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PHMB Continued Approval Submission 
Polyhexamethylene biguanide (PHMB) is a commonly used antibacterial agent.  It has many applications as an antiseptic and disinfectant and is used in cosmetics, water treatment and wound care. PHMB has a broad spectrum of antimicrobial activity and has shown to be effective in combating biofilms, a major source of microbes in the healthcare environment. 
Uses
PHMB is a polymeric biguanide, which belong to a group of compounds called cationic anti-microbial agents.  This class includes quaternary ammonium compounds (QACs) and bisbiguanides and are commonly used as disinfectants in the healthcare environment.  PHMB’s use as an antiseptic, particularly in wound care has been widely studied. It has been shown to increase wound healing and reduce the incidence of infection (Hubner and Kramer 2010).  In one study it stimulated production of human keratinocytes and fibroblasts in vitro (Wiegand C 2007).  PHMB is also very effective at treating second-degree burns (Daeschlein G 2007). It has many other applications, as a swimming pool disinfectant and disinfectant in the food industry.
Mechanism of Action
Cationic antimicrobials have some similarities in their mode of action but there are important differences too, which have implications for their uses and the emergence of resistance. All the compounds contain positively charged, cationic groups that bind to negatively charged, anionic components on the microbial cell wall or membrane.  The negatively charged groups include lipopolysaccharides and peptidoglycans. The compounds differ in the extent to which they interact with the microbial cell walls and subsequent actions (Gilbert P 2005).  
Once bound to the anionic groups in the cell wall or membrane the cationic compounds displace Ca2+ ions that stabilise the cell membrane.  This compromises the integrity of the membrane structure and can cause fluidity. Leakage of potassium ions and other factors perturbs the growth of the cell and can ultimately lead to the death of the cells. (Gilbert P 2005). 
Quaternary ammonium compounds (QACs) such as benzalkonium chloride and didecyldimonium chloride are generally monocationic. Once they have made an initial interaction with the cell wall the hydrophobic tail of the compound is able to integrate into the hydrophobic membrane core of the cell membrane.  This can cause the formation of mixed micellar aggregates that solubilise hydrophobic components of the membrane, causing generalised membrane damage and a leak of cellular contents. The spectrum of activity of QACs is determined by the lipophilicity and the length of the chain. This means, therefore, that by using a combination of QAC’s both Gram-positive and Gram-negative bacteria, as well as yeast can be targeted (Gilbert P 2005). QACs have been shown to be effective against a variety of emerging multidrug-resistant bacterial species (Reichel M 2014).
Biguanides such as PHMB and bisbiguanides such as CHG also bind to cations in the membrane of both Gram-positive and Gram-negative bacteria. In contrast to QACs however these types of compound do not integrate fully into the cell membrane. The binding of the cationic groups to the phospholipids forms bridges. These bridges are hydrophobic but inflexible, so are unable to be integrated into the membrane. The bisbiguanides have two cationic groups so are only able to bridge between 2 phospholipid head groups. PHMB is a longer, polycationic polymer and is therefore able to make many more interactions. This sequesters the phospholipid groups into a mosaic of individual phospholipid domains leading to phase separation of the membrane.  As well as causing a loss of potassium ions from the cell (Ikeda T 1984) it leads to a loss of function of proteins in the cell membrane and therefore physiological function of the membrane (Gilbert P 2005). In addition the formation of phospholipid domains causes loss of the membrane permeability barrier, leading to greater loss of cellular contents. The activity of PHMB increases with increasing levels of polymerisation as this enhances perturbation of the inner membrane (McDonnell G 1999). The additional ways in which PHMB interacts with the microbial cell membranes makes it a more effective antimicrobial agent than QACs and bisbiguanides. PHMB is also active in a wider pH range than QACs and other biguanides, giving it another advantage.
Once inside the cell PHMB interacts with RNA and both single-stranded and double-stranded DNA, through electrostatic interactions. The formation of a complex of PHMB-nucleic acids is suggested to interfere with transcriptional regulation and possibly lead to cell death (Allen MJ 2004). These interactions, coupled with the cell membrane interactions discussed above make PHMB a unique antimicrobial agent.
Effectiveness
Due to its strong and non-specific interactions PHMB has a broad antimicrobial spectrum including Gram-negative, Gram-positive bacteria, spore-forming bacteria, plaque-forming and biofilm-forming bacteria, fungi and HIV-1 and HPV (Hubner and Kramer 2010). It also blocks microbial attachment to surfaces, giving a sustained effect when used as a disinfectant, and has been shown to be effective in both clean and dirty conditions (Hubner and Kramer 2010).  PHMB is capable of producing a >5log10 kill in a contact time of 5 mins at 0.02% concentration against S. aureus, E. coli, E. faecium, P. aureginosa and C. albicans (Muller G 2008).
Resistance
Resistance to antibiotics and biocides is becoming an increasing problem in healthcare environments. The emergence of resistant strains such as MRSA and VRE present a real concern. Whilst the mechanisms of bacterial resistance to antibiotics are well studied the mechanisms of resistance to biocides are less understood. By using disinfectants with a combination of QACs and PHMB the occurrence of resistant strains will be lower than using either compound on its own. 
The mechanism of resistance to QACs is thought to be an increase in multi-drug efflux pumps in the cell membrane. These pumps remove QACs out of the cell, reducing their effectiveness and increasing the minimum inhibitory concentration.  
