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Summary 

 
Background: Polymethylmethacrylate (PMMA) is a frequently used dental material in 

prosthodontics and it is likely that PMMA materials will remain relevant dental 

materials into the future. Whilst the current gold standard fabrication procedures for 

PMMA prostheses use heat-processed PMMAs, cold-processed PMMAs are frequently 

used materials and milled PMMAs are now growing in popularity. Surface and sub-

surface porosity of PMMAs in combination with poor oral and denture hygiene can 

result in the manifestation of clinical diseases locally and systemically. Currently, no 

denture cleaning or disinfection method meets the ideal criteria set out by the 

American College of Prosthodontists guidelines on the care and maintenance of 

dentures. Electrochemically activated pH neutral hypochlorous acid solutions have 

been shown to be effective disinfectants for contaminated surfaces, various wounds, 

dental unit waterlines, washbasin taps, washbasin U-bends, water network output 

water and for dental impressions. Such solutions have not been investigated in the 

literature as potential biodecontaminants for PMMA materials. The properties of such 

solutions may meet many of the criteria set out by the American College of 

Prosthodontists for an ideal denture cleanser. 

Aims and Objectives: To investigate if electrochemically activated pH neutral 

hypochlorous acid solutions could be used as an effective alternative disinfectant for 

conventional complete dentures (CCDs) made from cold-processed, heat-processed and 

milled PMMAs and to assess if a minimum 5 log10 reduction of viable microorganisms 

of reference bacterial and yeast strains present on PMMAs was possible by immersion 

disinfection in 5 ml of hypochlorous acid solution for 5 min under dirty conditions. 



Materials and Methods: Cold-processed, heat-processed and milled PMMA discs 

were fabricated by the flask and pour technique, flask, pack and press technique and by 

computer aided design and computer aided manufacturing (CAD/CAM) technology, 

respectively, as a model to represent CCDs fabricated from these materials. Discs 

were uniformly roughened on one surface to represent the rough intaglio surface of a 

CCD and uniformly polished on the opposite surface to represent the smooth polished 

surface of a CCD. Discs were inoculated on their uniformly roughened upper surface 

with 5 μl of 3% (w/v) bovine serum albumin (BSA) fraction V to simulate dirty 

conditions and then discs were subsequently inoculated with 45 μl of a standardised 

test preparation (10
10

- 10
14 

colony forming units (CFU)) of one of the reference 

bacter ia l  s t ra ins  Staphylococcus aureus ATCC 6538, Enterococcus hirae ATCC 

10541, Pseudomonas aeruginosa ATCC 15442 or the yeast strain Candida albicans 

SC5314. Inoculated discs were incubated in a static incubator at 37°C for 45 min. 

Inoculated discs were subjected to immersion disinfection with 5 ml of 

electrochemically activated pH neutral hypochlorous acid of concentrations ranging 

from 200 – 1000 ppm free available chlorine (FAC) for 5 min. Three independent 

disinfection experiments were undertaken for each concentration of hypochlorous 

acid solution on each type of PMMA disc, within which three pH neutral 

hypochlorous acid disinfection discs were tested against a corresponding number of 

sodium hypochlorite disinfection discs, ortho-phthalaldehyde disinfection discs and 

control discs. The number of viable microorganisms remaining following each 

disinfection cycle was determined following recovery by serial dilution and culture 

on trypticase soy agar ( T SA) (for bacteria) or yeast extract peptone dextrose (YEPD) 

agar (for yeasts). Antimicrobial efficacy was evaluated by calculating the absolute 

value of log10N/N0, [log(N/N0)], where N was the residual bacterial count after 

treatment of disinfection discs and N0 was the bacterial count in CFU/ml recovered 

from control discs. 



Results: Statistically significant (P < 0.05) reductions in viable counts (≥ 5 log10) 

were achieved with S. aureus ATCC 6538, E. hirae ATCC 10541, P. aeruginosa 

ATCC 15442 and C. albicans SC5314 when inoculated PMMA discs were immersed 

in 5 ml of freshly generated electrochemically activated pH neutral hypochlorous 

acid solution at 250 ppm FAC, at 1000 ppm FAC, at 900 ppm FAC and at 500 ppm 

FAC, respectively, for 5 min under dirty conditions. To achieve a statistically 

significant (P < 0.05) 5 log10 reduction or more in viable microorganisms on 

soiled PMMA surfaces, immersion disinfection within freshly generated 

electrochemically activated pH neutral hypochlorous acid of concentration 1000 ppm 

FAC for a 5 min period was advisable. This disinfection cycle appeared to show 

comparable results to similar immersion disinfection cycles using the commercially 

available 2% (w/v) sodium hypochlorite disinfectant Milton Sterilising Fluid of 

20,000 ppm FAC, as well as the 0.55% (v/v) ortho-phthalaldehyde hospital 

disinfectant Cidex® OPA. No adverse effects were visually obvious on PMMA discs in 

terms of bleaching, colour instability or surface degradation when discs were 

subjected to freshly generated electrochemically activated pH neutral hypochlorous acid 

solutions of concentrations of 200 ppm – 1000 ppm FAC. 

Conclusion: Electrochemically activated pH neutral hypochlorous acid solutions could 

be used as effective alternative disinfectants for CCDs made from cold-processed, heat- 

processed or milled PMMAs. 
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1.1 Polymethylmethacrylate as a dental material  

Polymethylmethacrylate (PMMA) is a frequently used and versatile dental material 

which can be applied to the fabrication of various types of dental prostheses ranging 

from conventional complete dentures (CCDs),
[1]

 conventional overdentures (CODs)
[2]

 

and removable partial dentures (RPDs)
[3]

 to provisional and definitive fixed-detachable 

and removable implant prostheses.
[4-7]

  

PMMA has been the main dental material used for these purposes since the 1940s due 

to its unique and favourable combination of manufacturing, physical and aesthetic 

properties.
[8]

 Specifically, the manufacturing advantages of PMMA are that it can be 

easily manipulated into any desired shape, it may undergo subsequent additions of 

material, it may be repaired and the fabrication procedures are straightforward and 

inexpensive. In terms of physical advantages, the material is dimensionally accurate and 

stable within clinical limits when fully polymerised and it has sufficient impact and 

flexural strength for intra-oral purposes.
[9]

 From an aesthetic standpoint, PMMA may be 

polished to a high finish and with the ability to layer different coloured PMMAs, a very 

natural aesthetic result may be achieved in a definitive prosthesis whether it is required 

to emulate the dentition, or the gingival tissues (Fig. 1.1). 

1.2 The components and polymerisation of PMMA  

PMMA is initially supplied as a two component system. There is a liquid component, 

known as ‘monomer,’ and a powder component known as ‘polymer.’ The two 

components are mixed together to initiate a setting reaction. During the setting reaction, 

the PMMA mix goes through various stages of polymerisation, known as the sandy 

stage, stringy stage, doughy stage, rubbery stage and the hard stage. During the doughy 

stage of setting, the PMMA mix will have formed a workable mass which may be 



A B 

C D 

E 

Figure 1.1 Photographs showing examples of the range of oral prostheses used in 

restorative dentistry made from PMMA. 

Panel A shows a conventional complete denture, made entirely from PMMA. Panel B shows 

a removable partial denture which has a chrome-cobalt framework which supports PMMA 

prosthetic teeth and denture base material. Panel C shows a provisional fixed-detachable full 

arch implant prosthesis made mainly from PMMA which is supported by titanium temporary 

implant cylinders. Panel D shows a definitive complex implant overdenture. This removable 

prosthesis is supported by a chrome-cobalt framework and contains gold attachments to 

retain the prosthesis intra-orally. The prosthetic teeth and gingiva are made from PMMA. 

Panel E shows a definitive fixed-detachable full arch implant prosthesis. This design has a 

robust titanium framework. Again, the prosthetic teeth and gingiva are made from PMMA.  
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introduced into a mould cavity, where it is left in situ to undergo full polymerisation 

into a desired three dimensional shape.
[8]

  

The liquid ‘monomer,’ component generally contains methyl methacrylate as the main 

monomer, glycol dimethacrylate as a cross-linking agent and hydroquinone as an 

inhibitor to prevent inadvertent polymerisation of the liquid. The powder, ‘polymer,’ 

contains pre-polymerised PMMA beads as the main structural component, colourants to 

simulate the pigmentation of oral tissues and benzoyl peroxide as the initiator for 

polymerisation.
[8] 

 

In order for the mixture to begin polymerisation, an agent known as an ‘activator,’ is 

required to trigger the initiator to begin the polymerisation reaction. The nature of the 

activator is different depending on the type of acrylic being used. In the case of heat-

processed PMMA, the heat itself is the activator. In the case of auto-polymerising cold-

processed PMMA, the activator is a tertiary amine chemical called 

dimethylparatoluidine and is usually contained within the liquid component.
[8]

  

As PMMA is polymerised as a powder and liquid mixture it is inevitable that air 

inclusions are incorporated into the resultant polymerised PMMA material.
[10]

 

Additionally, even following the polymerisation reaction a complete polymerisation of 

monomer to polymer does not occur, leaving behind residual monomer which leaches 

out and subsequently becomes air inclusions in the resultant polymerised PMMA 

material.
[10]

 The number and size of these air inclusions, or porosities, can have a 

clinically significant impact on the performance of the material. For instance from a 

mechanical perspective, porosities may represent the origin of a defect from which a 

crack may propagate under stress through a PMMA prosthesis resulting in a 

catastrophic fracture. Similarly, from a biocompatibility perspective surface porosities 
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can offer a sheltered, hard and non-shedding surface for microbial biofilm formation 

and retention. As such, various efforts may be applied to the fabrication procedures for 

PMMA to reduce the number and size of these porosities.
[11]

 This may involve 

processing the polymerising mixture under higher temperatures to increase the 

conversion of monomer to polymer, or processing the polymerising mixture under 

greater atmospheric pressure conditions to reduce the size of these porosities (Fig. 

1.2).
[11, 12] 

 

1.3 Cold-processed, heat-processed and milled PMMA  

1.3.1 Cold-processed PMMA prostheses 

Cold-processed PMMA prostheses are often fabricated using the conventional flask and 

pour technique.
[13]

 The procedure for fabrication of prostheses using this method 

involves the fabrication of a wax denture base pattern which is subsequently flasked 

within gypsum. The wax pattern is boiled out of the flask in accordance with the lost-

wax technique, leaving behind a three dimensional space which was formally occupied 

by the wax pattern. A cold-processing denture base material is mixed and introduced 

into this three dimensional space where it is moulded into the correct contours. During 

the polymerisation reaction the flasked mixture may be placed into a pressure pot. 

Following deflasking, the former wax denture base pattern is now replaced with a cold-

processed PMMA denture base of the same three dimensional contours.   

Cold-processed PMMA prostheses are thought to contain an increased amount of 

residual, unreacted monomer.
[14]

 This is undesirable as it has been shown to impact 

negatively on the resultant PMMA mechanical properties and results in increased 

porosities and residual monomer release from the PMMA.
[9, 15]

 Although cold-processed 

PMMA is not generally recommended for the fabrication of PMMA prostheses, it is still 



A B 

Figure 1.2 Photographs showing ProBase Hot (Ivoclar Vivadent, Liechtenstein), a type 

of heat-processing denture base material used in the present study, to illustrate the 

components of PMMA.  

PMMA is supplied as a liquid monomer component and powder polymer component as 

shown in panel A and panel B. As PMMA is polymerised as a powder and liquid mixture it is 

inevitable that air inclusions are incorporated into the resultant polymerised PMMA 

material. Additionally, even following the polymerisation reaction a complete 

polymerisation of monomer to polymer does not occur, leaving behind residual monomer 

which leaches out and subsequently becomes air inclusions in the resultant polymerised 

PMMA material. The number and size of these air inclusions, or porosities can have a 

clinically significant impact on the performance of the material. 
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often used for the fabrication of various prostheses such as CCDs, RPDs and 

provisional fixed full arch fixed-detachable implant prosthesis, as well as for relining 

existing prostheses for either pragmatic or economic reasons.
[16]

  

1.3.2 Heat-processed PMMA prostheses 

The conventional flask, pack and press technique is the main method used for 

fabrication of heat-processed PMMA prostheses.
[13]

 The technique has been used for 

over 50 years and is considered the time-tested gold standard for fabrication of 

CCDs.
[17]

 The procedure for fabrication of prostheses using this method involves the 

fabrication of a wax denture base pattern which is subsequently flasked within gypsum. 

The wax pattern is boiled out of the flask in accordance with the lost-wax technique, 

leaving behind a three dimensional space which was formally occupied by the wax 

pattern. A heat-processing denture base material is mixed and introduced into this three 

dimensional space where it is moulded and packed under high pressure. The packed 

PMMA mixture is allowed to polymerise in a processing tank under high temperatures, 

ranging from 70-100°C as well as maintained pressure within its flask. Following 

deflasking, the former wax denture base pattern is now replaced with a heat-processed 

PMMA denture base of the same three dimensional contours.   

The flask, pack and press technique is associated with a number of potential procedural 

errors and limitations. For instance, excessive porosity, crazing, warping and volumetric 

and linear shrinkage can occur in heat-processed PMMA.
[18, 19]

 Excessive porosity tends 

to develop if a lack of monomer is available in the PMMA mixture. This may occur due 

to evaporation of monomer, non-homogenous mixing of monomer liquid with polymer 

powder or by inadequate pressure during the packing procedure. Crazing tends to occur 

if excessive force is placed upon the polymerised PMMA during deflasking, if water is 
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incorporated into the monomer-polymer mixture or if solvent attack occurs. Warpage 

and volumetric and linear shrinkage is a problem inherent to the flask, pack and press 

technique due to polymerisation shrinkage which inevitably occurs during the 

monomer-polymer setting reaction.
[20-22]

  The flask and pour technique is also subject to 

a similar set of potential procedural errors.  

1.3.3 Milled PMMA prostheses 

With the continuing innovations that are occurring in the world of digital dentistry and 

their advantages over conventional workflow procedures, the dental profession is 

showing a steady shift towards digital fabrication procedures in prosthodontics.
[23]

 

Digital workflow laboratory procedures permit the use of dental materials with 

enhanced mechanical and manufacturing properties, and since the method of fabrication 

of these restorations involves fewer steps, fewer potential sources of error arise in the 

fabrication procedures. Thus more standardisation and predictability are available to the 

operator. The American College of Prosthodontists define the digital process as “any 

workflow that occurs primarily through the use of converting physical or ‘analog,’ 

structures into a digital format to be manipulated using CAD (computer-aided-design) 

software. Often, the digital process resembles the analog process in steps, but is 

accomplished virtually on a computer until the design is machine fabricated through 

automated milling or by 3D printing methods.”
[24]

  

In the case of milled PMMA prostheses, a subtractive milling procedure is used to 

machine fabricate the prosthesis from a commercially manufactured, pre-polymerised 

PMMA blank known as a puck.
[17]

 PMMA pucks are produced under exceptionally high 

pressures, approaching approximately 2750 bar, and high temperatures of 

approximately 100°C.
¥
 This is thought to reduce both the number and size of porosities 
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within the polymerised PMMA puck to a minimum, resulting in a dense and 

homogenous blank with superior mechanical and hygienic properties.
[25]

 Since the puck 

is machine fabricated into its precise shape, the milling process also overcomes the 

problems associated with warpage and volumetric and linear shrinkage.  

This technology is relatively new and whilst the literature reports that patients show a 

preference for CAD/CAM CCDs over conventionally processed CCDs,
[26, 27]

 there is 

limited data available to scientifically validate the performance of milled PMMA as a 

material. At this stage, milled PMMA has been shown to have superior mechanical 

properties compared to conventionally processed PMMA. However, assumptions that 

milled PMMA is a more hygienic material than conventionally produced PMMA that 

resists biofilm formation and retention have been largely speculative.
[17]

  

1.4 Problems associated with PMMA prostheses  

1.4.1 Microbial biofilm formation on PMMA prostheses 

Microbial biofilm forms on PMMA prostheses just as it forms on the natural dentition, 

given that the external PMMA contours offer non-shedding, hard surfaces for microbial 

biofilm to adhere to. However, it has been established in the literature that rough 

PMMA surfaces are more susceptible to microbial biofilm accumulation than smooth 

PMMA surfaces and this is important bearing in mind that the intaglio surface of 

PMMA prostheses always remains unpolished to permit intimacy of fit of the overall 

prosthesis.
[28-30]

  

Biofilm on dentures consists of a complex synergistic polymicrobial aggregate of oral 

bacteria, fungi, other organisms and their metabolites within a highly hydrated, dense 

and viscous protective exopolysaccharide matrix.
[31]

 The biofilm is tenacious, removal 

is difficult and it is extremely resistant to host defence mechanisms, disinfectants and 
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other antimicrobial agents.
[32, 33]

 The microbial biofilm which forms on dentures is very 

similar in composition and structure to dental plaque, except that a greater number of 

Candida species are present in microbial biofilm on dentures, such as C. albicans, C. 

glabrata and C. tropicalis.
[34, 35]

 The literature suggests that the naturally occurring 

electrostatic charge of PMMA surfaces creates an affinity towards virulent Candida  

species once a salivary pellicle is laid down, promoting their adhesion to PMMA 

surfaces in particular.
[36, 37]

  

Biofilm formation on dentures begins with the instantaneous lying down of a salivary 

pellicle. Within minutes, long-range and short-range physicochemical interactions such 

as Brownian motion, hydrophobic interactions, electrostatic interactions and Van der 

Waals forces, followed by stronger molecular and cellular interactions result in the 

attraction, adsorption and attachment of bacteria to PMMA surfaces. These early 

colonisers proliferate and form multi-layered cell clusters, embedded within their 

protective exopolysaccharide matrix.
[32] 

Early colonisers, which mainly comprise 

Streptococcus species, create the conditions necessary for the attachment and survival 

of later colonisers through their presence as well as through the effect of their 

metabolites. Fusobacterium nucleatum acts as a key bridge species, linking early and 

late microbial colonisers. Late bacterial colonisers comprise of species such as 

Aggregatibacter actinomycetemcomitans, Prevotella intermedia, Eubacterium species, 

Treponema species, and Porphyromonas gingivalis. As biofilms become increasingly 

complex and pathogenic, the supply of nutrients and oxygen becomes scarce, creating 

conditions in which obligatory anaerobic species may survive. Such biofilms can 

comprise of approximately 1000 different species of bacteria alone.
[38]

 The yeast C. 

albicans has been shown to have the ability to form biofilm directly on to salivary 

pellicle coated surfaces
[31, 39]

 but it also has the ability to colonise bacterial biofilm 
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coated surfaces intra-orally.
[40]

 C. albicans has been shown to have the ability to 

coaggregate with early bacterial biofilm colonisers such as various Streptococcus 

species
[41]

 whilst also having the ability to link with the key bridge species F. nucleatum 

using various distinct and specific attachment mechanisms.
[42]

 This ability of both 

prokaryotic and eukaryotic cells to behave differently and synergistically as required 

highlights the versatility and ubiquitous nature of oral microbial biofilms.  

Microbial biofilm on dentures is estimated to contain more than 10
11

 CFU/mg in wet 

weight.
[31]

 Microbial biofilm accumulation on dentures becomes particularly dense if 

the prosthesis is worn at night (24 hours a day) because of the contact time the 

prosthesis has against the oral tissues at body temperatures, which occurs especially in 

the case of maxillary dentures which cover the hard palate.
[43, 44]

 The presence of mature 

and complex biofilm on dentures is associated with the onset of several clinical disease 

states.  

1.4.2 Clinical diseases associated with microbial biofilm on PMMA prostheses 

PMMA prostheses such as CCDs, CODs and RPDs are associated with an increased 

incidence of dental caries,
[45-52]

 periodontal disease,
[3, 49-51, 53-55]

 denture stomatitis
[56-59]

 

and angular cheilitis (Fig. 1.3).
[60]

 It has been proposed that the cumbersome nature of 

these prostheses and the extent of tissue coverage associated with wearing them results 

in increased microbial biofilm and debris accumulation within the context of shielding 

the dentition and mucosa from the protective effects of saliva.
[53]

 In addition to these 

factors, it has been long known in the prosthodontic literature that PMMA materials 

harbour microorganisms within its inherent porosities.
[61]

 Prostheses hygiene is a major 

factor in all of these diseases as they provide an environment for biofilm formation 

which is held in close proximity to soft tissues and natural tooth surfaces. 
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C. albicans is a major aetiological factor in denture stomatitis and this inflammatory 

disorder affects 60% of denture wearers.
[57-59]

 It is known that rough surface topography 

has a great influence on the adhesion and subsequent retention of C. albicans and other 

microorganisms.
[29, 62]

 It is proposed in the dental literature that due to the inherent 

porosities in PMMA, even after thorough cleaning it is unlikely that the PMMA surface 

will be free from living or dead microbial contamination (Fig. 1.4).
[29]

 Thus, even if 

microorganisms within biofilm lose viability they will continue to induce an immune 

response from the host whilst also providing additional attachment sites and nutrient 

sources for new biofilm colonisers. These factors are likely to be most pertinent to 

elderly populations, who are the most likely group to use PMMA prostheses and who 

are at an increased risk of life-threatening aspiration pneumonia related to the 

accumulation of oral biofilms and biofilms on dentures.
[43, 63, 64]

  

Candida albicans is a polymorphic fungus, meaning it can grow in a yeast or a 

filamentous form.
[57]

 This ability of C. albicans to change its form is considered to be an 

important contributor to its virulence and pathogenicity as Candida hyphae have been 

shown to be able to respond directionally to environmental stimuli.
[29]

 Candida species 

are known to be strongly adherent to PMMA surfaces, especially to the rough intaglio 

surface in the case of a maxillary denture, whilst also remaining recalcitrant to cleaning 

and disinfection procedures.  

1.5 The use of full-contour PMMA (all-acrylic) prostheses 

amongst the population 

Treatment planning in prosthodontics is usually determined in the context of a patient’s 

oral health, general health, compliance and socioeconomic status.
[3]

 In reality, 

socioeconomic considerations are what often dictate treatment planning decisions 



A B 

C D 

E 

Figure 1.3 Photographs showing examples of the various oral diseases which are 

associated with wearing PMMA prostheses.   

Panel A and B show dental caries, periodontal disease and denture stomatitis occurring in 

one patient concurrently, associated with wearing an RPD. Panel C and D show denture 

stomatitis associated with wearing an RPD. Panel E shows angular cheilitis associated with 

wearing an RPD.   



A B 

C D 

Figure 1.4 Photographs of a CCD before and after laboratory cleaning. 

Panel A and B show a PMMA CCD with heavy deposits of calculus and plaque. Even after 

laboratory cleaning and disinfection which entailed ultrasonic debridement and immersion 

in a 2% (w/v) sodium hypochlorite solution for 10 min, as shown in Panel C and D, 

tenacious calculus deposits remain within the porosities of the PMMA.   
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amongst the wider population. For instance, due to the limitations of the dental 

treatment services scheme in Ireland, 75% of partial dentures made by Irish dentists are 

all-acrylic tissue-borne prostheses.
[65]

 Similarly, under the National Health Service in 

the UK, a report indicates that whilst dentists would prefer to minimise the use of all-

acrylic prostheses, payment systems mean that they are forced to fabricate tissue-

supported all-acrylic prostheses.
[66]

 This data indicates that for the majority of patients 

who require a prosthodontic service, all-acrylic prostheses will be a frequently used 

treatment modality despite the fact that superior treatment modalities are available.
[67]

 

The need for such prostheses is likely to remain substantial for decades to come.
[68]

  

1.6 Cleaning and disinfection methods for PMMA prostheses  

1.6.1 Broad guidelines for the cleaning and disinfection of PMMA prostheses 

Many methods have been proposed in the literature for cleaning and disinfection of 

PMMA prostheses. These methods may be described as mechanical, where for instance 

dentures are cleaned using a toothbrush and detergent, or chemical, where dentures are 

immersed in a disinfectant solution such as sodium hypochlorite.
[69]

 A recent systematic 

review of the literature has recommended that basic mechanical oral and denture 

hygiene measures in addition to removing dentures during sleep are the most effective 

measures for cleaning, disinfecting and maintaining dentures.
[70]

 This is a sensible 

approach because disinfection of any material is only effective following thorough 

cleaning and this is a basic tenant of infection prevention and control. It is important to 

note however, that PMMA is inherently prone to abrasion due to the nature of its 

mechanical properties.
[9]

 Abrasive cleaners have been shown to increase the 

susceptibility to future denture microbial biofilm accumulation.
[29]

 Thus, it has been 
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proposed that the use of non-abrasive cleaning regimens may be a step towards reducing 

the colonisation of C. albicans on denture surfaces.  

