clinically may drive 

the development of periodontal disease. 

In addition to promoting invasion of oral epithelial cells by other periodontal pathogens such 

as P. gingivalis (Saito et al., 2009), F. nucleatum itself can invade oral epithelial cells and 

fibroblasts, thus facilitating its survival via protection from the host immune response 

(Dabija-Wolter et al., 2009). 
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1.3.6.2.3 Aggregatibacter actinomycetemcomitans 

A. actinomycetemcomitans is a Gram negative, facultative anaerobe with coccobacillus 

morphology. This bacterium is heavily associated with deep periodontal pockets in patients 

with (historically termed) ‘localised early onset periodontitis’ (Mullally et al., 2000), and is 

now also implicated in PID (Leonhardt et al., 1999; Hultin et al., 2002), although not always 

detected at these sites (Quirynen et al., 2002; de Waal et al., 2016). There are multiple 

serotypes of A. actinomycetemcomitans (a-f), which are defined according to the different 

polysaccharide components of their LPS structures. Different serotypes are more commonly 

implicated in periodontal health or disease; for example, serotypes a and b are more 

commonly associated with localised early onset periodontitis (Kaplan et al., 2002).  

Virulence factors associated with A. actinomycetemcomitans include LPS, which induces a 

host inflammatory immune response and mediates binding to fusobacteria (Rosen et al., 

2003), exopolysaccharide, which has been shown to stimulate alveolar bone resorption 

(Shanmugam et al., 2015), and fimbrial adhesins (Inouye et al., 1990) that may promote 

coadhesion and epithelial cell invasion (Tribble et al., 2010), although fimbrial expression is 

lost upon in vitro planktonic culture (Saito et al., 2001). A. actinomycetemcomitans also 

produces leukotoxin, which is toxic to white blood cells, and cytotoxic distending toxin, which 

has an immunosuppressive effect and thus disrupts the host immune response. A. 

actinomycetemcomitans is able to invade oral epithelial cells, after which it rapidly 

proliferates and spreads into adjacent cells (Meyer et al., 1996). This invasion may allow cells 

to survive aerobic environments and evade a host immune response (Rudney et al., 2001). 

1.3.6.2.4 Porphyromonas gingivalis 

P. gingivalis is a haemolytic, Gram negative, obligate anaerobe with a bacillus morphology. 

It is frequently isolated from sites of periodontitis and PID (Leonhardt et al., 1999; Quirynen 

et al., 2002; Socransky et al., 2002; Ata-Ali et al., 2011; Lafaurie et al., 2017), and is recognised 

as a ‘keystone pathogen’ i.e. a microbe that can orchestrate an adverse host immune 

response, directly and indirectly causing tissue destruction, in spite of low abundance 

(Hajishengallis, 2014). 

P. gingivalis produces a number of factors that facilitate survival as a subgingival oral 

pathogen. LPS displayed on the cell surface causes bone resorption, and some strains are 

surrounded by a polysaccharide capsule, which provides both a physical barrier to 

phagocytosis by immune cells, and may aid adhesion to other microorganisms (How et al., 
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2016). Outer membrane proteins, including OmpA, which are present on the cell surface of 

many anaerobic bacterial species, have been shown in P. gingivalis to play a key role in 

biofilm formation, and host epithelial cell adhesion and invasion (Naylor et al., 2017). 

The presence of two types of fimbrial adhesin (major and minor) on the cell surface also aid 

coadhesion, as well as facilitating invasion of gingival fibroblasts and epithelial cells, and may 

contribute to host tissue destruction (Rudney et al., 2001; How et al., 2016). However, with 

respect to osteoblasts, whilst the major fimbriae facilitate invasion by P. gingivalis, they are 

not essential for inhibition of osteoblast differentiation (Zhang et al., 2011). Invasion of 

gingival epithelial cells by P. gingivalis is promoted by F. nucleatum (Saito et al., 2009). 

Following invasion of a host cell, P. gingivalis prevents apoptosis and modulates the immune 

response, thus facilitating its survival within the host cell, from whence it can also spread to 

adjacent cells (Nakhjiri et al., 2001; Brunner et al., 2010; Bostanci et al., 2012). 

A key aspect of P. gingivalis virulence is its production of various proteases, which destroy 

periodontal tissues (How et al., 2016). P. gingivalis is unique in secreting gingipains; these 

are proteases that cause tissue destruction, assisting in the production of peptides that can 

be used as a source of nutrition, both for P. gingivalis and other members of the microbiota, 

including F. nucleatum (Grenier, 1994). Gingipains also facilitate colonisation by binding to 

host matrix proteins such as fibrinogen and fibronectin, and degrade signalling molecules 

involved in the host immune response, resulting in both an impaired healing response (and 

thus increased tissue destruction) and evasion of host defences (Stathopoulou et al., 2009). 

Additionally, gingipains can give P. gingivalis a competitive advantage over other species 

with respect to colonisation of the subgingival environment, not only by aiding its 

colonisation, but by actively promoting detachment of other species, including A. 

actinomycetemcomitans (Takasaki et al., 2013).  

As a secondary coloniser, P. gingivalis is unable to adhere well to salivary pellicle directly, 

and rather requires the presence of a primary coloniser or bridging organism to join a biofilm 

community. This coadhesion may be via adhesin-receptor pairs, or other structures present 

on the bacterial cell surface, such as outer membrane proteins and capsular polysaccharide 

or LPS, as observed during coaggregation between some strains of P. gingivalis and F. 

nucleatum (Rosen et al., 2006).  

P. gingivalis is often found closely associated with F. nucleatum (Socransky et al., 1998), and 

it seems that the 2 species mutualistically benefit each other. As highlighted above, F. 
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nucleatum appears to generate the carbon dioxide rich environment required for P. 

gingivalis survival in oxygenated conditions (Rogers et al., 2015), whilst other work has 

shown that  proteolytic enzymes produced by P. gingivalis assist in the production of 

peptides used during metabolism by F. nucleatum (Grenier, 1994). Thus, each supports the 

survival of the other in a symbiotic relationship, which eventually results in increased 

localised tissue colonisation and destruction.  

1.3.6.2.5 Prevotella nigrescens 

Prevotella nigrescens is a haemolytic, Gram negative, obligate anaerobic rod that is reported 

in elevated numbers in periodontitis and PID (Leonhardt et al., 1999; Socransky et al., 2002; 

Ata-Ali et al., 2011; Carcuac et al., 2016; Lafaurie et al., 2017). P. nigrescens exhibits a number 

of virulence factors, including production of β-lactamases by some strains that can render 

the β-lactam class of antibiotics useless in treatment of infections caused by these bacteria 

(Fernández-Canigia et al., 2015). Other factors include the presence of fibrils on the cell 

surface, which may assist in invasion of host gingival epithelial cells (Patanella et al., 1999), 

and production of proteases that degrade host tissue (Saito et al., 2001). P. nigrescens LPS 

can induce an adverse immune response and stimulates production of osteoclasts, which 

may lead to bone resorption (Chung et al., 2006). End-products of P. nigrescens metabolism, 

including succinate and ammonium, can induce cytotoxic effects (Saito et al., 2001). With 

respect to other bacteria, some strains also produce the bacteriocin nigrescin, an 

antimicrobial peptide which has bactericidal activity against other Gram negative bacilli, 

including P. gingivalis, P. intermedia and T. forsythia (Teanpaisan et al., 1998). This can 

influence the composition of the subgingival biofilm, as it results in death of these species, 

allowing increased growth of P. nigrescens. 

  

 Success and failure of dental implants 

As with any medical procedure, not all dental implants are successful. Whilst survival rates 

upwards of 99% have been reported (Buser et al., 2012), it is important to recognise the 

difference between implant success and implant survival (Beaumont et al., 2016). Unlike 

survival, success of a dental implant is not simply defined by its retention within the jaw. 

Historically, a number of measures have been used, both at implant and patient level, to 

define and highlight the differences between success and survival (Albrektsson et al., 1986; 

Fürhauser et al., 2005; Pjetursson et al., 2007; Annibali et al., 2012; Papaspyridakos et al., 
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2012; Sailer et al., 2012). For example, one study showed that for implant supported single 

fixed crowns at 5 years post placement, the reported survival rate was 96.8% versus a success 

rate of 61.3% i.e. 38.7% of surviving implants had one or more complications during a 5 year 

observation period (Pjetursson et al., 2007). However, in spite of these complications, the 

vast majority of these ‘surviving’ implants and their crowns were still functioning 

satisfactorily. Whereas survival is usually defined as continued presence of the implant 

within the mouth (ten Bruggenkate et al., 1990), the threshold for success is higher and takes 

into account the following parameters:   

Patient measures, including both objective and subjective methods regarding aesthetics and 

function (Fürhauser et al., 2005; Annibali et al., 2012). These often consist of QoL surveys 

and aesthetics indices.  

Technical measures, such as absence of implant or restoration fractures or instability (Sailer 

et al., 2012).  

Clinical parameters, such as absence of disease or pathology associated with the implant 

(Albrektsson et al., 1986).  

A recent review suggested that all of these factors should be taken into consideration when 

developing a modern definition of implant success (Papaspyridakos et al., 2012). There is 

currently no universally used definition for implant success, and it depends largely upon the 

clinical scenario.  

The most common reason for implant failure is infection, which is a type of biological failure, 

and is the focus of these studies. Other failures can be categorised as mechanical, iatrogenic 

or patient-related (Esposito et al., 1998). Biological failures may be further subdivided into 

‘early’ (‘primary’) or ‘late’ (‘secondary’) failures (Esposito et al., 1998). Early failures are those 

where the implant fails to osseointegrate correctly, and implants that require removal before 

prosthetic loading (connection of the superstructure) fall into this category. This type of 

failure is usually identified within the first 3 months after placement. Late failures can thus 

be defined as occurring after prosthetic loading (Esposito et al., 1998), and are further 

subdivided into infection involving only the soft tissues (peri-implant mucositis [PIM]) or 

involving both soft tissue and bone (PI). Since these tissues retain the implant in situ, left 

untreated they can eventually lead to implant loss.   
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Whilst the incidence of early failures is reported to be relatively low at approximately 1 - 4% 

of implants (Gynther et al., 1998; Camps-Font et al., 2015), studies report that PIM affects 

19-65% of implants, and PI affects 1-47% of implants (Zitzmann et al., 2008; Atieh et al., 2012; 

Derks et al., 2015). A recent systematic review and meta-analysis predicts the mean 

prevalence of PIM and PI to be 43% and 22% respectively (Derks et al., 2015). The reason for 

these large ranges is due to the variation in definition and classification of disease used in 

diagnosis, the study design, and the group of patients studied with specific risk factors and 

clinical situations (Derks et al., 2015). Based on the number of people with implants already, 

by 2020, this could equate to approximately 400,000 patients in the UK with PI requiring 

treatment (Public Health England, 2011). For this reason, implant-related infections are a 

growing concern. The global burden of implant management is continually expanding as 

more implants are placed every year, and those already in place must be adequately 

maintained. Therefore, although postoperative infection rates are low, the increasing 

number of implants placed will likely result in a significant number of patients experiencing 

this infection, and as such, this needs to be addressed (Hickok et al., 2018). Methods to 

prevent these conditions developing in the first place is thus a research priority.  

 Early biological failures 

Early biological failures occur due to disruption of the process of osseointegration. This may 

be due to the presence of bacteria (Quirynen et al., 2002), which can colonise the implant 

surface more quickly than osteoblasts. Mechanical, iatrogenic and patient factors can also 

contribute to early failure, such as premature loading of the implant before osseointegration 

is complete, placement of implant without adequate surrounding bone, or an impaired 

healing response (Isidor, 1996; Camps-Font et al., 2018). Although a low percentage of 

implants (1.7 - 4%) develop post-operative infection, approximately two thirds of these go 

on to fail (Gynther et al., 1998; Camps-Font et al., 2015), usually before prosthetic loading, 

and thus post-operative infection is an important contributory factor in early implant failure.  

1.3.7.1.1 Diagnosis and clinical features 

Diagnosis of early implant failure is usually by clinical and radiographic examination. The 

patient may experience ongoing inflammation and pain in the region, implant mobility may 

be noted, indicating lack of stability and on imaging, reduced radiodensity surrounding the 

implant is visible, correlating with the presence of fibrous, rather than boney, healing (Figure 

1.8). 
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Figure 1.8. Radiographic images (A & C) and clinical image (B) showing early implant failure due to non-
osseointegration. In (A) a radiolucent space between the distal implant and bone is present (red bracket indicates 
osseointegration failure). In (B), a clear space between the implant fixture and bone is visible on the distal implant 
(white arrow), whereas the mesial implant appears encased in bone. In (C) there is no bone surrounding the 
implant, which has failed to osseointegrate and is kept in place solely by soft tissue. This implant required 
removal. Images reproduced with kind permission of Professor Dominic O’Sullivan. 

 

1.3.7.1.2 Pathogenesis  

One study found that implants that developed an early post-operative infection around a 

roughened abutment collar were more than twice as likely to fail as those that did not 

develop a post-operative infection (Camps-Font et al., 2018). This failure was thought to be 

related to the faster growth of bacteria compared to MSCs, leading to a failure of the implant 

to osseointegrate (Esposito et al., 1998). A significant association was also found between 

implant failure and time from placement to infection, suggesting that preventing bacterial 

contamination at the time of implant placement is critical to preventing early implant failure 

(Matthes et al., 2017).  

It has been observed that although the number of early implant failures is low, they are 

clustered in patients with high plaque and gingivitis indices, supporting the role of plaque 

bacteria in these failures (Steenberghe et al., 1990). It has also been proposed that when 

placing implants in partially edentulous patients, the remaining teeth could act as bacterial 

‘reservoirs’ for implant contamination (Apse et al., 1989; Quirynen et al., 1990). Likewise, 

placement of implants into bone immediately adjacent to infection, particularly teeth with 

periapical or periodontal infection, has been found to compromise osseointegration and in 

some cases lead to implant failure, due to apparent retrograde infection of the implant by 

bacteria in these lesions (Sussman et al., 1993; Shaffer et al., 1998). Thus, there is strong 

support for the hypothesis that implant contamination with oral bacteria is an important 

contributor to early implant failure. 
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In order to minimise bacterial contamination during surgery, efforts are made to reduce the 

environmental bacterial load. Patients may be given an antiseptic mouthwash and/or 

systemic antibiotics prior to commencement of surgery, surgical instruments, gloves and 

implants are all supplied sterile, and post-operatively, patients are instructed in a strict oral 

hygiene regime in order to reduce bacterial contamination of the surgical site. In spite of all 

of this, there is still a risk of contamination from salivary flow, air expired by the patient, the 

peri-oral skin, and the intake of food and drink, and oral hygiene practices post-operatively 

(Quirynen et al., 2002). 

1.3.7.1.3 Antibiotic use during implant placement 

In an attempt to minimise the risk of bacterial contamination, the efficacy of systemic 

antibiotics administered pre and post-operatively in reducing implant failure rates has been 

explored. The rationale behind this is based on the hypothesis that, following pre-operative 

oral administration, the antibiotic will have been absorbed into the blood and be circulating 

systemically. Thus, any blood or tissue in contact with the implant during and after surgery 

contains antibiotic that could prevent bacterial colonisation of the site during the initial 

stages of healing. The concentration of antibiotic required for this is unknown, however, 

doses of antibiotics are routinely given in some countries for prevention of systemic 

bacteraemia during dental treatment in patients for whom this would be life threatening 

(Wilson et al., 2007). Previously, it has been shown that UK dentists who do give pre-

operative antibiotics prior to implant placement tend to use the same doses (Ireland et al., 

2012).  

There are no guidelines as to when or if antibiotics should be prescribed for implant surgery 

and as such, clinicians may develop their own, often hugely varying, protocols (Resnik et al., 

2008) based on a combination of personal experience and, often conflicting, scientific 

evidence. A 2012 study (Ireland et al., 2012) conducted an online survey of n=109 UK dentists 

in practice carrying out implant surgery, and showed that 72% working in general or specialist 

practice routinely prescribe prophylactic antibiotics for any implant surgery. Various 

justifications for this were given, including prevention of infection and reduction of 

bacteraemia post-surgery. Nearly 50% stated that this had been taught as standard during 

their postgraduate training. A 2018 systematic review (Park et al., 2018) references a similar 

trend internationally.  
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A number of studies (Mazzocchi et al., 2007; Abu-Ta’a et al., 2008; Arduino et al., 2015) have 

tried to establish whether there is a benefit to antibiotics in preventing early implant failure 

and perioperative infection. However, there is considerable heterogeneity in study design, 

particularly with respect to antibiotic used, dose and duration, making comparisons difficult, 

with some authors reporting that, due to these differences, a meta-analysis and thus a 

‘definitive’ answer to this question is not possible (Park et al., 2018). Another limitation of 

such studies is the focus on relatively “early” implant failures. Follow up and survival is often 

assessed at less than a year post surgery, and so, whilst rates of over 95% successful 

osseointegration irrespective of the use of perioperative antibiotics (Mazzocchi et al., 2007) 

may appear impressive, it is unclear whether there is a longer term benefit. The effect of 

antibiotics on the process of osseointegration is not currently known, which may also 

influence the long term success of the implant. 

A number of systematic reviews have thus attempted to determine the benefit of pre- or 

post-operative prescription of antibiotics in prevention of implant failure (Ata-Ali et al., 2014; 

Chrcanovic et al., 2014b; Lund et al., 2015; Park et al., 2018). A Cochrane Review, based on 

a meta-analysis of 6 RCTs of ‘moderate’ quality, recommends that a single oral dose of 

amoxicillin given 1 hour preoperatively reduces early implant failure, although the authors 

do not state to what degree (Esposito et al., 2013). It also states that it is unclear whether 

post-operative antibiotics are beneficial, and which antibiotic is most effective at preventing 

failure or infection. A RCT carried out since (Arduino et al., 2015), has demonstrated no 

statistically significant additional benefit (in terms of reduction of early failure rate) between 

a single preoperative amoxicillin dose and an additional 2 day course, although they do 

highlight that adverse outcomes including one serious allergic reaction to the antibiotic were 

seen only in the group of patients taking antibiotics post-operatively.  

In spite of these reviews and meta-analyses, there is still disagreement between clinicians. 

Some authors conclude that antibiotics should only be used in non-straightforward cases 

after careful consideration (Mazzocchi et al., 2007; Park et al., 2018). Others, however, point 

to a reduction in early failure rates when antibiotics are used in all patients. However, the 

reported number needed to treat (NNT) with antibiotics to prevent 1 patient having an early 

implant failure varies from 25 (Esposito et al., 2013) to 50 (Ata-Ali et al., 2014; Chrcanovic et 

al., 2014b), although all of these figures have substantial confidence intervals. Lund et al. 

(2015) further clarified the actual risk difference for patients given prophylactic amoxicillin 
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versus those given placebo as a 2% reduction in the risk of implant loss. Interestingly, no 

effect on post-operative infection rates was shown. 

Reassuringly, all reviewers counsel that, in light of a high NNT, decisions should be taken on 

a case by case basis, with likely risk reduction considered at patient level, as well as in the 

wider context of possible adverse reactions and a contribution to AMR. Some advise that in 

healthy patients undergoing routine implant surgery, antibiotics are not needed (Lund et al., 

2015), whilst others suggest that a single preoperative dose is adequate (Esposito et al., 

2013). It is accepted that in patients with medical complications, or having non-standard 

implant surgeries, antibiotics may offer a reduction in early complications. However, in the 

wider context of antimicrobial stewardship, a move away from blanket prescribing is 

encouraged, and an alternative way of preventing bacterial colonisation at the time of 

surgery would be beneficial.   

 Late biological failures 

Late biological implant failures occur after osseointegration has taken place, and can be 

diagnosed by clinical and radiographic features. These conditions are:  

1. peri-implant mucositis (PIM); “a bacteria-induced, reversible inflammatory process of the 

peri-implant soft tissue with reddening, swelling and bleeding on periodontal probing” 

(Smeets et al., 2014)  

2. peri-implantitis (PI); “a progressive and irreversible disease of implant-surrounding hard 

and soft tissues, accompanied with bone resorption, decreased osseointegration, increased 

pocket formation and purulence” (Smeets et al., 2014). 

 

1.3.7.2.1 Diagnosis and clinical features 

A recent ‘world workshop’ on periodontal and peri-implant conditions has produced a set of 

diagnostic criteria for these conditions, which specifies that soft tissue inflammation and 

bleeding, with no associated bone loss (beyond normal healing) is consistent with a diagnosis 

of PIM. When ≥3 mm bone loss has occurred, in combination with bleeding on probing and 

probing depths of ≥6 mm, the diagnosis is one of PI (Renvert et al., 2018). An example of the 

clinical and radiographic appearance of PI is shown in Figure 1.9. 
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Figure 1.9. Clinical (A) and radiographic (B) appearance of PIM and PI. A) 3 implants are in situ, with the middle 
one affected by PI. Increased pocket probing depths (PPD) are present around this implant, with active infection 
present (suppuration indicated by black arrow). There is bleeding on probing around all 3 implants, indicating 
tissue inflammation. In B) the bone loss affecting the middle implant is circled in red. Bone has been lost around 
the first 3 threads and in conjunction with the above clinical signs, a diagnosis of PI is made. By contrast, the 
mesial (right most) implant is unaffected by bone loss (yellow arrows), and thus exhibits PIM. 

 

1.3.7.2.2 Pathogenesis 

PIM and PI show many similarities to gingivitis and periodontitis in both aetiology and disease 

progression. The onset of these conditions is caused by an imbalance between bacterial load 

around the implant and the host immune response (Valente et al., 2016). It is widely 

accepted that plaque is the primary cause for both peri-implant and periodontal disease, 

evidenced by a positive association between plaque levels and PIM, a difference in the 

microbiota around successful and ailing implants, and a correlation between good oral 

hygiene and long term success of implants (Mombelli et al., 1998). Whilst further research 

has shown that other factors can also contribute to PID, the evidence for a microorganism 

mediated, localised infection remains. As such, prevention of bacterial contamination of the 

implant from the time of placement appears critical in minimising the development of both 

early and late implant failures (Camps-Font et al., 2018; Hickok et al., 2018).   

As plaque bacteria collect around the implant supra- and subgingivally, they stimulate a host 

inflammatory response, similar to that seen in gingivitis. Inflammatory cells migrate into the 

surrounding tissues and produce hydrolases and proteases, which degrade collagen in the 

subepithelial connective tissue. Vessel permeability increases, and plasma proteins form an 

exudate. With ongoing exposure to the plaque bacteria, the inflammation becomes more 

established, with increasing numbers of white blood cells present. These release interleukins 

(IL) and tumour necrosis factor α (TNF-α) in response to the presence of bacterial LPS, 
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resulting in further damage to connective tissue. Clinically at this stage, a peri-implant 

‘pocket’ starts to develop, as the cells of the junctional epithelium degenerate and move 

away from the implant, creating a space between the implant and mucosa, similar to that 

seen in periodontitis. This submucosal environment favours proliferation of anaerobic 

pathogens, which further drive the inflammatory response and ultimately the invasion and 

destruction of tissues supporting the implant. Inflammation during PIM is reversible by 

removal of the cause i.e. plaque bacteria. Hence, treatment of this condition is largely aimed 

at removal of any pathogenic biofilm already in place, followed by maintenance of excellent 

oral hygiene to prevent it reforming. 

Histologically, the change from PIM to PI occurs as soon as bone resorption commences. 

TNF-α, IL-1 and prostaglandins released near the base of the pocket stimulate osteoclasts to 

resorb the peri-implant alveolar ridge. As inflammation persists, the peri-implant pocket 

becomes deeper, and it has been suggested that conditions in PPD >5 mm favour growth of 

anaerobic, pathogenic bacteria (Mombelli et al., 1994), presence of which drive the host 

immune response and leading to further hard and soft tissue destruction. Infiltration of the 

peri-implant tissues by bacteria may result in micro-abscesses and associated suppuration, 

and the generalised inflammation will result in bleeding on probing (BOP) clinically. 

Bone destruction that occurs during PI is generally irreversible. Prevention of further bone 

loss, and therefore future loss of the implant, is usually the aim of treatment of these lesions. 

Management strategies involve removal of the pathogenic biofilm and any factors found to 

be favouring its formation, followed by ongoing professional supportive treatment and 

maintenance of excellent oral hygiene to prevent its return. If treatment is unsuccessful, 

eventually the implant will require removal. 

1.3.7.2.3 Risk factors for peri-implant disease 

Multiple risk factors have been identified that are associated with an elevated risk of PID, 

both immediately after implant placement and in the long term. These can be categorised 

into patient-related factors, iatrogenic factors, and mechanical factors (Esposito et al., 1998): 

1. Patient related factors  

The common factor amongst patients who experience PID appears to be an altered immune 

response. Those with a history of chronic or aggressive periodontitis (Karoussis et al., 2003; 

De Boever et al., 2009; Heitz-Mayfield et al., 2009; Turri et al., 2016), poorly controlled 
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diabetes (Chrcanovic et al., 2014a), smoking (De Boever et al., 2009; Heitz-Mayfield et al., 

2009) or other immunocompromising conditions or medications (Turri et al., 2016) are 

consistently identified as being at higher risk, although further investigation of some of these 

associations is required. Since accumulation of plaque around the implant is a causative 

factor in PID, lack of regular professional supportive therapy as well as poor oral hygiene are 

also linked with an increased risk of developing these conditions, regardless of other factors 

(Jepsen et al., 2015; Renvert and Quirynen, 2015). Conversely, those with a high standard of 

oral hygiene and appropriate professional supportive therapy, even with a history of 

periodontal disease, can have high success rates (Leonhardt et al., 2002). 

 

2. Iatrogenic factors 

The main non patient-related risk factor implicated in increased risk of developing PID is 

excess cement (Wilson, 2009; Sailer et al., 2012; Jepsen et al., 2015; Staubli et al., 2017) (used 

to retain the superstructure crown or bridge to the abutment), although it was shown that 

removal of the cause resulted in resolution of symptoms (Wilson, 2009). 

 

3. Mechanical factors 

The role that excessive or premature implant loading may play in the development of PI is 

currently unclear. Case reports seem to suggest that such factors may promote progression 

of PID if there is already a degree of inflammation present (Kozlovsky et al., 2007). Premature 

loading seems to be more likely to result in delayed or decreased osseointegration (Isidor, 

1996) i.e. early, rather than late, failure. 

 

Although these are known risk factors for development of PID, even with careful patient 

selection and appropriate care (‘supportive therapy’) after implant placement, it is still 

possible for any patient to develop these conditions, and equally, those with multiple risk 

factors can still go on to have successful (or surviving) implants. As such, the exact 

pathogenesis of this condition is poorly understood.  
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1.3.7.2.4 Parallels and differences between periodontal disease and PID  

When PID first emerged as a phenomenon, due to its clinical features, it was postulated to 

be similar in nature to periodontitis and indeed, there are a number of similarities between 

the aetiology and pathogenesis of periodontitis and PID. They are both a bacterially driven 

localised infection, which occurs particularly in patients with an altered immune response. 

As such, early treatment strategies for PID were often modelled on those for periodontitis. 

However, whereas periodontal disease is often associated with significant clinical signs and 

symptoms, and may develop and progress over a number of years, PID can be asymptomatic, 

and progress rapidly, resulting in substantial tissue destruction. This may be due to the 

reduced blood and nerve supply to the area, in comparison to a natural tooth, meaning there 

is reduced immune surveillance, allowing rapid progression with few signs and symptoms. 

Additionally, delivery of systemic antibiotics to this area by the blood stream is reduced, 

which may explain why these have been reported to have a minimal effect on both initial 

integration of implants and in management of PID (Keenan et al., 2015; Schwarz et al., 2015).  

There are also important differences in the supporting tissues. Around a tooth, collagen 

fibres attach to the cementum of the tooth root and run into the soft tissues in multiple 

directions, providing mechanical support and a barrier to bacterial entry. Around an implant, 

however, collagen fibres only run parallel within the mucosa, and form no attachment to the 

implant (Buser et al., 1992). This means that when collagen is destroyed during PI, there is 

no barrier to microorganism entry and peri-implant pockets form more quickly, allowing the 

condition to rapidly progress. Studies have shown more rapid and severe tissue destruction 

in experimental PIM and PI than at equivalent tooth sites (Salvi et al., 2017). As such, whilst 

some findings from periodontal studies can be applied to PID, the differences between the 

two must also be understood, as this informs appropriate clinical management (Valente et 

al., 2016).  

 

 Management of PID 

Both PIM and PI require management to remove the pathogenic biofilm that has led to their 

development, and to prevent further progression of the condition. It is recognised that PIM 

is a reversible inflammation of the soft tissues surrounding the implant, and can be 

eliminated with appropriate nonsurgical professional care consisting of removal of 

exacerbating factors, such as plaque and excess cement, alongside maintenance of excellent 
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oral hygiene by the patient, and professional supportive treatment as required (Heitz-

Mayfield and Mombelli, 2014; Salvi et al., 2014, 2015; Jepsen et al., 2015; Schwarz et al., 

2015). However, there is no consensus on how to best prevent or treat PI (Esposito et al., 

2012b; Heitz-Mayfield and Mombelli, 2014). If left to progress, PI can result in substantial 

bone loss, leading to mobility, decreased function, and eventual loss of the implant.  

Once a biofilm has formed on an implant, it is very difficult to eradicate. There is no clear 

single chemical that exhibits superior efficacy over others in this regard (Subramani et al., 

2012), and commonly CHX or sterile saline irrigations are used. For advanced lesions it is 

generally considered that surgical management of PI is most effective (Smeets et al., 2014; 

Mahato et al., 2016; Suárez-López del Amo et al., 2016). This will often involve direct surface 

cleaning of the implant, which can be done with lasers (Schwarz et al., 2011), plastic or 

titanium curettes, or antimicrobial solutions (such as  CHX, citric acid, sterile saline or topical 

antibiotics), or may involve modification of the implant surface to render it smoother to 

minimise attachment of bacteria (implantoplasty) (Subramani et al., 2012; Valderrama et al., 

2013; Dostie et al., 2017; Al-Kadhim et al., 2018). These interventions may be carried out 

alongside the administration of systemic antibiotics (Schwarz et al., 2013). Surgery of course 

brings with it various associated morbidities, and still may not resolve the problem, whilst 

inappropriate use of antibiotics can contribute to AMR.  

The surface topography of the dental implant is important in the success of PID treatment, 

probably because it has a direct effect on osteoblast response following effective bacterial 

decontamination (Subramani et al., 2012) (see section 1.2.3). In a RCT testing various 

treatment modalities for PI, it was shown that a number of factors should be considered 

when optimising a regime and predicting its likely success, and that these are affected by the 

type of implant surface (Carcuac et al., 2016).    

 Prevention of PID 

Given the significant morbidity, cost and unpredictability of PID treatment, prevention of 

these conditions in the first place is preferred. Therefore, appropriate patient selection, and 

management prior to surgery to optimise modifiable factors is essential. Known risk factors 

for development of PID (section 1.3.7.2.3) must be taken into account, and a case by case 

decision made on the likely chance of implant success (or failure) when considering whether 

implant placement is appropriate.  
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Since presence of bacteria is considered to be one of the most important contributors to 

implant failure, pre surgery optimisation should include patient development of a routine to 

achieve excellent oral hygiene, thus minimising the bacterial load at the time of implant 

placement and during healing (Leonhardt et al., 2002; Jepsen et al., 2015; Renvert and 

Quirynen, 2015). Smoking cessation is considered mandatory by many surgeons, since it has 

been associated with reduced success rates (De Boever et al., 2009; Heitz-Mayfield et al., 

2009). Stability of any existing periodontal condition around remaining teeth is important 

(Karoussis et al., 2003; De Boever et al., 2009; Heitz-Mayfield et al., 2009; Turri et al., 2016), 

and optimal management of systemic health conditions, e.g. ensuring good glycaemic 

control in diabetic patients (Chrcanovic et al., 2014a), is also addressed.  

Optimisation of implant-related characteristics in relation to prevention of both early and 

late implant failures has focussed on two principal areas: optimisation of osseointegration 

(refer to section 1.2.3) and prevention of bacterial attachment and biofilm formation. Whilst 

increases in surface area and roughness appear to accelerate osseointegration, there is 

substantial evidence indicating that this altered topography also favours the adhesion of 

microorganisms, leading to biofilm formation and ultimately early or late failure of the 

implant (Esposito et al., 1998; Quirynen et al., 2002; Di Giulio et al., 2015; Han et al., 2016; 

Miao et al., 2017; Wassmann et al., 2017). It has been postulated that this is due to the 

surface irregularities providing shelter for the bacteria from shear forces and thus reducing 

their removal, as well as the increased surface area for adhesion that these irregularities 

afford (Quirynen et al., 2002). However, as the biofilm develops, the influence of surface 

roughness diminishes, with the biofilm itself providing sites for further microbial attachment, 

regardless of the underlying implant surface (Dal’Agnol et al., 2015; Han et al., 2016). 

Therefore, prevention of initial bacterial attachment is important in minimising biofilm 

formation (Violant et al., 2014; Gröbe et al., 2016). 

There are several variables that influence initial bacterial adhesion to a surface (Campoccia 

et al., 2013): 

• Surface morphology, including macro-, micro- and nano-porosity and roughness 

• Physicochemical properties, including surface energy, wettability, the presence of 

hydrophobic, polar or charged functional groups 

• Environmental conditions, including pH, temperature, shear rate or fluid flow rate 

• Microbe-specific colonisation capabilities (e.g. adhesin profile)  
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Design of antimicrobial implant surfaces targets one or more of these parameters. Additional 

strategies that have been investigated for the modification of titanium surfaces to improve 

antimicrobial effect include drug loading, use of silver ion release, photoactivation, nitride 

implantation and immobilisation of antimicrobial peptides (Grischke et al., 2016). However, 

these modifications often also have adverse effects on host cells. Design of the ‘ideal’ dental 

implant surface requires a degree of compromise, with surfaces needing to promote 

osseointegration whilst minimising bacterial colonisation (Grischke et al., 2016; Hickok et al., 

2018).  

 

 Chlorhexidine (CHX)  

 Overview 

CHX is a positively-charged bisbiguanide molecule (Figure 1.10), with broad spectrum 

antimicrobial activity against both Gram positive and Gram negative bacteria, as well as 

moulds, yeasts and some viruses. This is due to its non-specific mechanism of action. 

Microorganisms do not readily develop permanent resistance to CHX (Meyer et al., 2010), 

although there are increasing reports of CHX tolerant or resistant strains (see section 1.4.4). 

This makes CHX a valuable, broad-spectrum antimicrobial agent that does not contribute to 

increased AMR (Weinstein et al., 2008). For these reasons, CHX has been widely used as a 

topical agent in healthcare for the prevention and treatment of infection since its 

introduction in the 1950s. 

The pKa of CHX is 10.3 in its dicationic form (Hugo et al., 1964), meaning that when it is in 

aqueous solution at a pH below 10.3 (i.e. including at human physiological pH), a H+ ion 

associates with each of the amide groups on either side of the hexamethylene backbone, 

and it carries a +2 charge. Whilst as a molecule alone it has low aqueous solubility, as a 

digluconate salt it is highly water soluble and thus is most commonly used in this form 

(Kampf, 2018).  
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Figure 1.10. Chemical structure of the chlorhexidine molecule. 

 

 CHX mechanism of action and properties  

Because CHX is positively charged at physiological pH, it is electrostatically attracted to the 

negatively-charged phospholipids present in the outer leaflet of the bacterial cell membrane. 

This is the basis of its antimicrobial action (Jones, 1997). Binding changes the permeability of 

the outer leaflet of the bacterial cell membrane, allowing CHX to pass across to the inner 

membrane leaflet. Here CHX again binds to phospholipids, changing the permeability of the 

membrane and leading to cytoplasm leakage. At this stage, the effects of CHX are 

bacteriostatic and are reversible upon its removal (Mcdonnell et al., 1999). At higher 

concentrations CHX is bactericidal, and it is thought that this relates to increased structural 

damage (Jones, 1997). Damage to the outer leaflet can result in pressure changes, which lead 

to rupture of the cytoplasmic membrane and cell death (Lamont et al., 2014). With increased 

cell membrane damage there is also loss of cytoplasmic contents, which results in 

coagulation and precipitation of the cytoplasm, and eventually cell death (Denton, 2001). 

The concentration at which CHX is bacteriostatic or bactericidal varies across microbial 

species and strains. It has been shown that oral bacteria with an increased resistance to 

multiple antibiotics also show tolerance to higher concentrations of CHX versus species that 

are susceptible to the same antibiotics (Saleem et al., 2016). By contrast, eukaryotic cell 

membranes display a lower negative electrostatic charge than bacteria and contain 

cholesterol, which helps to stabilise the membrane. Additionally, negatively charged 

phospholipids are only present on the inner leaflet of a eukaryotic cell membrane, and so 

are not as readily accessible to CHX in the environment (Zasloff, 2002). As such, CHX has a 

greater effect on bacterial cells than human cells, making it an effective topical antimicrobial 

agent in healthcare.  
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It has also been shown that, due to differences in cell wall structure (Figure 1.6), CHX may 

not be as effective against Gram negative bacteria, compared with Gram positive organisms. 

The outer membrane can bind to or act as an additional physical barrier to CHX, meaning it 

cannot penetrate to the cytoplasmic membrane (Cheung et al., 2012).  

A key property of CHX is its substantivity i.e. its ability to adhere to human tissue under flow 

and shear conditions for a prolonged period. Intraorally, CHX has been shown to suppress 

salivary bacterial cell counts for 12 hours (Schiøtt, 1973). This means that, in management of 

bacteria-associated oral conditions, a topical application twice daily is enough to maintain at 

least a bacteriostatic level of CHX in the environment. Seminal work by Löe and Schiøtt (Löe 

et al., 1970) showed that rinsing with 0.2% chlorhexidine digluconate (CHXDG(aq)) for one 

minute twice a day prevented the formation of bacterial plaque and associated gingivitis. 

When the mouth rinsing was stopped, plaque reformed. Ongoing research has demonstrated 

increased antiplaque efficacy compared to other agents (such as those containing triclosan 

or essential oils), and has resulted in CHX being recognised as the gold standard against which 

other antiplaque agents are compared (Jones, 1997; Balagopal et al., 2013). It should be 

noted, however, that phosphates (and other proteins and salts) present in saliva and the 

salivary pellicle can bind to the CHX molecule and inactivate it. As such, the topical dose of 

CHX applied is not necessarily the active dose delivered.  

 Human sensitivity to CHX 

Since the first case in the 1980s, there have been increasing reports of both Type I 

(anaphylaxis) and Type IV (delayed) CHX induced sensitivity reactions. This may represent 

increased reporting or increased incidence as the use of CHX has grown. Type IV reactions 

commonly manifest as contact dermatitis in healthcare workers (Vu et al., 2018) and in 

patients around CHX containing dressings or venous catheters (Timsit et al., 2012). Following 

several cases of anaphylaxis attributed to CHX in the 1980s, the Japanese government 

banned the use of any medical devices containing or coated with CHX (Okano et al., 1989).  

Given that CHX has been shown to induce both immediate and delayed hypersensitivity 

reactions (Pemberton et al., 2012), and its use is both widespread and increasing, there is 

understandable concern about a potential increase in incidence of CHX-induced allergic 

reactions (Sharp et al., 2016). Whilst anaphylaxis to CHX is still considered very rare, with 

only 65 reports of it worldwide between 1994 to 2014, this may represent underreporting as 

it is not always considered as a potential allergen (Odedra et al., 2014). The consequences of 
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a Type I hypersensitivity reaction to CHX can be fatal. Following occurrences of anaphylaxis 

and death after irrigation of dental extraction sockets with a CHX containing mouthrinse, and 

intravenous insertion of CHX coated cannulas (Pemberton et al., 2012), CHX allergy screening 

and testing is now undertaken in UK hospitals prior to medical intervention for patients 

suspected of having an allergy. Whilst at present there does not appear to be an ‘epidemic’ 

of allergy, increasing numbers of CHX-associated anaphylactoid reactions are reported 

annually, with ~10% of perioperative anaphylactoid reactions attributed to it in European 

populations in recent years (Opstrup et al., 2019). 

Clearly, if CHX is to be used as part of a biomaterial or slow release device that will incur 

prolonged contact with human tissues, this could elevate the risk of hypersensitivity 

reactions. This needs to be considered when investigating novel uses for CHX. Consideration 

also needs to be given to the drive in healthcare to move away from use of antibiotics to try 

and reduce AMR (Sharp et al., 2016). Allergy to a commonly used antibiotic (penicillin) is 

reported at approximately 10% (Warrington et al., 2018), and in comparison, prevalence of 

CHX sensitivity is still much lower; exact prevalence is unknown, but it is thought to be low 

in the general population (Opstrup et al., 2019). As such, apart from in a very small number 

of patients with a sensitivity, CHX remains an attractive option for topical treatment of 

infections. 

 Bacterial resistance to CHX 

Whilst in recent years there has been increased attention given to the problem of antibiotic 

resistance in bacteria, the same has not been afforded to resistance against other 

antimicrobial agents, including CHX (Cieplik et al., 2019). CHX resistance was first reported in 

the 1970s, but the true significance of the problem was only recognised some years later. 

There is growing evidence that bacteria can develop tolerance, adaptations or resistance to 

CHX that reduce its effectiveness and, perhaps even more alarmingly, these changes are 

often also associated with increased antibiotic resistance, since the same mechanisms are 

involved (Cieplik et al., 2019).  

Bacterial resistance to antimicrobial agents may be intrinsic i.e. a conserved part of the 

species phenotype, or acquired, with resistance gained either as a result of a spontaneous 

genetic mutation or via horizontal transfer of genetic material from a resistant organism. 

Bacterial adaptation can also occur, which is a transient rather than true form of resistance, 

reversed upon removal of the antimicrobial agent. Bacteria can also display tolerance i.e. the 
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ability to survive increased doses of an antimicrobial agent by a reduction in metabolic rate, 

rather than by genetic changes (Cieplik et al., 2019). Unlike antibiotics, there is currently no 

accepted ‘breakpoint’ minimum inhibitory concentration (MIC) to define the concentration 

of CHX at which bacteria are deemed to have developed resistance.  Monitoring of this 

problem is therefore challenging (Horner et al., 2012).  

Intrinsic resistance to CHX is seen with bacterial spores and mycobacteria, which have an 

outer layer that is impermeable to CHX (Horner et al., 2012). Other bacteria have acquired 

CHX resistance via the ability to upregulate expression of multidrug efflux pumps in the cell 

wall, such as AcrAB, which can remove antimicrobial agents like CHX and antibiotics from the 

cell if they gain entry (Levy, 2002). This upregulation has been shown for qacA in Gram 

positive bacteria such as Staphylococcus spp. and for mexAB-oprm in Gram negative bacteria 

such as P. aeruginosa (Cieplik et al., 2019). Other mechanisms that have been associated 

with CHX resistance include reduced growth rate and metabolic activity (Wang et al., 2017). 

Organisms with a lower growth rate and metabolic activity, such as those found in a biofilm, 

are less susceptible to antimicrobial agents which target these processes (Stewart et al., 

2001; Høiby et al., 2010; Olsen, 2015). 

At subinhibitory concentrations it has been suggested that CHX may induce generation of 

reactive oxygen species (ROS) within bacterial cells, which may promote genetic mutations, 

as has been observed with some antibiotics and quaternary ammonium compounds (Cieplik 

et al., 2019). In oral bacteria, the outer membrane of P. gingivalis has been shown to release 

vesicles that can bind and thus inactivate CHX (Grenier et al., 1995). This could affect the 

action of CHX on both P. gingivalis as well as other bacteria in close proximity.  

Resistance or adaptation to CHX as a result of prolonged exposure has been demonstrated 

in various oral bacteria. In patients who used a CHX-containing toothpaste for 6 months, 

subsequently isolated plaque bacteria had statistically significantly higher MICs to CHX, 

although the increase was not felt to be clinically significant (Maynard et al., 1993). Repeated 

passage of various oral bacteria on agar containing subinhibitory CHX concentrations has 

demonstrated increased MICs to CHX for strains of some species, including P. gingivalis, A. 

actinomycetemcomitans, F. nucleatum and various oral streptococci, but not all strains of 

each species demonstrated this, and in some cases, tolerance subsequently disappeared 

(Eick et al., 2011; Kulik et al., 2015; Wang et al., 2017).  
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Recently, CHX-resistant strains of bacteria (Chryseobacterium species, a nosocomial 

organism that can be pathogenic in immunocompromised patients) have been identified 

from dental plaque (Saleem et al., 2016). This is perhaps not surprising given how widely CHX 

is used in oral care products, and the fact that diffusion of CHX across the dental plaque 

biofilm will generate a concentration gradient, which could lead to deeper layers of the 

biofilm containing subinhibitory concentrations of CHX (Thurnheer et al., 2003). As a result, 

pockets of viable bacteria could persist in these biofilms, potentially facilitating a shift to a 

CHX-adapted or resistant biofilm, resulting in limited efficacy of CHX against biofilms (Cieplik 

et al., 2019). Additionally, in the oral cavity, CHX can be bound and effectively inactivated by 

salivary proteins, thus reducing its concentration and efficacy (Abouassi et al., 2014).  

A recent review on AMR made recommendations to address the problem using a number of 

different approaches, including increased funding to research alternative approaches, such 

as use of non-antibiotic agents, including CHX (O’Neill, 2016). It is likely therefore that 

ongoing widespread use of CHX containing products, both in dentistry and wider healthcare, 

will contribute to increased CHX tolerance or resistance, which may also increase bacterial 

antibiotic resistance. As with antibiotic resistance, responsible use of CHX and avoiding 

delivery of suboptimal doses will help to reduce resistance development. As such, current 

research into use of CHX in healthcare is focussed on site specific delivery to minimise the 

chance of contributing to this resistance. In the field of biomaterials, formulations used 

include micro- or nanocapsules, gels, nanoparticles and coatings to control the release of 

CHX (Harris et al., 2006; Machtei et al., 2012; Wood et al., 2015; Luo et al., 2016; Priyadarshini 

et al., 2016; Luo et al., 2017; De Cremer et al., 2017; Morelli et al., 2017). 

 CHX toxicity 

While CHX is principally active against the cell membrane of prokaryotic microorganisms, 

eukaryotic cells are also susceptible to its cytotoxic effects. Different mechanisms for CHX 

cytotoxicity against human cells have been proposed. These include: inhibition of 

mitochondrial activity leading to adenosine triphosphate (ATP) depletion, inhibition of 

protein synthesis, which reduces cell growth and proliferation, increased ROS generation, 

leading to apoptosis and necrosis, and changes to intracellular calcium ion (Ca2+) levels, which 

induce apoptosis and inhibit mitochondrial activity (Hidalgo et al., 2001; Giannelli et al., 

2008). Thus, CHX may induce toxic effects on eukaryotes via multiple pathways (Salimi et al., 

2017). 



Chapter 1: Introduction 

46 
 

The dose, release rate and duration of exposure to CHX should be considered when studying 

its cytotoxic effects. Exposure of cells to an immediate, single dose of CHX at a given 

concentration may induce more cytotoxic effects compared to the same dose administered 

over a much more prolonged period, and this is supported by both in vitro and in vivo studies. 

Giannelli et al. (2008) investigated the effect of different concentrations of CHX administered 

over different time periods on osteoblastic, fibroblastic and endothelial cells in vitro, and 

showed that cell viability was affected in a dose- and time-dependent manner. An in vivo 

study in which CHX containing venous catheters were inserted into pigs demonstrated that 

over the course of a week, levels of CHX within the bloodstream remained almost 

undetectable, and there were no local or systemic signs of cytotoxicity reported upon their 

removal (Greenfield et al., 1995). Additionally, no biofilm formed on these catheters, unlike 

the CHX free controls.  

A slow release CHX device comprising a poloxamer-containing gel and CHXDG microparticles 

for use in the management of periodontal disease demonstrated steady release of CHX(aq) up 

to 10 days, at a rate of approximately 10 nmol/cm2 per day, and induced no visible or 

quantifiable (by metabolic assay) effects on fibroblasts (Morelli et al., 2017). Another study 

examined the use of CHX(aq)-releasing hexametaphosphate nanoparticles (CHX-HMP NPs) 

(see section 1.4.7) in a wound dressing material. The nanoparticle containing dressings 

prevented colonisation by 8 of 9 bacterial species tested in an in vitro model whilst 

demonstrating reduced cytotoxicity to a human placental cell line, compared to CHDXDG(aq), 

over 7 days (Barbour et al., 2016). Some studies of cytotoxicity have shown that for slow 

release CHX(aq) devices, there was little or no cytotoxic effect over several days (Luo et al., 

2017), whilst another demonstrated that the presence of 10% foetal calf serum in growth 

medium had a cytoprotective effect against CHX(aq) (Hidalgo et al., 2001). A slow release 

CHX(aq) device may therefore exhibit reduced cytotoxicity in vivo. 

The CHX(aq) concentrations at which fatal cytotoxic effects have been reported are low, and 

range from 0.005% CHXDG(aq) (56 µM) over 24 hours in fibroblasts (Hidalgo et al., 2001), to 

0.5 mg/mL CHXG(aq) (712 µM) in osteoblasts, which resulted in a 50% reduction in cell viability 

after 48 hours (Almazin et al., 2009). A reduction in osteoblast proliferation was seen at 

sustained concentrations greater than 0.6 µM CHXDG(aq) after 48 hours, although cells 

survived up to concentrations of 1 µM (De Cremer et al., 2017). Non-fatal effects including 

ATP depletion, reduced DNA synthesis and reduced metabolic rate have been reported at 

lower concentrations (Hidalgo et al., 2001). Structural changes in cells seen using light and 
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scanning electron microscopy support this, and include thin filopodia and volcano shaped, 

condensed nuclei suggestive of imminent cell death and changes to the actin cytoskeleton 

(Hidalgo et al., 2001; Giannelli et al., 2008).    

For CHX(aq)-containing products intended for use in medical devices, guidelines for 

appropriate in vitro cytotoxicity testing are given by ISO standard 10993-5: 2018, which 

details a series of assays with graded outcomes that can be used to evaluate likely toxicity in 

vivo. Which assays are selected for this evaluation are dependent upon the nature of the 

device and the anticipated duration of its contact with human tissues, with reference to 

relevant biological endpoints in the context of its intended use. Therefore, during 

development of such devices, this document is an important point of reference, and similar 

assays are often employed during the early stages of device design to inform subsequent 

developments.  

 Use of CHX in dentistry 

CHX is already widely used in healthcare due to its broad-spectrum antimicrobial profile and 

substantivity. It is found in several preparations for use in the oral cavity, including 

mouthwashes, toothpastes, gels, endodontic irrigants and gelatine chips (PerioChip®). In 

dentistry, CHX is considered the gold standard agent in plaque control for the prevention and 

management of both caries and periodontal disease (Jones, 1997; Balagopal et al., 2013). It 

is predominantly used in the digluconate form, since this is water soluble and readily 

dissociates at physiological pH.  

 CHX in the management of PID 

CHX is commonly used as a mouthrinse prior to and immediately following implant surgery, 

with the aim of reducing peri-operative contamination of the surgical site, particularly when, 

due to soft tissue healing, other mechanical means of maintaining oral hygiene are not 

practicable. However, the use of CHX in the management of PID once it has developed i.e. 

PIM and PI, is less well established. The use of a CHX mouthrinse following periodontal 

surgery, which post operatively results in a similar, suture closed wound to that seen after 

implant placement, has been shown to reduce infection rates from 3.3% to 1.9% (Powell et 

al., 2005). This suggests that CHX may be similarly beneficial in the period immediately after 

implant placement.  
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However, the same has not been shown following non-surgical management of established 

PID. Studies have demonstrated no extra benefit to using a CHX-containing mouthwash or 

gel after non-surgical mechanical debridement for PIM compared to a placebo, with both 

groups showing significant improvement in clinical parameters up to 6 months (Porras et al., 

2005; Heitz-Mayfield et al., 2011; Menezes et al., 2016). This suggests that mechanical, 

rather than chemical, plaque control may be more important when managing PID, and this 

is the current recommendation to clinicians (Heitz-Mayfield, Needleman, et al., 2014).  

For PI there is little consensus regarding the best treatment, although there is general 

agreement that surgical, rather than non-surgical, management has a higher chance of 

disease resolution and clinical success (Esposito et al., 2012b; Heitz-Mayfield and Mombelli, 

2014). Whilst some dentists have reported direct irrigation of the contaminated implant 

surface with aqueous formulations of CHX during surgery, it is becoming clear that it is the 

mechanical debridement of the implant (including implantoplasty in some cases) and 

excellent patient plaque control that is critical to success (Esposito et al., 2012a; Salvi et al., 

2014; Renvert and Polyzois, 2015; Carcuac et al., 2016).  Application of an antiseptic or 

antimicrobial agent may confer small additional benefits (de Waal et al., 2015), but these are 

unlikely to be clinically significant. However, in light of recent reports of anaphylaxis 

following wound irrigation with CHX in dental extraction sites (Pemberton et al., 2012), direct 

irrigation with CHX is becoming less popular.  

Other chemotherapeutic agents have also been trialled for implant surface disinfection. An 

in vitro study investigated the effects of CHX(aq), ethylenediaminetetraacetic acid, sodium 

hypochlorite, citric acid and saline on the surface of grit blasted fluoride etched titanium 

discs, and noted that all resulted in molecular remnants being retained (Kotsakis et al., 2016). 

These remnants could adversely affect attachment and growth of MSCs and thus 

osseoreintegration. CHX(aq) was shown to be the least effective at decreasing bacterial 

CFU/mL and the least cytocompatible versus all other treatments, including the sterile saline 

control. The authors expressed concern that CHX(aq) may reduce the biocompatibility of 

titanium, and as such recommended against its use in disinfection of implants in vivo 

(Kotsakis et al., 2016). 

In patients with PI exhibiting <30% bone loss, the non-surgical use of an air abrasive device 

submucosally for mechanical debridement of the implant surface was compared with 

debridement using a carbon curette and subsequent irrigation with 0.1% CHX(aq), followed 
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by placement of a 1% CHX-containing gel. A modest improvement in clinical attachment level 

(CAL) and PPD for both groups was reported, but a greater reduction in BOP was seen in the 

air abrasive device group (Sahm et al., 2011), again suggesting that mechanical debridement 

rather than chemical treatment is important. A similar study by Lupi came to the same 

conclusions, but with no change in CAL in either group (Lupi et al., 2016). In 2 studies, Renvert 

(Renvert et al., 2006; Renvert et al., 2008) compared the use of topical minocycline releasing 

microspheres or a 1% CHX gel as adjuncts to non-surgical mechanical debridement of 

incipient peri-implant infections. At 12 months, implants treated with minocycline 

microspheres showed improvements in PPD and BOP, whereas those treated with CHX gel 

only had small improvements in BOP. There were no significant differences found between 

the treatments at any time point with regards to bacterial species or genera present. It has 

been suggested that for PI lesions, further randomised controlled studies evaluating non-

surgical treatments are required to demonstrate efficacy (Renvert, Roos-Jansåker, et al., 

2008). Nonetheless, placement of a degradable CHX-releasing device submucosally adjacent 

to an implant at regular intervals for 18 weeks following non-surgical treatment was shown 

to result in clinically relevant PPD and CAL gains greater than a placebo device at 6 months 

(Machtei et al., 2012). Modest improvement in PPD and BOP has also been demonstrated 

with patient home use of a dental water jet containing CHX gel after non-surgical 

debridement compared to no use of a water jet (Levin et al., 2015). 

 Local release antimicrobial devices in dentistry 

Disease management through the use of sustained (duration <24 hours) or controlled 

(duration >24 hours) release of antimicrobial agents offers considerable potential benefits, 

particularly in comparison to the use of systemic antibiotics. There are minimal systemic side 

effects, there is no reliance on patient compliance with dosing regimens, and a high dose of 

the agent is delivered to the area required at the intended dose. This means no need for 

‘loading doses’ or accounting for systemic dilution effects (Rams et al., 1996; Gimeno et al., 

2015), thereby minimising the risk of delivering subtherapeutic concentrations that may 

promote AMR, as well as minimising systemic side effects.  

Local antimicrobial agents are already used in the management of isolated periodontal 

defects, and these include doxycycline, minocycline, tetracycline and CHX-containing gels, 

fibres, microspheres and chips (Matesanz-Pérez et al., 2013). Those with CHX have been 

shown to release and maintain a CHX-rich environment over a period of days to weeks 

(Renvert et al., 2008; Sahm et al., 2011; Schwarz et al., 2011). However, the efficacy of such 
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devices in effecting a clinically relevant change over and above non-surgical management 

alone is questionable, with the main concern being that continual gingival crevicular fluid 

(GCF) flow results in the rapid dilution and loss of the antimicrobial agent from the site (Rams 

et al., 1996). GCF flow has been estimated at 8 µL an hour in health, and is increased in 

inflammation up to 44 µL an hour (Goodson, 2003). With the mean volume of a gingival 

sulcus being only 0.5 µL, this means antimicrobial agents placed here are unlikely to remain 

in situ for long (Goodson, 1994). Since implants appear to also exhibit a form of GCF flow 

(Apse et al., 1989), it could be assumed that a similar problem would occur if these topical 

agents were used around infected implants. A controlled release device i.e. one that had 

zero-order kinetics and so released an agent at a steady rate regardless of surrounding 

concentration, could be one way of overcoming this issue (Goodson, 1994). 

One limitation of local release devices is an often inconsistent release profile i.e. initial drug 

release is often high, which may have a deleterious effect on human cells. This is followed by 

a period of release with optimal antimicrobial efficacy, but can then drop to below MIC, 

resulting in subtherapeutic levels of the agent, which can promote AMR. If present, persister 

cells can also recommence replication and recolonise the area with a more antimicrobial 

resistant biofilm (Grischke et al., 2016; Hickok et al., 2018).  

The ideal implant coating would release adequate antimicrobial agent to prevent bacterial 

adhesion and biofilm formation for as long as the implant is susceptible, whilst allowing 

osseointegration to occur, but the ideal antimicrobial dose for each of these purposes may 

be different. The balance between adequate antimicrobial activity and acceptable 

cytocompatibility can be a difficult one to achieve with implant coatings, and is one of the 

key challenges during their development (Müller et al., 2008; Gröbe et al., 2016). However 

there has been some success with these type of systems in the management of periodontal 

disease, despite their apparent drawbacks. A review was conducted on the use of CHXG, 

doxycycline hyclate, metronidazole gel, minocycline ointment and tetracycline fibres used as 

adjuncts to non-surgical and surgical periodontal treatment, and concluded that they do 

provide benefit in resolution of PPDs in some patients, although this is dependent on many 

host and disease factors (Da Rocha et al., 2015).   

 



Chapter 1: Introduction 

51 
 

 Chlorhexidine-Hexametaphosphate Nanoparticles (CHX-HMP NPs) 

Recently, CHX-HMP NPs have been developed and investigated as a coating for titanium, 

dental silicone and wound dressings, as a component added to glass ionomer cements, or 

impregnated into polyurethane catheter tubing (Barbour et al., 2013, 2016; Hook et al., 

2014; Garner et al., 2015; Wood et al., 2015). CHX-HMP NPs have been shown to deliver a 

steady release of CHX(aq) over a prolonged period of time, ranging from 4-22 months (Garner 

et al., 2015; Bellis et al., 2018), and have a bactericidal effect against Streptococcus and 

Candida species in vitro in the presence of a salivary pellicle (Wood et al., 2014; Garner et 

al., 2015). In a murine wound healing model, CHX-HMP NPs have been shown to prevent 

colonisation by Enterococcus faecalis whilst allowing normal wound healing at 7 days, and in 

vitro show reduced cytotoxicity to human cells compared to CHXDG(aq) (Barbour et al., 2016).  

The CHX-HMP NPs are produced in a precipitation reaction between CHXDG(aq) and an 

aqueous solution of sodium hexametaphosphate (NaHMP), which immediately forms a 

white precipitate of CHX-HMP NPs and sodium gluconate in aqueous solution, as described 

below. 

3CHX(G)2 + (Na)6(HMP) → (CHX)3(HMP) + 6(Na)(G) 

Equation 1.1. Balanced equation for the formation of CHX-HMP. 

  

Equation 1.1 shows that the CHXDG and the NaHMP are likely to react in a 3:1 ratio, due to 

the +2 charge carried by the CHX (at pH <10.3) and the -6 charge carried by the HMP. The 

reaction is in reality likely to be an equilibrium shifted far to the right, rather than a simple 

linear reaction, due to the slow solubility of the HMP molecule. The proposed structure of 

the resultant CHX-HMP NPs based upon this stoichiometry is shown in Figure 1.11, with 

dashed lines indicating ionic attraction between the positively charged CHX molecule and 

the negatively charged HMP molecule.  

The CHX-HMP NPs were first characterised and reported by Barbour in 2013 (Barbour et al., 

2013), and were described as being of approximately 80-90 nm in diameter, with a negative 

surface charge. They tended to form large aggregates in suspension. As well as HMP, other 

salts including ortho-, tri- and trimeta-phosphate have since been investigated during 

formulation of CHX NPs (Garner et al., 2015), but those formed with HMP exhibited the 

longest duration CHX(aq) release into chemically simulated saliva, which continued for more 

than 100 days. This sustained release, along with a potentially promising cytotoxicity profile 
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(Barbour et al., 2016), could be beneficial in preventing bacterial adhesion and subsequent 

biofilm formation on newly installed dental implants whilst mucosal healing occurs. Thus 

CHX-HMP NPs could be used in the prevention or management of PID. 

 

Figure 1.11. Proposed structure of CHX-HMP NPs. Dashed red lines indicate ionic attraction between positively 
charged CHX and negatively charged HMP. 

 

Wood et al. first reported the use of a CHX-HMP NP coating for titanium with a view to 

preventing bacterial colonisation of dental implants (Wood et al., 2015). The CHX-HMP NP 

suspension readily adhered to roughly polished titanium, forming micron-sized deposits of 

NPs interspersed with areas of bare titanium. The attraction of the NPs to the surface was 

hypothesised to be due to electrostatic attraction to the positively charged titanium surface. 

The CHX-HMP coatings exhibited CHX(aq) release into water over a period of 99 days at a 

steady rate of approximately 1 µmole/m2 coating per day, and demonstrated antimicrobial 

efficacy against primary coloniser of the oral cavity Streptococcus gordonii in planktonic 

suspension. Since toxicology studies were not undertaken in this work, and only action 

against a single bacterial species in planktonic suspension was investigated, these areas were 

identified as avenues for further research. There was also a need to improve the consistency 
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in volume and distribution of the CHX-HMP deposits, with the aim of developing a 

controllable coating with a predictable CHX(aq) release profile.  

 

 Project rationale, aims and objectives 

Dental implants are placed into a non-sterile environment, with the aim of achieving 

osseointegration so that they might support dental prostheses. However, if the implant 

becomes contaminated with bacteria during or soon after placement, this can disrupt or 

prevent the osseointegration process, potentially rendering the implant unusable if no 

connection with the surrounding bone is formed. Once a biofilm has formed on an implant, 

it is very difficult to remove, either by chemical or physical means. Therefore, a way to 

prevent biofilm formation in the first place, whilst early healing occurs, is desirable. Prior 

studies have demonstrated the capacity for CHX-HMP NPs to be used as a coating on 

titanium and locally release CHX(aq) that was active against oral bacterium S. gordonii. This in 

vitro study sought to build on these findings and investigate the potential for CHX-HMP NPs 

to be used in the prevention of early implant failure. Specifically, the aim of this work was to 

determine the capacity for these CHX-HMP NPs to prevent bacterial contamination of 

titanium substrates, whilst simultaneously minimising the effect on human cells involved in 

the osseointegration process. 

The key objectives were: 

1. To produce and characterise CHX(aq)-releasing NPs  

2. To produce a surface finish on titanium similar to that used on dental implants 

3. To investigate the use of these NPs as a coating for this titanium surface 

4. To develop a multispecies oral biofilm model relevant to peri-implant infection 

5. To test the antimicrobial effect of the previously developed CHX-HMP on both single 

and multispecies biofilms, using clinical isolates from implant patients where 

possible 

6. To determine the effects of the coating on growth, maturation, proliferation and 

metabolism of MSCs 
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2.1 Introduction 

CHX-HMP NPs were chosen for use in this project, as previous work had shown these provide 

a prolonged release of CHX(aq) (Barbour et al., 2013; Hook et al., 2014; Wood et al., 2014; 

Garner et al., 2015) that could be beneficial for prevention of early peri-implant infections. 

These NPs are detailed in section 1.4.7.  

The aim of the work in this chapter was to apply CHX-HMP NPs to a clinically relevant 

titanium surface, representative of dental implants, and to obtain a more uniform and finely 

dispersed CHX-HMP coating than had been achieved previously. A range of analytical 

techniques was used to characterise CHX-HMP suspensions to subsequently inform coating 

of experimentally developed titanium substrates. Characterisation of the coated surfaces in 

turn allowed selection for subsequent microbiology and cytotoxicity studies, which are 

detailed in chapters 4 and 5. 

2.2 Materials and methods 

 CHX-HMP synthesis 

As described previously (section 1.4.7), CHX-HMP NPs are precipitated upon addition of 

aqueous sodium hexametaphosphate and aqueous chlorhexidine digluconate (CHXDG): 

3CHX(G)2 + (Na)6(HMP) ⇌ (CHX)3(HMP) + 6(Na)(G) 

Equation 2.1. Reaction resulting in precipitation of CHX-HMP NPs. (G) - gluconate molecule, (Na) -  sodium ion.  

 

Suspensions of CHX-HMP were prepared by precipitation in aqueous media, by combination 

of sodium hexametaphosphate (NaHMP(aq)) and chlorhexidine digluconate (CHXDG(aq)) at 

given stoichiometric ratios, in some cases in combination with a surfactant. CHX-HMP 

suspensions are henceforth denoted X:YmM CHX-HMP, with X and Y referring to the total 

final concentration of CHX and HMP respectively present in the suspension in mM (both 

dissolved and solid), with the ratio of CHX to HMP in the range 1:1 – 10:1.  

To prepare the suspensions, X mL DIW was placed in a beaker at room temperature and 

pressure at a constant stirring rate (volume contingent on desired reaction stoichiometry: 

see below). Next, 5 mL of 100 mM NaHMP(aq) was added and, after 10 seconds, the required 

quantity of 100 mM CHXDG(aq) was added. A white precipitate formed immediately: CHX-
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HMP. As above, a concentration notation (mM) is used for clarity and ease of comparison 

with soluble materials, but the CHX-HMP was present predominantly as a solid rather than 

solutes. The stoichiometry was varied by adjusting the volume of CHXDG(aq) and DIW, always 

with a final total volume of 100 mL and final NaHMP(aq) concentration of 5 mM. For instance, 

a 100 mL suspension containing 5 mL of each of the CHXDG(aq) and NaHMP 100 mM stock 

solutions (plus 90 mL of DIW) would have a total final available quantity of CHX and HMP of 

5 mM each and be referred to as 5:5 mM CHX-HMP. The suspensions of stirring CHX-HMP 

were used as required immediately. 