Because of the difference in the way PHMB interacts with the cell membranes it is thought that PHMB is not susceptible to resistance through increased efflux pumps (Timofeeva L 2011).  In a 2010 review Hubner suggested that due to its non-specific mode of activity bacterial resistance to PHMB is unlikely to develop. There is little or no evidence to suggest that the effectiveness of using PHMB as an antimicrobial agent has decreased in the 40 + years it has been in common use (Hubner and Kramer 2010). It has also been found that PHMB shares structural similarities and bactericidal action with antimicrobial peptides (AMPs). AMPs and PHMB kill bacteria via a very quick mode of action, making it unlikely that bacteria will develop resistance (Creppy E 2014). 
Toxicity
PHMB is classed as a skin sensitizer in animals, classified as skin sens 1B H317 (SCCS).  However, a study by Schnuch et al (2007) assessed the sensitising properties of PHMB in humans. Even at high concentrations the occurrence of skin sensitisation was very low and contact allergy to PHMB is rare. At a concentration of 5% PHMB in water the sensitisation frequency was 0.8%, which is below the 1% threshold and considered acceptable. PHMB is usually used at much lower concentrations than this in cosmetics and antimicrobial wipes, therefore it does not represent a sensitisation risk to the vast majority of people (Schnuch A 2007).  PHMB is considered as a slight skin irritant though, with a NOAEL of 20 mg/kg bw/d. Solutions at a concentration of 20% PHMB are considered to be moderately irritating to eyes and the respiratory tract (SCCS 2014). 
PHMB is considered to have no acute dermal toxicity. In one study no deaths occurred up to dose levels of 5000 mg/kg bw/d (SCCS 2014). There is no evidence to say that PHMB can be adsorbed through intact skin and wounds.  PHMB is classed as having moderate acute oral toxicity. LD50 values range from 500 – 1000 mg/kg bw in in vivo studies. It is also classified as having acute inhalational toxicity with an LC50 of 0.37 mg/l in one study (SCCS 2014). 
In repeated-dose toxicity studies PHMB was shown to have no dermal or oral repeat dose toxicity.  It was, however, shown to have acute inhalation repeat dose toxicity but SCCS guidelines say that the classification is not warranted if PHMB is present at concentrations below 1%. 
In chronic toxicity tests an NOEL of 200 mg/kg/bw/d was determined for PHMB. Chronic oral intake of 100 mg/kg/bw/day over 2 years was tolerated without any adverse reactions (Hubner and Kramer 2010). 
PHMB does not have any reproductive or developmental toxicity.  
PHMB is not considered to be genotoxic or mutagenic. A recent study by Creppy et al (2014) showed that PHMB exhibits no clear or remarkable epigenetic properties. It also does not increase production of mitogenic cytokines or NF-κB, a transcription factor that stimulates growth of transformed cells or tumours (Creppy E 2014).
PHMB is classed as Carc 2 H351 by ECHA’s RAC (2011) but evidence is weak.  This classification is based on results from one oral study conducted in mice (Milburn, 1996, unpublished data; SCCS 2014).  At high doses (1200 and 4000 ppm) there was an increased incidence of haemangiomas and haemangiosarcomas in the liver in mice, but the increase at 1200 ppm was considered to be small and a chance event. This study has been assessed by expert groups and was found to have no statistically significant results when the data for the 4000 ppm dose was excluded, on the basis that 4,000 ppm is greater than the maximum tolerated dose (MTD) (SCCS 2014). Greim (2011) reported that at high doses the vascular tumours observed are most likely to result from impaired glucose metabolism. As PHMB has an anti-hypoglycaemic effect on humans the high exposure levels used in the animals cannot occur in humans, therefore the animal studies are irrelevant. The report argues that no carcinogenic classification is warranted. Other, older, studies (Holburn, 1996; Clapp, 1977, unpublished data, SCCS 2014) are not considered to have given reliable findings (SCCS 2014). Overall there is no firm evidence of the dermal or oral carcinogenic effects of PHMB. 
PHMB has remarkably low cytotoxicity according to results from cell culture and explant tests (Hubner and Kramer 2010).  The biocompatibility index (BI) assesses the antibacterial properties of a substance and its cytotoxicity. It is defined as the ratio of the concentration at which 50% of murine fibroblasts are damaged and the microbiocidal effect producing at least 3 log10 reduction. A substance with a BI <1 indicates a toxicity that exceeds the antiseptic effect. PHMB had a BI of 1.36 which is remarkably good. CHG has a BI of 0.98 (Muller G 2008). PHMB does not interact with neutral phospholipids in cell membranes, which explains the lack of interaction with human cells and low toxicity in humans (Ikeda T 1984). There have been no reports of chronic health effects in humans associated with PHMB exposure. It has negligible systemic exposure and very poor bioavailability (Hubner and Kramer 2010). 

Conclusions
PHMB is an effective and useful compound that possesses unique properties amongst antimicrobial agents.  It has widespread uses in a range of industries. Although it does have some toxicity there has never been any reports of health effects in humans related to PHMB exposure. Its classification as a class 2 carcinogen is based on weak evidence and it has been shown to have no genotoxic properties. 
Using a combination of QACs and PHMB offers an effective disinfectant solution in the healthcare industry.  As individuals the compounds are effective disinfectants but their differing mechanisms of action mean that when used together they produce a synergistic effect and offer an even stronger line of defence against healthcare associated infections.  The two compounds combat a broad spectrum of microbes and PHMB has been shown to be effective against some resistant bacterial strains.
Given the demonstrable unique range of properties of PHMB outlined above, it is our contention that there is no suitable substitute for PHMB, particularly in PT1 and PT2 applications within healthcare. Disposal of used products in this area of professional use are controlled and pose no environmental threat. It would be particular folly to replace a biocide for which no bacterial resistance has been demonstrated at a time of great concern over the spread of antimicrobial resistance. 
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