A comprehensive evidence-based guideline for the care and maintenance of PMMA 

CCDs has been published by the American College of Prosthodontists.
[44]

 This 

publication advises that dentures should be cleaned by brushing with a non-abrasive 

denture cleanser outside of the mouth at least once daily. It is advised that dentures are 

never exposed to water with temperatures of 60°C or more, or to sodium hypochlorite 

solutions for periods that exceed 10 min to avoid damage to PMMA surfaces.
[71]

 

Dentures should be removed from the oral cavity during sleep, never worn continuously 

(24 hours per day) and should be immersed in water to avoid warpage when not in the 

oral cavity. In addition to this, patients are advised to attend a dental professional once 

yearly for laboratory denture cleaning services such as ultrasonic debridement of 

dentures to minimise the accumulation of rough, calcified microbial deposits. 

1.6.2 Specific products and methods for cleaning and disinfection of PMMA 

prostheses  

Several specific products and methods have been described in the literature for the 

cleaning and disinfection of PMMA prostheses. These range from the use of 

commercially available denture cleaning creams and pastes, and denture immersion 

cleaning solutions using effervescent tablets, to professionally available ultrasonic 

cleaning methods and alternative cleaning methods such as microwave disinfection.
[44]

   

Denture cleaning creams and pastes may be used for brushing dentures primarily as a 

form of mechanical cleaning. Such creams and pastes may contain mild abrasives, 

detergents, fluorosurfactants and antibacterial agents to improve the mechanical 

cleaning ability of the paste and to supplement this mechanical effect with chemical 
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disinfection. The literature has demonstrated that brushing dentures with specific 

denture cleaning creams and pastes offers improved microbial biofilm control over 

brushing dentures with water alone.
[72]

 Such creams and pastes have been shown to 

have no effect on Candida species levels or colonisation on dentures however, 

highlighting that Candida species are resistant to mechanical removal from PMMA 

surfaces.
[72, 73]

 In terms of microbial biofilm control, denture cleaning creams and pastes 

have been shown to be inferior to immersion in effervescent cleansers
[74]

 and their 

performance in microbial biofilm control is similar to when dentures are brushed with 

soaps that are not specifically designed for denture cleaning.
[73]

  

Specific denture immersion cleansers are commercially available, primarily as a form of 

chemical disinfectant with a supplemental effervescent mechanical cleaning effect. Such 

cleansers may contain hypochlorites, alkaline peroxides, enzymes, acids or 

ethylenediaminetetraacetic acid (EDTA) as active ingredients with each commercially 

available preparation containing a different formulation of active ingredients and 

different mechanism of action. Such effervescent cleansers have been shown to have 

superior biofilm control than the use of denture cleaning creams and pastes however, 

they offer little if any antibacterial or antibiofilm effects in in vivo trials.
[75-79]

  

Professionally available ultrasonic cleaning methods have been reported in the 

literature. These cleaning and disinfection methods are typically only available to 

patients through attendance with their dentist or via dental laboratory services. 

Ultrasonic cleaning methods offer both a mechanical cleaning effect as well as a 

chemical disinfecting effect.  Such methods use ultrasonic sound waves to create 

microscopic bubbles which grow and implode by cavitation, creating voids that result in 

localised areas of suction, capable of loosening and removing debris and microbial 

biofilm which adheres to dentures.
[44]

 Dentures may be immersed in an ultrasonic bath 
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containing various professionally available cleaning and disinfection solutions. Such 

solutions may contain enzymatic formulations, detergents, isopropyl alcohol or alkaline 

peroxides that are distinct to their specific preparation. The literature suggests that the 

use of an ultrasonic cleaning method can significantly improve the kill rates of bacteria 

on dentures, although the professionally available cleaning and disinfection solutions 

have not been found to be completely bactericidal.
[77, 80]

  

Alternative denture cleaning and disinfection methods have also been described in the 

literature. One such method is microwave disinfection. Using this technique, dentures 

are immersed in sterile water and are subsequently subjected to microwave irradiation at 

650 W for 3 min. This method has been found to sterilise dentures without damaging 

the PMMA surface however, the long term effects of this method have not been 

investigated.
[76, 81-83]

  Furthermore, the effect of boiling water on a denture base is 

known to cause warpage so significant that it will render the denture unusable.
[44]

  

Another alternative denture cleaning and disinfection method is to immerse the denture 

in a sodium hypochlorite solution for 10 min or less. The literature suggests that this 

method is superior to all commercially available denture cleansers in terms of 

antibacterial and antibiofilm effect.
[84-90] 

The main limitation of this method however, is 

the bleaching effect and surface degradation of PMMA which can occur with prolonged 

usage of sodium hypochlorite solutions.
[44, 71]

  Additionally, despite the antimicrobial 

effects of sodium hypochlorites, this solution does not disrupt and remove microbial 

biofilms. As such, dead microbial and proteinaceous contamination can remain and 

accumulate on surfaces over time, leaving mechanical removal the only effective option 

for thorough microbial biofilm control.  
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A Cochrane systematic review
[91]

 of six clinical trials
[77, 92-96]

 in the dental literature on 

specific products for cleaning and disinfecting PMMA prostheses has found that there is 

limited evidence to support one cleaning method over another and considerable 

heterogeneity exists in the data which excludes the possibility of meta-analysis.  

1.6.3 The characteristics of an ideal cleaning and disinfectant product for PMMA 

prostheses 

According to guidelines set by the American College of Prosthodontists
[44]

, an ideal 

cleaning and disinfection product for dentures would have antibiofilm and specifically 

antibacterial and antifungal properties. The product would be non-toxic to the denture 

wearer and would be compatible with PMMA materials. The product would be short 

acting, straight-forward to use, have an acceptable taste or no taste and would be cost-

effective.  

Currently, no cleaning or disinfection method meets the ideal criteria set out by the 

American College of Prosthodontists. As such, the dental profession continues to search 

for novel cleaning and disinfection methods for the care and maintenance of PMMA 

prostheses.  

1.6.4 The use of electrochemically activated pH-neutral hypochlorous acid 

solutions for disinfection of PMMA prostheses 

With the limitations of existing disinfection methods for PMMA prostheses, 

electrochemically activated pH-neutral hypochlorous acid solutions are worth 

considering as potential alternative biodecontaminants. Such solutions show an ability 

to penetrate, disrupt and remove tenacious microbial biofilm deposits and they also have 

strong antibacterial, antifungal and antiviral capabilities. These solutions are 

biocompatible, cost effective, and environmentally friendly. There is no evidence of 
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microbial resistance or tolerance to such solutions and there is no evidence of corrosion 

or degradation of materials exposed to modern electrochemically activated pH-neutral 

hypochlorous acid solutions.  These solutions revert back to their primary ingredients of 

sodium chloride and water following exposure to organic loading and are thus short-

acting biodecontaminants. Due to these characteristics, electrochemically activated pH-

neutral hypochlorous acid solutions may fulfil many of the criteria set out by the 

American College of Prosthodontists for an ideal denture cleaning and disinfection 

product.  

1.7 The history of hypochlorous acid and electrochemically 

activated solutions 

Hypochlorous acid was first used during World War I as a method of treating infected 

wounds. However, its use was eclipsed by the widespread introduction of antibiotics.
[97]

  

Later, during the 1970s, the field of electrochemical activation technology was 

pioneered by Professor Vitold Bakhir in the former Soviet Union where hypochlorous 

acid solutions were studied and used extensively for over 30 years.
[98, 99]

 

Electrochemically activated solutions are created by passing the raw ingredients of 

water and a dilute sodium chloride solution through a flow-through electrochemical 

module (FEM) cell. This process generates two oppositely charged solutions. The 

positively charged solution (anolyte) consists of a mixture of oxidants (predominantly 

hypochlorous acid; HOCl), which is highly microbiocidal. The negatively charged 

antioxidant solution (catholyte) has detergent-like properties consisting predominantly 

of sodium hydroxide; NaOH. The solutions were applied to various fields in Russia 

such as agriculture, cooling tower disinfection, swimming pool disinfection, wound 

irrigation, instrument disinfection and drinking water disinfection.
[98-100] 

Early FEM cell 
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generators were found to produce solutions of inconsistent quality which were often 

acidic and corrosive.
[101]

 However, with successive developments in the technology, 

several generations of FEMs have been developed. The FEM-3 cell generator is one of 

the more recent developments and is reported to produce electrochemically activated 

solutions of consistent quality with a neutral pH.
[101]

  

With the global emergence of antibiotic-resistant bacteria,
[102]

 as well as concerns 

regarding cytotoxicity and recognition of the potential adverse effects disinfectants can 

have on the environment, there has been increasing interest in the use of hypochlorous 

acid and electrochemically activated solutions for minimising risks associated with 

microorganisms in the fields of medicine and dentistry.  

The modern literature refers to these solutions by various names, such as hypochlorous 

acid, anolyte solution, mixed oxidant solution, electrochemically activated water, 

electrolysed functional water, super-oxidised water or super-oxidised solutions. 

1.8 The production of electrochemically activated solutions  

Electrochemically activated solutions are produced by passing dilute brine through an 

electric field in a FEM cell and separating the charged solutions generated. This process 

splits the water and sodium chloride molecules apart and creates two oppositely charged 

solutions with different properties at its anode and its cathode. Depending on the nature 

and generation of the FEM cell, these solutions are separated by a membrane of varying 

semi-permeability and can result in different blends of solutions with different 

parameters such as pH and oxidation-reduction potential.  

Anolyte solution is a highly microbiocidal solution of mixed oxidants, mainly 

consisting of metastable hypochlorous acid with a pH which can range from acidic-

neutral.
[101, 103, 104]

 The solution may also contain free radicals and other active ion 
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species including hypochlorite, ozone, chlorine dioxide, choric acid and chlorous 

acid.
[100, 101]

 The freshly generated solution is initially produced in a highly energised 

state which is in dynamic equilibrium and the activated oxidants gradually revert back 

to their original ingredients of water and sodium chloride over a 48 h period. 

Additionally, the solution will initially contain energised microbubbles which dissipate, 

releasing energy by cavitation over a 12-24 h period. Anolyte solution tends to have an 

oxidation-reduction potential of approximately +900 mV ± 100 mV. Catholyte solution 

is an amphoteric surfactant with detergent-like properties, an alkaline pH and mainly 

consists of sodium hydroxide in an excited state.
[100, 105, 106]

 Catholyte solution tends to 

have an oxidation-reduction potential of approximately -900 mV ± 100 mV.  

1.9 The role of hypochlorous acid in the immune response  

Hypochlorous acid is formed by the human body’s natural inflammatory response to 

invading microorganisms in a reaction known as the oxidative burst of activated 

neutrophils.
[97, 107]

 When a neutrophil ingests an invading microorganism by 

phagocytosis, the enzyme nicotinamide adenine dinucleotide phosphate oxidase 

(NADPH) complex, located in the mitochondrial cell membrane, is activated and this 

generates large quantities of the reactive oxygen species, superoxide (O2
-
). Superoxide 

either spontaneously decays or is broken down by the enzyme superoxide dismutase to 

hydrogen peroxide (H2O2). Subsequently, hydrogen peroxide in combination with 

physiological concentrations of chloride and the enzyme myeloperoxidase produces 

hypochlorous acid.
[108, 109]

  

H2O2 + Cl
-
 + H

+
 → HOCl + H2O 

Hypochlorous acid is a weak acid which partially dissociates in solution: 

HOCl ⇌ OCl
-
 + H

+
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The anion, OCl
-
 (hypochlorite) is the active ingredient in bleach and it is the chemical 

species responsible for the microbiocidal properties of chlorinated water.
[109]

 In the 

mammalian immune response, this anion is responsible for destroying many invading 

microorganisms by acting as a strong oxidising agent, disrupting the cell wall, proteins 

and genetic material of microorganisms resulting in cell death. Taurine, a non-essential 

amino acid, acts as an effective scavenger, protecting mammalian cells from bystander 

damage and the double edged sword effects of the immune response.
[97]

  

1.10 Disinfection studies with electrochemically activated 

hypochlorous acid solutions 

Numerous in vitro studies have explored the disinfection capabilities of 

electrochemically activated hypochlorous acid solutions as they apply to planktonic 

microorganisms as well as biofilms. 

An in vitro study by Selkon et al. 
[110]

 exposed the bacterial species Mycobacterium 

tuberculosis, Mycobacterium avium-intracellulare, Mycobacterium chelonae, 

Escherichia coli, Enterococcus faecalis, Pseudomonas aeruginosa, Bacillus subtilis var. 

niger spores, methicillin-resistant Staphylococcus aureus (MRSA), the yeast C. 

albicans and the viruses poliovirus type 2 and HIV-I to freshly generated hypochlorous 

acid under clean conditions. The solution of hypochlorous acid was found to be highly 

effective against the microorganisms tested, yielding a 5 log10 reduction or more within 

two min of exposure. The authors did find however that the presence of high organic 

loading reduces the microbiocidal effect of hypochlorous acid and it is suggested that 

the solution may not be suitable for the disinfection of grossly soiled surfaces, unless 

the organic loading is reduced through thorough manual cleaning first. It was also 

shown that the microbiocidal effects of hypochlorous acid are greatest when the 
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solution is freshly generated, with reduced microbiocidal effects demonstrated with 24 h 

and 48 h old solutions. This particular hypochlorous acid solution was known as 

Sterilox® (Sterilox Medical Ltd, Abingdon, UK) and was generated at a pH in the range 

5-6.5.  

Shetty et al.
[111]

 also tested the hypochlorous acid solution Sterilox®. Clostridium 

difficile spores, Helicobacter pylori, vancomycin resistant Enterococcus species, C. 

albicans and several Mycobacterium species were tested against the solution under 

simulated clean and dirty conditions (with and without added horse serum at 1% and 

5% v/v). A 5 log10 reduction after 2 min was reported for all test strains except 

Clostridium difficile spores. The authors also reported that heavy organic loading will 

inactivate hypochlorous acids disinfection activity.  

Venczel et al. 
[112]

 tested the electrochemically activated hypochlorous acid solution 

Miox® against Cryptosporidium parvum oocysts and Clostridium perfringens spores as 

these strains are known for their significant resistance to chlorine-based disinfection. A 

direct comparison was made by testing log10 reductions of Miox® against free chlorine 

of the same concentration. The study reported that Miox® was significantly more 

effective than free chlorine at eliminating both microorganisms. A 3 log10 reduction or 

more after 4 h was reported when both strains were tested against Miox®. It was 

proposed that the electrochemically activated solution was more effective than free 

chlorine because of the presence of other mixed oxidants in a highly energised state.  

An in vitro study by Tanaka et al.
[113]

 exposed methicillin-susceptible Staphylococcus 

aureus, MRSA, Staphylococcus epidermidis, Serratia marcescens, Escherichia coli, P. 

aeruginosa and Burkholderia cepacia to hypochlorous acid generated by the Super 

Oxseed Alpha 1000 Unit (Janix Inc., Kanagawa, Japan.) The study made a side-by-side 
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comparison with the disinfection potential of 80% ethanol, 0.1% chlorhexidine and 

0.02% povidone iodine solutions. It was found that the hypochlorous acid solution had 

similar or superior microbiocidal activity to the control disinfectants. It was found 

however, that the microbiocidal activity was reduced when 0.5% (w/v) bovine serum 

albumin (BSA) was added during disinfection testing. This hypochlorous acid solution 

was generated at a pH 2.3-2.7. The authors suggest that hypochlorous acid could be 

used as a general disinfectant with applications such as hand washing, room cleaning, 

machinery cleaning and cleaning of fabrics within a hospital setting.  

Landa-Solis et al.
[114]

 tested the antimicrobial and antiviral capabilities of a stabilised 

and pH-neutral hypochlorous acid solution at 50 – 85 ppm FAC. One millilitre of 

overnight broth containing pure cultures of microorganisms was placed into 9 ml of the 

solution, known as Microcyn™ for 30 s. Pure cultures of S. aureus, E. coli, P. 

aeruginosa, Salmonella typhi and C. albicans were tested and an 8 log10 reduction was 

reported for each organism. The solution was also tested against Bacillus atrophaeus 

spores for 5 min. A complete inactivation of the spores was reported with a 4 log10 

reduction or more achieved. HIV-I virus was tested against the solution and a 3 log10 or 

more reduction was reported following a 5 min immersion without agitation. 

Adenoviral virus vector type 5 similarly showed a 3 log10 or more reduction following a 

5 min immersion. This study highlights the broad-spectrum of bactericidal, sporicidal, 

fungicidal and virucidal attributes of hypochlorous acid.  

Wu et al.
[115]

 studied the effect of electrochemically activated hypochlorous acid on 

dental impressions, metals and gypsum casts in comparison with sodium hypochlorite 

disinfection. Staphylococcus aureus and Bacillus subtilis var. niger spores were used as 

indicators of antimicrobial efficacy. The authors subjected samples of alginate 

impressions, pure titanium and gypsum to immersion in 1% (w/v) sodium hypochlorite 
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for 10 min, immersion in electrochemically activated hypochlorous acid for 10 min and 

to ultrasonically nebulised electrochemically activated hypochlorous acid for 15, 30 and 

45 min. The electrochemically activated solution was applied by ultrasonic nebulisation 

as a method which was believed to reduce dimensional changes that could occur to 

dental materials. This electrochemically activated solution was generated using a 

SUNTECH-1000 generator (ZH-Suntech, Zhuhai, China) and had a pH of 2.5 and FAC 

of 50 ppm. The authors found that immersion in electrochemically activated 

hypochlorous acid for 10 min resulted in a 100% kill rate for both species. The 

ultrasonically nebulised solution yielded a 3 log10  reduction in both species when used 

for 15 min, whilst a 4 log10 reduction or more was reported when B. subtilis var. niger 

spores were exposed for 45 min and a 100% kill rate was reported for S. aureus that was 

exposed for 45 min. Immersion of alginate impressions in the hypochlorous acid 

solution caused a similar amount of distortion as immersion in sodium hypochlorite 

however minimal distortion occurred when exposed to the ultrasonically nebulised 

solution. No metal corrosion was noted in the hypochlorous acid group, confirmed by 

electron microscopy.  

Galvin et al.
[116]

 studied the use of a vaporised pH-neutral hypochlorous acid solution 

generated at 1000 ppm FAC using an AQ 100 Ecasol generator (Trustwater, Clonmel, 

Republic of Ireland) as a vaporised surface biodecontaminant. Microbiocidal activity 

was tested against E. coli, Acinetobacter baumannii, C. difficile, P. aeruginosa, MRSA, 

vancomycin-resistant Enterococcus faecalis and Aspergillus fumigatus. The solution 

successfully eradicated all microorganisms from all surfaces with a 7 log10 or greater 

reduction reported with the exception of C. difficile spores, which showed a 1.5 log10 

reduction. The authors reported that it was possible to develop solutions with higher 

biocidal activity at 6000 ppm FAC, which they anticipate would show increased activity 
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against C. difficile spores. The study was carried out in the absence of organic soiling 

and it was acknowledged that the hypochlorous acid solution may be neutralised by the 

presence of organic material.  

The disinfection of biofilms is of particular interest to the practice of dentistry and 

appliances used in dentistry. Biofilms are much more difficult to disinfect than 

planktonic microbial organisms because of their dense, protective extracellular matrix 

and their ability to act as a synergistic community, capable of communication and 

deactivation of antibiotics and antimicrobials.
[33]

  

Sauer et al.
[33]

 researched the disinfection of biofilms composed of P. aeruginosa using 

various concentrations of pH-neutral hypochlorous acid solutions. A 3 log10 reduction in 

viable microorganisms was established when P. aeruginosa biofilms, grown in 

continuous flow tube reactors, were treated with hypochlorous acid for 30 min. The 

authors noted that disruption and disaggregation of biofilms was possible when 

disinfecting with hypochlorous acid and that this method for disinfecting biofilms 

would merit further investigation.  

Sakarya et al.
[117]

 studied the disinfection of biofilms in vitro using a 7.1 pH-stabilised 

hypochlorous acid solution generated from a reverse reaction from sodium hypochlorite 

and hydrogen peroxide. Slime-producing S. aureus, P. aeruginosa and C. albicans 

biofilms were tested against a control solution of phosphate buffered saline (PBS). All 

microorganisms were killed by the hypochlorous acid solution demonstrating a high 

level of antibiofilm activity.  

Research by Robson
[118]

 studied the disinfection of biofilms containing S. aureus. This 

study was able to demonstrate a 5 log10 reduction in viable microorganisms after one 

min of exposure to hypochlorous acid solution. In addition, the authors showed a 70% 
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removal of biofilm polysaccharide and more than 90% removal of biofilm protein after 

a 10 min exposure of the biofilm to hypochlorous acid.  

1.11 The use of electrochemically activated hypochlorous acid 

solutions for dental unit waterline, washbasin tap, output 

water and washbasin U-bend disinfection 

Dental unit water lines have been shown to be universally prone to biofilm 

contamination, often seeded from sediments and biofilms contained within supply 

water, water storage tanks and distribution network pipes.
[101]

 Washbasin taps have been 

shown to be frequently contaminated with bacterial biofilms, with cases of cross-

infection of P. aeruginosa in hospital settings being reported in the literature.
[119, 120]

 

Additionally, washbasin and sink U-bends have been shown to act as microbial 

reservoirs and numerous hospital outbreaks of infection have been attributed to 

these.
[121]

 Thus, research has been carried out to investigate the effects of hypochlorous 

acid treatments on dental unit waterlines, washbasin taps, output water as well as 

washbasin U-bends.   

1.11.1 Dental unit waterline disinfection 

Dental unit waterlines consist of several metres of narrow bore plastic tubing. The 

nature of narrow bore plastic waterlines along with the problems of water stagnation, 

anti-retraction valve failure and the presence of water heaters all contribute to biofilm 

contamination and proliferation, with the initial biofilm seeding typically originating 

from the mains water supply.
[122, 123]

 Contamination usually includes clinically 

significant Gram-negative environmental bacteria such as P. aeruginosa and Legionella 

species.
[124-126]

 Human pathogens may also be present, including S. aureus. 

Additionally, dental unit waterlines can be a major source of bacterial endotoxins which 
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can trigger allergic asthma. These problems are particularly pertinent to the dental 

healthcare setting because both patients and dental healthcare workers are regularly 

exposed to aerosolised microbial contamination created by dental chair unit instruments 

and dental unit waterlines, which act as a reservoir for continuous contamination.
[127, 128]

 

O’Donnell et al.
[101]

 developed a centralised, automated water quality and biofilm 

management system for dental unit waterlines which served 103 dental chair units by 

continuous treatment of mains water with freshly generated pH-neutral hypochlorous 

acid using an automated dosage pump. To achieve a centralised and automated 

management system, first, mains supply water was passed through a series of sequential 

filters to achieve automated control of the chemical consistency of the supply water. 

This involved sediment and particle filtration, water softening, granular activated 

carbon filtration to remove organic material and the use of KDF-55 filtration to remove 

chlorine, water-soluble heavy metals and to reduce microbial proliferation. The second 

step involved automated dosage of the resultant water supply with pH-neutral 

hypochlorous acid. The solution used, known as Ecasol™ was generated on site 

(Trustwater Model 120 ECA Generator, Clonmel, Republic of Ireland) and its anolyte 

was continuously dosed into the water supply at 2.5 ppm FAC. The system was able to 

maintain dental unit waterline supply and output water at better than potable quality 

over a two year period as determined by electron microscopy and microbial culture 

analysis. No adverse effects were noted on metal components within the water 

distribution network.  