Where required, the surfactant poloxamer 407 (P407; Sigma Life Science, Sigma-Aldrich 

Company Ltd. Dorset, UK) was dissolved in the DIW at concentrations 1-10 g/L prior to CHX-

HMP precipitation. A surfactant was incorporated with the intention of reducing aggregation 

of CHX-HMP, which had been observed previously (Barbour et al., 2013; Garner et al., 2015; 

Wood et al., 2015). P407 was selected as it is already used extensively in other industries due 

to its surfactant properties, a good cytotoxicity profile, effect of retarding drug release, and 

ability to reduce adherence and increase antimicrobial susceptibility of bacteria (Escobar-

Chávez et al., 2006). Other chemical means of dispersing the suspensions were also 

considered, including bovine serum albumin and use of CaCl2, since these have been used 

for similar purposes previously (Luo et al., 2016). However, they have also been shown to 

result in a precipitate formation at certain concentrations of CHXG(aq) gluconate (Tran et al., 

2016) and therefore would presumably behave similarly with CHX(aq) released from the CHX-

HMP used here, which could affect NP deposition and stability. In contrast, P407 is anionic, 

and as such would not be expected to interact with the NPs or reagents via a bonding 

mechanism. The structure of the P407 molecule is shown in Figure 2.1: 

 

Figure 2.1. Molecular structure of P407. a = 106, b = 70 (Escobar-Chávez et al., 2006).  

 

Figure x Poloxamer 407 molecular structure.
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 Characterisation of CHX-HMP in aqueous suspension 

CHX-HMP suspensions were prepared at a range of concentrations, stoichiometric ratios and 

P407 concentrations. The effects of reagent stoichiometric ratio in the range 1:1 – 10:1, as 

achieved using suspensions in the range 5:5 – 50:5 mM CHX-HMP, +/- the presence of P407, 

were explored.  

2.2.2.1 DLS and zeta potential measurement 

Particle size and charge in aqueous suspension +/- P407 was measured using DLS and zeta 

potential. For an overview of these techniques, see Appendix  A 1.3.1. These measurements 

were performed on a Malvern Zetasizer Nano-ZS, using a DTS1070 folded capillary cell 

(Malvern Instruments Ltd, Malvern, UK). Backscatter at 173 degrees was measured ten times 

for each sample, and each measurement was repeated three times. Diameter was calculated 

based on the Mark Houwink equation method and zeta potential calculated based on the 

Smoluchowski approximation for F(ka) of 1.5. Data were captured and processed by Zetasizer 

software (Malvern Instruments Ltd). pH measurement and turbidity of CHX-HMP suspension 

The pH of the CHX-HMP suspension at a 5:5 mM concentration, +/- P407, and starting 

reagents were determined using a pH electrode and base unit (Orion 4 Star, ThermoFisher 

Scientific, Loughborough, UK).  

Turbidity was determined by measuring transmission of visible light at 500 nm using visible 

spectroscopy (Appendix A 1.2.1.1) and calculated using Equation 2.2:  

% turbidity = 100 – % transmission 

Equation 2.2. Method of calculating turbidity, where transmission is 10-A and A is absorbance at 500 nm. 

 

2.2.2.2 TEM imaging with EDX 

Particle size, morphology and elemental composition in aqueous suspension were 

investigated using TEM and EDX. A JEOL JEM-2100F field emission electron microscope (JEOL) 

operating Aztec software, using an accelerating voltage of 200 kV and a 1.5 mm spot size 

were employed. Suspensions were diluted 1 in 10 with DIW and dried down onto copper 

TEM grids prior to imaging. The principles of this imaging and analysis technique are covered 

in Appendix A sections 1.1.3 and 1.2.2. 
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 Characterisation of solid CHX-HMP 

 Isolation of CHX-HMP and reaction by-products from aqueous suspension for 

analysis 

Following its precipitation, solid CHX-HMP was isolated from aqueous suspensions for 

analysis, along with the by-products of the reaction. Suspensions, produced with or without 

P407, were sealed in ‘SnakeSkin’ 3.5 kDa pore size dialysis tubing (ThermoFisher Scientific), 

and immersed in an excess of stirring DIW (1.5 L) for 7 – 10 days at room temperature to 

allow soluble material to pass into the water. The DIW was changed daily to maintain a 

concentration gradient for dialysis. Once no CHX(aq) could be detected in the DIW eluent using 

UV visible spectroscopy at 255 nm, the tubing was removed and dried at 37˚C until no further 

reduction in mass was observed. A fine white powder resulted, which was subjected to FTIR 

and elemental analysis. A yield was also calculated. Further background to this technique is 

given in Appendix A section 1.3.2. 

 Yield determination 

CHX-HMP was isolated as above, dried and weighed repeatedly until a stable mass was 

reached. With knowledge of the volume of reagents used in the reaction, this was used to 

determine the experimental yield, and compared with the calculated theoretic yield 

(assuming a 100% reaction efficiency – see Appendix D: Calculation of theoretical yield of 

CHX-HMP NPs) to determine the experimental efficiency of production. The mean yield was 

determined from three suspensions for each set of conditions, produced on separate 

occasions. 

 FTIR 

FTIR analysis of the reagents and dried CHX-HMP samples produced +/- P407 was performed 

on a Perkin Elmer SpectrumOne FT-IR spectrometer, over a wavelength range 4000-500 nm 

with scan interval 1 cm-1, scan duration of 2 minutes, and force gauge 100. Samples of P407 

and NaHMP in solid form were subjected to analysis, but since CHXDG is not available as a 

solid, chlorhexidine dichloride was substituted. Further information on this analytical 

technique is given in Appendix A section 1.2.3. 

 Elemental analysis 

Elemental analysis of the solid CHX-HMP material, produced +/- P407, was conducted 

externally by OEA Laboratories Ltd, Kelly Bray, UK. Percentage chlorine and phosphorus 



Chapter 2:  CHX-HMP synthesis, characterisation and production of coating on titanium 

60 
 

content was determined, alongside that of carbon, hydrogen and nitrogen.  A brief overview 

of the theory underpinning these methods is given in Appendix A section 1.3.5. 

2.2.3.4.1 Chlorine content 

Chlorine content of the CHX-HMP solid was determined using oxygen flask combustion and 

ion chromatography (Appendix A section 1.3.5.1), which was performed in duplicate. 

Samples of 6 mg were placed into gelcaps in platinum basket carriers and combusted in 

sealed oxygen flasks (250 mL) charged with 20 mL of absorption solution (0.02% hydrazinium 

sulphate) and pure oxygen. The resultant chloride solutions were then quantified on an ion 

chromatograph (Dionex ICS1000, ThermoFisher Scientific) calibrated with sodium chloride 

solutions of 10 – 50 ppm chloride. Blanks and reference samples of traceable chlorobenzoic 

acid were also combusted and analysed to validate the analysis.  

2.2.3.4.2 Phosphorus content 

Phosphorus content of the CHX-HMP was determined by perchloric acid digestion and visible 

spectrophotometry (Appendix A section 1.3.5.2), with analysis performed in duplicate. 

Samples of 6 mg were placed into flasks to which 2 mL of 97% sulfuric acid was added. After 

heating to >300˚C, the resultant product was oxidised by the slow addition of 0.5 mL of 

perchloric acid (70%) until the solution was clear. The contents of the flasks were then 

quantitatively washed into 100 mL volumetric flasks to which 5 mL of 0.25% ammonium 

vanadate and 10 mL of 5% ammonium molybdate were added, then made up to volume. The 

resultant yellow phospho-vanado-molybdate complex was quantified by visible 

spectrophotometry (Jasco V-530 UV/VIS, Jasco (UK) Ltd, Great Dunmow, UK) at 430 nm and 

calibrated to sodium phosphate solution complexes. Blanks and reference samples of 

traceable triphenylphosphine were also digested and analysed to validate the analysis. 

 

 Preparation and characterisation of glass and mica coated with CHX-HMP  

Preliminary investigations were carried out using glass and mica as substrates for CHX-HMP 

deposition, before progressing to a clinically relevant titanium surface (see section 2.2.5). 

Glass discs 10 mm in diameter (Agar Scientific, Stansted, UK) were placed on the bottom of 

a beaker of DIW (+/- dissolved P407) into which CHX-HMP was precipitated at 0.5:0.5, 5:5 

and 15:5 mM CHX:HMP concentrations, under constant stirring for the required time period 
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(1 minute, 30 minutes, 2 hours or 4 hours). Precipitation was performed in the presence or 

absence of 0.2%, 0.5% or 1% dissolved P407. Subsequently, substrates were washed by 

immersion in stirring DIW for 1 minute to remove non-adherent material, before air drying 

at room temperature. Only the upward facing surface was considered as being coated with 

CHX-HMP for the later purposes of release per surface area calculations. 

Mica (Agar Scientific) was used as a substrate for deposition of CHX-HMP formed from 

various combinations of reagent stoichiometry and P407 to facilitate AFM imaging. The 

coating and washing process was conducted as above save for the mica being suspended 

‘edge on’ in the stirring suspension.   

2.2.4.1 AFM imaging 

AFM images were obtained on a Nanoscope IIIa (Veeco, Plainview, New York, USA) in air 

using tapping mode. Tips used were Tap300Al-G (Budget Sensors, Innovative Solutions, Sofia, 

Bulgaria). The principles of AFM imaging are summarised in Appendix A section 1.1.4. 

 

 Production of sand-blasted, acid-etched titanium (SLA Ti)  

Grade 4 commercially pure titanium sheet (Ti-Tek (UK) Limited, Birmingham, UK) was 

machined into squares measuring 10 mm x 10 mm x 1 mm. These were sandblasted from a 

height of 10 mm with 50 µm diameter aluminium oxide particles (Al2O3) (Henry Schein® Inc., 

Melville, USA) at 3 MPa for 15 seconds, until a uniformly roughened surface (by eye) was 

achieved. These were immersed in 100 mL 2 M sulfuric acid (2 M H2SO4) (ThermoFisher 

Scientific) under constant stirring at room temperature for 24 hours. After 16 hours, the acid 

was refreshed. Specimens were then ultrasonicated in a water and soap solution (Office 

depot, Dublin, Ireland) for 15 minutes, followed by a further 15 minute ultrasonication in 

DIW only, and allowed to air dry in a laminar flow hood (0.45 m.s-1 vertical flow). They were 

stored dry in petri plates at room temperature, and used as required, and are henceforth 

denoted SLA Ti.  
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 Preparation and characterisation of SLA Ti coated with CHX-HMP  

Two methods were used to coat SLA Ti with CHX-HMP: an immersion method and an 

evaporative method. The aim was to develop SLA Ti surfaces with a controllable CHX loading; 

less than that previously in the absence of P407 (Wood, 2015; Wood et al., 2015), and with 

improved intra- and inter-specimen homogeneity. These surfaces would ultimately be taken 

forward for antimicrobial efficacy and cytocompatibility testing and compared with 

uncoated SLA Ti, and SLA Ti with a heterogeneous, thick coating of CHX-HMP that had been 

explored in earlier studies (Barbour et al., 2013; Wood et al., 2015). 

For the immersion coating method, SLA Ti substrates were placed face up in the bottom of a 

500 mL beaker containing DIW +/- dissolved P407 stirring rapidly at 500 rpm. Volumes of 

freshly prepared NaHMP(aq) and CHXDG(aq) solutions were added to form a rapidly stirring 

CHX-HMP suspension as described in section 2.2.1, with the required CHX and HMP 

concentrations. Specimens were immersed for the desired time period before the 

suspension was decanted and replaced with 100 mL DIW and stirred for a further minute. 

This latter step was repeated 3 times as a ‘washing’ step to remove unreacted aqueous 

reagents and loosely adherent material. Coated substrates were allowed to air dry and 

stored dry in petri plates at room temperature. Precipitate on the reverse (non SLA) face of 

the squares was removed using cotton wool soaked in 2 M hydrochloric acid (HCl), as 

previous work in the group showed this to be an effective way to rapidly solubilise CHX-HMP. 

Only the upward facing surface was considered as being coated with CHX-HMP for the 

purposes of release per surface area calculations. Specimens exposed to CHXDG(aq) were 

used as comparators, and were produced by immersing SLA Ti in X mM CHXDG(aq) – X 

representing the concentration of CHXDG(aq) - for the required time period, with no 

subsequent wash step. SLA Ti specimens immersed in stirring DIW for 30 minutes followed 

by air drying and dry storage were used as CHX-free control surfaces.  

For the evaporative coating method, CHX-HMP suspensions were prepared to achieve a 15:5 

mM stoichiometry, as described in section 2.2.1, and then diluted 100-fold in two steps with 

DIW. 100 or 200 µL aliquots were deposited onto SLA Ti in a laminar flow hood and allowed 

to air dry. Substrates were then placed into a 500 mL beaker containing 100 mL DIW under 

stirring for 1 minute as a ‘washing step’ to remove unreacted aqueous reagents, then 

allowed to air dry. All substrates were stored dry in petri plates at room temperature until 

required for use. Table 3.1 indicates the various conditions explored for coating SLA Ti with 

CHX-HMP. 
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2.2.6.1 SEM imaging 

Glass and SLA Ti substrates +/- CHX-HMP coating were subjected to SEM imaging on a 

Phenom Pro (Phenom-World, Eindhoven, Netherlands) running at 10 kV. Specimens were 

sputter coated with gold/palladium alloy (Emitech SC7620, Quorum Technologies Ltd, 

Laughton, UK) prior to imaging. An overview of SEM imaging is given in Appendix A section 

1.1.2. 

2.2.6.2 SEM EDX characterisation 

SLA Ti substrates +/- CHX-HMP coating underwent SEM EDX analysis on a JEOL JSM-IT300 

SEM (JEOL (UK) Ltd, Welwyn Garden City, UK) operating at an accelerating voltage of 15 kV 

and working distance of 10 mm, with an X-Max X-ray detector, using Aztec software (Oxford 

Instruments, Abingdon, UK). Chlorine and phosphorus were manually selected for 

identification, but otherwise the software automatically identified elements present. EDX 

images were obtained with pixel dwell time of 250 µs. Further information on the use of SEM 

EDX is given in Appendix A section 1.2.2 

2.2.6.3 Contact angle measurement 

Contact angle (see Appendix A section 1.3.4) was determined using a Drop Shape Analyzer 

DSA100 and Advance Software (Kruss GmbH, Hamburg, Germany). A measurement was 

taken using DIW with a droplet size of 2 µL using the sessile drop method at room 

temperature (25°C). Associated software was used with the Ellipse-Tangent fitting method 

to calculate contact angle. Left and right contact angles were measured 2 seconds after the 

water droplet was deposited, and a mean calculated from 10 substrates per coating, each 

measured 4 times and allowed to dry completely between measurements. 

2.2.6.4 Surface roughness measurement 

Surface roughness was determined as Ra using non-contact optical profilometry. A Proscan 

2100 profilometer with a CHR-150-L Chromatic confocal sensor S11/03 (Scantron Ltd, 

Taunton, UK) was employed, giving a vertical range of 300 µm and a z resolution of 12 nm. 

Proscan 2000 software (Scantron Ltd) was used for data analysis. Further information on this 

technique is given in Appendix A section 1.3.3. 

32 measurements were taken from a total of 8 samples per coating type, higher than the 

recommended 25 measurements required to detect a statistically significant difference 

when determining surface roughness (Wennerberg et al., 2000). Scan rate was 100 Hz, step 
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size 0.01 mm with 150 steps in X and Y directions, giving a total scan area of 1.5 mm2. A 

surface filter of 40 was applied to remove waviness of the surface, allowing accurate 

measurement of roughness. This was calculated according to the software designer’s 

instructions, based on ISO Standard 4288-1996 which gives recommendations for cut off 

values for surfaces of varying roughness: in this instance, for surfaces 0.1-2 µm roughness, 

the cut off value is recommended as 0.8 mm. The surface filter was calculated using the 

following formula: 

(
𝑐
2
)

𝑠
 

where c is the ISO recommended cut off value in mm (0.8), and s is the step size in mm 

(0.01). 

Overall Ra was calculated as a mean of the values in X and Y directions measured on 8 samples 

per surface type in 4 different areas at least 1 mm from the edge of the sample to avoid ‘edge 

effects’.   
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Table 2.1. Summary of conditions used to coat SLA Ti substrates  

Nomenclature CHX [mM] HMP [mM] % P407 

w/v 

Coating method Immersion time 

[minutes]  

(immersion method only) 

Volume [µL]  

(evaporation method only) 

SLA Ti (control specimen) 0 0 0 Immersion 30 (DIW) N/A 

X mM CHX(aq)  

(CHX(aq) comparator) 

X (same as that used for 

comparative CHX-HMP 

suspension) 

0 0 Immersion (same as that used for 

comparative CHX-HMP 

suspension) 

N/A 

5:5mM-I-30min 5 5 0 Immersion 30 N/A 

5:5mM+0.5%-I-30min 5 5 0.5 Immersion 30 N/A 

15:5mM-I-30min 15 5 0 Immersion 30 N/A 

15:5mM+0.25%-I-30min 15 5 0.25 Immersion 30 N/A 

15:5mM+0.5%-I-30min 15 5 0.5 Immersion 30 N/A 

30:10mM-I-30min 30 10 0 Immersion 30 N/A 

30:10mM+0.5%-I-30min 30 10 0.5 Immersion 30 N/A 

30:10mM+0.5%-I-120min 30 10 0.5 Immersion 120 N/A 

30:10mM+1%-I-30min 30 10 1 Immersion 30 N/A 

15:5mM+0.25%-E-100µL 15 5 0.25 Evaporation N/A 100 

15:5mM+0.25%-E-200µL 15 5 0.25 Evaporation N/A 200 

Notes: For production of all suspensions in the presence of P407, the relevant mass of P407 was dissolved completely in stirring DIW prior to precipitation of the CHX-HMP. 
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2.2.6.5 UV-visible spectroscopy to determine CHX(aq) release from CHX-HMP coated 

substrates  

UV-visible spectroscopy was used to determine the CHX(aq) content in aqueous solutions. An 

overview of the principles of this technique is presented in Appendix A section 1.2.1. 

Substrates coated with CHX-HMP were placed into disposable polystyrene semi-micro 

cuvettes (Brand Gmbh + Co KG, Wertheim, Germany) and filled with 2.5 mL of liquid to allow 

elution of the CHX(aq). Cuvettes were sealed with Parafilm™ (Sigma Aldrich) to prevent 

evaporation of liquid and consequent changes to concentration. Cuvettes were placed on a 

rotating platform (SSM1, Stuart Scientific, Stone, UK) at 150 rpm at room temperature (20°C). 

CHX(aq) release was determined as cumulative release per unit area of coating using 

absorbance at 255 nm using a Biochrom Libra S60 spectrophotometer (Biochrom Ltd, 

Cambourne, UK) and calibration standards of known CHX(aq) concentration, made up in the 

relevant elution liquid. Absorbance readings at 255 nm for uncoated substrates were used 

to determine background-subtracted CHX(aq) release values.  

A range of elution media were used in the studies described here, depending on the specific 

purpose of each experiment. These included DIW, chemically simulated saliva (Table 2.2), 

simulated body fluid (Table 2.3) and half-concentration simulated tissue fluid (Table 2.4). Half 

concentration simulated tissue fluid was adopted because it was observed that CHX(aq) 

precipitated with one or more of the components of simulated tissue fluid, but that reducing 

the concentration of this by a factor of 2 prevented such precipitation. Assay duration, time 

intervals between measurements and elution media were chosen in relation to the particular 

aims of each experiment.  

In addition to the above means of exploring CHX(aq) elution, a modified approach was used 

to explore likely CHX(aq) release during microbiology experiments. Specimens (n=9) were 

placed into wells of a 24 well polystyrene plate, as used in the microbiology experiments, 

and 0.5 mL HTF added to each well. The media used in microbiological work, TSBYEHM+ (see 

section 3.2.3.1 for constituents) absorbed in the same region of the visible spectrum as 

CHX(aq), rendering visible spectrophotometry useless for monitoring CHX(aq) release, hence 

HTF was used in these assays instead. The 24 well plates were placed in a humidified chamber 

to minimise evaporation and incubated anaerobically (10% hydrogen, 10% carbon dioxide 

and 80% nitrogen at 37˚C, 45% humidity), as per microbiological assays investigating biofilm 

growth on surfaces over 0 - 96 hours (section 3.2.3.1). 
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At 24 hour intervals, the HTF was removed, the wells washed with 1 mL DIW to remove 

residual CHX(aq), and absorbance of the resulting solution (HTF + DIW washings) at 255 nm 

determined. Total mean volume of CHX(aq) released from the coatings per 24 hour period per 

unit area was calculated as above, accounting for the dilution factor. Fresh HTF was placed 

into wells and the plates returned to the anaerobic incubator. This was repeated at 48, 72 

and 96 hours, to mimic the time period for which multispecies biofilm formation on the 

coated SLA Ti was investigated, and the 24 hourly media changes which were employed. 

Table 2.2. Constituents of chemically simulated saliva 

Reagent Mass per litre [g] 

Calcium chloride (CaCl2) 0.103 

Magnesium chloride hexahydrate (MgCl2.6H2O) 0.019 

Potassium dihydrogen phosphate (K2HPO4.3H2O) 0.544 

HEPES buffer (acid) 4.77 

Potassium chloride (KCl) 2.24 

1 M aqueous hydrochloric acid (HCl) 1.8 mL 

1 M aqueous potassium hydroxide (NaOH) Add to attain pH 6.8 

Reagents were dissolved in DIW in turn before final adjustment of pH. Composition as previously reported by 
Eisenberger et al. (2001). 

 

 

Table 2.3. Constituents of simulated body fluid (SBF) used in elutions  

Reagent Mass per litre 

[g] 

Concentration 

[mM] 

NaCl 5.403 92.45 

NaHCO3 0.504 6 

Na2CO3 0.426 4.02 

KCl 0.225 3.02 

K2HPO4.3H2O 0.230 1.01 

MgCl2.6H2O 0.311 1.53 

0.2 M NaOH 100 mL 200 

HEPES buffer (acid) 17.892 75.08 

CaCl2 0.293 2.64 

Na2SO4 0.072 0.51 

1 M NaOH 15 mL 1000 

Based upon the method and constituents reported by Jafari et al. (2017). Reagents were dissolved in stirring DIW 
in turn.  
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Table 2.4. Constituents of half concentration tissue fluid (HTF) used in elution work 

Reagent Mass per litre [g] Concentration [mM] 

NaCl 3.998 68.15 

NaHCO3 0.175 2.85 

KCl 0.112 1.50 

K2HPO4.3H2O 0.114 0.50 

MgCl2.6H2O 0.153 0.75 

1M HCl 20 mL 500 

CaCl2 0.139 1.25 

Na2SO4 0.036 0.25 

(CH2OH)3CNH2 3.029 25 

Based upon the method and constituents reported by Kokubo et al (1990). Reagents were dissolved in stirring 
DIW at 20˚C in turn. The pH was then adjusted to 7.4 with 1 M HCl before storage at 4˚C until use. If a precipitate 
formed during storage, the fluid was discarded and a fresh batch made. 

 

2.2.6.6 UV-visible spectroscopy to determine total available CHX(aq) on CHX-HMP coated 

surfaces 

To determine total available CHX(aq) on substrates, specimens were immersed in 1.5 mL of 2 

M HCl, resulting in rapid solubilisation of CHX-HMP and consequent release of all CHX(aq). 

After 5 minutes incubation at room temperature on a rotating platform at 150 rpm, 

absorbance at 255 nm was determined spectrophotometrically, and calibration standards in 

2 M HCl were used to calculate total mean volume of CHX(aq) released from each coating per 

unit area. Absorbance readings at 255 nm for uncoated substrates were used to determine 

background-subtracted CHX(aq) release values.  

 

 Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics Version 24 (IBM, New York, 

USA). Data were checked for normality and homogeneity of variance using Shapiro-Wilk and 

Levene tests respectively. For all tests, p values of <0.05 were considered to indicate 

statistical difference. Descriptive statistics including the mean and standard deviation (SD) 

were calculated for normally distributed data.  

For normally distributed data with homogeneity of variance, a Student’s t-test (2 

independent variables) or a 1 way analysis of variance (ANOVA; 3 or more independent 
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variables) was employed to determine statistical difference, followed by Sidak correction for 

multiple comparisons, and Tukey’s Honestly Significant Difference (HSD) test used post hoc 

to identify where differences lay.  
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2.3 Results  

 Characterisation of CHX-HMP in aqueous suspension and as a solid 

2.3.1.1 Macroscopic observations 

A white precipitate formed instantaneously on combination of the CHXDG(aq) and NaHMP(aq) 

reagents, indicating the presence of CHX-HMP (Figure 2.2). In the absence of P407, large 

aggregates formed, and sedimented to some degree over time. There was less 

sedimentation at 1:1 and 2:1 reagent ratios, as indicated by the cloudy appearance of the 

supernatant prior to centrifugation, than for higher ratios where all visible precipitate settled 

to the bottom of the container (Figure 2.2A). Turbidity was greater than 99% for all CHX:HMP 

suspensions formed without P407. After centrifugation at 21000 g for 20 minutes, the 

precipitate was compressed into a well-defined pellet with clear supernatant at all ratios 

(Figure 2.2B).  

The use of 0.5% P407 during precipitation resulted in a more dispersed suspension, more 

uniformly translucent with no visible aggregates (Figure 2.2C). The turbidity was reduced, 

with measurements ranging from 44-86%. A smaller pellet was formed on centrifugation 

(Figure 2.2D), and the supernatant remained cloudy.  

 

Figure 2.2. CHX-HMP suspensions 48 hours after formation (A, C) and following 20 minutes centrifugation at 
21000 g (B, D). HMP concentration was 5 mM for all suspensions; CHX concentration varied from 5 mM to 50 
mM, giving stoichiometric ratios of (left to right in each image) 1:1 - 10:1. Suspensions in A and B were formed in 
the absence of P407, suspensions in C and D in the presence of 0.5% P407. The P407 reduced aggregation, and 
volume of material present in the pellet after centrifugation. Note also that the supernatant after centrifugation 
was clear in the absence of P407 but remained cloudy, indicating the presence of fine particulate matter, in the 
presence of P407. Turbidity measurements for all suspensions formed without P407 were >99%, whereas for 
those formed with P407 ranged from 44-86%.  
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2.3.1.2 Elemental composition of CHX-HMP 

Elemental analysis of CHX-HMP +/- P407 is shown as percentage composition by mass in 

Table 2.5, alongside calculated theoretical values. The method used to calculate theoretical 

values is shown in Appendix B: Calculation of theoretical composition of CHX-HMP NPs.     

Table 2.5. Elemental composition of CHX-HMP NPs by mass with and without P407 and theoretical values (grey 
row) 

Sample 

% C % H % N % Cl % P 

Cl:P ratio 

(to 2 

decimal 

places) 

15:5 mM CHX-HMP suspension  36.6 5.2 19 9.6 8.4 1.14 

15:5 mM CHX-HMP suspension made with 

0.5% w/v P407 
40.5 6 15.5 7.5 6.6 1.13 

Theoretical composition of 15:5 mM CHX-

HMP suspension  
39.8 4.8 21.1 10.7 9.3 1.15 

C – carbon, H – hydrogen, N – nitrogen, Cl – chlorine, P – phosphorus. Calculations to arrive at theoretical values 
are shown in Appendix B: Calculation of theoretical composition of CHX-HMP NPs.  

 

Elemental analysis indicated that the suspensions tested contained both chlorine (Cl) and 

phosphorus (P) in a similar ratio and percentage to that predicted theoretically, based on a 

3:1 ratio of CHX:HMP. Use of 0.5% P407 during their precipitation increased the percentage 

of carbon (C) and hydrogen (H) present, with a concomitant reduction in relative percentage 

of nitrogen (N), Cl and P, but did not change the Cl to P ratio.  

2.3.1.3 pH of CHX-HMP suspensions 

The pH of CHX-HMP suspensions at different concentration ratios, along with those of the 

individual reagents, are shown in Figure 2.3 and Table 2.6. As the ratio of CHX:HMP 

increased, pH of the suspensions fell, and whereas at 1:1 and 2:1 the suspensions were 

slightly basic, at 3:1 they were approximately neutral at pH 7, and at higher ratios became 

gradually more acidic. The lowest pH value of 5.95 was seen at the highest concentration 

ratio of 10:1. These figures correlate with the pH values of the reagent NaHMP(aq) at 1:1 and 

2:1, which is basic in aqueous solution, and with the acidic molecule CHXDG(aq) at 4:1 – 10:1.  
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Figure 2.3. pH as a function of CHX:HMP ratio. HMP concentration was 5 mM for all suspensions; CHX 
concentration varied from 5 mM to 50 mM, giving stoichiometric ratios of 1:1 to 10:1. Suspensions were basic at 
1:1 and 2:1 ratios, neutral at 3:1, and acidic at 4:1 ratios and greater. 

 

Table 2.6. pH of reagents used in the preparation of CHX-HMP, and of CHX-HMP suspensions 

Reagent/suspension pH 

DIW 6.24 

5 mM CHXDG(aq) 6.18 

5 mM NaHMP(aq) 7.48 

5:5 mM CHX-HMP  7.50 

5:5 mM CHX-HMP with 0.5% w/v P407 7.28 

 

2.3.1.4 CHX-HMP particle size in suspension 

The mean diameter of CHX-HMP particles produced +/- 0.5% w/v P407 at reagent 

concentration ratios 1:1 – 10:1 CHX:HMP, as determined by DLS, are shown in Table 2.7. Final 

HMP concentration was constant at 5 mM, with the concentration of CHX varied as required. 
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Table 2.7. Diameter of CHX-HMP particles produced with and without 0.5% P407, as determined by DLS  

HMP concentration was 5 mM for all suspensions; CHX concentration varied from 5 mM to 50 mM, giving 
stoichiometric ratios of 1:1 to 10:1. n= 3 measurements consisting of 10 runs of 10 seconds for each ratio. SD – 
standard deviation (figures in brackets are SD expressed as a percentage of the mean diameter). Diameters are 
shown to 3 significant figures. With P407, particle diameter was consistently ~50-70 nm, whereas much larger 
particles were formed in its absence. 0.5% P407 reduced SD as a percentage of the mean diameter.  

 

CHX-HMP particles produced in the absence of P407 in general had a larger diameter and 

greater variability between measurements, resulting in larger SD. At concentration ratios of 

6:1 and above, the measured diameter was almost 10 fold higher than that seen at 1:1, and 

SD was 16-45% of the diameter. Particles produced at 1:1, 2:1, 4:1 and 5:1 ratios can be 

classed as nanoparticles (NPs), but at other ratios, measured diameters were greater than 

100 nm.  

CHX:HMP particle diameter was more consistent in the presence of 0.5% P407, and did not 

vary with reagent concentration or charge. These particles all had a diameter of less than 

100 nm, indicating they are NPs. The measurements were much less variable, with a SD of 1-

13% of the NP diameter.  

2.3.1.5 Zeta potential of CHX-HMP in suspension 

Zeta potential varied with reagent concentration (Figure 2.4) and correlated with the pH of 

suspensions. At 1:1 and 2:1 ratios, the particles carried a negative charge, with that at 1:1 

without P407 (-45 mV) similar to a previously reported figure of -50 mV for the same NPs 

(Wood et al., 2014). At 3:1 there was minimal charge, regardless of the presence or absence 

CHX:HMP ratio 
Diameter [nm]: 

no P407 

SD [nm] 

(as % of mean 

diameter) 

Diameter [nm]: 

0.5% w/v P407 

SD [nm] 

(as % of mean 

diameter) 

1:1 67.5 24.1 (36) 56.2 2.72 (5) 

2:1 59.1 22.2 (38) 65.6 0.70 (1) 

3:1 223 35.5 (16) 67.2 4.25 (6) 

4:1 81.8 24.9 (30) 48.8 1.86 (4) 

5:1 65.6 14.6 (22) 57.3 2.06 (4) 

6:1 584 262 (45) 51.6 0.96 (2) 

7:1 410 114 (28) 53.2 1.01 (2) 

8:1 402 99.4 (25) 54.5 6.90 (13) 

9:1 555 172 (31) 58.9 4.36 (7) 

10:1 469 137 (29) 61.9 1.11 (2) 
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of surfactant, and pH was neutral. At ratios 4:1 and above the particles carried a positive 

charge. At ratios 6:1 and above, the charge plateaued; at approximately +24 mV without 

P407, and approximately +9 mV with. When P407 was present, extremes of charge and the 

overall range across 1:1 to 10:1 ratios were reduced (range -16 mV to +9 mV with P407, -45 

mV to +28 mV without).  

 

Figure 2.4. Zeta Potential of CHX-HMP NPs in suspension at 1:1 - 10:1 CHX:HMP reagent concentration ratios. 
HMP concentration was 5 mM for all suspensions; CHX concentration varied from 5 mM to 50 mM, giving ratios 
of 1:1 to 10:1. n= 3 runs per sample, with 10-100 measurements per run (measurements stopped once further 
repeat measurements fell within the cumulative standard deviation). Error bars indicate standard deviation. HMP 
concentration was 5 mM for all suspensions; CHX concentration varied from 5 mM to 50 mM, giving ratios of 1:1 
to 10:1. The presence of P407 resulted in a reduction in both extremes of charge and the overall range of charge 
observed across the ratios tested.  

 

2.3.1.6 Yield of CHX-HMP precipitation reactions 

Yields per 100 mL of CHX-HMP suspensions produced +/- 0.5% P407 are shown in Figure 2.5, 

along with calculated theoretical yields for comparison (see Appendix D: Calculation of 

theoretical yield of CHX-HMP NPs for method).  

The dialysis tubing used during yield experiments had a pore size of 3.5 kDa. This is large 

enough to allow all soluble reagent molecules to pass through - unreacted CHXDG(aq), 

NaHMP(aq) and the by-product of the reaction, sodium gluconate (NaG) – but keeps the larger 

P407 molecule (molecular weight 9.8-14.6 kDa) within the membrane, along with the 
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sparingly soluble CHX-HMP. Thus, for all yields of suspensions produced with P407, this mass 

was subtracted from the final experimental yield.  

The yield obtained at a 5:5 mM reagent ratio was 0.21 g/100 mL. This is less than that 

predicted by stoichiometry, assuming >99% reaction efficiency (0.35 g/100 mL). Previous 

work showed that at this reagent concentration, the concentration of residual (i.e. 

unreacted) CHXDG(aq) was 25 µM (Wood, 2015), indicating ~99.5% of the CHXDG(aq) had 

reacted.  

An approximately 1.6 fold increase in yield was seen between the 1:1 and 3:1 ratio reactions 

without P407, whereas a 3 fold increase would be expected based on theoretical 

calculations. The yield obtained at the 3:1 ratio was only a third of that expected from the 

stoichiometry, whereas when P407 was used during precipitation, the yield obtained was 

approximately half of that predicted. At the 1:1 ratio there was a reduction in yield obtained 

when P407 was added, whereas at the 3:1 ratio, there was an increase.  

 

Figure 2.5. Net experimental and theoretical yields per 100 mL of suspension obtained from CHX-HMP produced 
at 5:5 mM and 15:5 mM ratios, with and without 0.5% P407. Bars show experimentally obtained yields, lines 
indicate theoretic calculations. The mass of dissolved P407 has been subtracted from the final experimental mass 
where appropriate. Error bars indicate SD. 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

5:5mM 5:5mM + 0.5%
P407

15:5mM 15:5mM +0.5%
P407

Y
ie

ld
 [

g]

Theoretic yield 5:5mM Theoretic yield 15:5mM



Chapter 2:  CHX-HMP synthesis, characterisation and production of coating on titanium 

 

76 
 

2.3.1.7 Morphology and composition of CHX-HMP precipitates assessed using TEM and 

EDX 

TEM images and EDX maps and spectra for various CHX-HMP suspensions produced +/- P407 

are shown in Figure 2.6 - Figure 2.11. Values for relevant x-ray emission spectra are shown 

in Table 2.8. 

Table 2.8. X-ray emission spectra in keV for relevant elements 

Element  Kα1 Kα2 Kβ1 Lα1 Lα2 Lβ1 

Carbon 0.277      

Oxygen 0.5249      

Sodium 1.04098 1.04098 1.0711    

Phosphorus 2.0137 2.0127 2.1391    

Chlorine 2.62239 2.62078 2.8156    

Titanium 4.51084 4.50486 4.93181 0.4522 0.4522 0.4584 

 

 

The TEM images, along with the EDX map spectra, demonstrate the morphology of the 

particles and provide information regarding their composition. CHX-HMP produced without 

P407 formed micrometre-sized aggregates of crystalline form (Figure 2.6), whereas when 

precipitated in the presence of P407, individual spherical NPs were visible, and dried onto 

the TEM grid in a ‘honeycomb’ like pattern (Figure 2.8). Individual NP size varied, but was 

consistently less than 100 nm in diameter. When precipitated with 0.25% P407 at a 3:1 

reagent concentration ratio, there were visibly fewer NPs and less aggregation than was seen 

at a 1:1 ratio (Figure 2.11). 

EDX spectra and map data showed the presence of P and Cl throughout the CHX-HMP 

particles, and whilst these elements were present in similar proportions without P407 (Figure 

2.7), when it was added, the proportion of P present was approximately double that of Cl 

(Figure 2.10). This proportion persisted at 1:1 and 3:1 reagent concentration ratios with 

0.25% P407. Other elements detected were C, O and N, which are also present in the 

proposed CHX-HMP structure (Figure 1.11). Copper (Cu) and silver (Ag) peaks detected were 

attributable to the metal grid onto which the CHX-HMP suspension was dried prior to 

analysis. 
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Figure 2.6. TEM images of 15:5 mM CHX-HMP particles present in suspensions made without P407, 
demonstrating aggregations of ~1-10 µm with a crystalline structure. Suspensions were diluted 1 in 10 with DIW 
before drying down onto TEM grids. 
 

 

Figure 2.7. EDX spectrum obtained from CHX-HMP NP aggregate shown in Figure 2.6A. P – phosphorus, C – 
carbon, Cl – chlorine, Cu – copper, Ag - silver. Cu and Ag are background signals from the grid used for TEM.  



Chapter 2:  CHX-HMP synthesis, characterisation and production of coating on titanium 

 

78 
 

 

Figure 2.8. TEM images of 15:5 mM CHX-HMP NP particles present in suspensions made with 0.5% P407, showing 
fine particles of individual size ~5-50 nm in aggregates of <1 µm. Suspensions were diluted 1 in 10 with DIW 
before drying down onto TEM grids. 
 

 

Figure 2.9. TEM image (left) and EDX maps (right) for NP suspensions shown in Figure 2.8. O - oxygen, Na – sodium. 
Signals for P and Cl, as well as C, Na and O correspond to the distribution of the NPs, whilst the map for Cu is 
indicative of the fine grid upon which the NPs were deposited and hence does not conform to this distribution. 
 

 

Figure 2.10.  EDX spectrum obtained from CHX-HMP NPs shown in Figure 2.8, with P and Cl peaks identified. Note 
that P peak is approximately twice that of Cl, which was not seen for CHX-HMP suspensions produced without 
P407. 
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Figure 2.11. TEM images and EDX maps of CHX:HMP NPs produced with 0.25% P407 at (A) 15:5 mM and (B) 5:5 mM reagent concentration. The red boxes indicate the areas shown 
on EDX maps. C and D give the respective EDX spectra for each, with Cl and P peaks identified. The suspensions were diluted 1:10 with DIW before drying onto TEM grids. Again, the 
P peak is approximately twice that of Cl, which was not seen for CHX-HMP suspensions produced without P407. 
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2.3.1.8 FTIR of suspensions made with and without P407 

FTIR spectra for CHX-HMP suspensions precipitated +/- 0.5% P407 are shown in Figure 2.12 

(full spectrum) and Figure 2.13 (fingerprint region). Spectra for individual reagents are 

included in Appendix C: FTIR Spectra of reagents used to produce CHX-HMP NPs. The 

characteristic peaks visible in the fingerprint region of the FTIR spectrum confirmed the 

presence of the CHX and HMP components of the NPs (Figure 2.13 and Table 2.9), and 

supported the theorised CHX-HMP structure. No changes to spectra were seen for CHX-

HMP produced with versus that produced without P407, suggesting no change in bonding. 

Table 2.9. Summary of relevant IR absorption peaks for CHX-HMP produced with and without P407, with 
associated functional groups and molecule of origin 

  Present in spectra: 

Wavenumber 

cm-1 

Functional Group 

(with associated molecule) 

5:5 CHX-HMP 

 

5:5 CHX-HMP 

+ 0.5% P407 

0.5% P407 

3319  -NH (CHX) ✔ ✔  

3197 -NH (CHX) ✔ ✔  

2940 C-H (CHX) ✔ ✔  

2878 -CH3 (P407)   ✔ 

2858 CH2 C-H  (CHX) ✔ ✔  

1632 -NH (CHX) ✔ ✔  

1604 C-C (CHX) ✔ ✔  

1579 C=C (CHX) ✔ ✔  

1525 C=C (CHX) ✔ ✔  

1490 C=C (CHX) ✔ ✔  

1415 C=C (CHX) ✔ ✔  

1342 -CH3 (P407)   ✔ 

1279 C-O (P407)   ✔ 

1243 P=O (HMP) and C-O (P407) ✔ ✔ ✔ 

1145 C-O (P407)   ✔ 

1095 C-O (P407)   ✔ 

1068 C-N (CHX) ✔ ✔  

1060 C-O (P407)   ✔ 

1033 C-O (CHX and P407) ✔ ✔ ✔ 

1012 C-N (CHX) ✔ ✔  

962 C-H (P407)    ✔ 

862 P-O-P (HMP) ✔ ✔  

841 C-H (P407)   ✔ 

823 C-H (CHX) ✔ ✔  

719 C-Cl (CHX) ✔ ✔  

Presence of each peak in a spectrum is indicated by a ✔. Peaks were identified with reference to tables of infrared 
absorption frequencies for common bonds and functional groups. 
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Figure 2.12. Full FTIR spectrum for CHX-HMP produced with and without 0.5% P407. See Table 2.9 for detail on identification of relevant peaks. No changes correlating to P407 peaks were seen 
for CHX-HMP produced with versus that produced without P407, suggesting no change in bonding. 
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Figure 2.13. FTIR fingerprint region for CHX-HMP produced with and without P407. See Table 2.9 for detail on identification of relevant peaks. No changes correlating to P407 peaks were seen 
for CHX-HMP produced with versus that produced without P407, suggesting no change in bonding. 
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 Characterisation of glass and mica coated with CHX-HMP  

2.3.2.1 Particle size, shape and distribution 

CHX-HMP particles were deposited onto glass and mica substrates immersed or suspended 

in CHX-HMP suspension. The particles were approximately spherical, with a diameter in the 

region 100-250 nm and had a tendency to form aggregates of several micrometres (Figure 

2.14). There was some evidence from both AFM and SEM imaging that an increase in 

immersion time gave a greater covering of the CHX-HMP on the surface, although there was 

a high degree of heterogeneity (Figure 2.15 - Figure 2.16). Increasing the concentration of 

the CHX-HMP suspension resulted in a thicker, denser coating of CHX-HMP particles (Figure 

2.17).  

 

 

Figure 2.14. AFM images showing (A) uncoated mica and (B) mica after immersion in 0.5:0.5 mM CHX-HMP for 1 
minute. Size of images is 5 µm square, vertical range is 0.5 µm. The particles were approximately spherical, with 
a diameter in the region 100-250 nm and a tendency to form aggregates of several micrometres in diameter. 
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Figure 2.15. AFM images showing mica immersion coated with 0.5:0.5 mM CHX-HMP for varying times. A - 1 
minute, B - 30 minutes, C - 2 hours, D - 4 hours. Image size is 20 µm square, vertical range is 1 µm. There is an 
indication that longer immersion times resulted in a greater coverage of CHX-HMP but the heterogeneous nature 
of the coating made firmer conclusions difficult using this approach. 
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Figure 2.16. SEM images showing glass immersion coated with 0.5:0.5 mM CHX-HMP for varying times. A & E - 1 minute, B & F - 30 minutes, C & G - 2 hours, D & H - 4 hours. Scale bars – A - D 
110 µm, E - H 10 µm. As with AFM there is an indication that longer immersion times resulted in a greater and thicker coverage of CHX-HMP but also substantial heterogeneity. 
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Figure 2.17. SEM images of glass immersion coated with CHX-HMP for 1 minute at (A & C) 0.5:0.5 mM and (B & 
D) 5:5 mM final reagent concentrations. Scale bars A - 240 µm, B- 200 µm, C & D – 20 µm. Immersion in 5:5 mM 
CHX-HMP suspension resulted in a much denser and more substantial coating than the 0.5:0.5 mM suspension. 

 

P407 was used to disperse CHX-HMP as it formed at 0.5:0.5 mM and 5:5 mM concentrations. 

The effect of this on its deposition on mica, compared to coatings formed without P407, is 

shown in Figure 2.18. Small, irregularly spaced clusters of particles were visible at the lower 

reagent concentration when no P407 was used (Figure 2.18A & E); at 1 % w/v P407 these 

appeared to become smaller and more evenly dispersed (Figure 2.18B & F).  

At the higher 5:5 mM reagent concentration, the effect of P407 was clearer; NPs and their 

aggregates precipitated and deposited without P407 showed a diameter in the range of 0.5 

– 2.5 µm (Figure 2.18C & G), whilst those precipitated in the presence of 1% P407 were 

smaller and more dispersed (Figure 2.18D & H), with a similar appearance to those at 0.5:0.5 

mM with 1% P407.
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Figure 2.18. AFM images of 1 minute immersion coating on mica of 0.5:0.5 mM CHX-HMP produced without (A & E) and with (B & F) 1% w/v P407, and 5:5 mM CHX-HMP produced without (C 
& G) and with (D & H) 1% w/v P407. Scale bars - A – D, 20 µm (z-range 500 nm), E – H, 5 µm (z range 150 nm). The addition of P407 to the CHX-HMP suspensions reduced particle aggregation, 
which was most apparent with the 5:5 mM CHX-HMP immersion coated specimens (G versus H).
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2.3.2.2 CHX(aq) elution from CHX-HMP coated glass 

Glass coverslips coated with CHX-HMP using the immersion method showed a time-

dependent release of CHX(aq) when immersed in water and other aqueous media. These 

elution assays were used to inform conditions for immersion coating of SLA Ti substrates 

with CHX-HMP suspensions performed subsequently. 

Figure 2.19 shows elution of CHX(aq) from a series of immersion coatings on glass coverslips 

(coating times of 1 minute, 30 minutes, 2 and 4 hours) produced with a 0.5:0.5 mM CHX:HMP 

suspension. The elution was carried out into chemically simulated saliva over 29 days. The 

cumulative concentration of CHX(aq) – indicating CHX-HMP breakdown - is shown. The 

principal observations were of greater total CHX(aq) release from specimens subject to longer 

coating times, but with no associated increase in the duration of release under the 

experimental conditions used. Most CHX(aq) release occurred within the first 5 days. The SD 

for each set of readings were very large, and increased over the course of the elution. SDs 

were also larger for specimens coated for shorter periods of time.   

 

Figure 2.19. Mean cumulative CHX(aq) release per metre squared of glass immersion coated with 0.5:0.5 mM CHX-
HMP suspension for a range of times. Elution was into chemically simulated saliva. n=5 specimens per coating 
type. SDs are not shown in the figure for the sake of clarity, but for each series of specimens increased as the 
elution progressed: for the 1 minute coating at time 0, SD was 56% of the mean release, rising to 135% by day 
29; for the 30 minute coating it rose from 48% to 90%; for the 2 hour coating from 45% to 85% and for the 4 hour 
coating, from 39% to 62%. No significant statistical differences were identified between coating types. 
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Figure 2.20 shows elution data highlighting the effect of both CHX:HMP and P407 

concentrations on volume and rate of CHX(aq) release into chemically simulated saliva from 

coated glass coverslips. Coating suspensions used were 0.5:0.5 or 5:5 mM CHX:HMP 

produced with 0, 0.2, 0.5 or 1% P407, with coverslips coated for 1 minute. Cumulative CHX(aq) 

concentration – indicating CHX-HMP breakdown - over a period of 30 days is shown. The 

principal observations were of a 3-6x greater CHX(aq) release from the 5:5 mM CHX-HMP 

coatings, with large SDs again observed across all coating regimes. Incorporating P407 into 

the CHX:HMP suspension at either concentration resulted in a modest reduction in CHX(aq) 

release compared to those coatings produced without, but there was no clear trend 

regarding the effect of concentration of P407 on CHX(aq) release, only that the presence of 

P407 reduced CHX(aq) release. Values obtained for the 0.5:0.5 mM coating produced without 

P407 are more than double those seen for the same coating in the previous assay (Figure 

2.19), again highlighting the heterogeneity of these coatings with regards CHX-HMP loading.  

 

Figure 2.20. Mean cumulative CHX(aq) release per metre squared from glass coverslips immersion coated for 1 
minute at 0.5:0.5 mM and 5:5 mM concentrations in the presence and absence of P407. n=9 per coating type. 
SDs are not shown in the figure but for each series of specimens increased as the elution progressed: for the 
0.5:0.5 mM suspension at time 0, SD was 41% of the mean release, rising to 65% by day 30; for the coating with 
0.2% P407 from 37% to 60%, with 0.5% P407 from 47% to 54%, and with 1% P407 from 42% to 58%. At the higher 
5:5 mM reagent concentration, it rose from 35% at time 0 to 41%, with 0.2% P407 from 55% to 68%, with 0.5% 
P407 from 29% to 33%, and with 1% P407 from 44% to 53%. No significant statistical differences were identified 
between coating types. 
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 Characterisation of SLA Ti surfaces 

SEM images of SLA Ti are shown in Figure 2.22 and Figure 2.21, and an image of a 

commercially produced SLA titanium surface is reproduced for comparison. These images 

show an irregular surface morphology, with microroughness and some nanoscale features. 

On a micrometre scale, ridges, areas where titanium crystal is visible, and circular pitting of 

the surface is visible (highlighted in Figure 2.21). It was observed using SEM that shorter 

periods of etching resulted in Al2O3 debris remaining on the SLA Ti surface whereas longer 

periods offered no visible further development of the surface texture. Images and data from 

SEM performed with EDX to determine elemental composition of the SLA Ti surface are 

presented later in section 2.3.4, alongside that for CHX-HMP coated SLA Ti.   

The mean water contact angle (84˚) and mean roughness - as Ra (1.25 µm) - of the 

experimentally produced SLA surface (Table 2.10) were within the ranges reported in the 

literature for other experimental and commercial SLA surfaces; water contact angle range of 

80-138˚ (Buser et al., 2004; Elias et al., 2008; Rupp et al., 2011; Almaguer-Flores et al., 2015; 

Di Giulio et al., 2015; Miao et al., 2017) and Ra range of  0.75 – 1.44 µm (Elias et al., 2008; Di 

Giulio et al., 2015; Miao et al., 2017). 

Table 2.10. Surface properties of SLA Ti surface produced in this work, alongside values reported in the literature 
for similar surfaces 

SD – standard deviation 

 Experimentally produced 

SLA Ti 

Reported values 

Mean contact angle  

 

84˚ 

(SD 7.28˚) 

 

 n = 40 (4 measurements 

on 10 surfaces) 

80-138˚ 

(Buser et al., 2004; Elias et al., 2008; 

Rupp et al., 2011; Almaguer-Flores et 

al., 2015; Di Giulio et al., 2015; Miao 

et al., 2017) 

Mean surface roughness - 

Ra  

 

1.25 µm 

(SD 0.06 µm)  

 

n = 32 (4 measurements 

on 8 surfaces) 

0.75 – 1.44 µm 

(Elias et al., 2008; Di Giulio et al., 

2015; Miao et al., 2017) 
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Figure 2.21. Irregular morphology of SLA titanium showing pitting, ridges and flat areas of crystalline titanium 
structure visible. Scale bar 10 µm. 
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Figure 2.22. SEM images of commercial and study SLA Ti surfaces. (A) SLA surface produced commercially by Straumann® [this image reproduced from https//:www.implantium.co.uk; other 
images of the same surface also published (Buser et al., 1991; Cochran et al., 1996; Dohan Ehrenfest et al., 2014)]. Images B, C, D of SLA Ti surface produced and used in this work. Scale bars – 
A & D 20 µm, B - 120 µm, C - 20 µm.
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 Characterisation of SLA Ti coated with CHX-HMP  

2.3.4.1 Distribution, homogeneity and identification of CHX-HMP coatings on SLA Ti 

SLA Ti surfaces coated with CHX-HMP using the immersion method as a function of reagent 

concentration and in the absence of P407 are shown in Figure 2.23. Whilst a general dose-

response effect as CHX:HMP ratio increased was observed, with larger thicker aggregates 

present at higher ratios, these images also highlight the inhomogeneity of the coating, with 

areas of thick aggregates and areas of no visible aggregates on different parts of the same 

specimen. The tendency for particles to aggregate, rather than disperse evenly across the 

surface, was apparent, as was the increasing thickness of these aggregations at higher ratios 

at higher magnification, along with the tendency for them to accumulate along surface 

features such as ridges (Figure 2.23G-I). 

Figure 2.24 shows SLA Ti immersion coated for 30 minutes with 5:5 mM CHX-HMP produced 

with 0.5% P407; no large deposits are visible, and only very sparse deposits are seen at higher 

magnification. These images are not directly comparable with those presented in Figure 2.23 

due to a difference in coating time. However, they do demonstrate that even after a 30 

minute immersion, only very few and small CHX-HMP deposits are visible when P407 is used, 

in comparison to numerous, large, readily visible deposits seen when P407 is not used during 

a much shorter coating duration (30 seconds or 1 minute). 
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Figure 2.23. Representative SEM micrographs showing the appearance of CHX-HMP coatings on SLA Ti after 30 
seconds immersion coating at various CHX:HMP reagent ratios (A, D, G at 1:1 mM, B, E, H at 3:1 mM, C, F, I at 5:1 
mM). The final HMP concentration was constant at 1 mM, whilst that of CHX was varied as required. In A – F 
(scale bars 100 µm), 2 images from different areas of coated specimens at each ratio are shown, illustrating the 
highly inhomogeneous coating using this approach, with areas of Ti uncoated and other areas with heavy deposits 
of CHX-HMP. Images G – I (scale bars 20 µm) illustrate the increasing thickness of CHX-HMP deposits as ratio 
increases, and the propensity for particles to deposit along surface ridges and features. 
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Figure 2.24. Representative SEM micrographs of SLA immersion coated for 30 minutes with 5:5mM CHX-HMP in 
the presence of 0.5% P407. While the rough Ti surfaces make identification of CHX-HMP deposits more 
challenging than on glass or mica, only very small, sparse CHX-HMP deposits are visible at the higher 
magnification, suggesting that P407 provided a sparser and/or more evenly distributed CHX-HMP coating than 
when not present. Scale bars: A – 100 µm, B – 20 µm, C - 10 µm. 

 

The immersion coating technique resulted in a heterogeneous deposition of the CHX-HMP 

suspension onto substrates, which appeared to lead to high variability in CHX loading and 

subsequent release in elution studies. Importantly, it was also revealed that addition of P407 

during the precipitation and substrate coating process resulted in dispersion of aggregates 

and appeared to lead to a more evenly distributed coating, albeit resulting in an overall 

decrease in CHX-HMP volume on the substrate. The evaporative method was therefore 

developed with the intention of yielding a less heterogeneous coating but still benefitting 

from the effects of the P407.  

Representative SEM images of SLA Ti coated using the evaporative method, with a 15:5 mM 

CHX:HMP suspension prepared in the presence of 0.25% w/v P407 and diluted 1 in 100 with 

DIW, are shown in Figure 2.25 and Figure 2.26. Two different volumes were investigated: 

aliquots of 100 and 200 µL, hence referred to as 15:5mM+0.25%-E-100µL and 

15:5mM+0.25%-E-200µL respectively.  

Deposits of CHX-HMP were visible with both coating methods, with evidence of aggregation 

in the depressions and pits on the titanium surface (particularly visible on micrographs taken 

at higher magnification - see Figure 2.25). CHX-HMP aggregates ranged in size from 30-150 

µm diameter, with more numerous, larger, deposits present on the higher dose coating. The 

distribution of aggregates is qualitatively more regular compared to those seen with 

immersion coating (Figure 2.23).  
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Figure 2.25. SEM micrographs of SLA Ti with 15:5mM+0.25%-E-200µL coating, highlighting the tendency of CHX-
HMP NPs to deposit in and around surface features and pitting. Scale bars A – 10 µm, B – 8 µm. 

 

 

Figure 2.26. Representative SEM micrographs of SLA Ti, and 15:5mM+0.25%-E-100µL and 15:5mM+0.25%-E-
200µL CHX-HMP coatings showing number and distribution of CHX-HMP deposits. Scale bars 210 µm (top) and 
20 µm (bottom). 

 



Chapter 2:  CHX-HMP synthesis, characterisation and production of coating on titanium 

 

97 
 

To confirm that the deposits observed on the SLA Ti surfaces using SEM were CHX-HMP, EDX 

mapping was used. SEM images with EDX mapping and counts per second (cps) data, 

demonstrating elemental composition of the uncoated and evaporatively coated SLA Ti 

surfaces, are shown in Figure 2.27 - Figure 2.30. Position of characteristic x-ray emission 

peaks for selected elements are identified according to Siegbahn notation (Table 2.8).  

Areas from SEM images provisionally identified as aggregates of CHX-HMP were shown to 

contain Cl and P confirming that this material was CHX-HMP. Other elements observed in the 

aggregates included C and O, whereas Na, sulfur (S) and calcium (Ca) were not detected 

above background levels. In areas of these aggregates, the titanium (Ti) signal was reduced 

compared to areas with no visible coating (Figure 2.30). P and Cl signals were of similar 

magnitude (P Kα– 636 cps, Cl Kα – 544 cps; only Kα signals detected), and they were much 

smaller than those of other elements present. 

Areas of Ti not covered in these aggregates showed few or no signals for Cl and P on element 

maps, with no signal from these elements above background on EDX spectra counts. There 

were very low C and O signals on EDX spectra and maps for uncoated areas of SLA Ti. SEM 

and EDX of uncoated SLA Ti showed a similarly low signal for all elements save for Ti, which 

gave a strong signal (Figure 2.27 and Figure 2.28).  

 

Figure 2.27. SEM image (A) and annotated EDX spectrum (B) for area (highlighted in green in image A) of visibly 
uncoated SLA Ti on 15:5mM+0.25%-E-100µL coating, demonstrating presence of C, O and Ti, and absence of P 
and Cl peaks; positions of the latter 2 are included to enable comparison with subsequent figures. Scale bar (A) 
100 µm.  
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Figure 2.28. SEM image (A) and associated EDX maps (B) for uncoated SLA Ti. EDX maps indicate universal 
presence of Ti, and small, but detectable and evenly distributed signals from P and Cl across the entire area, 
indicating low background presence of these elements. The layered map (C) highlights the strong signal from Ti 
in contrast with very low signals from P and Cl. All scale bars – 50 µm. 

 

 

 

Figure 2.29. SEM image (A) and annotated EDX spectrum (B) for area (highlighted in red in image A) of CHX-HMP 
deposit on 15:5mM+0.25%-E-100µL coating, demonstrating presence of P and Cl, in addition to C, O and Ti. Scale 
bar (A) 100 µm. Some peaks (Kα1 & Kα2 for P and Cl) are very close together (Table 2.8) and not readily 
distinguishable from each other on the figure presented here.  
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Figure 2.30. SEM image (A) and associated EDX maps (B) for region of SLA Ti with 15:5mM+0.25%-E-100µL coating. 
EDX maps indicate increased signal intensity of P, Cl, C and O signals corresponding to area of CHX-HMP 
deposition, and a concomitant reduction in Ti signal from the same area. Sodium (Na) is present in small volumes 
across the entire specimen, and may represent remnants from the NaHMP(aq) used in the precipitation reaction 
to form the CHX-HMP. Some ‘shadowing’ of the EDX signals is visible, which corresponds to pits and troughs in 
the surface and represents reduced signal detection in these areas due to the surface morphology and position 
of the EDX detector.  

 

 

2.3.4.2 Physical characterisation of SLA Ti coated with CHX-HMP  

The contact angles for uncoated and CHX-HMP coated SLA Ti surfaces are shown in Figure 

2.31. Statistical analysis demonstrated no difference in contact angle between SLA Ti and 

that coated with CHX-HMP using an evaporative technique. SLA Ti substrates immersion 

coated with 15:5mM-I-30min showed a statistically higher contact angle, indicating 

hydrophobicity. Uncoated SLA Ti and that with 15:5mM+0.25%-E-100µL and 

15:5mM+0.25%-E-200µL coatings exhibited a slight hydrophilic tendency.  
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Figure 2.31. Mean contact angle of various CHX-HMP coatings on SLA Ti. Contact angle was determined with 10 
µl of DIW using a sessile drop method. Error bars represent standard deviations. n=40 readings per coating type. 
* p<0.05 compared to uncoated SLA Ti (1 way ANOVA with Tukey HSD post hoc). 

 

The mean surface roughness (Ra) for both evaporative coatings is shown in Figure 2.32, 

alongside that of uncoated SLA Ti and the immersion coating 15:5mM-I-30min. Statistical 

analysis indicated no differences between Ra values measured in the X and Y directions for 

all coatings, indicating the surfaces were isotropic. The mean Ra values for both evaporative 

coatings were not statistically different from uncoated SLA Ti, whereas for the immersion 

coating, a difference was detected. The 15:5mM+0.25%-E-100µL and 15:5mM+0.25%-E-

200µL coatings were also statistically different from each other.   
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Figure 2.32. Mean surface roughness (as Ra) for various CHX-HMP coatings on SLA Ti. Roughness was determined 
using optical profilometry over an area of 1.5 mm2. Error bars indicate standard deviations. n=8 specimens per 
coating type, each measured in 4 different areas. * p<0.05 compared to uncoated SLA Ti (1 way ANOVA with 
Tukey HSD post hoc). # p<0.05 compared to other evaporative coating. 

 

2.3.4.3 Total available CHX(aq): method validation  

When CHX-HMP coated specimens (n=8) were immersed in 2 M HCl, absorbance readings at 

255 nm were first taken after 5 minutes and these remained constant over a period of 18 

hours, suggesting that all CHX(aq) was released within the first 5 minutes. SEM images of 

specimens taken after this 5 minute immersion also showed no visible remaining CHX-HMP 

deposits (Figure 2.33), therefore it was concluded that this immersion period was sufficient 

to result in breakdown of all CHX-HMP deposits and thus ascertain total available CHX(aq). 
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Figure 2.33. Representative SEM micrographs of 15:5mM+0.25%-E-100µL coating before (A) and after (B) a 5 
minute immersion in 2 M HCl. Note that in the left image deposits of CHX-HMP are apparent, whereas there is 
no evidence of CHX-HMP after immersion in 2 M HCl. Scale bars 120 µm. 

 

2.3.4.4 CHX(aq) loading and release from immersion-coated SLA Ti 

As previously stated, the aim of this section of work was to produce a CHX-HMP coating for 

SLA Ti which would produce a gradual release of CHX(aq). As described in section 2.3.4, the 

physical characterisation of SLA Ti coated with CHX-HMP using immersion and evaporative 

techniques suggested that the former resulted in a more heterogeneous coating. This was 

also observed in pilot investigations of CHX(aq) elution from various immersion coatings, 

produced both with and without P407 (Figure 2.34 and Figure 2.35). An elution assay to 

determine inter-batch reproducibility using the immersion coating technique was therefore 

conducted: on 3 separate occasions, specimens were immersion coated using 5:5 mM CHX-

HMP for 30 minutes. For elution, these specimens were immersed in DIW only, to minimise 

factors which could interfere with elution kinetics (e.g. presence of salts which could interact 

with reagents and products), and the release of CHX(aq) was monitored over time. There was 

considerable variation in CHX(aq) release both within and between batches (Figure 2.36); SDs 

ranged from 20 – 60% of the mean within batches, and the final total CHX(aq) released ranged 

from 47 - 87 µmoles/m2 between batches (SD 18-64 %). Similar data were observed when 

immersion coatings were conducted in the presence of P407; mean CHX(aq) eluted was 

substantially lower but the proportional variance was comparable (data not shown).  
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Figure 2.34. Mean cumulative CHX(aq) release per metre squared of coating from various 30 minute immersion 
coatings on SLA Ti. Elution into chemically simulated saliva. n = 8 per coating type. Error bars represent standard 
deviation. Note substantial variance from the mean for specimens coated at higher reagent concentration and 
with no P407, and the effect of P407 in reducing CHX(aq) release. 
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Figure 2.35. Mean cumulative CHX(aq) release per metre squared of coating from various 30 minute immersion 
coatings on SLA Ti. Elution into HTF (data points) or 2 M HCl (correspondingly coloured dashed lines). n = 10 per 
coating type. Error bars represent standard deviation. Note substantial variance from the mean of specimens 
eluted into HTF, and from the total available CHX(aq) for the immersion coating produced without P407. 
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Figure 2.36. Mean cumulative CHX(aq) release per metre squared of coating for 3 different batches of SLA coated 
for 30 minutes with 5:5mM CHX-HMP. Elution into DIW. n = 10 per batch. Error bars represent standard deviation. 
Note the large variances both within and between data sets, suggesting that the volume of CHX-HMP deposition 
onto SLA Ti is not well controlled using the immersion method. 

 

Further to this observation, several batches of various coatings were compared with respect 

to total available CHX(aq), which was determined using immersion in 2 M HCl. The results of 

this are presented as a scatter plot in Figure 2.37. Across a minimum of 10 data sets for each 

coating type produced using the immersion coating method, the variance in total available 

CHX(aq) as a proportion of the overall mean was almost 100%, regardless of the presence or 

absence of P407.  

Notwithstanding the high variability which ultimately necessitated a different approach to 

coating the SLA Ti, some interesting observations with respect to the effect of P407 on the 

CHX:HMP coatings were nevertheless made. Figure 2.35 illustrates that incorporation of 

P407 into the CHX:HMP suspension resulted in a reduction of both the total available CHX(aq), 

and the volume eluted over a period of 45 days, in a dose-dependent manner (for P407). 

When P407 concentration was halved from 0.5% to 0.25%, total CHX(aq) release 

approximately tripled (26 to 71 µmoles/m2). At 0.25% P407, the total release was 

approximately 20% of that seen from the coating produced without. Slightly smaller SDs with 

0.25% P407 showed a small reduction in variability between specimens, but were still 

substantial (around 40% of total release). 
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Figure 2.37. Scatter plot of mean total available CHX(aq) released from various 30 minute immersion coatings after 
immersion in 2 M HCl. One circle represents one experimental mean. Annotated bars represent pooled mean of 
all experiments. Note the substantial inter-assay variation for all coatings, especially in the absence of P407.  

 

 

The effect of different concentrations of P407 used during CHX-HMP precipitation and 

immersion coating was further studied, using elution into 2 M HCl to determine the total 

available CHX(aq). Total available CHX(aq) per metre squared of coating was inversely 

dependent on w/v P407 concentration, as shown in Figure 2.38, although this trend was non 

linear. A linear trend was observed, however, when the final concentrations of CHXDG(aq) and 

P407 were instead considered as a ratio (Figure 2.39); when the same volume of CHXDG(aq) 

was used to precipitate CHX-HMP and immersion coat SLA Ti substrates, but the w/v of P407 

was reduced (i.e. the CHXDG(aq):P407 concentration ratio increased), there was an increase 

in total available CHX(aq). 
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Figure 2.38. Mean total available CHX(aq) per metre squared of coating from SLA Ti with 15:5mM+X%-I-30min 
coating. X represents variable percentage of P407 w/v used. n=2. Note the inverse dose-response effect of P407 
on the total available CHX(aq).  