Marais et al.
[100]

 used electrochemically activated solutions to manually disinfect dental 

unit waterlines in seven dental chair units and compared the bacterial counts of the 

dental unit waterline output water to that of a control group. Each dental chair unit 

contained a water bottle which supplied the unit as required. In the test group, the water 
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bottles were manually filled with an anolyte solution (mainly hypochlorous acid) of pH 

7.4. At the end of each day the container was emptied and the lines flushed with a 

detergent-like catholyte solution (mainly sodium hydroxide) at pH 9.0 which was 

presumed to carry out a cleaning effect on the waterlines. The control group on the 

other hand contained distilled water. After one week, the test group was found to be so 

effective that the authors considered it unethical to continue using a control group with 

distilled water alone. Consequently, the control group was changed such that their 

waterlines were purged once daily with a 0.5% (w/v) sodium hypochlorite solution. The 

authors reported a drop in bacterial counts from 3X 10
4
 – 2X 10

5
 CFU/ml to < 1 CFU/ 

ml in the test group. Similar findings have been reported by other research groups who 

used electrochemically activated solutions to manually disinfect dental unit 

waterlines.
[129-131]

 

1.11.2 Washbasin tap and output water disinfection 

A study by Boyle et al.
[103]

 was able to demonstrate control of biofilms in washbasin 

taps and output water in a dental hospital setting. In a pre-treatment study of hot and 

cold water washbasin taps, taps were shown to be regularly heavily contaminated with 

aerobic heterotrophic bacteria, with mean colony counts around 5000 CFU/ml. 

Treatment of supply water with 2.5 ppm hypochlorous acid (i.e. Ecasol) was shown to 

consistently minimise bacterial contamination of water faucets and output water. To 

achieve this, the hospitals water storage tank, distribution network and calorifiers were 

drained, thoroughly cleaned and all sediment was removed from the system. The water 

network was shock-dosed with 100 ppm Ecasol for 6 h in order to penetrate and 

eradicate gross microbial contamination and biofilm deposits. Thereafter, a continuous 

2.5 ppm FAC dosage of hypochlorous acid was maintained in the water supply using an 

automated dosing pump. In addition to the control of biofilm, no adverse effects were 



27 

 

noted in terms of leaks or corrosion on the water distribution network in response to the 

daily exposure of the system to hypochlorous acid for up to three years. Furthermore, no 

evidence was found for the emergence of bacteria that were tolerant or resistant to 

hypochlorous acid treatment.  

1.11.3 Washbasin U-bend disinfection 

Swan et al.
[106]

 researched the use of electrochemically activated solutions in the 

cleaning and disinfection of biofilms contained in washbasin U-bends in a dental 

hospital setting using a prototype automated system. Washbasin U-bends have been 

identified as significant reservoirs of microbial contamination, often containing hair and 

other debris, and are capable of retro-contamination of washbasins, sinks and taps.
[121, 

132, 133]
 In this study, it was anticipated that U-bends would be contaminated with 

particularly dense biofilms. Therefore, in an automated system, the U-bends were 

cleaned and disinfected by flooding the U-bend using a catholyte solution (mainly 

sodium hydroxide) for its detergent-like properties, followed by a disinfecting anolyte 

solution (mainly hypochlorous acid). U-bend microbial contamination was shown to be 

significantly reduced by the automated process. No adverse effects were noted on the 

pipework, pumps, valves or other water network components. This study was expanded 

to treat multiple hospital washbasin U-bends in a clinically active accident and 

emergency setting.
[105]

 In this study, a 3 log10 reduction or more of bacterial densities 

was demonstrated in treated U-bends in comparison to control U-bends. Additionally, 

the treated U-bends were visually free from biofilm, confirmed by electron microscopy 

whereas the control U-bends were coated in patchy, dense, slimy biofilm. The solutions 

used in the latter study were 400 ppm sodium hydroxide at pH 12.5 followed by 800 

ppm hypochlorous acid at pH 7.0 generated with a Qlean-Genie UL-75a ECA 

generator. (Qlean Tech Enterprises, Mendota Heights, MI, USA.)  
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1.12 The clinical use of electrochemically activated 

hypochlorous acid solutions for wound care  

Electrochemically activated hypochlorous acid solutions have been used as an 

adjunctive treatment in the management of various wounds. An expert panel has 

supported the clinical use of hypochlorous acid solutions in the treatment of some types 

of wounds.
[97]

 The authors report several advantages of hypochlorous acid treatments, 

compared to alternative wound care agents, such as its safety and lack of cytotoxicity, 

as well as its cost-effectiveness whilst achieving similar, if not superior clinical 

outcomes to alternative wound-care agents. Hypochlorous acid solutions have been 

shown to be an effective adjunct to treatment in diabetic foot wounds, 
[134-140]

 septic 

wounds,
[141]

 surgical wounds,
[142, 143] 

venous leg ulcers
[144-146]

 and in chronic wounds or 

wounds of mixed aetiology.
[147-149]

  

1.13 The biocompatibility of electrochemically activated 

hypochlorous solutions   

Boyle et al.
[104]

 investigated the potential toxic effects elicited by electrochemically 

activated pH-neutral hypochlorous acid on cultured keratinocyte monolayers as well as 

in a more complex reconstituted human oral epithelium tissue model based on TR146 

cell cultures (SkinEthic Laboratories, Nice, France), in vitro. Monolayers of 

keratinocytes were exposed to various concentrations of hypochlorous acid for 1 h, 

following which the cell viability was assessed. A dose-response was found where 

cellular proliferation was significantly reduced beyond 5 ppm FAC to 100 ppm FAC 

solutions. Solutions of 2.5 ppm, which are used to disinfect dental unit waterlines by 

this research group, were found to be safe in this tissue model. However, it was noted 

that if the electrochemically activated solution was initially treated with 1-2 mg/ml 
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BSA, cell damage was completely negated in this tissue model. It was found that this 

concentration of BSA resulted in instantaneous depletion of FAC in electrochemically 

activated solutions to undetectable levels. This is interesting because the level of protein 

in normal human saliva is estimated to be 1-2 mg/ml.
[150]

 Reconstituted human 

epithelium was used to obtain a more accurate assessment of the effects of 

electrochemically activated solutions on human oral mucosa. In this tissue model, no 

reduction in cell viability was noted in solutions ranging from 2.5-100 ppm FAC. These 

findings illustrate the biocompatibility of hypochlorous acid solutions in human oral 

epithelium models in vitro. 

Morita et al.
[151]

 investigated the systemic and gastrointestinal effects of ingesting a 

hypochlorous acid solution in a mouse model in vitro. In this study, fourteen mice were 

split up into two groups. One group had free access to tap water as drinking water whilst 

the other had free access to an electrochemically activated solution as drinking water for 

two months. The tap water had a pH of 7.5 and FAC of 0.5 ppm, whilst the 

electrochemically activated solution was strongly acidic, at a pH equal to or less than 

2.7 and FAC of 20-60 ppm. During the experiment, both groups of mice were found to 

have drank sufficient water as they required it and food intake was found to be identical. 

The mouse coat condition, faeces condition and body weight in each group showed no 

abnormalities. Following the experiment, the mice were euthanized and visual and 

histopathological testing was carried out. No significant differences were found between 

either groups following visual inspection and histopathological examination of the 

whole gastrointestinal tract. The only difference between groups that was reported was 

that the test group showed attrition of enamel morphology in comparison to the control 

group. This may have been due to the acidic nature of the solution tested, although the 

authors suggest that the causative relationship with the solution and attrition is unclear. 
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These findings overall suggest that no systemic effects are noted when hypochlorous 

acid solutions are ingested.  

1.14 The effect of organic material on electrochemically 

activated hypochlorous acid solutions 

The presence of organic loading is of importance to the study of disinfection because 

surfaces which are contaminated with microorganisms are often also soiled. It has been 

noted in multiple studies that the presences of a large organic load has the ability to 

reduce the microbiocidal effects of hypochlorous acid.
[104-106, 110, 111, 113, 116]

  

It was reported by Tanaka that 0.5% (w/v) BSA was capable of reducing the 

microbiocidal activity of hypochlorous acid.
[113]

 Meanwhile, Boyle et al. (2010) found 

that when 1 mg/ml, or 0.1% (w/v) BSA was added to hypochlorous acid at a 

concentration of 100 ppm FAC, an instantaneous depletion of FAC occurred to 

undetectable levels.
[104]

 Boyle et al. also reported that when human unstimulated whole 

saliva was added to hypochlorous acid at a concentration of 100 ppm FAC, an 

instantaneous depletion of FAC similarly occurred to undetectable levels.
[104]

 These 

findings are in agreement with the study of other chlorine-based disinfectants, which 

indicate that chlorine reduction is dependent on the initial chlorine concentration as well 

as the amount and source of organic material.
[152]

 Similarly, another study found that 

BSA inhibited the amount of superoxide anions, hydrogen peroxide and hypochlorous 

acid produced by activated human neutrophils.
[153] 

 

It has been proposed that grossly soiled surfaces should be manually cleaned before 

using hypochlorous acid as a disinfectant.
[110, 111]

 Similarly it has been found that the use 

of a strong detergent-like chemical such as sodium hydroxide, is capable of reducing 

soiling enough to increase the microbiocidal effectiveness of hypochlorous acid.
[105, 106]
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1.15 The difference between hypochlorous acid solutions and 

sodium hypochlorite solutions 

Sodium hypochlorite solutions are stabilised at a high pH of 9-10 with sodium 

carbonate or sodium hydroxide. This results in the hypochlorite anion (OCl
-
) being the 

active ingredient in sodium hypochlorite solutions. Electrochemically activated 

hypochlorous acid solutions on the other hand tend to be stabilised at a lower pH, 

resulting in a higher proportion of the protonated anion HOCl being present in solution. 

This is the main difference between hypochlorous acid solutions and sodium 

hypochlorite.
[97]

 In addition to this, electrochemically activated hypochlorous acid 

solutions will also contain a combination of mixed oxidants consisting of free radical 

and active ion species hypochlorite ion, ozone, chlorine dioxide, choric acid and 

chlorous acid in smaller concentrations. This mixed oxidant solution is in a highly 

energised metastable state.
[100, 101] 

The synergistic effects of the mixed oxidant solution 

and the high energy state that it is in are thought to result in a superior microbiocidal 

activity of electrochemically activated hypochlorous acid solutions in comparison to 

sodium hypochlorite solutions of similar FAC concentration.  

1.16 Summary of electrochemically activated hypochlorous 

acid disinfectants 

In summary, electrochemically activated hypochlorous acid solutions have been shown 

to have a broad spectrum of antimicrobial 
[110-116]

 and antibiofilm activity.
[33, 100, 101, 103, 

116-118, 129-131, 154, 155]
 As such, these solutions show considerable advantages over existing 

commercially and professionally available denture cleaning and disinfection methods. 

These solutions also shows distinct advantages over aldehyde based disinfectants and 

sodium hypochlorite based disinfectants due to its biocompatibility,
[97, 104, 116, 134-149, 151]
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cost effectiveness,
[101, 103, 113]

 environmental compatibility,
[101]

 lack of evidence of  

bacterial tolerance or resistance
[103]

 or corrosion of metal parts that are exposed to it. 
[101, 

103-106, 116]
  

The disadvantages of electrochemically activated hypochlorous acid solutions are that it 

requires specialised equipment to generate, which is expensive initially to purchase, that 

it must be generated on site, has low storage stability and may be inactivated by heavy 

organic loading.  For the solution to be effective, it must be generated using the correct 

electrical current and at the correct pH and oxidation-reduction potential and these 

factors must be monitored to ensure efficacy.
[154]

 

1.17 Aldehyde based disinfectants  

Aldehyde based disinfectants are often used in hospital settings to achieve high level 

disinfection of heat-sensitive medical and dental equipment and appliances.
[110]

 

Aldehydes however are particularly toxic disinfectants and are known to be irritant and 

sensitising to the skin, eyes and respiratory tract.
[156, 157]

 Aldehyde disinfectants are also 

known to cause corrosion and tarnish to the surfaces that are exposed to them.
[154]

 

Often, expensive ventilation or air extraction systems are required to minimise the 

atmospheric levels of aldehyde based disinfectants that are exposed to healthcare 

workers.
[111] 

 Furthermore, such disinfectants are not environmentally friendly upon 

discharge into the wastewater network. 

1.18 Aims of the study  

Candida albicans is a major aetiological factor in denture stomatitis.
[59]

 Additionally S. 

aureus and P. aeruginosa have been shown to colonise PMMA prostheses in vivo and 

these microorganisms have been associated clinically with aspiration pneumonia in 

elderly and in immunocompromised patients.
[158, 159]

 Enterococcus hirae is not normally 
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associated with human infection, however it is a bacteria which is difficult to disinfect 

and is thus used in disinfection efficacy testing procedures. Biofilm on CCDs has been 

shown to accumulate mainly on the rough intaglio surface rather than the smooth 

polished surfaces of CCDs.
[160, 161]

  

1.18.1 Pilot study 

Therefore, a pilot study was carried out, which aimed to fabricate unpolished discs from 

heat-processed PMMA as a model to simulate the intaglio surface of CCDs made from 

this material. The PMMA discs were inoculated with standardised test preparations (10
6
 

-10
9
 CFU/ml) of reference strains of the bacterial species P. aeruginosa ATCC 15442, 

S. aureus ATCC 6538, E. hirae ATCC 10541 and the yeast C. albicans SC5314 under 

dirty (3% (w/v) BSA fraction V) conditions. The inoculated discs were treated by 

immersion disinfection in an anolyte solution of freshly generated pH-neutral 

hypochlorous acid of varying parameters, namely volume and FAC content of the 

solution and immersion time necessary to achieve disinfection. A direct side by side 

comparison of antibacterial efficacy was made against sterile PBS, to represent a control 

group. The pilot study was necessary in order to:  

• Investigate whether pH neutral electrochemically generated hypochlorous acid 

solution could be used as an effective alternative disinfectant for conventional complete 

dentures made from PMMA. 

• To determine and optimise the electrochemically activated pH neutral 

hypochlorous acid parameters necessary to yield a minimum 5 log10 reduction in viable 

microorganisms of the reference strains present on heat-processed PMMA disinfection 

discs following a 5 min immersion disinfection period under dirty conditions.  
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• To determine the recovery numbers of viable organisms of the reference strains 

on control discs necessary in order to statistically establish a 5 log10 reduction. 

• To familiarise the operator with the scientific techniques used in microbiology 

research. 

1.18.2 Main study 

The main study aimed to fabricate discs from cold-processed, heat-processed and milled 

PMMA with one rough surface and one polished surface as a model to simulate the 

rough intaglio surface and smooth polished surface of CCDs made from these materials. 

The rough surfaces of the PMMA discs were inoculated with standardised test 

preparations (10
6
 -10

9
 CFU/ml) of reference strains of the bacterial species S. aureus 

ATCC 6538 and the yeast C. albicans SC5314 under dirty (3% (w/v) BSA fraction V) 

conditions. The inoculated discs were treated by immersion disinfection in 5 ml of an 

anolyte solution of freshly generated pH-neutral hypochlorous acid at 1000 ppm FAC. 

A direct comparison of antibacterial efficacy was made against a 2% (w/v) sodium 

hypochlorite solution (Milton Sterilising Fluid, Proctor & Gamble, Cincinnati, Ohio, 

USA), an alternative chlorine-based comparison, to represent at-home CCD 

disinfection. Similarly a direct comparison of antibacterial efficacy was made against a 

0.55% (v/v) ortho-phthalaldehyde solution (Cidex® OPA, Johnson & Johnson, East 

Windsor, New Jersey, USA) to represent hospital based CCD disinfection. Finally, a 

direct comparison of antibacterial efficacy was made against sterile PBS to represent a 

control group. The purpose of the main study was: 

• To investigate whether pH neutral electrochemically generated hypochlorous 

acid solution could be used as an effective alternative disinfectant for conventional 

complete dentures made from PMMA . 



35 

 

• To assess if a minimum 5 log10 reduction of viable organisms of the reference 

strains present on PMMA discs was possible following immersion in 5 ml of 

electrochemically activated pH neutral hypochlorous acid solution for 5 min under dirty 

conditions.  

• To compare the antibacterial efficacy of electrochemically activated pH neutral 

hypochlorous acid solution with Cidex® OPA, Milton Sterilising Fluid and a control 

solution of PBS.  

• To compare the disinfection potential of the aforementioned solutions on cold-

processed, heat-processed and milled PMMA disinfection discs. 
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Part I Pilot study 

2.1 Fabrication of heat-processed PMMA discs for the pilot study  

2.1.1 Fabrication technique for heat-processed PMMA discs 

Heat-processed PMMA discs were fabricated according to a conventional flask, pack 

and press technique.
[13]

 This technique was chosen to emulate the exact procedure used 

for the fabrication of conventional complete denture bases (Fig. 2.1). 

2.1.2 Fabrication of wax patterns 

Two layers of baseplate wax (Anutex Modelling Wax, Associated Dental Products Ltd., 

UK) were melted together to form a sheet of wax with the approximate dimensions 188 

mm × 88 mm × 4 mm. Discs of approximately 25 mm in diameter and 2 mm in height 

were then cut from the sheet of wax by hand. This step was repeated until 55 wax discs 

of similar dimensions were generated (Fig. 2.2). 

2.1.3 Flasking of wax patterns 

The wax discs were placed horizontally into setting ISO type I gypsum (Mounting 

Plaster, WhipMix, Kentucky, USA.) with a water/powder ratio of 63 ml/100 g, which 

was poured within the lower member of a petroleum-based lubricated (White Petroleum 

Jelly, ROWA Pharmaceuticals Ltd, Cork, Republic of Ireland) Hanau Varsity brass 

denture flask (WhipMix, Kentucky, USA) and the ISO type I gypsum was allowed to 

set undisturbed for 10 min in accordance with the manufacturer’s instructions. After the 

gypsum had set, the gypsum was lubricated with a White Petroleum Jelly and the upper 

member of the Hanau Varsity brass denture flask was connected to the lower member of 

the flask using the flasks stainless steel guide pins. A layer of ISO type III gypsum 

(Buff Stone, WhipMix, Kentucky, USA) with a water/powder ratio of 30 ml/100 g was 

then placed into the upper member of the flask. The lid of the flask was connected to the 
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upper member of the flask by the flasks stainless steel guide pins and the gypsum was 

allowed to set undisturbed for 30 min in accordance with the manufacturer’s 

instructions. Each flask could house up to seven wax discs when the discs were 

positioned horizontally. This step was repeated eight times in order to flask 55 wax 

discs.  

2.1.4 Boil-out of wax patterns 

Upon complete setting of the ISO type III gypsum, the flask was placed into the spray 

gallows of a Wapo-Ex 12 II boil out unit (Wasserman Dental-Maschinen, Hamburg, 

Germany) and the flask was scalded with water at 95°C for 15 min in order to remove 

the wax discs whilst preserving the three dimensional hollow space formerly occupied 

by the wax discs. The upper and lower members of the flask were separated and any 

remaining wax within the flask was washed out using water at 95°C expelled from the 

discharge hose of the Wapo-Ex 12 II boil out unit. The separated flasks were allowed to 

air dry and cool to room temperature.  

2.1.5 Packing, pressing and polymerisation of heat-processing denture base 

material 

Each layer of gypsum within the separated flasks were coated with two applications of 

Cold Mould Seal acrylic sealant (Pyrax Health Science, Haridwar, India) and ProBase 

Hot heat-processing denture base material (Ivoclar Vivadent, Liechtenstein) was mixed 

in a stainless steel acrylic mixing vessel. The mixing dosage of heat processing denture 

base material was 22.5 g of polymer powder with 10 ml of monomer liquid in 

accordance with the manufacturer’s instructions. This mix of polymer and monomer 

was allowed to mature for 10 min in the stainless steel acrylic mixing vessel under a 

closed lid at room temperature. Once the PMMA resin mix had reached a doughy 

setting stage, a sufficient quantity of the resin was placed within the separated flasks in 
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Figure 2.1 Photographs illustrating aspects of the conventional flask, pack and press 

technique for fabricating heat-processed CCDs. This technique was chosen to fabricate 

heat-processed PMMA discs as it will emulate the exact procedure for fabrication of 

conventional complete denture bases. 

Initially a wax pattern is fabricated, which is flasked in a lubricated Hanau Varsity brass 

denture flask as shown in panel A. The wax pattern is boiled out, leaving behind a three 

dimensional hollow space formerly occupied by the wax as shown in panel B. Heat-

processing denture base material is mixed and placed within the separated flasks in order to 

occupy the three dimensional hollow space formerly occupied by the wax. The flasks are 

closed together and are loaded with 80 bars of pressure using a hydraulic press and excess 

material is removed, as shown in panel C. Pressure is maintained on the flask using a high 

tensile manganese bronze flask compress and the heat-processing denture base material is 

allowed to polymerise in a processing tank as shown in panel D. Following processing the 

denture base is de-flasked as shown in panel E. Processing imperfections, such as flash and 

blebs, shown in panel F are removed. The cameo surface of the denture base is highly 

polished as shown in panel G, whilst the intaglio surface of the denture base is left 

unpolished as shown in panel H. 
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Figure 2.2 Photographs of the pilot study procedures for fabrication of wax patterns 

required for the conventional flask, pack and press formation of PMMA discs. 

Two layers of baseplate wax were melted together to form a sheet of wax with the 

approximate dimensions 188 mm × 88 mm × 4 mm as shown in panel A. Eighteen wax discs 

were cut out of the sheet of wax by hand, approximately to the dimensions 25mm diameter by 

2mm height as shown in panel B. These dimensions correspond to that of a two euro coin as 

shown in panel C. This step was repeated four times in order to fabricate 55 wax discs of 

similar dimensions. 
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order to occupy the three dimensional hollow space formerly occupied by the wax. The 

flasks were closed together with a sheet of polyethylene spacer and were loaded with 80 

bar of pressure using a WW-33 hydraulic press (Wasserman Dental-Maschinen, 

Hamburg, Germany) to simulate a trial packing procedure. This trial packing procedure 

was carried out twice on each flask and excess PMMA resin, known as flash, was 

removed from the flask before the definitive packing procedure was carried out using 

the hydraulic press. Pressure was maintained on the flask using a high tensile 

manganese bronze Hanau Flask Compress (WhipMix, Kentucky, USA.) The 

compressed flask was placed into a WapoMat III Polymerisation Unit (Wasserman 

Dental-Maschinen, Hamburg, Germany) and the PMMA was allowed to polymerise by 

heating the processing tank from room temperature up to 100°C, where the temperature 

was held for 45 min in accordance with the manufacturer’s recommended standard 

processing procedure. Following this processing cycle, the compressed flask was 

removed from the processing tank and allowed to bench cool at room temperature until 

the compressed flask reached room temperature.  

2.1.6 De-flasking of heat-processed PMMA discs 

The completely cooled flask was decompressed and the upper and lower members of 

the flask were gently separated. The bulk of the gypsum surrounding the heat-processed 

PMMA discs was removed using a reciprocating pneumatic chisel handpiece. Tenacious 

gypsum deposits which remained on the heat-processed PMMA discs were removed by 

immersing the discs in Gypsolve (Metrodent, Huddersfield, UK), a 10% (w/v) EDTA 

and 10% (w/v) tri-sodium citrate cleaning solution, for 12 h. Any processing 

imperfections, such as flash, were removed from the discs using acrylic trimming burs 

mounted on a dental handpiece. The deflasked heat-processed acrylic discs were 
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thoroughly steam cleaned and soaked in sterilised water to release any unreacted 

monomer for one week.  

The resultant heat-processed PMMA discs were approximately the same dimensions as 

their corresponding wax patterns. Each disc was left unpolished on all sides to simulate 

the unpolished surface of a conventional complete denture intaglio surface (Fig. 2.3). 

2.2 Limitations of the technique used to fabricate heat-

processed PMMA discs identified in the pilot study  

The aim of the conventional flask, pack and press technique in the pilot study was to 

create 55 heat-processed PMMA discs of similar dimensions whilst simulating as 

closely as possible the laboratory procedure for fabrication of conventional complete 

denture bases.  

Several limitations of the techniques were identified during the pilot study. As the 

technique relies upon fabrication of wax patterns by hand, it was procedurally difficult 

to ensure that all wax patterns were dimensionally accurate. During the fabrication of 

wax patterns it was found that baseplate wax, having viscoelastic properties under 

loading and having very high thermal expansion and contraction coefficients, easily 

undergoes plastic deformation, as well as stress relief and relaxation as residual stresses 

induced during manipulation of wax is released and when thermal changes occur. The 

result is that each wax pattern deviates slightly from their intended dimensional 

parameters. Furthermore, the flasking procedure may further compound errors by 

occasionally incorporating air inclusions in the mix of gypsum. These air inclusions 

subsequently become blebs of excess PMMA on the outer surface of the heat-processed 

discs once PMMA resin is pressed into the three dimensional hollow space formerly 

occupied by the wax patterns.  



A B 

Figure 2.3 Photographs showing the deflasking procedure of heat-processed PMMA 

discs.  

The bulk of the gypsum surrounding the heat-processed PMMA discs was removed using a 

reciprocating pneumatic chisel hand piece. Tenacious gypsum deposits which remained on 

the heat-processed PMMA discs were removed by immersing the discs in 10% (w/v) EDTA 

and 10% (w/v) tri-sodium citrate cleaning solution as shown in panel A. Any processing 

imperfections, such as flash, were removed from the discs using acrylic trimming burs 

mounted on a dental hand piece as shown in panel B. The deflasked heat-processed PMMA 

discs were thoroughly steam cleaned. The resultant heat-processed PMMA discs were 

approximately the same dimensions as their corresponding wax patterns. Each disc was left 

unpolished on all sides to simulate the unpolished surface of a conventional complete 

denture intaglio surface. 
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During the packing procedure excess PMMA resin is expelled from the three 

dimensional hollow space formerly occupied by the wax patterns. The majority of the 

excess material is removed during the trial packing procedure; however some excess 

material still remains once the discs are definitively packed. This excess material results 

in PMMA flash developing around the subsequent heat-processed PMMA discs once 

they are deflasked. Processing imperfections must be removed by hand using acrylic 

trimming burs mounted within a dental handpiece. By the very nature of this procedure, 

the dimensional parameters of the resultant heat-processed PMMA discs will not 

exactly correspond to that of their wax patterns.  

The final heat-processed PMMA discs used in the pilot study were designed to be 

unpolished on all sides to simulate the unpolished surface of a conventional complete 

denture intaglio surface. However, conventional complete denture bases will also have 

polished surfaces which were not simulated by the PMMA discs in this pilot study.  

Accordingly, it was identified in the pilot study that the conventional flask, pack and 

press technique produced heat-processed PMMA discs which, whilst broadly 

dimensionally similar to each other, were not standardised. Therefore, further measures 

were taken to standardise the fabrication procedures for PMMA discs in the main study.   

Additionally, the PMMA discs were left unpolished on all surfaces and this was 

recognised to be inconsistent with the clinical scenario which the PMMA discs were 

designed to simulate. Therefore it was required that measures were devised to simulate 

the unpolished and polished surfaces of conventional complete denture bases in a 

standardised fashion in the PMMA discs.  

 



42 

 

2.3 Standardisation of the fabrication procedures of PMMA 

discs using the conventional flask, pack and press technique 

and the flask and pour technique for the main study 

For the main study, computer-aided design and computer-aided manufacturing (CAD-

CAM) technology was used during the fabrication of discs by the conventional flask, 

pack and press technique and the flask and pour technique. CAD-CAM procedures were 

considered advantageous because of their ability to generate exact duplicate wax 

patterns with the benefit of rapid prototyping technology.  

CAD technology (3Shape Trios, Denmark) was used to create a standard tessellation 

language (STL) file of a virtual wax disc with the dimensions 25 mm diameter × 5 mm 

height. This virtual wax disc was subsequently machine-fabricated by subtractive 

milling (Wieland Dental, Ivoclar Vivadent, Liechtenstein) the wax disc from a 93 mm 

diameter × 30 mm height wax resin puck. Seven wax discs could be machine-fabricated 

from each wax resin puck.  

This procedure resulted in standardised wax patterns being formed which could be used 

to fabricate both cold-processed and heat-processed PMMA discs. Furthermore the wax 

resin puck used for the subtractive milling procedure is a mechanically robust material 

which is resistant to stress induced deformation. Meanwhile, the wax resin material 

easily boils out without leaving behind any residue, lending itself well to conventional 

flasking procedures for denture base fabrication. Thus, the CAD-CAM procedures 

overcame the limitations of hand waxed patterns using baseplate wax.  

In order to overcome processing imperfections which develop from the conventional 

flask, pack and press technique and flask and pour technique and to fabricate processed 

discs in a standardised fashion, CAD technology was used to create an STL file of a 
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virtual chromium-cobalt positioning jig. This positioning jig was designed such that it 

could house seven processed PMMA discs within seven 25 mm diameter × 5 mm depth 

recesses. This virtual chromium-cobalt positioning jig was subsequently machine-

fabricated by subtractive milling (Wieland Dental) the file from a chromium-cobalt 

puck.  

The chromium cobalt positioning jig was designed such that the cold-processed and 

heat-processed PMMA discs could be fitted into it following final processing and 

deflasking of the discs. In positioning the processed discs into the jig, it was possible to 

remove flash and processing blebs from the discs in a standardised fashion by holding 

the positioning jig evenly against an acrylic linishing tool. 

Furthermore, the chromium-cobalt positioning jig could be used to polish both sides of 

the processed discs evenly against a polishing mop, with one side of each disc 

subsequently being evenly air-particle abraded with 50-70 µm alumina (Metroblast, 

Metrodent, Huddersfield, UK)  under 0.1 MPa. This procedure permitted the simulation 

of the unpolished and polished surfaces of conventional complete denture bases in a 

standardised fashion in the disinfection discs. 

2.4 Pilot study: Decontamination of heat-processed PMMA 

discs using electrochemically activated pH neutral 

hypochlorous acid solution in vitro 

2.4.1 Preparation of PMMA discs for the experimental protocol 

Heat-processed PMMA discs were cleaned with the sodium lauryl sulfate containing 

detergent Fairy Liquid (The Procter & Gamble Company, Ohio, USA), decontaminated 

by immersion in 70% (v/v) industrial methylated spirits and air dried. The cleaned and 
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disinfected discs were irradiated with UVC from two 15 W UV lamps from a distance 

of 590 mm for 15 min (OMNI PCR Workstation, Bioquell, Hampshire, UK). 

2.4.2 Preparation of standardised microbial inocula 

Three bacterial reference strains and one yeast reference strain were used for 

disinfection efficacy testing on PMMA discs with the electrochemically-activated pH 

neutral hypochlorous acid solution. These were Staphylococcus aureus ATCC 6538, 

Enterococcus hirae ATCC 10541, Pseudomonas aeruginosa ATCC 15442 and Candida 

albicans SC5314. The reference strains were revived from storage at -80°C by 

inoculating a single cryogenic storage bead onto a trypticase soy agar (TSA) plate (for 

bacteria) or a yeast extract peptone dextrose (YEPD) plate (for C. albicans) using a 

sterile inoculation loop. Inoculated plates were placed in a static incubator (Gallenkamp, 

Leicester, UK) at 37°C for 24 h. Following incubation, one single colony of each strain 

was used to prepare 18 h overnight broth cultures by inoculating a 50 ml conical bottom 

CELLSTAR® tube (Greiner Bio-One, Kremsmünster, Austria) containing 10 ml of 

sterile TSB (for bacteria) or sterile YEPD broth (for yeast) using a sterile inoculation 

loop. Inoculated tubes were incubated in an orbital shaking incubator (Gallenkamp, 

Leicester, UK) at 200 RPM and 37°C for 18 h along with a control tube containing 10 

ml of sterile TSB or YEPD broth alone to exclude the possibility of broth contamination 

(Fig. 2.4). 

2.4.3 Inoculation of PMMA discs 

Six cleaned and disinfected PMMA discs were inoculated on their upper surface with 5 

μl of 3% (w/v) BSA fraction V (Sigma-Aldrich Ltd., Wicklow, Republic of Ireland) to 

simulate dirty conditions (i.e. the presence of organic material). The BSA was spread 

evenly around the upper surface of each PMMA disc using a sterile Gilson laboratory 
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Figure 2.4 Photographs  showing aspects of the formation of an 18 h overnight broth.  

The bacteria Staphylococcus aureus ATCC 6538, Enterococcus hirae ATCC 10541 and 

Pseudomonas aeruginosa ATCC 15442 and the yeast  Candida albicans SC5314 were 

revived from storage at -80 °C by inoculating a single cryogenic storage bead onto a TSA 

plate (for bacteria) or a YEPD plate (for yeast) using a sterile inoculation loop. This plate 

was incubated at 37 °C for 24 h as shown in panel A. Following incubation, one single 

colony of each strain was selected to form an overnight broth by inoculating a conical-

bottom tube containing 10 ml of sterile TSB (for bacteria) or sterile YEPD broth (for yeast) 

with the selected colonies using a sterile inoculation loop. These conical bottom tubes were 

placed into a shake and aerate incubator at 200 RPM and 37 °C for 18 h along with a control 

conical bottom tube containing 10 ml of sterile TSB or YEPD broth alone to exclude the 

possibility of broth contamination as shown in panel B. 
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pipette tip (Anachem, Leicester, UK). Each disc was subsequently inoculated with 45 μl 

of a standardised test preparation of a reference bacterial strain or the yeast strain:  

 Staphylococcus aureus ATCC 6538, (10
12

 CFU/ml) 

 Enterococcus hirae ATCC 10541, (10
10

 CFU/ml)  

 Pseudomonas aeruginosa ATCC 15442, (10
14

 CFU/ml) 

 Candida albicans SC5314. (10
12

 CFU/ml) 

The inoculum was spread evenly around the upper surface of each PMMA disc using 

the same pipette tip as that used during the inoculation. The inoculated discs were 

allowed to air dry for 45 min in a static incubator (Gallenkamp, Leicester, UK) at 37°C 

(Fig. 2.5). 

2.4.4 Preparation of electrochemically activated pH neutral hypochlorous acid 

solution 

Anolyte solution was collected from a generator (Qlean-Genie UL-75a ECA generator, 

Qlean Tech Enterprises, Mendota Heights, MI, USA) on site at Dublin Dental 

University Hospital. The generator was configured to produce anolyte at pH 7.0, having 

an oxidation-reduction potential of +880 mV and consisting of 79% hypochlorous acid 

and 20.2% hypochlorite anion. The anolyte solution was diluted with sterilised ultrapure 

water (Milli-Q Ultrapure Lab Water System, Merck, New Jersey, USA) to a desired 

concentration. The desired concentration of anolyte solution was measured as free 

available chlorine (FAC) by combining 100 μl of anolyte solution with 9.9 ml of sterile 

ultrapure water and N,N Diethyl-1,4 Phenylenediamine Sulfate reagent (DPD) and 

measuring the resultant colour change with a calibrated handheld colorimeter (HACH 

Pocket Colorimeter II, Loveland, Colorado, USA). For the pilot study, desired 

concentrations ranged from 100 ppm – 1000 ppm FAC.  
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2.4.5 Disinfection procedure 

The six inoculated PMMA discs were split into two groups, with three disinfection discs 

and three control discs. The three disinfection discs were immersed face down in 5 ml 

of electrochemically activated pH neutral hypochlorous acid solution for a period of 

five min and were then placed into 5 ml of sterile 0.5% (w/v) sodium thiosulphate to 

neutralise residual hypochlorous acid solution. The three control discs were immersed 

face down in 5 ml of sterile PBS solution for a period of five min and were then 

similarly placed into 5 ml of 0.5% (w/v) sodium thiosulphate.    

2.4.6 Recovery of viable microorganisms  

Each disc was agitated by squirting the inoculated disc surface with 1 ml of neutralising 

agent ten times under high pressure from a Gilson laboratory pipette (Anachem, 

Leicester, UK) to dislodge microorganisms into the neutralising agent. One ml aliquots 

of the neat neutralising solution from each disc were then tested for viable 

microorganisms by serial dilution and culture on TSA (for bacteria) or YEPD (for 

yeasts) media.  

2.4.7 Calculation of antimicrobial efficiency 

Antimicrobial efficiency was evaluated by calculating the absolute value of log10N/N0, 

[log(N/N0)], where N was the residual bacterial count after treatment and N0 was the 

bacterial count in CFU/mL recovered from control discs. 

2.4.8 Statistical analysis 

Statistical analyses were made using GraphPad Prism v.5 (GraphPad software, San 

Diego, CA, USA.) Statistical significance was determined using unpaired, two-tailed 

Student’s t-test with 95% confidence intervals, except where otherwise stated.   
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Figure 2.5 Photographs showing the inoculation of discs with 3% (w/v) BSA and 18 h 

overnight in the pilot study.  

Cleaned and disinfected PMMA discs as shown in panel A, were inoculated on their upper 

surface with 5 μl of 3% (w/v) BSA fraction V to simulate dirty conditions as shown in panel 

B. The BSA was spread evenly around the upper surface of each PMMA disc using a sterile 

pipette tip as shown in panel C. Each disc was subsequently inoculated with 45 μl of a 

standardised test preparation of a reference strain. The inoculum was spread evenly around 

the upper surface of each PMMA disc using the same pipette tip as that used during the 

inoculation as shown in panel D. The inoculated discs were allowed to air dry for 45 min in 

an incubator at 37 °C as shown in panel E.  
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2.5 Limitations of the techniques used in the pilot study 

The aim of the pilot study was to determine what electrochemically activated pH neutral 

hypochlorous acid solution parameters were necessary to yield a minimum 5 log10 

reduction in viable organisms present on PMMA disinfection discs under dirty 

conditions. In order to establish a 5 log10 reduction it was necessary to demonstrate 

recovery of sufficient viable organisms on the control discs. Several limitations were 

identified in the techniques used in the pilot study in this regard.  

As only 55 heat-processed discs were fabricated for the pilot study, it was necessary to 

occasionally re-use discs which had previously undergone the experimental protocol. It 

was possible that proteinaceous debris could have been building up on the discs 

following each disinfection cycle, particularly as the discs were immersed in 70% 

industrial methylated spirits between each cycle. 70% industrial methylated spirits may 

have the potential to denature any proteinaceous debris which remained on the discs 

following cleaning of the discs with a sodium lauryl sulfate containing detergent. 

Tenacious denatured proteinaceous deposits that remain on the discs could be difficult 

to clean and remove and their build-up thus could act as an interfering medium when 

the discs underwent further testing with electrochemically activated pH neutral 

hypochlorous acid solutions. This could give the false impression that the hypochlorous 

acid solution was ineffective.  

It was initially found during the pilot study that there was a low yield of recovery of the 

bacterium E. hirae ATCC 10541 and the yeast C. albicans SC5314 from PMMA 

control discs. Without sufficient recovery in the PMMA control discs it would not be 

possible to establish a 5 log10 reduction in viable organisms present on PMMA 

disinfection discs. 
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It was necessary to include methods to remove tenacious de-natured proteinaceous 

deposits from discs if it was required for the discs to be re-used in the main study. 

Additionally, it was necessary to increase the inoculum on the discs tested for the E. 

hirae ATCC 10541 and C. albicans SC5314 as well as improve the efficiency of the 

recovery of viable organisms from their respective control discs.  

2.6 Measures taken to improve the methodology of the pilot 

study 

If it was required for discs to be used re-used in the main study, between each 

disinfection cycle discs were immersed in the enzymatic cleaning solution Endozime 

Xtreme Power (The Ruhof Corporation, New York, USA) at a dilution of 2 ml per litre 

at room temperature, within an ultrasonic bath (Sonorex, Bandelin Electronics, Berlin, 

Germany) for 5 min prior to the experimental protocol.  

To increase the recovery of E. hirae ATCC 10541 and C. albicans SC5314 a higher 

inoculum was added to the discs. Pure culture 18 h overnight broths of each inoculum 

were concentrated by centrifuge (Hettich Zentrifugen Universal 320, Tuttlingen, 

Germany) at 3600 g for 3 min. This procedure was found to be sufficient to increase the 

recovery of the bacteria Enterococcus hirae ATCC 10541 from the control discs 

following a trial run of the experimental protocol.  This procedure was insufficient on 

its own to increase the recovery of the yeast Candida albicans SC5314 from the control 

discs following a run through of the experimental protocol however.  

To improve the efficiency of the recovery of viable C. albicans SC5314 from its 

respective PMMA discs, following the 5 min immersion of disinfection discs in 

electrochemically activated pH neutral hypochlorous acid solution and the control discs 

in sterile PBS, rather than removing the discs from these solutions to place into a second 
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5ml solution of 0.5% (w/v) sodium thiosulphate, the discs were left in their first 

respective disinfection and control solutions and the 5 ml of the 0.5% (w/v) sodium 

thiosulphate neutralising agent was added to the same solution. From this combined 

solution, the discs were agitated for 5 min in an ultrasonic bath (Sonorex, Bandelin 

Electronics, Berlin, Germany) to improve recovery of yeast cells from inoculated discs. 

One ml of this solution from each disc was sampled as the neat solution. 
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Part II: Main study 

2.7 Fabrication of cold-processed PMMA discs for the main 

study  

2.7.1 Fabrication technique for cold-processed PMMA discs 

Cold-processed PMMA discs were fabricated according to a conventional flask and 

pour technique
[13]

 using a pressure pot, with wax patterns fabricated using CAD-CAM 

technology.
[23, 25] 

This technique was chosen to emulate the procedure for fabrication of 

cold-processed conventional complete denture bases in a standardised fashion. 

2.7.2 Fabrication of wax patterns 

Virtual wax discs with the dimensions 25 mm diameter × 5 mm height were designed as 

3Shape STL files and exported to a Wieland milling machine to fabricate wax resin disc 

patterns using CAD-CAM rapid prototyping technology (Fig 2.6). 

2.7.3 Flasking of wax patterns 

The wax resin discs were placed vertically into the setting ISO type I gypsum Mounting 

Plaster with a water/powder ratio of 63 ml/100 g, which was poured within the lower 

member of a White Petroleum Jelly lubricated Hanau Varsity brass denture flask and 

the ISO type I gypsum was allowed to set undisturbed for 10 min in accordance with the 

manufacturer’s instructions. After the gypsum had set, the gypsum was lubricated with 

White Petroleum Jelly and the upper member of the Hanau Varsity brass denture flask 

was connected to the lower member of the flask using the flasks stainless steel guide 

pins. A layer of the ISO type III gypsum Buff Stone with a water/powder ratio of 30 

ml/100 g was placed into the upper member of the flask. The lid of the flask was 

connected to the upper member of the flask by the flasks stainless steel guide pins and 
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Figure 2.6 Photographs of a machine fabricated wax resin disc as used in the main 

study during the flask and pour technique and the flask, pack and press technique for 

producing cold-processed and heat-processed discs respectively.  

Virtual wax discs with the dimensions 25 mm diameter × 5 mm height were designed as STL 

files and exported to a milling machine to fabricate wax resin disc patterns using CAD-

CAM rapid prototyping technology. 
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the gypsum was allowed to set undisturbed for 30 min in accordance with the 

manufacturer’s instructions. Each flask could house up to fourteen wax discs when the 

discs were positioned vertically. This step was repeated five times in order to flask 60 

wax discs.  

2.7.4 Boil-out of wax patterns 

Upon full setting of the ISO type III gypsum, the flask was placed into the spray 

gallows of a Wapo-Ex 12 II boil out unit and the flask was scalded with water at 95°C 

for 15 min in order to remove the wax discs whilst preserving the three dimensional 

hollow space formerly occupied by the wax. The upper and lower members of the flask 

were separated and any remaining wax within the flask was washed out using water at 

95°C expelled from the discharge hose of the Wapo-Ex 12 II boil out unit. The 

separated flasks were allowed to air dry and cool to room temperature.  

2.7.5 Pour and pressure-pot polymerisation of cold-processing denture base 

material 

Each layer of gypsum within the separated flasks were coated with two applications of 

Cold Mould Seal  acrylic sealant and the cold-processing denture base material ProBase 

Cold (Ivoclar Vivadent, Liechtenstein) was mixed in a stainless steel acrylic mixing 

vessel. The mixing dosage of cold-processing denture base material was 15 g of 

polymer powder with 10 ml of monomer liquid in accordance with the manufacturer’s 

instructions. This mix of polymer and monomer was allowed to rest for 15 s in the 

stainless steel acrylic mixing vessel under a closed lid at room temperature. Within a 3 

min time span, whilst the PMMA resin mix was within a flowable sandy or stringy 

setting phase, a sufficient quantity of the resin was poured into the separated flasks in 

order to occupy the three dimensional hollow space formerly occupied by the wax. The 

flasks were closed together and were placed into an Ivomat IP3 pressure pot (Ivoclar 
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Vivadent, Liechtenstein) at 40°C and 6 bar pressure for 15 min to allow the PMMA 

resin to polymerise in accordance with the manufactures instructions. Following this 

processing cycle, the flask was removed from the pressure pot and allowed to bench 

cool at room temperature until the flask itself reached room temperature.  

2.7.6 De-flasking of cold-processed PMMA discs 

The completely cooled flask was gently separated. The bulk of the gypsum surrounding 

the cold-processed PMMA discs was removed using a reciprocating pneumatic chisel 

handpiece. Tenacious gypsum deposits which remained on the cold-processed PMMA 

discs were removed by immersing the discs in Gypsolve, a 10% (w/v) EDTA and 10% 

(w/v) tri-sodium citrate cleaning solution for 12 h. To remove processing imperfections, 

such as flash and blebs, the cold-processed PMMA discs were positioned into a 

chromium-cobalt positioning jig and the positioning jig was held evenly against an 

acrylic linishing tool. The chromium-cobalt positioning jig was subsequently used to 

polish both sides of the processed discs evenly against a polishing mop and one side of 

each disc was evenly air-particle abraded with 50-70 µm Metroblast alumina under 0.1 

MPa. The discs were thoroughly steam cleaned and soaked in sterilised water to release 

any unreacted monomer for one week.  

The resultant cold-processed PMMA discs were the same dimensions as their 

corresponding wax patterns. Each disc was uniformly rough on one side in order to 

simulate the unpolished surface of a conventional complete denture intaglio surface, 

whilst the opposite side of each disc was uniformly smooth to simulate the polished 

surface of a conventional complete denture cameo surface.  
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2.8 Fabrication of heat-processed PMMA discs for the main 

study  

2.8.1 Fabrication technique for heat-processed PMMA discs 

Heat-processed PMMA discs were fabricated according to a conventional flask, pack 

and press technique,
[13] 

with wax patterns fabricated using CAD-CAM technology.
[23, 25] 

This technique was chosen to emulate the procedure for fabrication of heat-processed 

conventional complete denture bases, in a standardised fashion. 

2.8.2 Fabrication of wax patterns 

Virtual wax discs with the dimensions 25 mm diameter × 5 mm height were designed as 

3Shape STL files and exported to a Wieland milling machine to fabricate wax resin disc 

patterns using CAD-CAM rapid prototyping technology.  

2.8.3 Flasking of wax patterns 

The wax resin discs were placed vertically into the setting ISO type I gypsum Mounting 

Plaster with a water/powder ratio of 63 ml/100 g, which was poured within the lower 

member of a White Petroleum Jelly lubricated Hanau Varsity brass denture flask and 

the ISO type I gypsum was allowed to set undisturbed for 10 min in accordance with the 

manufacturer’s instructions. After the gypsum had set, the gypsum was lubricated with 

a White Petroleum Jelly lubricant and the upper member of the Hanau Varsity brass 

denture flask was connected to the lower member of the flask using the flasks stainless 

steel guide pins. A layer of the ISO type III gypsum Buff Stone with a water/powder 

ratio of 30 ml/100 g was then placed into the upper member of the flask. The lid of the 

flask was connected to the upper member of the flask by the flasks stainless steel guide 

pins and the gypsum was allowed to set undisturbed for 30 min in accordance with the 

manufacturer’s instructions. Each flask could house up to fourteen wax discs when the 
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discs were positioned vertically. This step was repeated five times in order to flask 60 

wax discs.  