 

 

Figure 2.39. Mean total available CHX(aq) per metre squared of coating from SLA Ti with 15:5 mM+X%-I-30min 
coating. X represents variable percentage of P407 w/v used. n=2. Data acquired from the same assay as that 
shown in Figure 2.38. Dotted line indicates line of best fit, R2 value as shown. As the reagent concentration ratio 
of CHXDG(aq) and w/v P407 increases, there is an increase in total available CHX(aq) released from CHX-HMP 
immersion coated SLA Ti.  
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2.3.4.5 CHX loading and release from evaporatively-coated SLA Ti  

Release of CHX(aq) from evaporatively coated SLA Ti was investigated over a short (7 hours - 

Figure 2.40) and a longer (14 days – Figure 2.41) time period, with the aim of determining 

initial and longer term CHX(aq) release kinetics. 

Both assays demonstrated that the majority of CHX(aq) released into the HTF from 

evaporatively coated SLA Ti occurred within the first 7 hours, as detailed in Figure 2.40. The 

15:5mM+0.25%-E-100µL coating released just over half the volume of CHX(aq) released by the 

15:5mM+0.25%-E-200µL coating (93 versus 163 µmoles/m2). A higher mean total volume of 

CHX(aq) was released from both surfaces over 7 hours in comparison to the same substrates 

over 14 days. These volumes were lower than those previously observed for some immersion 

coatings produced without P407 (Figure 2.35), but variance between specimens was 

substantially less (SD range 10-15% of mean). 

All the CHX(aq) for both evaporative coatings was released during the first 24 hours, after 

which a plateau was reached, which was maintained during the rest of the assay. During the 

14 day elution (Figure 2.41), both coatings released between 65-80 % of the mean total 

available CHX(aq) and both demonstrated a similar release profile: an initial burst over the first 

few hours, followed by a more gradual release and plateau. SD between specimens was 

similar for both coatings. 

The elution carried out over 14 days demonstrated no further changes to the cumulative 

CHX(aq) concentration after 2 days, with slightly lower final CHX(aq) release volumes than 

those seen in the 7 hour elution. The total release into HTF was 20-35% lower than that 

seen with 2 M HCl, whereas during the 7 hour elution, similar volumes were released into 

both solutions. A theoretical calculation of the volume of CHX-HMP present on both 

evaporative coatings, and the volume of CHX(aq) that should accordingly be released from 

each, was made: see Appendix E: Calculation of theoretical volume of CHX(aq) on 

evaporative coatings. Expected total available CHX(aq) based on these calculations was 108 

and 215 µmoles/m2  for the 15:5mM+0.25%-E-100µL and 15:5mM+0.25%-E-200µL coatings 

respectively. By comparison, the experimentally produced coatings, after immersion in 2 M 

HCl, gave a pooled mean CHX(aq) release of 106 (SD 16, mean of 11 assays) and 156 

µmoles/m2 (SD 24, mean of 7 assays) respectively. These results, along with the final total 

CHX(aq) release given in other media, are presented in a summary Figure 2.42. In general, 

CHX(aq) volumes released from the 15:5mM+0.25%-E-100µL coating were similar to 
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theoretical values (except over the 14 day elution, where they were slightly reduced), and 

were just over half of the volume released by the higher dose coating. The 15:5mM+0.25%-

E-200µL coating showed a more reduced total release when compared with the theoretical 

CHX(aq) available, with again the lowest value seen in the 14 day elution. For both 

evaporative coatings, total CHX(aq) release into HTF was statistically significantly less than to 

the calculated theoretically available CHX(aq) (Figure 2.42).  

 

Figure 2.40. Mean cumulative CHX(aq) release per metre squared of evaporatively coated SLA. Elution into HTF at 
room temperature. Error bars show standard deviation. Dotted lines represent pooled mean total available 
CHX(aq) on each coating type as determined using elution into 2 M HCl. n = 10 specimens per coating type. 
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Figure 2.41. Mean cumulative CHX(aq) release per metre squared of evaporatively coated SLA. Elution into HTF at 
room temperature. Error bars show standard deviation. Dotted lines represent pooled mean total available CHX 
on each coating type as determined using elution into 2 M HCl. n = 10 specimens per coating type. 
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Figure 2.42. Mean cumulative CHX(aq) release per metre squared of evaporatively coated SLA Ti for all elutions, 
alongside calculated theoretical values. Error bars represent standard deviations. * p<0.05 versus theoretical 
available CHX(aq) for that coating (1 way ANOVA with Tukey HSD post hoc). 

 

 

2.3.4.6 CHX(aq) elution under conditions representing microbiology experiments 

Figure 2.43 shows the mean cumulative CHX(aq) release from specimens which underwent 

elution into HTF under anaerobic conditions to mimic those used in microbiology 

experiments. At this stage in the work, the 15:5mM-I-30min coating was still under 

consideration for use in these assays due to its high volume of CHX(aq) release, hence its 

inclusion in this figure. The greatest CHX(aq) release from all coatings was seen at the first 24 

hour reading, with approximately 80% of the total release occurring within this time, which 

is similar to that seen previously (Figure 2.41). There was a small ongoing CHX(aq) release 

between 24 and 48 hours, but a plateau had been reached by 72 hours. The 15:5mM+0.25%-

E-200µL coating released the greatest volume of CHX(aq) within the 96 hours (175 µmoles per 

m2 coating), with the 15:5mM+0.25%-E-100µL coating releasing approximately half that (94 

µmoles per m2 coating). SD of readings between specimens coated using the evaporative 

method was low, but was more substantial in the first 48 hours for immersion coated 

specimens. These values are statistically lower than the theoretically available CHX(aq) (Figure 

2.42). 
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Figure 2.43. Mean cumulative CHX(aq) release per metre squared of CHX-HMP coated SLA Ti into HTF under 
anaerobic conditions over 96 hours. Error bars represent standard deviation. n = 9 specimens per coating type. 
All coatings released ~80% of their total CHX(aq) within the first 24 hours, and the highest release was seen from 
the 15:5mM+0.25%-E-200µL coating. 
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2.4 Discussion  

This section of work addressed project objectives 1, 2 and 3: 

1. To produce and characterise CHX(aq)-releasing NPs  

2. To produce a surface finish on titanium similar to that used on dental implants 

3. To investigate the use of these NPs as a coating for this titanium surface, with  

An improvement in coating dispersion and homogeneity with respect to previous studies was 

an additional goal within objective 3. The NP coating was required to gradually release a 

CHX(aq) dose that could plausibly deliver effective antimicrobial activity, and would ideally be 

discontinuous across the titanium surface in order to minimise adverse effects on human 

cells.  

Key findings were: 

• CHX-HMP NPs were sparingly soluble in aqueous solution 

• Altering reagent concentration ratio altered properties of the CHX-HMP NPs, 

including self-aggregation and particle charge 

• Use of a non-ionic surfactant (P407) during precipitation caused NP dispersion and 

reduced the number of NPs formed, probably by formation of P407 micelles 

sequestering the CHX2+ ion  

• CHX-HMP NP coatings released CHX(aq) over hours or several days depending on 

substrate and environmental conditions. Use of P407 had no effect on the kinetics 

of CHX(aq) release from coatings  

• Sandblasting and acid etching of grade 4 titanium resulted in production of a surface 

that had similar characteristics and properties to commerical SLA-type surfaces 

• Immersion coating of SLA Ti with CHX-HMP NPs resulted in substantial variability in 

terms of NP deposition, and as such, loading and subsequent CHX(aq) release  

• An evaporative coating technique utilising the dispersive properties of P407 gave a 

more reproducibly coating on the SLA Ti, with a predictable CHX(aq) release volume 

and profile. The CHX-HMP coating resulted in either none or favourable changes to 

SLA Ti surface characteristics and properties 

• The evaporative coatings eventually selected for further evaluation with respect to 

antibiofilm efficacy and cytocompatibility showed a sustained release of CHX(aq) over 

7 hours of 93 and 163 µmoles/m2 respectively  
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 Characterisation of CHX-HMP suspension  

2.4.1.1 Nature of the reaction which forms CHX-HMP  

Characterisation of the CHX-HMP suspension carried out in this work allowed conclusions to 

be drawn regarding the nature of the reaction which forms it. The previously hypothesised 

3:1 CHX:HMP reagent stoichiometry was confirmed in this work; the almost zero charge 

observed in zeta potential data at a 3:1 ratio supports the previously published hypothesis 

that 3 CHX2+ ions are attracted to and react with 1 HMP6- ion to form a chargeless precipitate 

due to their respective charge (Duckworth, 2017). Measurements of pH, indicating a neutral 

solution at a 3:1 ratio (Figure 2.3), and elemental analysis conducted in this work confirmed 

this to be the case (Table 2.5).   

The dialysis process was chosen as a simple way of removing unreacted CHXDG(aq), 

NaHMP(aq), and the by-product NaG(aq) from the CHX-HMP suspension and associated 

solution down a concentration gradient, allowing collection of the aggregates for elemental 

analysis and to determine yield. During dialysis, a concentration gradient between the 

suspension and the surrounding DIW exists across the membrane, and as this removes 

soluble, unreacted reagents, this can drive a shift to the left in the equilibrium reaction 

forming the CHX-HMP, which could result in its hydrolysis into respective component ions: 

3CHX(G)
2
 + (Na)

6
(HMP) ⇌ (CHX)

3
(HMP) +  6(Na)(G) 

Equation 2.3. The equilibrium reaction resulting in the formation of CHX-HMP. 

 

Since the dialysis was conducted over a relatively prolonged period (7-10 days), this could 

result in hydrolysis of a substantial proportion of the CHX-HMP, resulting in a reduced yield, 

compared to that calculated theoretically (Appendix B: Calculation of theoretical 

composition of CHX-HMP NPs), as observed in this work. The solid retrieved from the 

dialysis was used to calculate the yield of the reaction between CHX and HMP. As 

demonstrated in Figure 2.5, less solid was retrieved than would be expected, on the basis 

of both stoichiometry of the CHX-HMP precipitate and prior observations that the 

equilibrium in the reaction is very much in favour of the solid, with ~99.5% CHX present as 

solid and ~0.5% as solute. It is likely that this lower than anticipated yield is a result of the 

experimental approach. Long periods of immersion in DIW were necessary during dialysis 

to allow diffusion of unreacted CHXDG(aq), NaHMP(aq) and other ions out of the dialysis 
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tubing. However, concurrent with this diffusion will have been some dissolution of the 

CHX-HMP solid due to the equilibrium shift to the left. Therefore the solid retrieved from 

the dialysis tubing does not represent all of the solid present at the time of precipitation, 

but that fraction that remained after an extended incubation in DIW. There is one factor 

which may explain the larger discrepancy between theoretical and experimental yield seen 

at 3:1, than at a 1:1 ratio; in the latter, excess phosphate is present and therefore the 

phosphate concentration gradient is less and thus pace of CHX-HMP dissolution is reduced. 

This could account for the approximately 30% reduction versus predicted yield, compared 

to the approximately 60% reduction in yield seen at the 3:1 ratio, where no excess 

phosphate is present, meaning a steeper concentration gradient, faster hydrolysis of the 

CHX-HMP, resulting in removal of CHX(aq) across the dialysis membrane, and a lower yield. 

Thus there are plausible explanations for the observation that the yield for CHX-HMP was 

around 30-50% of that expected at time zero.  

More complex is the observation that P407 had different effects on the retrieved mass of 

CHX-HMP: this is discussed in section 2.4.1.3.   

2.4.1.2 Structure and composition of CHX-HMP in suspension 

As reported previously (Barbour et al., 2013; Wood et al., 2015), CHX-HMP was precipitated 

upon addition of CHXDG(aq) to NaHMP(aq). The resultant white precipitates were large enough 

to be visible as aggregates by eye, and in the absence of a surfactant (P407), flocculated 

(Figure 2.2). Deposition of these precipitates onto atomically flat mica indicated the presence 

of round, nano-sized particles, which had a tendency to aggregate (Figure 2.15), explaining 

the observed settling behaviour of the precipitates. These aggregates were also seen on TEM 

imaging, where large, crystalline deposits of CHX-HMP were visible when P407 was absent, 

with individual NPs not discernible (Figure 2.6). 

Whilst particles observed using AFM imaging were of 100-250 nm diameter (Figure 2.14), 

smaller values were obtained upon TEM imaging when P407 was used to disperse particles 

(Figure 2.8) and from DLS data (Table 2.7); the latter indicated their diameter to be 

approximately 50-70 nm, but this varied substantially with reagent concentration in the 

absence of P407, whilst appearing more consistent in its presence. Subsequent data 

collected indicating zeta potential at different reagent concentrations provided an 

explanation for this variation in the absence of P407: at 1:1 and 2:1 CHX:HMP ratios, the 

particles had an overall negative charge, agreeing with values previously reported (Wood, 
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2015), and at 4:1 and above, a positive charge (Figure 2.4). The changing magnitude of this 

charge likely resulted in changes to the balance between electrostatic repulsion between 

similarly charged particles, and the weaker, attractive van der Waals forces. Greater positive 

charges would result in the attraction of negative ions present in the bulk solution – 

hydroxide and digluconate ions - to the NPs. Since the digluconate ion is relatively large, this 

could result in an increased width to the Stern layer and slipping pane, which would overall 

increase the measured dH.  

Either side of the 3:1 ratio, the charge present appeared - at least to a degree - to reduce the 

NP aggregation, resulting in smaller dH values when no P407 was present. At 3:1, due to the 

lack of charge, NP aggregation was greater, with no electrostatic charges present to prevent 

this. This resulted in NP aggregates and an apparently ‘larger’ dH at the 3:1 ratio (when no 

P407 was present). When present, however, the P407 appeared to prevent this aggregation 

(see section 2.4.1.3), resulting in more consistent dH values, regardless of charge.    

The pH of CHX-HMP suspensions (Figure 2.3) was correlated with the zeta potential on the 

particles; at the stoichiometric 3:1 ratio the pH was neutral and the surface charge zero. At 

ratios of 1:1 and 2:1, the pH was slightly basic, reflecting the excess of NaHMP(aq) present 

(Table 2.6). At ratios that resulted in an excess of the acidic solution CHXDG(aq) (4:1 and 

above), the pH was slightly acidic.   

At concentration ratios 2:1, 3:1 and 4:1 it initially appeared that a smaller volume of NPs 

formed compared to other ratios (Figure 2.2A), although this impression was not borne out 

when the suspensions were centrifuged and the sizes of pellet compared (Figure 2.2B). This 

suggests that similar masses of NPs were formed, but when the quantity of unreacted ions 

was less the overall ionic strength and zeta potential on the particles was less and thus 

particles were more densely packed in water. Whilst DLS data supported this at a 3:1 ratio, 

suggesting a larger diameter particle, at 2:1, 4:1 and 5:1 it suggested that NPs actually had 

less tendency to aggregate, since measured dH was smaller, suggesting charge was not the 

sole influence on NP aggregation. 

The zeta potential data also indicated that at relatively small charges, as seen here (less than 

±30 mV), attractive van der Waals forces between the NPs were greater than the repulsion 

caused by their similar electrostatic charges, resulting in NP coagulation or flocculation. Thus, 

the variation in CHX-HMP particle dH measured using DLS is unlikely to be a change in the 
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diameter of the NPs themselves, but reflects an increased tendency of the NPs to aggregate 

due to van der Waals forces, resulting in apparently ‘larger’ particles with DLS measurement.  

Elemental analysis (Table 2.5) of the precipitates confirmed that the NPs were composed of 

carbon (C), hydrogen (H) and nitrogen (N), as might be expected given the reagents used to 

precipitate them, as well as chlorine (Cl) and phosphorus (P). Cl and P were present in similar 

ratios to each other in suspensions produced both +/- P407, whilst the overall percentage 

mass of C and H increased when P407 was present, attributable to the structure of this large 

molecule (Figure 2.1). The P407 was retained in the dialysis tubing, alongside the slowly 

soluble NPs, due to its diameter being larger than the 3.5 kDa pores present, resulting in its 

presence in samples which underwent elemental analysis.  

Presence of P and Cl in the CHX-HMP aggregates facilitated identification of NP deposits 

using TEM with EDX, and the map data for precipitates produced both +/- P407 indicated a 

homogeneous composition rich in P and Cl, supporting the hypothesised structure of the NPs 

(Figure 1.11). EDX peaks for both elements were of similar magnitude, indicating a similar 

volume of each present, as expected for a chargeless particle of this type, based on 

stoichiometry. A background spectrum contained no Cl or P signals, confirming that this was 

a suitable method for detection of NP deposits. Presence of sodium (Na) in EDX spectra and 

maps may indicate surplus of the reagent NaHMP(aq) or the reaction product NaG(aq), which 

also dried down onto the TEM grid. 

2.4.1.3 The effect of using the P407 surfactant 

As discussed previously (section 2.2.1), a surfactant was used to reduce aggregation of the 

CHX-HMP, with the eventual aim of producing a homogeneous but discontinuous coating on 

SLA Ti. P407 was selected due to its favourable cytotoxicity profile, and potential to increase 

antimicrobial susceptibility of bacteria (Dumortier et al., 2006; Escobar-Chávez et al., 2006). 

It was visibly clear that when P407 was present during precipitation, CHX-HMP had a reduced 

tendency to aggregate, and less precipitate overall was formed. This was illustrated by 

macroscopic observations of a more homogeneous suspension with a ‘cloudy’ appearance 

produced with P407, indicating the presence of finer particles, which had less tendency to 

aggregate and flocculate than those produced without. The DLS data echo these 

observations, indicating a consistent NP diameter of 50-70 nm in the presence of P407, 

regardless of reagent concentration ratio (and thus charge), suggesting the P407 prevented 

NP aggregation, regardless of NP charge. Whilst the trend of charge as a function of 
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component ion ratio was unaffected, the magnitude of charge was reduced in the presence 

of P407 (Figure 2.4).  

The dispersive effect of P407 was confirmed with AFM imaging, although slightly larger NP 

diameters (circa 100 nm) were observed here; CHX-HMP suspensions produced without 

P407 formed clusters on mica, whilst those produced with P407 resulted in a finer, more 

even dispersion (Figure 2.18). In conjunction with DLS data, AFM images confirmed that the 

CHX-HMP particles were nanoscale, but in the absence of P407 tended to aggregate and 

sediment.  The use of P407 resulted in changes that were also detectable microscopically: 

individual NPs – rather than larger crystalline agglomerations - were visible with TEM, 

although a tendency to aggregate persisted (Figure 2.8). However, the “honeycomb” like 

appearance which lead to this conclusion may equally be an artefact of drying the suspension 

onto a grid for TEM analysis. As when precipitated without P407, the particles demonstrated 

a homogeneous composition containing P, Cl, C, N and O, supporting the view that P407 

affected only their aggregation. NPs ranged in size on TEM from approximately 10-65 nm in 

diameter, and whilst the upper end of this range concurs with dH figures from DLS 

measurements, smaller diameter CHX-HMP NPs have not been reported previously, possibly 

because they have not been precipitated in the presence of a surfactant. 

These observations suggested that the P407 reduced - but did not prevent - the formation 

of CHX-HMP particles, and reduced particle aggregation. These effects are plausible, since 

P407 is widely used for dispersion of particles by virtue of its surfactant properties (Escobar-

Chávez et al., 2006). The mechanism for this could be related to its ability to form micelles: 

P407 has a critical micelle concentration of 49.4 µM at 25˚C (equivalent to 0.06%; Ćirin et al., 

2017), so at the concentration used here (0.5%) is likely to have formed micelles. Since P407 

was dissolved in DIW prior to addition of the reagents, these micelles would have been 

present during CHX-HMP precipitation. It was therefore hypothesised that these micelles 

could sequester the CHX2+ ion: the P407 molecule is a very large, long chain, hydrophilic at 

each end due to presence of a charged group, but uncharged – and so hydrophobic – along 

its central region (Figure 2.1), resulting in a tendency to form micelles. CHX2+ also contains a 

central hydrophobic region (Figure 1.10), and so, in the presence of P407 in aqueous 

suspension, it is possible that the central hydrophobic regions of both may be in close 

approximation, shielded from aqueous suspension by the hydrophilic end regions of the 

P407 molecule “wrapping” around the hydrophobic regions of both molecules to form a 

micelle. This may physically prevent reaction of the CHX2+ with the HMP6- ion, thereby 



Chapter 2:  CHX-HMP synthesis, characterisation and production of coating on titanium 

 

119 
 

resulting in reduced NP formation, as observed here. Where the orientation of the CHX2+ 

held within the P407 molecule enables approximation of HMP6-, a NP does form, but the 

spacing between the CHX2+ ions is dictated by the large size of the P407 molecule, which thus 

influences the density of the NP suspension. Additionally, these large micelles could provide 

a further physical barrier, preventing aggregation of any CHX-HMP NPs which do precipitate.  

FTIR was therefore carried out on NP aggregates formed with and without P407 in an 

attempt to ascertain whether the above mechanism was a feasible explanation for the 

effects of P407, or whether other (bonding) changes were occurring. Interpretation of this 

data was challenging, since the low concentration at which P407 was used during NP 

precipitation (0.5%) meant that signals from this molecule and any changes to the CHX-HMP 

spectrum were weak, and potentially masked by signals from other regions e.g. phosphate 

groups, which tend to have strong vibrations and large peaks.  

When comparing FTIR spectra for CHX-HMP produced with and without 0.5% P407, small 

variations were visible in the traces, but these did not correspond to peaks for the P407 

spectrum, and as such are likely to represent normal inter-sample variation. As such, there 

was no evidence that P407 caused changes in bonding of the NPs or interacted directly with 

the reagents, as expected for an anionic substance such as P407. Based on observational 

data, and that collected from DLS and zeta potential measurements, the P407 did clearly 

have a stabilising and dispersive effect on the NP suspensions, but in the absence of changes 

seen on FTIR, this is likely to be physical, rather than chemical, in nature.  

When the EDX spectra for NPs produced at 5:5 mM and 15:5 mM concentrations with 0.25% 

P407 were considered, the relative magnitude of P and Cl signals were similar at both ratios, 

although the P signal was approximately twice that of Cl, as shown in Figure 2.11. Thus, 

reagent concentration ratio did not appear to affect the P:Cl ratio, suggesting that P407 had 

more influence on CHX-HMP NP formation than did an excess of CHX(aq).   

The use of P407 during CHX-HMP precipitation had an effect on yield: for the 5:5 mM 

suspension, the quantity of CHX-HMP formed was less in the presence of P407 than without. 

Unexpectedly there was an apparent increase in product for the 15:5 mM CHX-HMP in the 

presence of P407. This difference in yield between NPs produced with and without 0.5% 

P407 is of interest with respect to the previous hypothesis of an equilibrium reaction 

producing the CHX-HMP, rather than a linear end point reaction: a higher yield was obtained 

when the NP suspension was produced in the presence of P407 versus without, after 
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accounting for the mass of P407 that would be retained by the dialysis membrane (0.36 g 

without, 0.57 g/100 mL with P407). This does not reflect previous observations of NP 

suspensions produced with P407, which appeared to contain a lower mass of NPs. This could 

indicate that the NPs were less soluble when P407 was present, and did not break down and 

release CHX(aq) as readily in response to the concentration gradient present across the dialysis 

membrane, suggesting P407 had a stabilising effect. Alternatively, the NPs may still hydrolyse 

to release CHX(aq), but the hydrophobic portion of the CHX2+ ion in aqueous suspension may 

continue to be physically sequestered by the P407, preventing it from crossing the dialysis 

membrane. Upon drying down of the membrane contents to determine yield, this 

contributes to the apparent ‘yield’, resulting in an overestimation of the mass of CHX-HMP 

present.  Alternatively, this may simply be due to a difference in dialysis duration between 

different suspensions. This was not explored further here, since the principal aim of the 

dialysis was to retrieve purified solid for analytical purposes, and yields for each set of 

experimental conditions were a secondary finding. 

Thus, at 0.5% w/v concentration, P407 was an effective means of dispersing the NPs, 

stabilising their size, and reducing the extremes of their charge, as evidenced by visual 

observations, TEM, DLS and zeta potential data. FTIR data indicated that there were no 

bonding changes associated with it use, and therefore these effects were most likely 

achieved via a physical mechanism. This mechanism appeared to exert greater influence than 

the attractive forces between NPs, at any charge, when determining NP dispersion. Further 

investigation of this mechanism could be undertaken, but in this work, the use of P407 was 

merely a means to achieve predictable NP dispersion and stability, and as such, its 

mechanism of action was not investigated further.  

2.4.1.4 Deposition and coating properties of CHX-HMP suspensions 

Prior to production of relevant SLA Ti substrates, glass coverslips and mica discs were 

immersion coated with CHX-HMP NPs to investigate the effect of various parameters on their 

deposition. These included coating time, reagent concentration, stoichiometry and use of 

P407. How these affected subsequent NP hydrolysis and release of CHX(aq) was also 

determined using elution studies.  

In the absence of P407, a clear dose-response relationship was visible with increasing coating 

time and reagent concentration (Figure 2.19 and Figure 2.20), as might be expected given 

the increased time or volume of NPs available for deposition onto substrates. Previous work 
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has also shown deposition of CHX-HMP NPs onto silicones in a dose-dependent manner 

according to coating time (Garner et al., 2015), along with associated increases in volumes 

of CHX(aq) released.  

As coating time and reagent concentration were increased, very large, thick deposits of CHX-

HMP formed on substrates (Figure 2.16 and Figure 2.17), confirming their previously 

observed tendency to cluster, with other areas showing little or no deposition, resulting in 

an inhomogeneous coating. This suggested that the NPs preferentially self-adhered rather 

than attached to the substrate, resulting in substantial variability in CHX-HMP deposition, 

and subsequent variable CHX loading and CHX(aq) release. Smaller and fewer deposits were 

seen on the mica substrate than on the glass coated for the same time at the same 

concentration (compare Figure 2.16 and Figure 2.17 with Figure 2.18); this may be related to 

differing surface properties, or may simply represent inter experiment variability. The cracks 

seen on thick CHX-HMP aggregates are likely to have formed as water has been lost from the 

coating during drying. These increase the surface area of the coating, and might result in 

faster hydrolysis of the CHX-HMP, and a “burst” CHX(aq) release profile in elution assays.  

When P407 was introduced during NP precipitation and deposition, there was a large 

reduction in both the number and size of NP deposits on both mica and glass, correlating 

with previous observations of reduced volume of NP formation and increased dispersion due 

to a physical interaction of the P407. The images presented here led to the conclusion that 

P407 could be a useful means of dispersing the NPs when using them for substrate coating, 

which could result in a more homogeneous coating. This could result in a more predictable 

CHX(aq) release from a coated surface, and possibly a more tunable antimicrobial effect. 

2.4.1.5 Release of CHX(aq) from CHX-HMP coated surfaces 

Initially (section 2.3.2.2), all elution assays were performed in DIW to minimise factors which 

could affect CHX(aq) release; earlier pilot studies (Wood, 2015) showed that solutions of 

higher ionic strength appeared to accelerate this process. Subsequently, and with a clearer 

idea of how factors tested affected CHX(aq) release, simulated tissue fluids were used to 

conduct elution assays, which had the advantage of more closely mimicking the fluid which 

would surround a newly placed implant (section 2.3.4).  

As expected from AFM and SEM images showing larger and more numerous NP deposits, 

substrates coated with suspensions formed from a higher concentration of reagents, and for 
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a longer period of time, resulted in elution of a larger volume of CHX(aq), reflecting the dose-

response effect. However, only a 3 times greater CHX(aq) release was seen from glass coated 

with NPs formed at a 10 times higher reagent concentration (without P407); based on SEM 

images, this is due to the irregular nature of the NP coating. This suggests that, whilst there 

are potentially 10 times more NPs produced at this concentration, not all are deposited onto 

the substrate. This could be due to both flat surface morphology and lack of charge on the 

glass coverslips, resulting in reduced NP attraction and adhesion. As such, the dose-response 

effect, whilst present, was not linear or proportional to an increased reagent concentration.  

Surfaces coated in the presence of P407 released less  CHX(aq compared to those coated using 

the same suspensions without. This is likely to reflect a reduction in the mass of NPs 

precipitated and deposited on the substrates, as observed previously, rather than failure of 

the NPs to hydrolyse and release CHX(aq). The concentration of P407 used appeared to be 

more important at lower reagent concentrations: on a 0.5:0.5 mM coating, higher volumes 

of CHX(aq) were released from surfaces coated with NPs at greater concentrations of P407 

(Figure 2.20). This is unlikely to be due to greater NP deposition, based on imaging data. It is 

more likely due to the P407 remaining on the surface of the coverslip during the brief (10 

seconds, static DIW) washing process, and sequestering CHX(aq). This is subsequently released 

over the elution period - alongside that from hydrolysis of CHX-HMP - to produce an 

artefactually ‘higher’ CHX(aq) release. 

For all coatings on glass specimens, the majority of CHX(aq) was released during the first 1-2 

days. This is a larger and more sustained release when compared with various substrates 

exposed to CHXDG(aq) solutions for the same time periods as has been previously reported 

(Wood et al., 2014, 2015; Garner et al., 2015) although is still comparatively short-lived. 

Given that these surfaces were immersed in large quantities (compared with the likely 

volume of peri-implant fluid) of agitated liquid this may not accurately reflect the duration 

of CHX(aq) release in vivo. Irrespective, the magnitude of CHX(aq) release was greater than that 

reported previously using a ‘coating’ of CHXDG(aq) (Wood et al., 2015). The apparent ongoing 

CHX(aq) release seen in one elution (Figure 2.20) between day 5 and day 30 is likely to be due 

to small variations in the low absorbance readings of samples and calibration standards, 

rather than a true ‘release’ of CHX(aq). When used to calculate CHX(aq) release from a large 

surface area (i.e. here, calculating release per metre squared based on that released from  
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12 mm diameter glass discs), these small variations result in compounding of small 

differences giving the false impression that CHX(aq) release is ongoing and variable.  

 

 Characterisation of SLA Ti surface 

A SLA Ti surface was selected for use in this work, since this is one of the most commonly 

used surface preparations for dental implants (Albrektsson et al., 2005). Based on other 

methods reported (MacDonald et al., 2004; Barfeie et al., 2015; John et al., 2015), a 

technique for reliable production of this type of surface was devised, with SEM imaging and 

values obtained for physical surface properties indicating that the production method 

resulted in a surface with similar characteristics to those found on commercial dental 

implants. SEM images of the SLA Ti surface demonstrated a micro scale roughness, which 

appears morphologically similar to other SLA type implant surfaces in research and clinical 

use (Dohan Ehrenfest et al., 2014). There is substantial variation in surface morphology 

between different SLA Ti dental implants (Sezin et al., 2016), which, given that the surface 

type is determined by its method of production, rather than by particular parameters for 

surface characteristics, is to be expected. 

The SLA Ti surface developed for this work was produced based on methods reported 

elsewhere, and adapted to the facilities available in the laboratory. The surface was 

characterised visually, physically and chemically and, based on the parameters measured, 

appeared to be similar to other SLA Ti surfaces reported in the literature with respect to 

these characteristics, including implants in clinical use (Table 2.10). This gives some external 

validity to the findings of this work. However, for practical reasons, only select analyses were 

performed, particularly with respect to chemical surface characterisation. Contact angle and 

surface roughness are two commonly reported values which influence human and bacterial 

cell response to a surface. Values for these parameters for the SLA Ti surface developed here 

were similar to those determined in other work (Buser et al., 2004; Elias et al., 2008; Rupp 

et al., 2011; Almaguer-Flores et al., 2015; Di Giulio et al., 2015; Miao et al., 2017), suggesting 

it has physical properties amenable to a positive biological response. This could result in 

positive effects on osseointegration, as observed in animal studies for other SLA type surface 

preparations (Buser et al., 1998, 1999; Cochran et al., 2002; Buser et al., 2004; Bosshardt et 

al., 2017). 
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 Contact angle 

Reported contact angles for surfaces similar to the SLA Ti produced here range from 80-138˚ 

(Buser et al., 2004; Elias et al., 2008; Rupp et al., 2011; Almaguer-Flores et al., 2015; Di Giulio 

et al., 2015; Miao et al., 2017), representing a spectrum of surfaces from the hydrophilic to 

the hydrophobic. The value determined in this work for uncoated SLA Ti was 84.4˚, indicating 

it is hydrophilic. A similar contact angle (83.5˚) was reported for an SLA Ti surface which 

showed increased adhesion of plasma proteins, including fibronectin - involved in cell-

surface adhesion, after incubation with human plasma: this increase was attributed to a 

hydrophilic contact angle, increased roughness and a greater surface area  (Sela et al., 2007). 

Increased adhesion of plasma protein and increased blood clot retention subsequently 

results in large numbers of cells in close proximity to the implant surface; as the blood clot 

breaks down and is replaced by cells and tissue during healing, this allows osteoblast 

precursors to populate the surface and commence the process of osseointegration (Le 

Guéhennec et al., 2007; Bok et al., 2015). Increased surface hydrophilicity thus may assist in 

osteoblast adhesion and proliferation during healing after implant insertion, with resultant  

positive effects on osseointegration (Buser et al., 1999; Cochran et al., 2002; Buser et al., 

2004; Le Guéhennec et al., 2007; Sezin et al., 2016; Bosshardt et al., 2017). In vivo studies 

have shown that more hydrophilic surfaces result in higher bone to implant contact (BIC) 

(Buser et al., 2004), and it is considered that this favours faster (Bosshardt et al., 2017) and 

stronger (as assessed by removal torque) osseointegration (Buser et al., 1998, 1999).  

 Surface roughness  

The produced SLA Ti surface was shown to be isotropic with respect to its roughness, with a 

mean Ra of 1.248 µm (SD 0.061 µm). Under the system described by Albrektsson and 

Wennerberg (Albrektsson et al., 2004), it is classified as “moderately rough”, which is similar 

to other SLA surfaces described, with Ra values in the range 0.75 – 1.44 µm (Elias et al., 2008; 

Di Giulio et al., 2015; Miao et al., 2017). This micrometre-scale roughness reflects the 

irregular ridging and pitting seen on the SEM images, and a moderately rough surface is 

considered to be optimal for osseointegration (Albrektsson et al., 2005; Le Guéhennec et al., 

2007; Andrukhov et al., 2016); it encourages attachment and retention of the initial blood 

clot, and later, osteoblast precursor cells. Whilst many microscopically rough surfaces allow 

formation of undesirable bacterial biofilm (Dal’Agnol et al., 2015; Di Giulio et al., 2015), this 

one being no exception, it is considered that Ra of 1-2 µm gives the best compromise with 

regards to this, since it also facilitates adhesion of hMSCs and ultimately osseointegration. 
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A previous in vitro study has shown the optimal Ra for osteoblast differentiation to be 1-2 

µm (Albrektsson et al., 2005; Andrukhov et al., 2016), with the highest expression of ALP, 

osteocalcin and VEGF seen on such surfaces (Andrukhov et al., 2016). However, the authors 

also report that, as roughness increased, proliferation of MG-63 cells (MSCs) decreased. With 

an Ra of 1.248 µm, the SLA Ti surface produced in this work sits within this range and so it 

was expected to promote hMSC attachment, growth, proliferation and osteoblastic 

differentiation, and this was confirmed during later cytocompatibility assays. It has been 

suggested that, as with hydrophilicity, this is due to increased plasma protein adsorption 

(Sela et al., 2007), resulting in greater cell attachment and stimulation of a biological 

response, resulting in increased osseointegration. Data presented in chapter 4 support this, 

clearly demonstrating the ability of hMSCs to attach to and proliferate across this surface.  

The pitting seen on SEM images contributes to this roughness and the macroscopic surface 

morphology, which is a result of the production protocol: sandblasting with Al2O3 particles 

produces large, irregular, micrometre scale defects, and the subsequent etching with acid is 

used to produce pitting within these larger features, in order to further increase surface area. 

This roughness and surface morphology allows greater cell attachment and thus has a 

significant influence on the adhesion, growth, proliferation and in some cases differentiation 

(Dohan Ehrenfest et al., 2010; Kim et al., 2015; Andrukhov et al., 2016; Sezin et al., 2016; 

Bosshardt et al., 2017) of human mesenchymal stem cells (hMSCs), as well as microorganism 

adherence and early biofilm formation (Wu et al., 2011; Dal’Agnol et al., 2015; Di Giulio et 

al., 2015; Han et al., 2016). The importance of maximising the adherence of hMSCs whilst 

minimising that of microorganisms is the key challenge of implant surface development 

(Grischke et al., 2016; Gröbe et al., 2016), and clinical studies show that despite the tendency 

for microorganisms to adhere to surfaces with this morphology, these implants still 

osseointegrate and perform well in patients (Cochran et al., 2002, 2007).  

The high BIC seen with roughened surfaces results in good primary biomechanical stability 

of the implant, and many studies have shown that titanium implants with a large surface 

area and moderate roughness also promote faster osseointegration and higher removal 

torque (Buser et al., 1991, 2004; Cochran et al., 2002), probably due to the increased contact 

area between bone and implant. As a result, this type of surface finish is routinely used in 

dental implant manufacture (Albrektsson et al., 2005). The physical characteristics of the SLA 

surface developed here were similar to those used in other areas of implant research.  
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Samples produced in this work were stored dry and in air prior to coating and analysis, and 

this could have resulted in formation of a thicker TiO2 layer, which may have affected surface 

properties and hence cell response. An increased thickness to the oxide layer has been 

reported to result in increased osteoblast adhesion and faster osseointegration (compared 

to machined surfaces) (Sul et al., 2002; Ivanoff et al., 2003). Implants used clinically are often 

prepared and stored in a nitrogen atmosphere, with the aim of preventing uncontrolled 

surface oxidisation and deposition of undesired molecules present in air. Alternatively, 

implants may be stored in sterile isotonic sodium chloride immediately after etching to avoid 

deposition of hydrocarbons from the atmosphere, which can alter surface hydrophilicity 

(Rupp et al., 2006), and even traces of chemicals present on implant surfaces as a result of 

their manufacturing process can have a significant effect on bacterial and human cell 

responses to the surface (Kotsakis et al., 2016). As such, further physical surface 

characterisation and modification based on the findings would be required to directly mimic 

clinically available surfaces.  

 

 Characterisation of SLA Ti coated with CHX-HMP  

Following production and characterisation of the SLA Ti surface, the effects of coating time, 

coating method, reagent concentration and ratio, and use of P407 on CHX-HMP deposition 

onto SLA Ti were investigated. The previously reported CHX-HMP coating on titanium that 

was the basis for this work exhibited CHX(aq) release into water at a rate of approximately 1 

µmole/m2 coating per day, which was adequate to significantly reduce numbers of adherent 

and planktonic S. gordonii (Wood et al., 2015). This informed CHX-HMP loading when 

developing the coatings here, with the aim being to achieve a prolonged CHX(aq) release of at 

least 100 µmoles/m2 over several days, as might be required to prevent bacterial adhesion 

during implant healing (Zhao et al., 2009). This coating would ideally be discontinuous across 

the titanium – to facilitate hMSC adhesion – but with CHX-HMP deposits distributed regularly 

enough to ensure similar volumes of CHX(aq) release across the entire specimen, enabling a 

consistent antimicrobial effect. Methods for reducing variability between specimens were 

also investigated.  

SEM images and EDX data of coated SLA Ti allowed qualitative assessment of each coating 

process, and were used to inform interpretation of elution data, whilst the physical 
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characteristics of contact angle and Ra provided further confirmation of the similarity of the 

developed coatings to others already in research and clinical use.  

2.4.3.1 Qualitative assessment of coating methods for SLA Ti 

An immersion technique for coating SLA Ti specimens resulted in an inhomogeneous coating: 

on the same specimen there could be large areas of thick deposits, surrounded by areas with 

no visible deposits. This was the case irrespective of reagent ratio, reagent concentrations or 

coating times. This variability in deposition was also reflected in the large variances seen in 

CHX(aq) elution. The reason for areas of different deposition density on the SLA Ti may be 

related to the previously observed tendency of the NPs towards self-aggregation, rather than 

to adhesion onto the Ti, or variability in deposition during coating; specimens were subject 

to ongoing rapid stirring in the centre of a reaction beaker. This would have resulted in 

different speeds in the NP suspension at different distances from the stirrer bar, which may 

have favoured deposition of different sized NP aggregates at different distances from the 

stirrer. This is one of the likely causes for the greater intra and inter specimen variability 

observed with this coating technique. Greater understanding of the reason for this 

inhomogeneity was not explored during this work, particularly since use of the P407 

appeared to improve this somewhat with immersion coating, and moreso using the 

evaporative coating technique. Additionally, the method by which the CHX-HMP attaches to 

the titanium was determined: it is hypothesised that some form of electrostatic interaction 

between the NPs and the TiO2 layer exists, although again, further exploration of this 

interaction was not undertaken here. In the future, determining the mechanism of CHX-HMP 

attachment to the SLA Ti surface could aid further improvements to the method and thus 

consistency of CHX-HMP deposition. 

When 0.5% P407 was used to disperse the NPs during immersion coating, CHX-HMP deposits 

were smaller and more scarce (Figure 2.24), demonstrating again that the surfactant had a 

substantial effect on NP aggregation in suspension and subsequent deposition. Although the 

inter and intra coating variability was reduced in the presence of P407, the coating was still 

heterogeneous and poorly controlled. For both coating methods, the large surface area 

afforded by the microrough SLA Ti topography resulted in NP deposition into and around 

surface features (Figure 2.21), which may have aided their retention during surface coating 

and washing, contributing to the sustained pattern of CHX(aq) release observed during elution 

assays, since the CHX-HMP aggregates were physically sheltered from concentration 

gradients in small fissures and niches.  
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Distribution of CHX-HMP aggregates across the SLA Ti was qualitatively more homogeneous 

using an evaporative coating technique (Figure 2.26) compared to that seen with the 

immersion method. This could be due to the evaporative coating technique itself, or the 

reduced concentration of P407 used during NP precipitation (0.25%), or a combination of 

both. Whereas immersion coating was inherently uncontrollable once the NPs were 

precipitated, the evaporative technique involved deposition of a defined volume of 

suspension onto each specimen, and it could be confidently assumed that, having been taken 

from the same rapidly stirring suspension, each volume would contain a similar mass of NPs, 

distributed at a roughly uniform density throughout the aliquot. The only movement 

occurring in the aliquot once pipetted onto the specimen would be Brownian motion, which 

likely caused only relatively small movements of the NP aggregates, resulting in a fairly 

uniform distribution of the aggregates throughout the aliquot, and subsequently an even 

dispersal across the SLA Ti surface as the aqueous portion evaporated.  

The dose-response effect on CHX-HMP loading and propensity for NPs to aggregate was 

demonstrated by the presence of larger CHX-HMP deposits on the 15:5mM+0.25%-E-200µL 

coating (compared to 15:5mM+0.25%-E-100µL), which was as would be expected, given that 

double the volume of NP suspension was placed onto the former during evaporative coating. 

It also confirmed that, whilst the surfactant used during precipitation of the NPs reduced 

aggregation on a macroscopic level, it did not prevent aggregation of the NPs on the smaller 

scale of the SLA Ti surface. This previously observed tendency to form irregular aggregates 

on a substrate is undesirable in terms of the reproducibility and homogeneity of the coating, 

since an unevenly distributed coating may have a variable effect on both microorganisms 

and human cells which come into contact with it, and earlier studies with this conclusion 

prompted the investigation of the use of P407 in this work to reduce NP aggregation and 

thus potentially improve coating homogeneity. 

Use of SEM and EDX on evaporatively coated specimens allowed identification of elements 

present in the suggested CHX-HMP structure: P and Cl. These were present in similar 

amounts, as indicated by similar cps during EDX analysis (Figure 2.29). However, cps for Cl 

and P were considerably lower than those for other elements, suggesting that the coating 

was sparse and relatively thin: based on the spectral counts relative to those of Ti, it could 

be predicted that the coating occupied only approximately 5% of the surface area, which 

concurs with SEM images showing large areas of Ti with no visible NP aggregates. The signals 

for P and Cl in visibly uncoated areas were low, suggesting presence of either very small NP 
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deposits, not visible on SEM at this resolution, or unreacted aqueous CHX2+ or HMP6- ions, or 

background signal: weak P and Cl signals were present on areas of uncoated SLA (Figure 

2.28). This analytical technique was being used at the very limits of its detection parameters 

(approximately 1 µm laterally for elements with a low atomic number, and 1 – 2 µm in depth). 

Since NP aggregates can be smaller than this, some may also therefore have gone 

undetected. The rough morphology of the SLA Ti surface, along with the fact that the source 

of the electron beam and the X-ray detectors are not in the same plane, also means there 

would have been areas of NP coating which were not excited by the electron beam, and X-

rays emitted which were not detected due to their being scattered away from the detector, 

resulting in a ‘shadowing’ effect. As such data from this technique can only be considered 

qualitatively, and quantitative comparisons of cps between different scans are meaningless.   

2.4.3.2 Surface characteristics of CHX-HMP coated SLA Ti 

2.4.3.2.1 Contact angle 

The water contact angle on evaporatively coated SLA Ti was slightly hydrophilic (i.e. contact 

angle <90˚) (Figure 2.31), which is beneficial on dental implants, as outlined previously. The 

higher, more hydrophobic contact angle seen with the 15:5mM-I-30min coating - produced 

without P407 - reflects both the larger deposits of NPs, and their relative insolubility, as seen 

on SEM. These data therefore suggest that of the 2 coating techniques, the evaporative one 

appears to result in a potentially more biologically favourable surface.  

2.4.3.2.2 Surface roughness 

The Ra values for the evaporatively coated SLA Ti indicate both coatings resulted in a 

moderately rough surface finish, as seen on uncoated SLA Ti. As discussed above, this is 

considered to be optimal for dental implants (Albrektsson et al., 2005; Le Guéhennec et al., 

2007).  

The reason for the small, (not statistically significant) differences in roughness between 

evaporatively coated and uncoated SLA is unclear and is likely to represent normal 

experimental variation, since there was no trend with increasing volume of CHX-HMP 

deposition. The apparent statistical difference between the two evaporative coatings (Figure 

2.32) is unlikely to be biologically significant. By contrast, the Ra value for the immersion 

coated substrates was shown to be statistically different compared to uncoated SLA Ti and 

both evaporative coatings, although again, this difference was small, and still sat within the 

reported range for SLA type surfaces. 
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2.4.3.3 Chemical characterisation of CHX-HMP coated SLA Ti: CHX(aq) release 

2.4.3.3.1 General observations 

Elution assays were used to determine the kinetics of CHX(aq) release from the CHX-HMP into 

a solution which in some way mimicked the environment into which an implant would be 

placed. Rate and magnitude of CHX(aq) release are important factors when facilitating hMSC 

adhesion whilst simultaneously preventing bacterial colonisation. CHX(aq) release rate, as 

assessed by the simple elution model used here, is unlikely to accurately represent the true 

clinical situation. Rather, at an implant site, the presence of a blood clot, bone particles and 

cells involved in the healing response would likely impede CHX(aq) release and removal from 

the site, and so could result in a slower release and a greater accumulation of CHX(aq). 

Whether this would be adequate clinically to prevent bacterial contamination whilst not 

impairing osseointegration would require further investigation using a more specialised 

model. Conversely, tissue fluid movement in the area after surgery as part of the healing 

response could also result in some removal of CHX, and so it is difficult to estimate the rate 

at which this may occur, and for how long CHX released from an implant coating might 

remain in the immediate vicinity.  

In other models CHX(aq) release has been shown to differ in a salt containing solution versus 

DIW (Wood, 2015; Luo et al., 2017), therefore it was felt that using a solution similar to that 

found in vivo was important. After trialling several simulated body fluids, HTF was selected 

for use in elution assays, in which CHX(aq) demonstrated good stability over 14 days.   

Both immersion and evaporative coating of SLA Ti substrates exhibited an initial rapid release 

of CHX(aq), followed by a more prolonged release; a profile which has been reported for 

similar in vitro models using CHX-containing surfaces or coatings (Barbour et al., 2013; 

Garner et al., 2015; Wood et al., 2015), as well as other antimicrobial agents, such as the 

antibiotics doxycycline (Ferreira et al., 2017) and cefazolin (Gimeno et al., 2015) in dental 

and orthopaedic research. Priyadarshini et al (2016) reported CHX-containing ‘nanocapsules’ 

demonstrated an initial burst – similar to that seen here - followed by a more prolonged 

release, with approximately 80% of the total CHX(aq) being released into PBS by 25 days. 

Another group also produced nanoparticle encapsulated CHX(aq) in an attempt to reduce oral 

bacterial biofilm growth, but, similar to here, were only able to achieve CHX(aq) release (into 

DIW) for a relatively short period (6 hours) (Seneviratne et al., 2014). However, presence of 
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the released CHX(aq) did suppress growth of a 4 species anaerobic biofilm for up to 72 hours, 

suggesting a prolonged release of CHX(aq) may not be essential in controlling biofilm growth, 

provided that which has already been released remains local to the area. 

A study investigating encapsulation of CHX(aq)  into micro- or nano-sized particles with a 

similar aim of achieving a slow release, reported different release profiles into PBS, 

dependent on the presence or absence of an encapsulation layer, with the latter favouring a 

more prolonged CHX(aq) release (Luo et al., 2016). The same group went on to develop 

electrospun fibres containing CHX particles, which released CHX(aq) over 27 days, 

demonstrating that it is possible to tailor CHX(aq) release using a biodegradable coating. They 

also observed much higher CHX(aq) release into DIW compared to PBS, suggesting the 

presence of salts in the solution has a substantial effect on the rate of CHX(aq) release and/or 

coating breakdown (Luo et al., 2017), as has also been observed with previous CHX-HMP 

coatings (Wood, 2015).   

Other studies aiming to achieve a prolonged CHX(aq) release include a design for a dental 

implant containing a reservoir which can be loaded with CHX(aq); at a 5 mM concentration, it 

was steadily released over 10 days into a solution mimicking gingival crevicular fluid (GCF), 

at an equivalent of 100  µmoles/m2 per day (De Cremer et al., 2017). This is a similar level of 

release, but much more sustained, than that achieved here; on the 15:5mM+0.25%-E-100µL 

coating, a mean total CHX(aq) loading of just over 100 µmoles/m2 was achieved, the majority 

of which was released over just 4 hours.  

Whilst in orthopaedic research, 6 hours is considered to be the critical period post-surgery 

for preventing bacterial adhesion and biofilm infection of implants (Gimeno et al., 2015), in 

dentistry, this period is longer due to placement of the implant in a non-sterile field: a 

number of days will pass whilst the mucosa heals around the implant and can prevent 

bacterial ingress into the peri-implant tissues (Zhao et al., 2009). As such, it is likely that the 

CHX(aq) release periods seen in elution studies here, whilst achieving an initial burst which 

may prevent initial bacterial adhesion and biofilm formation, are unlikely to sustain this 

release at an adequate level to have an ongoing effect past the first 24-48 hours, unless the 

released CHX(aq) is retained in a closed environment and the concentration of it is cumulative, 

as in the elution studies.  
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2.4.3.3.2 Total available CHX(aq) 

It was already known that the CHX-HMP rapidly hydrolysed in 2 M HCl to release CHX(aq), and 

so immersion of coated specimens into this acid was used to determine the total available 

CHX(aq) and also monitor intra and inter-batch CHX-HMP loading variability; immediate 

hydrolysis of all available CHX was confirmed by SEM images of coated specimens taken 

before and after elution into 2 M HCl, and spectrophotometric data indicated no change in 

cumulative volume of CHX(aq) after the initial burst release just after time 0.  

In general, surfaces immersion coated in the presence of P407 released a similar volume of 

CHX(aq) into both HTF and 2 M HCl, albeit with a slower initial release into HTF. When P407 

was not used, there appeared to be considerable discrepancy between the total available 

CHX(aq) and that released from surfaces into HTF. However, given the size of the error bars, 

indicating substantial variability in CHX(aq) release between specimens, this is probably not a 

true difference but reflective of the inherent variability seen with the immersion coating 

technique when P407 was not used to control NP dispersion.  

This substantial variability was also demonstrated by data in Figure 2.37, which shows the 

mean total available CHX(aq) for immersion coatings produced with 0.5, 0.25% and no P407. 

Each data point is the mean of an individual assay, with the pooled mean represented by a 

bar. As concentration of P407 increased, inter-experiment variability decreased, suggesting 

the P407 to some degree helped to regulate NP deposition onto SLA Ti, although inter-assay 

variability was still substantial, as evidenced by the spread of the data points. By contrast, SD 

within batches of evaporatively coated SLA Ti ranged from 1% to 15% (Figure 2.41), with less 

variability between batches compared to immersion coatings (Figure 2.42).  

2.4.3.3.3 CHX(aq) release from immersion coated SLA Ti 

An immersion coating technique has been successfully used previously with CHX-HMP, 

resulting in adequate deposits of NPs onto Ti and silicone to achieve a sustained release of 

CHX(aq) for over 100 days (Garner et al., 2015; Wood et al., 2015). Therefore, initially, this 

technique was again employed for CHX-HMP NP deposition onto SLA Ti, alongside various 

combinations of reagent concentration, ratio, coating time and concentration of surfactant.  

2.4.3.3.3.1 Effect of reagent concentration  

As with the glass and mica substrates, an increase in reagent concentration resulted in 

greater CHX-HMP deposition onto SLA Ti, and subsequently greater CHX(aq) release during 
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elution, but again this was not always a linear relationship: for example a 10 fold increase in 

reagent concentration yielded only a 5 fold increase in CHX(aq) eluted (Figure 2.34), 

presumably reflecting a similar, non-linear increase in CHX-HMP deposition and therefore 

CHX loading. These data suggest that whilst increasing concentration of reagents does have 

some effect on volume of CHX-HMP deposition and subsequent CHX(aq) release, it is not a 

directly proportional relationship. 

This non-linear effect was also seen at higher reagent concentrations, alongside an apparent 

reduction in CHX(aq) present after 2 days, which may indicate instability of high concentrations 

of CHX(aq) resulting in its breakdown and a reduction in concentration (Appendix F Figure 0.16 

page 338). Interestingly, this fall was not observed with a higher concentration of P407 (1%); 

a consistent cumulative release of just over 200 µmoles/m2 occurred, regardless of starting 

reagent concentration, and no apparent CHX(aq) breakdown during the elution. This may be 

due to the P407 resulting in a lower mass of CHX-HMP deposition onto the SLA Ti and thus 

volumes of CHX(aq) subsequently released were not high enough to result in significant 

breakdown. Equally, it could be due to the action of P407 stabilising CHX(aq) after its release 

from CHX-HMP hydrolysis (see section 2.4.3.3.3.4 for discussion of how this may occur). 

The apparent breakdown of CHX(aq) had not been observed previously at similar 

concentrations, calling into question its validity. Both as a result of this assay, and further 

reading, it was decided that this high volume of CHX(aq) release, as well as potentially 

unstable, was likely to be cytotoxic and as such, these higher dose immersion coatings were 

not investigated further.  

2.4.3.3.3.2 Effect of reagent ratio 

Based on work in previous studies, initially 0.5:0.5 mM and 5:5 mM reagent ratios were used 

to immersion coat SLA Ti. As shown by zeta potential data, this would have resulted in 

precipitation of NPs with a negative charge surrounding them, which may have aided their 

deposition onto the substrates. However, as shown by SEM images (Figure 2.23), it is not 

clear to what degree this charging affected NP deposition onto the SLA Ti surface, and it is 

difficult to determine true differences between ratios on these images, particularly when 

aggregates are deposited irregularly across the substrates. As such, pilot elutions of SLA Ti 

immersion coated at 5:5 mM and 15:5 mM ratios were carried out to determine if a 

difference was detectable, and there was none. A 15:5 mM ratio was employed, since it was 
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hypothesised that this ratio would result in precipitation of the largest volume of chargeless 

NPs and the smallest volume of excess reagents.  

2.4.3.3.3.3 Effect of coating time 

Pilot data showed an increase in CHX(aq) release when immersion coating time changed from 

1 to 30 minutes,  but further significant increases were not seen beyond this; in the presence 

of P407, coating times of 30 minutes and 2 hours with the same suspension appeared to give 

similar CHX(aq) release profiles (Figure 0.16). Whilst previously a clear dose-response effect 

between coating time and CHX(aq) release has been reported for immersion coatings of 

silicone using the same NPs (Garner et al., 2015), no such effect was seen here beyond 30 

minutes. As such, this time was chosen for further developing these coatings.  

2.4.3.3.3.4 Effect of surfactant 

There was a clear trend to CHX(aq) release from SLA Ti surfaces immersion coated with and 

without P407: presence of this surfactant decreased the volume of CHX(aq) released from the 

surfaces. Based upon observations from AFM and SEM data, this was due to the reduced 

volume of NPs precipitated and subsequently deposited onto the surfaces.  

The degree to which the volume of CHX(aq) release was affected varied: the effect of various 

concentrations of dissolved P407 on the total available CHX(aq) for SLA Ti immersion coated 

for 30 minutes at a 15:5 mM reagent concentration ratio was investigated, and 

demonstrated a non-linear trend, suggesting there is a lower limit to the concentration of 

P407 at which a reduction in the volume of NP formation and/or subsequent deposition of 

NPs onto the SLA Ti occurs. At concentrations above approximately 0.25% P407, there was a 

clear effect on the volume of CHX-HMP deposited, with low levels of CHX(aq) release seen, 

regardless of how high the P407 concentration was (Figure 2.38, Figure 2.39). However, at 

concentrations below 0.25%, there was an almost linear, inverse dose-response effect of the 

P407, with increasing CHX(aq) volumes released as the percentage of P407 decreased. When 

this data is instead presented as a CHX:P407 concentration ratio, a linear dose-response 

trend is much clearer (Figure 2.39), suggesting that, in this range of concentrations, P407 had 

a dose response effect via an interaction with CHX(aq) (rather than NaHMP(aq)), supporting 

data discussed above (section 2.4.1.3).  

This non-linear trend was also seen in longer term elutions into HTF; at a 15:5 mM 

concentration, there was an approximately 4-fold reduction (versus coatings without P407) 
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in total volume of CHX(aq) released from the SLA Ti coated using 0.25% P407, but a 13-fold 

reduction when the concentration of P407 was doubled (Figure 2.35).  

The presence of the P407 did not appear to retard CHX(aq) release, an effect which has been 

reported previously in its use as a drug carrier, particularly in chemotherapeutics (Dumortier 

et al., 2006; Escobar-Chávez et al., 2006). However here, it was used predominantly as a 

means of dispersing the NPs prior to their deposition onto the SLA Ti, rather than as a coating 

and carrier for the agent, as with other drugs. As such, it was not expected that it would 

change the CHX(aq) release profile.  

Profiles and volumes of CHX(aq) release from coated implant surfaces in studies similar to this 

vary markedly from each other; using the same CHX-HMP NPs and immersion coating 

technique for titanium, Wood et al. (2015) reported an ongoing cumulative CHX(aq) release of 

80 µmoles/m2  at 100 days, although this was into DIW rather than a salt containing solution, 

and so may be lower than expected. Other work with the same NPs but measuring elution 

into chemically simulated saliva (as detailed above) from a coating on silicone showed much 

larger volumes of CHX(aq) release, and a dose-response effect with coating time: the closest 

comparison available to this work was a 30 minute immersion coating of silicone with CHX-

HMP NPs produced at 5:5 mM concentration (Garner et al., 2015), which resulted in a 

cumulative CHX release at 120 days of 450 µmoles/m2. This is substantially higher than that 

seen in this work from immersion coated SLA Ti surfaces, and probably reflects the difference 

in surface characteristics of the material used; during the immersion coating process of the 

silicone substrates, some CHX(aq) may have been absorbed, acting as a reservoir for later 

release, whereas this is unlikely to have happened with the SLA Ti substrates. It is also 

possible that the silicone surface had a charge which was more amenable to NP deposition 

and adhesion, resulting in greater initial loading.  

Whilst data for specimens coated using the immersion technique indicated that inter- and 

intra-batch variability was high, the finding that P407 did not alter the CHX(aq) release profile 

from SLA Ti was useful in the development of the alternative evaporative coating method.   

2.4.3.3.3.5 Conclusions from elution data from immersion coated SLA Ti 

The main finding from the elution data on these surfaces was the large degree of variability 

in volume of CHX-HMP NP deposition, both within and between specimens, which correlates 

with the irregular and inhomogeneous nature of these coatings on various substrates 
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previously observed with AFM and SEM imaging. A variance in total available CHX(aq) as a 

proportion of the overall mean of almost 100% between 3 different batches using the same 

coating techniques (Figure 2.36), regardless of the presence or absence of P407, was deemed 

unacceptably high. Therefore, having observed that altering various factors associated with 

the coating process did not materially reduce this variability, an alternative method for 

coating SLA Ti with CHX-HMP was devised and tested. 

 

2.4.3.3.4 CHX(aq) release from evaporatively coated SLA Ti 

The elution data for evaporative coatings demonstrated good inter-batch reproducibility, 

suggesting this coating technique produced replicable results; SDs and inter batch variability 

were considerably lower than was seen with the immersion coating technique. This is likely 

related to the increased controllability of the evaporative technique, as discussed previously. 

As with the immersion coating technique, the majority of available CHX(aq) was released from 

evaporatively coated SLA Ti within the first 7 hours (Figure 2.40), indicating fairly rapid 

hydrolysis of the majority of CHX-HMP to CHX(aq) in an aqueous environment.  

The approximate doubling of CHX(aq) release volume between the 2 different evaporative 

coatings into HTF during assays of different duration (Figure 2.42) was as expected, given 

that one utilised double the volume of the same suspension of NPs. However, the pooled 

mean total available CHX(aq) as determined by release into 2 M HCl did  not show this, with 

values of 106 and 156 µmoles/m2 respectively. When compared with the theoretically 

calculated total available CHX(aq) (see Appendix E: Calculation of theoretical volume of CHX(aq) 

on evaporative coatings108 and 215 µmoles/m2 respectively), it would appear that either 

the CHX-HMP precipitation and coating process is not 100% efficient in terms of volume of 

NPs deposited onto the SLA Ti, or there is incomplete NP hydrolysis and CHX(aq) release into 

solution. Whilst the latter may be true for specimens submerged in HTF, it has been shown 

that complete NP hydrolysis occurs in 2 M HCl, resulting in 100% release of available CHX(aq). 

Therefore, it is more likely that, whilst theoretically, in 100 or 200 µl of diluted NP suspension 

there are 10.8 or 21.5 nmoles of CHX-HMP NPs present (see Appendix E: Calculation of 

theoretical volume of CHX(aq) on evaporative coatings for calculations), the reaction which 

produces these is not 100% efficient, resulting in a lower volume of precipitated NPs and 

therefore reduced loading doses and subsequently reduced CHX(aq) release. This fits with the 
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previously discussed hypothesis that the reaction producing the NPs is an equilibrium, rather 

than linear. 

Based on the pooled mean of the elutions into 2 M HCl, this reduced efficiency seems to 

affect the 15:5mM+0.25%-E-200µL coating more than the 15:5mM+0.25%-E-100µL coating, 

as indicated by the significant statistical difference seen between experimental values and 

calculated values for the former. This could be due to the higher dose coating resulting in 

larger aggregates on the surface of the SLA Ti as the suspension dries down, which are more 

easily removed during the washing step, resulting in reduced NP loading and therefore less 

CHX(aq) available for release.  

2.4.3.3.4.1 CHX(aq) release under conditions representing microbiology experiments 

Under anaerobic conditions approximating those used in microbiological assays, almost all 

of the CHX(aq) release from coated SLA Ti occurred within the first 24 hours. This equates to 

means of 15.8 µM and 27.6 µM CHX(aq) concentration in the wells for 15:5mM+0.25%-E-

100µL and 15:5mM+0.25%-E-200µL coatings respectively. The median planktonic MIC 

determined for the primary coloniser species S. mitis used in microbiological assays and 

multispecies biofilm model growth was 15.8 µM (section 3.3.1.5), so it could be expected 

that there might be different microbiological responses to each coating. 

During this 96 hour assay, approximately 80% of the total available CHX(aq) was released by 

the 24 hour time point. A small, further release occurred between 24 and 48 hours, but by 

72 hours a plateau was reached, indicating all the CHX(aq)  had been released. The method for 

formation of a multispecies biofilm involved refreshment of media every 24 hours, and as 

such bacteria introduced to the coatings after the media change at 24 hours would be 

exposed to only a very low dose of CHX(aq) in comparison to those inoculated at time 0. With 

this in mind, a modification was made during microbiological testing to investigate the effect 

of this media change on biofilm formation on coated SLA Ti (section 3.2.6.2.) 

Work by Seneviratne et al. (2014) also reported the use of NPs containing CHX in a bid to 

reduce biofilm formation by 4 species (S. mitis, F. nucleatum, P gingivalis and A. 

actinomycetemcomitans) under anaerobic conditions over a 72 hour period. Their study 

demonstrated that although all the CHX(aq) from the NPs was released within 6 hours, a 

preventive effect on biofilm formation persisted to 72 hours. This study suggested that the 

CHX(aq) release profile achieved here using the evaporative coating technique – which is 
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comparable - could be adequate to prevent biofilm formation by bacterial species relevant 

to PI. As such, these coatings were taken forward for evaluation of antibiofilm efficacy. 
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3.1 Introduction  

This chapter describes the initial culture of microorganisms, and their growth in the presence 

or absence of aqueous CHX (CHX(aq)). A clinically relevant anaerobic oral biofilm model was 

developed with clinical isolates of 5 bacterial species associated with PID: S. mitis, F. 

nucleatum, A. actinomycetemcomitans, P. gingivalis and P. nigrescens. This biofilm was 

characterised in terms of biomass, metabolic activity and species composition, and was used 

to assess the efficacy of CHX-HMP coated SLA Ti in preventing biofilm formation. 

Antimicrobial efficacy of these coated surfaces was determined using measurement of 

metabolic activity and biomass, while viability qPCR was used to characterise the biofilms 

that formed. 

3.2 Materials and methods 

 Microorganism selection  

The microorganisms selected for this work are shown in Table 3.1. S. mitis and F. nucleatum 

had previously been isolated from a PI lesion in a patient at Bristol Dental Hospital (BDH) (Al-

Radha et al., 2012). Likewise, P. nigrescens (previously identified as Prevotella intermedia, 

see below), and P. gingivalis had previously been isolated from a periodontal pocket of a 

patient at BDH. All of these organisms had been previously identified using 16S rDNA gene 

sequencing, alongside confirmatory Gram stain. A. actinomycetemcomitans was supplied as 

a panel control organism from the American Type Culture Collection (ATCC).  