2.8.4 Boil-out of wax patterns 

Upon full setting of the ISO type III gypsum, the flask was placed into the spray 

gallows of a Wapo-Ex 12  II boil out unit and the flask was scalded with water at 95°C 

for 15 min in order to remove the wax discs whilst preserving the three dimensional 

hollow space formerly occupied by the wax. The upper and lower members of the flask 

were separated and any remaining wax within the flask was washed out using water at 

95°C expelled from the discharge hose of the Wapo-Ex 12 II boil out unit. The 

separated flasks were allowed to air dry and cool to room temperature.  

2.8.5 Packing, pressing and polymerisation of heat-processing denture base 

material 

Each layer of gypsum within the separated flasks were coated with two applications of 

Cold Mould Seal acrylic sealant and the heat-processing denture base material ProBase 

Hot was mixed in a stainless steel acrylic mixing vessel. The mixing dosage of heat 

processing denture base material was 22.5 g of polymer powder with 10 ml of monomer 

liquid in accordance with the manufacturer’s instructions. This mix of polymer and 

monomer was allowed to mature for 10 min in the stainless steel acrylic mixing vessel 

under a closed lid at room temperature. Once the PMMA resin mix had reached a 

doughy setting stage a sufficient quantity of the resin was placed within the separated 

flasks in order to occupy the three dimensional hollow space formerly occupied by the 

wax. The flasks were closed together with a sheet of polyethylene spacer and were 

loaded with 80 bar of pressure using a WW-33 hydraulic press to simulate a trial 

packing procedure. This trial packing procedure was carried out twice on each flask and 

excess PMMA resin was removed from the flask before the definitive packing 
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procedure was carried out using the hydraulic press. Pressure was maintained on the 

flask using a high tensile manganese bronze flask compress. The compressed flask was 

placed into a WapoMat III Polymerisation Unit and the PMMA was allowed to 

polymerise by heating the processing tank from room temperature up to 100°C, where 

the temperature was held for 45 min in accordance with the manufacturer’s 

recommended standard processing procedure. Following this processing cycle, the 

compressed flask was removed from the processing tank and allowed to bench cool at 

room temperature until the compressed flask reached room temperature.  

2.8.6 De-flasking of heat-processed PMMA discs 

The completely cooled flask was gently separated. The bulk of the gypsum surrounding 

the heat-processed PMMA discs was removed using a reciprocating pneumatic chisel 

handpiece. Tenacious gypsum deposits which remained on the heat-processed PMMA 

discs were removed by immersing the discs in Gypsolve, a 10% (w/v) EDTA and 10% 

(w/v) tri-sodium citrate cleaning solution for 12 h. To remove processing imperfections, 

such as flash and blebs, the heat-processed PMMA discs were positioned into a 

chromium-cobalt positioning jig and the positioning jig was held evenly against an 

acrylic linishing tool. The chromium-cobalt positioning jig was subsequently used to 

polish both sides of the processed discs evenly against a polishing mop and one side of 

each disc was evenly air-particle abraded with 50-70 µm Metroblast alumina under 0.1 

MPa. The discs were thoroughly steam cleaned and soaked in sterilised water to release 

any unreacted monomer for one week. 

The resultant heat-processed PMMA discs were the same dimensions as their 

corresponding wax patterns. Each disc was uniformly rough on one side in order to 

simulate the unpolished surface of a conventional complete denture intaglio surface, 
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whilst the opposite side of each disc was uniformly smooth to simulate the polished 

surface of a conventional complete denture cameo surface.  

2.9 Fabrication of milled PMMA discs for the main study  

2.9.1 Fabrication technique for milled PMMA discs 

Milled PMMA discs were fabricated using CAD-CAM technology.
[23, 25]

 This technique 

was chosen to emulate the procedure for fabrication of milled conventional complete 

denture bases using digital workflow procedures, in a standardised fashion. 

2.9.2 CAD-CAM procedures and post machine-fabrication finishing 

Virtual PMMA discs with the dimensions 25 mm diameter × 5 mm height were 

designed as 3Shape STL files and exported to a Wieland milling machine to fabricate 

PMMA discs using CAD-CAM rapid prototyping technology. PMMA discs were 

fabricated from a commercially manufactured, pre-polymerised PMMA puck (IvoBase 

CAD for Zenotec, Wieland Dental, Ivoclar Vivadent, Liechtenstein) which is purpose-

designed for use as conventional complete denture base material using digital workflow 

procedures.  

The chromium-cobalt positioning jig was used to polish both sides of the milled discs 

evenly against a polishing mop and one side of each disc was evenly air-particle 

abraded with 50-70 µm Metroblast alumina under 0.1 MPa. The discs were thoroughly 

steam cleaned and soaked in sterilised water to release any unreacted monomer for one 

week. 

The resultant milled PMMA discs were uniformly rough on one side in order to 

simulate the unpolished surface of a conventional complete denture intaglio surface, 

whilst the opposite side of each disc was uniformly smooth to simulate the polished 

surface of a conventional complete denture cameo surface.  
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2.10 Main study: Decontamination of cold-processed, heat-

processed and milled PMMA discs using electrochemically 

activated pH neutral hypochlorous acid solution, Cidex® OPA 

and Milton Sterilising Fluid in vitro  

2.10.1 Preparation of PMMA discs for the experimental protocol 

Cold-processed, heat-processed and milled PMMA discs were cleaned with sodium 

lauryl sulfate containing detergent, decontaminated by immersion in 70% (v/v) 

industrial methylated spirits and air dried. The cleaned and disinfected discs were 

irradiated with UVC from two 15 W UV lamps from a distance of 590 mm for 15 min 

in an OMNI PCR Workstation. 

2.10.2 Preparation of standardised microbial inocula   

A standardised bacterial inoculum of S. aureus ATCC 6538 was prepared by 18 h 

overnight pure culture broth as previously described in section 2.4.2.  

The yeast Candida albicans SC5314 was also prepared by 18 h overnight pure culture 

broth as previously described in section 2.4.2. This inoculum was concentrated by 

centrifuge to yield a greater inoculum as described in section 2.6. (Fig 2.7) 

2.10.3 Inoculation of PMMA discs 

Twelve cleaned and disinfected PMMA discs of each manufacturing technique were 

inoculated on their upper surface with BSA fraction V to simulate dirty conditions. 

Each disc was subsequently inoculated with standardised test preparations of the 

reference strains of: 

 The bacteria Staphylococcus aureus ATCC 6538,  

 Or the yeast Candida albicans SC5314.  
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Each step was carried out as described in section 2.4.3.  

2.10.4 Preparation of electrochemically activated pH neutral hypochlorous acid 

solution, Cidex® OPA and Milton Sterilising Fluid 

Anolyte solution was collected at pH 7.0, having an oxidation-reduction potential of 

+880 mV, consisting of 79% hypochlorous acid and 20.2% hypochlorite anion and was 

diluted with sterile ultrapure water to the desired concentration of 1000 ppm FAC as 

described in section 2.4.4.  

The FAC in Milton Sterilising Fluid (2% (w/v) sodium hypochlorite, Proctor & 

Gamble, Cincinnati, Ohio, USA) was measured by combining 100 μl of Milton 

Sterilising Fluid with 9.9 ml of sterile ultrapure water and DPD reagent and measuring 

the resultant colour change with a calibrated handheld colorimeter as described in 

section 2.4.4. 

Cidex® OPA (Johnson & Johnson, East Windsor, New Jersey, USA) was tested with 

the manufacturer’s proprietary test strips to ensure that a minimum effective 

concentration of 0.55% (v/v) ortho-phthalaldehyde was present, in accordance with 

clinical disinfection procedures. The test strip was immersed in a sample of Cidex® 

OPA solution for 1 s, was removed and then allowed to drip dry upright for 90 s, after 

which time the strip was read. The sample was deemed acceptable if the strip was 

completely purple, in accordance with the manufacturer’s instructions.  

2.10.5 Set-up of disinfection procedure 

Three independent disinfection experiments were implemented, within which the twelve 

inoculated PMMA discs were split into four groups. Three pH neutral hypochlorous 

acid disinfection discs were tested against a corresponding number of sodium 



A B 

Figure 2.7 Photographs showing the formation of a double concentrated overnight 

broth of the yeast Candida albicans SC5314.  

Two 10ml 18 h overnight YEPD broths containing Candida albicans SC5314 were 

combined to form a single 20 ml overnight broth and this was concentrated by centrifuge at 

3600 g for 3 minutes. This resulted in a pellet of Candida albicans SC5314 overnight 

forming at the base of the conical-bottom tube below a supernatant as shown in panel A. The 

supernatant was removed from the conical-bottom tube using a sterile pipette and was 

discarded. A fresh 10 ml of sterile YEPD broth was added to the conical-bottom tube and the 

conical-bottom tube was vortexed to resuspend the pellet and form a double concentrated 

Candida albicans SC5314 overnight broth as shown in panel B. 
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hypochlorite disinfection discs, ortho-phthalaldehyde disinfection discs and control 

discs within each independent disinfection experiment.  

2.10.6 Disinfection procedure for Staphylococcus aureus ATCC 6538 

Discs inoculated with 10
12

 – 10
14

 CFU/ml of S. aureus ATCC 6538, as described in 

section 2.10.3, were used for the disinfection procedure. Three discs were immersed 

face down in 5 ml of hypochlorous acid solution for a period of five min and then 

placed into 5 ml of sterile 0.5% (w/v) sodium thiosulphate neutralising solution. 

Similarly, three discs were immersed face down in 5 ml of Cidex® OPA for a period of 

five min and this solution was neutralised by dissolving 0.5 g of glycine into the same 

solution. A further three discs were immersed face down in 5 ml of Milton Sterilising 

Fluid for a period of five min and then placed into 5 ml of sterile 0.5% (w/v) sodium 

thiosulphate neutralising solution. The three control discs were immersed face down in 

5 ml of sterile PBS solution for a period of five min and then were similarly placed into 

5 ml of 0.5% (w/v) sodium thiosulphate solution.    

2.10.7 Recovery procedure for Staphylococcus aureus ATCC 6538 

S. aureus ATCC 6538 cells were recovered from inoculated and treated discs by 

agitation as described in section 2.4.6. Following this process, one ml aliquots of 

neutralising solution washings from each disc was tested for viable organisms by 

culture on TSA.  

2.10.8 Disinfection procedure for Candida albicans SC5314 

Discs inoculated with 10
12

 – 10
13

 CFU/ml of C. albicans SC5314, as described in 

section 2.10.3 were used for the disinfection procedure. For the yeast C. albicans 

SC5314, three discs were immersed face down in 5 ml of hypochlorous acid solution for 

a period of five min and then 5 ml of sterile 0.5% (w/v) sodium thiosulphate was added 
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to this same solution as a neutralising agent. Similarly, three discs were immersed face 

down in 5 ml of Cidex® OPA for a period of five min and the solution was neutralised 

by dissolving 0.5 g of glycine into the same solution. A further three discs were 

immersed face down in 5 ml of Milton Sterilising Fluid for a period of five min and 

then 5 ml of sterile 0.5% (w/v) sodium thiosulphate was added to this same solution as a 

neutralising agent. The three control discs were immersed face down in 5 ml of sterile 

PBS solution for a period of five min and then 5 ml of sterile 0.5% (w/v) sodium 

thiosulphate was added to this same solution.    

2.10.9 Recovery procedure for Candida albicans SC5314 

To recover C. albicans SC5314 cells from inoculated and treated discs, the discs, whilst 

still immersed in their respective test and neutralising solution within a sterile container, 

were agitated for 5 min in an ultrasonic bath (Sonorex, Bandelin Electronics, Berlin, 

Germany) containing sterilised ultra-pure water at room temperature to facilitate release 

of yeast cells into the neutralising agent, improving the yield of recovery. One ml of this 

solution from each disc was sampled as the neat solution. (Fig. 2.8)  

2.10.10 Calculation of antimicrobial efficiency 

The number of viable microorganisms remaining in the neutralisation solution 

following disinfection was determined by serial dilution and culture on TSA (for 

bacteria) or YEPD agar (for yeasts).  

Antimicrobial efficiency was evaluated by calculating the absolute value of log10N/N0, 

[log(N/N0)], where N was the residual bacterial count after treatment and N0 was the 

bacterial count in CFU/mL recovered from control discs. 

 



A B 

Figure 2.8 Photographs illustrating the procedures for sonication of disinfection and 

control discs to aid recovery of Candida albicans SC5314. 

To recover the yeast Candida albicans SC5314, the discs were agitated for 5 min in an 

ultrasonic bath to encourage viable microorganisms to displace into the neutralising agent. 

One ml of this solution from each disc was sampled as the neat solution. 
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2.10.11 Statistical analysis 

Statistical analyses were made using GraphPad Prism v.5 (GraphPad software, San 

Diego, CA, USA.) Statistical significance was determined using unpaired, two-tailed 

Student’s t-test with 95% confidence intervals, except where otherwise stated.   
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Part I Pilot study results 

The main aims of the pilot study were to: 

 Investigate if electrochemically activated pH neutral hypochlorous acid solution 

could be used as an effective alternative disinfectant for CCDs made from PMMA 

using rough surfaced heat-processed PMMA discs as a model to simulate the 

intaglio surface of CCDs.  

 To determine and optimise the hypochlorous acid solution parameters necessary to 

yield a minimum 5 log10 reduction in viable microorganisms of the reference strains 

present on heat-processed PMMA disinfection discs following a 5 min immersion 

disinfection period under dirty conditions. 

 To determine the recovery of viable organisms of the reference strains on control 

discs necessary in order to statistically establish a 5 log10 reduction. 

 To familiarise the operator with the scientific techniques used in microbiology 

research. 

To achieve these aims, an initial round of immersion disinfection studies on heat-

processed PMMA discs inoculated with S. aureus ATCC 6538 were implemented under 

clean conditions using electrochemically activated pH neutral hypochlorous acid 

solution at the arbitrarily determined concentration of 200 ppm FAC. This was done to 

define a starting hypochlorous acid concentration from which subsequent experiments 

could be compared to in terms of disinfection efficacy. Since it is known that 

electrochemically activated hypochlorous acid solutions are inactivated by organic 

soiling, all subsequent disinfection studies were implemented under dirty conditions. 

Subsequent hypochlorous acid concentrations were increased incrementally until a 5 

log10 reduction in viable microorganisms was achieved in the pilot studies.  



64 

 

3.1 Biodecontamination of S. aureus ATCC 6538 

3.1.1 Log10 reduction at 200 ppm FAC under clean conditions 

Heat-processed PMMA discs inoculated with 45 μl of 10
12

 CFU/ml S. aureus ATCC 

6538 were subjected to immersion disinfection with 5 ml of electrochemically activated 

pH-neutral hypochlorous acid for 5 min under clean conditions (0.3% (w/v) BSA 

fraction V) at 200 ppm FAC. Three independent disinfection experiments were 

implemented, within which three disinfection discs were tested against a corresponding 

number of control discs. The mean recovery of viable microorganisms from control 

discs was 2 × 10
6
 CFU/ml whilst the mean recovery from disinfected discs was 495 

CFU/ml. The microorganisms that survived this disinfection cycle showed signs of 

oxidative damage as evidenced by a visually observed slow rate of growth and small 

colony size on agar medium compared to colonies recovered from the control group. 

The mean of these disinfection cycles was able to yield a statistically significant (P < 

0.05) 3 log10 (99.9%) reduction or more of viable microorganisms.  

3.1.2 Log10 reduction at 200 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
12

 CFU/ml S. aureus ATCC 6538 were 

subjected to disinfection with electrochemically activated pH-neutral hypochlorous acid 

under dirty conditions (3% (w/v) BSA fraction V) at 200 ppm FAC for 5 min. Two 

independent disinfection experiments were implemented, within which three 

disinfection discs were tested against a corresponding number of control discs. A third 

independent disinfection experiment was implemented however the data were excluded 

from analysis due to anomalous results, thought to have arisen due to an abnormal pH 

of hypochlorous acid solution being used. The mean recovery of viable microorganisms 

from control discs was 1.8 × 10
6
 CFU/ml whilst the mean recovery from disinfected 
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discs was 57 CFU/ml. The microorganisms that survived this disinfection cycle showed 

signs of oxidative damage as evidenced by a visually observed slow rate of growth and 

small colony size on agar medium compared to colonies recovered from the control 

group. The mean of these disinfection cycles was able to yield a statistically significant 

(P < 0.05) 4 log10 (99.99%) reduction or more of viable microorganisms.  

3.1.3 Log10 reduction at 250 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
12

 CFU/ml S. aureus ATCC 6538 were 

subjected to disinfection with electrochemically activated pH-neutral hypochlorous acid 

under dirty conditions (3% (w/v) BSA fraction V) at 250 ppm FAC for 5 min. Three 

independent disinfection experiments were implemented, within which three 

disinfection discs were tested against a corresponding number of control discs. The 

mean recovery of viable microorganisms from control discs was 1.8 × 10
6
 CFU/ml 

whilst the mean recovery from disinfected discs was 27 CFU/ml. The microorganisms 

that survived this disinfection cycle showed signs of oxidative damage as evidenced by 

a visually observed slow rate of growth and small colony size on agar medium 

compared to colonies recovered from the control group. The mean of these disinfection 

cycles was able to yield a statistically significant (P < 0.05) 4 log10 (99.99%) reduction 

or more of viable microorganisms.  

3.1.4 Summary of pilot study results for biodecontamination of S. aureus ATCC 

6538 

The pilot study results for biodecontamination of S. aureus ATCC 6538 suggest that a 5 

log10 reduction of viable microorganisms under dirty conditions should be achievable by 

immersion disinfection in 5 ml of electrochemically activated pH-neutral hypochlorous 

acid for 5 min beyond a concentration of 250 ppm FAC (Fig. 3.1). To see the pilot study 

raw data for S. aureus ATCC 6538, please see appendix.  
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3.2 Biodecontamination of C. albicans SC5314 

As mentioned in section 3.1, all subsequent disinfection studies were implemented 

under dirty conditions in recognition of the literature that suggests that 

electrochemically activated hypochlorous acid solutions are known to be inactivated by 

organic soiling. Preliminary disinfection studies of C. albicans SC5314 with 

electrochemically activated pH neutral hypochlorous acid solution were done primarily 

to familiarise the operator with the scientific techniques used in microbiology research 

as well as to determine the conditions required to recover suitable numbers of viable C. 

albicans on control discs necessary in order to statistically establish a 5 log10 reduction. 

In these preliminary disinfection studies, difficulty was encountered in achieving a 5 

log10 reduction of C. albicans SC5314 below a concentration of 500 ppm FAC, 

therefore this concentration of hypochlorous acid solution was used for the pilot study.  

3.2.1 Log10 reduction at 500 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
12

 CFU/ml C. albicans SC5314 were 

subjected to disinfection with electrochemically activated pH-neutral hypochlorous acid 

under dirty conditions (3% (w/v) BSA fraction V) at 500 ppm FAC. Three independent 

disinfection experiments were implemented, within which three disinfection discs were 

tested against a corresponding number of control discs. The mean recovery of viable 

microorganisms from control discs was 8 × 10
5
 CFU/ml whilst the mean recovery from 

disinfected discs was 6 CFU/ml. The microorganisms that survived this disinfection 

cycle showed signs of oxidative damage as evidenced by a visually observed slow rate 

of growth and small colony size on agar medium compared to colonies recovered from 

the control group. The mean of these disinfection cycles was able to yield a statistically 

significant (P < 0.10) 5 log10 (99.999%) reduction or more of viable microorganisms.  



Figure 3.1 A bar chart illustrating the recovery of viable Staphylococcus aureus ATCC 

6538 in CFU/ml on heat-processed control discs in comparison to discs subjected to 

immersion disinfection in different concentrations of electrochemically activated pH 

neutral hypochlorous acid solution.  

 

Pilot study data suggest that a 5 log10 reduction of viable microorganisms from heat-processed 

PMMA discs under dirty conditions was achievable by immersion disinfection in 5 ml of 

electrochemically activated pH-neutral hypochlorous acid for 5 min beyond a concentration of 

250 ppm FAC.  

(P < 0.05).  
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3.2.2 Summary of pilot study results for biodecontamination of C. albicans SC5314 

The pilot study results for biodecontamination of C. albicans SC5314 suggest that a 5 

log10 reduction of viable microorganisms under dirty conditions is achievable by 

immersion disinfection in 5 ml of electrochemically activated pH-neutral hypochlorous 

acid for 5 min a concentration of 500 ppm FAC (Fig. 3.2). To see the pilot study raw 

data for C. albicans SC5314, please see appendix. 

3.3 Biodecontamination of E. hirae ATCC 10541 

Since a 5 log10 reduction of C. albicans SC5314 under dirty conditions was achievable 

at a hypochlorous acid solution concentration of 500 ppm FAC, subsequent disinfection 

studies with E. hirae ATCC 10541 under dirty conditions began with this hypochlorous 

acid solution concentration. Hypochlorous acid solution concentrations were increased 

incrementally until a 5 log10 reduction of E. hirae was achieved in the pilot studies.  

3.3.1 Log10 reduction at 500 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
10

 CFU/ml E. hirae ATCC 10541 were 

subjected to disinfection with electrochemically activated pH-neutral hypochlorous acid 

under dirty conditions (3% (w/v) BSA fraction V) at 500 ppm FAC. Three independent 

disinfection experiments were implemented, within which three disinfection discs were 

tested against a corresponding number of control discs. The mean recovery of viable 

microorganisms from control discs was 2.8 × 10
5
 CFU/ml whilst the mean recovery 

from disinfected discs was 926 CFU/ml. The microorganisms that survived this 

disinfection cycle showed signs of oxidative damage as evidenced by a visually 

observed slow rate of growth and small colony size on agar medium compared to 

colonies recovered from the control group. The mean of these disinfection cycles was 
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able to yield a statistically significant (P < 0.05) 2 log10 (99%) reduction or more of 

viable microorganisms.  

3.3.2 Log10 reduction at 800 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
10

 CFU/ml E. hirae ATCC 10541 were 

subjected to disinfection with electrochemically activated pH-neutral hypochlorous acid 

under dirty conditions (3% (w/v) BSA fraction V) at 800 ppm. Four independent 

disinfection experiments were implemented, within which three disinfection discs were 

tested against a corresponding number of control discs. The mean recovery of viable 

microorganisms from control discs was 2.2 × 10
5
 CFU/ml whilst the mean recovery 

from disinfected discs was 718 CFU/ml. The microorganisms that survived this 

disinfection cycle showed signs of oxidative damage as evidenced by a visually 

observed slow rate of growth and small colony size on agar medium compared to 

colonies recovered from the control group. The mean of these disinfection cycles was 

able to yield a statistically significant (P < 0.05) 2 log10 (99%) reduction or more of 

viable microorganisms.  

3.3.3 Log10 reduction at 1000 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
10

 CFU/ml E. hirae ATCC 10541 were 

subjected to disinfection with electrochemically activated pH-neutral hypochlorous acid 

under dirty conditions (3% (w/v) BSA fraction V) at 1000 ppm. Three independent 

disinfection experiments were implemented, within which three disinfection discs were 

tested against a corresponding number of control discs. The mean recovery of viable 

microorganisms from control discs was 2.1 × 10
5
 CFU/ml whilst the mean recovery 

from disinfected discs was 0 CFU/ml. A 100% kill rate was achieved. The mean of 

these disinfection cycles was able to yield a statistically significant (P < 0.05) 6 log10 

(99.9999%) reduction or more of viable microorganisms.  



Figure 3.2 A bar chart illustrating the recovery of viable Candida albicans SC5314  in 

CFU/ml on heat-processed control discs in comparison to discs subjected to immersion 

disinfection in electrochemically activated pH neutral hypochlorous acid solution of 

concentration 500 ppm FAC.  

 

Pilot study data suggest that a 5 log10 reduction of viable microorganisms from heat-processed 

PMMA discs under dirty conditions was achievable by immersion disinfection in 5 ml of 

electrochemically activated pH-neutral hypochlorous acid for 5 min at a concentration of 500 

ppm FAC. (P < 0.10).  
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3.3.4 Summary of pilot study results for biodecontamination of E. hirae ATCC 

10541 

The pilot study results for biodecontamination of E. hirae ATCC 10541 suggest that a 

minimum 5 log10 reduction of viable microorganisms under dirty conditions is 

achievable by immersion disinfection in 5 ml of electrochemically activated pH-neutral 

hypochlorous acid for 5 min a concentration of 1000 ppm FAC (Fig. 3.3). To see the 

pilot study raw data for E. hirae ATCC 10541, please see appendix. 