During qPCR primer validation (section 3.3.7.1), genomic DNA (gDNA) extracted from the 

Prevotella species UB1 was not amplified by 2 different sets of P. intermedia primers, but did 

amplify with a universal primer. As such, a sample was sent for 16S rDNA sequencing and 

was shown to have a >99% match to P. nigrescens. Subsequent PCR performed on gDNA 

using P. nigrescens primers produced an amplicon of expected size, therefore confirming 

classification as P. nigrescens. Throughout this chapter UB1 will be referred to as P. 

nigrescens, but in parts of the work describing FISH and the first steps in viability qPCR, its 

original classification as P. intermedia is referenced. 
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Table 3.1. Bacterial strains used in this work 

Local 

identifier 

Bacterial species Site of isolation Source 

UB2182 Aggregatibacter 

actinomycetemcomitans 

ATCC 43718 (serotype b) 

Subgingival dental 

plaque 

Zambon et al., 1983 

UB2296 Fusobacterium nucleatum PI lesion Al-Radha et al., 2012 

UB5 Porphyromonas gingivalis Periodontal pocket Laboratory stock 

UB1 Prevotella nigrescens* Periodontal pocket Milsom et al., 1996 

UB2281 Streptococcus mitis PI lesion Al-Radha et al., 2012 

*Identified previously as P. intermedia, but following 16S rDNA gene sequencing was reclassified as P. nigrescens. 
Refer to section 3.4.3.2.1.1 and No amplification was seen with NTCs or with gDNA extractions of other species, 
confirming primer specificity. 

Table 3.11 for further details.  

 

3.2.1.1 Culture of microorganisms 

F. nucleatum, P. gingivalis, and P. nigrescens were maintained on Fastidious Anaerobic Agar 

(FAA) (LAB M limited, Heywood, UK) supplemented with 5% defibrinated horse blood (TCS 

Biosciences Ltd, Buckingham, UK), while A. actinomycetemcomitans was maintained on 

Tryptone Soya Agar (TSA) (Oxoid Limited, Basingstoke, UK) supplemented with 0.1% yeast 

extract (YE) (Becton Dickinson, Oxford, UK). All species were grown at 37˚C in an anaerobic 

cabinet (Whitley A85 TG anaerobic workstation, Don Whitley Scientific Ltd, Shipley, UK) in an 

atmosphere containing 10% hydrogen, 10% carbon dioxide and 80% nitrogen at 45% 

humidity. S. mitis was maintained on TSA supplemented with 5% defibrinated horse blood 

and grown at 37˚C in an oxygen-depleted atmosphere ‘candle jar’.  

For broth cultures, all species were grown in Tryptic Soya Broth (Oxoid Limited, Basingstoke, 

UK) supplemented with 0.1% (w/v) yeast extract, 0.1% (v/v) hemin and 0.5% (v/v) menadione 

(all Sigma Life Science) (TSBYEHM). Cultures were incubated for 24-48 hours anaerobically 

(or for 16 hours in a candle jar for S. mitis) until bacterial growth was visible.  

3.2.1.2 CFU/OD correlation 

The background to this method is described in Appendix A sections 1.2.1.2 and 1.4.1. Bacteria 

from broth cultures were harvested by centrifugation (5000 rpm, 7 minutes), washed in PBS, 

and resuspended in TSBYEHM to OD600 1. These suspensions were then serially diluted with 

TSBYEHM from 1x10-1 to 1x10-9, and 3 x 10 µl were plated onto appropriate agar and grown 

anaerobically (or in a candle jar for S. mitis). Once colony growth had occurred, colonies were 

counted and the mean CFU/mL was calculated for each species. This was carried out on a 
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minimum of 3 separate occasions for each species. The spectrophotometer used for OD 

determination was a Biowave CO8000 Cell Density Meter (Biochrom). 

3.2.1.3 Light microscopy 

Following growth in planktonic culture, microorganisms were Gram stained and visualised 

using light microscopy using a Leica DMLB (Leica Microsystems UK, Milton Keynes, UK) fitted 

with a Colorview camera, and an Olympus CKX41 fitted with an Olympus XC10 camera 

(Olympus UK, Southend-on-Sea, UK).  Images were captured using cellSens software 

(Olympus). A overview of light microscopy is given in Appendix A section 1.1.1.  

3.2.1.4 Coaggregation assay 

Bacteria from broth cultures were harvested by centrifugation (5000 rpm, 7 minutes), 

washed once in coaggregation buffer (1 mM Tris-HCl, 150 mM NaCl, 0.1 mM CaCl2, 0.1 mM 

MgCl2, adjusted to pH 8), and resuspended in coaggregation buffer to OD600 1.5. Equal 

volumes (1 mL) of two bacterial suspensions were added to a glass test tube and vortex 

mixed for 10 seconds. Tubes were allowed to stand for 1 hour at room temperature, after 

which they were inspected for coaggregation, using corresponding single species 

suspensions as a comparison. Coaggregation was scored visually, based on the system 

reported by Kolenbrander (1988): 

0 = no visible aggregates in suspension 

1 = small coaggregates visible but suspension remains opaque 

2 = larger coaggregates visible but suspension remains opaque and coaggregates do not 

settle 

3 = larger coaggregates that settle but leave a translucent suspension 

4 = large coaggregates that settle immediately to leave a clear suspension 

 

3.2.1.5 Population doubling time 

Bacteria from broth cultures were harvested by centrifugation (5000 rpm, 7 minutes), 

washed in PBS, and resuspended in TSBYEHM to OD600 1 (0.75 for A. 

actinomycetemcomitans). An aliquot (0.5 mL) of this suspension was then subcultured into 

prewarmed, reduced TSBYEHM (4 mL) in optical tubes (Corning Incorporated, Wiesbaden, 

Germany). This was performed in duplicate for each strain. Tubes were incubated 

anaerobically and OD600 measured at 30 minute (S. mitis) or 2 hour (all other bacteria) 
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intervals until stationary phase was reached. Population doubling time was calculated 

based on the exponential portion of the resultant growth curve. The assay was carried out 

on 3 separate occasions. 

3.2.1.6 Minimum Inhibitory and Minimum Bactericidal Concentration of CHX(aq) 

MIC and MBC of CHX(aq) against all of the selected species was determined. The MIC and MBC 

assays were based on the method described by Wiegand et al. (Wiegand et al., 2008) and 

modified as required for the anaerobic species. Guidelines were sought from the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) in the publication ISO 20776-1 

for precise methodology relating to testing of CHX(aq). However, there is currently no specific 

ISO standard for CHX(aq) susceptibility testing. As such, the following method was used: 

Bacteria from broth cultures were harvested by centrifugation (5000 rpm, 7 minutes), 

washed in PBS, and resuspended in TSBYEHM to 1x107 CFU/mL. CHXDG(aq) was added to  

TSBYEHM to give a final concentration of 0.02% CHXDG(aq) (222.7 µM). Aliquots (100 µl) were 

added to wells in a 96 well microtitre plate and serial doubling dilutions were performed in 

duplicate using TSBYEHM from 1:2 to 1:512. Aliquots (100 µl) of the adjusted bacterial 

suspension were then added to each well, resulting in a final CHX concentration range of 

0.000039%-0.01% (0.434 µM – 111.4 µM). This was performed in duplicate for each species. 

A well containing medium with no CHXDG(aq)  served as a positive control to verify that 

bacterial growth occurred. Absorbance at OD600 was determined in a spectrophotometric 

plate reader (Biorad, Watford, UK), and the plate was incubated at 37˚C under anaerobic 

conditions for 24-48 hours. 

Repeat OD600 measurements were taken after incubation, and the MIC determined as the 

lowest concentration at which there had been no bacterial growth (i.e. no change in OD600). 

Aliquots (4 x 10 µl) from each well showing no increase in OD600 were plated onto appropriate 

agar for each species and incubated for a further 24 hours (S. mitis) or 48 hours (all other 

species) under anaerobic conditions. MBC was determined as the lowest concentration of 

CHXDG(aq)  at which no bacterial growth occurred. The assays were repeated on at least 4 

occasions for each species, with further repeats performed where there was substantial 

variation between results.  
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 Growth of monospecies biofilms on saliva-coated glass 

Biofilms for each species were formed on saliva-coated glass coverslips according to the 

following methods: 

3.2.2.1 Collection of saliva 

Pooled, stimulated human saliva was used to form a salivary pellicle on the glass coverslips. 

This was collected and prepared following ethical approval (South Central Oxford C Research 

Ethics approval reference 08/H0606/87+5) as follows:  

Saliva was collected from donors who had given consent for collection and storage of their 

saliva. Donors were non smokers who were medically well with no current upper respiratory 

tract infection, not taking medication, not pregnant, and had abstained from food and drink 

(except water) for at least an hour prior to saliva collection.  

Donors were allowed to chew on Parafilm™ to stimulate salivary flow and provided up to 10 

mL of saliva into sterile plastic universal collection pots, which were stored briefly on ice after 

collection. A minimum of 5 donors were used for each batch of saliva collection. All samples 

were pooled, and dithiothreitol added to give a final concentration of 2.5 mM. The saliva was 

then incubated on ice for 10 minutes before centrifugation (12,000 rpm, 10 minutes) to 

remove mucins and bacteria by sedimentation. The resultant pellet was discarded according 

to human tissue disposal regulations, and the supernatant retained and diluted with sterile 

DIW to give a final concentration of 10%. This was filter sterilised using a 0.45 µm filter under 

vacuum. The sterilised saliva was aliquoted into sterile containers and stored at -20˚C until 

use. 

3.2.2.2 Biofilm formation and biomass determination 

Glass coverslips (13 mm diameter; VWR, Radnor, USA) were placed into a 24 well plate 

(Greiner Bio-one Ltd, Stonehouse, UK), and were coated with a saliva pellicle by adding 0.5 

mL of 10% sterile, stimulated human saliva to each well and incubating at 37˚C for 1 hour 15 

minutes. Bacteria from broth cultures were harvested by centrifugation (5000 rpm, 7 

minutes), washed in PBS, and resuspended in TSBYEHM to 1x106 CFU/mL. Coverslips were 

washed once with PBS before addition of 0.5 mL bacterial suspension and incubation under 

anaerobic conditions at 37˚C. Medium was refreshed at 24 hour intervals. Biomass levels 

were determined at 24 hour intervals by removal of n=2 coverslips, staining with 0.5 mL of 

0.1% safranin for 10 minutes, followed by 3 x 0.5 mL washes in PBS, and subsequent stain 
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release using 1 mL 10% acetic acid and measurement of absorbance at 490 nm. A brief 

description of the background to this technique is given in Appendix A section 1.4.2. The 

biofilms were grown for 120 hours after initial inoculation. All assays were repeated in 

duplicate on 4 separate occasions for each species. Coverslips incubated in TSBYEHM only 

served as negative controls to allow calculation of biomass minus background absorbance.  

 Growth of multispecies biofilm on saliva-coated glass  

Following a similar protocol to that described by Millhouse et al. (2014), a method for 

growing a multispecies biofilm comprising all 5 bacterial species on saliva-coated glass 

coverslips was developed.  

3.2.3.1 Biofilm formation 

Bacteria from broth cultures were harvested by centrifugation (5000 rpm, 7 minutes), 

washed in PBS, and adjusted to 1x107 CFU/mL in TSBYEHM supplemented with 2% v/v sterile-

filtered human saliva (TSBYEHM+S). To initiate the multispecies biofilm, S. mitis (0.5 mL, 

0.5x107 CFU) was added to each saliva-coated coverslip and incubated under anaerobic 

conditions for 24 hours. Spent medium was removed, the coverslip gently washed with 0.5 

mL PBS and then transferred to a clean well of a 24 well plate. This was followed by addition 

of F. nucleatum (0.5 mL, 0.5x107 CFU). The plate was incubated for a further 24 hours under 

anaerobic conditions before removal of spent medium, washing of the coverslip, transfer to 

another clean 24 well plate and addition of A. actinomycetemcomitans, P. gingivalis and P. 

nigrescens (0.5 mL, 0.5x107 CFU of each species). Coverslips were incubated anaerobically 

for a further 72 hours, with medium replaced every 24 hours, resulting in a biofilm grown 

over 120 hours in total containing 5 species. Coverslips incubated with medium only served 

as negative controls, allowing calculation of biomass with background absorbance 

subtracted. Assays were repeated on 3 separate occasions. 

 

 Fluorescence in situ hybridisation (FISH) 

The principles of this technique are explained in Appendix A section 1.4.4. Labelling of all 5 

microorganisms using fluorescence in situ hybridisation (FISH) in individual and multispecies 

biofilms was undertaken as follows: 
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3.2.4.1 Method for labelling monospecies biofilms using FISH 

Initially, monospecies biofilms were formed on saliva-coated glass coverslips, as described 

previously (over 24 hours for S. mitis; over 48 hours for other species). These were then 

labelled with fluorescent DNA probes and imaged. Suitable probes and fluorophores were 

identified from published reports and the probeBase database 

(http://probebase.csb.univie.ac.at/), and methodology was based on parameters 

previously reported for the chosen probes (Table 3.3; Mark Welch et al., 2016; Thurnheer et 

al., 2004; Sunde et al., 2003). A degree of optimisation was required for each probe. The 

range of conditions trialled and those determined as optimal were as in Table 3.2:  

Table 3.2. Trialled and optimal conditions for FISH labelling. 

Step  Conditions trialled Optimal conditions determined 

Lysozyme incubation 
period  

8 - 15 minutes at 37˚C 12 minutes 

Formamide 
concentration 

1.25 – 7.5%  1.25% for S. mitis, 5% for all other species 

Volume of probe 5 – 20 µl in 0.5 mL 
hybridisation buffer 
(see below) 

5 µl for S. mitis, 10 µl for all other species 

Hybridisation period  3 – 7 hours at 55˚C 3 hours for P. gingivalis 
4 hours for S. mitis and F. nucleatum  
5 hours for P. nigrescens  
(all monospecies biofilms) 
Nb. A. actinomycetemcomitans was not 
successfully labelled 

 

These conditions were applied using the following method to achieve labelling: 

After monospecies biofilm formation for 24 (S. mitis) or 48 (other species) hours in 

TSBYEHM+S on saliva-coated glass bottomed Petri dishes (MatTek Corp, Ashland, USA), the 

medium was removed and the biofilm fixed at room temperature with 4% 

paraformaldehyde. After 2 hours, this was removed and the biofilm gently washed with PBS 

(2 x 1 mL). Freshly prepared lysozyme solution (2 mL; 1% in 0.1 M Tris HCl) was added to the 

dish and incubated at 37 ̊ C for 12 minutes, followed by a single wash with PBS. Hybridisation 

buffer (0.5 mL; 0.9 M NaCl, 0.02 M Tris HCl, formamide [1.25% S. mitis, 5% other species], 

0.01% SDS; freshly prepared and kept in the dark at 55˚C) was added to the biofilm, followed 

by the species-specific probe (Table 3.3; 5 µl for Str405, all others 10 µl). Biofilms were placed 

into a humidified box and incubated in the dark at 55˚C for 3-5 hours according to probe.  



Chapter 3:  Development of a multispecies biofilm model, and microbiological response to CHX-HMP 

 

147 
 

The buffer-formamide solution was then removed and 2 mL washing buffer (0.5mL; 0.15 M 

NaCl, 0.001 M Tris HCl, 0.01% SDS; freshly prepared and kept in the dark at 55˚C) added for 

15 minutes, again in the dark at 55˚C. Petri dishes were then wrapped in foil and transported 

in 0.5 mL washing buffer for imaging. Imaging was undertaken using a Leica DMLB 

microscope (Leica) fitted with a Colorview camera (Olympus UK). 

Table 3.3. Probes and fluorophores used during FISH labelling 

Microorganism Probe 
name 
and 
sequence 
(5’-3’)* 

Fluorophore; 
excitation 
wavelength 

Emission 
wavelengths; 
visible colour 

Source of 
probe 

Optimal 
incubation 
time for 
hybridisation 
(monospecies 
biofilms) 

S. mitis Str405: 
TAG CCG 
TCC CTT 
TCT GGT 

Dy415;  
405 nm  

415-478 nm: 
blue 

Mark 
Welch et 
al., 2016 

4 hours 

F. nucleatum FUS664: 
CTT GTA 
GTT CCG 
TAC CTC 

Alexa488; 
488 nm 

498-550 nm; 
green 

probeBase, 
Thurnheer 
et al., 2004 

4 hours 

A. 
actinomycetemcomitans 

ACAC: 
TCC ATA 
AGA CAG 
ATT C 

Alexa647; 
633 nm  

643-750 nm; 
far red 

probeBase 
 

N/A 

P. gingivalis POGI: 
CAA TAC 
TCG TAT 
CGC CCG 
TTA TTC 

Alexa555; 
561 nm 

565 nm;  
orange red 

probeBase, 
Sunde et 
al., 2003 

3 hours 

P. intermedia PRIN:  
CTT TAC 
TCC CCA 
ACA AAA 
GCA GTT 
TAC AA 

Oregon 
Green 514; 
488 nm 

532 nm; 
green 

probeBase, 
Sunde et 
al., 2003 

4 hours 

*Probes were designed based on the sources indicated, and supplied by Eurofins Genomics (Ebersberg, 
Germany). 

 At a later date, following sequencing, this strain was reclassified as P. nigrescens, and is subsequently referred 
to as this. However, at the time that FISH was undertaken, probes were selected based on its previous 
identification as P. intermedia.  

N/A – an optimised set of hybridisation conditions to enable labelling of A. actinomycetemcomitans was not 
found. 

 

3.2.4.2 Method for labelling multispecies biofilm using FISH 

Following success with labelling 4 of the 5 monospecies biofilms, labelling of the multispecies 

biofilm grown over 72 hours was attempted. A similar methodology was followed, but with 

addition of multiple probes (5 µl Str405, 10 µl other probes) into the hybridisation buffer, 
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and with a longer hybridisation of 4 hours (F. nucleatum and P. intermedia probes) or 5 hours 

(S. mitis and P. gingivalis probes). 

 

 Prevention of biofilm formation on saliva-coated glass using CHXDG(aq): 

measurement of biomass and metabolic activity  

A saliva pellicle was formed on glass coverslips, as described previously. A S. mitis suspension 

(1x107 CFU/mL) was prepared in TSBYEHM+S medium supplemented with 0.01% CHXDG(aq) 

(111.4 µM), and 0.5 mL aliquots added to each coverslip (n=8). Plates were incubated 

anaerobically in a humidified container. After 24 hours, spent medium was removed, and the 

glass coverslips transferred to a clean plate. F. nucleatum (0.5x107 CFU; 0.5 mL) in 

TSBYEHM+S/0.01% CHXDG(aq) was then added to each coverslip. After a further 24 hour 

incubation, spent medium was removed, the coverslips transferred to a clean plate, and A. 

actinomycetemcomitans, P. gingivalis and P. nigrescens (0.5x107 CFU of each) in 

TSBYEHM+S/0.01% CHXDG(aq) (0.5 mL) added to each coverslip. The plate was incubated for 

a further 24 hours and after this, coverslips were transferred to a clean plate and 0.5 mL of 

TSBYEHM+S/0.01% CHXDG(aq) added prior to a final 24 hour anaerobic incubation. This 

resulted in a 5 species biofilm formed over 96 hours in the presence of CHXDG(aq). Medium 

without CHXDG(aq)  was used as the positive control. The negative control used medium 

containing 0.01% CHXDG(aq) only, to allow calculation of results with background absorbance 

subtracted. 

At timepoints 24, 48, 72 and 96 hours, n=2 coverslips were removed per treatment, and 

metabolic activity assessed using PrestoBlueTM. The background to this technique is covered 

in Appendix A section 1.4.3. Coverslips were transferred to a clean plate, spent medium 

removed, and replaced with 0.45 mL fresh, prewarmed reduced TSBYEHM and 0.05 mL 

PrestoBlue™ solution. The plate was wrapped in foil and incubated anaerobically for 60 

minutes, before 100 µl aliquots were removed in duplicate from each well into a 96 well 

plate. Fluorescence was measured at 535 nm excitation and 620 nm emission wavelengths, 

using an Infinite F200 Pro plate reader and Magellan software (Tecan, Mannedorf, 

Switzerland) with automatic mirror and optimal gain settings. Background subtracted 

fluorescence was calculated by subtraction of readings for negative controls. The same 

coverslips were then used for biomass determination using safranin stain and acetic acid 

release, as described previously. Assays were repeated on 4 separate occasions. 
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 Growth of biofilm on CHX-HMP coated SLA Ti  

3.2.6.1 72 hour biofilm formation 

A multispecies biofilm was grown on coated SLA Ti according to the method described 

previously, but without the initial formation of a saliva pellicle. This was to prevent 

premature breakdown of the CHX-HMP NPs in an aqueous environment. During the initial 

development of this model, in addition to uncoated SLA Ti and CHX-HMP coated SLA Ti, 

biofilms were also grown on SLA Ti which had been immersed in 0.5% P407 for 30 minutes, 

followed by a 10 second wash in DIW. Biomass collected from these specimens was 

comparable to that collected from uncoated SLA Ti, suggested that P407 had no antimicrobial 

effect itself, as expected based on the literature, although it is known to facilitate the action 

of antimicrobial agents (Dumortier et al., 2006; Escobar-Chávez et al., 2006). These P407 

controls were not included in later experiments.  

Alongside the 0.5x107 CFU inoculum, another of 0.5x104 CFU was introduced, to determine 

the efficacy of the surfaces in prevention of biofilm formation at lower as well as higher levels 

of bacterial exposure. Every 24 hours, n=2 SLA Ti coupons +/- CHX-HMP coating were 

removed into a clean well, wrapped in foil, and incubated anaerobically with 10% 

PrestoBlueTM solution in TSBYEHM for 45 minutes. This incubation period was shorter than 

that used in the previous assay, as there was evidence that saturation of the fluorescence 

signal may be occurring after 1 hour. As before, following determination of metabolic 

activity, samples were stained with 0.1% safranin solution to determine biomass. Negative 

control wells each contained coated SLA Ti only in TSBYEHM+S to calculate background 

absorbance/emission levels. Assays were repeated on 2 separate occasions as a pilot prior 

to methodological refinements. The surfaces tested were uncoated SLA Ti, an evaporatively 

coated SLA Ti (’15:5mM+0.25%-E-100µL’) and an immersion coated SLA Ti (‘15:5mM-I-

30min’), which were fabricated as detailed in Table 2.1. 

3.2.6.2 96 hour biofilm formation  

A modification was made to the method for multispecies biofilm formation, which included 

a second inoculation of S. mitis (at the same CFU as time 0) in TSBYEHM+S after 24 hours, 

followed by addition of F. nucleatum at 48 hours, and anaerobes at 72 hours. Metabolic 

activity and biomass were determined at 24, 48, 72 and 96 hours, using a PrestoBlue™ 

incubation time of 30 minutes. An additional coating was also tested – 15:5mM+0.25%-E-

200µL, produced as described in Table 2.1. 
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 Use of viability qPCR to characterise biofilms grown on CHX-HMP coated 

surfaces 

A brief description of the principles of PCR and viability real-time qPCR is given in Appendix 

A sections 1.4.6 and 1.4.7. 

3.2.7.1 qPCR primer selection and validation 

Forward and reverse primer pairs based on the 16S rDNA sequence for each species present 

in the biofilm were identified from the literature and are shown in Table 3.4. These primer 

pairs were used for all viability qPCR work.  

Table 3.4. Primers used for viability qPCR  

Microorganism Forward 

Primer 5’-3’ 

Tm ˚C Reverse 

Primer 5’-3’ 

Tm ˚C 

 

Amplico

n length 

(bp) 

Source 

A. 

actinomycetemcomitans 

GAA CCT 

TAC CTA CTC 

TTG ACA 

TCC GAA 

63.9 

 

TGC AGC 

ACC TGT CTC 

AAA GC 

62.7 80 van der 

Reijden et 

al., 2010; 

Millhouse 

et al., 2014 

P. gingivalis GCG CTC 

AAC GTT 

CAG CC 

61.7 CAC GAA 

TTC CGC 

CTG C 

59.9 69 Boutaga et 

al., 2003 

P. nigrescens CCG TTG 

AAA GAC 

GGC CTA A 

61.1 CCC ATC CCT 

TAC CGG AA 

59.2 82 Kuboniwa 

et al., 2004 

F. nucleatum GGA TTT 

ATT GGG 

CGT AAA GC 

58.6 GGC ATT 

CCT ACA 

AAT ATC TAC 

GAA  

58.7 163 Millhouse 

et al., 

2014; 

Sánchez et 

al., 2014 

S. mitis  CGA TAC 

ATA GCC 

GAC CTG AG 

58.4 CCA TTG 

CCG AAG 

ATT CC 

57.4 98 Millhouse 

et al., 2014 

Tm – melting temperature 

Primers were validated by performing endpoint PCR on gDNA extracted from planktonic 

suspensions of each bacterial species. Primers were ‘cross checked’ against gDNA 

extractions from other species used in this work as well as no treatment controls (NTCs) of 

DNase RNase free H2O to confirm specificity. Endpoint PCR was carried out in PCR tubes 

using the following quantities of reagents to achieve a final volume of 25 µl: 
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Table 3.5. Components and quantities used for PCR. 

Component Volume (µl) per reaction 

Forward primer (50 pmol/µl)  0.5 

Reverse primer (50 pmol/ µl)  0.5 

dNTPs 1 

gDNA template 10 

DNase RNase free H2O 7.75 

GoTaq buffer (5x)  5 

GoTaq polymerase enzyme 0.25 

Total 25 

Parameters used in the endpoint PCR cycle (Biorad MyCycler) were as follows: 

1. 1 cycle of 2 minutes at 95˚C (pre-denaturation)  

2. 30 cycles of: 

a. 30 seconds at 95˚C (denaturation) 

b. 30 seconds at 56˚C (annealing)  

c. 30 seconds at 72˚C (extension) 

3. 1 cycle of 5 minutes at 72˚C (final extension) 

 

Amplicons were visualised by agarose gel electrophoresis (AGE) using a 0.8% agarose gel with 

ethidium bromide stain in Tris-Borate-EDTA (TBE) buffer (Fisher Scientific International Ltd, 

Loughborough, UK) at 100 volts for 40 minutes.  

A temperature gradient PCR was performed, as above, with an annealing temperature range 

of 55-65˚C, to determine the optimal annealing temperature for each primer pair for qPCR 

i.e. the annealing temperature that gave the lowest CT (threshold cycle) value. 

3.2.7.2 gDNA extraction from planktonic bacteria 

The principles of genomic DNA (gDNA) extraction are covered in Appendix A section 1.4.5. 

gDNA was extracted from a planktonic suspension (1x107 CFU/mL) of each bacterial species. 

Initially, two different gDNA extraction methods were compared; a Qiagen QIAamp DNA mini 

kit (Qiagen, Manchester, UK) and a MasterPure™ Gram Positive DNA purification kit (Lucigen, 

Wisconsin, USA), with protocols followed according to manufacturers’ instructions or to 

Millhouse et al. (2014) respectively. S. mitis was used as the test strain, and the 

concentration of purified gDNA was determined using a NanoDrop spectrophotometer 
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(SimpliNano, GE, Connecticut, USA). These pilot studies indicated that a higher yield of gDNA 

was achieved using the MasterPure™ kit versus the Qiagen kit (10.5 µg versus 2.9 µg), and 

thus this extraction method was taken forward. 

Bacteria from broth cultures were collected by centrifugation (5000 rpm, 7 minutes), washed 

and adjusted to 1x108 CFU/mL (or 1x107 CFU/mL for F. nucleatum) in 10 mL TSBYEHM. Cells 

were then harvested (5000 rpm, 7 minutes), resuspended in 150 μL of TE Buffer and 

transferred to a microcentrifuge tube. Lysozyme (1.5 mg) was added and the cells incubated 

at 37°C for 4 hours. Subsequently, Proteinase K (50 μg) was added to 150 μL of Gram Positive 

Lysis Solution and this added to each bacterial suspension. Samples were incubated at 65°C 

for 15 minutes, with a brief vortexing every 5 minutes, before cooling to 37°C for 5 minutes, 

followed by further cooling on ice for 5 minutes. MPC Protein Precipitation Reagent (175 μL) 

was added to each lysed sample and vortex mixed vigorously for 10 seconds. The resulting 

suspension was centrifuged (4°C, 10 minutes, 13000 rpm), and the supernatant transferred 

to a clean microcentrifuge tube. RNase A (5 μg) was added to each sample and vortex mixed, 

followed by incubation at 37°C for 30 minutes. Isopropanol (500 μL) was then added and the 

tube inverted 40 times before centrifugation (4°C, 10 min, 13000 rpm) to precipitate the 

gDNA. The resultant gDNA pellet was rinsed gently in chilled 70% ethanol (100 μL), before 

finally being resuspended in TE Buffer (35 μL). The gDNA concentration and quality was 

determined by spectrophotometry at 260/280 nm, and the extracted gDNA stored at -20˚C. 

3.2.7.2.1 Production of calibration standards 

gDNA was extracted from a planktonic suspension (1x107 CFU/mL) of each bacterium, as 

above, and serially diluted into TE buffer to give a range of known gDNA quantities. Aliquots 

(2 µl) were amplified using the parameters described in section 3.3.7.4 on 3 separate 

occasions. These data were combined to obtain mean threshold cycles that could then be 

plotted against mass of gDNA to generate calibration curves for each strain. These were used 

to quantify gDNA present for each species in multispecies biofilms. The standard curve was 

based on mass of gDNA, rather than CFU/mL, due to concerns regarding the reproducibility 

of the gDNA extraction process. 
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3.2.7.3 gDNA extraction from multispecies biofilms 

After 72 hours growth, multispecies biofilms (grown as described in section 3.2.6) were 

collected from n=12 SLA Ti specimens per coating type using a cell scraper into a clean 24 

well plate containing 1 mL prewarmed PBS. Suspensions were pooled and the biomass 

harvested by centrifugation (5000 rpm, 7 minutes), after which the pellet was resuspended 

in 200 µL PCR dH2O and propidium monoazide (PMA) treatment was carried out immediately 

(see below). After PMA treatment, the resultant pellet was stored at -20˚C until ready for 

gDNA extraction. Biofilms were grown and harvested on 4 separate occasions. Two different 

CHX-HMP coated surfaces were tested, 15:5mM+0.25%-E-100µL and 15:5mM+0.25%-E-

200µL, as described previously, alongside uncoated SLA Ti, which acted as a positive control. 

Biofilms were grown using both 0.5x104 and 0.5x107 CFU inocula. A further n=6 specimens 

were used to concomitantly determine biomass and metabolic activity (using a PrestoBlue™ 

incubation time of 15 minutes) at 24, 48 and 72 hours, as described previously i.e. 2 used per 

time point. This was to confirm that the biofilms used in the qPCR analysis were ‘typical’ in 

their composition. 

3.2.7.3.1 PMA treatment 

Following collection of the multispecies biofilm biomass into 200 µL PCR dH2O, each 

suspension was split into 2 x 100 µl aliquots in separate wells of a 96 well plate. To one 

aliquot, 5 µl of 10 mM PMA (Biotium, Fremont, USA) was added, while the other aliquot 

acted as a no PMA (i.e. total bacteria) control. The plate was incubated in the dark for 10 

minutes to allow uptake of PMA into bacterial cells with a compromised cell membrane. The 

plate was then placed on ice and exposed to a 650 Watt halogen lamp at 20 cm distance 

from the plate for 5 minutes, to allow the PMA to intercalate with the bacterial gDNA. Cells 

were then recovered by centrifugation (5000 rpm, 7 minutes), before undergoing gDNA 

extraction using the MasterPure™ method as described above.  

The efficacy of this PMA treatment in preventing DNA amplification by PCR was confirmed 

using gDNA extracted from S. mitis and its corresponding primer pair. The gDNA treated with 

PMA did not amplify, whereas the untreated control gDNA amplified with a CT value of 14. 
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3.2.7.4 Viability qPCR on multispecies biofilms  

Viability qPCR reactions were carried out in 96 well clear or white qPCR plates (BioRad) with 

a final reaction volume of 20 µl (see Table 3.6). 

Table 3.6. Components for viability qPCR reactions.  

Component Volume (µl) per reaction 

Forward primer (50 pmol/µl)  0.5 

Reverse primer (50 pmol/ µl)  0.5 

PCR dH2O  7 

gDNA template* 2 

iQ™ SYBR® Green Supermix (2x) 

(Biorad) 

10 

Total 20 

*gDNA samples from non-PMA treated biomass were adjusted to the same concentration as PMA treated  

biomass prior to use as template DNA. 

All gDNA templates were run in duplicate using a CFX Connect qPCR machine (BioRad). CFX 

Maestro software (BioRad) was used for data collection and analysis. 

The qPCR cycle used was as follows: 

1. 1 cycle of 95˚C, 5 min 

2. 40 cycles of: 

i. 95˚C, 10 seconds 

ii. X˚C, 30 seconds: temperature for each primer pair determined by 

primer optimisation with temperature gradient:  

 A. actinomycetemcomitans and F. nucleatum: 64.5˚C 

 S. mitis and P. nigrescens: 59˚C  

 P. gingivalis: 55˚C 

iii. Plate read of relative fluorescence units (RFU)  

3. Dissociation/Melt curve analysis: 

i. Successive 5 second cycles in which temperature was increased by 

0.5˚C each cycle from 55˚C to 90˚C  

 

 Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics Version 24 (IBM, New York, 

USA). Data were checked for normality and homogeneity of variance using Shapiro-Wilk and 
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Levene tests respectively. For all tests, p values of <0.05 were considered to indicate 

statistical difference. Descriptive statistics including the mean and SD were calculated for 

normally distributed data, whilst median and interquartile range (IQR) were used for those 

that were non-parametric.  

For normally distributed data with homogeneity of variance, a Student’s t-test (2 

independent variables) or a 1 way ANOVA (3 or more independent variables) was employed 

to determine statistical difference, followed by Sidak correction for multiple comparisons, 

and Tukey’s Honestly Significant Difference (HSD) test used post hoc to identify differences. 

Where data were normally distributed but did not have homogeneity of variance, a 1 way 

Welch ANOVA was performed.  
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3.3 Results 

 Microorganism selection and validation 

Prior to commencing initial microbiological assays, confirmation of the identity, growth 

kinetics and bacterial numbers at a defined OD600 for each test organism was required. This 

was performed through the use of Gram stain, CFU/ OD600 correlation and determination of 

population doubling time.  

3.3.1.1 Gram stains 

Gram stains were performed on planktonic cultures of each test species, and representative 

light microscopy images from these are shown in Figure 3.1. S. mitis was the only Gram 

positive microorganism used in this work, as demonstrated by the purple staining of these 

coccoid bacteria in Figure 3.1A. The characteristic fusiform morphology of the Gram negative 

bacterium F. nucleatum seen in (B) made it readily identifiable, whereas the coccobacillus 

forms of the Gram negative A. actinomycetemcomitans (C) and P. gingivalis (D) were not 

easily distinguishable. P. nigrescens was more easily identified, with its larger, rod (bacillus) 

shape (E). All test strains displayed the expected morphologies and were free from any 

apparent contamination.  

3.3.1.2 CFU/OD correlation 

Biofilm assays planned for later would require inoculation with a known number of bacteria. 

The number of colony forming units per unit volume of media (CFU/mL) that a bacterial 

suspension adjusted to OD600 1 corresponded to for each test species was therefore 

determined. 

The mean CFU/mL determined for each species is shown in  

 

 

 

 

 

 

Table 3.7, along with values that have been previously reported in the literature. These 

figures were used for setting up all subsequent microbiological assays.  
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Table 3.7. Experimental CFU/mL values for each species from a bacterial suspension of OD600 1 

*For A. actinomycetemcomitans, OD600 0.75 was used, as sufficient growth to achieve an OD600 of 1 after 5 days 
was not reliable. Values reported from other studies are also shown, for comparison. SD – standard deviation.  

 

Suspensions of S. mitis, P. nigrescens and P. gingivalis all exhibited similar CFU/mL. That of F. 

nucleatum was less dense, while suspensions of A. actinomycetemcomitans exhibited a 

higher cell density. Values were only comparable with those previously reported for P. 

gingivalis, whereas values achieved in this work for S. mitis and A. actinomycetemcomitans 

were approximately 10-fold higher, and for P. nigrescens and F. nucleatum were 6- and 3-

fold lower respectively. This variation likely reflects strain-specific differences and the precise 

culture conditions. 

 

Species Mean CFU/mL 

at OD600 1 SD Reported values 

S. mitis  4x108 0.40x108 
0.5x108  

(Lowy et al., 1983) 

F. nucleatum 0.3x108 0.16 x108 

1.1x108 - 1x109  

(Ihalin et al., 2001; Coppenhagen-

Glazer et al., 2015) 

A. 

actinomycetemcomitans* 
13.7x108 6.24x108 

1x108 at OD600 0.8  

(Shanmugam et al., 2015) 

P. gingivalis 5.2x108 3.69x108 

1x108-1x109  

(Ihalin et al., 2001; Koh et al., 2009; 

Zenobia et al., 2014) 

P. nigrescens 3.9x108 1.70x108 

1-1.5x109  

(Ferreira et al., 2002; da Silva et al., 

2014) 
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Figure 3.1. Gram stains of planktonic suspensions of (A) S. mitis, (B) F. nucleatum, (C) A. actinomycetemcomitans, 
(D) P. gingivalis and (E) P. nigrescens. Scale bars, 20 µm. 
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3.3.1.3 Population doubling time 

Population doubling times for the selected clinical isolates in broth culture were determined 

alongside those of type strains, to ascertain if the clinical isolates grew in a manner ‘typical’ 

for that species. The mean population doubling times for each strain are presented in Table 

3.8.  

 

Table 3.8. Mean population doubling times for bacterial clinical isolates and type strains (n=3) 

Species and strain* University of Bristol 

identifier 

Mean doubling 

time (hours) 

SD 

(hours) 

S. mitis (NCTC 10712) UB 617 1.3 0.18 

S. mitis (CI) UB 2218 1.4 0.28 

F. nucleatum (NCTC 10562) UB 405 17.2 6.65 

F. nucleatum (CI) UB 2296 17.9 10.09 

A. actinomycetemcomitans (SUNY465)  UB 2894 47.4 18.24 

A. actinomycetemcomitans (serotype b) 

(ATCC 43718) 

UB 2182 35.7 21.00 

P. gingivalis (ATCC 33277) UB 2809 6.1 2.55 

P. gingivalis (CI) UB 5 10.6 3.70 

P. intermedia (NCTC 9336) UB 443 4.6 0.73 

P. nigrescens  (CI) UB 1 4.9 0.26 

*CI - clinical isolate, NCTC - National Collection of Type Cultures, ATCC - American Type Culture Collection. 

 At the time of the assay, the clinical isolate selected for use had been identified as P. intermedia, and thus its 
population doubling time was compared against a type strain for this species. Later, it became apparent that it 
was in fact P. nigrescens.  

Isolates used in this work are highlighted in grey 

 

For the selected clinical isolates, S. mitis had the most rapid population doubling time, as 

would be expected. P. nigrescens. P. gingivalis and F. nucleatum were approximately 8- and 

13-fold slower, with A. actinomycetemcomitans showing the slowest population doubling 

time of approximately 36 hours. Doubling times for the test strains did not differ 

substantially from those of the type strains. 
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3.3.1.4 Coaggregation assay 

Since formation of an oral multispecies biofilm requires interspecies coadhesion, a 

coaggregation assay was performed to confirm which of the selected clinical isolates were 

able to physically interact, thereby ensuring that formation of a multispecies biofilm with 

these strains was feasible. Scores for each coaggregation assay and monospecies controls 

are shown in Table 3.9 and examples of visual representations in Figure 3.2.  

Table 3.9. Coaggregation scores  

 S. 

mitis 

F. 

nucleatum 

A. 

 actinomycetemcomitans 

P. 

gingivalis 

P. 

nigrescens  

S. mitis 0 2 0 0 0 

F. nucleatum 2 0 3 2 1 

A. 

actinomycetemcomitans 

0 3 0 0 0 

P. gingivalis 0 2 0 0 0 

P. nigrescens  0 1 0 0 0 

The scoring system used was based on that reported by Kolenbrander (Kolenbrander, 1988); a visual scale from 

0-4 where 0 represents an evenly turbid suspension with no visible coaggregation, and 4 represents the 

immediate formation of large coaggregates that settle rapidly to the bottom of the tube, leaving an almost clear 

supernatant. 

 

 

Figure 3.2. Examples of coaggregation scores. 

 

F. nucleatum was the only bacterium to form coaggregates with other species, and no species 

showed autoaggregation.  F. nucleatum formed visible coaggregates with all species. 

Coaggregates formed with A. actinomycetemcomitans were notably larger than with the 
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other species, resulting in more rapid settling to the base of the tube. With S. mitis and P. 

gingivalis, similar sized, smaller aggregates were formed, whilst with P. nigrescens, a 

suspension of cloudy appearance formed and the smaller aggregates remained in 

suspension. 

These results confirmed that in this work, F. nucleatum should be able to perform the key 

role of a bridging organism, mediating coadhesion with both primary and secondary 

colonisers and thus allowing formation of a multispecies biofilm.  

3.3.1.5 Minimum Inhibitory and Minimum Bactericidal Concentration of microorganisms to 

CHXDG(aq) 

MIC and MBC of CHXDG(aq) against all of the test species were determined to enable 

comparison at a later date with the predicted inhibitory and bactericidal effects of CHX-HMP 

coated surfaces, and to check sensitivity of the selected isolates to CHX.  

Values for the median MIC and MBC obtained for each species to CHXDG(aq are shown in 

Table 3.10, alongside values reported in other studies, where available, for comparison. 

Experimental data are shown as scatter plots in Figure 3.3 and Figure 3.4. S. mitis and F. 

nucleatum required higher concentrations of CHXDG(aq) for inhibition of growth and 

bactericidal activity compared to the other bacteria tested. For all species, MIC values were 

equal to, or less than, MBC values.   MIC values for S. mitis and F. nucleatum were the same, 

and both were at 3-6 fold higher concentrations than for the other species. The median MBC 

for S. mitis was the highest of all the bacteria tested, and whilst only slightly higher than that 

observed for F. nucleatum, was 4-fold higher than for the late colonising species. 

The MIC:MBC ratios indirectly show the concentration range at which CHXDG(aq) is 

bacteriostatic but not bactericidal: the larger the difference between MIC and MBC, the 

greater the ‘sublethal’ range. A previous study (McBain et al., 2003) showed similar ratios 

between these 2 values for P. gingivalis and P. nigrescens, but there were differences in the 

ratio found here for F. nucleatum versus that reported (1:3 versus 1:1) and a similar 

discrepancy between the ratio for S. mitis here and that reported for S. oralis (1:4 versus 1:1). 
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Table 3.10. Median MIC and MBC values for bacterial species to CHXDG(aq) with MIC:MBC ratio (n=4+)  

 S. mitis F. 
nucleatum 

A. 
actinomycetemcomitans 

P. 
gingivalis 

P. 
nigrescens 

Experimental  
MIC % CHXDG(aq) 
(µM) 

0.000625 
(7.0) 

0.000625 
(7.0) 

0.000156 
(1.7) 

0.000234 
(2.6) 

0.000078 
(0.87) 

Reported value 
MIC %  
(µM) 

0.000780 
(8.7) 

 
(McBain et 
al., 2003;  
S. oralis) 

0.000195 
(2.2) 

 
(McBain et 
al., 2003) 

0.000097 
(1.1) 

 
(Park et al., 2014) 

- 0.000390 
(4.3) 

 
(McBain et 
al., 2004) 

Experimental  
MBC % CHXDG(aq)  

(µM) 

0.002500 
(27.8) 

0.001875 
(20.9) 

0.000156 
(1.7) 

0.003125 
(34.8) 

0.003125 
(34.8) 

Reported value 
MBC % 
(µM) 

0.000780 
(8.7) 

 
(McBain et 
al., 2003;  
S. oralis) 

0.001300 
(14.5) 

 
(McBain et 
al., 2003) 

- - 0.000650 
(7.2) 

 
(McBain et 
al., 2004) 

Experimental 
MIC:MBC ratio 

1:4 1:3 1:2 1:1.3 1:4 

Reported 
MIC:MBC ratio 

1:1 1:6.6 - - 1:1.6 

Values reported in other studies, where available, are given alongside for comparison (grey rows). Equivalent 

concentrations in µM are given in italics in brackets. 

 

It was difficult to find other reported MIC and MBC values to CHX(aq) for all species tested in 

this work, making comparison to strains used in previous studies challenging. Values for S. 

mitis were compared to those reported for S. oralis, a member of the same genus, and also 

a primary coloniser of the oral cavity. Reported values for P. gingivalis, and an MBC value for 

A. actinomycetemcomitans, could not be found. Here, S. mitis showed a similar median MIC 

to that previously reported for S. oralis (McBain et al., 2003),  but MBC was at a 4 times 

higher concentration, whereas in the quoted study, it was equal to that of the MIC. The 

median MIC and MBC values obtained for the strain of F. nucleatum used in this work were 

3 and 1.4 times higher respectively than those reported in previous studies (McBain et al., 

2003). For A. actinomycetemcomitans, only a reported value for MIC could be found (Park et 

al., 2014), which was 1.6 times lower than that found here. With regards to P. nigrescens, 

the experimental mean MIC was approximately 4 times lower than that reported previously 

(McBain et al., 2004; 0.00039%; 4.3 µM), whereas the experimentally determined median 

MBC was more than 4 times greater. This demonstrated that, for this strain of P. nigrescens, 
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there was a wide range of concentrations over which CHXDG(aq) could be considered 

bacteriostatic but not bactericidal.  

 

Figure 3.3. Scatter plot showing MICs of all species to CHXDG(aq). Unfilled circles represent mean result from a 
single assay, black diamonds indicate cumulative median. Aa – A. actinomycetemcomitans. The CHX 
concentrations at which the MIC was determined are indicated with +.  n=4 minimum per species. 

 

Figure 3.4. Scatter plot showing MBCs of all species to CHXDG(aq). Unfilled circles represent mean result from a 
single assay, black diamonds indicate cumulative median. Aa – A. actinomycetemcomitans. The CHX 
concentrations at which the MBC was determined are indicated with +.  n=4 minimum per species. 
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 Growth of monospecies biofilms on saliva-coated glass 

The formation of mono- and multispecies biofilms on saliva-coated glass composed of the 5 

test bacteria was used to inform development of a multispecies biofilm model, mimicking 

that which might be seen in peri-implant disease. This was performed while optimisation of 

the SLA Ti surface was still in development. Measurement of biomass was used to determine 

whether biofilm formation and growth was occurring, whilst fluorescence in situ 

hybridisation (FISH) labelling of each bacterial species was attempted to ascertain the 3D 

structure and composition of the multispecies biofilm that was eventually developed. 

Mean biomass values for monospecies biofilms grown on saliva-coated glass for 120 hours 

are shown in Figure 3.5. All species demonstrated growth over the 120 hour assay, with S. 

mitis and P. nigrescens demonstrating the most rapid formation of biofilm, and S. mitis and 

A. actinomycetemcomitans exhibiting the highest overall biomass. There was a time 

dependent increase in biomass for all species across the 120 hour time period, but when the 

most rapid growth occurred varied between species: P. nigrescens, for example, showed a 

rapid increase in biomass between 24 and 48 hours, which then appeared to plateau at a 

relatively low biomass compared to other species. In contrast, a significant increase in 

biomass was seen only after a longer incubation period for both F. nucleatum and P. 

gingivalis, although the latter, in common with P. nigrescens, accumulated only a modest 

overall biomass level. A. actinomycetemcomitans showed a steadier increase in biomass 

across the 5 timepoints. These data correlate with the population doubling time assay 

(3.3.1.3), where F. nucleatum, A. actinomycetemcomitans and P. gingivalis were shown to 

have slower doubling times than P. nigrescens.  

Variability between repeats tended to increase with time, and it was observed that during 

washing steps - as part of the safranin staining protocol - as the biofilm became thicker, 

portions would detach and be washed away, resulting in an underestimation of the biomass. 

This could explain the ‘decrease’ seen at 120 hours for P. nigrescens, as well as the general 

increase in range of values obtained at the 96 and 120 hour time points for other species. 
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Figure 3.5. Box and whisker plot showing biomass at 24 hour intervals for monospecies biofilms grown on saliva-coated glass. Biomass was quantified by safranin stain, acetic acid 
release and absorbance measurement at 490 nm. X marks the mean, horizontal line indicates median, box indicates interquartile range, upper and lower box boundaries are at 75th 
and 25th percentile, whiskers show range of the data. n=4. 
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 Growth of multispecies biofilm on saliva-coated glass  

In order to later determine the ability of the CHX-HMP coated SLA Ti to prevent formation of 

a multispecies biofilm, it was necessary to develop a method for growth of such a biofilm 

with the selected clinical isolates. Biomass assays were used to monitor development of the 

biofilm over 120 hours, and results of this are shown in Figure 3.6. 

 

Figure 3.6. Box and whisker plot showing biomass at 24 hour intervals for a 5 species biofilm grown on saliva-
coated glass in TSBYEHM+S. An inoculum of 0.5x107 CFU was used for all species: S. mitis was inoculated at time 
0 hours, F. nucleatum at 24 hours, A. actinomycetemcomitans, P. gingivalis and P. nigrescens at 48 hours. All 
inocula were 0.5x107 CFU. Media was changed at 72 and 96 hours. Biomass was quantified by safranin stain, 
acetic acid release and absorbance measurement at 490 nm. X marks the mean, horizontal line indicates median, 
box indicates interquartile range, upper and lower box boundaries are at 75th and 25th percentile, whiskers show 
range of the data. *p<0.05 relative to biomass at 120 h, as determined by 1-way ANOVA with Sidak correction 
(n=3). 

 

There was a steady increase in biomass during the 120 hour incubation. The final biomass 

reached was similar to that seen with the S. mitis monospecies biofilm grown on saliva-

coated glass (Figure 3.5). The biomass increased modestly between 24 and 48 hours, before 

approximately doubling between 48 and 72 hours, followed by subsequent smaller increases 

at 72, 96, and 120 hours. 
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A trend shared with the monospecies biofilm assays was the increasing inter-assay variability 

at the longer time points, although the range of data points was smaller. Again, visible loss 

of biomass occurred during staining and washing steps, which is likely to have contributed to 

the larger range of data points seen at 96 and 120 hours. Additionally, at the 24 and 48 hour 

time points, there were only 1 and 2 species present (S. mitis at 24 h, S. mitis and F. 

nucleatum at 48 h), meaning fewer factors – such as growth rate at inoculation – which could 

affect biofilm formation. At these 2 earlier timepoints, mean volume of biomass formed was 

very similar to that seen in monospecies S. mitis biofilm assays, whereas at 72 and 96 hours, 

it was lower, before appearing to recover to similar levels by 120 hours.  

Pilot studies were also conducted using Wilkins Chalgren broth supplemented with 2% 

sterile-filtered human saliva (WCB+S) or an artificial saliva (RAS) as the growth medium. 

However, biofilm growth proceeded very slowly in these media, and it was deemed 

impractical to continue using a model with such slow biofilm formation. Data from these 

assays are shown in Appendix G: Biofilm formation in other media.  

 

 FISH 

FISH was initially used to label monospecies biofilms to confirm efficacy and specificity of the 

probes, and to determine the optimum wavelength for their imaging using fluorescence 

microscopy. Following this, the intention was to perform labelling of each organism in the 

multispecies biofilm so as to ascertain its final 3D structure and composition using confocal 

microscopy, and, by comparing images from biofilms at different time points, its temporal 

development. 

3.3.4.1 Labelling of monospecies biofilms 

Images obtained from monospecies 24 hour biofilms following FISH labelling are shown in 

Figure 3.7. The different morphologies of each organism were clear, and comparable to those 

seen after Gram staining using light microscopy (Figure 3.1), with the coccoid or bacillus cells 

of S. mitis, P. gingivalis and P. nigrescens clearly distinct from the fusiform morphology of F. 

nucleatum. There was substantial background fluorescence on images of the S. mitis and P. 

nigrescens biofilms, although the reasons for this were unclear. In spite of multiple attempts 

using various experimental parameters, labelling of A. actinomycetemcomitans was 

unsuccessful.  
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Figure 3.7. Images of monospecies biofilms labelled with species-specific probes by FISH. A – S. mitis, B – F. 
nucleatum, C – P. gingivalis, D – P. nigrescens. The fluorophore used to label S. mitis (Dy415) was more readily 
visible using a green rather than blue filter, even though it emits in the visible blue range. It was not possible to 
label A. actinomycetemcomitans. Scale bars, 5 µm. 

 

3.3.4.2 Labelling of multispecies biofilms 

Light microscopy visualisation of the 72 hour multispecies biofilm confirmed the presence 

of at least 2 different species, readily identifiable by their different morphologies: F. 

nucleatum and coccoid or coccobacillus shaped organisms, which could represent any of 

the other strains used for biofilm formation (Figure 3.8). This therefore confirmed the 

validity of the FISH-labelling approach to better understand the nature of this multispecies 

biofilm. Single species were successfully labelled within the multispecies biofilm with the 

FISH probes, but it did not prove possible to label more than 2 species at once. Images 

taken after labelling with various combinations of probes are shown in Figure 3.9 - Figure 

3.12, with corresponding light microscopy images where available.  
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Figure 3.8. Light microscopy images of 72 hour multispecies biofilm, taken at different Z positions within the 
biofilm. Rod form of F. nucleatum indicated by black arrows, coccoid and coccobacillus forms of other bacteria 
(indistinguishable from each other at this magnification) indicated by white arrows. Scale bars 5 µm. 

 

Figure 3.9, with FISH labelling of S. mitis using a green fluorescent probe (A), demonstrated 

the widespread presence of this species in the 72 hour biofilm. Whilst there were some areas 

where the organisms appear more dense, their ubiquitous presence was clear. The rod 

morphology of F. nucleatum was also visible on the corresponding light micrograph (B).  
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Figure 3.9. FISH labelling of S. mitis in a 72 hour multispecies biofilm (A), with corresponding light micrograph (B). Scale bars, 5 µm. Rod form of F. nucleatum, indicated by black arrow, only 
visible with light microscopy. Abundant coccoid form of S. mitis, visible under fluorescence as well as light microscopy, indicated by white arrow. 
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Figure 3.10. FISH labelling of P. gingivalis (blue arrow) in 5 species 72 hour biofilm (A), with corresponding light micrograph (B). Characteristic morphology of F. nucleatum indicated by black 
arrow. Coccobacillus shape of P. gingivalis was indistinguishable from other species by light microscopy. Scale bars, 5 µm. 
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By contrast, the distribution of P. gingivalis, as shown in Figure 3.10A, was less dense, and 

there were regions of the biofilm where there was no labelling of this species. When 

compared to the light micrograph of the same site (B), there were clearly a greater number 

of organisms present in this region than had been labelled with the POGI FISH probe, 

suggesting these might be a different species; given the morphology and large number of 

them, these may represent S. mitis.  

Simultaneous labelling of both S. mitis and F. nucleatum using FISH was achieved, as shown 

in Figure 3.11, where, due to their different morphologies, the 2 species were distinguishable 

from each other in spite of both probes fluorescing under green light. Figure 3.12 also 

demonstrates combined labelling within the 72 hour biofilm of P. nigrescens and F. 

nucleatum, with labelling of the former clearly being very sparse (A) compared to the number 

of organisms present by light microscopy (B). Numbers of F. nucleatum were also low in this 

image, whereas in other micrographs presented in this section it appeared to be present in 

higher numbers.   

In Figure 3.13, individual images showing labelling of (A) P. gingivalis and (B) S. mitis are 

combined (C), allowing localisation and comparison of relative numbers of each species; as 

previously, S. mitis predominated, whilst P. gingivalis was present only in small numbers. 

 

Figure 3.11. Micrograph showing the different morphologies of S. mitis (white arrow) and F. nucleatum (black 
arrow) with combined FISH labelling in a 72 hour multispecies biofilm. Scale bar, 10 µm 
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Figure 3.12. Combined FISH labelling of F. nucleatum (black arrow) and P. nigrescens (orange arrow) in a 72 hour multispecies biofilm (A) with corresponding light micrograph (B). Whilst the rod 
morphology of F. nucleatum makes it readily visible on both images, P. nigrescens is indistinguishable from other species by light microscopy. Scale bars, 5 µm.
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Figure 3.13. Combined FISH labelling of S. mitis (white arrow) and P. gingivalis (blue arrow) in a 72 hour multispecies biofilm. A - P. gingivalis; B – S. mitis; C – combined image. Scale bars, 5 µm. 
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 Prevention of biofilm formation on saliva-coated glass using CHXDG(aq): 

measurement of biomass and metabolic activity  

The capacity of CHXDG(aq) to prevent formation of the multispecies biofilm on saliva-coated 

glass was investigated. This was to enable subsequent comparison with the anti-biofilm 

efficacy of the CHX-HMP coated SLA Ti. Results from these assays, as assessed by metabolic 

activity and biomass measurements, are shown in Figure 3.14 and Figure 3.15.  

Both metabolic activity and biomass were significantly reduced when biofilms were formed 

in the presence of 0.01% CHXDG(aq)  (111.4 µM). Given that the concentration of CHX used 

was well above the previously established MICs and MBCs for all species (Table 3.10), this is 

as expected. When no CHX was present, biomass levels were similar to those seen previously 

(Figure 3.6), indicating a degree of reproducibility for this biofilm model. Biomass remained 

at a very low and constant level in the presence of 0.01% CHX(aq). By contrast, in the absence 

of CHXDG(aq), it increased in a time-dependent manner. There was no statistical difference 

between biomass formed with or without CHXDG(aq) at 24 hours, but from 48 hours onwards, 

biomass levels were significantly higher for those biofilms formed in its absence. Metabolic 

activity remained at a constant level (virtually undetectable) throughout the 96 hour time 

period when 0.01% CHXDG(aq) was present, whereas in its absence, fluorescence more than 

doubled between 24-48 hours, before remaining fairly constant from 48-96 hours.  
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Figure 3.14. Mean metabolic activity of multispecies biofilms at 24 hour intervals when grown in the presence or 
absence of 0.01% CHXDG(aq) (111.4 µM). Error bars represent standard deviations. *p<0.05 when compared to 
corresponding biofilm formed in the absence of CHXDG(aq), as determined by 1-way ANOVA (n=4).   

 

 

Figure 3.15. Box and whisker plot of net biomass recovered from multispecies biofilms grown in the presence or 
absence of 0.01% CHXDG(aq) (111.4 µM). Biomass was quantified by safranin stain, acetic acid release and 
absorbance measurement at 490 nm. S. mitis was inoculated at time 0 hours, F. nucleatum at 24 hours, A. 
actinomycetemcomitans, P. gingivalis and P. nigrescens at 48 hours. All inocula were 0.5x107 CFU.  Left to right 
box plots for each series are at 24, 48, 72, and 96 hours. X marks the mean, horizontal line indicates median, box 
indicates interquartile range, upper and lower box boundaries are at 75th and 25th percentile, whiskers show 
range of the data. *p<0.05 compared to corresponding biofilm formed in the presence of CHX(aq), or #p<0.05 
compared to corresponding biofilm formed at other time points under same conditions, as determined by Welch 
1-way ANOVA with Sidak correction (n=4). NSD, no significant difference. 
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  Growth of biofilm on CHX-HMP coated SLA Ti  

3.3.6.1 72 hour biofilm formation 

Having demonstrated the efficacy of CHXDG(aq) to disrupt the formation of a multispecies 

biofilm, the ability of CHX-HMP coated SLA Ti surfaces to do similar was investigated, within 

the context of prevention of biofilm formation on a Ti implant surface. Initially, metabolic 

activity and biomass of multispecies biofilms formed on CHX-HMP coated SLA Ti over 72 

hours was investigated, using inocula of 0.5x104 CFU or 0.5x107 CFU (Figure 3.16).  

At 24 hours, there was virtually no metabolic activity or biomass detected on any of the CHX-

HMP coated surfaces relative to the uncoated controls. At both inocula, biomass remained 

reduced on CHX-HMP coated surfaces after 48 hours and 72 hours, although at 48 hours this 

was not statistically significant, probably due to high levels of variability on the control 

samples. In contrast, metabolic activity returned to that of uncoated SLA Ti by 48 hours for 

the 0.5x107 CFU inoculum on both test surfaces, and on the 15:5mM+0.25%-E-100µL coating 

for the 0.5x104 CFU inoculum. For the 15:5mM-I-30min coating, metabolic activity levels 

remained significantly lower than for the uncoated control at both 48 and 72 hours when 

using the 0.5x104 CFU inoculum. Metabolic activity at all 3 time points on uncoated SLA Ti 

using both inocula was similar, which may indicate a saturation of the fluorescence signal, 

rather than a truly comparable level of metabolic activity over the 72 hours.  

Biomass accumulation on SLA Ti appeared to slow over time, showing only a modest increase 

between 48 and 72 hours relative to the change between 24 and 48 hours. Differences in 

biomass between the different inocula at each time point were small.  
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Figure 3.16. Metabolic activity (A and B) and biomass (C and D) of biofilms grown on uncoated and CHX-HMP coated SLA Ti. Bacterial inocula tested were 0.5x104 CFU (A, C) or 0.5x107 CFU (B, 
D). S. mitis was inoculated at time 0 hours, F. nucleatum at 24 hours, A. actinomycetemcomitans, P. gingivalis and P. nigrescens at 48 hours. Biomass was quantified by safranin stain and acetic 
acid release. Error bars represent standard deviations. *p<0.05 versus uncoated SLA Ti at the same time point, as determined by 1-way ANOVA with Sidak correction (n=2). 
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3.3.6.2 96 hour biofilm formation 

Data showing metabolic activity and biomass of multispecies biofilms formed on CHX-HMP 

coated SLA Ti over 96 hours are presented in Figure 3.17. This additional time point was to 

accommodate a second inoculation of S. mitis at 24 hours, followed by F. nucleatum at 48 

hours, and A. actinomycetemcomitans, P. gingivalis and P. nigrescens at 72 hours. This step 

was introduced to investigate whether the previously observed effect of the CHX-HMP 

coatings in reducing metabolic activity and biomass persisted beyond the initial 24 hours. 

As seen in the pilot assay (Figure 3.16), there was minimal metabolic activity from SLA Ti 

coated with CHX-HMP at 24 hours, regardless of inoculum, and this was significantly lower 

than that seen on SLA Ti. For both inocula, by 48 hours, the metabolic activity levels of 

biofilms on CHX-HMP coated surfaces were restored to those of uncoated SLA Ti. There was 

additionally a lower metabolic activity measured on the uncoated SLA Ti at 24 hours using 

0.5x107 CFU inocula versus 0.5x104 CFU. 

For all surfaces, there was an increase in biomass over the 96 hours, although for CHX-HMP 

coated surfaces at the 0.5x104 CFU inoculum, biomass levels remained static up to 48 hours. 

At the lower inoculum, at 24 and 48 hours, biomass on all surfaces coated with CHX-HMP 

NPs was reduced compared to uncoated SLA Ti at the same timepoint, except for the 

15:5mM-I-30min coating at 24 hours. At the higher inoculum, only the immersion coated SLA 

Ti at 48 hours exhibited reduced biomass compared to the uncoated SLA Ti, which in turn 

had reduced biomass in comparison to the same surface with a 0.5x104 CFU inoculum. By 72 

hours, with both inocula, there were no significant differences in biomass between coated 

and uncoated SLA Ti, and this trend persisted at 96 hours. On some surfaces there was 

considerable variation between assays, resulting in large SD. 

 

 



 

180 
 

 

Figure 3.17. Metabolic activity (A and B) and biomass (C and D) of multispecies biofilms grown on uncoated and CHX-HMP coated SLA Ti. Bacterial inocula tested were 0.5x104 CFU (A, C), or 
0.5x107 CFU (B, D). S. mitis was inoculated at time 0 hours and 24 hours, F. nucleatum at 48 hours, A. actinomycetemcomitans, P. gingivalis and P. nigrescens at 72 hours. Biomass was quantified 
by safranin stain and acetic acid release. Error bars represent standard deviations. n=3. * p<0.05 versus uncoated SLA Ti at the same time point; # p<0.05 versus the same sample at the 
alternative inoculum, as determined by 1 way ANOVA with post hoc Sidak correction.  
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 Use of viability qPCR to characterise biofilms grown on CHX-HMP coated 

surfaces 

Alongside biomass and metabolic activity measurements, further work was undertaken to 

investigate the effects of CHX-HMP coated SLA Ti on both the composition and viability of 

the multispecies biofilms. The technique selected for this was viability qPCR, which should 

enable determination of composition by species and identify relative proportions of live and 

dead bacteria. 

Prior to performing viability qPCR analysis on biofilms grown on uncoated and CHX-HMP 

coated SLA Ti, preparatory work was undertaken, which included selection and validation of 

primers for each species, generation of standard curves for quantification of bacterial gDNA, 

and selection of a method for gDNA extraction from bacterial biofilms grown on CHX-HMP 

coated surfaces.   

3.3.7.1 qPCR primer selection and validation 

Following primer design, conventional PCR was first carried out on gDNA extractions from 

planktonic suspensions of each species. The product for each was subjected to AGE to 

confirm size of amplicon and thus primer specificity. AGE gels showing correct amplicon 

generation for each species are shown in Figure 3.18. Expected amplicon sizes are shown in 

Table 3.11. CT values for each primer pair at a range of annealing temperatures were then 

determined to identify the optimal annealing temperature for each pair (Table 3.12; 

highlighted in green). No amplification was seen with NTCs or with gDNA extractions of other 

species, confirming primer specificity. 

Table 3.11. Expected amplicon size for each primer pair  

Target species Expected amplicon size (bp) 

A. actinomycetemcomitans  80 

F. nucleatum  163 

P. gingivalis  69 

P. intermedia* 103 

P. nigrescens  82 

S. mitis  98 

*At this stage, the Prevotella species used was considered to be P. intermedia. However, following several 
unsuccessful PCR assays using primers previously reported to be specific to P. intermedia, 16S rDNA gene 
sequencing of this species indicated over 99% similarity with P. nigrescens. As such, primers were redesigned, 
and PCR was subsequently successful (Figure 3.18C). 
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Figure 3.18. AGE gels of PCR amplicons showing successful amplification from gDNA extractions for (A) A. 
actinomycetemcomitans, F. nucleatum and P. gingivalis, (B) S. mitis and (C) P. nigrescens. NTC - no treatment 
control. Faint bands in lane 2 of images A and B correspond to primer dimers. 

 

Table 3.12. Optimal annealing temperatures determined for each primer pair 

 Annealing Temperature ˚C 

 55 55.7 57 59 61.4 63.3 64.5 65 

Primer pair Threshold cycle (CT)* 

S. mitis 10 8 10 7 9 8 10 13 

F. nucleatum 9 11 14 10 10 7 7 10 

A. 

actinomycetemcomitans 

8 8 8 8 7 8 9 7 

P. gingivalis 4 5 15 12 15 15 14 14 

P. nigrescens N/A 16 17 15 16 20 26 31 

*Optimal annealing temperature indicated in green, based on lowest CT value. 

N/A – no amplification detected. 
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3.3.7.2 Production of calibration curves for viability qPCR  

Calibration curves were produced to enable quantification of gDNA within multispecies 

biofilms for each bacterium based on the CT values from viability qPCR data (Figure 3.19).  