3.4 Biodecontamination of P. aeruginosa ATCC 15442 

Although a statistically significant 5 log10 reduction of E. hirae ATCC 10541 under 

dirty conditions was achievable at a hypochlorous acid solution concentration of 1000 

ppm FAC, this concentration appeared to be high compared to that required to achieve a 

similar disinfection efficacy for S. aureus ATCC 6538. Therefore, for disinfection 

experiments involving P. aeruginosa ATCC 15442 the hypochlorous acid solution 

concentration was incrementally stepped back to 750 ppm FAC and incremental 

increases in this concentration were implemented in subsequent disinfection cycles until 

a 5 log10 reduction of P. aeruginosa ATCC 15442 was achieved in the pilot studies.  

3.4.1 Log10 reduction at 750 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
14

 CFU/ml P. aeruginosa ATCC 15442 

were subjected to disinfection with electrochemically activated pH-neutral 

hypochlorous acid under dirty conditions (3% (w/v) BSA fraction V) at 750 ppm FAC. 

Two independent disinfection experiments were implemented, within which three 

disinfection discs were tested against a corresponding number of control discs. The 

mean recovery of viable microorganisms from control discs was 1 × 10
7
 CFU/ml whilst 

the mean recovery from disinfected discs was 185 CFU/ml. The microorganisms that 
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survived this disinfection cycle showed signs of oxidative damage as evidenced by a 

visually observed slow rate of growth and small colony size on agar medium compared 

to colonies recovered from the control group. The mean of these disinfection cycles was 

able to yield a statistically significant (P < 0.05) 4 log10 (99.99%) reduction or more of 

viable microorganisms.  

3.4.2 Log10 reduction at 900 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
14

 CFU/ml P. aeruginosa ATCC 15442 

were subjected to disinfection with electrochemically activated pH-neutral 

hypochlorous acid under dirty conditions (3% (w/v) BSA fraction V) at 900 ppm FAC. 

Two independent disinfection experiments were implemented, within which three 

disinfection discs were tested against a corresponding number of control discs. The 

mean recovery of viable microorganisms from control discs was 3.8 × 10
6
 CFU/ml 

whilst the mean recovery from disinfected discs was 2 CFU/ml. The microorganisms 

that survived this disinfection cycle showed signs of oxidative damage as evidenced by 

a visually observed slow rate of growth and small colony size on agar medium 

compared to colonies recovered from the control group. The mean of these disinfection 

cycles was able to yield a statistically significant (P < 0.10) 6 log10 (99.9999%) 

reduction or more of viable microorganisms.  

3.4.3 Log10 reduction at 1000 ppm FAC under dirty conditions 

Heat-processed discs inoculated with 45 μl of 10
14

 CFU/ml P. aeruginosa ATCC 15442 

were subjected to disinfection with electrochemically activated pH-neutral 

hypochlorous acid under dirty conditions (3% (w/v) BSA fraction V) at 1000 ppm. Two 

independent disinfection experiments were implemented, within which three 

disinfection discs were tested against a corresponding number of control discs. The 

mean recovery of viable microorganisms from control discs was 3 × 10
7
 CFU/ml whilst 



Figure 3.3 A bar chart illustrating the recovery of viable Enterococcus hirae ATCC 10541 

in CFU/ml on heat-processed control discs in comparison to discs subjected to immersion 

disinfection in different concentrations of electrochemically activated pH neutral 

hypochlorous acid solution.  

 

Pilot study data suggest that a minimum 5 log10 reduction of viable microorganisms from heat-

processed PMMA discs under dirty conditions was achievable by immersion disinfection in 5 

ml of electrochemically activated pH-neutral hypochlorous acid for 5 min at a concentration of 

1000 ppm FAC. (P < 0.05).  
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the mean recovery from disinfected discs was 6 CFU/ml. The microorganisms that 

survived this disinfection cycle showed signs of oxidative damage as evidenced by a 

visually observed slow rate of growth and small colony size on agar medium compared 

to colonies recovered from the control group. The mean of these disinfection cycles was 

able to yield a statistically significant (P < 0.10) 6 log10 (99.9999%) reduction or more 

of viable microorganisms.  

3.4.4 Summary of pilot study results for biodecontamination of P. aeruginosa 

ATCC 15442 

The pilot study results for biodecontamination of P. aeruginosa ATCC 15442 suggest 

that a 5 log10 reduction of viable microorganisms under dirty conditions is achievable by 

immersion disinfection in 5 ml of electrochemically activated pH-neutral hypochlorous 

acid for 5 min a concentration of 900 ppm FAC or higher (Fig. 3.4). To see the pilot 

study raw data for P. aeruginosa ATCC 15442, please see appendix. 

3.5 Adverse effects on heat-processed PMMA discs 

During the process of the pilot study, heat-processed PMMA discs were re-used up to 

seven times and were thus subjected to the equivalent of 35 min exposure time to 

electrochemically activated pH-neutral hypochlorous acid solutions at concentrations 

ranging from 200 ppm – 1000 ppm FAC. No adverse effects were visually observed on 

heat-processed PMMA discs in terms of obvious surface degradation or obvious 

bleaching effects.  
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Part II Main study results 

The purpose of the main study was: 

• To investigate whether pH neutral electrochemically generated hypochlorous acid 

solution could be used as an effective alternative disinfectant for CCDs made from 

PMMA using cold-processed, heat-processed and milled PMMA discs with one rough 

and one smooth surface as a model to simulate the intaglio and polished surfaces 

respectively of CCDs fabricated from these materials.  

• To assess if a minimum 5 log10 reduction of viable microorganisms of the reference 

strains present on PMMA disinfection discs was possible when disinfection discs were 

immersed in 5 ml of hypochlorous acid solution for 5 min under dirty conditions.  

• To compare the antibacterial efficacy of hypochlorous acid solution with Cidex® 

OPA, Milton Sterilising Fluid and a control solution.  

All disinfection experiments in the main study were implemented under dirty conditions 

in recognition that electrochemically activated hypochlorous acid solutions are known 

to be inactivated by organic soiling. A concentration of 1000 ppm FAC was selected for 

the electrochemically activated pH neutral hypochlorous acid solution as this 

concentration was shown to be effective against each of the reference strains used in the 

pilot study. 

3.6 Biodecontamination of S. aureus ATCC 6538 

3.6.1 Log10 reduction at 1000 ppm FAC under dirty conditions on cold-processed 

PMMA discs 

Cold-processed PMMA discs inoculated with 45 μl of 10
12

 CFU/ml S. aureus ATCC 

6538 on their rough surface were subjected to immersion disinfection with 5 ml of 



Figure 3.4 A bar chart illustrating the recovery of viable Pseudomonas aeruginosa ATCC 

15442 in CFU/ml on heat-processed control discs in comparison to discs subjected to 

immersion disinfection in different concentrations of electrochemically activated pH 

neutral hypochlorous acid solution.  

 

Pilot study data suggest that a minimum 5 log10 reduction of viable microorganisms from heat-

processed PMMA discs under dirty conditions was achievable by immersion disinfection in 5 

ml of electrochemically activated pH-neutral hypochlorous acid for 5 min at  concentrations of 

900 ppm FAC or beyond.  

(P < 0.10).  
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electrochemically activated pH-neutral hypochlorous acid for 5 min under dirty 

conditions (3% (w/v) BSA fraction V) at 1000 ppm FAC. A comparison was made with 

immersion disinfection in either 5 ml of 2% (w/v) sodium hypochlorite or 0.55% (v/v) 

ortho-phthalaldehyde solutions for 5 min under dirty conditions. Three independent 

disinfection experiments were implemented, within which three pH neutral 

hypochlorous acid disinfection discs were tested against a corresponding number of 

sodium hypochlorite disinfection discs, ortho-phthalaldehyde disinfection discs and 

control discs. The mean recovery of viable microorganisms from control discs was 3.2 × 

10
5
 CFU/ml. The mean recovery from hypochlorous acid disinfected discs was 0 

CFU/ml. A 100% kill rate was achieved. The mean of these disinfection cycles was able 

to yield a statistically significant (P < 0.05) 6 log10 (99.9999%) reduction or more of 

viable microorganisms. The mean recovery from sodium hypochlorite disinfected discs 

was 1 CFU/ml. The mean of these disinfection cycles was able to yield a statistically 

significant (P < 0.05) 5 log10 (99.999%) reduction or more of viable microorganisms. 

The mean recovery from ortho-phthalaldehyde disinfection discs was 1 CFU/ml. The 

mean of these disinfection cycles was able to yield a statistically significant (P < 0.05) 5 

log10 (99.999%) reduction or more of viable microorganisms. 

3.6.2 Log10 reduction at 1000 ppm FAC under dirty conditions on heat-processed 

PMMA discs 

Heat-processed PMMA discs inoculated with 45 μl of 10
12

 CFU/ml S. aureus ATCC 

6538 on their rough surface were subjected to immersion disinfection with 

electrochemically activated pH-neutral hypochlorous acid under dirty conditions (3% 

(w/v) BSA fraction V) at 1000 ppm FAC. A comparison was made with 2% (w/v) 

sodium hypochlorite and 0.55% (v/v) ortho-phthalaldehyde solutions for 5 min under 

dirty conditions. Three independent disinfection experiments were implemented, within 
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which three pH neutral hypochlorous acid disinfection discs were tested against a 

corresponding number of sodium hypochlorite disinfection discs, ortho-phthalaldehyde 

disinfection discs and control discs. The mean recovery of viable microorganisms from 

control discs was 3.3 × 10
5
 CFU/ml. The mean recovery from hypochlorous acid 

disinfected discs was 898 CFU/ml. The microorganisms that survived this disinfection 

cycle showed signs of oxidative damage as evidenced by a visually observed slow rate 

of growth and small colony size on agar medium compared to colonies recovered from 

the control group. The mean of these disinfection cycles was able to yield a statistically 

significant (P < 0.05) 2 log10 (99%) reduction or more of viable microorganisms. One of 

the biological replications in this hypochlorous acid disinfection disc group was 

associated with anomalous results which appeared to be due to an abnormally acidic 

sample of the electrochemically activated solution. If the anomalous results were 

removed from the sample, then the mean recovery from hypochlorous acid disinfection 

discs was 0 CFU/ml, a 100% kill rate was achieved with a 6 log10 (99.9999%) reduction 

or more of viable microorganisms demonstrated (P< 0.10). The mean recovery from 

sodium hypochlorite disinfection discs was 0 CFU/ml. The mean of these disinfection 

cycles was able to yield a statistically significant (P < 0.05) 6 log10 (99.9999%) 

reduction or more of viable microorganisms. The mean recovery from ortho-

phthalaldehyde disinfection discs was 1 CFU/ml. The mean of these disinfection cycles 

was able to yield a statistically significant (P < 0.05) 5 log10 (99.999%) reduction or 

more of viable microorganisms. 

3.6.3 Log10 reduction at 1000 ppm FAC under dirty conditions on milled PMMA 

discs 

Milled PMMA discs inoculated with 45 μl of 10
13

 CFU/ml S. aureus ATCC 6538 on 

their rough surface were subjected to immersion disinfection with electrochemically 
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activated pH-neutral hypochlorous acid under dirty conditions (3% (w/v) BSA fraction 

V) at 1000 ppm FAC. A comparison was made with 2% (w/v) sodium hypochlorite and 

0.55% (v/v) ortho-phthalaldehyde solutions for 5 min under dirty conditions.  Three 

independent disinfection experiments were implemented, within which three pH neutral 

hypochlorous acid disinfection discs were tested against a corresponding number of 

sodium hypochlorite disinfection discs, ortho-phthalaldehyde disinfection discs and 

control discs. The mean recovery of viable microorganisms from control discs was 7.8 × 

10
5
 CFU/ml. The mean recovery from hypochlorous acid disinfected discs was 0 

CFU/ml. A 100% kill rate was achieved. The mean of these disinfection cycles was able 

to yield a statistically significant (P < 0.05) 6 log10 (99.9999%) reduction or more of 

viable microorganisms. The mean recovery from sodium hypochlorite disinfection discs 

was 7 CFU/ml. The mean of these disinfection cycles was able to yield a statistically 

significant (P < 0.05) 5 log10 (99.999%) reduction or more of viable microorganisms. 

The mean recovery from ortho-phthalaldehyde disinfection discs was 1 CFU/ml. The 

mean of these disinfection cycles was able to yield a statistically significant (P < 0.05) 5 

log10 (99.999%) reduction or more of viable microorganisms. 

3.6.4 Summary of main study results for biodecontamination of S. aureus ATCC 

6538 

The main study results for biodecontamination of cold-processed, heat-processed and 

milled PMMA discs inoculated with S. aureus ATCC 6538 under dirty conditions 

suggest that up to a 6 log10 reduction or more of viable microorganisms was achievable 

by immersion disinfection in 5 ml of electrochemically activated pH-neutral 

hypochlorous acid for 5 min at a concentration of 1000 ppm FAC. The pH-neutral 

hypochlorous acid solution achieved similar log10 reductions to 2% (w/v) sodium 
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hypochlorite and 0.55% (v/v) ortho-phthalaldehyde solutions (Fig. 3.5). To see the main 

study raw data for S. aureus ATCC 6538, please see appendix. 

3.7 Biodecontamination of C. albicans SC5314 

3.7.1 Log10 reduction at 1000 ppm FAC under dirty conditions on cold-processed 

PMMA discs 

Cold-processed PMMA discs inoculated with 45 μl of 10
12

 CFU/ml C. albicans SC5314 

on their rough surface were subjected to immersion disinfection with 5 ml of 

electrochemically activated pH-neutral hypochlorous acid for 5 min under dirty 

conditions (3% (w/v) BSA fraction V) at 1000 ppm FAC. A side-by-side comparison 

was made with immersion disinfection in 5 ml of 2% (w/v) sodium hypochlorite and 

0.55% (v/v) ortho-phthalaldehyde solutions for 5 min under dirty conditions. Three 

independent disinfection experiments were implemented, within which three pH neutral 

hypochlorous acid disinfection discs were tested against a corresponding number of 

sodium hypochlorite disinfection discs, ortho-phthalaldehyde disinfection discs and 

control discs. The mean recovery of viable microorganisms from control discs was 2.6 × 

10
4
 CFU/ml. The mean recovery from hypochlorous acid disinfection discs was 4 

CFU/ml. The microorganisms that survived this disinfection cycle showed signs of 

oxidative damage as evidenced by a visually observed slow rate of growth and small 

colony size on agar medium compared to colonies recovered from the control group. 

The mean of these disinfection cycles was able to yield a statistically significant (P < 

0.05) 3 log10 (99.9%) reduction or more of viable microorganisms. The mean recovery 

from sodium hypochlorite disinfection discs was 0 CFU/ml. The mean of these 

disinfection cycles was able to yield a statistically significant (P < 0.05) 5 log10 

(99.999%) reduction or more of viable microorganisms. The mean recovery from ortho-

phthalaldehyde disinfection discs was 1 CFU/ml. The mean of these disinfection cycles 



Figure 3.5 A bar chart illustrating the recovery of viable Staphylococcus aureus ATCC 

6538 in CFU/ml on cold-processed, heat-processed and milled control discs in comparison 

to corresponding discs subjected to immersion disinfection in electrochemically activated 

pH neutral hypochlorous acid solution of 1000 ppm FAC with side-by-side comparisons of 

immersion disinfection in 2% (w/v) sodium hypochlorite and 0.55% (v/v) ortho-

phthalaldehyde solutions .  

 

The main study data suggests that a 6 log10 reduction or more of viable S. aureus was 

achievable by immersion disinfection in 5 ml of electrochemically activated pH-neutral 

hypochlorous acid for 5 min at a concentration of 1000 ppm FAC. The pH-neutral hypochlorous 

acid solution achieved similar log10 reductions to 2% (w/v) sodium hypochlorite and 0.55% 

(v/v) ortho-phthalaldehyde solutions in side-by-side comparisons. (P < 0.05).  
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was able to yield a statistically significant (P < 0.05) 4 log10 (99.99%) reduction or more 

of viable microorganisms. 

3.7.2 Log10 reduction at 1000 ppm FAC under dirty conditions on heat-processed 

PMMA discs 

Heat-processed PMMA discs inoculated with 45 μl of 10
12

 CFU/ml C. albicans SC5314 

on their rough surface were subjected to immersion disinfection with electrochemically 

activated pH-neutral hypochlorous acid under dirty conditions (3% (w/v) BSA fraction 

V) at 1000 ppm FAC. A comparison was made with 2% (w/v) sodium hypochlorite and 

0.55% (v/v) ortho-phthalaldehyde solutions for 5 min under dirty conditions. Three 

independent disinfection experiments were implemented, within which three pH neutral 

hypochlorous acid disinfection discs were tested against a corresponding number of 

sodium hypochlorite disinfection discs, ortho-phthalaldehyde disinfection discs and 

control discs. The mean recovery of viable microorganisms from control discs was 5.2 × 

10
4
 CFU/ml. The mean recovery from hypochlorous acid disinfection discs was 0 

CFU/ml. A 100% kill rate was achieved. The mean of these disinfection cycles was able 

to yield a statistically significant (P < 0.05) 5 log10 (99.999%) reduction or more of 

viable microorganisms. The mean recovery from sodium hypochlorite disinfection discs 

was 0 CFU/ml. The mean of these disinfection cycles was able to yield a statistically 

significant (P < 0.05) 5 log10 (99.999%) reduction or more of viable microorganisms. 

The mean recovery from ortho-phthalaldehyde disinfection discs was 0 CFU/ml. The 

mean of these disinfection cycles was able to yield a statistically significant (P < 0.05) 5 

log10 (99.999%) reduction or more of viable microorganisms. 
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3.7.3 Log10 reduction at 1000 ppm FAC under dirty conditions on milled PMMA 

discs 

Milled PMMA discs inoculated with 45 μl of 10
12

 CFU/ml C. albicans SC5314 on their 

rough surface were subjected to immersion disinfection with electrochemically 

activated pH-neutral hypochlorous acid under dirty conditions (3% (w/v) BSA fraction 

V) at 1000 ppm FAC. A side-by-side comparison was made with 2% (w/v) sodium 

hypochlorite and 0.55% (v/v) ortho-phthalaldehyde solutions for 5 min under dirty 

conditions. Three independent disinfection experiments were implemented, within 

which three pH neutral hypochlorous acid disinfection discs were tested against a 

corresponding number of sodium hypochlorite disinfection discs, ortho-phthalaldehyde 

disinfection discs and control discs. The mean recovery of viable microorganisms from 

control discs was 2.6 × 10
4
 CFU/ml. The mean recovery from hypochlorous acid 

disinfection discs was 0 CFU/ml. A 100% kill rate was achieved. The mean of these 

disinfection cycles was able to yield a statistically significant (P < 0.05) 5 log10 

(99.999%) reduction or more of viable microorganisms. The mean recovery from 

sodium hypochlorite disinfection discs was 0 CFU/ml. The mean of these disinfection 

cycles was able to yield a statistically significant (P < 0.05) 5 log10 (99.999%) reduction 

or more of viable microorganisms. The mean recovery from ortho-phthalaldehyde 

disinfection discs was 0 CFU/ml. The mean of these disinfection cycles was able to 

yield a statistically significant (P < 0.05) 5 log10 (99.999%) reduction or more of viable 

microorganisms. 

3.7.4 Summary of main study results for biodecontamination of C. albicans SC5314 

The main study results for biodecontamination of cold-processed, heat-processed and 

milled PMMA discs inoculated with C. albicans SC5314 under dirty conditions suggest 

that up to a 5 log10 reduction or more of viable microorganisms is achievable by 



Figure 3.6 A bar chart illustrating the recovery of viable Candida albicans SC5314 in 

CFU/ml on cold-processed, heat-processed and milled control discs in comparison to 

corresponding discs subjected to immersion disinfection in electrochemically activated pH 

neutral hypochlorous acid solution of 1000 ppm FAC with side-by-side comparisons of 

immersion disinfection in 2% (w/v) sodium hypochlorite and 0.55% (v/v) ortho-

phthalaldehyde solutions .  

 

The main study data suggests that a 5 log10 reduction or more of viable C. albicans was 

achievable by immersion disinfection in 5 ml of electrochemically activated pH-neutral 

hypochlorous acid for 5 min at a concentration of 1000 ppm FAC. The pH-neutral hypochlorous 

acid solution achieved similar log10 reductions to 2% (w/v) sodium hypochlorite and 0.55% 

(v/v) ortho-phthalaldehyde solutions in side-by-side comparisons. (P < 0.05).  
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immersion disinfection in 5 ml of electrochemically activated pH-neutral hypochlorous 

acid for 5 min at a concentration of 1000 ppm FAC. The pH-neutral hypochlorous acid 

solution achieved similar log10 reductions to 2% (w/v) sodium hypochlorite and 0.55% 

(v/v) ortho-phthalaldehyde solutions in side-by-side comparisons (Fig. 3.6). To see the 

main study raw data for C. albicans SC5314, please see appendix. 

3.8 Adverse effects on cold-processed, heat-processed and 

milled PMMA discs 

During the process of the main study, each type of PMMA disc were subjected to 

repeated exposure to electrochemically activated pH-neutral hypochlorous acid 

solutions at concentrations of 1000 ppm FAC. No adverse effects were visually 

observed on PMMA discs in terms of obvious visual surface degradation or obvious 

visual bleaching effects. Similarly, no adverse effects were observed on PMMA discs 

that were exposed to 2% (w/v) sodium hypochlorite or 0.55% (v/v) ortho-

phthalaldehyde solutions during the course of this study. 
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4.1 Discussion 

PMMA is a frequently used dental material in fixed and removable prosthodontics, as 

well as in conventional and implant prosthodontics because of its favourable 

manufacturing, physical and aesthetic properties and its versatility.
[8]

 Whilst the current 

gold standard fabrication procedures for PMMA prostheses use heat-processed 

PMMAs, cold-processed PMMAs are still frequently used materials for pragmatic 

reasons and with the emergence and increasing integration of digital workflow 

procedures in modern prosthodontics, milled PMMAs are now growing in popularity 

because of their superior mechanical and manufacturing properties.
[11-16]

 As such, it is 

likely that PMMA materials will remain important and relevant dental materials for 

some time into the future.  