 

 

Figure 3.19. Calibration curves produced to enable quantification of gDNA by mass within multispecies biofilms 
for each bacterium based on CT values. A – S. mitis, B – F. nucleatum, C – A. actinomycetemcomitans, D – P. 
gingivalis, E – P. nigrescens. Data from n=3 separate qPCR assays using planktonic suspensions (1x107 CFU/mL) 
for each species were pooled to produce the curves. Raw data are presented in Appendix H: Additional PCR, gDNA 
extraction and qPCR data. 
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3.3.7.3 gDNA extraction from multispecies biofilms 

A pilot assay was conducted to inform the number of multispecies biofilm samples that 

would need to be pooled to extract sufficient gDNA to achieve a detectable CT value by qPCR 

for each species. Six biofilm samples grown on uncoated SLA Ti using a 0.5x104 CFU inoculum 

were pooled and gDNA extracted from the resultant pellet; results are shown in Table 3.13. 

High CT values (>30) were obtained for all species except for S. mitis and A. 

actinomycetemcomitans after PMA treatment, indicating that numbers of organisms were 

close to the detection limit of this technique (CT ~>30; Sánchez et al. 2014).  

Table 3.13. Mean CT values for n=6 pooled multispecies biofilms grown on SLA Ti (0.5x104 CFU inoculum) 

Primer pair Mean CT after PMA 
treatment 

Mean CT without PMA 
treatment 

S. mitis 19 12 

F. nucleatum 33 25 

A. actinomycetemcomitans 28 27 

P. gingivalis 31 22 

P. nigrescens 36 35 

 

The number of pooled samples for subsequent assays was therefore doubled to 12 in an 

attempt to ensure adequate gDNA would be available for amplification from biofilms grown 

on all coatings at both inocula.  

The quantities of gDNA extracted from each set of 12 pooled biofilms (n=12) treated with 

and without PMA are shown in Figure 3.20. There was substantial variation in the quantity 

of gDNA extracted from each set of biofilms, although there was a trend for a higher gDNA 

yield from biofilms grown using 0.5x107 CFU inocula on all surfaces. There was also a trend 

towards a larger gDNA yield from the SLA Ti compared to both CHX-HMP coatings, and for a 

higher yield from the 15:5mM+0.25%-E-100µL coatings compared to the 15:5mM+0.25%-E-

200µL coatings. In general, biofilms treated with PMA prior to gDNA extraction resulted in a 

lower gDNA yield than that of the untreated samples, although this was not the case for 

every sample. Regression analysis was performed for each set of biofilms (‘run’) to determine 

if gDNA yield correlated with biofilm biomass (Table 3.14). R2 values demonstrate that this 

was not the case (biomass and gDNA yield data for each set of biofilms used to calculate 

these values are shown in Appendix H: Additional PCR, gDNA extraction and qPCR data). It 

would be expected that gDNA mass correlated with biomass, and the fact that this was not 

the case suggested that gDNA extraction efficiency varied from assay to assay.  
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Figure 3.20. Mass of gDNA extracted from each set of pooled multispecies biofilms per surface type (A) after and 
(B) without PMA treatment, as determined by spectrophotometry (NanoDrop). Unfilled circles represent 1 run of 
biofilms. Black bar indicates median value of the 4 data points. n=4. 
 

Table 3.14. R2 values for regression analysis of biomass vs. gDNA yield (without PMA treatment) 

Run R2 value of regression of biomass 
versus gDNA yield 

1 0.9167 

2 0.1823 

3 0.2984 

4 0.6627 

All data pooled 0.3468 



Chapter 3: Development of a multispecies biofilm model, and microbiological response to CHX-HMP 

 

186 
 

3.3.7.4 Viability qPCR on multispecies biofilms 

Following optimisation of the gDNA extraction process, and validation of primer pairs for use 

with qPCR, viability qPCR was performed on multispecies biofilms grown on both uncoated 

and CHX-HMP coated SLA Ti, at the 0.5x104 and 0.5x107 inocula, in order to determine biofilm 

mass and % composition by species, and to establish whether this varied with presence of 

the CHX-HMP coatings. This would potentially inform understanding of the action of the CHX-

HMP coatings, particularly alongside previously collected metabolic activity, biomass and 

FISH data.  

Total gDNA recovered from multispecies biofilms, as calculated by qPCR analysis of each set 

(n=4) of 12 pooled biofilms, is shown as a scatter plot in Figure 3.21. There was substantial 

variation in the total mass of gDNA extracted from each set of biofilms. This was particularly 

apparent on uncoated SLA Ti and the 15:5+0.25%-E-100µL coating at both inocula, with up 

to a 10-fold range of values recorded. Nonetheless, when median values are considered, 

there was a trend for higher levels of gDNA to be recovered from biofilms generated with 

the 0.5x107 inocula compared to the 0.5x104 inocula on all surface types, although the fold 

increase varied. As seen previously, there was also a trend for lower quantities of gDNA to 

be recovered from biofilms grown on CHX-HMP coated surfaces compared to uncoated SLA 

Ti.  

There is a clear difference between these figures and the mass of gDNA quantified from the 

same biofilms using the NanoDrop spectrophotometer (Figure 3.20); even after treatment 

with PMA, which resulted in some reduction in the mass of gDNA extracted, a larger quantity 

of gDNA was calculated compared to that using qPCR; differences ranged from 5 to 10 fold, 

and differences seemed to be greater for biofilms grown at the 0.5x104 inoculum. 
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Figure 3.21. Scatter plot showing total mass of recovered gDNA as calculated by viability qPCR from pooled 
multispecies biofilms grown on uncoated and CHX-HMP coated SLA Ti. Unfilled circles represent 1 set of biofilms 
(made up from 12 pooled biofilm samples). Black bar indicates median value of the n=4 data points. 

 

Following biofilm collection +/- PMA treatment and subsequent gDNA extraction, viability 

qPCR was carried out for each set of biofilms. Since PMA can only penetrate the cell walls 

of compromised bacteria, amplification of gDNA from dead bacteria in these aliquots would 

not occur during the qPCR process. Thus, differences in CT cycles for these aliquots with the 

matched one from the same biofilm pellet not treated with PMA allowed calculation of the 

percentage of gDNA extracted from live and dead bacteria. This is shown for each set of 

biofilms in Figure 3.22.  The bar height shows the total mass of gDNA, whilst the red and 

green portions indicate the quantities of gDNA extracted from dead and live bacteria 

respectively. Figure 3.21 shows the mean metabolic activity and biomass for those biofilms. 

The mean % composition of each biofilm by species is shown in Table 3.15. The percentage 

composition by species for each individual set of biofilms is presented in Appendix H: 

Additional PCR, gDNA extraction and qPCR data (Table 0.9: page 349).
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Figure 3.22. Relative proportions of gDNA extracted from live or dead bacteria within multispecies biofilms grown on uncoated and CHX-HMP coated SLA Ti, at both 0.5x104 and 0.5x107 CFU/mL. 
S. mitis was inoculated at 0 hours, F. nucleatum at 24 hours, A. actinomycetemcomitans, P. gingivalis and P. nigrescens at 48 hours. Proportions of live and dead microorganisms are indicated 
in green and red respectively. Each graph (A-D) represents a separate set of biofilms pooled from 12 substrates for each surface. The same data is presented in tabulated form in Appendix H 
Table 0.8  for clarification of smaller values. 
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Figure 3.23 Mean metabolic activity (A and B) and biomass (C and D) of biofilms grown for qPCR studies. Bacterial 
inocula tested were 0.5x104 CFU (A, C), or 0.5x107 CFU (B, D). S. mitis was inoculated at 0 hours, F. nucleatum at 
24 hours, A. actinomycetemcomitans, P. gingivalis and P. nigrescens at 48 hours. Error bars represent standard 
deviations. n=4. *p<0.05 versus uncoated SLA Ti at the same time point as determined by 1 way Welch ANOVA 
with post hoc Sidak correction. No differences were identified between the same surfaces at the same time points 
at different inocula.   

 

Despite the variation in levels of recovered gDNA across the biofilms, metabolic activity levels 

(Figure 3.23A,B) correlated with earlier assays. As seen before (Figure 3.16 and Figure 3.17), 

metabolic activity on CHX-HMP coated surfaces was reduced at 24 hours for both inocula 

compared to uncoated controls, and this persisted to 48 hours on the 15:5mM+0.25%-E-

200µL coating at both inocula.  

Whilst the total biomass formed in these assays was substantially higher than that seen 

previously (compare Figure 3.23 with Figure 3.16), the same trend of a significantly reduced 

biomass on CHX-HMP coated surfaces was observed, which persisted to 72 hours with both 

inocula. This reduced biomass on CHX-HMP coated surfaces was similar between surfaces 

and inocula at each time point, as was the biomass formed on the SLA Ti, regardless of 

inoculum (Figure 0.17). This again confirmed that biofilm development had been affected by 

the presence of CHX-HMP, as demonstrated previously.  
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Table 3.15. Mean percentage composition of multispecies biofilms formed on uncoated and CHX-HMP coated 
SLA Ti (n=4)  

 Mean % of each species within total biofilm* (SD) 

Coating and 
inoculum 

S. mitis F. 
nucleatum 

A. 
actinomycetemcomitans 

P. gingivalis P. 
nigrescens 

SLA Ti  
0.5x104 

inoculum 

99.93 
(0.12) 

0.06 
(0.12) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

SLA Ti  
0.5x107 

inoculum 

98.41 
(1.41) 

0.95 
(0.96) 

0.09 
(0.10) 

0.02 
(0.02) 

0.53 
(0.49) 

      

15:5mM+0.25%-
E-100µL  
0.5x104 

inoculum 

98.26 
(2.34) 

0.53 
(0.54) 

0.23 
(0.45) 

0.00 
(0.00) 

0.98 
(1.96) 

15:5mM+0.25%-
E-100µL 
 0.5x107 

inoculum 

98.82 
(0.41) 

0.49 
(0.27) 

0.09 
(0.06) 

0.04 
(0.02) 

0.56 
(0.53) 

      

15:5mM+0.25%-
E-200µL 
0.5x104 

inoculum 

98.73 
(1.25) 

1.47 
(1.86) 

0.24 
(0.35) 

0.01 
(0.02) 

0.38 
(0.67) 

15:5mM+0.25%-
E-200µL  
0.5x107 

inoculum 

95.57 
(3.84) 

0.67 
(0.73) 

2.51 
(4.57) 

0.04 
(0.05) 

1.20 
(1.62) 

*Figures in brackets indicate standard deviation. No significant differences between coating type and inoculum 
for any species, as determined by 1-way ANOVA with post hoc Sidak test. 

 

The proportions of recovered biofilm gDNA that were derived from live or dead bacteria 

(Figure 3.22) are presented separately for each qPCR run rather than pooled, given the level 

of variation between each set of biofilms. Nonetheless, across all repeats, on all surfaces, 

gDNA from dead bacteria was predominant, on some surfaces representing >99% of the 

gDNA present. There were no statistically significant differences in the levels of gDNA 

recovered from dead bacteria between surfaces or inocula.   

Pooled mean species composition for biofilms on each surface (Table 3.15) indicated that on 

all surfaces, with both inocula, S. mitis was the predominant organism, comprising at least 

95% of the biofilm population and often ≥98%. Levels of the remaining bacteria, F. 

nucleatum, A. actinomycetemcomitans, P. gingivalis and P. nigrescens, varied across the 

samples tested, but large SD values indicated the high level of variability that was seen with 

this much smaller community. There were no significant differences between proportions of 

species across the substrata or between inocula.   



   
Chapter 3: Development of a multispecies biofilm model, and microbiological response to CHX-HMP 

 

191 
 

3.4 Discussion 

This work addressed project objectives 4 and 5: to develop a multispecies oral biofilm model 

relevant to peri-implant infection, and to test the antimicrobial effect of the previously 

developed CHX-HMP coatings on both single and multispecies biofilms, using clinical isolates 

from implant patients. More specifically, this included assessment of whether the coatings 

reduced or prevented formation of single and multispecies biofilms composed of relevant 

oral bacteria, to determine the mechanisms by which any reduction was achieved, and to 

establish whether changes to the composition of the biofilms occurred as a result.  

Key findings were: 

• The microorganisms selected for use in this study were susceptible to the action of 

CHX(aq), whether it was used to directly supplement the medium, or was released 

from CHX-HMP present on the surface of SLA Ti. The presence of 0.01% (111.4 µM) 

CHX(aq) in the medium prevented multispecies biofilm formation over 96 hours. 

• The microorganisms selected were successfully used to grow a reproducible biofilm 

under anaerobic conditions consisting of 5 different clinically relevant species, in 

various proportions. 

• The CHX-HMP coated surfaces reduced multispecies biofilm metabolic activity and 

biomass, and their effect was greatest in the first 24 hours after bacterial inoculation. 

This agrees with elution data, which showed that the majority of CHX(aq) release 

occurred within the first 24 hours, meaning the greatest effect was on S. mitis. 

• A second inoculation of S. mitis at 24 hours appeared to be minimally affected by the 

presence of CHX(aq) in terms of metabolic activity, confirming the short duration of 

action of these CHX-HMP coated surfaces, although biomass remained reduced 

beyond the presumed period of activity of the CHX(aq).  

• The resultant reduction in cell numbers and metabolic activity of the primary 

colonisers (S. mitis) in the first 24 hours reduced biomass accretion at subsequent 

time points, but did not change the composition of the multispecies biofilm.  

• The CHX-HMP coating did not have 100% efficacy in eliminating S. mitis in the first 

24 hours: this organism still predominated on uncoated and CHX-HMP coated 

surfaces alike at 72 hours.   

• Recovery of gDNA from the biofilms was inconsistent and therefore lacked the level 

of reproducibility required for more detailed analysis of the effects of the CHX-HMP 

coated surfaces by viability qPCR. 
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 Microorganism selection, validation and characterisation 

Microorganisms were selected for this work based on their known association with peri-

implant diseases. S. mitis is a primary coloniser of the oral cavity (Jakubovics et al., 2010), 

including of dental implants (Subramani et al., 2009), while F. nucleatum is acknowledged as 

an important bridging organism during multispecies biofilm formation (Kolenbrander, 1988; 

Kolenbrander et al., 1993; Zulfiqar et al., 2013). F. nucleatum is also recognised as a pathogen 

associated with periodontal disease and PID, along with the late colonisers A. 

actinomycetemcomitans, P. gingivalis and P. nigrescens, amongst others (Leonhardt et al., 

1999; Ata-Ali et al., 2011; Park et al., 2014; Carcuac et al., 2016; de Waal et al., 2016; Do 

Nascimento et al., 2016).  

The selected strains of S. mitis and F. nucleatum had been isolated from a PI lesion (Al-Radha 

et al., 2012), whilst those of P. gingivalis and P. nigrescens (originally identified as P. 

intermedia) had previously been isolated from a periodontal pocket. There was a preference 

to use isolates from relevant clinical conditions to maximise external validity of the results. 

Since no clinical isolates of A. actinomycetemcomitans were readily available, a type strain 

for this species from the American Type Culture Collection (ATCC) was utilised, which had 

originally been isolated from subgingival plaque.  

3.4.1.1 CFU/OD correlation 

The variations in CFU/mL values obtained for suspensions at OD600 1 across the test species 

were most likely due to differences in cell morphology. S. mitis, P. nigrescens and P. gingivalis 

are of similar size (diameter ~0.5-1 µm), whereas F. nucleatum is substantially larger (length 

~15-20 µm). A. actinomycetemcomitans is smaller (diameter ~0.25 µm), and its higher cell 

density at OD600 1 might have also reflected the propensity of this species to aggregate. Some 

variation in CFU/mL between different strains is also to be expected due to small differences 

in growth characteristics or phenotype. Nonetheless, values for all test species were within 

10-fold or less of those reported previously. 

3.4.1.2 Population doubling time 

Mean population doubling time was determined for each clinical isolate to be used, and 

compared to those for type strains of the same species. This helped ensure that the selected 

isolates grew in a manner ‘typical’ for that species and as such, would improve external 
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validity of later results, as well as meaning that methods previously reported using these 

species would be applicable in this work.  

Mean doubling times for all the selected clinical isolates fell within the SD of the type strains, 

indicating that their growth conformed to that expected for their species. These data also 

gave an indication of the time taken to reach exponential growth for each species, which 

later informed the design of the multispecies biofilm model. For the selected clinical isolates, 

S. mitis had the most rapid population doubling time, followed by P. nigrescens. P. gingivalis 

and F. nucleatum (approximately 8- and 13-fold slower), with A. actinomycetemcomitans 

showing the slowest population doubling time of approximately 36 hours. S. mitis is a 

facultative anaerobe that is known to have a faster replication rate than obligate anaerobes, 

as demonstrated by the data shown here (1.4 hours). 

In general, these doubling times are longer than those reported elsewhere for the same 

strains or species. In other work, a different strain of S. mitis was demonstrated to have a 

more rapid population doubling time of approximately 0.5 hours (Salvadori et al., 2016). The 

same type strain for F. nucleatum as that used here for comparison with the CI was also 

shown to have a more rapid doubling time of 3.5 hours (Rogers et al., 1991) compared to the 

17.2 hours recorded in this work, although in the Rogers study, incubation conditions were 

optimised. A significantly shorter generation time has also been recently reported for a 

serotype a strain of A. actinomycetemcomitans (approximately 5 hours; Sugimoto et al. 

2019) but given that here, both strains investigated were serotype b, along with other 

differences in culture conditions including medium used, this may account for the substantial 

difference observed (35.7 hours and 47.4 hours). The experimentally determined doubling 

times for P. gingivalis strains used in this work were 6.1 and 10.6 hours for a type strain and 

a CI respectively. These are similar to the value of 9 hours reported for the same type strain 

(Grenier et al., 2001), as are those determined for the P. nigrescens type strain (4.6 hours) 

and CI (4.9 hours) when compared to another type strain (3.5 hours; Takahashi et al., 2000). 

A different medium (TSBYEHM) was used in this work compared to studies reported in the 

literature, and since it is known that, amongst many factors, availability of nutrients and 

media pH can have a substantial effect on growth rate of organisms (Rogers et al., 1991), this 

is likely to be the reason for the differences seen in population doubling times where the 

same strain was used. Where values for different strains are reported, the inherent variability 
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of metabolic and growth rates between strains must also be accounted for, as these have a 

significant effect on population doubling time.  

These doubling times suggested that, if, as planned, S. mitis was used as an initial coloniser 

in the formation of a multispecies biofilm, after which the remaining organisms were 

sequentially added, S. mitis may dominate within the biofilm due to its substantially quicker 

population doubling time. This would result in a biofilm which was predominantly composed 

of S. mitis, with only a very small percentage composition of other organisms and, indeed, 

the qPCR data support this outcome. However, it should be noted that only low frequencies 

of some bacteria are required to render a biofilm pathogenic (Socransky et al., 2002; 

Hajishengallis, 2014). As such, using this combination of organisms, the resultant 

multispecies biofilm could still mimic those associated with peri-implant infections.  

3.4.1.3 Coaggregation assay 

Biofilm formation within the oral cavity is an ordered and temporal process, in which primary 

colonisers first attach to the salivary pellicle substratum coating both hard and soft tissues. 

‘Bridging organisms’ then promote community development via coadhesion with these 

primary colonisers and with secondary colonisers, which are incorporated into the biofilm at 

a later time point. Kolenbrander and co-workers (1988) investigated coaggregation between 

multiple pairs of oral bacterial species, and determined that F. nucleatum was a species that 

coaggregated with almost all strains tested. Further work led to the conclusion that the 

property of coaggregation with a large number of other species is highly specific to the genus 

Fusobacterium (Kolenbrander et al., 2006). This critical role of F. nucleatum was confirmed 

here; in planktonic suspension, F. nucleatum was the only species to form coaggregates with 

the other test bacteria. None of the other bacteria used in this work coaggregated with S. 

mitis, and so without F. nucleatum present, a multispecies biofilm would have been less likely 

to form.  

A principal mechanism by which F. nucleatum coaggregates with other microorganisms is via 

physical attachment mediated by specific adhesin-receptor pairs expressed on the cell 

surface of the partner microorganisms. Of the F. nucleatum adhesins that have been 

identified to date, RadD (Kaplan et al., 2009; Park et al., 2016) and/or CmpA (Lima et al., 

2017) could be responsible for mediating coaggregation with S. mitis and P. gingivalis seen 

in this work, whilst Fap2 is a galactose-inhibitable adhesin that has also been shown to 

mediate coaggregation between F. nucleatum and P. gingivalis (Coppenhagen-Glazer et al., 
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2015). In addition, F. nucleatum outer membrane protein FomA mediates coaggregation 

with P. gingivalis (Kinder et al., 1993), and a mechanism involving lipopolysaccharide has 

been suggested for coaggregation between F. nucleatum and serotype b strains of A. 

actinomycetemcomitans (Rosen et al., 2003), either of which may account for the 

coaggregates seen here.  

Review of the literature failed to identify a specific adhesin that has been associated with 

coaggregation of P. nigrescens and F. nucleatum, and visual observations here (Figure 3.2) 

imply that these bacteria may not be particularly strong coaggregation partners. 

3.4.1.4 Minimum Inhibitory and Minimum Bactericidal Concentration (MIC and MBC) of 

CHXDG(aq) to bacteria  

MIC and MBC of CHXDG(aq) against all of the test species allowed comparison with the 

predicted inhibitory and bactericidal effects of CHX-HMP coated surfaces, and confirmed 

sensitivity of the selected isolates to CHX. It was observed that at concentrations of CHXDG(aq) 

greater than 0.02% (222.7 µM) in TSBYEHM, a precipitate formed, most likely due to a 

reaction between the CHXDG(aq) and salt – possibly phosphate - components in the medium. 

As such, concentrations of CHXDG(aq) greater than this could not be tested. Attempts were 

made to grow the bacteria planktonically in a different medium that did not contain 

phosphate i.e. Wilkins Chalgren broth. However, even with the addition of 2% sterile human 

saliva, minimal bacterial growth occurred in this medium. Therefore all MIC and MBC testing 

took place in TSBYEHM with a final CHXDG(aq) concentration below 0.02% .  

All MIC and MBC values were within 1 – 2 dilutions of the median. These slight fluctuations 

may represent variation in the growth phase of bacterial suspensions prepared on different 

occasions, small pipetting differences when performing the serial dilutions, or the fact that 

the concentration of CHXDG(aq) tested was at the limit of that which has an effect on the 

particular organism, and therefore even a small pipetting difference might significantly affect 

its antimicrobial efficacy. Due to using the technique of doubling dilutions, the range of 

concentrations tested was not continuous, which could double (or halve) the apparent MIC 

or MBC on each occasion, further contributing to the variability between repeats.  

The data collected are presented as a scatter plot to highlight the concentrations at which 

testing took place, as indicated by the [CHX] tested columns and the range of results. For all 

species, median MICs were less than or equivalent to MBC, which is as would be expected; 
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at lower concentrations, CHX is known to have bacteriostatic action, which becomes 

bactericidal at higher concentrations (Jones, 1997).  

S. mitis and F. nucleatum both required higher concentrations of CHXDG(aq) for bacteriostatic 

and bactericidal activity compared to the other species tested, and this concurs with values 

reported from other studies (McBain et al., 2003, 2004). The reason for S. mitis and F. 

nucleatum showing higher tolerance to CHXDG(aq) than the other clinical isolates used in this 

work is unclear. For S. mitis, this might relate to the thick peptidoglycan layer of its Gram-

positive cell wall. It has been suggested that β-lactamase production by some strains of F. 

nucleatum may eventually result in an increased tolerance to CHX, although only 1 study 

specifically examining this mechanism in F. nucleatum was identified (Okamoto et al., 2000).  

An additional factor to consider is the environment from which the isolate has been 

obtained. Both the S. mitis and F. nucleatum strains used in this work were isolated from a 

PI lesion, whilst the others were isolated from periodontal pockets (P. gingivalis and P. 

nigrescens) or subgingival plaque (A. actinomycetemcomitans). Clinicians often recommend 

the regular home use of a CHX-containing mouthwash or toothpaste to aid oral hygiene in 

patients with these conditions, and a 0.12% or 0.2% CHXDG(aq) (1336.3 or 2227.2 µM) solution 

can also be used as an irrigant around affected implants and teeth. As such, it is possible that 

these S. mitis and F. nucleatum strains had previously developed a tolerance to CHX, resulting 

in higher MIC and MBC values than those reported elsewhere. However, it has been shown 

that organisms can develop tolerance or resistance to subtherapeutic concentrations of 

CHX(aq) in vitro (Thomas et al., 2000), as well as clinically (Kampf, 2016), but once CHX(aq) is 

removed from the environment, tolerance is reversed. Given that these strains were isolated 

a number of years previously, and cultured without CHX(aq) for some time prior to these 

MIC/MBC assays, it is unlikely that a temporary increased tolerance to CHXDG(aq) would 

persist. Therefore, the values presented here likely represent the true, rather than 

environmentally-induced, transient MICs and MBCs to CHXDG(aq).   

The MIC:MBC ratio gives an indication of the sub lethal concentration range of CHXDG(aq) 

against these test species, with a higher ratio indicating a larger range and suggesting that 

the mechanisms by which bacteriostatic activity and bactericidal activity are achieved may 

be different (McBain et al., 2003). It is known that CHX has a non-specific mechanism of 

action that involves insertion into and disruption of the cytoplasmic membrane, resulting in 

precipitation and loss of intracellular contents (Kuyyakanond et al., 1992; Jones, 1997). Here, 
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the highest MIC:MBC ratio was 1:4, which, being relatively low, supports the assertion that 

it is the same, non-specific mechanism of action that achieves both bacteriostatic and 

bactericidal effects on these organisms. 

Based on the data collected here, it was anticipated that the volume of CHX(aq) released from 

CHX-HMP coated surfaces in the first 24 hours would need to result in a final concentration 

of at least 0.0025% CHXDG(aq) (27.8µM; the MBC determined experimentally) to prevent 

colonisation by S. mitis of the SLA Ti surface. As such, the concurrent development of CHX-

HMP coatings was refined to achieve an initial release of at least this concentration of CHX(aq). 

It is important to note that these assays merely acted as a guide to the efficacy of CHXDG(aq) 

on each species in planktonic conditions. Work by Wilson (1996) showed that Streptococcus 

sanguinis biofilms exposed to 0.2% CHXG(aq) (2849.0 µM) for up to 4 hours still contained 

viable organisms, whereas in planktonic conditions at the same concentration, no viable cells 

remained after just 5 minutes. As such, a MIC determined under planktonic conditions is not 

a reliable indicator of the likely efficacy of the same agent on a biofilm. However, given that, 

in the multispecies biofilm model formed on CHX-HMP coated SLA Ti, each species would be 

inoculated from planktonic suspension into a well containing the Ti surfaces releasing the 

CHX(aq) into aqueous suspension, these MIC and MBC values helped to inform the 

approximate CHX loading required on each coated surface to prevent biofilm formation.  

 

 Development of a multispecies biofilm model 

3.4.2.1 Monospecies biofilms 

The monospecies biofilm assay was a pilot investigation to inform the protocol that would 

eventually be used for formation of a multispecies biofilm on SLA Ti. The main aim was to 

determine the capacity for each test species to form a biofilm under the specific assay 

conditions. As a facultative rather than obligate anaerobe, and as a primary coloniser, it was 

expected that S. mitis would form a thicker biofilm on salivary pellicle, and do so more quickly 

in comparison to the other organisms, particularly due to its faster population doubling time, 

which was confirmed to be the case.  

Given its long population doubling time, it was perhaps surprising that A. 

actinomycetemcomitans formed the second largest biofilm biomass after S. mitis. This may 
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suggest a predilection for this strain to grow under biofilm, rather than planktonic, 

conditions, or could indicate that at this time the population of A. actinomycetemcomitans 

were of the rough (rather than smooth) type, which more readily forms biofilm on glass 

surfaces, mediated by presence of fimbriae (Ryu et al., 2010). It might also reflect the strong 

aggregative phenotype of this species. 

P. gingivalis and P. nigrescens formed only a modest overall biomass suggesting that, under 

these conditions, both species were struggling to form a robust biofilm, particularly when 

compared to the biomass values achieved with S. mitis and A. actinomycetemcomitans. This 

likely reflects the role of P. gingivalis and P. nigrescens as secondary colonisers, meaning that 

they more readily form multispecies biofilms by binding to primary colonisers and bridging 

organisms rather than directly to the salivary pellicle.  

Park et al. (2014) reported some similarities in biofilm growth profiles to those seen here, 

with P. gingivalis and A. actinomycetemcomitans showing little growth until 29 hours, after 

which there was a steady increase in biomass to 48 hours. Also, F. nucleatum showed a very 

low growth rate with only a small increase in biomass over 48 hours. This correlates with the 

data presented here, which showed a very modest biomass accumulation by 48 hours, which 

then increased up to 120 hours. 

3.4.2.1.1 FISH  

Images taken of monospecies biofilms after labelling using FISH confirmed the ability of each 

species to form a biofilm over 24 (S. mitis) or 48 (other species) hours, albeit at varying rates 

and thus resulting in different biofilm densities. However, it is important to remember that 

these images give no information about the size (in terms of thickness) of the biofilm, but 

solely confirm the species of which they are composed.   

Labelling of P. nigrescens was particularly sparse, and this may represent either incomplete 

labelling of the biofilm, or the presence of only a patchy biofilm. The former seems likely, 

due to the high background fluorescence signal observed, probably emanating from labelled 

organisms not in the focal plane. Nonetheless, biomass data also indicated P. nigrescens 

formed only a very modest monospecies biofilm (Figure 3.5), suggesting that both could be 

contributory factors. The probe used to label P. nigrescens was designed for P. intermedia, 

and whilst the 16S rDNA genes for these two species share ~93% sequence identity (BLAST 

analysis https://blast.ncbi.nlm.nih.gov/), the differences may account for the incomplete 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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labelling of P. nigrescens. The similar genetic composition of these 2 organisms may thus 

allow some cross-hybridisation to occur in regions of DNA shared across the 2 different 

species. The differences between these species was only relatively recently identified (Shah 

et al., 1992; Frandsen et al., 1995), as they share a large number of genetic and phenotypic 

similarities, and are both associated with periodontal and peri-implant infections (Leonhardt 

et al., 1999; Socransky et al., 2002; Carcuac et al., 2016). 

Images of the S. mitis and P. nigrescens biofilms showed a strong background fluorescence. 

This was likely to be emanating from other labelled cells within a thick biofilm, which were 

not in the focal plane of these images. For S. mitis, this could be attributed to its rapid 

population doubling time and huge volume of biomass formed in the first 24 hours, whilst 

for P. nigrescens it may be related to the initial rapid biofilm accumulation seen previously. 

Whilst it was not possible to label A. actinomycetemcomitans using the FISH technique, light 

microscopy did confirm that A. actinomycetemcomitans had capacity to form a biofilm. 

 

3.4.2.2 Multispecies biofilms 

Having shown that all test species were able to form detectable biofilms under anaerobic 

conditions, a protocol for growth of a multispecies biofilm was developed. This was based 

on one previously developed to simulate gingivitis and allow evaluation of the antibiofilm 

efficacy of CHX(aq) (Millhouse et al., 2014). Changes made to the model for this work included 

addition of a fifth species (P. nigrescens), use of two different inocula to assess the 

antibiofilm efficacy at two levels of microbial challenge, and use of a different medium due 

to failure of the selected clinical isolates to grow in the above paper.  

When designing the biofilm model used here, it was important to consider the intended 

function of the test material; a coating for SLA Ti that could prevent bacterial contamination 

during and immediately after implant placement. As such, an inoculum of relevant 

microorganisms that would mimic transient bacterial contamination in an otherwise 

relatively ‘clean’ operating field was required. The exact numbers of bacteria that could 

contaminate an implant during placement is difficult to predict, and so two inocula were 

used for testing: 0.5x104 and 0.5x107 CFU/mL. These were chosen to mimic a low or high 

microbial burden respectively. The higher inoculum was similar to that used in another study, 

where ~0.6x106 CFU S. mutans was used to mimic an implant contamination (De Cremer et 
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al., 2017). This study used an implant model with controlled release of approximately 

0.0017% CHX(aq) (33.6 µM) maintained over 72 hours, and showed that biofilm formation by 

S. mutans could be almost completely prevented. Since this CHX(aq) value is similar to that 

achieved here from the 15:5mM+0.25%-E-200µL coating in the first 24 hours, this provided 

an indication that the CHX-HMP coating may be effective in preventing biofilm formation.  

As seen with the monospecies biofilms, there was a steady increase in biomass during the 

120 hour incubation of the multispecies biofilm. The steadier growth rate seen between 24 

– 48 hours mirrored that seen in monospecies biofilms of both S. mitis and F. nucleatum, the 

2 organisms which were present at this point, and so may be reflective of the growth profile 

of these species in biofilms. The increase in biomass seen in the multispecies biofilm was 

more rapid between 48 and 72 hours, which could be due to the introduction of a large 

number of organisms (3 species, each at 0.5x107 CFU) at 48 hours, which then coadhere to 

the species already present, resulting in a more rapid biomass increase. Likewise, the smaller 

increase in biomass from 72 - 96 hours represents a reduction in growth rate as the biofilm 

continues to grow and mature, and availability of nutrients and resources becomes limited. 

It has been shown that organisms resident deep within mature biofilms adapt and reduce 

their metabolic rate in response to the limited nutrients available (Costerton et al., 1995; 

Socransky et al., 2002), whilst those more superficial continue to metabolise and grow, 

resulting in an overall increase in biomass.  

It is important to be mindful that biomass measurements represent all cells present within a 

biofilm, both live and dead, as well as EPS, including polysaccharides and eDNA. Hence, 

increasing biomass may also indicate an increase in EPS, and does not necessarily directly 

correlate with the number of viable organisms present. Alongside monitoring changes in 

numbers of viable bacteria, this could be explored by using specific stains for EPS 

components such as Concanavalin A or Calcofluor White. 

There was considerable inter-assay variance in biomass formed at each time point, although 

the overall trend for each assay was consistent. In general, inter-assay variability was greater 

at the longer time points, both for mono- and multi-species biofilms. This was attributable, 

at least in part, to the natural detachment phase of maturing biofilms, which resulted in loss 

of biofilm during the washing steps. The final biomass reached for this multispecies biofilm 

was similar to that seen with the monospecies S. mitis biofilm grown on saliva-coated glass, 

and much higher than monospecies biofilms of the other species by this time point. This 
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suggested that the biofilm may be predominantly composed of S. mitis, which was also 

reported to be the case for the model on which this one was based (83% S. mitis after 10 

days biofilm formation, as assessed by qPCR; Millhouse et al., 2014). Subsequent data from 

FISH labelling and qPCR also supported this hypothesis (discussed below). 

3.4.2.2.1 FISH  

Following success with the labelling of 4 of the 5 monospecies biofilms, FISH labelling of the 

multispecies biofilm grown over 72 hours was attempted. Whilst it did not prove possible to 

label more than 2 species simultaneously, these studies confirmed the presence of S. mitis, 

F. nucleatum, P. gingivalis and P. intermedia, in varying numbers. Light micrographs taken 

alongside the FISH images confirmed the presence of at least 2 different species: F. 

nucleatum, with its characteristic fusiform morphology, alongside a coccus-shaped 

bacterium, likely to be S. mitis given its size, shape and ubiquity. In some instances, 

comparing fluorescence and light micrographs showed that only some bacteria of similar 

morphology were labelled with a particular probe. This indirectly suggested the presence of 

multiple species that were not readily morphologically distinguishable from each other, but 

could also represent incomplete labelling.  

Reasons for the difficulties experienced with FISH labelling of more than 2 species 

simultaneously within the multispecies biofilm are unclear, as the same conditions resulted 

in successful labelling in monospecies biofilms. One factor could be differences in structure 

of the 72 hour biofilm compared to that of the 24-48 hour monospecies biofilms. For 

example, the thickness of the multispecies biofilm was much greater. This increased biomass 

could represent both a physical and chemical barrier to penetration by lysozyme - used to 

break down bacterial cell walls during FISH, enabling entry of the probes - as well as the 

probes themselves during hybridisation. However, this is unlikely to be the sole cause, since 

labelling was not even visible on superficial aspects of the biofilm. Increased volume of 

probes and longer lysozyme and hybridisation incubation periods were trialled in an attempt 

to improve cell wall breakdown, probe penetration and therefore labelling, but with no 

success. Thurnheer et al. (2004) reported that for a 64.5 hour multispecies biofilm, when 

imaged using confocal laser scanning microscopy (CLSM), it was clear from the Z-stack images 

that probes had not fully penetrated to the base, as well as other areas, of the biofilm 

following a 3 hour hybridisation. This was attributed to the presence of EPS in these areas 

following a retrospective Calcofluor stain, with the EPS presumably representing a physical 

barrier to probe penetration. They also acknowledged the difficulty in obtaining adequate 
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labelling when biofilms composed of both Gram positive and Gram negative organisms were 

analysed. This was because permeabilisation with lysozyme to break down the cell wall of 

the Gram positive microorganisms can result in poor labelling of Gram negative 

microorganisms. Particular problems were encountered in this project with labelling species 

other than S. mitis in these biofilms. A low abundance of these bacteria could also have 

contributed, resulting in fluorescence signals too weak to be detected by imaging. 

The efficiency of organism identification in this model using FISH is questionable, particularly 

for species other than S. mitis, and whilst some fluorescence was visible for 4 of the species, 

it was not clear what proportion of each was successfully labelled using the experimental 

parameters described. As such, these images gave qualitative information only, which, whilst 

informative, did not allow speculation on percentage composition, or biomass of the 

biofilms. Consideration was given to the use of FISH alongside CLSM to allow 3D visualisation, 

relative biomass quantification and species composition of the biofilms, but it was decided 

that the degree of optimisation required to draw reliable results from this method would be 

considerable, and so, an alternative technique – viability qPCR – was instead investigated. 

Whilst the relative species percentage composition of the biofilm could not be determined 

definitively by FISH, labelling with the Str406 probe provided further evidence that a large 

percentage of the multispecies biofilm was composed of S. mitis, with F. nucleatum and other 

species present in much smaller proportions. A predominance of Streptococcus species 

within multispecies biofilms grown for similar periods has been previously reported following 

analysis by qPCR or qualitative imaging with FISH (Thurnheer et al., 2004; Millhouse et al., 

2014; Kommerein et al., 2017). This is likely partly due to the faster replication time of 

streptococci in comparison to the other species, and partly since, as primary colonisers, 

streptococci are typically introduced at the start of biofilm formation, and hence have the 

longest time to become established.  

The data presented here thus demonstrate the formation of a multispecies biofilm which 

continued to increase in biomass up to 120 hours. Data from biomass assays and FISH 

imaging suggest that it was predominantly composed of S. mitis, with other species present 

in much smaller numbers. Viability qPCR data later confirmed the ubiquity of S. mitis, which 

accounted for upwards of 98% of bacterial DNA by mass on uncoated SLA Ti.  
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 Prevention of multispecies biofilm formation  

3.4.3.1 Prevention of biofilm formation on saliva-coated glass using CHXDG(aq): 

measurement of biomass and metabolic activity  

Having demonstrated that a reproducible multispecies biofilm could be formed on saliva-

coated glass, the ability of CHXDG(aq) to prevent this was investigated to both confirm efficacy 

of CHX against these organisms in a multispecies biofilm-forming environment (rather than 

single species planktonic conditions), as well as to allow later comparison with the same 

predicted effect of the CHX-HMP coated surfaces. A final concentration of 0.01% CHXDG(aq) 

(111.4 µM) was used, since this was the highest concentration that could be used without 

formation of a precipitate in the TSBYEHM. Since 0.01% CHXDG(aq) was well above the MBC 

for each species, as anticipated, the presence of CHXDG(aq) resulted in minimal biofilm 

metabolic activity and biomass accumulation. 

3.4.3.2 Growth of biofilm on CHX-HMP coated SLA Ti  

Having produced several different CHX-HMP coatings for the developed SLA Ti surface, 

testing of the efficacy of these coatings in preventing multispecies biofilm formation 

commenced. This process was conducted alongside modifications to the coatings, with 

success (or failure) in prevention of biofilm formation informing further refinements to 

coating procedures and CHX-HMP (and therefore CHX(aq)) loading. Assays examining 

metabolic activity and biomass formation were used to assess whether coatings were 

effective in preventing biofilm formation, and by what possible mechanism (bacteriostatic or 

bactericidal). Two different inocula were used to mimic relatively low (0.5x104 CFU) or high 

(0.5x107 CFU) levels of bacterial contamination, such that might occur following implant 

placement clinically.  

In the absence of CHX-HMP coatings, the in vitro model supported biofilm growth over 96 

hours at both inocula. By contrast, both evaporative coatings reduced multispecies biofilm 

development, as determined by metabolic activity and biomass. The inhibitory effect was 

greatest in the first 24 hours, and this was attributed to the observation that the majority of 

CHX(aq) was released in the first 7 hours. Whilst this is a shorter release period than originally 

intended, in the context of an implant surface, such an antimicrobial effect could be 

adequate to prevent adhesion of primary coloniser species. This, in turn, might then be 

expected to reduce subsequent biofilm formation, since the bridging organisms and 

secondary colonisers struggled to attach to the SLA Ti surface in the absence of S. mitis.  
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Significant reductions in metabolic activity for both the 15:5mM+0.25%-E-100µL and the 

15:5mM-I-30min coatings at 24 hours, in comparison to that seen on uncoated SLA Ti, at 

both inocula, demonstrated that release of CHX(aq) from these surfaces had a significant 

effect on bacterial metabolism over this time frame. These effects were, however, 

dependent on CHX-HMP loading and bacterial inoculum; with the higher volume of CHX(aq) 

loading and release from the 15:5mM-I-30min coating continued to impair metabolic activity 

at the 0.5x104 CFU inoculum up to 72 hours, unlike the 15:5mM+0.25%-E-100µL coating, or 

any substrates with the higher inoculum of 0.5x107 CFU.  

The effects of CHX(aq) release appeared to have a longer lasting effect on biomass than on 

metabolic activity, since even when the latter was restored to that of an untreated control, 

a significant reduction in biomass persisted and, interestingly, this was seen regardless of 

inoculum. This suggested that other factors influenced biofilm accretion; possibly a stress 

type response of the bacteria to the presence of the CHX(aq), resulting in energy being used 

for other metabolic activities, rather than for biofilm formation.  

As the striking reduction in biomass and metabolic activity seen on the CHX-HMP coated 

surfaces occurred within the first 24 hours, this suggests these effects were due to the initial 

release of CHX(aq) from CHX-HMP affecting S. mitis. This was further supported by elution 

data indicating that the majority of CHX(aq) was released from CHX-HMP coatings within this 

time. Moreover, as the CHX(aq) release range calculated for the coated surfaces was higher 

than the MIC for S. mitis but not MBC, it could be predicted that released CHX(aq) would inhibit 

S. mitis adhesion and growth during this initial incubation period (0-24 hours). Therefore, it 

could be expected that replenishment of the medium after 24 h would effectively remove 

the CHX(aq), enabling S. mitis to recover. To test this, a modification to the method for 

multispecies biofilm formation was made, which included a second inoculation of S. mitis (at 

the same CFU as at time 0) in TSBYEHM+S after 24 hours to the coated SLA Ti, followed by 

addition of F. nucleatum at 48 hours, and anaerobes at 72 hours. The assumption was that, 

following removal of the CHX(aq) present at 24 hours, further addition of S. mitis would result 

in a biofilm of comparable biomass and metabolic activity as on the uncoated SLA also 

forming on CHX-HMP coated substrates. While reductions in biomass were seen at 24 and 

48 hours in this new model, by 72 hours, biomass on CHX-HMP coated surfaces was restored 

to that of the uncoated control. This was seen for metabolic activity by 48 hours, largely 

confirming the hypothesis regarding CHX(aq) release and its effect on S. mitis. 
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These assays were subject to substantial inter-assay variability (as indicated by large SD) for 

both metabolic activity and biomass data. As discussed previously (section 2.4.3.3.3.5), this 

most likely reflects the issue of poor reproducibility of the CHX-HMP coatings. When this was 

considered along with data from total available CHX(aq) elution assays, and from 

cytocompatibility assessments that were performed concurrently, the 15:5mM-I-30min 

coating was discarded as a test surface at this point. While this surface did exhibit the 

capacity to reduce bacterial metabolic activity and biofilm formation, the large variation seen 

in CHX-HMP loading both within and between sample batches meant that its production 

reproducibility was particularly poor, thus limiting the ability to draw meaningful conclusions 

about its efficacy.  

3.4.3.2.1 Use of viability qPCR to characterise biofilms grown on CHX-HMP coated surfaces 

3.4.3.2.1.1 Preparatory work for qPCR 

During preparatory work for qPCR, the bacterial species previously identified as P. intermedia 

was in fact found to be P. nigrescens, necessitating PCR primer redesign. Whilst this organism 

had been used throughout the microbiological work to this point on the assumption that it 

was P. intermedia, this finding changed little about the conclusions drawn from the 

aforementioned work: P. nigrescens is also a periodontal pathogen associated with PID, and 

also acts as a secondary or late coloniser of oral multispecies biofilms, meaning the previous 

findings were equally relevant, in spite of the reclassification.  

The gDNA extracted from a planktonic suspension of each bacterial species confirmed good 

efficacy and specificity for each primer pair. Whilst there was some variability between each 

repeat with regards to CT values, high R2 values (range 0.9474-1) demonstrated the 

consistency in CT change between CFUs. 

3.4.3.2.1.2 Effect of CHX-HMP coating on biomass 

The qPCR data showed a trend with regards to biomass present on each coating type that 

supported the preceding studies, although these differences were not statistically significant. 

More gDNA was identified by qPCR on uncoated SLA Ti compared to that coated with CHX-

HMP. Assuming the composition of the biofilms was similar in terms of species proportions 

(which data presented in Table 3.15 suggests was the case), this indicates that more 

microorganisms were present on the uncoated SLA Ti, providing further evidence that the 

CHX-HMP coatings had an effect on reducing biofilm formation. Retrospectively, an 

alternative method of determining total mass of gDNA present on each coating type, and of 
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confirming the efficacy of the species specific primers used, could have been to also use a 

universal 16S primer, which would have identified all bacterial gDNA mass present, and 

determined percentage of live and dead bacteria. This data could have been used to verify 

findings with species-specific primers, allowing greater confidence in the conclusions drawn 

in this section of work. 

The data from qPCR assays supported the metabolic activity and biomass data in showing 

that the CHX-HMP coatings affected multispecies biofilm formation, and that the 

predominant organism present was S. mitis. However, more in depth analysis was hampered 

by substantial inter-assay variability. Since metabolic activity and biomass data for these 

biofilms were in general similar across the 4 repeats, this variation was most likely reflective 

of variable gDNA extraction efficiency, as discussed in more detail below. 

3.4.3.2.1.3 Live/dead data 

According to the viability qPCR data, the biofilms on all surfaces were composed of 

predominantly dead bacteria. This was observed consistently between repeats and surface 

types, with no significant differences in percentages of dead bacteria between surfaces. This 

finding was unexpected and seemed unlikely when considered alongside the metabolic 

activity data on the CHX-HMP coated surfaces. Rather, since biofilms for qPCR analysis were 

collected at 72 hours, and metabolic activity had been restored on all surfaces by then, it 

would be anticipated that a high proportion of the organisms in all biofilms at this time point 

were viable. This discrepancy implied that the qPCR approach may have led to an 

underestimation of the proportion of live bacteria, perhaps as a result of the biofilm 

collection and gDNA extraction process. This could come about if, for example, during PMA 

treatment, PMA was erroneously able to enter viable cells and intercalate with the gDNA, 

thus preventing its amplification and subsequent detection during qPCR treatment. 

Alternatively, whilst PMA might not affect gDNA from viable cells during treatment, it may 

be carried through the gDNA extraction process and have an effect further on, reducing 

extraction efficacy of gDNA. This could account for the trend towards lower gDNA yields seen 

from PMA treated aliquots. 

Equally, the proportion of viable cells may have been underestimated if there was 

suboptimal lysis of viable bacteria during the first step of gDNA extraction using lysozyme. 

Whilst the 4 hour incubation was based on a method used previously for a similar biofilm 

(Millhouse et al., 2014), it is possible that this was not long enough, or the lysozyme was not 
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used at a high enough concentration to adequately break down cell walls of all viable 

bacteria. This could be particularly relevant in a biofilm such as this, with a large proportion 

of Gram positive S. mitis, which is surrounded by a thick peptidoglycan layer that acts as a 

physical barrier to lytic enzymes such as lysozyme. Whilst not performed in this work, plating 

out samples after this incubation period could have provided evidence of incomplete lysis.  

Another factor which may have contributed to an apparently high proportion of dead 

organisms could be death of cells during the process of biofilm pooling from each set of 

substrates. During biofilm collection, a cell scraper along with gentle rinsing with PBS was 

used to remove biofilms from substrates, which should have resulted in minimal damage to 

cells. Care was also taken to minimise the time that biofilms were exposed to aerobic 

conditions during this process; each set of n=12 were collected over approximately 45 

minutes before being returned to anaerobic conditions. Whilst this could cause death of a 

small number of obligate anaerobes, given that the biofilms were predominantly composed 

of S. mitis, a facultative anaerobe that can survive aerobically, this should not have resulted 

in such a large proportion of gDNA being identified as from dead bacteria.  

It is not unusual for mature biofilms to comprise a proportion of dead bacteria. However, the 

extent of cell death in this work was significantly higher than a multispecies biofilm formed 

on Ti in a similar, sequential manner over 6 days, which reported 60% viability (Vilarrasa et 

al., 2018). It should be noted, however, that there were differences in the method used to 

form a biofilm in that study (5x105 cells at each time point, microorganisms introduced at 4 

time points, different growth medium), as well as the method used to determine percentage 

of live and dead organisms. 

Taken together, whilst the qPCR data implied that the biofilms in this study were composed 

of predominantly dead bacteria, this was not supported by data obtained via other 

methodologies. Combined with other concerns regarding the qPCR approach, interpretation 

of these data must therefore be cautious.   

3.4.3.2.1.4 Composition by species 

qPCR analysis showed that the biofilms formed were largely composed of S. mitis, with only 

very small percentages of the other species present. Statistically there were no significant 

differences in biofilm composition between substrata. It had already been shown that S. mitis 

had a much faster population doubling time compared to the other species used in this work 
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and so, particularly on uncoated SLA Ti, this overgrowth of S. mitis could account for the very 

low proportions of other organisms present. 

On CHX-HMP coated SLA Ti, it was hypothesised that, if S. mitis was eliminated by CHX(aq) 

release over the first 24 hours, this might result in an alteration in biofilm composition 

detectable by qPCR at 72 hours relative to uncoated SLA Ti. However, similar to uncoated 

SLA Ti, S. mitis was still the predominant organism on CHX-HMP coated surfaces by 72 hours, 

implying that the coatings did not entirely eliminate this species. Thus, once CHX(aq)-

containing medium was removed from the substrates, S. mitis was again able to grow and 

replicate, as suggested previously in 96 hour biomass assays. This implies that the effect of 

the CHX-HMP coatings was bacteriostatic, rather than bactericidal, and metabolic activity 

data support this. Whilst biomass on these CHX-HMP coated substrates did not recover 

completely versus the uncoated SLA Ti, it did appear to prevent significant changes to the 

proportions of other species in the biofilm by 72 hours.  

To calculate the proportion of each species present in a biofilm using qPCR analysis, other 

studies have used a standard curve generated from gDNA extracted from a known number 

of bacterial cells (Millhouse et al., 2014; Sánchez et al., 2014; Vilarrasa et al., 2018). However, 

given the variability seen with the gDNA extraction protocol here, it was concluded that this 

could be an unreliable method for quantifying numbers of bacteria present. Therefore, it was 

decided that a more accurate method of determining relative proportions of microorganisms 

present would be to normalise all results to actual quantity of gDNA, particularly as all of the 

species used in this biofilm have a genome of similar size (Table 3.16). Whilst this method 

meant that the data presented here are not directly comparable with other studies in terms 

of numbers of microorganisms, relative proportions remain relevant, the predominance by 

S. mitis correlates with other studies that have grown experimental multispecies biofilms in 

vitro relevant to periodontal and PID (Vilarrasa et al., 2018; Millhouse et al., 2014).  

Table 3.16. Median genome size for each species used in this work 

Microorganism Genome length (Mb)* 

S. mitis 1.98 

F. nucleatum 2.39 

A. actinomycetemcomitans 2.17 

P. gingivalis 2.33 

P. nigrescens 2.84 

*Data from NCBI database (https://www.ncbi.nlm.nih.gov/). 
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The fact that the proportion of the commensal species S. mitis in the biofilm did not change 

when grown on the CHX-HMP coatings could be construed as reassuring, as prior to this 

work, one possibility was that a reduction in numbers of S. mitis by CHX(aq) release from the 

CHX-HMP in the initial 24 hours might result in overgrowth of late colonisers, potentially 

selecting for a more pathogenic biofilm. This was clearly not the case, as biofilms on the CHX-

HMP coated surfaces were of comparable composition to those on uncoated SLA Ti. Thus, 

whilst not completely preventing biofilm formation, CHX-HMP coated surfaces both reduced 

biofilm development and avoided selection for pathogenic organisms.   

The proportions of each species present in the biofilms grown on the SLA Ti substrates, with 

or without the CHX-HMP coating, were alike to those previously reported for similar models, 

with a predominance of the primary coloniser S. mitis. One group reported a predominance 

of early coloniser species (>99%) in a multispecies biofilm grown over 6 days on titanium, 

whilst the late colonisers F. nucleatum and P. gingivalis made up a very small percentage of 

the total number of organisms present (Vilarrasa et al., 2018). Likewise, Millhouse et al. 

(2014) reported for their in vitro gingivitis model that S. mitis comprised the majority of the 

multispecies biofilm (83%), while levels of the bridging organism F. nucleatum were higher 

(15%) than those seen here, followed by comparably low proportions of P. gingivalis (1%) 

and A. actinomycetemcomitans (0.6%). Work by Sánchez et al. (2014) using a 6-species 

subgingival biofilm model demonstrated similar proportions of P. gingivalis, 

A. actinomycetemcomitans, and F. nucleatum after 72 hours anaerobic growth, with the 3 

accounting for 11.4% of the total cells incorporated into the biofilm. 

Whilst these studies would appear to support the reliability of the model developed here, 

another study in which a biofilm composed of similar species was grown on dental implants 

with an SLA Ti finish demonstrated substantial differences to biofilms grown on SLA Ti discs 

(Bermejo et al., 2019). At the same time point (72 hours), the primary coloniser S. oralis 

accounted for only 29% of the total CFU present in the biofilm, with the ‘late’ colonisers F. 

nucleatum, P. gingivalis and A. actinomycetemcomitans accounting for 9%, 7% and 43% 

respectively, and qPCR data indicating only 40% viability (Bermejo et al., 2019). The authors 

do highlight that different percentages of viability were seen in different areas of the dental 

implant, with ‘troughs’ between threads tending to harbour larger percentages of dead 

bacteria. This more recent model perhaps then gives a more realistic representation of a 

situation that could occur in vivo when compared to the ‘flat’ SLA Ti discs used in a large 

number of studies, including this one. Clearly, use of commercially available dental implants 
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in these models could more accurately replicate a clinical situation, but practically speaking 

would incur substantial costs, and achieving a relatively homogeneous evaporative coating 

using the CHX-HMPs in their current form would present an additional challenge. However, 

use of a more realistic substrate for both the antimicrobial efficacy testing and the 

cytocompatibility assays would be an important step forward if these CHX-HMP coatings 

were to be further developed.  

Streptococcus species are known to predominate in periodontal and peri-implant health 

(Subramani et al., 2009; Tamura et al., 2014; Kommerein et al., 2017). This is due to their 

role as primary colonisers (Socransky et al., 2002), and their ubiquity as commensal 

organisms within the oral cavity (Jakubovics et al., 2010). However, in disease, the proportion 

of streptococci is reduced (although not necessarily their actual numbers, due to increased 

microbial burden in disease states). Quirynen et al. (2002) reported a reduction in the 

proportion of Streptococcus species from 40% and 60% in health (around implants and teeth, 

respectively) to 0.2% and 0.5% in disease. However, these figures were obtained from 

ligature models (commonly used to replicate periodontal disease or PID in animal models), 

which do not accurately reflect human disease progression, and so changes may be 

overestimated.  With the predominance of S. mitis within the multispecies biofilm, the model 

developed for this project is more reflective of a health situation in vivo. However, since the 

purpose of this model was to replicate the conditions under which an implant surface might 

become contaminated during initial placement, and considering that surgeons are reluctant 

to place implants into patients with poor oral hygiene and active infection, the selection of 

microorganisms reflects the microbiota to which the implant is likely to be exposed 

(Subramani et al., 2009). As such, it was a relevant model with which to test the CHX-HMP 

coated SLA Ti.  

A study examining the rapidity with which titanium implants are colonised by bacteria in situ 

showed that within 30 minutes of installation in partially dentate patients, S. mitis, F. 

nucleatum, A. actinomycetemcomitans, P. gingivalis and P. nigrescens were all detected on 

the implants (Fürst et al., 2007). After one week, these bacteria were generally present in 

similar numbers except for S. mitis, which was found in more implant sites. By contrast, 

earlier work found that, one week after placement, titanium implants were colonised by 

relatively low numbers of S. mitis and A. actinomycetemcomitans, but high numbers of F. 

nucleatum, P. gingivalis and P. nigrescens (amongst other organisms) (Quirynen et al., 2006). 

Moreover, these biofilms had formed despite patient use of a 0.2% CHXDG(aq) (2227.2 µM) 
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mouthrinse. Such studies clearly indicate that colonisation of implant surfaces with various 

species of oral bacteria occurs almost immediately, in spite of current clinical measures to 

prevent this, but that the composition of the biofilms varies between patients. The shift from 

a ‘healthy’ biofilm to one with the potential to cause disease can occur with a relatively small 

increase in numbers of pathogenic species (Socransky et al., 2002). Since the antimicrobial 

action of a 0.2% CHXDG(aq) mouthrinse was seemingly unable to adequately prevent implant 

colonisation (Quirynen et al., 2006), and considering that, following implant surgery, oral 

hygiene practices to limit the formation of biofilm are often suboptimal due to pain and 

inflammation in the area, these studies serve to highlight the clinical need for alternative 

methods to prevent early implant colonisation, such as the CHX-HMP coatings presented 

here. 

3.4.3.2.1.5 Issues with gDNA extraction from biofilms 

Prior to definitive gDNA extraction from multispecies biofilms, a pilot assay confirmed that a 

large number of specimens was required for qPCR quantification of each species: biofilms 

from 12 specimens were pooled for each qPCR run in an attempt to ensure results were well 

above the limits of detection, and thus would have a degree of reliability. In the event, even 

with this relatively large number of specimens, a number of results for species present in low 

proportions, or in biofilms with smaller biomass, such as those formed on CHX-HMP coated 

surfaces, were still only just above detection limits. In the future, a larger number of 

specimens or use of a greater quantity of gDNA in the viability qPCR assay might help to 

address this. The situation was exacerbated, however, by issues with reproducibility of 

extraction. 

The mass of gDNA extracted for use in qPCR analysis varied markedly between sets of 

biofilms and did not always correlate with the biomass present, as determined by safranin 

staining of equivalent specimens. This lack of correlation was further confirmed by regression 

analyses on both individual and pooled data, which gave low R2 values. The reason for this 

inconsistency in gDNA extraction is unclear, but could have been due to:  

1. Inherent variability in the extraction process  

2. Impurities remaining in the purified samples (e.g. incomplete removal of cellular 

debris), which interfered with accurate determination of gDNA concentration 

3. Levels of gDNA within the samples being close to the lower limit of yield range for 

the extraction kit (quoted as 0.005 µg/mL). 
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Since use of this commercial kit had been reported by another reputable research group 

previously (Millhouse et al., 2014), it was assumed that it would have a high degree of 

reproducibility when used as recommended. This could have been checked by splitting an 

aliquot of bacterial suspension into equal volumes and carrying out a DNA extraction on 

each, with the expectation that comparable yields of gDNA would have been achieved if the 

kit had good reproducibility. However, such a check was not performed here. 

There are several stages during the gDNA extraction protocol in which contamination of the 

final product with proteins could occur, particularly after centrifugation to separate soluble 

and precipitated components. It is possible that small portions of unwanted pelleted 

material could be transferred along with the supernatant containing the gDNA. As a result, 

this unwanted material would then be carried through the process, and mixed with the gDNA 

when it is finally precipitated and resuspended in buffer. This could result in an inaccurate 

spectrophotometric reading, overestimating the volume of gDNA present. Nonetheless, 

evidence of such contamination could be indicated, to a degree, by the A260:A280 ratios of the 

resultant purified gDNA and in this work, no correlation was found between this ratio and 

gDNA concentration. Impurities were therefore not likely to have been a significant factor in 

contributing to the issue of extraction variability. 

An additional observation was that PMA treatment often appeared to reduce the gDNA yield. 

A reduced yield (approximately 15% reduction) with PMA treatment has been previously 

observed in another study (Wagner et al., 2015), albeit from organisms isolated from soil 

rather than the human oral cavity. However, in this work, the reduction was not consistent, 

either between samples or between assays, which introduced a further level of difficulty 

when interpreting the qPCR results.  

When considered collectively, it seems that the reasons for variation in gDNA extraction 

using the MasterPure™ kit may have been multifactorial, and likely due to issues with 

protocol reproducibility, possibly exacerbated by the effect of PMA treatment.  
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4.1 Introduction 

This chapter describes cytocompatibility testing of the previously developed CHX-HMP 

coated SLA Ti surfaces, as described in chapter 3. A range of assays were conducted over a 

period of 1-28 days to determine the ability of hMSCs to survive, attach to, proliferate across, 

metabolise and differentiate on SLA Ti surfaces evaporatively coated with CHX-HMP. 

Qualitative data were collected using SEM and microscopy with immunostaining, and 

quantitative data from metabolic and metabolomic analyses. A brief description of each of 

the methods used here to assess the cytocompatibility of the CHX-HMP coatings is given in 

Appendix A section 1.5.  

In these studies, uncoated SLA Ti was used as a ‘positive control’, and in some assays, SLA Ti 

with 0.025% CHXDG(aq) in the media (278.4 µM) used as a ‘CHX control’ and subsequently 

denoted SLA Ti+0.025% CHXDG(aq). Test surfaces were 15:5mM+0.25%-E-100µL and 

15:5mM+0.25%-E-200µL CHX-HMP coated SLA Ti (Table 2.1). 

4.2 Materials and methods 

 Culture of human derived mesenchymal stromal cells (hMSCs) 

hMSCs (Promocell, Germany) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% (v/v) FBS, 200 mM L-glutamine (Thermofisher), 100 mM sodium 

pyruvate, 1% MEM NEAA (Thermofisher) and antibiotics (6.74 U/mL penicillin-

streptomycin, 0.2 µg/mL fungizone) at 37 °C in a 5% CO2 humidified atmosphere. hMSC 

monolayers were grown in 75 cm3 flasks (Corning), washed in HEPES saline buffer (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid with 0.01 M saline solution) and recovered 

using trypsin/versene (20 mL versene with 0.5 mL trypsin (Sigma)). Media were refreshed 

twice weekly and cell growth was monitored using a light microscope. Cell density was 

maintained at approximately 70% by passaging every 5-7 days.  

Cells were collected by centrifugation at 1400 rpm for 5 minutes and resuspended in fresh 

growth medium. hMSCs were enumerated using a haemocytometer, and seeded at 10,000 

cells/surface. For SEM, vinculin and tubulin immunostaining and metabolomics assays, 

cells at passage 2 were used. For metabolic assays (alamarBlue™), cells at passage 3 were 

used. For osteocalcin and osteopontin immunostaining, and von Kossa stain, cells at 

passage 4 were used.  
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 SEM of hMSCs grown on SLA Ti with and without a CHX-HMP coating  

SEM was carried out to assess attachment, growth and proliferation of hMSCs on the control 

and test surfaces. This imaging modality also allowed assessment of cell morphology, which 

subsequently informed interpretation of metabolomic data.   

SLA-Ti, 15:5mM+0.25%-E-100µL and 15:5mM+0.25%-E-200µL coatings were prepared as 

described previously (Table 2.1). hMSCs were grown on the substrates (n=3) for 7 days prior 

to imaging. Samples were then fixed prior to SEM imaging (Appendix A section 1.1.2.1); 

medium was removed, specimens washed once in 1 mL PBS then immersed in fixative 

solution containing 1.5% glutaraldehyde with 0.1 M sodium cacodylate for 1 hour at 4°C. The 

fixative was removed, and the samples stored in 0.1 M sodium cacodylate at 4°C wrapped in 

Parafilm™ until required.  

To prepare the specimens for imaging, the sodium cacodylate was removed and 1 mL 1% 

osmium tetroxide in 0.1 M sodium cacodylate added for 1 hour at room temperature. This 

was followed by three 10 minute washes in DIW and then addition of aqueous 0.5% uranyl 

acetate for 1 hour in the dark at room temperature. Dehydration was performed using 

ethanol sequentially at 30%, 50%, 70%, and 90% concentrations for 10 minutes each, 

followed by absolute ethanol four times for 5 minutes, and the same with dried absolute 

ethanol. The final drying stage was performed with hexamethyldisilazane for 10 minutes, 

before samples were placed in a desiccator overnight. Samples were mounted on SEM stubs 

using double sided conductive tape and sputter coated with gold/palladium alloy (approx. 

10-20 nm thick) using a Quorum Q105T ES sputter coater (Quorum Technologies Ltd, 

Laughton, UK). Samples were imaged on a JEOL6400 SEM running at 6-10 kV and images 

captured using Olympus Scandium software.  

 Fluorescent vinculin, tubulin, osteopontin and osteocalcin immunostain  

An overview of the principles behind immunofluorescence staining is given in Appendix A 

section 1.5.2. After 7 days (vinculin and tubulin) or 21 days (osteopontin and osteocalcin: 

also see Appendix A section 1.5.3) incubation, medium was removed and specimens (n=3 per 

coating) immersed in fixative (10% formaldehyde in PBS with 2% sucrose) at 37°C for 15 

minutes. After this, samples were removed and stored in PBS at 4°C until ready for staining. 

For staining, substrates were transferred to new 24 well plates, permeabilisation buffer was 

added (10.3 g sucrose, 0.292 g sodium chloride, 0.06 g magnesium chloride hexahydrate, 



   
Chapter 4: Biological response to CHX-HMP 

 

216 
 

0.476 g HEPES in 100 mL PBS) and plates incubated at 4°C for 5 minutes. The buffer was 

removed and PBS/1% BSA added and plates incubated for a further 5 minutes at 37°C.  