Regardless of the type of PMMA that prostheses are fabricated from, surface and 

subsurface porosity arising from air inclusions during mixing of the components of 

PMMA as well as incomplete monomer to polymer conversion of processed PMMAs, 

remains the major limiting factor in terms of the performance of these materials.
[8, 10]

 

The sheltering effect of these surface porosities in combination with the poor oral and 

denture hygiene conditions which are frequently encountered in the oral cavity can 

result in the manifestation of clinical diseases locally. These include dental caries, 

periodontal disease, denture-induced stomatitis and angular cheilitis as well the 

manifestation of more serious systemic diseases such as aspiration pneumonia.
[43-64]

 

Current commercially available denture cleansers for use at home, whether they are 

mechanical cleansers or chemical immersion cleansers, appear to offer at best limited 

antibiofilm, antifungal and antibacterial effects. At worst, such cleansers can cause 

surface degradation of PMMAs which enhances the adhesion of oral microbial 
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biofilm.
[44]

 The literature suggests that the most effective method for denture cleaning in 

terms of antibiofilm and antibacterial effects appears to be immersion disinfection with 

sodium hypochlorite solutions for periods of 10 min or less.
[44, 84-89]

 Immersion in 

sodium hypochlorite solutions alone however do not address the effect of the 

accumulation of dead microbial and proteinaceous deposits which can amass on PMMA 

surfaces as well as within sheltered surface porosities over time. Such accumulations are 

antigenic in nature and also create superior conditions for the future adhesion and 

formation of new microbial biofilm colonisers.
[29] 

Additionally, heavy organic loads 

associated with this build-up will either neutralise sodium hypochlorite solutions or 

significantly reduce their FAC levels, preventing sodium hypochlorite solutions from 

penetrating deeper layers of microbial biofilm and thus preventing decontamination.
[152]

 

Furthermore, prolonged and repeated exposure of PMMAs to sodium hypochlorite is 

known to have a bleaching effect and can again result in surface degradation of 

PMMAs.
[71]

 Professionally available denture cleaning services using ultrasonic baths 

and chemical immersion disinfectants appear to be more effective than most 

commercially available denture cleansers, mainly due to the biofilm disrupting 

cavitation that occurs with sonication rather than the effect of the professionally 

available immersion cleansers. However, these methods are not completely 

bactericidal.
[77, 80]

  

Hospital disinfectants, such as aldehyde based disinfectants, whilst good at achieving 

high level disinfection have problems related to their poor biocompatibility, detrimental 

environmental effects when discharged into wastewater (for example, via domestic 

washbasins) and again, they have no biofilm-removing ability so they are unable to 

penetrate dense biofilms and accumulations of dead microbial deposits and they can 

cause surfaces degradation to the materials that are exposed to them.
[110, 111, 154, 156, 157]
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Currently, no denture cleaning or disinfection method meets the ideal criteria set out by 

the American College of Prosthodontists guidelines on the care and maintenance of 

dentures.
[44]

  

Electrochemically activated pH-neutral hypochlorous acid solutions have been shown in 

many previous studies to be potent biofilm disruptors with strong antibacterial, 

antifungal and antiviral capabilities.
[33, 100, 101, 103, 110-118, 129-131]

 It is this ability of 

electrochemically activated solutions to penetrate established microbial biofilms that 

offers a major advantage over existing disinfectants. Such solutions have the additional 

advantages of being biocompatible, cost effective, and environmentally friendly.
[97, 101, 

103, 104, 113, 116, 134-149, 151]
 No microbial resistance to such solutions has been reported in 

the literature and modern electrochemically activated pH-neutral hypochlorous acid 

solutions do not appear to show corrosion or surface degradation of the materials that 

they are exposed to.
[101, 103-106, 116]

  These solutions are short-acting biodecontaminants 

and revert back to their harmless primary components of sodium chloride and water 

following exposure to organic loading.  

Electrochemically activated pH-neutral hypochlorous acid solutions have been shown to 

be effective disinfectants for contaminated surfaces, various wounds, dental unit 

waterlines, washbasin taps, washbasin U-bends, water network output water and for 

dental impressions
.[97, 100, 101, 103-106, 115, 116, 129-131]

 However, such solutions have not been 

investigated in the literature as potential biodecontaminants for PMMA materials. 

The findings of the present in vitro study suggest that electrochemically activated pH 

neutral hypochlorous acid solutions could be used as effective alternative disinfectants 

for CCDs made from cold-processed, heat-processed or milled PMMAs. To yield a 

statistically significant 5 log10 reduction or more in viable microorganisms on soiled 
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PMMA surfaces, it appears that immersion disinfection within an anolyte solution of 

freshly generated electrochemically activated pH neutral hypochlorous acid of 

concentration 1000 ppm FAC for a 5 min period is advisable. This disinfection cycle 

appears to show comparable results to similar immersion disinfection cycles using the 

commercially available 2% (w/v) sodium hypochlorite disinfectant Milton Sterilising 

Fluid as well as the 0.55% (v/v) ortho-phthalaldehyde hospital disinfectant Cidex® 

OPA. Since such a high level of disinfection efficacy can be achieved within a 5 min 

period with hypochlorous acid solutions, it is possible that this potential alternative 

disinfectant could be clinically applicable to hospital disinfection procedures where 

disinfectants need to be time efficient in order to fit into the workflow of the clinical 

environment.  

One interesting finding in the main study is that electrochemically activated pH neutral 

hypochlorous acid solutions of 1000 ppm FAC had a similar disinfection efficacy to the 

chlorine-based comparison disinfectant Milton Sterilising Fluid, which has a 

concentration of 20,000 ppm FAC. Previous studies have also suggested that 

electrochemically activated hypochlorous acid solutions can be more effective than 

alternative chlorine based disinfectants at lower FAC concentrations.
[112]

 It has been 

hypothesised that this is because of the trace presence of other mixed oxidants, free 

radicals and active ion species which work synergistically with the hypochlorous acid in 

combination with highly energised microbubbles which dissipate by cavitation, to 

produce superior microbiocidal activity.  

In the present study, some PMMA discs were subjected to repeated disinfection cycles 

which equated with up to 35 min of exposure time to electrochemically activated pH 

neutral hypochlorous acid solutions which ranged from 200 ppm – 1000 ppm FAC and 

no adverse effects were visually obvious on the discs in terms of bleaching effects, 
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colour instability or surface degradation. These findings appear to be comparable to 

Milton Sterilising Fluid and Cidex® OPA in the present study, although if PMMA discs 

were exposed to each solution for longer periods it is postulated that modern 

electrochemically activated pH neutral hypochlorous acid solutions will not result in 

degradation of PMMAs whereas sodium hypochlorite and ortho-phthalaldehyde are 

likely to result in bleaching effects, colour instability and surface degradation.
[44, 156]

 

The reference bacterial and yeast strains S. aureus ATCC 6538, E. hirae ATCC 10541, 

P. aeruginosa ATCC 15442 and C. albicans SC5314, used in the present study, are 

robust and difficult to disinfect microorganisms which are purposely used for studies in 

disinfection efficacy. In addition to this, reference species such as S.  aureus, P. 

aeruginosa and C. albicans are both clinically significant and clinically relevant 

microorganisms as they relate to the microbial biofilm found on CCDs.
[59, 158, 159]

 

Candida species have an electrostatic affinity towards PMMA surfaces and due to the 

versatile, pathognomonic dimorphic ability of some species to switch from a yeast form 

to a filamentous form with hyphal attachment mechanisms, certain Candida species, 

such as C. albicans and C. dubliniensis, can become strongly adherent to PMMAs and 

especially, rough PMMA surfaces.
[29, 37, 57, 160, 161]

 The presence of C. albicans on CCDs, 

a particularly pathogenic Candida species, is a major aetiological factor in denture 

stomatitis. Staphylococcus aureus is a highly clinically significant human commensal 

and opportunistic pathogen. Although typically associated with the colonisation of 

human skin, nares and the respiratory tract, S. aureus has been shown to colonise 

PMMA CCDs in vivo and has been implicated in aspiration pneumonia in elderly and 

immunocompromised patients who wear CCDs.
[158, 159] 

Many S. aureus strains can 

express antibiotic resistance and many healthcare-associated strains can be multi-

antibiotic resistant (e.g. MRSA). As such, the American College of Prosthodontists 
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guidelines on the care and maintenance of dentures has identified the disinfection of S. 

aureus as an important aim in denture cleansing.
[44]

 Pseudomonas aeruginosa is a 

clinically significant Gram-negative environmental bacteria which, like S. aureus, has 

been shown to colonise PMMA CCDs in vivo and has been implicated in aspiration 

pneumonia in immunocompromised patients.
[158, 159]

 Data from the pilot study suggested 

that a statistically significant 5 log10 reduction or more of S. aureus ATCC 6538 was 

achievable at just beyond 250 ppm FAC, E. hirae ATCC 10541 at 1000 ppm FAC, P. 

aeruginosa ATCC 15442 at 900 ppm FAC and C. albicans SC5314 at 500 ppm FAC 

when inoculated PMMA discs are immersed in 5 ml of freshly generated 

electrochemically activated pH neutral hypochlorous acid solutions for 5 min under 

simulated dirty conditions.  

The testing conditions for disinfection efficacy in the present study are in theory more 

demanding than for other recent studies involving electrochemically activated pH 

neutral hypochlorous acid solutions. For instance, in studies of dental unit waterline, 

washbasin tap, output water and washbasin U-bend disinfection, water network input 

water and pipework have been pre-treated and then shock-dosed with electrochemically 

activated solutions to eliminate gross microbial biofilm deposits and organic soiling 

before being continuously dosed with freshly generated pH-neutral hypochlorous acid 

solutions.
[101, 103-106, 116]

 On the other hand, in the present study, PMMA discs were 

inoculated with 5 μl of 3% (w/v) BSA fraction V to simulate heavy organic soiling. 

Previous studies have established that human saliva has an estimated protein level of 1-

2 mg/ml, or 0.1% - 0.2% (w/v) and that this concentration of organic loading can 

instantaneously neutralise 100 ppm FAC electrochemically activated solutions to 

undetectable levels.
[104]

 Thus, the levels of organic loading in the present study were up 

to 30 times greater than the levels that may be encountered in surfaces contaminated 
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with human saliva and therefore create challenging conditions for electrochemically 

activated solutions to achieve their disinfection potential. In addition to this, PMMA 

discs were subjected to a disinfection cycle for a short 5 min period only, by immersion 

in a static solution of electrochemically activated pH neutral hypochlorous acid, in 

comparison to the continuous, dynamic flow of freshly generated electrochemically 

activated solutions that occurs in water network disinfection. Furthermore, PMMAs and 

in particular cold-processed PMMAs are particularly porous materials which are likely 

to have niche, sheltered regions within which microbial contamination can populate and 

can make cleaning and disinfection procedures difficult. Thus, the conditions of the 

present study are a potentially more demanding disinfection scenario than those posed 

by situations in which a continuous, dynamic flow of freshly generated hypochlorous 

acid solutions are used to treat and maintain specific areas within the water network.  

Some technical difficulties were encountered in the present study as they related to 

recovery of E. hirae ATCC 10541 and C. albicans SC5314 from control PMMA discs. 

A recovery of at least 10
4
 CFU/ml was required on control discs in order to statistically 

establish a 5 log10 reduction on disinfection discs, assuming that a 100% kill rate could 

be achieved using electrochemically activated pH neutral hypochlorous acid on the 

disinfection discs. Both of these reference microorganisms have a slower rate of growth 

than S. aureus ATCC 6538 and P. aeruginosa ATCC 15442 and this may have been one 

reason why it was difficult to achieve a sufficient recovery of these microorganisms 

from control discs. In order to overcome this problem, pure culture 18 h overnight 

broths of each inoculum were concentrated by centrifugation. Since a higher inoculum 

was used, this technique was found to be effective at increasing the recovery of viable 

organisms in both E. hirae and C. albicans control discs and whilst there was a 

sufficient recovery of viable microorganisms in the E. hirae control discs to establish a 
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statistically significant 5 log10 reduction, recovery on C. albicans control discs remained 

lower than necessary to establish a statistically significant 5 log10 reduction. Assuming 

that a sufficient quantity of overnight pure culture broth was used to inoculate the 

control discs in the first instance, this may have occurred for two reasons; either the C. 

albicans inoculum was detaching from the PMMA control discs when immersed in the 

control PBS solution, or when the PMMA control discs were immersed in 0.5% (w/v) 

sodium thiosulphate solution, the C. albicans inoculum was so tenacious that it would 

not detach from the discs following agitation using a pipette, as described in section 

2.4.6. An incidental finding of this study was that some of the C. albicans inoculum did 

appear to detach from the PMMA control discs and was lost into the control PBS 

solution when this solution was visually observed under a light microscope. It also 

appeared to be the case however, that some of the C. albicans inoculum became so 

tenaciously adherent to the PMMA discs that sonication was necessary to increase the 

recovery sufficiently to establish a statistically significant 5 log10 reduction. As such, 

when recovering C. albicans from the 5 ml control solution and 5 ml disinfection 

solution, the 5 ml of neutralising sodium thiosulphate solution was added to each 

respective test and control solution to make a 10 ml combined solution rather than 

transferring the inoculated PMMA discs from their respective control or disinfection 

solutions and into a separately contained neutralising solution. This combined solution 

was sonicated to facilitate the release of yeast cells into the neutralising agent to 

improve the yield of recovery. One ml of this sonicated combined solution from each 

disc was sampled as the neat solution which was used to calculate recovery by serial 

dilution. This procedure was distinct to the C. albicans studies, as is explained in 

section 2.6 and was found to be effective at increasing the recovery of viable C. 
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albicans on control discs such that a statistically significant 5 log10 reduction could be 

established on the disinfection discs. 

Some anomalous findings occurred during the course of the present study. For instance, 

in the pilot study, some independent disinfection studies appeared to demonstrate 

reductions of 5 log10 or more of reference microorganisms when subjected to 

electrochemically activated hypochlorous acid solutions of weaker FAC concentrations 

than those required to demonstrate a consistent, statistically significant result. This is 

illustrated by the large standard deviations shown in figures 3.1, 3.2, 3.3 and 3.4 for 

disinfection PMMA discs. Given that the standard deviations of microorganisms 

recovered from control discs appears to be relatively consistent, this finding may 

suggest that there are variations in the microbiocidal activity of electrochemically 

activated hypochlorous acid solutions depending on the anolyte sample that is used, 

rather than the anomalous finding being due to variations or errors in experimental 

technique. It was not the purpose of this study to investigate the reason why such 

variations in microbiocidal activity occur however it was noted in some independent 

disinfection studies within the main study that a particularly acidic sample of 

hypochlorous acid may appear to have reduced microbiocidal activity than solutions 

which were closer to a neutral pH, as discussed in section 3.1.2, and 3.6.2, even though 

these samples had the same concentration of FAC as in parallel disinfection studies. 

This may indicate that there could be variables other than FAC, such as pH for instance, 

which have an effect on the microbiocidal activity of electrochemically activated 

hypochlorous acid solutions. It is interesting to note that electrochemically activated 

hypochlorous acid solutions also contain quantitatively small but chemically significant 

amounts of mixed oxidant chlorine and oxygen agents, active ion species and free 

radicals which are purported to have a synergistic effect with hypochlorous acid in 
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terms of disinfection efficacy.
[100, 101, 112]

 The use of a HACH colorimeter gives a 

reading on free available chlorine (FAC) only. It is difficult to determine precisely what 

agents are present in electrochemically activated hypochlorous acid solutions however, 

even when using methods such as UV spectrometry for instance, because of the 

extremely high background matrix of chlorine which creates spectral interferences and 

prevents definitive analysis of the solutions.
[162]

  In theory, variations in pH, as well as 

variations in the concentration of primary ingredients, variations in the FEM cell 

generator and the programming of the generator in terms of the parameters of the 

electrical input (such as voltage and current for example), could all have an effect on the 

precise chemical make-up of the electrochemically activated hypochlorous acid 

solution. Such variations in the precise chemical make-up of electrochemically activated 

solutions may explain why anomalous variations in microbiocidal activity occurred in 

the present study despite the FAC concentrations of hypochlorous acid solutions 

remaining the same between independent parallel disinfection studies. If such variables 

do result in chemically significant changes in the composition of electrochemically 

activated solutions then it may be the case that the microbiocidal activity of these 

solutions could be optimised by achieving tight control over such key variables in the 

generation of such solutions. Interestingly, advances in electrochemical activation 

technology mean that newer FEM cell generators are becoming available, which permit 

a more complete conversion of sodium chloride and water to anolyte with tighter 

control on the production parameters.  Nevertheless, the problems associated with 

variability in microbiocidal activity of the hypochlorous acid solutions in the present 

study appeared to be overcome by increasing the FAC concentration of the solutions to 

such a point that consistent statistically significant 5 log10 reductions in viable 

microorganisms are achieved.  
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There are some limitations in the present study. One such weakness is that the 

assessment of surface quality, colour stability and bleaching effects on PMMA discs 

was determined by visual observation alone and due to the nature of the present study, 

discs were subjected to disinfection solutions for periods up to 35 min only. These 

observation periods are relatively short and represent up to seven disinfection cycles 

only, which is unlikely to result in obviously noticeable changes in the PMMA discs. 

Furthermore, a visual observation method is a subjective measurement and is at high 

risk of bias. Nevertheless, these findings give a preliminary indication that 

electrochemically activated pH neutral hypochlorous acid solutions of concentrations up 

to 1000 ppm FAC do not result in acute or rapid damaging effects to PMMA materials. 

Future studies on the effect of electrochemically activated pH neutral hypochlorous acid 

solutions should use solutions of concentrations 1000 ppm FAC or above, to represent 

solution concentrations which might be used for clinically relevant disinfection 

procedures. PMMA discs should be subjected to a clinically relevant number of 

disinfection cycles that may represent, for example, two or three years of disinfection 

cycles of PMMA prostheses. Clinically relevant parameters of PMMA materials to 

measure would be surface roughness and colour stability, fatigue strength and impact 

strength. These parameters could be measured by profilometry, tristimulus 

colourimetry, fatigue loading and static loading tests respectively using control discs 

which are immersed in a PBS solution with a direct side-by-side comparison made with 

the corresponding disinfection discs.  

Another limitation in the present study is that during the procedures for fabrication of 

PMMA discs, no verification procedures were implemented to determine the degree of 

monomer to polymer conversion of cold-processed and heat-processed PMMA discs. In 

the present study, an assumption was made that since a high degree of control was 
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maintained throughout the fabrication protocol for PMMA discs that any differences 

between nominally identical discs would be negligible. Nevertheless, if a low monomer 

to polymer conversion did occur, it is likely that PMMA discs would become 

excessively porous and this could result in PMMA discs which may behave differently 

in a disinfection study. However, excessive porosity is usually an obviously visually 

observable processing error, which can occur during the flask, pack and press technique 

or the flask and pour technique and such obviously excessively porous discs could be 

easily excluded from the study based on visual observation alone.
[8, 10]

 

Another assumption made during this study was that during the recovery procedures 

from control and disinfection discs, a full recovery of viable microorganisms could be 

achieved by agitation of the PMMA discs by squirting the disc surface with 1 ml of 

neutralising agent ten times under high pressure from a Gilson laboratory pipette for S. 

aureus, E. hirae, and P. aeruginosa studies and by sonication for C. albicans studies. It 

is possible that microorganisms and their by-products could be contained within 

sheltered surface porosities on PMMA discs and that these microorganisms may have 

been both protected from disinfection procedures and also have been shielded from the 

recovery procedures. It would be interesting to explore this possibility further in future 

microbiological studies involving PMMA discs. Future studies could determine if viable 

microorganisms are present within the porosities in control and disinfection PMMA 

discs by breaking the PMMA discs into smaller parts using, for example, a sterile 

blender and a recovery nutrient broth. Porosities on PMMA discs could also be 

visualised by scanning electron microscopy to determine if microorganisms are fully 

removed or not following disinfection procedures.  

In terms of the future applications of electrochemically activated pH neutral 

hypochlorous acid solutions as they relate to prosthodontics, it seems logical that these 
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solutions could be extended from their current use in dental unit waterline, washbasin 

tap, washbasin U-bend, water network output water and dental impression disinfection, 

towards disinfection of full contour PMMA prostheses. Such solutions could be a viable 

alternative to aldehyde-based disinfectants in hospital disinfection procedures. Before 

PMMA prostheses with metal parts could be recommended for disinfection procedures 

with these solutions however, it would be necessary to investigate further the effect of 

electrochemically activated pH neutral hypochlorous acid solutions on metal alloys 

commonly used in dental prostheses, such as stainless steel, chrome-cobalt and titanium 

alloys. It would be a very interesting concept to see if this technology could be extended 

for use for at-home disinfection procedures of PMMA prostheses. The main limitation 

of present electrochemically activated solutions is that they must be generated on site 

due to their low storage stability. Thus, in order to achieve the goal of at-home 

disinfection with present solutions, one possibility would be to research and develop a 

prototype miniaturised FEM cell generator capable of safely producing consistent 

electrochemically activated pH neutral hypochlorous acid solutions of sufficient 

concentrations to achieve adequate disinfection efficacy. Such a prototype generator, 

intended for use at-home, could also incorporate other technology to optimise the 

disinfection potential of the electrochemically activated solutions by, for instance, 

agitating the disinfectant solutions by ultrasonic vibration. If such a device could be 

developed, electrochemically activated solutions could meet many of the criteria set out 

by the American College of Prosthodontists guidelines on the care and maintenance of 

dentures for an ideal denture cleanser.
[44]

 New FEM cell generators are now being 

introduced into the market as innovations in electrochemical activation technology 

continue. These new FEM cell generators are purported to produce more stable 

solutions, provided that such solutions are stored under dark conditions. It may be 
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possible to produce electrochemically activated solutions which could be stored in 

opaque bottles, in a similar manner to which existing sodium hypochlorite solutions are 

stored. This may also offer a viable alternative for denture disinfection, worthy of 

consideration in future studies. 
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4.2 Conclusions 

The findings of the present in vitro study suggest that electrochemically activated pH 

neutral hypochlorous acid solutions could be used as effective alternative disinfectants 

for CCDs made from cold-processed, heat-processed or milled PMMAs.  

The findings of the pilot study suggests that a statistically significant 5 log10 reduction 

or more of S. aureus ATCC 6538 is achievable at just beyond 250 ppm FAC, E. hirae 

ATCC 10541 at 1000 ppm FAC, P. aeruginosa ATCC 15442 at 900 ppm FAC and C. 

albicans SC5314 at 500 ppm FAC when inoculated PMMA discs are immersed in 5 ml 

of freshly generated electrochemically activated pH neutral hypochlorous acid solutions 

for 5 min under simulated dirty conditions. 

The findings of the main study suggest that to achieve a statistically significant 5 log10 

reduction or more in viable microorganisms on soiled PMMA surfaces, immersion 

disinfection within freshly generated electrochemically activated pH neutral 

hypochlorous acid of concentration 1000 ppm FAC for a 5 min period is advisable. This 

disinfection cycle appears to show comparable results to similar immersion disinfection 

cycles using the commercially available 2% (w/v) sodium hypochlorite disinfectant 

Milton Sterilising Fluid as well as the 0.55% (v/v) ortho-phthalaldehyde hospital 

disinfectant Cidex® OPA. 

No adverse effects were visually obvious on PMMA discs in terms of bleaching effects, 

colour instability or surface degradation following the pilot study or main study when 

discs were subjected to freshly generated electrochemically activated pH neutral 

hypochlorous acid solutions of concentrations of 200 ppm – 1000 ppm FAC. 
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Pilot Study Raw Data for Staphylococcus aureus ATCC 6538 

 

 

 

 

Date

07/12/2016

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus Control Anolyte

C13 4,310,000 C14 2,700,000 T1N 3,630 Oxidative damage Clean conditions 3,305,000 3,520

C13 3,510,000 C14 2,700,000 T1N 3,410 Oxidative damage 200PPM

C23 2,970,000 C24 3,300,000 T2N 50 First use 3,885,000 30

C23 3,070,000 C24 6,200,000 T2N 10

C33 3,120,000 Small CFU - possible damage C34 3,100,000 T3N 710 Oxidative damage 2,827,500 650

C33 2,290,000 C34 2,800,000 T3N 590 Oxidative damage

Date

13/12/2016

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 2,920,000 C14 5,400,000 T1N 40 Clean conditions 3,565,000 25

C13 2,840,000 C14 3,100,000 T1N 10 200PPM

C23 1,420,000 C24 4,800,000 T2N 20 First use 2,350,000 230

C23 880,000 C24 2,300,000 T2N 440 Oxidative damage

C33 1,880,000 C34 4,400,000 T3N 0 3,695,000 0

C33 2,100,000 C34 6,400,000 T3N 0

Date

10/01/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 290,000 C14 400,000 T1N 0 Clean conditions 347,500 0

C13 300,000 C14 400,000 T1N 0 200PPM

C23 370,000 C24 400,000 T2N 0 First use 260,000 0

C23 170,000 C24 100,000 T2N 0

C33 250,000 C34 600,000 T3N 3 315,000 3

C33 210,000 C34 200,000 T3N 2

Date

12/01/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 2,600,000 C14 3,600,000 T1N Semi-confluent TNTC Oxidative damage Dirty conditions 2,540,000 TNTC

C13 1,860,000 C14 2,100,000 T1N Semi-confluent TNTC Oxidative damage 200PPM

C23 1,320,000 C24 2,000,000 T2N 0 First use 1,582,500 0

C23 1,310,000 C24 1,700,000 T2N 0

C33 1,030,000 C34 1,600,000 T3N 0 1,085,000 0

C33 910,000 C34 800,000 T3N 0



 

 

 

 

 

 

 

 

Date

24/01/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 2,050,000 C14 2,400,000 T1N 0 Dirty conditions 2,407,500 0

C13 2,080,000 C14 3,100,000 T1N 0 200PPM

C23 4,160,000 Semi-confluent areas. Plating error possible C24 7,500,000 Semi-confluent areas. Plating error possible T2N 180 Oxidative damage First use 2,630,000 245

C23 2,660,000 C24 2,600,000 T2N 310 Oxidative damage

C33 440,000 C34 1,100,000 T3N 40 Oxidative damage 682,500 40

C33 390,000 C34 800,000 T3N Semi-confluent TNTC Possible contamination

Date

08/02/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 840,000 C14 700,000 T1N 10 Dirty conditions 790,000 5

C13 720,000 C14 900,000 T1N 0 250PPM

C23 960,000 C24 1,800,000 T2N 0 Second use 1,452,500 0

C23 950,000 C24 2,100,000 T2N 0

C33 830,000 C34 1,800,000 T3N 0 1,330,000 10

C33 890,000 C34 1,800,000 T3N 20

Date

13/02/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 1,080,000 C14 1,200,000 T1N 30 Oxidative Damage Dirty conditions 1,230,000 40

C13 1,240,000 C14 1,400,000 T1N 50 Oxidative Damage 250PPM

C23 1,150,000 C24 600,000 T2N 70 Oxidative Damage Second use 1,222,500 95

C23 1,240,000 C24 1,900,000 T2N 120 Oxidative Damage

C33 1,590,000 C34 1,100,000 T3N 10 Oxidative Damage 1,630,000 5

C33 X Mixed Sp Contamination C34 2,200,000 T3N 0

Date

15/02/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Staphlococcous aureus

C13 2,920,000 C14 2,900,000 T1N 100 Dirty conditions 2,847,500 75

C13 2,770,000 C14 2,800,000 T1N 50 250PPM

C23 1,560,000 C24 1,700,000 T2N 0 Second use 2,037,500 0

C23 1,790,000 C24 3,100,000 T2N 0

C33 2,450,000 C34 7,800,000 T3N 0 3,907,500 10

C33 2,180,000 C34 3,200,000 T3N 20



Pilot Study Raw Data for Candida albicans SC5314 

 

 

 

 

 

 

 

 

Date

07/06/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Candida albicans  2 pellets Control Anolyte

C12 1,750,000 C13 1,600,000 T1N 0 Dirty conditions 2,005,000 0

C12 2,570,000 C13 2,100,000 T1N 0 500PPM

C22 1,160,000 C23 1,400,000 T2N contamination Fourth use 1,985,000

C22 2,180,000 C23 3,200,000 T2N contamination

C32 740,000 C33 900,000 T3N 0 All test & controls plated from one well containing 5ml ECA & 5ml Neutraliser 1,062,500 0

C32 910,000 C33 1,700,000 T3N 0

Date

21/06/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Candida albicans  2 pellets

C12 400,000 C13 500,000 T1N 0 Dirty conditions 645,000 0

C12 480,000 C13 1,200,000 T1N 0 500PPM

C22 480,000 C23 100,000 T2N 0 Fourth use 372,500 0

C22 710,000 C23 200,000 T2N 0

C32 1,100,000 C33 500,000 T3N 0 All test & controls plated from one well containing 5ml ECA & 5ml Neutraliser 605,000 0

C32 620,000 C33 200,000 T3N 0

Date

28/06/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Candida albicans  2 pellets

C12 130,000 C13 400,000 T1N 100 Dirty conditions 290,000 50

C12 230,000 C13 400,000 T1N 0 500PPM

C22 190,000 C23 200,000 T2N 0 Fourth use 230,000 0

C22 230,000 C23 300,000 T2N 0

C32 130,000 C33 0 T3N 0 All test & controls plated from one well containing 5ml ECA & 5ml Neutraliser 60,000 0

C32 110,000 C33 0 T3N 0



Pilot Study Raw Data for Enterococcus hirae ATCC 10541 

 

 

 

Date

26/07/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 140,000 C14 100,000 T1N 750 Dirty conditions 102,500 840

C13 170,000 C14 0 T1N 930 500PPM

C23 590,000 C24 1,300,000 T2N 120 Fourth use 807,500 140

C23 440,000 C24 900,000 T2N 160

C33 170,000 C34 500,000 T3N 0 347,500 0

C33 220,000 C34 500,000 T3N 0

Date

01/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 80,000 C14 100,000 T1N 20 Dirty conditions 57,500 15

C13 50,000 C14 0 T1N 10 500PPM

C23 210,000 C24 300,000 T2N 50 Fourth use 252,500 55

C23 200,000 C24 300,000 T2N 60

C33 280,000 C34 100,000 T3N 200 165,000 240

C33 180,000 C34 100,000 T3N 280

Date

01/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 260,000 C14 300,000 T1N 280 Dirty conditions 247,500 360

C13 130,000 C14 300,000 T1N 440 500PPM

C23 260,000 C24 200,000 T2N 280 Fourth use 227,500 225

C23 250,000 C24 200,000 T2N 170

C33 340,000 C34 400,000 T3N 7,680 342,500 6,460

C33 230,000 C34 400,000 T3N 5,240



 

 

 

Date

04/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 110,000 C14 200,000 T1N 0 Dirty conditions 80,000 0

C13 10,000 C14 0 T1N 0 800PPM

C23 60,000 C24 100,000 T2N 80 Fourth use 47,500 55

C23 30,000 C24 0 T2N 30

C33 40,000 C34 100,000 T3N 0 35,000 0

C33 0 C34 0 T3N 0

Date

04/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 210,000 C14 200,000 T1N 6,640 Dirty conditions 175,000 6,820

C13 190,000 C14 100,000 T1N 7,000 800PPM

C23 170,000 C24 100,000 T2N 10 Fourth use 127,500 10

C23 140,000 C24 100,000 T2N 10

C33 290,000 C34 300,000 T3N 0 250,000 0

C33 210,000 C34 200,000 T3N 0

Date

16/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 460,000 C14 300,000 T1N 0 Dirty conditions 300,000 0

C13 440,000 C14 0 T1N 0 800PPM

C23 540,000 C24 800,000 T2N 0 Fourth use 580,000 5

C23 480,000 C24 500,000 T2N 10

C33 220,000 C34 100,000 T3N 1,300 oxidative damage 220,000 1,195

C33 260,000 C34 300,000 T3N 1,090 oxidative damage



 

 

 

Date

16/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 390,000 C14 300,000 T1N 330 oxidative damage Dirty conditions 270,000 255

C13 190,000 C14 200,000 T1N 180 oxidative damage 800PPM

C23 150,000 C24 400,000 T2N 180 oxidative damage Fourth use 222,500 140

C23 140,000 C24 200,000 T2N 100 oxidative damage

C33 540,000 C34 600,000 T3N 150 oxidative damage 412,500 140

C33 410,000 C34 100,000 T3N 130 oxidative damage

Date

25/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 550,000 C14 100,000 T1N 0 Dirty conditions 255,000 0

C13 270,000 C14 100,000 T1N 0 1000PPM

C23 120,000 C24 100,000 T2N 0 Fifth use 100,000 0

C23 80,000 C24 100,000 T2N 0

C33 130,000 C34 100,000 T3N 0 110,000 0

C33 110,000 C34 100,000 T3N 0

Date

25/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 360,000 C14 100,000 T1N 0 Dirty conditions 200,000 0

C13 240,000 C14 100,000 T1N 0 1000PPM

C23 240,000 C24 200,000 T2N 0 Fifth use 162,500 0

C23 110,000 C24 100,000 T2N 0

C33 300,000 C34 300,000 T3N 0 202,500 0

C33 110,000 C34 100,000 T3N 0



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date

25/08/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Enterococcous hirae  2 pellets

C13 320,000 C14 400,000 T1N 0 Dirty conditions 410,000 0

C13 420,000 C14 500,000 T1N 0 1000PPM

C23 360,000 C24 400,000 T2N 0 Fifth use 302,500 0

C23 250,000 C24 200,000 T2N 0

C33 190,000 C34 100,000 T3N 0 175,000 0

C33 210,000 C34 200,000 T3N 0



Pilot Study Raw Data for Pseudomonas aeruginosa ATCC 15442 

 

 

Date

10/10/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Pseudomonas aeruginosa Control Anolyte

C13 2,360,000 C14 12,700,000 T1N 110 Dirty conditions 7,420,000 160

C13 2,920,000 C14 11,700,000 T1N 210 750PPM

C23 3,200,000 C24 18,400,000 T2N 0 Sixth use 11,100,000 0

C23 3,200,000 C24 19,600,000 T2N 0

C33 4,500,000 C34 45,600,000 T3N 330 21,550,000 335

C33 4,600,000 C34 31,500,000 T3N 340

Date

10/10/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Pseudomonas aeruginosa

C13 2,320,000 C14 7,900,000 T1N 400 Dirty conditions 4,857,500 435

C13 1,710,000 C14 7,500,000 T1N 470 750PPM

C23 1,380,000 C24 5,900,000 T2N 190 Sixth use 3,535,000 180

C23 1,460,000 C24 5,400,000 T2N 170

C33 5,340,000 C34 23,400,000 T3N 0 13,845,000 0

C33 5,640,000 C34 21,000,000 T3N 0



 

 

 

Date

06/11/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Pseudomonas aeruginosa

C13 2,300,000 C14 6,200,000 T1N 0 Dirty conditions 4,180,000 0

C13 1,820,000 C14 6,400,000 T1N 0 900PPM

C23 1,260,000 C24 5,600,000 T2N 0 Sixth use 3,477,500 0

C23 2,250,000 C24 4,800,000 T2N 0

C33 3,220,000 C34 5,200,000 T3N 10 4,235,000 5

C33 2,920,000 C34 5,600,000 T3N 0

Date

06/11/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Pseudomonas aeruginosa

C13 4,230,000 C14 5,400,000 T1N 0 Dirty conditions 4,762,500 0

C13 3,520,000 C14 5,900,000 T1N 0 900PPM

C23 2,620,000 C24 3,200,000 T2N 0 Sixth use 3,137,500 5

C23 3,230,000 C24 3,500,000 T2N 10

C33 2,520,000 C34 4,200,000 T3N 0 3,300,000 0

C33 2,680,000 C34 3,800,000 T3N 0



 

 

 

 

 

 

 

 

 

Date

15/11/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Pseudomonas aeruginosa

C14 5,900,000 C15 65,000,000 T1N 0 Dirty conditions 52,225,000 10

C14 10,000,000 C15 128,000,000 T1N 20 1000PPM

C24 12,200,000 C25 58,000,000 T2N 10 Seventh use 33,500,000 5

C24 11,800,000 C25 52,000,000 T2N 0

C24 6,800,000 C35 49,000,000 T3N 0 31,650,000 0

C24 8,800,000 C35 62,000,000 T3N 0

Date

15/11/2017

CONTROL CFU/ml CONTROL CFU/ml TEST CFU/ml Pseudomonas aeruginosa

C14 10,800,000 C15 70,000,000 T1N 20 Dirty conditions 37,100,000 15

C14 7,600,000 C15 60,000,000 T1N 10 1000PPM

C24 1,500,000 C25 40,000,000 T2N 0 Seventh use 15,675,000 0

C24 1,200,000 C25 20,000,000 T2N 0

C24 7,500,000 C35 42,000,000 T3N 10 15,750,000 5

C24 6,500,000 C35 7,000,000 T3N 0



Main Study Raw Data for Staphylococcus aureus ATCC 6538 

 

 

Date

29/11/2017 Control Anolyte Milton Cidex

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 130,000 C14 200,000 T1N 0 M1N 0 X1N 0 145,000 0 0 0

C13 150,000 C14 100,000 T1N 0 M1N 0 X1N 0

C23 160,000 C24 400,000 T2N 0 M2N 0 X2N 0 245,000 0 0 0

C23 220,000 C24 200,000 T2N 0 M2N 0 X2N 0

C33 190,000 C34 400,000 T3N 0 M3N 0 X3N 0 227,500 0 0 0

C33 120,000 C34 200,000 T3N 0 M3N 0 X3N 0

205,833 0 0 0

Staphlococcous aureus Overnight: 1.2 X 10
12

Dirty conditions

1000PPM pH: 7.17

Cold-Processed Acrylic Discs - 1st Use

Date

06/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 210,000 C14 500,000 T1N 0 M1N 0 X1N 10 305,000 0 0 5

C13 210,000 C14 300,000 T1N 0 M1N 0 X1N 0

C23 120,000 C24 200,000 T2N 0 M2N 0 X2N 0 150,000 0 0 0

C23 80,000 C24 200,000 T2N 0 M2N 0 X2N 0

C33 240,000 C34 900,000 T3N 0 M3N 0 X3N 0 382,500 0 0 0

C33 190,000 C34 200,000 T3N 0 M3N 0 X3N 0

279,167 0 0 2

Staphlococcous aureus Overnight: 1.2 X 10
12

Dirty conditions

1000PPM pH: 7.17

Cold-Processed Acrylic Discs - 1st Use



 

 

 

Date

11/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 330,000 C14 800,000 T1N 0 M1N 10 X1N 0 585,000 0 5 0

C13 410,000 C14 800,000 T1N 0 M1N 0 X1N 0

C23 110,000 C24 100,000 T2N 0 M2N 0 X2N 0 167,500 0 0 0

C23 160,000 C24 300,000 T2N 0 M2N 0 X2N 0

C33 340,000 C34 1,000,000 T3N 0 M3N 0 X3N 0 652,500 0 0 0

C33 270,000 C34 1,000,000 T3N 0 M3N 0 X3N 0

468,333 0 2 0

Staphlococcous aureus Overnight: 1.2 X 10
12

Dirty conditions

1000PPM pH: 7.12

Cold-Processed Acrylic Discs - 1st Use

Date

11/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 100,000 C14 300,000 T1N 0 M1N 0 X1N 10 162,500 0 0 5

C13 150,000 C14 100,000 T1N 0 M1N 0 X1N 0

C23 100,000 C24 100,000 T2N 1,360 M2N 0 X2N 0 132,500 1,345 0 0

C23 130,000 C24 200,000 T2N 1,330 M2N 0 X2N 0

C33 370,000 C34 200,000 T3N 6,920 M3N 0 X3N 0 385,000 6,740 0 0

C33 370,000 C34 600,000 T3N 6,560 M3N 0 X3N 0

226,667 2,695 0 2

Staphlococcous aureus Overnight: 1.2 X 10
12

Dirty conditions

1000PPM pH: 5.35

Heat-Processed Acrylic Discs - 1st Use



 

 

 

Date

12/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 150,000 C14 200,000 T1N 0 M1N 0 X1N 0 205,000 0 0 0

C13 170,000 C14 300,000 T1N 0 M1N 0 X1N 0

C23 160,000 C24 700,000 T2N 0 M2N 0 X2N 0 275,000 0 0 0

C23 140,000 C24 100,000 T2N 0 M2N 0 X2N 0

C33 180,000 C34 200,000 T3N 0 M3N 0 X3N 0 172,500 0 0 0

C33 110,000 C34 200,000 T3N 0 M3N 0 X3N 0

217,500 0 0 0

Staphlococcous aureus Overnight: 5 X 10
12

Dirty conditions

1000PPM pH: 7.8

Heat-Processed Acrylic Discs - 1st Use

Date

12/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 980,000 C14 2,100,000 T1N 0 M1N 0 X1N 0 1,150,000 0 0 0

C13 520,000 C14 1,000,000 T1N 0 M1N 0 X1N 0

C23 390,000 C24 600,000 T2N 0 M2N 0 X2N 0 365,000 0 0 0

C23 270,000 C24 200,000 T2N 0 M2N 0 X2N 0

C33 150,000 C34 200,000 T3N 0 M3N 0 X3N 0 165,000 0 0 0

C33 110,000 C34 200,000 T3N 0 M3N 0 X3N 0

560,000 0 0 0

Staphlococcous aureus Overnight: 5.02 X 10
12

Dirty conditions

1000PPM pH: 7.8

Heat-Processed Acrylic Discs - 1st Use



 

 

 

Date

13/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 300,000 C14 700,000 T1N 0 M1N 0 X1N 0 390,000 0 0 0

C13 260,000 C14 300,000 T1N 0 M1N 0 X1N 0

C23 700,000 C24 500,000 T2N 0 M2N 0 X2N 0 567,500 0 0 0

C23 670,000 C24 400,000 T2N 0 M2N 0 X2N 0

C33 150,000 C34 700,000 T3N 0 M3N 0 X3N 0 332,500 0 5 0

C33 280,000 C34 200,000 T3N 0 M3N 10 X3N 0

430,000 0 2 0

Staphlococcous aureus Overnight: 5 X 10
12

Dirty conditions

850PPM pH: 7.8

Milled Acrylic Discs - 1st Use

Date

18/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 620,000 C14 2,700,000 T1N 0 M1N 0 X1N 0 1,285,000 0 0 0

C13 820,000 C14 1,000,000 T1N 0 M1N 0 X1N 0

C23 440,000 C24 1,200,000 T2N 0 M2N 50 X2N 0 690,000 0 55 0

C23 420,000 C24 700,000 T2N 0 M2N 60 X2N 0

C33 250,000 C34 1,100,000 T3N 0 M3N 0 X3N 0 670,000 0 0 0

C33 730,000 C34 600,000 T3N 0 M3N 0 X3N 0

881,667 0 18 0

Staphlococcous aureus Overnight: 5 X 10
12

Dirty conditions

1000PPM pH: 6.8

Milled Acrylic Discs - 1st Use



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date

19/12/2017

CONTROL CFU/ml CONTROL CFU/ml Analyte CFU/ml Milton CFU/ml Cidex CFU/ml

C13 660,000 C14 900,000 T1N 0 M1N 0 X1N 0 1,037,500 0 0 0

C13 490,000 C14 2,100,000 T1N 0 M1N 0 X1N 0

C23 520,000 C24 900,000 T2N 0 M2N 0 X2N 0 740,000 0 0 5

C23 contamination C24 800,000 T2N 0 M2N 0 X2N 10

C33 880,000 C34 2,300,000 T3N 0 M3N 0 X3N 0 1,340,000 0 0 0

C33 880,000 C34 1,300,000 T3N 0 M3N 0 X3N 0

1,039,167 0 0 2

Staphlococcous aureus Overnight: 1.04 X 10
14

Dirty conditions

1000PPM pH: 6.6

Milled Acrylic Discs - 1st Use



Main Study Raw Data for Candida albicans SC5314 

 

 

Date

19/12/2017 Control Anolyte Milton Cidex

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 24,000 C13 30,000 T1N 0 M1N 0 X1N 0 31,500 0 0 0

C12 32,000 C13 40,000 T1N 0 M1N 0 X1N 0

C22 33,000 C23 40,000 T2N 30 M2N 0 X2N 10 39,750 15 0 5

C22 36,000 C23 50,000 T2N 0 M2N 0 X2N 0

C32 26,000 C33 30,000 T3N 0 M3N 0 X3N 0 24,750 0 0 0

C32 23,000 C33 20,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 5 X 10
12

Dirty conditions

1000PPM pH: 6.6

Cold-Processed Acrylic Discs - 1st Use

Date

19/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 15,000 C13 30,000 T1N 0 M1N 0 X1N 0 24,250 0 0 0

C12 22,000 C13 30,000 T1N 0 M1N 0 X1N 0

C22 33,000 C23 50,000 T2N 40 M2N 0 X2N 0 39,500 25 0 0

C22 35,000 C23 40,000 T2N 10 M2N 0 X2N 0

C32 26,000 C33 30,000 T3N 0 M3N 0 X3N 0 24,500 0 0 0

C32 22,000 C33 20,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 5 X 10
12

Dirty conditions

1000PPM pH: 6.6

Cold-Processed Acrylic Discs - 1st Use



 

 

 

Date

20/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 21,000 C13 30,000 T1N 0 M1N 0 X1N 0 20,250 0 0 0

C12 10,000 C13 20,000 T1N 0 M1N 0 X1N 0

C22 20,000 C23 20,000 T2N 0 M2N 0 X2N 0 23,250 0 0 0

C22 23,000 C23 30,000 T2N 0 M2N 0 X2N 0

C32 17,000 C33 20,000 T3N 0 M3N 0 X3N 0 14,250 0 0 0

C32 10,000 C33 10,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 1.5 X 10
12

Dirty conditions

750PPM pH: 6.5

Cold-Processed Acrylic Discs - 1st Use

Date

20/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 28,000 C13 20,000 T1N 0 M1N 0 X1N 0 29,250 0 0 0

C12 39,000 C13 30,000 T1N 0 M1N 0 X1N 0

C22 17,000 C23 30,000 T2N 0 M2N 0 X2N 0 31,500 0 0 0

C22 39,000 C23 40,000 T2N 0 M2N 0 X2N 0

C32 87,000 C33 140,000 T3N 0 M3N 0 X3N 0 110,000 0 0 0

C32 93,000 C33 120,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 1.5 X 10
12

Dirty conditions

750PPM pH: 6.5

Heat-Processed Acrylic Discs - 1st Use



 

 

 

Date

20/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 33,000 C13 50,000 T1N 0 M1N 0 X1N 0 32,250 0 0 0

C12 26,000 C13 20,000 T1N 0 M1N 0 X1N 0

C22 30,000 C23 60,000 T2N 0 M2N 0 X2N 0 40,750 0 0 0

C22 43,000 C23 30,000 T2N 0 M2N 0 X2N 0

C32 31,000 C33 30,000 T3N 0 M3N 0 X3N 0 25,500 0 0 0

C32 21,000 C33 20,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 1.5 X 10
12

Dirty conditions

750PPM pH: 6.5

Heat-Processed Acrylic Discs - 1st Use

Date

21/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 36,000 C13 70,000 T1N 0 M1N 0 X1N 0 47,000 0 0 0

C12 22,000 C13 60,000 T1N 0 M1N 0 X1N 0

C22 38,000 C23 130,000 T2N 0 M2N 0 X2N 0 80,000 0 0 0

C22 42,000 C23 110,000 T2N 0 M2N 0 X2N 0

C32 33,000 C33 150,000 T3N 0 M3N 0 X3N 0 67,250 0 0 0

C32 26,000 C33 60,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 2.59 X 10
12

Dirty conditions

1000PPM pH: 6.6

Heat-Processed Acrylic Discs - 1st Use



 

 

 

Date

21/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 30,000 C13 50,000 T1N 0 M1N 0 X1N 0 27,250 0 0 0

C12 19,000 C13 10,000 T1N 0 M1N 0 X1N 0

C22 15,000 C23 40,000 T2N 0 M2N 0 X2N 0 22,000 0 0 0

C22 13,000 C23 20,000 T2N 0 M2N 0 X2N 0

C32 25,000 C33 30,000 T3N 0 M3N 0 X3N 0 24,000 0 0 0

C32 21,000 C33 20,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 2.59 X 10
12

Dirty conditions

1000PPM pH: 6.6

Milled Acrylic Discs - 1st Use

Date

21/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 30,000 C13 90,000 T1N 0 M1N 0 X1N 0 40,750 0 0 0

C12 13,000 C13 30,000 T1N 0 M1N 0 X1N 0

C22 26,000 C23 20,000 T2N 0 M2N 0 X2N 0 18,500 0 0 0

C22 18,000 C23 10,000 T2N 0 M2N 0 X2N 0

C32 23,000 C33 contaminated T3N 0 M3N 0 X3N 0 23,667 0 0 0

C32 28,000 C33 20,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 2.59 X 10
12

Dirty conditions

1000PPM pH: 6.6

Milled Acrylic Discs - 1st Use



 

Date

21/12/2017

CONTROL CFU/ml CONTROL CFU/ml Anolyte CFU/ml Milton CFU/ml Cidex CFU/ml

C12 27,000 C13 30,000 T1N 0 M1N 0 X1N 0 25,000 0 0 0

C12 23,000 C13 20,000 T1N 0 M1N 0 X1N 0

C22 18,000 C23 20,000 T2N 0 M2N 0 X2N 0 22,250 0 0 0

C22 21,000 C23 30,000 T2N 0 M2N 0 X2N 0

C32 32,000 C33 30,000 T3N 0 M3N 0 X3N 0 33,750 0 0 0

C32 33,000 C33 40,000 T3N 0 M3N 0 X3N 0

Candida albicans Overnight: 2.59 X 10
12

Dirty conditions

1000PPM pH: 6.6

Milled Acrylic Discs - 1st Use
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