Vinculin, tubulin, osteopontin or osteocalcin primary antibody solutions with phalloidin 

(rhodamine) were prepared immediately prior to use. Phalloidin was diluted 1:500 in PBS/1% 

BSA, followed by addition of the relevant antibody (all monoclonal murine) at 1:100 dilution 

from stock. Antibodies against vinculin and tubulin were supplied by Sigma (V9264 and 

T0198)  and against osteopontin and osteocalcin from Santa Cruz Biotechnology Inc, Dallas, 

USA (sc-21742 and sc-73464). Primary antibody/phalloidin solutions were added (250 µL per 

well) and plates incubated for 1 hour at 37°C, wrapped in foil. Secondary antibody 

(biotinylated anti-mouse) (Vector Laboratories Ltd, Peterborough, UK) was prepared 

immediately prior to use by 1:100 dilution in PBS/1% BSA solution. After removal of the 

primary antibody/phalloidin solution, three 5 minute washes were carried out in PBS/0.5% 

Tween with gentle shaking. Secondary antibody in PBS/1% BSA was added (250 µl per well) 

and plates incubated for 1 hour at 37°C, wrapped in foil. After removal of the secondary 

antibody solution, three 5 minute washes were carried out in PBS/0.5% Tween with gentle 

shaking. Fluorescein streptavidin was diluted 1:100 in PBS/1% BSA, 250 µL added per well 

and plates incubated at 4°C for 30 minutes. After removal of this solution, three 5 minute 

washes were carried out in PBS/0.5% Tween with gentle shaking.  

Vectashield mounting medium (Vector) containing DAPI to stain cell nuclei was used to 

mount specimens on a slide. These were stored in the dark at 4°C until imaging under 

fluorescence with either a Leica DMLB (cellSens software) or a Zeiss Axiovert 200 M 

microscope (QCapturePlus software) at x10 - x100 magnifications. Files were generated in 

JPEG or TIFF format.  

Nucleus counts on images from all 4 stains were performed using ImageJ software version 

1.50i, with auto thresholding, a binary watershed to detect overlapping nuclei, and counts 

of size 25-infinity pixels. Images were processed at a x10 magnification: 4 images from each 

of 2 samples were counted for vinculin and tubulin stains, and 9 images from each of 2 

samples for osteopontin and osteocalcin stains. Data were analysed using descriptive 

statistics only due to n=1. 
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 Metabolic assay using alamarBlue™ 

alamarBlue™ is used to determine metabolic activity in cells using the sample principles as 

PrestoBlue™ (see Appendix A section 1.4.3). Following 3 days incubation, medium was 

removed and surfaces (n=3 per coating) washed twice in 1 mL PBS. Warmed media (1 mL) 

containing alamarBlue™ (Thermofisher) at 10% supplied concentration were then added to 

surfaces, and cells incubated for 24 hours at 37°C. Absorbance at 570 and 600 nm were used 

to determine the net percentage reduction of alamarBlue™ normalised to the positive 

control (uncoated SLA). Data were analysed using simple descriptive statistics. 

 Von Kossa stain 

A brief background to this staining technique is given in Appendix A section 1.5.4. After 28 

days growth, specimens (n=2 per coating type) were stained for phosphate using a 

modification of the von Kossa method (Mallory, 1983). Medium was removed and specimens 

washed once in 1 mL PBS. Sufficient 5% silver nitrate solution was added to cover specimens, 

which were then exposed to a UV lamp at a distance of 20 cm for 15 minutes. Specimens 

were rinsed in 1 mL DIW and then immersed in 5% sodium thiosulphate for 5 minutes, 

followed by a 5 minute rinse under tepid running tap water. They were then rinsed once with 

1 mL DIW before counterstaining for 5 minutes with nuclear fast red solution (0.1% nuclear 

fast red, 5% aluminium sulphate; boiled with stirring for 10 minutes followed by cooling and 

filtration) and then final rinses in 1 mL DIW and 1 mL 70% ethanol. Specimens were imaged 

under a light microscope, with silver visible as black deposits. 

 Metabolomic analysis  

At the end of the growth period (7 or 14 days), spent medium was removed from n=4 

substrates per coating type. Surfaces were incubated in 400 µl of a 

chloroform:methanol:DIW solution (1:3:1 ratio) at 4 °C for 1 hour with 600 rpm shaking. 

Liquid was removed and centrifuged for 3 minutes at 10,000 rpm (4 °C) to pellet any cell 

debris. Supernatants were transferred to Eppendorf tubes and frozen individually for each 

sample at -80 °C until analysis. One ‘pooled sample’ comprising 15 µl taken from each extract 

was also frozen, to produce a reference sample of all metabolites present.  

An additional ‘CHX control’ coating was incorporated into these assays comprising cells 

incubated on uncoated SLA in media containing 0.025% CHXDG(aq) (278.4 µM). This is 

approximately 9 times the equivalent volume of CHX(aq) released from the 15:5mM+0.25%-
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E-200µL coating (156 µmoles/m2; equivalent to 31.2 µM in the media), and  10 times the 

concentration at which cytotoxic effects were observed on osteoblasts in a previous study 

(0.0025% CHXDG(aq); Giannelli et al., 2008).  

Metabolomic analysis presented here was undertaken at the University of Glasgow 

Polyomics facility, using liquid chromatography followed by Thermo Extractive orbitrap mass 

spectrometry (LC-MS). Further information on this technique is given in Appendix A section 

1.5.5. Data processing was carried out using Ingenuity Pathway Analysis software (Qiagen) 

and Metaboanalyst online software (https://www.metaboanalyst.ca/). Statistical analysis is 

built into these programmes and consisted of calculation of a z-score in IPA to indicate a 

predicted pathway activation or deactivation (z-scores > or <2 respectively) with Fisher’s 

Exact where indicated, and 1 way ANOVA or Kruskal Wallis followed by Fisher’s LSD post hoc 

in Metaboanalyst. Principal Component Analysis (PCA) plots were performed for each 

surface with respect to various metabolomic functions. Significance was assumed for all test 

results of p<0.05.  

 

  

https://www.metaboanalyst.ca/
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4.3 Results 

 Assessment of hMSC attachment to surfaces 

4.3.1.1 SEM 

Representative micrographs of hMSCs on each coating type after 7 days incubation are 

shown in Figure 4.1, with observations summarised in Table 4.1. A greater number of cells, 

forming in places a confluent layer, were visible at low magnification on the SLA Ti whereas 

cells were fewer on specimens with either of the CHX-HMP evaporative coatings. At higher 

magnification, cells on SLA Ti exhibited a spreading morphology (G, green arrow), whilst 

those on coated substrates displayed a variety of morphologies including stellate (E, green 

arrow), spindle (B & F, red arrows) and spherical (I, white arrow) shapes. In general, the 

distribution of cells across the samples was consistent, with greater density in the centre. 

 

Table 4.1. Summary of observations from SEM imaging of SLA Ti and CHX-HMP coated substrates 

Specimen Cell morphology Cell numbers Other observations 

SLA Ti Stellate (G, green arrow) Confluent layer Cell processes 
contacting the surface 
and other cells visible 
(J, orange arrow) 

15:5mM+0.250-E-

100µL 

 

Stellate (E, green arrow), 
spindle (B, red arrow) and 
spherical 

Fewer cells than SLA 
Ti, not confluent 

Cell processes 
contacting the surface 
and other cells  visible 
(H, blue arrow) 

15:5mM+0.25%-E-

200µL 

 

Small numbers of stellate 
and spindle shaped cells 
(F, red arrow), larger 
numbers of spherical cells 
(I, white arrow).  

Fewer cells than 
15:5mM+0.25%-E-
100µL coating, not 
confluent 

Cell processes 
contacting the surface 
and other cells visible. 
Cells smaller than on 
other surfaces 
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Figure 4.1. Representative SEM micrographs of hMSCs after 7 days incubation on uncoated SLA Ti (A & D) or SLA 
Ti evaporatively coated with CHX-HMP (B,C, E, F, H, I, K & L). Scale bars: A, B, C – 500 µm; D, E, F – 100 µm, G, H, 
I – 50 µm, J, K, L – 10 µm. A greater number of cells were visible on SLA Ti with their thickness so great that in 
some areas, individual cells were not discernible. On this surface, cells exhibited a spreading morphology. Fewer 
cells were seen on both CHX-HMP coated surfaces, and whilst some had a spreading morphology, others were 
spherical. Key to arrows: red - spindle shaped cells, green– stellate morphology, white – spherical morphology, 
blue – processes interacting between cells, orange – cell processes interacting with surface. 
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4.3.1.2 Vinculin immunostaining 

Having observed with SEM that hMSCs attached to the control and coated surfaces, an 

assessment of this adhesion was made using a fluorescent vinculin immunostain, enabling 

identification of number and density of focal adhesions. Representative micrographs of 

vinculin stained hMSCs grown on each surface type are shown in Figure 4.2 - Figure 4.4. 

Vinculin stained adhesions show as bright, white or green ‘dots and dashes’, usually found 

closer to the edge of cell processes (highlighted in figures with white arrows). These 

adhesions were more clearly visible on the SLA Ti surface and became less numerous and 

harder to identify on the CHX-HMP coated surfaces. Again, a stellate cell morphology was 

seen on SLA Ti. On the 15:5mM+0.25%-E-100µL coating, some cell spreading was visible, but 

with cells growing close to or on top of each other. On the 15:5mM+0.25%-E-200µL coating, 

a reduced cell size and more spindle shaped morphology, with evidence of cells growing in 

close proximity or on top of each other, was seen.  

 

Figure 4.2. Black and white and corresponding colour composite micrographs showing vinculin staining of 
adhesions (white/green) of hMSCs grown for 7 days on uncoated SLA Ti. Nuclei are DAPI stained and show as blue 
in the composite images. Scale bars: A and B - 20 µm, C and D - 5 µm. Vinculin adhesions show as ‘dot and dash’ 
areas (white arrows). 
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Figure 4.3. Black and white and corresponding colour composite micrographs showing vinculin staining of 
adhesions (white/green) of hMSCs grown for 7 days on 15:5mM+0.25%-E-100µL coating. Nuclei are DAPI stained 
and show as blue in the composite images. Scale bars: A and B - 20 µm, C and D - 5 µm. Vinculin adhesions were 
fewer than on uncoated SLA Ti, and only clearly visible at higher magnification (white arrows). 

 

Figure 4.4. Black and white and corresponding colour composite micrographs showing vinculin staining of 
adhesions (white/green) of hMSCs grown for 7 days on 15:5mM+0.25%-E-200µL coating. Nuclei are DAPI stained 
and show as blue in the composite images. Scale bars 20 µm. No vinculin immunostaining was visible.  
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 Assessment of cell growth and metabolic activity 

4.3.2.1 Tubulin immunostaining 

Tubulin immunostaining of cells was used as a method to enable assessment of cell transport 

networks and interaction with the ECM, and to determine differences in cell function 

between different surfaces. Representative micrographs of hMSCs grown for 7 days on each 

surface type are shown in Figure 4.5 - Figure 4.7, with the tubulin stained microtubule 

networks visible in green.  On SLA Ti, these networks were dense and well organised, 

extending to the very edges of the cells, which exhibited spreading behaviour. On both CHX-

HMP coated surfaces, cells were smaller, with a more spindle or spherical morphology, and 

tubulin networks were less well organised.   

 

 

Figure 4.5. Colour composite micrographs of hMSCs grown for 7 days on SLA Ti. Tubulin staining of microtubule 
networks show as green, nuclei are DAPI stained (blue), actin is rhodamine stained (red). Scale bars: A – 100 µm, 
B – 50 µm, C and D - 20 µm. Microtubules formed dense, well organised networks. 
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Figure 4.6. Colour composite micrographs of hMSCs grown for 7 days on a 15:5mM+0.25%-E-100µL coating. 
Tubulin staining of microtubule networks show as green, nuclei are DAPI stained (blue), actin is rhodamine stained 
(red). Scale bars: A – 100 µm, B – 50 µm, C and D - 20 µm. Some microtubule networks were visible, but these 
were less well organised than those seen on SLA Ti, and cells were smaller and less spread.  
 

 

Figure 4.7. Colour composite micrographs of hMSCs grown for 7 days on 15:5mM+0.25%-E-200µL coating. Tubulin 
staining of microtubule networks show as green, nuclei are DAPI stained (blue), actin is rhodamine stained (red). 
Scale bars: A – 100 µm, B – 50 µm, C and D - 20 µm. Microtubule networks were indistinct and poorly organised. 
Cells showed little spreading, and were smaller and clustered together. 
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4.3.2.2 Metabolic assay using alamarBlue™ 

Having observed differences in density and organisation of tubulin networks in cells grown 

on different surfaces, cell metabolic activity was assessed using the reduction of 

alamarBlue™ by cells grown on each surface type for 3 days, with greater reduction indicating 

greater metabolic activity. The percentage reduction over 24 hours on SLA Ti was normalised 

to 100%, and then reduction of the agent by cells on each surface type converted to a 

percentage of this. Results are shown in Figure 4.8. A SLA Ti+0.025% CHXDG(aq) (278.4 µM)  

control was also included in this assay, to ascertain any differences in the effect on hMSCs of 

a CHX-HMP coated surface compared to CHX(aq). These data demonstrated that hMSCs grown 

on both CHX-HMP coatings, as well as the CHX control, reduced alamarBlue™ more slowly 

than those grown on SLA Ti. Cells on the 15:5mM+0.25%-E-100µL performed the greatest 

reduction over 24 hours (~80% of that achieved on SLA Ti), followed by similar percentage 

reductions on the 15:5mM+0.25%-E-200µL (68%) and the CHX(aq) control (64%). Whilst no 

statistical analysis could be performed for n=1, the trend was towards less reduction of 

alamarBlue™ on all test surfaces compared to the SLA Ti, indicating reduced metabolic 

activity. 

 

Figure 4.8. Mean percentage reduction of alamarBlue™ by hMSCs grown for 3 days on test surfaces. After growth, 
specimens were incubated with alamarBlue™ for 24 hours, and percentage reduction normalised to SLA Ti control 
at 100%. n=1, 3 biological replicates for each coating type. Error bars indicate standard deviation. There was a 
trend towards a decrease in reduction of alamarBlue™ on both CHX-HMP coated surfaces as well as the CHX(aq) 
control. 
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4.3.2.3 Nucleus counts 

Images taken during immunostaining of cells on each surface type after 7 and 21 days growth 

(see above and section 4.3.3 respectively) allowed assessment of cell numbers and hence 

population growth between these time points using nucleus counts, which were performed 

using automated software (ImageJ). The mean pooled number of nuclei per unit area at 7 

(from vinculin and tubulin immunostain images) and 21 days (from osteopontin and 

osteocalcin immunostain images) are shown in Figure 4.9. 

 

Figure 4.9. Mean number of nuclei per unit area on SLA Ti and CHX-HMP coated SLA Ti after 7 and 21 days 
incubation. Counts were performed on images taken at x10 magnification using ImageJ software. Four (vinculin 
and tubulin immunostain, 7 days) or nine (osteocalcin and osteopontin immunostain, 21 days) areas on 2 samples 
per surface type were counted. Error bars represent standard deviation. A trend was observed towards fewer 
cells present on the 15:5mM+0.25%-E-100µL coating at 21 days compared to SLA Ti, and at both 7 and 21 days 
for the 15:5mM+0.25%-E-200µL coating. An increase in cell numbers was seen between the 2 time points on SLA 
Ti, whereas on both CHX-HMP coated surfaces, there was a reduction in cell numbers. 

 

At both time points there was a trend towards more cells present on the SLA Ti compared 

with the CHX-HMP coated surfaces. The SLA Ti was the only surface that showed an increase 

in cell numbers between 7 and 21 days. On both CHX-HMP coated surfaces there was a 

decrease (in the order of 50% and 90% on 15:5mM+0.25%-E-100µL and 15:5mM+0.25%-E-

200µL respectively), suggesting a possible dose-response effect of the coatings.  
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 Assessment of hMSC differentiation 

Since the ultimate purpose of the surface preparation and coatings tested in this work was 

for use on dental implants to allow osseointegration, assessment of the ability of hMSCs to 

undergo differentiation into osteoblasts was important. This was investigated using 

immunostaining for the hormone osteocalcin and the bone sialoprotein osteopontin, both 

of which are produced by osteoblasts, rather than hMSCs, although they are also expressed 

in other tissues (Rodan et al., 1991; Rutkovskiy et al., 2016). As such, their presence in cells 

grown on the test surfaces would indicate that osteoblastic lineage commitment had 

occurred. Additionally, von Kossa stain was used to detect phosphate deposits produced by 

cells, indirectly suggesting the presence of calcium phosphate, again indicating presence of 

osteoblasts.  

4.3.3.1 Osteocalcin immunostaining 

Staining of hMSCs grown on each surface type for 21 days for osteocalcin, indicating its 

deposition extracellularly, are shown in Figure 4.10 - Figure 4.12. Numerous osteocalcin 

deposits were visible within the confluent layer of cells formed on the SLA Ti surface. Cells 

grown on both types of CHX-HMP coated surface were fewer, with generally less spreading 

morphology, and fewer stained osteocalcin deposits, although more are visible on the 

15:5mM+0.25%-E-200µL compared with the 15:5mM+0.25%-E-100µL coating.  

 

Figure 4.10. Black and white and corresponding colour composite micrographs showing osteocalcin staining of 
calcified extracellular deposits (white arrows to white deposits – A&C and green deposits – B&D) of hMSCs grown 
for 21 days on SLA Ti. Nuclei are DAPI stained (blue), actin is rhodamine stained (red). Scale bars: A & B – 50 µm, 
C & D - 20 µm. Deposits were numerous within the confluent cell layer. 
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Figure 4.11. Black and white and corresponding colour composite micrographs showing osteocalcin staining of 
calcified extracellular deposits (white arrows to white deposits – A&C and green deposits – B&D) of hMSCs grown 
for 21 days on a 15:5mM+0.25%-E-100µL coating. Nuclei are DAPI stained (blue), actin is rhodamine stained (red). 
Scale bars: A & B – 50 µm, C & D - 20 µm. Fewer and smaller deposits are seen compared with SLA Ti. Variable 
cell morphology was visible, and cells were few in number and isolated. (Images B and D appear bright due to the 
need to increase brightness to allow identification of osteocalcin deposits, which here fluoresce weakly). 

 

 

Figure 4.12. Black and white and corresponding colour composite micrographs showing osteocalcin staining of 
calcified extracellular deposits (white arrows to white deposits – A&C and green deposits – B&D) of hMSCs grown 
for 21 days on a 15:5mM+0.25%-E-200µL coating. Nuclei are DAPI stained (blue), actin is rhodamine stained (red). 
Scale bars: A & B – 50 µm, C & D - 20 µm. Fewer and smaller deposits were seen compared with SLA Ti, but there 
were more deposits seen than on the 15:5mM+0.25%-E-100µL coating. Variable cell morphology was visible, and 
cells were few in number and isolated.  
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4.3.3.2 Osteopontin immunostaining 

Representative micrographs of hMSCs grown for 21 days on each surface type, which have 

been stained for osteopontin, are shown in Figure 4.13 - Figure 4.15, with deposits indicated 

with green arrows. On SLA Ti, osteopontin was visible within a confluent layer of cells, but 

on the 15:5mM+0.25%-E-100µL coating, whilst present, deposits were less bright and 

numerous, and the cells present did not form a confluent layer. No deposits were visible 

around the small, isolated cells grown on the 15:5mM+0.25%-E-200µL coating. 

 

Figure 4.13. Black and white and corresponding colour composite micrographs showing osteopontin staining of 
calcified extracellular deposits (green arrows to white deposits – A&C and green deposits – B&D) of hMSCs grown 
for 21 days on SLA Ti. Nuclei are DAPI stained (blue), actin is rhodamine stained (red). Scale bars: A & B – 50 µm, 
C & D - 20 µm. Deposits were large and numerous throughout the layer of confluent cells. 
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Figure 4.14. Black and white and corresponding colour composite micrographs showing osteopontin staining of 
calcified extracellular deposits (green arrows to white deposits – A&C and green deposits – B&D) of hMSCs grown 
for 21 days on a 15:5mM+0.25%-E-100µL coating. Nuclei are DAPI stained (blue), actin is rhodamine stained (red). 
Scale bars: A & B – 50 µm, C & D - 20 µm. Fewer, smaller deposits were seen, associated with fewer and smaller 
cells. 

 

Figure 4.15. Black and white and corresponding colour composite micrographs following osteopontin staining of 
hMSCs grown for 21 days on a 15:5mM+0.25%-E-200µL coating. Nuclei are DAPI stained (blue), actin is rhodamine 
stained (red). Scale bars: A & B – 50 µm, C & D - 20 µm. Cells were small and sparse, and no osteopontin deposits 
were visible.  
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4.3.3.3 Von Kossa staining 

Von Kossa staining was carried out following incubation of hMSCs on uncoated and CHX-

HMP coated SLA Ti for 28 days. This allowed detection of phosphate deposits, indirectly 

indicating production of bone mineral by osteoblasts, and thus confirming lineage 

commitment and differentiation by the hMSCs. Representative micrographs of each surface 

type, showing metallic silver deposits (red arrows), are shown in Figure 4.16. Distribution of 

the deposits were sparser on the 15:5mM+0.25%-E-100µL coating compared to SLA Ti, and 

none were visible on the 15:5mM+0.25%-E-200µL coating.  

 

 

Figure 4.16. Representative light micrographs showing silver stained deposits of phosphate (red arrows) 
produced by hMSCs incubated on control and test surfaces for 28 days. Scale bars A-C - 100 µm, D-F - 50 µm. 
During the von Kossa staining protocol, phosphate deposits present on the specimen react with silver ions to 
form silver phosphate, which then degrades to silver metal (seen here as black coloured deposits) on exposure 
to light. Larger and more numerous deposits were seen on SLA Ti versus the 15:5mM+0.25%-E-100µL coating, 
and none were seen on the 15:5mM+0.25%-E-200µL coating. 

 

A summary of the above observations for each surface type is shown in Table 4.2.
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Table 4.2. Summary of microscopic observations for each surface type 

Imaging 
modality 
 (hMSC 

incubation 
time)  

 

Surface 

SEM imaging 
(7 days) 

Vinculin staining 
(7 days) 

Tubulin staining 
(7 days) 

Osteocalcin staining  
(21 days) 

Osteopontin staining  
(21 days) 

von Kossa staining 
(28 days) 

SLA Ti • Stellate cells 

• Confluent layer  

• Cell processes contact 
the surface and other 
cells  

• Stellate cells 

• Numerous 
adhesions 
visible 

• Stellate cells 

• Dense, well 
organised 
microtubule 
networks 

• Confluent cell layer 

• Numerous and 
large  osteocalcin 
deposits 

• Confluent cell layer 

• Numerous and large  
osteopontin 
deposits 

• Multiple, large 
silver phosphate 
deposits visible 

15:5mM+0.25%-

E-100µL 

• Stellate and spindle 
shaped cells  

• Non confluent layer 

• Cell processes contact 
the surface and other 
cells 

• Stellate cells 

• Fewer 
adhesions 
visible than on 
SLA Ti 

• Stellate cells, fewer 
and smaller than on 
SLA Ti 

• Some less dense and 
less well organised 
microtubule 
networks  

• Far fewer, isolated 
cells with variable 
morphology 

• Few, small 
osteocalcin 
deposits 

 
 

• Numerous but non 
confluent cells 

• Osteopontin 
deposits visible but 
fewer than on SLA Ti 

• Some silver 
phosphate 
deposits visible, 
fewer than SLA Ti 

15:5mM+0.25%-

E-200µL 

• Stellate, spindle and 
spherical shaped cells  

• Non confluent - fewer in 
number than above 
coating  

• Cell processes contact 
the surface and other 
cells  

• Cells smaller than on 
other surfaces 

• Small cells with 
indistinct 
morphology 

• No adhesions 
visible 

• Smaller cells, spindle 
shaped or with 
indistinct 
morphology  

• Cells fewer and 
smaller than on SLA 
Ti 

• Microtubule 
networks indistinct 
and poorly organised 

• Far fewer, isolated 
cells with variable 
morphology  

• Few, small 
osteocalcin 
deposits 

 
 

• Isolated, small cells, 
far fewer than 
15:5mM+0.25%-E-
100µL coating 

• No osteopontin 
deposits visible  

• No silver 
phosphate 
deposits visible 
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 Assessment of changes to hMSC metabolism  

Metabolomic analysis of hMSCs grown for 7 or 14 days on SLA Ti and each test surface 

allowed further exploration of the changes occurring within cells over time, particularly with 

respect to their survival, growth, metabolism and differentiation. Alongside SLA Ti, test 

surfaces included both previously detailed evaporative CHX-HMP coatings, as well as SLA 

Ti+0.025% CHXDG(aq) (278.4 µM) to act as a CHX control. This additional control was included 

to try and ascertain if there were differences in cell response to CHX(aq) more gradually 

released from CHX-HMP coatings compared with that present in growth media from the start 

of the incubation. 

Due to the large volume of data produced by metabolomics, it was analysed using statistical 

methods to determine where statistically significant differences exist between a designated 

control (in this case cells grown on SLA Ti) and test surfaces. This was done using software 

(IPA) and resulted in ‘z-scores’ (more detail is given in Appendix A section 1.5.5.1). In 

summary, z-scores of greater than 2 or less than -2 indicated that a function, annotation or 

pathway was significantly altered compared with the control. It is important to note that all 

of these z-scores indicated statistically significant differences in the volume of various 

metabolites present, and that changes to groups of particular metabolites may indicate 

changes to certain cell functions, but these are only predicted activations or deactivations, 

since they have only been inferred from the data.  

A summary of all statistically significant predicted activation or deactivation z-scores for key 

functions, as computed by IPA software, is shown in Appendix I Table 0.11 (page 353). Results 

of the metabolomic analysis of cells grown for 7 and 14 days are presented as Venn diagrams, 

principal component analysis (PCA) plots and networks for relevant functions below. 

Together, these z-scores allowed synthesis of signalling networks of linked molecules from 

previously identified pathways, which IPA draws from publication data. These networks can 

indicate up- or downregulation of cell pathways or functions. For example, a significant 

increase in the volume of 1 molecule in cells grown on a test surface may be meaningless in 

isolation, but in conjunction with increases in multiple other molecules in a known network, 

can indicate an important functional change occurring in the cells. IPA can use this 

information to predict the potential response of biochemical hubs.  

 



   
Chapter 4: Biological response to CHX-HMP 

 

234 
 

 Assessment of changes to hMSC  metabolism at 7 days 

IPA statistical analysis of the metabolomics data indicated that cells on the 15:5mM+0.25%-

E-100µL coating showed 130 predicted changes, those on the 15:5mM+0.25%-E-200µL 

coating showed 159, with the greatest number shown on the SLA Ti+0.025% CHX(aq) 

substrates at 304 (Figure 4.17). This suggested a dose-response effect to the presence of 

CHX(aq). The coating with the lowest CHX(aq) release showed the fewest changes, and cells 

subjected to the highest concentration (in the media of the CHX control) showed the greatest 

number.  

The 3 test surfaces at 7 days shared 94 predicted changes (both activations and 

deactivations) when compared to SLA Ti at the same time point (Figure 4.17). The CHX-HMP 

coatings shared an additional 7 common changes, whereas the SLA Ti+0.025% CHX(aq) had 

129 unique changes, and shared 23 in common with the 15:5mM+0.25%-E-100µL coating, 

and 58 with the 15:5mM+0.25%-E-200µL coating. This implied that a number of similar 

changes were occurring in response to the presence of CHX(aq), regardless of whether this 

was present in the media in the CHX control, or had been released by the CHX-HMP coatings. 

The SLA Ti+0.025% CHX(aq) substrates induced both a higher number of changes, and had the 

most unique changes, again supporting a dose-response type effect. 

 

Figure 4.17. Venn diagram showing number of statistically significant shared or unique changes in hMSC 
metabolites detected on coated surfaces compared to SLA Ti at 7 days. A - 15:5mM+0.25%-E-100µL coating, B - 
15:5mM+0.25%-E-200µL coating, C – SLA Ti+0.025% CHXDG(aq). The number of changes increased with increasing 
CHX(aq) concentration.  
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Having identified alterations to various aspects of hMSC metabolism from the metabolomic 

data, networks relating to relevant cell functions were produced from these z-scores using 

IPA software. These highlight possible pathways that are predicted as activated or 

deactivated in cell populations according to their constituent molecules or metabolites. For 

cells grown on each surface type for 7 days, these networks are presented in Figure 0.21 -

Figure 0.26, located in Appendix I: Additional metabolomics data (pages 358-363). 

Highlighted changes on all test surfaces are in comparison to data from hMSCs incubated on 

SLA Ti to the same time point. The z-scores and subsequently produced networks are 

discussed below. 

 Apoptosis 

Activation of apoptosis networks indicates increased rates of cell-induced death 

(Proskuryakov et al., 2003). Figure 0.21 shows apoptosis networks for hMSCs grown on each 

surface type. For CHX-HMP coated surfaces, activation of apoptosis based pathways was 

increased compared to SLA-Ti control, whereas there was lack of activation of apoptosis on 

the CHX control.  

 Necrosis  

Activation of necrosis networks indicates increased rates of cell death due to environmental 

changes (Proskuryakov et al., 2003). Figure 0.22 shows necrosis networks for hMSCs grown 

on each surface type. The necrosis function is closely related to that of apoptosis, and similar 

changes were seen here when compared to the apoptosis networks. As with apoptosis, in 

cells on the CHX control surface there was lack of activation of necrosis. 

 Generation of reactive oxygen species (ROS) 

ROS, such as peroxides, superoxide, and hydroxides, are produced by cells in response to 

oxidative stress, which is usually induced by adverse environmental changes, such as 

presence of a cytotoxic agent like CHX. Increases in levels of ROS can result in metabolic 

changes within the cell leading to apoptosis or necrosis (Brown, 2007; Giannelli et al., 2008). 

Production of ROS on both CHX-HMP coatings after 7 days was increased (Figure 0.23). No 

statistically significant changes to the ROS network were identified by IPA for cells grown on 

the SLA Ti+0.025% CHXDG(aq) surface. 



   
Chapter 4: Biological response to CHX-HMP 

 

236 
 

 Mitochondrial dysfunction 

Mitochondrial dysfunction can occur for many reasons, often due to the presence of 

cytotoxic agents, and can eventually lead to apoptosis or necrosis  (Hidalgo et al., 2001; Ly et 

al., 2003; Proskuryakov et al., 2003). Mitochondria carry out respiration to produce 

adenosine triphosphate (ATP - the energy source of the cell) and so are essential to normal 

cell function (Folmes et al., 2012). Increased activation of mitochondrial dysfunction was 

seen on both CHX-HMP coatings at 7 days, which appeared to be stimulated at least in part 

by increased levels of arachidonic acid, an inflammatory intermediate molecule (Figure 0.24). 

No statistically significant changes to the ROS network were identified by IPA for cells grown 

on the SLA Ti+0.025% CHXDG(aq) surface. 

 Activation of alkaline phosphatase (ALP) 

Increased levels of alkaline phosphatase (ALP) in general indicate increased 

dephosphorylation of compounds, and thus a change in cell metabolism. At a cellular level, 

elevated levels are associated with MSC differentiation into osteoblasts, and subsequent 

bone production (Golub et al., 2007; Lim et al., 2015), although elevated levels can also be 

associated with apoptosis (Farley et al., 2001). All surfaces showed an increase in activation 

of ALP compared to SLA Ti at 7 days (Figure 0.25).  

 Calcium ion (Ca2+) mobilisation 

Changes in intracellular calcium ion (Ca2+) levels play an important role in cell signalling, and 

Ca2+ mobilisation in cells in the presence of CHX(aq) is associated with changes to many 

functions, including reduced ATP production (Hidalgo et al., 2001), increased ROS production 

(Giannelli et al., 2008), and both activation (Ly et al., 2003) and deactivation (Xu et al., 2012) 

of apoptosis. Changes to intracellular Ca2+ levels thus indicate important changes to cell 

function, and occur in response to environmental changes, in addition to normal cell growth 

and differentiation processes. At 7 days, the only surface upon which hMSCs showed an 

increase in Ca2+ mobilisation was SLA Ti+0.025% CHXDG(aq) (Figure 0.26). The mobilisation 

was associated with increased levels of L-amino acids. No statistically significant changes 

compared to the SLA Ti control were identified for either of the CHX-HMP coatings with 

regard to this network (Appendix I Table 0.11). 
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 Summary of function and network changes seen by surface type at 7 days 

Along with the above data, the predicted activation and deactivation z-scores (Appendix I 

Table 0.11) showed additional changes in important cell functions on each surface, compared 

to SLA Ti. These are summarised in Table 5.3. 

Table 4.3. Summary of key predicted signalling activations and deactivations at 7 days by surface type and CHX(aq) 
release 

Coating 
(mean CHX(aq) 
concentration 
achieved at 24 

hours) 

Activations Deactivations 

15:5mM+0.25%-E-
100µL 

(15.6 µM) 
 
 

Apoptosis, necrosis, cell death, production of 

ROS, quantity of intracellular Ca2+, and ALP 

activation 

Reduction of 

transmembrane potential of 

mitochondria, and oxidation 

of monosaccharide and 

glucose-6-phosphate 

oxidation 

15:5mM+0.25%-E-
200µL 

(27.8 µM) 

Apoptosis, necrosis, cell death, production of 

ROS, quantity of intracellular Ca2+, ALP activation, 

fragmentation and metabolism of DNA, 

dysfunction and respiration  of mitochondria and 

increased interaction of protein 

Oxidation of 

monosaccharide and 

glucose-6-phosphate 

SLA Ti+0.025% 
CHXDG(aq)  

(278.4 µM) 
 

Efflux of amino acids, mobilisation and quantity 

of intracellular Ca2+, generalised molecule export, 

gluconeogenesis, cell entry into S-phase, 

metabolism and synthesis of protein, growth of 

organism, fragmentation of DNA, dysfunction 

and respiration of mitochondria, generation of 

ROS and activation of ALP 

Amino acid and lipid uptake, 

amino acid transport, and 

glucose and 

monosaccharide oxidation 

and transport 

Based on data presented in section 4.3.4 and Appendix I Table 0.11. All activations are compared to cells grown 
on SLA Ti to 7 days. 

 

 PCA plots after 7 days incubation 

PCA plots were constructed from metabolomic data using Metaboanalyst software to enable 

comparison of cell functions and pathways according to surface type (see section 4.3.4). 

These plots (Figure 4.18) indicate the similarities and differences between metabolomic 

samples from each surface type with regards to amino acid, carbohydrate, energy, lipid and 

nucleotide metabolism, and synthesis of secondary metabolites.  

Across all metabolism functions, cells grown on SLA Ti coated either with CHX-HMP or 

incubated with 0.025% CHXDG(aq) exhibited altered function compared to those grown on 
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SLA Ti alone. Amino acid and carbohydrate metabolism were altered to a similar degree on 

both CHX-HMP coated surfaces, whereas for cells incubated with CHXDG(aq), a different 

metabolomic profile was seen (Figure 4.18A & B). Energy metabolism appeared to be 

similarly altered on all test surfaces compared to SLA Ti (Figure 4.18C), whilst the lipid 

metabolism profile was most similar between the 15:5mM+0.25%-E-200µL and 0.025% 

CHXDG(aq) coating (Figure 4.18D). Nucleotide metabolism was different for cells on each 

surface type, with no commonalities observed (Figure 4.18E). Interestingly, the function 

“synthesis of secondary metabolites” appeared to be unaffected by the CHX-HMP coatings, 

with overlapping metabolic profiles seen between these and SLA Ti, but this was substantially 

different for cells incubated with 0.025% CHXDG(aq) (Figure 4.18F). 

In general, there was greater variation between cells grown on surfaces with a CHX-HMP 

coating or with 0.025% CHXDG(aq) present compared to SLA Ti alone, as evidenced by the 

spread of individual data points and the large shaded area indicating the 95% confidence 

interval. 
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Figure 4.18. PCA plots for cells grown for 7 days on control and test surfaces. Data has been log transformed to facilitate presentation. Filled circles represent single specimens, shaded area 
represents region of 95% confidence interval. Key: light blue – SLA Ti, dark blue -  SLA Ti+0.025% CHXDG(aq), green - 15:5mM+0.25%-E-100µL coating, red - 15:5mM+0.25%-E-200µL coating.  For 
most functions, cells grown on CHX-HMP coatings or in the presence of 0.025% CHXDG(aq) had a different metabolic profile to those grown on SLA Ti, and also showed more variation between 
samples. Synthesis of secondary metabolites only appeared to significantly affect cells grown in the presence of 0.025% CHXDG(aq) when compared to SLA Ti.
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 Assessment of changes to hMSC metabolism after 14 days  

At 14 days, statistical analysis showed that cells on the 15:5mM+0.25%-E-100µL coating 

showed 383 predicted changes, those on the 15:5mM+0.25%-E-200µL coating showed 376, 

and the greatest number was again seen on the SLA Ti+0.025% CHX(aq) substrates at 402. 

Thus, all surfaces exhibited more changes at 14 days than after 7 days (Figure 4.19). However, 

unlike the data collected at 7 days, there was not such a clear dose-response trend to the 

concentration of CHX(aq) present.  

Cells on the 3 test surfaces shared 348 activations or deactivations when compared to SLA Ti 

at the same time point. The CHX-HMP coatings shared an additional 23 common changes, 

whereas the 0.025% CHXDG(aq) control had 16 unique changes, and shared 3 in common with 

the 15:5mM+0.25%-E-100µL coating, and 5 with the 15:5mM+0.25%-E-200µL coating. Again, 

these findings are discussed below, with the networks produced from the z-scores (Appendix 

I Table 0.11, page 354) presented in Appendix I, Figure 0.27 - Figure 0.32 (pages 364-369). 

Unless otherwise stated, all data are in comparison to that from hMSCs grown on SLA Ti to 

the same time point, and all indicate predicted changes based on the data collected.  

 

 

Figure 4.19. Venn diagram showing number of statistically significant shared or unique changes in hMSC 
metabolites detected on coated surfaces compared to SLA Ti at 14 days. A - 15:5mM+0.25%-E-100µL coating, B - 
15:5mM+0.25%-E-200µL coating, C –SLA Ti+0.025% CHXDG(aq). A greater number of changes were seen at 14 days 
versus at 7 days (Figure 4.17) on all coatings. 
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 Apoptosis 

Apoptosis networks for cells grown on test surfaces at 14 days varied. At the lower dose 

15:5mM+0.25%-E-100µL coating, apoptosis signalling was not activated compared to SLA Ti, 

whereas under conditions that had a higher dose of CHX(aq) present i.e. the 15:5mM+0.25%-

E-200µL coating and the SLA Ti+0.025% CHXDG(aq), it was activated (Figure 0.27).   

 Necrosis 

Necrosis networks for cells grown on test surfaces at 14 days showed similar trends to those 

for apoptosis. On the 15:5mM+0.25%-E-100µL coating, necrosis was predicted as inhibited, 

whereas in cells grown on the 15:5mM+0.25%-E-200µL coating and SLA Ti+0.025% CHXDG(aq), 

it was activated (Figure 0.28).   

 Generation of ROS 

Figure 0.29 shows inhibition of activation of ROS generation on the 15:5mM+0.25%-E-200µL 

coating, whilst on the SLA Ti+0.025% CHXDG(aq) surface, activation occurred. No statistically 

significant changes compared to the SLA Ti control were identified for the 15:5mM+0.25%-

E-100µL coating. 

 Production of ALP 

At 14 days, production of ALP was predicted as inhibited on all surfaces (Figure 0.30). 

 Ca2+ mobilisation 

In a similar trend to that seen at 7 days, only the SLA Ti+0.025%CHXDG(aq) surface induced 

significant changes to the Ca2+ mobilisation network, although at the 14 day time point, this 

mobilisation was inhibited (Figure 0.31). However, z-scores indicated a significant reduction 

in various aspects of Ca2+ levels, and mobilisation also occurred on the CHX-HMP coated 

surfaces .  

 Mitochondrial dysfunction 

By 14 days, significant changes to mitochondrial dysfunction were seen only on the 

15:5mM+0.25%-E-100µL coating. These showed inhibition of mitochondrial dysfunction 

(Figure 0.32). No statistically significant changes to the network were identified by IPA for 

cells grown on either the 15:5mM+0.25%-E-200µL or the SLA Ti+0.025% CHXDG(aq) coated 

surfaces. 
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 Summary of changes seen at 14 days by surface type 

Based upon the above data and the predicted activation and deactivation z-scores (Appendix 

I Table 0.11), Table 5.4 summarises the key changes in cell functions on each surface that 

occurred by 14 days compared to SLA Ti. 

Table 4.4. Summary of key predicted signalling activations and deactivations at 14 days by surface type 

Coating 
(mean CHX(aq) 
concentration 
achieved at 24 

hours) 

Activations Deactivations 

15:5mM+0.25%-E-
100µL 

(15.6 µM) 
 
 

Uptake and transport of amino acids, 
binding of cell plasma membrane, 
increased permeability and transition of 
the mitochondrial membrane, increased 
damage to mitochondria, and increased 
quantity of steroid and sterol 
intracellularly.  
 

Efflux, metabolism and synthesis of 
amino acids, molecular exports, 
Ca2+ mobilisation, mitochondrial 
respiration, ATP release, protein 
synthesis, incorporation of 
thymidine into genetic material, 
and general growth and cell 
stimulation. 
 

15:5mM+0.25%-E-
200µL 

(27.8 µM) 

Increased uptake and transport of amino 
acids, binding of cell plasma membrane, 
transport of glucose and 
monosaccharides. 

Synthesis, metabolism and efflux of 
amino acids, molecular exports, 
ROS synthesis, lipid transport, DNA 
fragmentation and degradation, 
Ca2+ mobilisation and 
concentration, cell entry into S-
phase, synthesis of protein and 
nucleotides, mitochondrial 
respiration, and general growth 
and cell stimulation. 

SLA Ti+0.025% 
CHXDG(aq)  

(278.4 µM) 
 

Uptake of amino acids, binding of the cell 
plasma membrane, ROS synthesis, 
permeabilisation of and damage to 
mitochondria, and apoptosis. 

Synthesis, metabolism and efflux of 
amino acids, cell entry into S-phase, 
Ca2+ release, glutathione 
concentration, protein synthesis, 
molecular export and general 
growth. 

SLA Ti* Amino acid metabolism and efflux, 
condensation of chromatin, synthesis of 
nucleotides, growth of organism, 
gluconeogenesis, mitochondrial 
respiration, consumption of oxygen, 
oxidation of fatty acids, hydrolysis of 
lipids, accumulation of acylglycerol and 
lipid, release of ATP, fragmentation of 
DNA, release of nitric oxide, production of 
hydrogen peroxide, mobilisation, 
intracellular concentration and release of 
Ca2+, and molecular export.   

Amino acid uptake, production of 
lipid peroxide, transport of D-
glucose and monosaccharide, and 
oxidation of these molecules. 
 

Based on data presented in section 4.3.5 and Appendix I Table 0.11. All activations are compared to cells grown 
on SLA Ti to 14 days except *compared to cells grown on SLA Ti at 7 days. 
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 PCA plots 

PCA plots were used again at this time point to highlight the similarity and differences 

between surface types and individual metabolomic samples for various cellular functions. 

These are shown in Figure 4.20.  Similar trends were seen at this time point compared to 7 

days. For most functions, cells grown on CHX-HMP coatings or in the presence of 0.025% 

CHXDG(aq) had a different metabolic profile to those grown on SLA Ti. The individual data 

points appeared more spread at 14 days versus 7 days for all surfaces, including the SLA Ti, 

indicating more inter-sample variation in metabolite profile at this time point. All test 

surfaces invoked similar changes to energy metabolism (Figure 4.20C). For all other PCA 

plots, the cells incubated on CHX-HMP coated samples exhibited similar changes, whereas 

those grown in the presence of 0.025% CHXDG(aq) were substantially different, as indicated 

by their isolated set of data points. Synthesis of secondary metabolites appeared to only be 

affected by the presence of 0.025% CHXDG(aq), with the CHX-HMP coated surfaces showing 

a similar plot to SLA Ti (Figure 4.20F).  
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Figure 4.20. PCA plots for cells grown for 14 days on test surfaces. Data has been log transformed to facilitate presentation. Filled circles represent single specimens, shaded area represents 
region of 95% confidence interval. Key: light blue – SLA Ti, dark blue -  SLA Ti+0.025% CHXDG(aq), green - 15:5mM+0.25%-E-100µL coating, red - 15:5mM+0.25%-E-200µL coating. As with PCA 
plots from data at 7 days, for most functions, cells grown on CHX-HMP coatings or in the presence of 0.025% CHXDG(aq) had a different metabolic profile to those grown on SLA Ti, and in some 
instances showed more variation between samples. Synthesis of secondary metabolites only appeared to significantly affect cells grown in the presence of 0.025% CHXDG(aq) when compared 
to SLA Ti. The cell response to CHX-HMP coated surfaces tended to be more similar to each other than the cells grown with 0.025% CHXDG(aq). Cells on test surfaces all had a similar, altered 
energy metabolism, whilst synthesis of secondary metabolites appeared to only be affected by the presence of 0.025% CHXDG(aq).
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 Metabolomic changes seen at 7 versus 14 days 

A combined PCA plot for cells on all surface types at both time points is shown in Figure 4.21. 

Cell responses were most different on SLA Ti+0.025% CHXDG(aq) (pink and yellow) at both 

time points. Responses on both CHX-HMP coated surfaces at 7 (light blue and green) and 14 

days (red and dark blue) were similar to each other, as indicated by the overlap or close 

proximity of their 95% confidence intervals. Cell responses on SLA Ti at each time point were 

consistent, but distinct from each other (black and grey). 

 

Figure 4.21. Combined PCA plot for data on all surface types at both 7 and 14 days. Data has been log transformed 
to facilitate presentation, after normalisation to SLA Ti at 7 days. Filled circles represent single specimens, shaded 
area represents region of 95% confidence interval. Key: 15:5mM+0.25%-E-200µL 14 days – red, 7 days – green; 
15:5mM+0.25%-E-100µL 14 days – dark blue, 7 days - light blue; SLA Ti+0.025% CHXDG(aq) 14 days – pink, 7 days 
– yellow; SLA Ti 14 days – grey, 7 days – black. Cell responses were most different on SLA Ti+0.025% CHXDG(aq) 

(pink and yellow) at both time points. Responses on both CHX-HMP coated surfaces (dark blue, light blue, red 
and green) were similar to each other at 7 days, as indicated by overlap of 95% confidence intervals, but by 14 
days, there were distinct differences. Cell responses on SLA Ti at each time point were consistent, but distinct 
from each other. 
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A summary of key relevant cell function changes (compared to SLA Ti at the corresponding 

time point) at 7 and 14 days for each surface type is given in Table 4.5.  

Table 4.5. Summary of statistically significant signalling changes to relevant hMSC functions on test surfaces at 7 
and 14 days 

Surface 
(mean CHX(aq) 
concentration 
achieved at 24 

hours) 

15:5mM+0.25%-E-
100µL 

(15.6 µM) 
 

15:5mM+0.25%-E-
200µL 

(27.8 µM) 

SLA Ti+0.025% 
CHXDG(aq) 

(278.4 µM) 
 

Function/Network 
signalling changes 

7 days 14 days 7 days 14 days 7 days 14 days 

ALP activation  Activated Deactivated Activated Deactivated Activated Deactivated 

Apoptosis  Activated Deactivated Activated Activated Activated Activated 

Ca2+ mobilisation  NS NS NS NS Activated Deactivated 

Mitochondrial 
dysfunction  

Activated Deactivated Activated NS NS NS 

Necrosis Activated Deactivated Activated Activated Activated Activated 

Generation of ROS Activated NS Activated Deactivated NS Activated 

Notes: Statistically significant signalling changes to cell functions on each test surface compared to SLA Ti at same 
time point. Data are based on that presented in Table 0.11. NS – no significant difference compared to SLA Ti 
control at same time point. Functions which at 7 days were predicted as activated on test surfaces were in many 
cases deactivated by 14 days, particularly for the 15:5mM+0.25%-E-100µL coating. Results are predicted, based 
on z-scores from metabolomic analysis.  
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4.4 Discussion  

It is known that physical surface properties play a key role in the cytocompatibility of biomaterials and 

hence, characterisation of the SLA Ti surface and CHX-HMP coatings was an important phase of this 

project. Having confirmed that physical surface properties of the developed surface were similar to 

those for implants in clinical use, and that they had the potential to reduce biofilm formation, 

determining the response of hMSCs to the uncoated and CHX-HMP coated SLA Ti was important to 

verify surface cytocompatibility. In doing this, objective 6 - to determine the effects of the coating on 

growth, maturation, proliferation and metabolism of MSCs – was addressed. This would provide an 

indication as to whether such coatings had potential for further development for use with dental 

implants. 

Co-interpretation of assays and metabolomic data revealed that: 

• The experimentally produced SLA Ti surface allowed adhesion, growth, metabolism, 

proliferation and osteogenic differentiation of hMSCs  

• The CHX-HMP coated SLA Ti substrates resulted in reduced hMSC adhesion, growth, 

metabolism and proliferation, and delayed differentiation in a dose-dependent manner, 

alongside adverse morphological changes to cells 

• The effects of CHX(aq) released by the CHX-HMP coatings lasted beyond its presence (in 

substantial concentrations) in the immediate environment, similarly to the effect seen on 

biofilm biomass 

• The 15:5mM+0.25%-E-100µL coating induced the fewest adverse changes to cell metabolism 

and function, and by 21 days, cells grown on it had differentiated to form osteoblasts, 

suggesting this surface was the best tolerated by hMSCs  

• The mechanism by which CHX-HMP coated surfaces exerted this effect was similar to that 

seen with the CHXDG(aq) control, and appeared to be a combination of reduced mitochondrial 

membrane potential, changes in intracellular Ca2+ concentrations, an increase in ROS 

production and subsequent activation of apoptosis and necrosis pathways. This agrees with 

previously reported in vitro data regarding the cytotoxic effects of CHX  
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 Overview  

Prior to conducting these assays, it was hypothesised that changes to various aspects of growth and 

metabolism would be seen in hMSCs grown on CHX-HMP coated substrates as well as the CHX control 

samples, since it is already known that CHX is toxic to human cells (Hidalgo et al., 2001; Giannelli et 

al., 2008; Salimi et al., 2017). The aim of this work was to determine the severity of these effects, 

particularly with respect to CHX-HMP or CHX(aq) dose, and to try and elucidate the mechanisms by 

which this occurred, alongside the global effect on the cells over 28 days. Clinically, this is the critical 

period during which healing of the surgical site and osseointegration of an implant starts to occur, and 

so it was important to determine if the CHX-HMP coatings disturbed cells involved in this process.   

 Other studies that have investigated CHX cytotoxicity 

A number of studies have examined the effects on cells of various concentrations of CHX(aq). These are 

summarised in Table 4.6, and concentrations converted to the equivalent in CHX(aq) to facilitate 

comparison with this work. Essentially, it appears that the effects of CHX in vitro on cells of various 

lineage are a function of both dose and duration of exposure, with some studies reporting substantial 

(but not total) cytotoxicity at high concentrations with a short duration of exposure (Kotsakis et al., 

2016), whilst others report similar effects following a longer exposure at a much lower concentration 

(Hidalgo et al., 2001; Salimi et al., 2017). As such, it was impossible to predict the effect of the CHX-

HMP coatings on hMSCs based on other studies. The doses and duration of exposure seen in this work 

are most similar to the latter studies and so where possible, relevant comparisons are made. Table 4.6 

is intended to facilitate comparison between studies of varying design and the work carried out here. 
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Table 4.6. Studies reporting on CHX toxicity to human cells 

Study Formulation and 
range of CHX 

tested 

Equivalent 
concentration 

µM 

Cell type Key findings: cytotoxic concentrations and proposed mechanisms of action 

This work: ‘CHX control’  0.025% CHXDG(aq) 

=0.014% CHX(aq) 
278.4 µM  hMSCs - 

This work: 15:5mM+0.25%-
E-100µL  

0.0014% CHXDG(aq) 

=0.0008% CHX(aq) 
15.6 µM hMSCs - 

This work:  
15:5mM+0.25%-E-200µL  

0.0025% CHXDG(aq) 

=0.0014% CHX(aq) 
27.8 µM hMSCs  - 

Salimi et al. 2017 
 

0.0035 - 0.07% 
CHXG(aq) 

49.9 – 997.2 µM  Human blood 
lymphocytes 

• Lymphocytes incubated with 0.005% CHXG(aq) (71.2 µM )for 3 hours showed increased 
ROS generation, mitochondrial membrane potential collapse, increased lysosomal 
membrane injury, increased lipid peroxidation and depletion of glutathione 

• A 42% reduction in cell viability was observed after 6 hours incubation with 0.005% 
CHX(aq) 

• Dose-response effect of CHX(aq) concentration on cell viability 

Giannelli et al. 2008 
 

0.0025 - 0.12% 
CHXDG(aq) 

27.9 – 1336.3 
µM 

Osteoblasts 
and 
osteoblast 
precursors 

• Cells incubated with 0.01% CHXDG(aq) (111.4 µM CHX(aq)) for 1 minute showed changes 
to number and density of focal adhesions, increased apoptosis and necrosis, 
mitochondrial membrane potential collapse, increased cytoplasmic Ca2+ 
concentration and increased ROS generation  

• Osteoblast viability was reduced by 58% after 1 minute exposure to 0.01% CHXDG (aq) 

• Dose-response effect of CHX(aq) concentration on cell viability 

Hidalgo and Dominguez 
2001 
 

0.00005 - 0.025% 
CHXDG(aq) 

 

0.6 - 278.4 µM Human 
dermal 
fibroblasts 

• Cells incubated with 0.0025% CHXDG(aq) (27.8 µM CHX(aq)) for 6 hours showed 65% 
ATP depletion  

• Cells incubated with 0.0001% CHXDG(aq) (1.1 µM CHX(aq)) for 24 hours showed a 20% 
reduction in DNA synthesis  

• 25% reduction in cell viability after 8 hours incubation with 0.001% CHXDG(aq), rising 
to 100% reduction with 0.005% CHXDG(aq) (55.3 µM CHX(aq))  

• Dose-response effect of CHX(aq) concentration on cell viability 

Kotsakis et al. 2016 0.12% CHXDG(aq) 1336.3 µM Murine 
osteoblasts 

• Significant reduction in osteoblast numbers at 3 and 5 days (3- and 4-fold 
respectively) after 20 seconds burnishing of titanium substrate with 0.012% CHXDG(aq) 

(1336.3 µM CHX(aq)) soaked cotton pledget 

• No effect on ALP or osteocalcin activity in these cells at 3 and 5 days 
 CHXG(aq) – chlorhexidine gluconate. Where made, conversions are based upon molecular weights of 898 g/mol for CHXDG, 702 g/mol for CHXG and 506 g/mol for CHX.
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4.4.2.1 The effect of CHX(aq) concentration and duration of exposure on cells 

It is thought that CHX induces cytotoxic effects via multiple mechanisms, and that the 

severity of its effects on cells is dependent on various factors, including the duration of 

exposure, concentration, release rate and the presence of cytoprotective factors such as FBS 

(Hidalgo et al., 2001; Giannelli et al., 2008; Kotsakis et al., 2016; Salimi et al., 2017). Hidalgo 

and Dominguez (2001) demonstrated that at concentrations above 0.0025% CHX(aq) (27.8 µM 

CHXDG(aq)), cell ATP depletion occurred in fibroblasts in a dose and time dependent manner, 

and that over a longer incubation period (24 hours), concentrations 10 fold smaller than this 

also induced these effects. However, a higher concentration (>27.8 µM CHX(aq)) was required 

to achieve total cell death by this time point, i.e. some cells were able to tolerate and survive 

below this concentration. Cell survival increased when 10% FBS was present in the growth 

medium.  

Observations from cells grown for longer time periods in this work are similar. Here, the 

15:5mM+0.25%-E-200µL coating resulted in a similar CHX(aq) concentration (0.0014%; 31.2 

µM) with a high (but not total) percentage of hMSC death. At the lower concentration 

released by the 15:5mM+0.25%-E-100µL coating (0.0008%; 15.8 µM CHX(aq)), larger numbers 

of cells survived. This was seen consistently across imaging and metabolomic data, 

suggesting that there is a range of CHX(aq) concentrations that, whilst affecting hMSCs and 

changing function and morphology, do not result in total cell death. As with the Hidalgo 

study, this may in part be due to a cytoprotective effect from the 10% FBS used here.  

Salimi and co-workers (2017) demonstrated CHX cytotoxicity to lymphocytes at 

concentrations equivalent to 0.005% (98.8 µM) CHX(aq), with affected cells showing an 

increase in intracellular ROS generation, mitochondrial membrane potential reduction and 

depletion of glutathione. Similar effects were seen on the hMSCs used in this work, indicating 

a common cytotoxic response to the CHX molecule. This suggests that the effects of the CHX-

HMP surfaces on hMSCs are due to the CHX(aq) they release, and were unrelated to the NPs. 

Giannelli et al. (2008) examined the effect of CHXDG(aq) on a number of different cell lines, 

including osteoblasts, although for shorter incubations and at higher concentrations (0.0014 

- 0.0672%; 27.9 – 1336.3 µM CHX(aq)) than those used here. It was shown that osteoblasts 

were sensitive to even the lowest concentrations tested after 5 minutes or more, regardless 

of the presence of FBS. They postulated that CHX(aq) caused changes in actin cytoskeletal 

assembly, altered mitochondrial membrane potential, triggered intracellular Ca2+ release 
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and stimulated apoptosis and necrosis, although these conclusions were based largely on 

qualitative imaging data. Since the CHX(aq) concentrations investigated in their work were at 

the top end of those tested here, only cautious reference is made to their conclusions, 

particularly since the earlier study by Hidalgo and Dominguez demonstrated that at lower 

concentrations, although some functions were affected, cells were still able to survive 

(Hidalgo et al., 2001). In this work, the data from the metabolic assay, SEM, and 

immunostaining images, although collected after a longer period of incubation, also 

demonstrated a dose-response effect similar to that reported by Giannelli, with consistently 

less metabolic activity, fewer cells and greater adverse morphological changes seen with the 

higher dose CHX-HMP coating.  

 

 Assessment of hMSC morphology and adhesion to surfaces  

Attachment of hMSCs to an implant surface is essential to initiate cell signalling, growth and 

proliferation, which will eventually enable osseointegration to occur. Greater cell adhesion 

to an implant surface has been shown to result in more rapid osseointegration (Buser et al., 

1991; Cochran et al., 1996; Yang et al., 2006; Park et al., 2010), and cell attachment is 

affected by various factors including surface roughness, topography and hydrophilicity (Zhao 

et al., 2006; Andrukhov et al., 2016; Dalby et al., 2018; Pellegrini et al., 2018). Having 

characterised the CHX-HMP coatings with respect to these physical characteristics (section 

2.3.4.2), it was therefore logical to investigate hMSC adhesion. Since the values for surface 

properties known to affect cell adhesion for the developed SLA Ti surface were similar to 

those reported for other surfaces in clinical use (Table 2.10), a favourable cell response was 

expected. 

SEM and subsequent immunostaining, along with increasing nucleus counts, demonstrated 

that hMSCs were able to attach and proliferate across the SLA Ti surface, confirming the 

cytocompatibility of this experimentally produced surface. The biocompatibility of titanium 

is attributed to the oxide layer that it forms in air, and this is the reason titanium is widely 

used in medical and dental implants (Palmquist et al., 2010). It does not invoke a foreign 

body reaction and allows cell attachment, spreading and growth, thereby facilitating 

osseointegration. The difference in the number of cells adherent on uncoated versus CHX-

HMP coated SLA Ti was clear with imaging and nucleus counts at 7 and 21 days incubation. 

This is in agreement with other findings, albeit using a higher CHX concentration. When 
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0.12% CHXDG(aq) (1336.3 µM CHX(aq) equivalent) was used to decontaminate SLA Ti surfaces 

for just 20 seconds before inoculation with osteoblastic cells, a significant reduction in cell 

proliferation and numbers was seen (Kotsakis et al., 2016). The authors concluded that at 

such a concentration, CHXDG(aq) should not be used for decontamination of infected dental 

implants as it would compromise implant biocompatibility and potential osseoreintegration. 

The nucleus count data presented here demonstrate that even at the lower CHX(aq) 

concentrations released by the CHX-HMP coatings, a negative effect on cell numbers and 

morphology was seen. Additionally, adverse effects were seen sooner in cells grown on the 

coating releasing a higher volume of CHX(aq), implying a dose-response effect. 

The morphological differences seen for hMSCs grown on uncoated SLA Ti and CHX-HMP 

coated surfaces were clear, with cells on the former appearing spread and showing signs of 

movement across the surface. According to a previous study (Zhao et al., 2006), it could be 

expected that any cells that had undergone differentiation on this roughened surface would 

demonstrate a more elongated shape compared to those grown on smoother titanium 

surfaces. However, without a surface of different roughness for comparison, and at 7 days 

incubation, it is difficult to say whether the altered morphology observed was due to 

differentiation, or relates solely to the surface roughness. Under favourable conditions, cells 

start to commit to an osteoblastic lineage with respect to their signalling and transcription 

as early as 3 days (Yang et al., 2014), although this is unlikely to result in detectable 

morphological changes until later. Osteoblastic phenotype expression with respect to hard 

tissue mineralisation is classically seen around 28 days (Stein et al., 1993), although other 

assays can be used between these time points to determine osteoblastic development in 

vitro (Appendix A Table 0.1). 

On the CHX-HMP coatings, cells also formed other shapes, most notably spherical. At 7 days, 

this could indicate the beginning of preparation for differentiation, which can result in a 

spherical morphology, but more likely represents a cell preparing for apoptosis (Ly et al., 

2003) or that has been irreversibly damaged by CHX (Giannelli et al., 2008). This is supported 

by metabolomic data collected at this time point, which indicated predicted activations to 

apoptosis and necrosis signalling on CHX-HMP coated substrates, which is attributable to 

either the CHX-HMP coating or CHX(aq) released from it. Cells with the spherical morphology 

could indicate a localised deposit of CHX-HMP, or a more general response to the presence 

of CHX(aq) in the immediate environment. The spindle shaped morphology, seen mostly on 
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the 15:5mM+0.25%-E-100µL coating, could also represent cells moving away from areas of 

the surface that are undesirable for adhesion, suggesting presence of CHX-HMP deposits.  

The attachment of cells to surfaces occurs via focal adhesions, and hence vinculin staining 

allowed assessment of the number and density of adhesions in cells grown on each 

substrate. These were readily visible in cells grown on SLA Ti. Numerous, strong adhesions 

stimulate increased osteogenesis via the activation of ERK1/2 and subsequent 

phosphorylation of RUNX2 (Dalby et al., 2018), indicating that this SLA Ti surface could 

promote osteogenesis. In contrast, the number and brightness of focal adhesions was 

reduced as a function of CHX-HMP dose. This change in cytoskeletal structure and number 

and distribution of focal adhesions has been observed previously in osteoblast-like cells 

exposed to CHX(aq) (Giannelli et al., 2008). Along with the evidence of cells growing in close 

proximity or on top of each other on CHX-HMP coated surfaces, this implies that the CHX-

HMP coating reduced or disrupted cell adhesion.  

Titanium discs with similar surface properties to samples used here, which were subjected 

to biofilm growth followed by cleaning with 0.12% CHXDG(aq) (1336.3 µM), also  showed 

reductions in osteoblast adhesion and numbers (Kotsakis et al., 2016). In another study, 0.2% 

CHXG(aq) (2849.0 µM) was used as a ‘negative control’ and osteoblasts subjected to it showed 

reduced proliferation (Schmidlin et al., 2009). It has also been shown that as the duration of 

CHX(aq) exposure increases, there is increased damage to osteoblasts, with adverse 

morphological changes and reduced cell numbers visible after brief (10 minutes) incubation 

with 0.1% CHXDG(aq) (1113.6 µM CHX(aq)), and evidence of cell damage detected as early as 1 

minute in the presence of 0.01% CHXDG(aq)  (111.4 µM CHX(aq); Giannelli et al., 2008; Vörös et 

al., 2014). Whilst the concentrations used in these studies were higher than in this work, 

their results clearly support the observation here that CHX(aq) reduced cell adhesion and 

proliferation, and altered important aspects of cell function. These data thus support a dose-

response effect to the CHX(aq) by the hMSCs. Fewer cells, with fewer adhesions, less spreading 

morphology and more adverse morphological changes were seen on coatings with greater 

CHX-HMP loading. 
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 Assessment of hMSC growth and metabolic activity 

Having successfully attached to an implant surface, cells metabolise and grow. Assessment 

of hMSC growth and metabolic activity on control and test surfaces was made using tubulin 

immunostaining of microtubules, nucleus counts and a colorimetric change metabolic assay 

(alamarBlue™). The high density and brightness of tubulin staining seen in cells grown on the 

SLA Ti substrates indicated that intracellular transport was occurring (Vale, 2003). Cells were 

readily able to metabolise and form transport networks, suggesting low levels of cell stress. 

By contrast, a dose-response effect to the CHX-HMP coatings was observed, with reductions 

in cell size, tubulin network size and density, and evidence of cells growing on top of each 

other all seen in association with increased CHX-HMP dose. This indicates reduced ECM 

interaction and reduced intracellular transport, which is likely to be due to increased cell 

stress induced by CHX(aq).  

Nucleus count data supported these observations. Whilst the SLA Ti supported hMSC growth 

and proliferation, cells struggled to grow and replicate on both CHX-HMP coated surfaces. 

This suggests cell death occurred on the CHX-HMP coatings between 7 and 21 days, 

indicating a sustained cytotoxic effect from the CHX(aq). At what concentration the CHX(aq) 

released from the CHX-HMP coatings was still present after media changes during the 21 day 

incubation was not determined, but based on elution studies, it is unlikely that it would have 

persisted to a significant level after one change (at 3 days). What is therefore clear is that the 

effect of the CHX(aq) lasted long enough to reduce (15:5mM+0.25%-E-100µL coating) or 

almost entirely prevent (15:5mM+0.25%-E-200µL coating) hMSC adhesion, growth, 

metabolism and proliferation. Its effects lasted beyond its presence (in substantial 

concentrations) in the immediate environment. At 7 days, metabolomic data collected from 

cells grown on CHX-HMP coated substrates provided further support for this long lasting 

negative effect of CHX(aq) on cell metabolic processes. However, by 14 days, the data seemed 

to indicate that if cells were able to survive on the CHX-HMP coated surfaces beyond the 

initial CHX(aq) release, they were able to carry out various normal functions.  

Based on previous studies that have examined cytotoxicity of CHX(aq) using metabolic assays 

(Hidalgo et al., 2001; Giannelli et al., 2008), and the imaging data and nucleus counts 

discussed above, it was expected that a qualitatively observed reduction in the number and 

viability of hMSCs on CHX-HMP coated surfaces would equate to a quantitative reduction in 

metabolic activity, and this was shown to be the case. Although low, the volume of CHX(aq) 

released by both CHX-HMP coated surfaces clearly disturbed the ability of cells to reduce 
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resorufin to resazurin, probably due to the previously observed morphological and functional 

changes. This reduction in metabolic activity could be due to a reduced number of cells, as 

seen with nucleus counts, and/or a reduction in their metabolic rate, as indicated by reduced 

microtubule network density.  

When comparing alamarBlue™ data with nucleus counts, it is surprising that, in spite of the 

reduced number and morphological differences of cells observed on the CHX-HMP coatings, 

there was still a relatively high metabolic activity compared to the control SLA Ti. It might be 

expected that percentage reduction of alamarBlue™ would reflect mean nuclei counts, which 

showed the evaporative surfaces had on average 69% (15:5mM+0.25%-E-100µL) and 34% 

(15:5mM+0.25%-E-200µL) of the total number of nuclei present on the SLA Ti. However, 

these figures had large SDs and so the true number of cells may be higher, as suggested by 

the metabolic assay. These data also supported a dose-response effect, although trends seen 

with increases in CHX(aq) concentration were not always statistically significant.  

It is intriguing that, in spite of the 10 fold higher concentration of CHX(aq) used in the CHX 

control, cells showed a similar reduction in metabolic activity to that seen on the 

15:5mM+0.25%-E-200µL coating. This could indicate a ceiling to the cytotoxic effect of 

CHX(aq) in this assay, although other studies have indicated that higher concentrations of 

CHX(aq)  are increasingly cytotoxic to the point of no measurable metabolism occurring and so 

would not support this (Hidalgo et al., 2001; Giannelli et al., 2008; Salimi et al., 2017). 

Retrospectively, it would have been informative to examine metabolic activity at several 

further time points, such as those at which qualitative imaging was undertaken. This would 

have enabled comparison of quantitative data with observations made from imaging and 

metabolomic analysis.  

 Assessment of hMSC differentiation 

The process of hMSCs committing to an osteoblastic lineage is a complex and energy 

intensive one that eventually results in formation of mature osteoblasts, which produce 

mineralised tissue and thus facilitate osseointegration of the implant (see section 1.2.1.2). 

This process can be assessed at various stages (Figure 1.3). Formation of a mature osteoblast 

that is capable of producing bone usually occurs at around 28 days (Stein et al., 1993), 

although inoculation to a differentiation-inducing environment, such as nanopatterned 

surfaces or titanium, can accelerate this process (Olivares-Navarrete et al., 2011; Yang et al., 

2014). In this work, assays to detect osteoblastic lineage commitment were undertaken at 
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14 (metabolomics), 21 (osteocalcin and osteopontin immunostain) and 28 (von Kossa stain) 

days after inoculation. Since differentiation is an energy intensive process, and it had already 

been shown that cells grown on the CHX-HMP coated surfaces had reduced metabolism and 

cell transport networks, it was expected that hMSC differentiation on these surfaces would 

be delayed or absent.  

The extensive osteocalcin and osteopontin immunostaining seen within the layer of 

confluent cells grown on SLA Ti confirmed the presence of osteoblasts, rather than hMSCs, 

indicating that by 21 days, SLA Ti supported osteogenic commitment of hMSCs. Both 

osteocalcin and osteopontin are produced by osteoblasts during a later stage of 

differentiation (Rodan et al., 1991). It could therefore be inferred that the method used in 

the manufacture of this SLA Ti surface resulted in one similar to those used clinically, allowing 

relevant comparisons to surfaces reported elsewhere. Increased osteocalcin expression 

(when compared to surfaces with greater or lesser roughness) has been demonstrated on 

other titanium surfaces with an Ra value of 1-2 µm (Zhao et al., 2006; Andrukhov et al., 2016), 

and appears to be greater on microstructured titanium surfaces (Olivares-Navarrete et al., 

2011). This correlates with results seen here, where numerous osteocalcin deposits were 

visible on the SLA Ti (Ra of 1.248 µm).  

The reduced number of osteocalcin and osteopontin deposits seen on the 15:5mM+0.25%-

E-100µL coatings reflected a reduced number of cells present overall, of which only some 

had differentiated. This was not the case on the 15:5mM+0.25%-E-200µL coating, where cells 

were small, sparsely spread and showed little osteocalcin and no osteopontin staining, 

revealing the few cells on this surface had not differentiated at all. As with all data discussed 

thus far, this indicated that the volume of CHX(aq) released from the 15:5mM+0.25%-E-100µL 

coating, whilst having a negative effect, was tolerated by hMSCs. However, that released by 

the 15:5mM+0.25%-E-200µL coating, which was approximately double, did not allow normal 

growth, proliferation and differentiation. This suggests that, whilst not investigated here, 

coatings with greater volumes of CHX-HMP would be unlikely to be tolerated by hMSCs, and 

that a concentration of 0.0008% CHX(aq) (15.6 µM)  is at the very limit that cells in this assay 

were able to endure.  

In comparison, another study showed that the mean highest concentration of CHXDG(aq) that 

50% of a fibroblast cell population were able to survive (IC50) after 4 hours incubation was 

0.0083% (92.4 µM; Müller et al., 2008). This is equivalent to 0.0046% CHX(aq), approximately 
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3 or 6 times higher than that achieved over 24 hours by CHX(aq) released from the CHX-HMP 

coatings here (15.6 and 27.8 µM respectively). Whilst providing a reference point, their figure 

is not directly comparable to this work, where hMSCs (rather than fibroblasts) were 

incubated in the presence of CHX-HMP, the CHX(aq) was released and present for a longer 

period, and the IC50 (concentration required to kill 50% of cells) was not determined.  

Conversely, Kotsakis et al (2016) reported no effect on osteocalcin activity at 3 and 5 days in 

murine osteoblasts following exposure to 0.12% CHXDG(aq) (1336.3 µM) for 20 seconds. This 

suggests that a short duration exposure to a high concentration, whilst reducing cell 

numbers, does not impact on the later ability of the osteoblasts to produce osteocalcin, 

provided they survive the initial insult.  

After 28 days incubation, the von Kossa stain was used as an indirect indicator of phosphate 

production by cells (Appendix A section 1.5.4). Calcium phosphate is produced by 

osteogenically differentiated hMSCs, and it indicates the first step in the formation of bone 

matrix. Only sparse deposits were visible on the SLA Ti and 15:5mM+0.25%-E-100µL 

specimens subjected to von Kossa staining, with none visible on the 15:5mM+0.25%-E-200µL 

coating. This suggests that at 28 days, cells were just beginning to produce mineralised issue, 

which is in keeping with the accepted time period for this process (Stein et al., 1993) and 

hence the sparseness of the deposits seen. If this staining had been performed at a later time 

point, a greater number of deposits may have been seen, possibly showing a clearer 

difference between SLA Ti and the 15:5mM+0.25%-E-100µL coating. In other work, von Kossa 

staining was not performed until 56 days when demonstrating differentiation and phosphate 

deposition (Bilousova et al., 2011). However, without the presence of specific growth factors 

(as present in vivo), osteogenic differentiation occurs more slowly in vitro, even on a surface 

conducive to osteoblast formation or when synthetic growth factors are added to culture 

media (Barry et al., 2004; Bilousova et al., 2011; Dalby et al., 2018). Nonetheless, this non-

quantitative imaging technique does suggest that more cells on the SLA Ti had differentiated 

to osteoblasts, and that the CHX-HMP coatings were less conducive to long term hMSC 

survival, growth, proliferation and differentiation, with the lower dose 15:5mM+0.25%-E-

100µL coating once again better tolerated by cells than the 15:5mM+0.25%-E-200µL.  

 Assessment of changes to hMSC metabolism 

The metabolomic analysis supported observations made from imaging data. At earlier time 

points, there was a clear, negative effect of both the evaporatively coated CHX-HMP surfaces 
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and the CHX control on hMSCs, resulting in reduced proliferation and growth. At later time 

points, as the CHX(aq) present in the environment was removed through media changes, cells 

appeared to recover function, but not to the degree of those grown on SLA Ti, which readily 

supported cell growth, proliferation and eventually osteogenic differentiation. There was 

also evidence of a dose-response effect, with differing changes seen between the 2 different 

CHX-HMP coatings, especially by 14 days, as well as between the CHX-HMP coatings and the 

CHX control. These differences suggest that the 15:5mM+0.25%-E-100µL coating was better 

tolerated by the hMSCs. Whilst it did induce adverse effects, these did not result in long term 

changes to cell behaviour or total cell death, and cells were able to recover some normal 

function and continue to proliferate and grow once the CHX(aq) concentration fell. This 

suggests this coating could have potential for further development due to this apparent 

cytocompatibility.  

Key findings of the metabolomic analyses were: 

• At 7 days, CHX-HMP coated surfaces exhibited predicted changes suggestive of cell 

stress, including production of ROS, mitochondrial dysfunction, reduced 

carbohydrate metabolism, and increased apoptosis and cell death. These are in-

keeping with previous reports of CHX-induced cytotoxicity. Simultaneously, there 

were no clear signs of cell growth or replication. These changes occurred regardless 

of CHX-HMP ‘dose’. Similar changes were seen on the control SLA Ti+0.025% 

CHXDG(aq) coating  

• By 14 days, there were differences in cell responses between the CHX-HMP coatings 

and the SLA Ti+0.025% CHXDG(aq) coating. These mostly related to increased ROS 

generation, mitochondrial permeabilisation and apoptosis, suggesting at this time 

point that the cytotoxic effects of the higher concentration of CHX(aq) released by the 

SLA Ti+0.025% CHXDG(aq) were longer lasting than on CHX-HMP coatings 

• PCA plots highlighted that cell responses to CHX-HMP coatings were similar, 

regardless of CHX-HMP ‘dose’, whilst cell responses to the SLA Ti+0.025% CHXDG(aq)  

control samples were significantly different    

• ERK1/2 changes mirrored those of intracellular Ca2+ levels, suggesting this is one 

mechanism that was affected by the presence of CHX, and which induced negative 

effects on cells 

• CHX(aq) released from both the CHX-HMP coatings and the SLA Ti+0.025% CHXDG(aq)  

control induced a dose-response cytotoxic effect on hMSCs 



Chapter 4: Biological response to CHX-HMP 

 

259 
 

A large volume of data was generated from the samples submitted for metabolomics, as is 

the nature of this type of analysis. Here, statistically significant predicted changes to key 

networks are discussed for each surface type. The decision to incorporate a CHX control of 

SLA Ti with equivalent 0.014% CHX(aq) (278.4 µM) present in the medium was taken to 

ascertain if there were differences in cell response to the dose of CHX(aq) released from the 

CHX-HMP coatings and a known cytotoxic dose. Data discussed above showed that the 

dose of CHX(aq) released by the CHX-HMP coatings was close to the limit that the hMSCs 

could tolerate and survive, and clearly had an effect on cell adhesion, growth, proliferation 

and metabolic rate. Determining which cellular mechanisms were affected in the presence 

of a known cytotoxic concentration of CHX(aq) (i.e. CHX control) and which were affected in 

cells grown on the CHX-HMP coatings would help to build up a picture of the differences 

between cytotoxic and potentially tolerable doses of CHX(aq). This could help inform design 

and loading dose of future CHX-HMP coatings. These questions were the basis for 

undertaking metabolomic work.  

There are several mechanisms by which it has been suggested that CHX causes cytotoxicity, 

including inhibition of mitochondrial activity, cell proliferation, protein and DNA synthesis, 

and, eventually, death by ATP depletion (Hidalgo et al., 2001). Other studies have suggested 

that activation of apoptotic pathways via endoplasmic reticulum stress, an increase in 

intracellular Ca2+ and production of ROS also play a role (Faria et al., 2007; Giannelli et al., 

2008). As such, changes to these aspects of metabolism were expected in cells grown on the 

test surfaces, and it was also hypothesised that a dose- and exposure time-response effect 

to CHX(aq) would be seen between the 2 different CHX-HMP coatings, similar to that observed 

above and reported previously (Giannelli et al., 2008). The most important networks to 

examine were therefore those relating to cell growth, proliferation, viability and death.  

 Apoptosis  

Apoptosis is cell death that occurs in response to changes in either the extracellular 

environment, causing intracellular signalling changes and metabolic pathway disruption, or 

as part of controlled cell and organism growth (Proskuryakov et al., 2003). In this work, it 

likely occurred as a result of changes to cells induced by the presence of CHX(aq), released by 

the CHX-HMP coated surfaces. Previous studies have indicated that apoptosis can be 

stimulated by an increased intracellular Ca2+ concentration following exposure to CHX(aq) 

(Hidalgo et al., 2001; Ly et al., 2003; Giannelli et al., 2008) and in this work, activation of 

apoptosis was seen in association with increased intracellular Ca2+ (Appendix I Table 0.11).  
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At 7 days, predicted activations of apoptosis networks were seen on both CHX-HMP surfaces. 

In contrast, on the CHX control coating, there were fewer changes contributing to apoptosis, 

and whilst some of these were shared with the CHX-HMP coatings, the network appeared 

less complex. ERK1/2 was consistently activated on all 3 surfaces, and this is known to be 

involved in upregulation of apoptosis and necrosis, amongst many other functions (Roskoski, 

2012). Activation of ERK1/2 has been shown to occur through Ca2+ concentration changes, 

although this can result in both increased (Tonelli et al., 2012) and decreased (Xu et al., 2012) 

rates of apoptosis. At 14 days, apoptosis remained activated only at higher concentrations 

of CHX(aq), supporting earlier observations that the 15:5mM+0.25%-E-100µL coating was 

better tolerated by the hMSCs. 

 Necrosis 

Trends for the predicted necrosis networks reflected those for apoptosis. This function was 

activated at 7 days for both CHX-HMP surfaces but no on the CHX control. By 14 days, the 

15:5mM+0.25%-E-100µL coating demonstrated lack of activation of necrosis, suggesting that 

by this time point, the negative effects of the CHX(aq) had been dissipated. By contrast, for 

the other 2 coatings, necrosis remained activated, indicating the greater volume of CHX(aq) 

released from these coatings had a more prolonged negative effect on hMSCs. Reported 

cytotoxic doses of CHX(aq) in vitro vary according to cell type, exposure time and media, 

making direct comparison difficult. Nonetheless, cytotoxicity in osteoblasts has been shown 

at lower concentrations than those released here (Table 4.6), supporting these results. 

 Mitochondrial dysfunction and membrane potential changes 

Network analysis predicted an increase in mitochondrial dysfunction at 7 days on CHX-HMP 

coated surfaces. It has previously been observed in osteoblasts that at higher concentrations 

of CHX(aq), the mitochondrial membrane potential was lost almost immediately, as a result of 

increased production of ROS and reactive nitrogen species (Brown, 2007; Giannelli et al., 

2008). Loss of mitochondrial membrane potential is a key step in cell apoptosis and necrosis, 

and it has been suggested that this results in reduced mitochondrial activity, and eventually 

cell death due to ATP depletion (Hidalgo et al., 2001).  

 Extracellular signal-regulated kinases 1 and 2 (ERK1/2)  

In cells grown on CHX-HMP coated surfaces, changes to ERK1/2 signalling were predicted in 

association with changes to signalling networks including apoptosis, necrosis, generation of 

ROS and mitochondrial dysfunction. This is not surprising, given that ERK1/2 are ubiquitous 
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cellular signalling molecules, but it does make ascertaining their role in these networks 

difficult, and possible interpretations of its involvement must be considered alongside other 

data. ERK1/2 are members of the mitogen-activated protein kinase superfamily that, among 

many functions, can mediate both cell proliferation and apoptosis (Roskoski, 2012). Their 

involvement in signalling pathway changes in cells can result in promotion of cell function 

and growth, as well as increased rates of apoptosis.  

For all test surfaces at 7 days, ERK1/2 was activated in multiple networks, and when z-scores 

and imaging data are also considered at this time point, it is most likely that the ERK1/2 

pathway was involved in activation of apoptosis and necrosis. This has previously been 

shown to occur as a result of increased intracellular Ca2+ levels (Tonelli et al., 2012), which 

were also seen in association (Appendix I Table 0.11). By 14 days, ERK1/2 was predicted as 

inhibited across various networks, with an associated decrease in glutathione (an 

intracellular ROS scavenger) activity and z-scores showing a reduction or no significant 

difference in Ca2+ levels. ERK1/2 has been shown to be activated in osteogenic differentiation 

of MSCs (Xu et al., 2012), and thus its inhibition on CHX-HMP coated surfaces may suggest 

that cells on these surfaces were not differentiating. This supports the hypothesis that 

development and differentiation of cells on these surfaces was delayed compared to cells on 

SLA Ti, and echoes observations with osteopontin and osteocalcin staining. There was clear 

activation of the ERK1/2 pathway on the SLA Ti at the 14 day time point (compared to  7 

days), which is known to be important in hMSC differentiation towards an osteoblastic 

lineage (Tonelli et al., 2012). This suggests that hMSCs on this surface by 14 days were 

starting to differentiate, indicating the SLA Ti surface promotes osteogenic, rather than 

adipogenic, lineage commitment.  

 Generation of ROS 

Increased predicted production of ROS potentially indicates cell oxidative stress, and if levels 

of ROS remain high, apoptosis and necrosis pathways are activated. One such route for this 

activation can be via ERK1/2 as a result of Ca2+ changes (Giannelli et al., 2008) and in this 

work, on both CHX-HMP coated surfaces at 7 days, predicted ERK1/2 activation was 

associated with predicted increased ROS. Consequently, low levels of ROS are important for 

bone healing (Ray et al., 2012; Domazetovic et al., 2017). At the later 14 day time point, the 

ROS network was predicted as inhibited on the 15:5mM+0.25%-E-200µL coating, which was 

associated with reduced levels of glutathione, implying cells were no longer experiencing 

oxidative stress. By contrast, generation of ROS remained activated on the CHX control, 
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suggesting it induced more oxidative stress than the CHX-HMP coatings. Similar to the 

findings above, this implies that if cells are able to survive the initial dose of CHX(aq) released 

by the CHX-HMP coatings, they are able to proliferate and grow, albeit at a much reduced 

rate. 

 ALP activation 

ALP is an enzyme involved in dephosphorylation of compounds, and it is associated with 

various cellular functions. In vitro, elevated levels are found in the early stages of hard tissue 

formation by osteoblasts (Golub et al., 2007), as well as their apoptosis (Farley et al., 2001). 

In this work, the predicted elevation of ALP at the 7 day time point on all test surfaces, when 

considered alongside other data, likely indicates cell apoptosis. ALP inhibition by 14 days on 

all test surfaces is more likely to reflect lower bone production compared to cells grown on 

SLA Ti controls, due to the negative effects of CHX(aq), and this has been reported elsewhere 

in osteoblasts following CHXG(aq) exposure (Schmidlin et al., 2009). Interestingly, in another 

study, osteoblast ALP activity was not affected following exposure to a higher concentration 

of CHX(aq), albeit for a much briefer duration (20 seconds) (Kotsakis et al., 2016). This supports 

previous reports that the effects of CHX(aq), on osteoblasts is a function of both concentration 

and exposure time (Giannelli et al., 2008; Salimi et al., 2017), and that if cells are able to 

survive the initial insult, they can go on to function normally.  

 Intracellular Ca2+ levels 

Changes in intracellular Ca2+ concentrations were predicted as altered in cells grown on the 

test surfaces across multiple networks and functions, as might be expected for this important 

signalling molecule. Other studies have reported that increased Ca2+ mobilisation in cells 

exposed to CHX(aq) was associated with adverse changes to multiple cell functions, as 

highlighted by the above networks. Changes to these functions were seen on all test surfaces 

at 7 days, associated with increased Ca2+ levels (Appendix I Table 0.11), suggesting CHX(aq) 

released by CHX-HMP coatings achieved its effects by the same means.  

Changes to intra- and extracellular Ca2+ have also been shown to influence lineage 

commitment of MSCs. Increases in Ca2+ levels have been shown to drive adipocytic 

differentiation via inhibition of the Wnt5a/β-catenin pathway (Bae et al., 2018), whilst a 

reduction in intracellular Ca2+ has been observed in cells that form osteoblasts (Sun et al., 

2007). The Wnt pathway is critical in signalling that results in osteoblastic differentiation 

(Olivares-Navarrete et al., 2010), and this can be influenced by changes in Ca2+ signalling, 
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which in turn can be stimulated by the presence of a titanium microstructured surface 

(Olivares-Navarrete et al., 2011), similar to that used here. In this work, there was a predicted 

reduction in intracellular Ca2+ on test surfaces by 14 days, which may have then led to 

osteoblastic differentiation (Sun et al., 2007), although imaging data indicated that only a 

small number of osteoblasts formed on test surfaces compared to SLA Ti.  

 

4.5 Limitations of this work 

When interpreting the data presented in this chapter, it is important to consider the context 

and potential future applications for the developed surface. The aim was to determine 

relative cytotoxicity of the test and control surfaces to cells involved in osseointegration. As 

such, the various processes that MSCs undergo from the moment of implant placement to 

achieve a fully osseointegrated implant were assessed by proxy.  Clearly, the assays used 

were only simple, in vitro models, but even these allowed some conclusions to be drawn on 

the biocompatibility of the developed surfaces, and direction of future refinements required.  

One difficulty with analysis of metabolomic data is the understanding of the coding that 

results in each annotation and hence its predicted activation (or deactivation) i.e. which 

combination of metabolites have to be up- or down-regulated and in what ratios for the 

software to indicate that this represents, e.g. generalised cellular growth, or lack of it. The 

IPA software is designed to interpret a large volume of data, changes in concentration of 

many molecules in relation to each other, and indicate the most likely meaning of the result, 

with reference to published data in a well curated and trusted database. However, this does 

mean it may not indicate other potential, but statistically less powerful, possibilities. Of 

course, the software does not have an ‘understanding’ of the context of the results either to 

each other, or in terms of the experimental conditions in which the cells producing the 

samples have been grown. Without a thorough understanding of the software coding, it is 

important to interpret all results in the context of each other, alongside other observations 

such as imaging and quantitative data. Given the huge volume of data, it is practical to 

conduct the majority of the analysis using software, overlaying contextual interpretation 

after the bulk of the data processing has been performed, as has been attempted here.  
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5.1 Overview and context of the objectives of the project 

 Aims and objectives of the project 

The overall aim of this project was to explore the use of CHX-HMP - which exhibits a 

controlled release of the antimicrobial agent CHX(aq) - as a coating for titanium, with the 

ultimate aim of applying this to prevent bacterial contamination of dental implants during 

and immediately after surgical placement. In a multidisciplinary approach, characterisation 

of this coating was undertaken with regards to its physical characteristics, its antibiofilm 

activity against relevant oral microorganisms, and its cytocompatibility with human cells 

involved in the healing response around a newly placed dental implant.  

 The challenge of balancing antimicrobial effects with cytocompatibility 

This project presented an inherent challenge; that of simultaneously achieving a 

cytocompatible material with a clinically relevant antimicrobial effect. Most antimicrobial 

agents are cytotoxic when applied in sufficiently high concentrations, and thus there is a 

balance to be struck in minimising biofilm growth on dental implant surfaces whilst 

maintaining cytocompatibility to allow osseointegration. One approach to addressing this 

challenge is the development of surfaces that have a small but adequate release of 

antimicrobial agents that is enough to impact microbes but not so much as to seriously 

hamper mammalian cells. This action can be sufficient to kill bacteria in the immediate 

vicinity and thus prevent bacterial adhesion to the implant surface, but does not significantly 

impact upon osseointegration (Hickok et al., 2018).  

 The choice of antimicrobial 

CHX-releasing devices are already used in the management of periodontal disease and PID, 

and these release CHX(aq) over a period of days to weeks to maintain a local, CHX-rich 

environment to give improved treatment outcomes (Machtei et al., 2012). Consequently, 

CHX was selected for use in this work. Whilst other groups have also attempted to 

incorporate CHX(aq) into a controlled delivery system to prevent contamination of implant 

surfaces, they report varying levels of success in terms of release duration, antimicrobial 

efficacy and cytocompatibility. Elution of CHX(aq) from coatings, reservoirs, micelles and 

particles (Harris et al., 2006; Barbour et al., 2013; Ryu et al., 2015; De Cremer et al., 2017) 

have all been investigated as a means to reduce peri-operative implant contamination, which 

is believed to contribute to early implant failure and eventually implant loss (Quirynen et al., 

2002; Camps-Font et al., 2015). It is clear that once a bacterial biofilm has become 



Chapter 5: Discussion, conclusions and future work 

 

267 
 

established on titanium, it is difficult to remove and can prevent osteoblast growth and 

differentiation (Matthes et al., 2017). Thus, prevention of biofilm formation to optimise 

osseointegration appears to be important. However, a recent systematic review highlighted 

that the evidence for bacterial contamination causing a negative effect on BIC and torque 

removal values is weak (Johansson et al., 2017) and as such, the clinical significance of 

preventing contamination is still hard to define.  

The clinical product with the most similar mechanism of action to that used in this work is 

‘PerioChip™’, a gelatine matrix containing CHX(aq) that is placed into periodontal or peri-

implant pockets and exhibits a controlled release of CHX(aq) into the immediate area 

comprising a burst release (1 mg in the initial 24 hours) followed by a linear release (1.5 mg 

over the following 7-10 days; Soskolne et al., 1998). This device has been shown to improve 

outcomes in the non-surgical management of PI (Machtei et al., 2012), suggesting that the 

CHX(aq) release profile is adequate to prevent significant implant colonization by oral bacteria 

and to allow healing of a chronically infected site. This could guide further development of 

the CHX-HMP coating described here in terms of desired CHX(aq) release kinetics and 

duration. 

 

5.2 Development and characterisation of CHX-HMP-coated SLA Ti 

 CHX-HMP-coated SLA Ti development  

Different approaches to achieving a discontinuous coating of CHX-HMP on the SLA Ti surfaces 

were taken. Previously, immersion coating had been successfully used to coat titanium discs 

(Wood, 2015). However, substantial variability in distribution of CHX-HMP deposits and 

subsequently the volume of CHX(aq) released by these coatings was observed in this work 

using a similar technique. A surfactant (P407) was employed in an effort to improve 

dispersion of the CHX-HMP NPs in suspension and therefore their deposition onto SLA Ti, but 

intra- and inter-specimen variability persisted. 

An alternative technique was trialled, involving placement of a known volume of CHX-HMP 

suspension onto a SLA Ti substrate, followed by evaporation of the aqueous portion to allow 

the CHX-HMP deposits to dry down onto the surface, and termed ‘evaporative coating’. P407 

was again employed to achieve dispersion of the CHX-HMP suspensions. Surfaces coated 

using this method showed greater homogeneity in the CHX-HMP distribution, with an 
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associated reduction in the range of CHX(aq) released in elution studies. CHX(aq) release from 

these coatings in elution studies was shown to be similar to that reported elsewhere to 

reduce or prevent biofilm formation. There were also minimal or favourable changes to SLA 

surface properties, which were comparable to those found on titanium implants in clinical 

use (Table 2.10). As a result, two evaporatively coated surfaces - 15:5mM+0.25%-E-100µL 

and 15:5mM+0.25%-E-200µL - were selected for further characterisation, including 

antimicrobial and cytocompatibility testing. These surfaces had not achieved all of the 

desired goals and objectives set at the start of the project, but did represent a substantial 

improvement on those reported previously using the CHX-HMP in terms of coating 

reproducibility and physical surface characteristics. 

 CHX release from CHX-HMP coated SLA Ti 

The desired CHX(aq) release from these coatings (at least 100 µmoles/m2 over several days) 

was achieved in volume (evaporative coatings showed CHX(aq) release of 93 and 163 

µmoles/m2) but not in duration: the majority of CHX(aq) was released within 7 hours. This 

represents an experimental aim which was not met, however, other reports have indicated 

that even a relatively short term release such as this can reduce or prevent biofilm formation 

(Seneviratne et al., 2014), hence these coatings being accepted and subjected to further 

evaluation. 

The release profile of any antimicrobial agent in a biomaterial coating is critical; too fast, and 

it is likely to result in cytotoxic effects, too slow, or with an initial burst followed by a 

reduction in release rate, and it can result in subtherapeutic concentrations that can drive 

bacterial resistance (Hickok et al., 2018). It has been suggested that a zero-order kinetic 

release is optimal, as it helps to sustain a consistent concentration in a localised environment 

for a prolonged period, resulting in greater antimicrobial efficacy, alongside reduced risk of 

promoting AMR (Rams et al., 1996). Previous work with the CHX-HMP NPs incorporated into 

glass ionomer cements demonstrated a sustained CHX(aq) release at a constant rate up to 50 

days, after which the release rate decreased but remained constant (Bellis et al., 2016). CHX-

HMP NPs therefore offer the potential to display zero order release kinetics over a prolonged 

period, but this was not achieved here. Further development or refinement of the CHX-HMP 

coating is therefore required for use as a coating for dental implants. This could be achieved 

using similar techniques to those reported elsewhere, including use of a degradable coating 

over the CHX-HMP deposits (Harris et al., 2006), or encapsulation of the CHX-HMP NPs prior 

to their deposition onto the SLA Ti, (Luo et al., 2016); techniques that have both been shown 
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to moderate CHX(aq) release rate. However, clearly there would be potential for any 

degradable coatings to interfere with the process of osseointegration. Careful consideration 

would therefore need to be given to achieve a prolonged CHX(aq) release whilst facilitating 

osseointegration, with simultaneous cytocompatibility testing.  

 Improving homogeneity of CHX-HMP deposits across SLA Ti 

Whilst CHX dosing on the evaporatively coated surfaces was relatively controllable, and 

distribution of the deposits was more regular compared to immersion coated specimens, 

some degree of variability in the distribution of the CHX-HMP aggregates at the microscale 

persisted. When considered in the context of osseointegration, this could result in patchy 

growth of hMSCs across the surface (i.e. less bone production in areas of CHX-HMP 

aggregates), which could affect BIC and consequently early implant stability. Equally, it could 

also result in variable concentrations of CHX(aq) around the healing implant, some of which 

would likely fall below the concentration required to prevent biofilm formation. As such, if 

the coating homogeneity was not improved, it could result in both reduced implant 

osseointegration, with no net beneficial effect on biofilm reduction.  

Improving the homogeneity of the CHX-HMP coating would be challenging. Using the 

evaporative coating technique, the irregular deposition of the NP deposits occurred due to 

a combination of the physical forces present in the pipetted suspension, the topography of 

the SLA Ti substrate, and the electrostatic attraction between the NPs and TiO2 surface layer. 

Understanding the mechanism by which the CHX-HMP NPs attach or adhere to the SLA Ti 

will be key in controlling this variability and improving the homogeneity of the coating. This 

mechanism was not investigated here, but in other work, silanes have been used to facilitate 

a covalent, rather than electrostatic, bond between titanium and a NP coating for a dental 

implant (Heo et al., 2016). Use of a silane to bond CHX-HMP to the SLA Ti could result in a 

chemically more resilient bond and may also aid in controlling the release of the CHX-HMP 

NPs from the surface, and their subsequent hydrolysis to release CHX(aq), potentially aiding a 

more sustained release profile. However, a silane would not in itself control the homogeneity 

of the coating, and use of a patterning technique to deposit the silane at regular intervals on 

the SLA Ti to facilitate a homogeneous deposition of the CHX-HMP NPs would still be 

required. Whilst at an in vitro research level, these techniques are available and feasible, if 

this technology were to be further developed to incorporate a 3D implant, and larger scale, 

reproducible manufacture, this could be an expensive and time-consuming technique.  
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Other methods used commonly to deposit various implant coatings include spray coating, 

dip coating, sputter coating, electrospinning and thermal deposition (Oderkerken et al., 

2013). However, since these approaches tend to result in continuous coatings across the 

titanium surface, they might impair osseointegration and for this reason, were not 

investigated here.  

Thus it would seem that the next step in the development of this CHX-HMP coating for SLA 

Ti would be further investigation of the mechanism by which the CHX-HMP adheres to the 

substrate, which could aid improved homogeneity of the coating and thus a more predictable 

CHX(aq) release as CHX-HMP hydrolyses. This could be done in conjunction with other 

techniques to control the rate of CHX(aq) release, as discussed above.  

 

5.3 Antibiofilm efficacy of CHX-HMP coating 

 Development of and rationale for the multispecies biofilm model  

When investigating the efficacy of any antimicrobial coating in vitro, a number of factors 

need to be considered to ensure that the model used allows meaningful conclusions to be 

drawn. Multiple, physiologically relevant assays should be undertaken, and their selection 

guided by the mechanism of action of the antimicrobial (Hickok et al., 2018; Sjollema et al., 

2018). Use of media representative of the expected conditions in which the coating will be 

placed is important, as, for example, availability of nutrients or pH can have a substantial 

effect on the growth of microorganisms (Rogers et al., 1991). For models aiming to simulate 

the environment of the oral cavity, inclusion of salivary constituents should also be 

considered, as these can form a conditioning film on biomaterial surfaces, with potential to 

both facilitate microbial adhesion as well as impair antimicrobial release (Sjollema et al., 

2018). The use of bacterial strains isolated from relevant clinical sites is also beneficial, 

although these may not always be available or representative of the species. By contrast, 

well-characterised laboratory strains may have lost clinically important features upon 

repeated sub-culturing (Sjollema et al., 2018).   

During design and development of the model used in this work, consideration was given to 

the above. Where available, clinical isolates from PID sites were used, on the assumption 

that these should possess phenotypic profiles that more accurately reflect those of bacteria 

found in the clinical setting. However, this did mean that comparison with other studies using 

type strains was more challenging. In this model, 2% v/v saliva was included, both to support 
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growth of the oral microorganisms, and also to represent potential salivary contamination, 

as might occur at an implant site. The choice of growth medium was dictated by the ability 

of all the selected strains to grow in the same medium, with an experimentally practical 

growth rate. As a consequence, the medium used could be considered to be substantially 

‘richer’ in nutrients than the immediate clinical environment around an implant. Again, this 

is an important consideration when comparing growth rates and biomass formed in this work 

with that in other studies.  

It is likely that the relatively ‘rich’ medium used in this work, for reasons of practicability 

surrounding growth rate of the selected bacteria, contributed to the dominance of S. mitis 

within the multispecies biofilm; since this species is known to have a rapid population 

doubling time, use of a nutrient-rich media appeared to optimise growth conditions for this 

organism. Whilst this may have also been true for the other organisms used, since they have 

inherently longer population doubling times, by comparison S. mitis was able to grow and 

reproduce more quickly, resulting in a biofilm dominated by this species. The model upon 

which that developed here was based  used a much more nutrient poor, saliva based media, 

resulting in the need for a longer incubation period (7 days), but resulting in a biofilm with a 

lower proportion of S. mitis (83%) and an increased proportion of bridging organisms and 

secondary colonisers, which could be considered to be more representative of a disease state 

(Millhouse et al., 2014). When this nutrient poor media was trialled during pilot assays in this 

work, minimal bacterial growth occurred in single species planktonic conditions, and for 

reasons of practicality, TSBYEH+M was used instead for bacterial inoculation as well as 

biofilm growth. In order to more accurately replicate the in vivo formation of a pathogenic 

biofilm in future work, consideration could be given to use of a nutrient rich media for initial 

bacterial inoculation and growth, but a nutrient poor media and a longer biofilm growth 

period subsequently. This might more accurately reflect both the time taken to form a 

biofilm, and the percentage species composition, as overgrowth of the primary coloniser 

might be reduced under such conditions.  

Clearly, the multispecies biofilm model developed for this project is much less complex than 

the in vivo situation. However, since the biofilms could be formed in a reproducible manner, 

the model enabled crude assessment of the efficacy of a new technology and establishment 

of proof-of-principle for its intended application. Significant development of the model (and 

antibiofilm coating) is now needed before substantial conclusions regarding its possible 

clinical efficacy can be drawn. The 5 species biofilm developed here, which was composed of 
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primary colonisers, bridging organisms and secondary colonisers implicated in PID, gave a 

useful starting point to evaluate antibiofilm efficacy of the CHX-HMP coatings. However, in 

vivo, biofilms are rarely composed of such a low number of different organisms, and in order 

to more closely mimic in vivo conditions, a greater number of species would need to be used 

in any biofilm model. During initial evaluation of the CHX-HMP coated surfaces, the benefits 

of using previously characterised clinical isolates and type strains, and inoculating at 

controlled numbers of CFU during biofilm formation are obvious: any significant changes to 

biomass, metabolic activity or biofilm species composition can be attributed to the presence 

of CHX-HMP. However, once it has been established that these coatings have antibiofilm 

efficacy, the biofilm model could be developed further to incorporate a larger number of 

species. This could take the form of introduction of a greater number of clinical isolates at 

known CFUs, or a more realistic model would be to use an inoculum of saliva or GCF collected 

from patients. This would, of course, involve ethical consideration, and the collection and 

inoculation process  undertaken with care to ensure meaningful conclusions could be drawn 

from the subsequent data. Clinical information would need to be collected, and samples 

could be taken from both healthy patients and those with PID to establish efficacy of CHX-

HMP coatings against multiple different organisms isolated from differing environments, 

which in turn could inform further development and refinement of the CHX-HMP coatings.  

With regards to further laboratory based optimisation of this model, ideally, sterilisation of 

the antimicrobial coated substrates would be undertaken prior to microbiological testing, to 

ensure no contamination from environmental microorganisms. However, for the CHX-HMP 

coatings, it had previously been found that routine sterilisation methods, including heat 

treatment and use of ethanol, resulted in chemical alteration of the CHX-HMP coating. 

Sterilisation was therefore not practicable in this work and, indeed, is a recognised problem 

in biomaterials research (Sjollema et al., 2018). Nonetheless, good microbiological practice 

was performed to minimise the likelihood of contamination during this work.  

 

5.4 Cytocompatibility of CHX-HMP coatings 

 Rationale for the choice of models 

A number of assays to determine cytocompatibility of both the uncoated and CHX-HMP 

coated SLA Ti were undertaken, in order to ascertain the response of hMSCs at various stages 

in their attachment and development with regards to osseointegration. The ability of the 
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cells to survive, attach to, proliferate across, metabolise and differentiate on these surfaces 

was examined using a combination of microscopy, immunostaining and metabolic assays, 

alongside metabolomic analysis. An overview of the assays chosen and the justification for 

these is given in Appendix A section 1.5. 

 Findings of the cytotoxicity assays 

Growth, proliferation and differentiation of hMSCs grown on the developed SLA Ti surface 

clearly demonstrated its cytocompatibility. This correlates with other studies that have 

shown that a hydrophilic, micro rough titanium surface appears to increase plasma protein 

adsorption (Sela et al., 2007), resulting in greater cell attachment. It has been suggested that 

in vivo this most likely assists the osseointegration process, which results in higher BIC or 

faster osseointegration (Buser et al., 1991; Yang et al., 2006; Albrektsson et al., 2009; Park 

et al., 2010). Therefore, the developed SLA Ti surface presented here could have standalone 

potential for development as an implant surface finish.  

When the evaporative CHX-HMP coatings were subjected to cytocompatibility testing with 

hMSCs, a dose-response effect to CHX was observed, with the lower dose 15:5mM+0.25%-

E-100µL coating inducing the fewest adverse changes to cell structure, metabolism and 

function. On this coating by 21 days, cells had differentiated to form osteoblasts, suggesting 

it was tolerated by hMSCs.  

In contrast, there was little evidence of osteoblastic differentiation on the higher dose 

15:5mM+0.25%-E-200µL coating, which appeared to induce cytotoxic changes in the hMSCs 

via mitochondrial dysfunction, changes in intracellular Ca2+ concentrations, an increase in 

ROS production and subsequent activation of apoptosis and necrosis pathways. These 

findings indicate that it may be feasible to further develop the lower dose CHX-HMP coating 

for dental implants, whilst the higher dose coating would most likely impair cell response 

and osseointegration in its current form. Of course, this cytocompatibility would need to be 

balanced with the requirement for adequate antimicrobial efficacy, as is the crux of much 

biomaterials research (Grischke et al., 2016). 

As highlighted previously, CHX is toxic to human cells, but the concentration at which this 

occurs is variable and depends upon a number of factors, including the type of cell, the 

formulation and release profile of the CHX(aq), and the local environment (Hidalgo et al., 2001; 

Giannelli et al., 2008). As such, caution must be exercised when translating in vitro 
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cytotoxicity data to in vivo settings. This is highlighted by several clinical studies that have 

used much higher concentrations of CHX(aq) than those released from the CHX-HMP coated 

surfaces in this work to decontaminate infected titanium implants, and have shown a 

significant reduction in bacterial load with no apparent negative effects on bone healing 

(Subramani et al., 2012; de Waal et al., 2015; Al-Kadhim et al., 2018). Whilst here, negative 

effects were seen in hMSCs grown on both CHX-HMP coatings, which release a much lower 

concentration of CHX(aq), the assays were performed in a relatively controlled in vitro 

environment, highlighting that these models are not directly applicable to in vivo or clinical 

situations, where other cytoprotective factors may exist. As such, whilst cytotoxic effects 

were seen on hMSCs with CHX-HMP coatings in vitro, this does not necessarily mean that 

these coatings might not be better tolerated in vivo.  

In this work, an osteogenic medium (supplemented DMEM) was used in an attempt to mimic 

conditions which might be present in vivo at the site of a healing implant. This medium 

contains various growth factors which would normally be present in vivo which help drive 

osteogenic differentiation. This is perhaps the most simplistic model to use when carrying 

out the initial cytotoxicity evaluation of a new biomaterial, such as this work describes. 

However, having demonstrated the potential to take forward both the developed SLA Ti and 

the 15:5mM+0.25%-E-100µL coating for further evaluation, a more sophisticated model 

could be employed in the future which more closely mimics conditions in vivo: this might 

contain human serum or blood, white blood cells or other human cells such as fibroblasts, 

which would also be involved in the healing response to a newly placed dental implant.  

 Findings in relation to studies of biofilm growth and cell response on titanium 

As highlighted previously, the challenge of developing biomaterials that dwell or remain in 

situ lies in minimising bacterial adhesion whilst facilitating a favourable cell response 

(Grischke et al., 2016), particularly since biofilm formation on titanium has a negative effect 

on osteoblast adhesion, proliferation and differentiation (Matthes et al., 2017). It is known 

that measures to improve cell response and osseointegration on titanium surfaces often also 

result in increased bacterial adhesion (Dal’Agnol et al., 2015; Di Giulio et al., 2015), and so it 

is important to evaluate both of these aspects when developing a new biomaterial or coating. 

It has been suggested that a ‘biocompatibility index’ could be used, which compares 

antimicrobial efficacy using a log reduction technique with standardised cytotoxicity assays 

(Müller et al., 2008). Whilst this has been reported and used to ‘rank’ various antiseptic 

agents for their cytotoxicity to murine fibroblasts versus their efficacy against E. coli and S. 
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aureus, it is yet to be widely adopted in the field. Nevertheless, it would appear to be a useful 

starting point during the development of novel antimicrobial formulations for use in vivo.  

It has been demonstrated previously in vitro that a sustained release of CHX(aq) from both 

uncoated and encapsulated microparticles over 27 days did not result in short term 

cytotoxicity or changes to adhesion of fibroblasts, whilst also demonstrating an antimicrobial 

effect against E. coli (Luo et al., 2017). This indicates that a slow, sustained release of CHX(aq), 

which is high enough to have an antimicrobial effect, but low enough to not induce 

irreversible cytotoxicity, is feasible. Whilst a sustained CHX(aq) release duration was not 

achieved here, modification of the CHX-HMP coating could be undertaken in an attempt to 

achieve this (section 5.2.2).  

Another in vitro study examined the ability of a dental implant, containing a reservoir loaded 

with various concentrations of CHX(aq), to prevent S. mutans biofilm formation, alongside 

assays to determine cytotoxicity effects on osteoblast-like cells (De Cremer et al., 2017). A 

steady CHX(aq) release from the reservoir was demonstrated, alongside prevention of biofilm 

formation at an inoculum of 6x105 CFU/mL at 80 µM CHX (0.004% CHX(aq)). A dose-response 

toxicity effect to the osteoblast-like cells was noted with increasing CHX(aq) concentration and 

incubation time in a metabolic assay, with concentrations of 1-10 µM (0.00005-0.0005%) 

significantly reducing cell metabolic activity at 2, 4 and 6 days incubation. This suggests that 

the concentrations used to prevent biofilm formation in this model induced significant 

cytotoxic effects, but the authors do highlight that the MIC and biofilm inhibitory 

concentrations obtained in their work (1 and 3 µM respectively) were compatible with cell 

survival. It was proposed that further development of the implant reservoir model to achieve 

a release more similar to this could be useful in prevention of bacterial contamination of 

dental implants.  

 Considerations regarding CHX sensitivity 

After reports of anaphylaxis following irrigation of tooth extraction sockets with CHX(aq), 

there is a general consensus within dentistry that whilst CHX is relatively safe to use on intact 

mucosal membranes, its use for irrigation of an open wound may carry a higher risk of an 

adverse reaction (Pemberton et al., 2012). As such, the use of a CHX-releasing coating for 

surgically placed dental implants, which essentially results in an ‘open wound’, is potentially 

open to question. However, it is important to consider that 0.2% CHXDG(aq) is still used almost 

universally as a mouthrinse pre- and postoperatively for oral and maxillofacial surgery 
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procedures, including implant placement, with very few reports of adverse reactions. Whilst 

in these situations there are often blood clots or sutures in place that minimise the ‘open’ 

wound size, CHX does still come into contact with these discontinuous tissues. Similarly, 

following preparation of the bone for implant placement, blood is present, and so cells would 

likely be protected from any direct contact with a CHX-HMP coating by the presence of a 

blood clot. Alongside the much lower concentration of CHX(aq) released by these coatings (in 

comparison to 0.2% CHXDG(aq) mouthwashes), the risk of initiating an adverse reaction is 

likely to be low. Clearly, if these coatings were further developed for use in vivo, CHX 

sensitivity testing of the patient prior to their use would be essential in further reducing the 

risk of adverse reactions. 

 

5.5 Future development 

The ultimate aim of this work was to inform development of a material that could eventually 

be used safely in humans; in this case a coating for dental implants that resists microbial 

contamination whilst simultaneously allowing osseointegration to occur. This work 

represents the first steps in the development of such a coating composed of CHX-HMP 

aggregates, and has shown that whilst there is potential for this material to be used for this 

purpose, a number of further refinements would be required before it could be subjected to 

in vivo testing.  

Due to its multidisciplinary nature, this project could be taken in several directions in the 

future. Some of these have been discussed above, including investigation of the mechanism 

by which CHX-HMP adheres to the SLA Ti substrate with a view to improving coating 

homogeneity, methods to control the release of CHX(aq) during CHX-HMP hydrolysis, and 

changes to the biofilm model, including a longer incubation period, and inoculation of saliva 

or GCF taken from patients with PID to more accurately mimic biofilms found in vivo. Ideally, 

optimisation of these individual strands of the project would be completed alongside further 

in vitro cytocompatibility assays, and prior to use of more complex models, or in vivo work.  

Subsequently, the use of one model for both microbiological assays and cytocompatibility 

studies would be more representative of the clinical situation and therefore would increase 

the relevance of data it produced. This could take the form of a 3D substrate or actual dental 

implant, with a mixed cell and bacterial inoculation in the presence of blood and tissue fluids. 
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This would replicate the ‘race for the surface’ between microorganisms and cells, which is 

thought to be critical to the early healing and osseointegration processes that take place 

around a dental implant (Matthes et al., 2017). A similar in vitro model in which various oral 

anaerobic bacterial species were co-cultured with hMSCs under anaerobic conditions 

demonstrated that hMSCs were able to survive such culture (usually hMSCs are cultured in 

a 5% CO2 atmosphere) and that, compared to gingival epithelial cells, bacteria were less able 

to internalise into the hMSCs (Kriebel et al., 2013). Whilst that study only examined single 

species inocula, it could be adapted for use with a multispecies biofilm inoculum to replicate 

the race for the surface on these CHX-HMP coated SLA Ti surfaces.  

Eventually, development of a CHX-HMP coating on a 3D substrate, with threads and lands to 

mimic the surface of a dental implant, alongside a mixed cell and bacterial inoculation could 

give further information on the potential for these CHX-HMP coatings to be used clinically.  

If such a prototype implant coating consisting of CHX-HMP could be developed, and showed 

promise in antibiofilm and cytocompatibility studies in vitro, the next step towards a clinically 

useful product would be their evaluation in an animal model. This would need to be done 

with an appropriate microbial challenge, followed by immediate and longer-term histological 

studies to investigate the impact of the coating on speed and quality of osseointegration, 

alongside assessment of post-operative infection rates and long term implant success.  

If further development of this coating were undertaken with the eventual aim of producing 

a commercial product, compliance with relevant International Organisation for 

Standardization (ISO) standards would be required with respect to antimicrobial efficacy and 

cytotoxicity evaluation. Additionally, industrial scaling of all aspects of production and 

coating would need to be considered, which can represent a significant logistical step when 

developing any technology from a small scale proof of concept.  

The results presented here indicated that the developed CHX-HMP coating on SLA Ti had 

both the capability to reduce biofilm formation by relevant oral microorganisms, and 

simultaneously allow adhesion, growth and proliferation of hMSCs. Therefore, as a novel 

formulation of the widely used antiseptic agent CHX, this coating merits further investigation 

and optimisation with regards to these parameters as a potential means of addressing early 

dental implant infection and failure.
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Appendices 

Appendix A: Background to techniques 

1.1 Imaging techniques 

1.1.1 Light microscopy 

This is a qualitative imaging technique in which light is incident on or through a sample and 

images are captured at magnification. A beam of light is focussed onto the specimen, which 

sits on a glass mount. Some light may be absorbed by the specimen, whilst the rest passes 

through. The light which passes through is magnified onto an observation plane, allowing 

visualisation of the specimen. The degree of light which reaches the observation plane is 

determined by the density of the specimen and so the image gives information about its 

structure. In this work light microscopy was used for imaging of microorganisms and human 

mesenchymal stem cells (hMSCs).  

1.1.2 Scanning electron microscopy (SEM) 

SEM is a qualitative imaging method that can be used to show surface features of nanometre 

size and larger. Under vacuum, a beam of electrons is scanned across a surface and their 

reflection and interaction with it is used to produce an image.   

The electron beam is focussed onto and then scanned across the surface in a rastering 

motion, and as it does so, the electrons interact with the atoms comprising the sample and 

cause excitation of electrons within the atomic shells. Due to this excitation, these 

‘secondary electrons’ are emitted and collected by an electron detector (Figure 0.1). When 

this information is combined with the known scan pattern of the electron beam, an image of 

the surface topography can be formed, giving information about surface topography, and to 

a degree, composition, which can be inferred from the intensity of the secondary electron 

signal. 

SEM imaging is often carried out after coating an insulating specimen with a conductive 

material; this prevents charge accumulation from the electron beam and subsequent 

scanning faults and image artefacts. Sputter coating can be used to achieve this: an ultrathin 

layer of a high atomic weight metal or alloy is added to the surface under vacuum, since 

metals with a high atomic weight have enhanced emission of secondary electrons. 
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As well as secondary electrons, X-rays are also emitted as electrons are excited from their 

ground state, and these can be used to determine elemental composition of the sample; see 

Appendix A section 1.2.2. Since the SEM uses an electron beam, it allows visualisation of 

topographies much smaller than those visible with light microscopy.  

 

Figure 0.1. Schematic of scanning electron microscope. 

 

1.1.2.1 Fixation of biological samples for SEM imaging 

Fixation is performed using a chemical fixative such as glutaraldehyde, which preserves cells 

in their physical shape and form ready for imaging. An additional step can be incorporated 

at this stage to infiltrate the cells with osmium tetroxide, which improves conductivity of the 

cells for SEM imaging. Due to the high vacuum employed during SEM, all water must be 

removed from the specimen. Air drying tends to result in collapse of biological structures, 

meaning SEM images would not accurately reflect the physical form of the cell. Therefore, a 

commonly used technique is to replace the water present in the cells with organic solvents 

such as ethanol, in a series of dehydration steps, which allows preservation of its physical 

structure. Hexamethyldisilazane or critical point drying can be used as the final step to 

remove all water from the specimen, ensuring it is ready for SEM. In this work, SEM was used 

to characterise various substrates coated with CHX-HMP, as well as to assess adhesion and 

proliferation of hMSCs across CHX-HMP coated SLA Ti substrates. 
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1.1.3 Transmission electron microscopy (TEM) 

TEM uses a similar principle for imaging to a light microscope, but instead of light, a beam of 

electrons is focussed onto the specimen. These electrons may either penetrate the 

specimen, if they are of sufficient energy, or are scattered by the sample. Electrons which 

penetrate can displace other electrons within atoms of the sample, and these are collected, 

focussed and magnified by electromagnetic and electrostatic objective lenses onto an 

observation stage or an electron detector, giving information about the density and structure 

of the specimen.   

Since the resolution of a microscope is limited by the wavelength of the beam used for the 

imaging, and electrons have a wavelength approximately 100,000 times shorter than that of 

the photons in visible light, the resolution of a TEM can be as low as 200 picometres 

(compared to that of a light microscope, which is approximately 200 nanometres) (Klang et 

al., 2013). Thus, TEM imaging is particularly useful in the field of nanoscience for 

characterisation of samples. In this work, TEM was used to characterise the CHX-HMP NPs in 

suspension. 

1.1.4 Atomic force microscopy (AFM) 

AFM uses the movement of a cantilever across a surface to characterise physical properties 

including height, width and depth of a surface or a surface coating. It can also be used to 

determine the charge of a surface. A laser is shone onto a cantilever to which is affixed a 

sharp tip, and the deflection of the laser is used to record the tip displacement, translating 

this into physical surface features (Figure 0.2). The resolution of AFM is fractions of a 

nanometre; it is able to resolve individual atoms. 

AFM is used to characterise a surface, either by directly measuring the forces exerted on the 

cantilever tip by the atoms of the specimen, or by indirectly measuring the displacement of 

the cantilever tip as it is rastered across the surface and is subject to its atomic force. As the 

tip approaches, it is attracted to the atoms of the surface, but in very close proximity, the 

atoms repel each other. This deflects the cantilever and the degree of deflection is used to 

construct a 3D topographical representation of the specimen surface. 

AFM can be carried out in several different modes, the most common of which are contact 

and tapping. In contact mode, the cantilever tip remains constantly in touch with the 

specimen surface as it is dragged across. In tapping mode, the tip is driven to oscillate at or 
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close to its resonant frequency of several hundred kHz with the mean position close to the 

surface, such that it contacts the surface only intermittently; this reduces damage to the 

specimen owing to lateral “drag” forces. In this work, AFM was used to characterise CHX-

HMP NPs deposited onto mica.  

 

Figure 0.2. Schematic of atomic force microscope 

 

1.2 Spectroscopy 

1.2.1 Ultraviolet (UV)-visible spectroscopy 

This is a technique that uses absorbance or scattering of light of a known wavelength to 

determine either the concentration of a specific molecule in solution, or the density of 

bacteria within a suspension.  

1.2.1.1 UV-visible spectroscopy to determine CHX concentration 

In the UV range of the electromagnetic spectrum, atoms and molecules can undergo 

electronic transitions when irradiated with a beam of particular wavelength; the beam is 

absorbed by the molecule of interest, and the energy from it results in ground state electrons 

within the molecule being excited to a higher energy state. The degree of absorbance of the 

beam is proportional to the number of molecules it encounters while passing through the 

specimen and so the concentration of the molecule of interest can be determined.  
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The absorbance is a function of wavelength and the absorbance spectrum is determined by 

the energies of the transitions which the electrons undergo. To quantify concentration, the 

peak absorbance wavelength is usually used; this is known as the absorbance maximum. 

Molecules and ions have different wavelengths of absorbance maximum dependent upon 

their composition and structure. For CHX, the peak absorbance occurs at 255 nm (Barbour 

et al., 2007).  

How an absorbance reading equates to the number of molecules present is governed by the 

Beer-Lambert Law; this states that the absorbance of a solution is directly proportional to 

the concentration of the absorbing species in the solution and the path length of the incident 

beam.  

The amount of light that passes through the sample is known as the transmittance (T), and 

this is defined by Lambert’s Law (Equation 0.1), where Io and It  are the intensities of light 

before and after it has passed through the sample (It  is lower due to scattering and 

absorbance by the sample): 

𝑇 =
𝐼𝑡
𝐼𝑜

 

Equation 0.1. Lambert's Law. 

 

Beer’s Law states that the absorbance (A) of light depends upon both the path length (l) of 

the light through the sample and the molar concentration of the absorbing molecules in the 

solution (c), where ɛ is the molar extinction coefficient.  

The Beer-Lambert Law (Equation 0.2) is a combination of the two and can be used to 

determine the absorbance of the molecules in solution by measuring the change in light 

intensity through a sample with a fixed known path length; 

𝐴 = 𝑙𝑜𝑔10(𝑇) = 𝜀𝑐𝑙 

Equation 0.2. Beer-Lambert Law. 

 

Finally, once the absorbance has been determined, this can used to calculate the 

concentration of, for example, CHX(aq) present using the absorbance readings for calibration 
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standards of known CHX(aq) concentration. UV-visible spectrophotometry was used in this 

study to probe cumulative CHX(aq) release from CHX-HMP-coated surfaces.  

1.2.1.2 UV visible spectroscopy to determine bacterial density in suspension 

A similar principle is used to determine the optical density of bacteria in suspension; a 

detector is used to determine It; samples with greater density of bacteria and therefore 

increased turbidity cause more scattering of light and therefore a lower It . A lower It  results 

in a greater optical density (OD) reading, since T is inversely proportional to OD, and so with 

known dilutions and cell counts, an OD reading can be directly correlated with the number 

of cells present per unit volume. These measurements are performed at incident wavelength 

of 600 nm, since molecules present in bacteria do not absorb at this wavelength, ensuring 

maximal light scattering.   

 

1.2.2 Energy dispersive X-ray spectroscopy (EDX) with SEM and TEM 

SEM and TEM can be used in conjunction with energy dispersive X-ray spectroscopy (EDX) to 

identify the presence of chemical elements in regions imaged with SEM/TEM. After 

identification of an area of interest, a high energy beam of electrons is incident on the 

specimen. Atoms in a sample at rest contain electrons in shells surrounding the nucleus, with 

the configuration of electron shells being characteristic for each element. When excited by 

an incident electron beam, electrons closest to the nucleus in an inner shell are ejected, 

producing an ‘electron hole’ that can be filled by an electron from an outer, higher energy 

shell. The difference in energy between the outer and inner shell results in its emission in the 

form of an X-ray, and the intensity and energy of these released X-rays is detected by an 

energy dispersive spectrometer.  

As the configuration of electron shells is unique for each chemical element, the wavelength 

of X-rays released as electrons are ejected and move between shells are also characteristic 

for each element, and thus the elemental composition of a specimen can be determined. 

EDX is sensitive to elements present in the top 1-10 µm of a surface, dependent upon surface 

topography and energy of the electron beam. In this work, TEM-EDX was used to determine 

the morphology, size and composition of CHX-HMP particles in suspension, whilst SEM-EDX 

was used to characterise the surface composition of uncoated and CHX-HMP coated SLA Ti. 
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1.2.3 Fourier Transform infra-red spectroscopy (FTIR) 

FTIR is a non-destructive analytical method of obtaining an infra-red (IR) absorption 

spectrum for a material, which reflects its molecular absorption and transmission. This allows 

inferences about its structure and properties, since different molecules each have a unique 

atomic composition, which affects IR absorption and transmission in a characteristic way.  

When IR radiation is passed through a sample, some radiation is absorbed by the sample and 

some passes through (i.e. is transmitted). The resulting signal at the detector is a spectrum 

representing a molecular ‘fingerprint’ of the sample. Molecules with different composition 

and structure produce a different fingerprint spectrum, and alongside spectra of samples of 

known composition, this can be used to identify the chemical composition of a sample. The 

Fourier Transform converts the detector output to an interpretable spectrum. The size of the 

peaks in the resultant IR spectrum also directly correlate with the amount of material present 

and so IR can be used for quantitative molecular identification and analysis.  

The IR spectrum encompasses the electromagnetic wavelengths 500-4000 cm-1. Bond 

strength influences the absorption of IR, with stronger bonds resulting in absorption at a 

higher wavenumber. In IR spectroscopy, the 500-1500 cm-1 region represents single bonds 

that are present. Bonding changes that occur as a result of addition of a component to a 

material can therefore be examined using FTIR. Here, FTIR was used to determine bonding 

present in the  CHX-HMP NPs.  

 

1.3 Other techniques 

1.3.1 Dynamic light scattering (DLS) and zeta potential 

DLS is a non-invasive technique that can be used to determine the size and charge (zeta 

potential) of micro or nanosized particles suspended in aqueous solution. All particles are 

constantly subject to Brownian motion, and since this varies according to the size of the 

particle, the interaction between the particles and the light beam can be used to determine 

their size. Fluctuations in the transmitted light are used to infer the speed of motion of the 

particles and hence their size.  
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1.3.1.1 Brownian motion 

Particles in a fluid are all subject to Brownian motion; they continually move as a result of 

collisions with the molecules constituting the fluid. Smaller particles are subject to more 

rapid Brownian motion, whilst larger particles move more slowly. At a higher temperature, 

particles move more quickly, and at a higher viscosity, they move more slowly. These two 

parameters must therefore be controlled and accounted for when taking DLS measurements.  

1.3.1.2 Rayleigh Scattering 

Rayleigh Scattering describes the isotropic (i.e. equal in all directions) scattering of light by 

particles that are less than 1/10th the wavelength of the incident light. In the ‘Zetasizer’ used 

in this work, the laser used has a wavelength of 633 nm; therefore, for particles smaller than 

approximately 60 nm, Rayleigh Scattering would be expected.  

1.3.1.3 Mie Scattering 

For particles greater than 1/10th the wavelength of the incident light beam, scattering is not 

isotropic and instead tends to result in more forward oriented scattering.  When the size of 

the particles exceeds the wavelength of the incident light, the scattering becomes even more 

complex. ‘Mie Scattering’ describes how spherical particles of all sizes scatter light, and it is 

this type of scattering that is assumed when the Zetasizer software calculates the diameter 

and size distribution for particles in suspension.   

1.3.1.4 DLS measurement 

The hydrodynamic diameter (dH) of a particle in fluid can be calculated by measuring the 

velocity of the light scattering their Brownian motion causes. As a laser beam of known 

wavelength is shone through a suspension of particles, a detector monitors the scattering 

pattern, and the velocity with which it fluctuates; faster moving small particles scatter light 

more quickly, and so the fluctuation of intensity is faster, with the converse being true for 

larger particles. The fluctuations are used to calculate the particle diffusivity and from this, 

the dH of the particle can be determined using a derivation of the Stokes-Einstein Equation: 

ⅆ𝐻 =
𝑘𝑇

3𝜋𝜂𝐷
 

Equation 0.3. Stokes-Einstein Equation. k is the Boltzmann constant, T is absolute temperature, 𝜂 is viscosity and 
D is the diffusion coefficient. 
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In suspension, a charged particle is coated by a layer of oppositely charged ions from the 

medium in which it sits, known as the ‘Stern Layer’. Outside of this is another layer referred 

to as the ‘slipping pane’, which is formed of ions that are loosely associated with the particle 

as it moves through the medium. These 2 layers together make up the ‘electrical double 

layer’, and it is the diameter of this, which also encompasses the particle, which is 

determined during DLS measurement (Figure 0.3). 

 

 

Figure 0.3. Schematic showing the hydrodynamic radius of a particle as assessed during DLS and zeta potential 
measurement. Adapted from Collins (2012). 

 

Multiple measurements are performed on one sample until the mean particle diameter is 

consistent. However, it is important to consider that the dH of the particle determined by DLS 

will be slightly larger than the actual particle size. This is because the diffusion speed of the 

particles can be affected by the ionic strength of the fluid in which they are measured. In a 

medium with a low ionic strength, such as deionised water (DIW), a thicker electric double 

layer composed of positively and negatively charged ions from the medium will exist around 

the particle, thus slowing its diffusion speed, and resulting in an apparently larger dH, as 

determined by the derivation of the Stokes-Einstein Equation. Conversely, a medium with 
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higher ionic concentration will compress the electric double layer, giving a more accurate 

measurement of particle dH.  

The dH is affected by the charge on the particle, since charge will influence the thickness of 

the electrical double layer, and so DLS measurements should be interpreted in the context 

of a zeta potential measurement. 

1.3.1.5 Zeta potential 

Zeta potential is a measure of the charge repulsion or attraction between similarly charged 

particles in liquid dispersion, and gives an indication of the degree of stability of those 

particles. It is the potential difference between the dispersion medium and the electrical 

double layer. 

A zeta potential measurement is performed by applying an electrical field across the 

suspension; charged particles within the suspension move towards the electrode of opposite 

charge with a velocity proportional to their zeta potential. Zeta potential can be determined 

from this velocity, which is proportional to the electrophoretic mobility (UE), using the Henry 

Equation: 

𝑈𝐸 =
2𝜀𝜁𝐹(𝑘𝑎)

3𝜂
 

Equation 0.4. Henry Equation. 𝜁  is zeta potential, ɛ is the dielectric constant of the medium, ɳ is viscosity and 
F(ka) is Henry’s function; in this case F(ka) = 1.5 from the Smoluchowski approximation, since the measurement 
relates to a colloid in aqueous medium (Collins, 2012). 

 

The zeta potential is thus effectively measured at the edge of the hydrodynamic layer, and 

does not reflect the charge on the particle alone, or the charge at the edge of the Stern layer. 

The magnitude of the zeta potential gives an indication of the stability of the particles in 

suspension. For small particles, a high zeta potential (±30 mV) results in adequate 

electrostatic repulsive forces between similarly charged particles to prevent aggregation. At 

lower zeta potentials, attractive forces can be greater than the repulsion, resulting in 

coagulation or flocculation of the particles. In this work DLS and zeta potential were used to 

determine diameter and charge of CHX-HMP NPs. 
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1.3.2 Isolation of CHX-HMP and reaction by-products from aqueous suspension for 

analysis 

In a chemical reaction that produces a precipitate, the product can be isolated from the 

water and any soluble by-products or unreacted material using the principle of dialysis, 

provided the molecular size of the reagents and products are known. This is useful when 

determining the reaction yield and when analysis is required on the dry product rather than 

the product in wet suspension.  

The suspension, consisting of solid precipitate, soluble components, and water, can be 

dialysed in tubing with a pore size chosen that is smaller than the particle size of interest to 

be retained. When this tubing is immersed in a large volume of DIW, it results in a 

concentration gradient between its contents and the DIW. Molecules smaller than the pore 

size of the tubing can readily move down the concentration gradient and so are removed 

from the tubing. Eventually, only molecules larger than the tubing pores are retained. 

Removal of other reagents into the surrounding DIW can be monitored using periodic 

sampling into a spectrophotometer at a suitable wavelength.  

1.3.3 Surface roughness (Ra) 

Surface roughness is a measure of the high frequency, short wavelength variation of a 

surface with respect to its average line. It is distinct from form and waviness, which together 

with roughness constitute overall surface topography (Figure 0.4). Roughness can be 

measured using various methods including contact profilometry, optical profilometry or 

AFM. The most appropriate method depends upon the degree of surface form variation, as 

well as waviness and roughness: the vertical range of the instrument must be capable of 

accommodating this, and in optical profilometry, filters can be used to exclude the accidental 

assessment of surface form. Equally, the area to be measured for surface roughness must be 

considered: areas in the region of a few µm2 can be accurately assessed using AFM, whereas 

for larger areas of several mm2, use of a profilometer is more appropriate. An optical 

profilometer using a laser beam confers an advantage for detecting smaller scale roughness 

over a mechanical contact profilometer, which is limited in its resolution by the tip of its 

stylus.  
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Figure 0.4. Diagram depicting the differences between form, waviness and roughness for a surface topography. 
Adapted from Wennerberg et al., 2000. 

 

There are various measures for surface roughness. This work used Ra – a 1 or 2D 

measurement of roughness commonly used in materials science. Ra can be defined as ‘the 

arithmetic mean of the departures of the roughness profile from the mean line, and defined 

for a profile’ (Wennerberg et al., 2000). It is calculated by first averaging the peaks and 

troughs on a surface to establish a midline. The mean departure from this midline is then 

determined, which is presented as the Ra value (Figure 0.5). This is a measurement in 

distance, usually µm. Ra is measured in 1 or 2 dimensions (X and Y); if a surface is isotropic, 

there will be no difference between the 2, whereas for an anisotropic surface, Ra values will 

differ. 

To ensure that roughness is assessed accurately, and is not skewed by waviness or form 

irregularities, a cut off distance should be applied to the raw data scan. A filter enables 

separation of roughness, waviness and form based on their wavelength. A cut off is a type of 

filter that enables removal of unwanted wavelengths from a scan, so that only those of 

interest are used to assess the roughness. An ISO standard (ISO 4288-1996) gives 

recommendations on the cut off value that should be used to apply this filter, and this is 

calculated according to the approximate surface roughness. For a surface roughness of  >0.1 

– 2 µm, this is set at 0.8 mm. This means that wavelengths greater than this are reduced or 

excluded from the data analysis. The cut off value is usually approximately 10 times the 

wavelength under consideration. 
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Figure 0.5. Diagram showing how Ra is calculated as a mean departure from the midline: a midline is calculated 
from the mean height of the peaks and valleys on a surface (top); the mean departure as a positive measurement 
is calculated from this midline; in effect the valleys are inverted to become peaks, and the mean departure from 
the midline of these is determined, giving the Ra (bottom). Adapted Vadgama, 2005. 

 

A weakness of the Ra measurement is that it gives no indication of the variability between 

heights of peaks and troughs in the surface. This can be accounted for by using a different 

measure of roughness, Rq – the root-mean-square value of all deviations away from the 

midline. Due to the squaring of the distances away from the midline, the sensitivity of this 

measurement to outliers is increased, thus increasing the apparent roughness of the surface 

measurement, which can be useful information when characterising a surface for a 

biomaterial (Vadgama, 2005). However, Rq is less commonly used for determining roughness 

when characterising dental implant materials, whereas Ra is routinely reported. Therefore, 

in this work, Ra is reported.  

Optical profilometry was used for Ra assessment in the work described here. In this 

technique, a laser is moved across the surface of the sample to be measured, and its 

deflection is recorded via a confocal sensor. This data is used to form a 2D or 3D map of the 

surface, from which various surface characteristics, including Ra, can be calculated. This is 

termed non-contact optical profilometry.  

1.3.4 Contact angle 

Contact angle is used to determine the wettability of a surface. It is defined as the angle at 

the interface between a liquid, solid and gas, and is affected by various surface 

characteristics. When a liquid is placed on a surface, it forms a droplet due to surface tension. 
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The angle formed between the droplet and the surface is termed the contact angle, and 

indicates how readily the liquid spreads across the surface (its wettability). A high water 

contact angle (greater than 90°) indicates hydrophobicity of the surface i.e. the liquid does 

not readily wet the surface (Förch et al., 2009) (Figure 0.6) due to a low surface energy. A 

contact angle less than 90° indicates surface hydrophilicity i.e. the liquid readily spreads since 

the surface has a high surface energy (Figure 0.7). Hydrophilic surfaces favour the adherence 

of both human cells and body fluid as well as bacterial cells, and thus surfaces intended for 

use in the body can be tuned to assist or hinder this adherence as required by altering the 

contact angle.  

There are different methods of measuring and calculating a contact angle, dependent on 

surface characteristics and expected results. For a solid surface with an expected contact 

angle above 10°, a sessile drop method is usually indicated. A drop of liquid of known volume 

is placed onto the surface at controlled speed, and contact angle recorded at the left and 

right interfaces, as in Figure 0.6 and Figure 0.7.  

Various analysis methods are available to calculate the actual contact angle, which include 

the Young-Laplace method and Ellipse-Tangent fitting. The former uses the Young-Laplace 

algorithm to calculate a ‘best fit’ contact angle based on the shape of the drop, whereas the 

latter evaluates the drop shape outline by fitting an ellipse and tangent to each angle, and is 

able to report differing contact angles if they exist. This can be useful on a surface with 

irregularities, where contact angles may differ between areas.  
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Figure 0.6. Example of left and right contact angles on a hydrophobic surface (i.e. contact angle greater than 90°) 
(Vadgama, 2005; Förch et al., 2009). 

 

Figure 0.7. Example of left and right contact angles on a hydrophilic surface (contact angle less than 90°). 

 

1.3.5 Elemental analysis 

Various elemental analysis techniques can be used to determine percentage composition of 

a compound, including the one of interest here, CHX-HMP. The methods used in this work 

are described below.  

1.3.5.1 Oxygen flask combustion with ion chromatography and visible spectrophotometry 

(to determine chlorine content) 

Oxygen flask combustion as a method of quantitative elemental analysis was developed by 

Wolfgang Schöniger and as such is also referred to as Schöniger oxidation. It involves the 

combustion of a sample in pure oxygen, after which the resultant products are absorbed into 

a solution. Ion chromatography can then be performed to identify the element(s) of interest. 
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This involves the use of a column of particles that are oppositely charged to the ion (or 

molecule) of interest. As the solution containing the ions flows through the column, the ions 

of interest are ionically attracted and bound to the column, whilst other ions pass through. 

A ‘wash’ solution containing a species that will displace the desired ions can then be applied 

to the column to debond and collect them, after which visible spectrophotometry can be 

performed to confirm identity.  

1.3.5.2 Perchloric acid digestion with visible spectrophotometry (to determine 

phosphorous content) 

In this analytical technique, the compound of interest undergoes digestion by a concentrated 

acid at an elevated temperature (>300˚C). The solution is then oxidised by the slow addition 

of perchloric acid before reaction with ammonium vanadate and ammonium molybdate; 

a yellow phospho-vanado-molybdate complex is precipitated and phosphate content is 

calculated using calibration standards with UV-visible spectrophotometry at 430 nm.   

 

1.4 Microbiological techniques 

1.4.1 Colony forming unit/optical density (CFU/OD) correlation 

As described in Appendix A section 1.2.1.2, OD can be correlated with the number of colony 

forming units (CFU) per unit volume. This can then be used to ensure reproducibility between 

assays in terms of bacterial inocula. Following planktonic growth of the bacteria, broth 

culture suspensions are adjusted to a desired OD, as determined by visible 

spectrophotometry at 600 nm. This suspension then undergoes serial dilution and a known 

volume of each dilution is plated onto agar and incubated to allow growth. Each colony that 

forms is assumed to have arisen from a single bacterium, and thus counting of colonies in a 

known volume, taking account of the dilution factor, can be used to determine the number 

of CFU in a particular volume.  

1.4.2 Method for determining biomass 

The biomass of biofilms grown in this work was determined using safranin staining followed 

by acetic acid release. Safranin Red is a non-toxic red coloured compound that binds to 

negative molecules in bacterial cell walls and biofilm matrix. Thus, a biofilm incubated in an 

excess of safranin will result in it binding to these molecules. Once excess dye has been 

removed, the safranin can be released using 10% acetic acid, and the absorbance of the 
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resultant solution at 490 nm determined using spectrophotometry. Absorbance is directly 

proportional to the volume of stain present, which is directly proportional to the number of 

bacteria and volume of EPS stained, giving an indirect indication of the biomass.  

In comparison to other staining methods for biomass determination – such as crystal violet 

solution – safranin has the advantage of non-toxicity, but does result in lower optical 

densities from the same volume of biomass, and therefore is not as sensitive for detection 

of low volumes of biomass (Ommen et al., 2017).  

1.4.3 Metabolic activity assays: PrestoBlue™ and alamarBlue™ 

PrestoBlue™ and alamarBlue™ are assays that use a colour change to indicate metabolic 

activity of cells in either planktonic or biofilm state. Resazurin is a blue coloured, membrane 

permeable dye that can be taken up by viable cells and converted to its red coloured 

metabolite resorufin by metabolically active cells. Fluorescence can be used to quantitate 

this colour change, which is proportional to the metabolic activity occurring (Figure 0.8). 

PrestoBlue™ has a higher sensitivity to lower cell numbers and requires a shorter incubation 

period (at least 10 minutes) than alamarBlue™ (minimum incubation period of 1 hour). In 

this study, these reagents were used to investigate metabolic activity of biofilms and hMSCs 

grown on various substrates.  

 

Figure 0.8. Colour change reaction occurring in PrestoBlue™ and alamarBlue™ metabolic activity assays. 
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1.4.4 Fluorescence in situ hybridisation (FISH) 

Fluorescence in situ hybridisation (FISH) can be used to label bacteria with a fluorescent 

probe(s) to allow their visualisation within and elucidate the overall structure of a biofilm. 

Probes are designed against 16S rDNA that are either genus- or species-specific, and these 

are labelled with a fluorophore of known excitation and emission spectra. Bacteria are fixed 

and then permeabilised using lysozyme to allow probes to enter the cells. The probes 

hybridise with complementary bacterial DNA, and are then visualised by excitation at their 

known wavelength using a microscope with fluorescence filters or a confocal microscope. 

This allows qualitative assessment of the proportion of multiple species within a biofilm. 

Using confocal microscopy, it is also possible to visualise the 3D structure of the biofilm and 

from this, obtain semi quantitative information on the relative proportions of each species. 

In this work, FISH was used to determine the composition of multispecies biofilms. 

1.4.5 DNA extraction and purification 

For this study, extraction of genomic DNA (gDNA) from bacteria was performed to allow its 

use in a real-time quantitative polymerase chain reaction (qPCR) to identify which bacterial 

species were present and in what proportions within a multispecies biofilm. 

DNA extraction is based on the principle of breaking down the bacterial cell to allow release 

of the genetic contents (Figure 0.9). This is achieved using lysozyme, which degrades the 

peptidoglycan of the bacterial cell wall, after which detergents such as EDTA and SDS are 

used to dissolve the cytoplasmic membrane. This releases the cytoplasm, which contains the 

desired DNA, as well as additional cell components. Unwanted protein structures are 

removed by precipitation using a highly concentrated salt solution, or denatured using 

proteinases, and subsequently discarded by centrifugation. The remaining lysate contains 

the genetic material, both RNA and DNA. RNases can be added to remove RNA. The lysate 

containing the DNA can then be passed through a column that contains a silica resin that 

only DNA can bind to, thus allowing any remaining cell components to be washed through 

and discarded. The DNA can then be eluted from the silica and precipitated and concentrated 

using a chilled solvent such as isopropanol or ethanol. The high charge density of the DNA 

phosphate backbone means it is insoluble in non aqueous solvents and thus will precipitate, 

allowing its recovery following centrifugation.  
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Figure 0.9. Flow diagram illustrating the process of gDNA extraction. 

 

1.4.6 Real-time qPCR 

This is a technique widely used in molecular microbiology to amplify specific genes from 

entire genomes using a 3-step process. In conventional PCR, the product (amplicon) is 

collected after the final cycle of PCR i.e. this is an end-point reaction. In ‘real time’ qPCR, a 

probe or fluorescent dye (e.g. SYBR Green I) is used that intercalates with any double-

stranded DNA (dsDNA) produced during the course of the PCR run. For these studies, SYBR 

Green I was used. SYBR Green I emits a fluorescent signal only when bound to dsDNA, and 

this is measured after each amplification cycle. The fluorescent signal therefore increases 

proportionally with the quantity of amplicon as the real time qPCR reaction proceeds. When 

performed alongside gDNA standards prepared from known bacterial cell numbers, the time 

taken for the fluorescent signal to reach a threshold level (CT) can be used to quantify the 

number of bacteria present in the original sample. 

PCR is based on a 3-step process: denaturation, annealing and amplification (Figure 0.10). 

Template DNA is first separated into its 2 single strands through denaturation at a high 

temperature (95˚C). Then, oligonucleotide primers of specific design anneal to their 

complementary template DNA sequences so that they flank the target region of DNA to be 

amplified (amplicon). This is carried out at a lower temperature specific to the melting point 
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of the primers being used, typically 55-60˚C. After this, the temperature is increased to 72˚C, 

the optimal temperature for a Taq polymerase enzyme to use the primers to replicate the 

amplicon by inserting deoxyribonucleotides (dNTPs) complementary to the bases on the 

single strand of DNA to which the primer is attached. This cycle is repeated many times (30-

40 cycles) in a thermal cycler. This produces large quantities of amplicon DNA very quickly, 

as the newly synthesised amplicons can serve as template DNA in subsequent cycles. Thus, 

the quantity of amplicon DNA increases exponentially with each cycle.  

If primers are designed to be specific to a gene that is only present in one microorganism, 

PCR can be used to detect the presence of that gene and therefore the microorganism in a 

multispecies environment. 

Due to its high sensitivity and specificity, PCR is a powerful technique, but is also susceptible 

to contamination with foreign DNA. Stringent aseptic technique is therefore required during 

the DNA extraction process to ensure foreign DNA does not contaminate the sample and is 

subsequently amplified alongside the template DNA.  

 

 

Figure 0.10. Schematic showing the progression of a PCR reaction. Once the original strand of dsDNA has been 
replicated, it becomes itself a template for amplification, allowing a doubling of a region of DNA at each cycle. 
dsDNA - double stranded DNA; dNTPs - deoxyribonucleotides. 
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1.4.7 Viability real-time qPCR 

Propidium monoazide (PMA) is a photoreactive dye that can be used to differentiate 

between live and dead bacteria in a PCR reaction. PMA modifies the DNA only of dead 

bacteria from a sample containing both live and dead bacteria. This is because PMA is cell 

membrane impermeable, and therefore can only enter bacteria with compromised cell 

membranes. The PMA intercalates into dsDNA and on exposure to intense visible light, forms 

covalent linkages to the DNA, altering its structure. Thus, when the DNA is extracted and PCR 

performed, the modified DNA cannot be amplified. In bacteria with undamaged cell 

membranes, the PMA is unable to enter and therefore the DNA remains unaffected and is 

amplified in the usual way using PCR (Figure 0.11). In a sample containing both live and dead 

bacteria, PMA can be used prior to DNA extraction on an aliquot of known volume, and real 

time qPCR results compared with DNA extracted from a matching untreated aliquot. This 

allows quantification of both live and dead bacteria. 

 

Figure 0.11. Schematic showing use of PMA to differentiate between viable and non viable cells. PMA is only able 
to penetrate the membrane of non viable cells. Under intense visible light it forms covalent bonds with dsDNA 
present, preventing its amplification during PCR. Since it cannot enter viable cells with intact membrane, dsDNA 
in these cells remains unaffected and is amplified as usual during PCR.  
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1.5 Cytocompatibility testing 

1.5.1 Methods to assess the cytocompatibility of surfaces 

The stages required for eventual osseointegration of an implant are cell adhesion, survival 

and metabolism, proliferation, osteogenic lineage commitment (differentiation), and finally 

production of bone. Table 0.1 lists some methods of assessing each of these stages in vitro, 

some of which were used in this study to determine cytocompatibility of CHX-HMP coated 

substrates. 

 

Table 0.1. Methods for assessing cell processes on surfaces in vitro 

Process Methods of assessment in vitro Time frame* 

Adhesion Vinculin stain of focal adhesion 

SEM 

0-12 days  

Survival and metabolism Live/dead stain 

Colorimetric metabolic assays e.g. 

alamarBlue™ 

Tubulin stain 

0-12 days 

Growth and proliferation Bromodeoxyuridine (BrdU) incorporation  

SEM 

0-12 days 

Lineage commitment 

(differentiation) 

Osteocalcin and osteopontin stain 21-35 days 

Production of 

bone/mineralised tissue 

Alkaline phosphatase production 

von Kossa stain 

18-28 days 

21 days + 

*Time frame for each event is based on those reported by Stein and Lian, 1993.  

 

1.5.2 Immunofluorescence  

This is a technique used to detect particular biomolecular markers in fixed cells. It is based 

upon the principle of using an antibody to fluorescently label a region of an antigen that it 

has specificity for, called an epitope. Thus under fluorescence, the labelled regions can be 

illuminated, enabling visualisation of the antigen (and therefore the molecule it is a 

constituent of) and its distribution throughout the cell. Antibodies used in 

immunofluorescence must be carefully selected to ensure they are specific to only one 

epitope, allowing accurate labelling.  

Immunofluorescent staining can be carried out either directly or indirectly. When direct 

labelling is used, the antibody used to detect the epitope is itself labelled with a fluorophore. 

The advantage of this technique is that, due to there being only one antibody-antigen binding 
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step, there is less chance of non-specific or incorrect labelling. However, the number of 

fluorescent molecules that can be bound to primary antibodies is small, resulting in a weaker 

fluorescent signal and potential for reduced detection limits compared to the indirect 

technique. When indirect labelling is used the primary antibody is used to bind to the 

epitope, and then a secondary antibody, specific to the primary and with a conjugated 

fluorophore, is used to detect it (Figure 0.12). The advantage of the indirect technique is that 

more than one secondary antibody can bind to a primary antibody, and so a brighter 

fluorescent signal can be obtained. Immunofluorescent images presented in this work were 

obtained using the indirect labelling technique.  

Once a sample has been labelled with fluorescent antibodies, it can be visualised using light 

microscopy with fluorescent filters to achieve excitation wavelengths particular to the 

fluorophores used. More than one epitope can be fluorescently labelled using antibodies 

with fluorophores that have different excitation wavelengths, enabling co-localisation of 

several biomolecules of interest in one image. This method can also be used in combination 

with other fluorescent staining techniques that do not require antibody-antigen recognition, 

including DAPI or phalloidin staining (see below).  

 

Figure 0.12. Schematic showing principle of indirect immunofluorescence. A primary antibody binds to the 
epitope of interest, before a secondary antibody, labelled with a fluorophore, binds to the primary antibody. Light 
corresponding to the excitation wavelength of the fluorophore is used to illuminate the sample and detect the 
epitope. Multiple secondary antibodies can bind to the primary antibody, resulting in an increased signal. 

 



   
Appendices 

328 
 

The main limitation of this technique is that of photobleaching i.e. when exposed to light, 

fluorophores lose their fluorescence. Photobleaching can be reduced by storing samples in 

the dark and ensuring that exposure to light is restricted to the shortest time possible.  

1.5.2.1 DAPI staining of DNA 

DAPI, or 4′,6-diamidino-2-phenylindole, is a fluorescent stain that binds strongly to the 

adenine-thymine regions of DNA. It is able to pass through an intact cell membrane, enabling 

labelling of DNA in both live as well as fixed cells, and is commonly used to locate the nucleus 

in a cell. When bound to dsDNA, DAPI has a maximum absorption wavelength of 358 nm, 

which is ultraviolet. Thus, in fluorescence microscopy, DAPI can be imaged when excited by 

a UV wavelength. Its maximum emission is at 460 nm, meaning it appears blue.   

1.5.2.2 Phalloidin staining of actin 

Actin is a principal protein of the cell cytoskeleton, and is commonly visualised using 

phalloidin stain in conjunction with immunofluorescence. Phalloidin is a highly selective 

bicylic heptapeptide that binds directly to filamentous actin fibres in cells. It is highly toxic to 

liver cells, since in binding to the actin fibres it prevents their depolymerisation, ultimately 

resulting in cell death. However, when labelled with an immunofluorescent dye, phalloidin 

allows visualisation of the cytoskeleton in fixed cells. In this work, phalloidin labelled with 

tetramethylrhodamine (TRITC) was used, which has an excitation wavelength of 540 nm 

(green) and emission wavelength 565 nm (red).  

1.5.2.3 Fluorescent vinculin immunostaining  

Vinculin is a membrane protein associated with cell adhesion to a surface (Appendix A 

section 1). It is involved in linkage of integrin adhesion molecules to the actin cytoskeleton, 

and can be visualised with immunostaining and fluorescence (Bays et al., 2017). The 

presence and size of labelled vinculin gives qualitative information on cell adhesion.  

1.5.2.4 Fluorescent tubulin immunostaining 

The metabolism of the cell can be inferred indirectly using a microtubule immunostain 

(staining for the protein tubulin). Microtubules are involved in many transport pathways 

within the cell (Vale, 2003). Thus, the density of the tubulin networks qualitatively indicates 

more or less cell activity. 
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1.5.3 Osteocalcin and osteopontin fluorescent immunostaining  

As the mature osteoblast starts to synthesise the organic matrix, osteopontin and osteocalcin 

are produced, and immunostaining of these proteins can be used to detect the production 

of mineralised tissue. The presence of these proteins indicates that osteoblastic lineage 

commitment of hMSCs has occurred and that the cells are starting to produce the molecular 

precursor constituents of bone (Stein et al., 1993).   

1.5.3.1 Osteocalcin immunostaining 

Osteocalcin is a bone matrix protein hormone that is secreted by osteoblasts, and its 

production is stimulated by Runt-related transcription factor 2 (RUNX2). Staining for 

osteocalcin is used to detect bone formation and thus demonstrate differentiation of pre-

osteoblasts into osteoblasts. Osteocalcin indicates a late stage of differentiation. The organic 

scaffold laid down by osteoblasts is enriched with osteocalcin, which promotes deposition of 

mineral substance (Rutkovskiy et al., 2016).  

1.5.3.2 Osteopontin immunostaining 

Osteopontin is a bone sialoprotein that is present in organic bone matrix. Since it is produced 

by osteoblasts, osteopontin immunostaining can be used to determine the differentiation 

and osteoblastic lineage commitment of MSCs (Rutkovskiy et al., 2016).   

 

1.5.4 Von Kossa staining  

This technique is used to detect calcium phosphate, a constituent of bone, and was originally 

developed by von Kossa in 1901, although has since undergone modification (Mallory, 1983). 

It is based on the principle of silver ions reacting with phosphate ions to precipitate silver 

phosphate under acidic conditions. The sample is then exposed to strong light, which causes 

degradation of the silver phosphate to metallic silver and organic matter, which can be 

visualised under a microscope (Meloan et al., 1985). By indicating the presence of calcium 

phosphate, this method indirectly suggests the production of mineralised tissues by, for 

example, osteoblasts. However, further assays are required to confirm the presence of 

calcium. 
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1.5.5 Metabolomics 

Metabolomics is the detection of specific metabolites produced by a cell, which are the 

products of particular cellular processes. Analysis of these can be used to examine the state 

of a test cell versus a control, and thus detect changes in metabolic processes as a result of, 

for example, growth on an altered substrate or in the presence of a cytotoxic solution. This 

information can be used to infer how environmental changes may affect cells. As such, it is 

commonly used to examine cell responses to new biomaterials in vitro. 

Metabolomics is carried out using nuclear magnetic resonance (NMR) spectroscopy or mass 

spectrometry (MS), after metabolites have been separated using gas chromatography or 

high performance liquid chromatography (HPLC). This separation step allows removal of 

analytes that cannot be resolved by NMR or MS, and also simplifies the mixture to be 

analysed. MS metabolomic analysis can detect a wider range of metabolites, and so is useful 

when examining the response of a whole organism, but only allows relative, rather than 

absolute, quantification. It is highly sensitive, and can be used to detect most organic and 

some inorganic compounds. By contrast, NMR metabolomics can only identify a smaller 

range of metabolites, but is able to produce absolute quantification.  

The basis of MS is the separation of ions according to their mass-to-charge ratio. A sample is 

bombarded with electrons from an electron source, resulting in its ionisation. The resulting 

ions can then be separated using magnetic or electrical fields. These accelerate and deflect 

the ions according to their mass-to-charge ratio. When test samples are analysed alongside 

samples of known composition, specific ions and therefore molecules can be identified based 

on their deflection. With knowledge of the metabolic processes in a cell and the chemical 

structures of the metabolites produced, these data can then be used to infer the metabolic 

status of the cell.  

Metabolomic processing and analysis in this work was carried out at the University of 

Glasgow Polyomics facility. Liquid chromatography (LC) separation of samples was 

performed, followed by MS. Data were analysed using both Ingenuity Pathway Analysis (IPA; 

Qiagen) and Metaboanalyst (https://www.metaboanalyst.ca/) software programmes.  A 

panel of 250 reference standards was used to identify the metabolites present.  
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1.5.5.1 Z-scores 

Metabolomic data analysis is performed statistically using specialist software (IPA). Data 

from test samples is compared with data from a designated control (in this case cells grown 

on SLA Ti) and statistical differences in the quantities of multiple metabolites are identified. 

Where specific groups of metabolites are present at increased or decreased levels on test 

surfaces, inference can be made about up- or downregulation of particular metabolic 

pathways and processes, by comparing results with a large database held by the software of 

previously identified pathways and metabolic functions. This results in production of ‘z-

scores’ for each sample for selected functions or pathways of interest. These are a type of 

statistical score that measure the degree of similarity or difference between the control and 

test samples with respect to each function or pathway: z-scores of greater than 2 or less than 

-2 are considered statistically different, and indicate that a function or pathway is 

significantly activated or deactivated compared to the control. Z-scores are calculated using 

a Fisher’s Exact statistical test.  

1.5.5.2 Principal component analysis (PCA) plots 

In addition to generation of z-scores and functional networks, principal component analysis 

(PCA) plots can be produced from the collected data for various cell functions PCA plots can 

be used to facilitate identification of (unknown) correlations between data sets collected 

from, for example, cells grown on various surfaces. They are produced following a series of 

calculations that account for the variance of many components in the analysis (e.g. the 

volumes of many different metabolites) and thus at a glance it is possible to identify how 

similar or different the collected data are.  
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Appendix B: Calculation of theoretical composition of CHX-HMP NPs 

This section contains data and relevant calculations that were not included in the main text.  

The elemental composition of the CHX-HMP NPs based on the theorised 3:1 CHX:HMP 
reaction ratio was calculated as follows, based upon the following elemental composition of 
CHX and HMP: 

CHX: C22H30Cl2N10 

HMP: 6(PO3) 

Based upon the relative atomic mass of the constituents, shown in Table 0.2, the molecular 
weight of one 3CHX-HMP NP can be calculated, and thence the theoretical percentage 
composition of each element by mass. 

It was assumed that in aqueous solution, the CHX molecule is protonated, resulting in the +2 
charge which allows it to form an ionic bond with the negatively charged HMP (-6) molecule. 
Thus, the molecular mass of the constituents of the CHX-HMP molecule is theorised to be: 

3(CHX2+) composed of 3(C22H(30+2)Cl2N10)  = 3(22x12)+(32x1)+35.5x2)+(14x10)  

     = 3(506)     

     = 1518 

6(PO3)      = 6(31+16x3) 

     = 6(79) 

     = 474 

So, molecular weight of 3CHX-HMP  = 1518+474   

     = 1992  

Table 0.2. Elemental components of CHX-HMP NPs with their respective relative atomic 
mass and number present 

Element Relative atomic mass Number of atoms present in 
CHX-HMP NP complex 

Carbon 12 66 

Hydrogen 1 96 

Chlorine 35.5 6 

Nitrogen 14 30 

Phosphorus 31 6 

Oxygen 16 18 

Therefore, theoretical elemental composition percentage by mass (to 1 decimal place) is as 

follows: 

Carbon: (12/1992) x66 x100  = 39.8% 

Hydrogen: (1/1992) x96 x100  = 4.8% 

Chlorine: (35.5/1992) x6 x100  = 10.7% 
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Nitrogen: (14/1992) x30 x100  = 21.1% 

Phosphorus: (31/1992) x6 x100  = 9.3% 

Oxygen: (16/1992) x18 x100  = 14.5% 

 

Appendix C: FTIR Spectra of reagents used to produce CHX-HMP NPs 

Spectra for each reagent used in the precipitation of CHX-HMP are shown in Figure 0.13 - 
Figure 0.15. Since CHXDG is not available as a solid, CHX-HCl2 powder was substituted. 

 

Figure 0.13. FTIR spectrum for dried chlorhexidine dihydrochloride salt. 
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Figure 0.14. FTIR spectrum for NaHMP salt. 

 

Figure 0.15. FTIR spectrum for P407. 
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Appendix D: Calculation of theoretical yield of CHX-HMP NPs 

The expected yield per 100 mL obtained from the production of CHX-HMP NPs at a 1:1 and 

3:1 reaction ratio was calculated, based on a 5mM NaHMP final concentration, and 5mM or 

15mM final concentration of CHX. 

It was assumed that in aqueous solution the CHX molecule was protonated, giving a 

molecular weight of (CHX2+) composed of (C22H(30+2)Cl2N10) = 506 

Other molecular weights used for these calculations are shown in Table 0.3: 

 

Table 0.3. Molecular weights used to calculate theoretical yields 

Molecule Molecular weight g/mol Percentage of weight of molecule which is 

constituent of CHX-HMP NP 

CHX2+ 506 56% 

CHXDG 897.76  

HMP 588.77 96% 

NaHMP 611.77  

 

At a 1:1 reagent ratio: 

5mM of CHXDG in 100 mL = (897.76/1000) x5  = 4.49g/1000 mL 

      = 0.45/100 mL 

of which 56% weight is CHX2+   = 0.25g CHX 

 

5mM of NaHMP in 100 mL = (611.77/1000) x5  = 3.06g/1000 mL 

      = 0.31g/100 mL  

of which 96% weight is HMP   = 0.30g HMP 

due to stoichiometry, only 1/3 of this is able to react with the available CHX 

      = 0.10g HMP 

therefore, expected yield from 100 mL   = 0.25g + 0.10g  

      = 0.35g 

 

At a 3:1 reagent ratio: 

15mM of CHXDG in 100 mL = (897.76/1000) x15 = 13.47g/1000 mL 

      = 1.35g/100 mL 

of which 56% weight is CHX2+   = 0.76g CHX 
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5mM of NaHMP in 100 mL = (611.77/1000) x5  = 3.06g/1000 mL 

      = 0.31g/100 mL  

of which 96% weight is HMP   = 0.30g HMP 

therefore, expected yield from 100 mL   = 0.76g + 0.30g  

      = 1.06g 

 

Appendix E: Calculation of theoretical volume of CHX(aq) on 

evaporative coatings 

Evaporative coatings are produced from a 50 mL CHXHMP NP suspension containing:  

2.5 mL of 100mM NaHMP = 5 mM = 0.25 mMoles in 50 mL 

and 7.5 mL of 100mM CHXDG = 15 mM = 0.75 mMoles in 50 mL 

Assuming 3:1 stoichiometry and 100% reaction efficiency 

 

Mass of HMP 

MW NaHMP = 612g/mol, MW HMP = 589g/mol 

589/612 = 96% of MW is HMP 

 

In 0.25 mMoles NaHMP: 

1 Mole = 612 g 

1 mMole = 0.612 g 

0.25mM = 0.153 g NaHMP 

x 96% = 0.147 g of HMP in 50 mL 

 

Mass of CHX 

MW CHX = 505 g/mol, CHXDG = 898 g/mol 

505/898 = 56% of MW is CHX 

 

In 0.75 mMoles CHXDG 

1 Mole = 898 g 

1 mM = 0.898 g 

0.75mMoles = 0.6735 g CHXDG 

x 56% = 0.377 g CHX in 50 mL 
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Total mass of CHX-HMP NPs 

Total mass of HMP + CHX = 0.147+0.377 = 0.524 g CHX-HMP NPs in 50 mL stirring 

suspension.  

1 in 100 dilution = 5.24 mg in 50 mL 

Therefore in 100 µl = 10.48 µg CHXHMP NPS on 1 cm2 = 104.8 mg/m2 

Therefore in 200 µl = 20.96 µg of CHXHMP NPs on 1 cm2 = 209.6 mg/m2 

 

MW CHXHMP NPs at 3:1 ratio = 3x(505) + 589 = 2104g/mol 

CHX is 1515/2104 = 72% of MW of NPs 

If all CHX given off in 2M HCl: 

 

15:5mM+0.25%-E-100µL coating: 104.8 mg/m2  

= 49.8 µmoles 

x 72% (CHX released from NPs)  

= 35.9 µmoles/m2  

Since CHX is present at 3:1 ratio in CHX-HMP NPs, can release 3 times this 

= 108 µmoles/m2 

 

15:5mM+0.25%-E-200µL coating: 209.6 mg/m2 

= 99.6 µmoles/ m2 

x 72% (CHX released from NPs)  

 = 71.8 µmoles/ m2 x 3 

= 215 µmoles/m2 
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Appendix F: Additional elution data 

CHX release from SLA Ti immersion coated with CHX-HMP NPs 

The effect of increasing reagent concentration in the presence of P407 on CHX(aq) release for 
immersion coatings is shown in Figure 0.16.  

 

Figure 0.16. Mean cumulative CHX(aq) release from various immersion coatings of SLA Ti produced in the presence 
of P407. Elution into SBF, n=10 specimens per coating type. Dashed lines indicate coatings produced with 1% 
P407, solid lines at 0.5% P407. Doubling the concentration of reagents initially doubled the CHX(aq) release, but 
CHX(aq) concentration then fell after 2 days from coatings produced from higher reagent concentrations.  A longer 
coating time appeared to make little difference to volume of CHX(aq) released. 
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Appendix G: Biofilm formation in other media 

Data from biomass assays of multispecies biofilms in WCB+S and RAS are shown in Figure 

0.17 and Figure 0.18. Since these were conducted during a pilot phase, different 

combinations of inocula were trialled, meaning inter-assay results are not comparable. Table 

0.4 shows inocula used at each time point for each assay. 

Table 0.4. Inocula used for each biomass assay in WCB+S and RAS 

WCB+S assays: S. mitis inoculum at   
0 hours 

F. nucleatum inoculum 
at  
24 hours 

A. actinomycetemcomitans, 
P. gingivalis and P. 
nigrescens inoculum at 48 
hours 

1 0.5x106 CFU 0.5x106 CFU 0.5x106 CFU 

2 0.5x106 CFU 0.5x107 CFU 0.5x107 CFU 

3 0.5x106 CFU 0.5x107 CFU 0.5x106 CFU 

RAS assays  
1 & 2: 

0.5x107 CFU 0.5x107 CFU 0.5x107 CFU 

 

Figure 0.17. Biomass at 24 hour intervals for a multispecies biofilm grown on saliva-coated glass in WCB+S. 
Assessed by safranin stain, acetic acid release and measurement of absorbance at 490 nm. 
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Figure 0.18. Biomass at 24 hour intervals for a multispecies biofilm grown on saliva-coated glass in RAS. Assessed 
by safranin stain, acetic acid release and measurement of absorbance at 490 nm. Biomass was not assessed at 24 
and 48 hours as at this stage, as only the ability of biofilms to form a stable biomass at longer time points was of 
interest.  

 

Both these media resulted in a much slower biomass accretion compared to biofilms grown 

with TSBYEHM+S, even when higher inocula were used. A steady increase in biomass was 

seen with WCB+S, and it is possible that if this assay had been run over a longer time, with 

regular refreshment of medium, that a biofilm of comparable biomass to that seen with 

TSBYEHM+S would form. However, this would have resulted in assays of multiple days’ 

duration when testing antimicrobial efficacy, which was deemed impractical. Biofilm 

formation was slower with RAS, even with a high inoculum, and seemed to plateau at 

approximately 120 hours before dropping significantly, suggesting that the microorganisms 

were unable to form a stable biofilm under these conditions. As such, biofilm growth was 

continued in TSBYEHM+S only. 
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Appendix H: Additional PCR, gDNA extraction and qPCR data 

gDNA extractions using the MasterPure™ kit 

Mass of gDNA extracted from each set of biofilms grown on uncoated and CHX-HMP coated 

SLA Ti substrates is shown in Table 0.5. After centrifugation, pellets were split, and half 

treated with PMA. Resultant yields of gDNA for each aliquot on each run are shown.  

Table 0.5. gDNA yield from pooled multispecies biofilms treated with or without PMA on uncoated and CHX-HMP 
coated surfaces 

 Mass gDNA extracted µg* 

Run: 1  2  3  4 

Specimen PMA none  PMA none  PMA none  PMA none 

SLA Ti 0.5x104 
inoculum 

4.69 7.350  2.765 5.355  6.265 3.185  9.590 12.075 

SLA Ti 0.5x107 
inoculum 

6.545 10.535  5.075 7.700  7.350 9.135  10.325 16.135 

15:5mM+0.25
%-E-100µL 
0.5x104 
inoculum 

1.610 2.940  0.875 2.100  0.053 0.210  6.125 9.380 

15:5mM+0.25
%-E-100µL 
0.5x107 
inoculum 

3.430 3.850  2.345 7.665  1.995 3.780  2.730 4.620 

15:5mM+0.25
%-E-200µL 
0.5x104 
inoculum 

1.260 2.135  0.910 0.665  0.035 0.035  0.018 0.035 

15:5mM+0.25
%-E-200µL 
0.5x107 
inoculum 

2.450 1.890  3.675 10.045  1.855 3.745  1.120 1.120 

*Samples for which a higher yield was extracted from the PMA treated aliquot versus the untreated aliquot are 
highlighted in yellow; n=4. 
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Data used for construction of calibration curves for qPCR on multispecies 

biofilms 

Data from 3 separate qPCR runs using gDNA extracted from planktonic suspensions (1x107 

CFU/mL) of each species, along with the pooled mean CT, are presented below. These were 

used to construct calibration curves to allow calculation of the mass of gDNA present within 

each biofilm. Values with a grey background were calculated based on the original gDNA 

extraction from planktonic suspension. Values with a green background are those used to 

construct the calibration curve subsequently used for all data processing. The calibration 

curves are presented in the main text in section 3.3.7.2, Figure 3.19.  

Streptococcus mitis: 
      Run and mean CT cycle (to nearest whole 

cycle) 

x10x CFU/mL Mass gDNA 

ng 

Log10 mass gDNA 

ng 

Run 1 Run 2 Run 3 Pooled Mean 

CT 

7 71 1.851258 11 11 17 13 

6 7.1 0.851258 17 15 19 17 

5 0.71 -0.14874 22 17 20 20 

4 0.071 -1.14874 26 21 23 23 

3 0.0071 -2.14874 30 24 27 27 

R2 value of calibration curve 0.9915 0.9922 0.9474 0.9971 

 

Fusobacterium nucleatum: 
  

 
  Run and mean CT cycle (to nearest whole 

cycle) 

x10x 

CFU/mL 

Mass gDNA 

ng 

Log10 mass gDNA 

ng 

Run 1 Run 2 Run 3 Pooled Mean 

CT 

7 202 2.305351 7 7  - 7 

6 20.2 1.305351 10 12 12 11 

5 2.02 0.305351 16 17 15 16 

4 0.0202 -1.69465 20 20 19 20 

3 0.00202 -2.69465 23 25 21 23 

R2 value of calibration curve 0.9694 0.9561 0.9928 0.9694 
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Aggregatibacter actinomycetemcomitans:  

   Run and mean CT cycle (to nearest whole 

cycle) 

x10x 

CFU/mL 

Mass gDNA 

ng 

Log10 mass gDNA 

ng 

Run 1 Run 2 Run 3 Pooled Mean 

CT 

7 9.4 0.973128 13 14 17 15 

6 0.94 -0.02687 18 19 21 19 

5 0.094 -1.02687 21 22 24 22 

4 0.0094 -2.02687 25 27 26 26 

3 0.00094 -3.02687 29 32 31 31 

R2 value of calibration curve 0.9954 0.9938 0.9829 0.9947 

 

Porphyromonas gingivalis: 
   Run and mean CT cycle (to nearest whole 

cycle) 

x10x 

CFU/mL 

Mass gDNA 

ng 

Log10 mass gDNA 

ng 

Run 1 Run 2 Run 3 Pooled Mean 

CT 

7 15 1.176091 12 13 14 13 

6 1.5 0.176091 17 16 17 17 

5 0.15 -0.82391 20 20 21 20 

4 0.015 -1.82391 24 23 24 24 

3 0.0015 -2.82391 26 26 27 27 

R2 value of calibration curve 0.9816 0.9973 0.9973 0.9982 

 

Prevotella nigrescens: 
  

 
  Run and mean CT cycle (to nearest whole 

cycle) 

x10x 

CFU/mL 

Mass gDNA 

ng 

Log10 mass gDNA 

ng 

Run 1 Run 2 Run 3 Pooled Mean 

CT 

7 30 1.477121 16  -  - 16 

6 3 0.477121 21 20 21 21 

5 0.3 -0.52288 24 23 25 24 

4 0.03 -1.52288 29 26 29 28 

3 0.003 -2.52288 34 29 30 31 

R2 value of calibration curve 0.9938 1 0.9468 0.9949 
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Raw qPCR data (CT values) 

The raw CT data collected from each qPCR run, by surface type and inoculum are shown in 

Table 0.6. All CT values are rounded to the nearest whole cycle. 

 

Quantity of gDNA extracted from live and dead microorganisms 

Composition data with respect to percentage of gDNA recovered from live and dead bacteria 

for each pooled set of biofilms by surface type and inoculum for each qPCR run are shown in 

Table 0.7. 

 

Tabulated data for live/dead qPCR and quantity of gDNA present 

Composition data with respect to percentage of gDNA recovered from live and dead 

bacteria for each pooled set of biofilms by surface type and inoculum for each qPCR run are 

shown in Table 0.8, along with mean values calculated from the 4 repeats.  
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Table 0.6. Raw data from qPCR analysis 

 CT value* 

Surface and inoculum S. mitis primers  F. nucleatum primers  A. actinomycetemcomitans 

primers 

 P. gingivalis 

primers 

 P. nigrescens 

primers 

PMA treatment: PMA No PMA  PMA No PMA  PMA No PMA  PMA No PMA  PMA No PMA 

Run 1               

SLA Ti 0.5x104 inoculum 13 9  30 22  28 27  30 30  33 32 

SLA Ti 0.5x107 inoculum 12 8  18 12  19 18  20 22  22 22 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 20 10  31 23  30 28  32 31  35 33 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 16 8  14 12  17 17  20 22  22 20 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 24 10  30 21  28 20  33 29  36 32 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 25 12  18 17  14 17  27 26  25 24 

Run 2               

SLA Ti 0.5x104 inoculum 12 10  24 20  30 28  30 30  30 28 

SLA Ti 0.5x107 inoculum 10 9  17 12  19 17  18 20  19 18 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 18 12  21 16  20 18  27 27  21 19 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 11 10  18 15  20 19  19 21  19 19 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 20 24  25 17  23 16  32 26  34 30 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 11 10  19 16  18 18  19 21  19 19 

Run 3               

SLA Ti 0.5x104 inoculum 10 10  21 20  31 28  31 30  32 31 

SLA Ti 0.5x107 inoculum 10 8  17 14  21 17  21 21  21 21 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 16 14  22 16  29 28  33 32  34 36 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 12 10  19 13  21 20  20 22  24 24 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 24 15  23 17  24 18  34 28  NA 36 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 12 11  18 13  23 20  31 30  32 26 
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Run 4               

SLA Ti 0.5x104 inoculum 9 7  17 12  31 26  29 27  27 26 

SLA Ti 0.5x107 inoculum 9 7  13 9  20 17  18 18  16 16 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 9 7  14 11  30 26  28 27  26 25 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 11 8  15 12  20 17  17 18  17 17 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 26 15  29 18  30 22  32 27  31 24 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 13 10  18 13  19 17  19 19  17 17 

*CT values are rounded to the nearest whole cycle. NA – no amplification occurred. For the purposes of qPCR analysis, where NA occurred, this value was assumed to be the same as the 
untreated aliquot. Samples for which the CT value for the PMA treated aliquot was lower than the untreated aliquot are highlighted in yellow.  
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Table 0.7. Data from each qPCR run showing total gDNA recovered from live or dead bacteria 

Surface and inoculum* 
      

Surface and inoculum* 
     

 
gDNA derived from live bacteria (ng) 

 
 gDNA derived from dead bacteria (ng) 

Run 1 
 

S. mitis F. nucl Aa P. ging P. nigr  Run 1 S. mitis F. nucl Aa P. ging P. nigr 

SLA Ti 0.5x104 inoculum 77.63 0.00 0.00 0.00 0.00 
 

SLA Ti 0.5x104 inoculum 1057.59 0.01 0.00 0.00 0.00 

SLA Ti 0.5x107 inoculum 151.80 0.11 0.80 0.16 0.99 
 

SLA Ti 0.5x107 inoculum 2068.15 10.50 0.65 0.00 0.00 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 0.71 0.00 0.00 0.00 0.00 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 579.80 0.00 0.00 0.00 0.00 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 10.38 2.33 2.64 0.16 0.99 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 2209.57 8.28 0.00 
 

2.41 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.05 0.00 0.00 0.00 0.00 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 580.47 0.01 0.44 0.00 0.00 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 0.02 0.11 15.75 0.00 0.16 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 151.78 0.13 0.00 0.00 0.13 

      

  

     
Run 2 

     

 
Run 2 

     
SLA Ti 0.5x104 inoculum 151.80 0.00 0.00 0.00 0.01 

 
SLA Ti 0.5x104 inoculum 428.71 0.02 0.00 0.00 0.02 

SLA Ti 0.5x107 inoculum 580.51 0.24 0.80 0.64 6.29 
 

SLA Ti 0.5x107 inoculum 554.70 10.37 1.84 0.00 5.36 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 2.71 0.01 0.44 0.00 1.83 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 149.09 0.50 1.01 0.00 4.46 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 296.86 0.11 0.44 0.32 0.00 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 283.66 0.98 0.36 0.00 6.29 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.71 0.00 0.07 0.00 0.00 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.00 0.24 4.71 0.00 0.01 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 296.86 0.05 0.00 0.32 0.00 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 283.66 0.46 1.45 0.00 6.29 
 

     

  

     
Run 3 

     

 
Run 3 

     
SLA Ti 0.5x104 inoculum 0.00 0.01 0.00 0.00 0.00 

 
SLA Ti 0.5x104 inoculum 580.51 0.01 0.00 0.00 0.00 

SLA Ti 0.5x107 inoculum 580.51 0.24 0.00 0.00 1.83 
 

SLA Ti 0.5x107 inoculum 1639.44 2.09 0.00 0.08 1.83 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 10.38 0.01 0.00 0.00 0.00 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 29.32 0.50 0.00 0.00 0.00 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 151.80 0.05 0.00 0.16 0.00 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 428.71 4.92 0.00 0.00 0.29 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.05 0.00 0.00 0.00 0.00 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 20.25 0.24 0.00 0.00 0.00 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 151.80 0.11 0.00 0.00 0.00 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 145.05 4.86 0.00 0.04 0.08 
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Run 4 

     

 
Run 4 

     
SLA Ti 0.5x104 inoculum 1135.22 0.24 0.00 0.00 0.05 

 
SLA Ti 0.5x104 inoculum 3205.97 10.37 0.01 0.00 0.04 

SLA Ti 0.5x107 inoculum 1135.22 4.97 0.44 0.64 0.00 
 

SLA Ti 0.5x107 inoculum 3205.97 98.36 2.20 0.64 40.00 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 1135.22 2.33 0.00 0.00 0.08 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 3205.97 20.33 0.01 0.00 0.07 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 296.86 1.09 0.44 1.26 0.00 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 1923.09 9.52 2.20 0.00 21.59 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.01 0.00 0.00 0.00 0.00 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 20.29 0.11 0.13 0.00 0.28 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 77.63 0.11 0.80 0.32 0.00 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 502.89 4.86 1.84 0.32 21.59 

*gDNA was extracted from n=12 biofilms per surface type and inoculum.
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Table 0.8. Composition of biofilms as determined from quantity of gDNA extracted from live and dead bacteria, 
and percentage of each as the total 

Surface  gDNA derived 

from live 

microorganism

s (ng) 

gDNA derived 

from dead 

microorganism

s (ng) 

Total gDNA 

(ng) 

% 

live* 

(SD) 

% dead* 

(SD) Run 1 

SLA Ti 0.5x104 inoculum 77.63 1057.6 1135.23 6.84 93.16 

SLA Ti 0.5x107 inoculum 153.87 2079.3 2233.17 6.89 93.11 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

0.71 579.81 580.52 0.12 99.88 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

16.50 2220.26 2236.76 0.74 99.26 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

0.05 580.92 580.97 0.01 99.99 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

16.04 152.04 168.08 9.54 90.46 

Run 2 
   

  

SLA Ti 0.5x104 inoculum 151.81 428.75 580.57 26.15 73.85 

SLA Ti 0.5x107 inoculum 588.48 572.27 1160.75 50.70 49.30 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

5.00 155.06 160.06 3.12 96.88 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

297.73 291.28 589.02 50.55 49.45 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

0.79 4.96 5.74 13.67 86.33 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

297.23 291.86 589.09 50.46 49.54 

Run 3 
   

  

SLA Ti 0.5x104 inoculum 0.01 580.53 580.54 0.00 100.00 

SLA Ti 0.5x107 inoculum 582.58 1643.44 2226.02 26.17 73.83 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

10.39 29.82 40.21 25.83 74.17 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

152.02 433.91 585.93 25.94 74.06 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

0.05 20.49 20.54 0.25 99.75 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

151.92 150.03 301.95 50.31 49.69 

Run 4 
   

  

SLA Ti 0.5x104 inoculum 1135.50 3216.39 4351.89 26.09 73.91 

SLA Ti 0.5x107 inoculum 1141.26 3347.16 4488.43 25.43 74.57 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

1137.63 3226.38 4364.01 26.07 73.93 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

299.65 1956.40 2256.04 13.28 86.72 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

0.02 20.82 20.84 0.09 99.91 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

78.86 531.49 610.35 12.92 87.08 
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Means by surface      

SLA Ti 0.5x104 inoculum    14.77 

(13.40

) 

85.23 

(13.40) 

SLA Ti 0.5x107 inoculum    27.30 

(17.97

) 

72.70 

(17.97) 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

   13.79 

(14.10

) 

86.21 

(14.10) 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

   22.63 

(21.27

) 

77.37(21.2

7) 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

   3.51 

(6.78) 

96.49 

(6.78) 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

   30.81 

(22.65

) 

69.19 

(22.65) 

*Values given in brackets indicate standard deviation, which are the same for live and dead since they are 
calculated from the same data set; n=12 pooled biofilms for each coating type and inoculum.  

 

Percentage composition of biofilms by species 

The percentage composition by species for each pooled set of biofilms by surface type and 

inoculum for each qPCR run are shown in Table 0.9. 

. 
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Table 0.9. Composition of multispecies biofilms formed on uncoated and CHX-HMP coated SLA Ti  
 

% of each species within total biofilm§ 

Run 1 S. mitis F. 

nucleatum 

A. 

actinomycetemcomitans 

P. 

gingivalis 

P. 

nigrescens 

SLA Ti 0.5x104 inoculum 100.00 0.00 0.00 0.00 0.00 

SLA Ti 0.5x107 inoculum 99.41 0.48 0.07 0.01 0.04 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

100.00 0.00 0.00 0.00 0.00 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

99.25 0.47 0.12 0.01 0.15 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

99.92 0.00 0.08 0.00 0.00 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

90.32 0.14 9.37 0.00 0.17 

Run 2 
     

SLA Ti 0.5x104 inoculum 99.99 0.00 0.00 0.00 0.00 

SLA Ti 0.5x107 inoculum 97.80 0.91 0.23 0.05 1.00 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

94.84 0.32 0.91 0.00 3.93 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

98.56 0.18 0.14 0.05 1.07 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

12.36* 4.16 83.31* 0.05 0.12 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

98.54 0.09 0.25 0.05 1.07 

Run 3 
     

SLA Ti 0.5x104 inoculum 100.00 0.00 0.00 0.00 0.00 

SLA Ti 0.5x107 inoculum 99.73 0.10 0.00 0.00 0.16 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

98.73 1.27 0.00 0.00 0.00 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

99.08 0.85 0.00 0.03 0.05 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

98.83 1.16 0.00 0.00 0.00 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

98.31 1.65 0.00 0.01 0.03 

Run 4 
     

SLA Ti 0.5x104 inoculum 99.75 0.24 0.00 0.00 0.00 

SLA Ti 0.5x107 inoculum 96.72 2.30 0.06 0.03 0.89 

15:5mM+0.25%-E-100µL 

0.5x104 inoculum 

99.48 0.52 0.00 0.00 0.00 

15:5mM+0.25%-E-100µL 

0.5x107 inoculum 

98.40 0.47 0.12 0.06 0.96 

15:5mM+0.25%-E-200µL 

0.5x104 inoculum 

97.43 0.54 0.64 0.01 1.38 

15:5mM+0.25%-E-200µL 

0.5x107 inoculum 

95.11 0.81 0.43 0.11 3.54 

§n=4 (12 pooled samples per surface type and inoculum for each run). 

*Discounted from calculations used for Table 3.15. 
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Biomass vs. gDNA recovered for each set of biofilms 

The quantities of gDNA recovered from each biofilm set for qPCR analysis and the 

corresponding biofilm biomass are presented in Table 0.10, along with the R2 value relating 

to these parameters for each individual set of biofilms. A regression plot of all data, with 

the pooled R2 value, is shown in Figure 0.19.  

 

Table 0.10. Quantity of gDNA recovered and associated biomass for each set of biofilms used in qPCR analysis  
 

Specimen gDNA extracted from 12 specimens 

(no PMA treatment) (µg) 

Mean 72 h 

biomass (A490) 

Run 1 SLA Ti 0.5x104 inoculum 7.35 1.360 
 

SLA Ti 0.5x107 inoculum 10.54 1.428 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 2.94 0.502 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 3.85 0.448 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 2.14 0.144 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 1.89 0.191 

 R2 value 0.9167  

Run 2 SLA Ti 0.5x104 inoculum 5.36 0.785 
 

SLA Ti 0.5x107 inoculum 7.70 0.819 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 2.10 0.270 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 7.67 0.348 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.67 0.054 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 10.05 0.292 

 R2 value 0.1823  

Run 3 SLA Ti 0.5x104 inoculum 3.19 0.733 
 

SLA Ti 0.5x107 inoculum 9.14 0.721 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 0.21 0.406 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 3.78 0.301 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.28 0.413 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 3.75 0.371 

 R2 value 0.2984  

Run 4 SLA Ti 0.5x104 inoculum 12.08 0.794 
 

SLA Ti 0.5x107 inoculum 16.14 0.898 
 

15:5mM+0.25%-E-100µL 0.5x104 inoculum 9.38 0.336 
 

15:5mM+0.25%-E-100µL 0.5x107 inoculum 4.62 0.439 
 

15:5mM+0.25%-E-200µL 0.5x104 inoculum 0.05 0.052 
 

15:5mM+0.25%-E-200µL 0.5x107 inoculum 1.12 0.498 

 R2 value 0.6627  
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Figure 0.19. Regression plot of gDNA extracted from each set of biofilms vs. corresponding biomass. R2 value and 
equation of line of best fit are shown upper right; n=4. 

 

Appendix I: Additional metabolomics data 

Activation and deactivation z-scores for control and test surfaces following metabolomic 

analysis after 7 and 14 days incubation are shown in Table 0.11.    

Notes for this table: Categories, annotations and z-scores were determined in IPA analysis 

software. All 7 day test surface scores are relative to 7 day SLA Ti control, as are the 14 day 

SLA Ti surface scores. All 14 day test surface scores are relative to 14 day SLA Ti control. 

Only activation scores of greater than 2 (highlighted in orange), or deactivation scores of 

less than -2 (highlighted in blue) were considered statistically significant in this analysis, and 

so for simplicity in presentation, results outside of this range are not presented in the table. 

Responses are grouped by category.  

y = 0.0491x + 0.2675
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 Table 0.11. Activation and deactivation z-scores for all surfaces  

Category 

 7 days incubation  14 days incubation 

Surface 
15:5mM+0.25%-
E-100µL 

15:5mM+0.25%-
E-200µL 

SLA 
Ti+0.025% 
CHXDG(aq) 

 15:5mM+0.25%
-E-100µL 

15:5mM+0.2
5%-E-200µL 

SLA 
Ti+0.025% 
CHXDG(aq) 

SLA Ti 

 

Diseases or Functions Annotation 

Amino Acid Metabolism, 
Molecular Transport, 

Small Molecule 
Biochemistry 

Efflux of L-amino acid   2.772    -2.588 2.588 

Efflux of neutral amino acid   2.588  -2.39 -2.39 -2.39 2.39 

Efflux of L-alanine   2.449  -2.236 -2.236 -2.236 2.236 

Uptake of L-proline   -2.449  2.449 2.449 2.449 -2.449 

Uptake of L-amino acid   -3.695  2.969 2.969 2.969 -2.821 

Uptake of L-alanine   -3.162  3 3 3 -3 

Uptake of amino acids   -3.9  3.395 3.395 3.117 -3.268 

Uptake of glutamine family amino 
acid   -2.828      

Transport of amino acids   -2.479  2.06 2.06   

Metabolism of amino acids     -2.425 -2.425 -2.425 2.213 

Synthesis of amino acids     -2.213 -2.213 -2.213  
Carbohydrate 

Metabolism, Cellular 
Function and 

Maintenance, Molecular 
Transport, Small Molecule 

Biochemistry, energy 
production 

Gluconeogenesis   2.56     2.741 

Transport of D-glucose   -2.795   2.107  -2.956 

Oxidation of monosaccharide -2.352 -2.131 -2.741     -2.917 

Oxidation of glucose-6-phosphate -2.236 -2 -2.449     -2.646 

Transport of monosaccharide   -2.903   2.243  -3.058 

Transport of carbohydrate   -2.578      

Cell Cycle Entry into S phase   2.236   -2.828 -2.121  
Cell Death Apoptosis 2.304 2.618     2.082  

Necrosis 2.116 2.258       

Cell death 2.078 2.562       
Cell Death and Survival, 

DNA Replication, 
Recombination, and 

Repair 

Fragmentation of DNA  2.166 2.587   -2.107  2.762 

Condensation of chromatin        2 

Cell Morphology Permeabilization of mitochondria       2.412  



   
 

355 
 

Cell Morphology, Cellular 
Function and 
Maintenance 

Transmembrane potential of 
mitochondria -2.052        

Cell Signalling, Molecular 
Transport, Small Molecule 
Biochemistry, Vitamin and 

Mineral Metabolism 

Release of Ca2+       -2.247 2.188 

Mobilization of Ca2+   3.092  -2.541 -2.489  3.789 

Quantity of Ca2+ 3.364 2.723 3.05   -2.089  3.437 

Concentration of Ca2+      -2.604  2.762 

Cell-To-Cell Signalling and 
Interaction, Cellular 

Assembly and 
Organization, Growth and 

Proliferation 

Binding of plasma membrane     2.414 2.414   

Stimulation of cells   3.226  -2.71 -2.549  3.368 

Binding of cellular membrane     2.596 2.596 2.053  
Cellular Compromise Permeability transition of 

mitochondria     2.595    

Permeability transition     2.208    

Damage of mitochondria     2.177  2.177  

Dysfunction of mitochondria  2.183 2.243      
Cellular Function and 

Maintenance Respiration of mitochondria  2.213 2.415  -2.396 -2.768  2.935 

Cellular Growth and 
Proliferation Inhibition of cells        2.689 

DNA Replication, 
Recombination, and 
Repair, Nucleic Acid 
Metabolism, Small 

Molecule Biochemistry 

Degradation of DNA      -2.117   

Metabolism of DNA  2.383       

Incorporation of thymidine     -2.154    
Drug Metabolism, 

Molecular Transport, 
Small Molecule 

Biochemistry Concentration of glutathione      -2.221 -2.221 2.388 

Energy Production, 
Molecular Transport, 

Nucleic Acid Metabolism, 
Small Molecule 

Biochemistry 

Consumption of oxygen      -2.066  2.383 

Oxidation of fatty acid        2.085 

Release of ATP     -2.19 -2.19  2.19 

Concentration of ATP      -2.349   
Free Radical Scavenging, 

Small Molecule 
Synthesis of nitric oxide      -2.771 -2.083  

Release of nitric oxide        2.183 
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Biochemistry, Production 
of Reactive Oxygen 

Species (ROS) 

Synthesis of ROS 2.792 3.329 2.658    2.27  

Generation of ROS 2.274 2.222       

Production of ROS  2.469 2.205   -2.045   

Generation of superoxide  2.433 2.449      

Production of superoxide   2.018      

Metabolism of ROS   2.512    2.265  

Production of lipid peroxide       2.236 -2 

Production of hydrogen peroxide   2.033   -2.263  2.074 

Metabolism of hydrogen peroxide      -2.09   

Biosynthesis of hydrogen peroxide      -2.136   
Lipid Metabolism, 

Molecular Transport, 
Small Molecule 

Biochemistry 

Accumulation of acylglycerol        2.361 

Accumulation of lipid        2.051 

Uptake of lipid   -2.147      

Quantity of steroid     2.978  2.097  

Concentration of sterol     2.368    

Flux of lipid      -2.01 -2.33  

Transport of lipid      -2.069   

Hydrolysis of lipid        2.158 

Molecular Transport Quantity of metal ion 3.505 2.742 3.081   -2.134  3.464 

Quantity of metal   2.877     3.285 

Export of molecule   2.6  -2.874 -3.008 -2.335 2.855 

Nucleic Acid Metabolism, 
Small Molecule 

Biochemistry 

Synthesis of purine nucleotide      -2.355  2.355 

Synthesis of nucleotide      -2.061  2.342 

Biosynthesis of nucleoside 
triphosphate      -2.155  2.155 

Biosynthesis of purine ribonucleotide      -2.132  2.132 

Organismal Development Growth of organism   2.169  -3.453 -2.899 -3.284 2.832 

Protein Synthesis and 
trafficking 

Metabolism of protein   2.222   -2.432  2.117 

Synthesis of protein   2.037  -2.567 -2.145 -2.084  

Interaction of protein  2.216       



   
Appendices 

 

357 
 

Metabolomic Networks 

Having identified alterations to various aspects of hMSC metabolism from the metabolomic 

data, networks relating to relevant cell functions were produced from these z-scores using 

IPA software. These highlight possible pathways that are predicted as activated or 

deactivated in cell populations according to their constituent molecules or metabolites. For 

cells grown on each surface type for 7 days, these networks are presented in Figure 0.21 - 

Figure 0.26. Highlighted changes on all test surfaces are in comparison to data from hMSCs 

incubated on SLA Ti to the same time point. The legend for each network presented here is 

as shown in Figure 0.20: 

 

 

Figure 0.20. Prediction legend for IPA generated metabolomic function networks.
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Figure 0.21. Apoptosis networks for test surfaces at 7 days (compared to SLA Ti). A - 15:5mM+0.25%-E-100µL coating, B - 15:5mM+0.25%-E-200µL coating, C - SLA Ti +0.025% CHXDG(aq). On 
both CHX-HMP coated surfaces, apoptosis was activated compared to SLA Ti, and mediated in part via the ERK1/2 pathway. On the SLA Ti +0.025% CHXDG(aq) substrate, there was lack of 
activation of apoptosis. Increased measurements of a number of common molecules were seen across all 3 surfaces, whilst increased presence of L-amino acids was seen only from cells 
incubated with 0.025% CHXDG(aq), and this was unexpected in the context of apoptosis (as indicated by yellow dashed lines in C).  
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Figure 0.22. Necrosis networks for test surfaces at 7 days (compared to SLA Ti). A - 15:5mM+0.25%-E-100µL coating, B - 15:5mM+0.25%-E-200µL coating, C - SLA Ti +0.025% CHXDG(aq). On both 
CHX-HMP coated surfaces, apoptosis was activated compared to SLA Ti, whereas on the SLA Ti +0.025% CHXDG(aq), there was lack of necrosis activation. 

 

 



   
 

360 
 

 

Figure 0.23. Networks showing production of reactive oxygen species (ROS) for test surfaces at 7 days. A - 15:5mM+0.25%-E-100µL and B - 15:5mM+0.25%-E-200µL coatings. On both CHX-HMP 
coatings, ROS generation was increased compared to SLA Ti. No statistically significant changes to the ROS network were identified by IPA for cells grown on the SLA Ti +0.025% CHXDG(aq) 
surface, hence no network was generated. 
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Figure 0.24. Mitochondrial dysfunction networks for test surfaces at 7 days. A - 15:5mM+0.25%-E-100µL and B - 15:5mM+0.25%-E-200µL coatings. Increased mitochondrial dysfunction was 
associated with increased levels of arachidonic acid. No statistically significant changes to mitochondrial dysfunction were identified by IPA for cells grown on the SLA Ti +0.025% CHXDG(aq) 
surface. 

 



   
 

362 
 

 

Figure 0.25. Networks for activation of ALP for test surfaces at 7 days. A - 15:5mM+0.25%-E-100µL coating, B - 15:5mM+0.25%-E-200µL coating, C - SLA Ti+0.025% CHXDG(aq), as compared to 
SLA Ti. On all surfaces, production of ALP was activated. 

 



   
 

363 
 

 

Figure 0.26. Ca2+ mobilisation network in hMSCs grown for 7 days on SLA Ti+0.025% CHXDG(aq). This was the only surface upon which a significant change versus the control SLA Ti surface was 
seen (Appendix I Table 0.11). The increased mobilisation was associated with increased levels of L-amino acids. No statistically significant changes to the ROS network were identified by IPA for 
cells grown on either of the CHX-HMP coated surfaces. 
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Figure 0.27. Apoptosis networks for test surfaces at 14 days. A - 15:5mM+0.25%-E-100µL coating, B - 15:5mM+0.25%-E-200µL coating, C - SLA Ti +0.025% CHXDG(aq). Apoptosis was not activated 
on the lower dose CHX-HMP coating (A), whilst it was activated on the other 2 surfaces (B and C), suggesting a possible dose-response effect of the CHX(aq). 
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Figure 0.28. Necrosis networks for test surfaces at 14 days. A - 15:5mM+0.25%-E-100µL coating, B - 15:5mM+0.25%-E-200µL coating, C - SLA Ti +0.025% CHXDG(aq). As with apoptosis, there was 
inhibition of this function on the lower dose CHX-HMP coating (A), but it remained activated on the other surfaces (B & C).  

 

 



   
 

366 
 

 

Figure 0.29. Networks showing production of reactive oxygen species (ROS) for test surfaces at 14 days. A - 15:5mM+0.25%-E-200µL and B – SLA Ti+0.025% CHXDG(aq). On the NP coating (A), 
production of ROS was not activated, whereas in the presence of 0.025% CHXDG(aq) (B), it was activated. No statistically significant changes to the ROS network were identified by IPA for cells 
grown on 15:5mM+0.25%-E-100µL coated surfaces, and hence no network was produced. 
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Figure 0.30. ALP production networks for test surfaces at 14 days. A - 15:5mM+0.25%-E-100µL coating, B - 15:5mM+0.25%-E-200µL coating, C -SLA Ti +0.025% CHXDG(aq). On all surfaces, ALP 
production was inhibited, and this was associated with a reduction in L-arginine. 
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Figure 0.31. Ca2+ mobilisation network in hMSCs grown for 14 days on SLA Ti+0.025% CHXDG(aq). This was the only surface upon which a significant change versus the control SLA Ti surface was 
seen (Appendix I Table 0.11). The reduction in mobilisation was associated with reduced levels of L-amino acids and glutathione. No statistically significant changes to the network were identified 
by IPA for cells grown on either of the CHX-HMP coated surfaces. 
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Figure 0.32. Network showing inhibition of mitochondrial dysfunction on 15:5mM+0.25%-E-100µL coating at 14 days. No statistically significant changes to the network were identified by IPA 
for cells grown on either the 15:5mM+0.25%-E-200µL or the SLA Ti+0.025% CHXDG(aq) coated surfaces. 

 


