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Abstract 

The transmission of Clostridium difficile infection (CDI) is mediated by spores, 

which are highly resistant to heat and disinfectants. The healthcare laundry 

policy, Health Technical Memorandum 01-04 Decontamination of linen for 

health and social care, provides minimum disinfection conditions and 

microbiological standards for laundered linen: no bacteria on previously sterile 

de-sized textiles, >5 log(10) reduction of a thermotolerant species of bacteria and 

<100 cfu with no pathogenic bacteria on sampled linen. Quantification of the 

survival of spores, from hospital sheets (100% cotton) naturally contaminated 

with C. difficile spores were laundered in a washer extractor (WE) at a 

commercial laundry; they failed the microbiological standards. Similar results 

were achieved in a simulated healthcare WE cycle. The industrial detergent 

used failed the test for sporicidal activity (BS EN 13704), with a 2.81 log(10) 

reduction in spores. The method of recovering spores from swatches was 

important; in the presence of soiling, agitation by vortexing (4.48 log(10) 

cfu/25cm2) was more effective than stomaching (4.2 log(10) cfu/25cm2, p≤0.05). 

Spore adherence to cotton occurred over time, with 0% (0 hours) and 51% (24 

hours) adherence; adherence decreased to 34% (24 hours) after exosporium 

removal, suggesting a role in spore adherence to cotton. The possibility cannot 

be discounted that low-level spore survival on processed linen may be 

contributing to environmental contamination and asymptomatic carriage. 
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1 Introduction 

Healthcare institutions are facing a difficult challenge in the prevention and 

control of pathogens which are endemic in hospitals and healthcare facilities, 

with Infection Control and Prevention (ICP) teams being a vital part of the 

strategy to address rising nosocomial infection rates.  Hospital Acquired 

Infections (HAIs) are not a new problem, and with CDI there are complex issues 

influencing transmission and aetiology (Khanna and Pardi, 2010; Knight et al., 

2010; Polage et al., 2012; Kwon et al., 2015).  

A World Health Organisation (WHO) report of 2011 estimated that global 

rates of HAIs differ significantly based on economic resources. For example, 

high-income regions such as the UK, Canada and Japan ranged from 3.5 – 12% 

of patients acquiring HAIs, while across Europe the average was 7.1 % of 

patients with HAIs (World Health Organisation, 2011). Plowman et al. (2001) 

suggested that HAIs have an overall cost to society of around £3-11 billion in 

lost productivity. The latest figures show that around 1% of HAIs are caused by 

the endemic spore-forming bacteria C. difficile (Public Health England, 2016). 

The number of CDIs reported per month in England ranged from 321 – 467 in 

the September 2016 – September 2017 period (Public Health England, 2017).  
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First described in 1935, originally called Bacillus difficilis due to the 

difficulty in isolating the organism, C. difficile was eventually isolated from the 

intestinal flora of healthy neonates (Hall and O'Toole, 1935). The first 

recognised cases of C. difficile-associated infection (CDAI) were later described 

in 1978 and it is one of the most common causes of nosocomial infectious 

diarrhoea (Larson et al., 1978; Langley et al., 2002; Cristina et al., 2012; 

Richardson et al., 2015).  

The Clostridium difficile Ribotyping Network (CDRN) was set up in 2007 to 

assess ribotyped isolates for potential clusters, specifically where CDI incidence 

or severity seem to be increasing at the ward or hospital level. The 

hypervirulent 027 strain is thought to be responsible for a sharp rise in the 

incidence and an increased severity of infection from C. difficile to around 

55,498 cases of CDI from April 2007 to March 2008 (McDonald et al., 2005; 

Karas et al., 2010; Khanna and Pardi, 2010). Public Health England records 

suggest that the number of C. difficile cases since 2007 have been in steady 

decline, dropping to 36,095 cases of CDI in 2008/2009. The decline started to 

slow in 2009/10, dropping to 26,504 cases of CDI, and 2010/11 to 21,707 cases. 

This trend continued in 2011/12, 2012/13 and 2013/2014 with 18,022, 14,694 

and 13,362 cases of CDI, respectively. The decline in total cases of CDI came to a 

halt in 2014/15 and showed a small rise which continued in 2015/2016, with 

14,192 and 14,139 cases of CDI respectively (Public Health England, 2016). In 
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England and Wales, there were 41, 500 mentions of CDI on death certificates for 

the period 2001-2013 (OFNS, 2013). Of the deaths during this period, 20,120 

note C. difficile as the underlying cause of death.  

C. difficile is a considerable burden to the NHS, Wilcox et al. (1996) found 

that patients stayed on average 21.3 extra days, which accounted for 94% of the 

extra cost. The total cost of contracting the infection totaled c. £4000 per 

hospital case (Wilcox et al., 1996; Plowman et al., 2001). Jones et al. (2013) 

standardised figures to 2010 prices, giving an updated cost of £6,986 extra per 

hospital case. With inflation, the costs per infection have almost certainly 

increased again, if prices have risen by 3/4 again, it could be in the region of 

£12,225 per hospital case in 2017.  

The exact cost in financial terms to the NHS and other healthcare 

providers, will vary in different regions and countries, but all agree that CDI 

increases the cost in terms of extra care requirements, testing kits, staffing 

levels, longer hospital stays and C. difficile ‘contract sanctions’, where there has 

been any lapse in care identified (Wilcox et al., 1996; Hansen et al., 2007; 

Vonberg et al., 2008; B. Mitchell and Gardner, 2012; Jones et al., 2013; NHS 

England, 2016).  

As well as financial concerns, there are the personal burdens carried by 

patients and their families.  Patients have described their experiences regarding 
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feeling humiliated and embarrassed, lack of information about the disease, 

experiencing loneliness and anxiety when placed in isolation rooms and fear of 

recurrent episodes after treatment (Madeo and Boyack, 2010; Guilleman et al., 

2014).  

Karas et al. (2010) suggested a global CDI attributable mortality level of 

5.99% and noted the 2.5 fold increase in mortality after 2000, caused by the 

hypervirulent, NAP1/027 type. However, the authors also note that the number 

of deaths could also be influenced by better reporting of CDI. Mitchell and 

Gardner (2012) reviewed CDI mortality, including studies from 2005-2011, 

estimating a 5.7% to 6.9% CDI-attributable mortality rate, in support of the 

5.99% suggested by Karas et al. (2010). The Mitchell and Gardner (2012) review 

included the later studies published 2009 to 2011. In North America, more 

recent figures suggest CDI-attributable mortality ranges from 5.7% to 16.7%, 

varying with endemic and epidemic periods (Kwon et al., 2015). Recurrence of 

CDI is currently a major healthcare challenge and can increase mortality to ~30% 

(Evans and Safdar, 2015). Furthermore, ∼30% of the patients with a first 

episode of CDI will experience a second episode and the probabilities to exhibit 

a third and fourth episode of CDI increase to 40% and 60%, respectively. 

C. difficile is spread via the oral-faecal route and hypervirulent strains 

have been shown to spread between patients within hospital wards (Eyre et al., 
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2013). In CDI strains which are not hypervirulent, there is evidence that CDI 

infections are not related to previous or current patients in a majority of cases 

and the source of these CDIs is yet to be established (Didelot et al., 2012; Eyre 

et al., 2013).  One possibility to consider is inadequately decontaminated bed 

linens, which are processed at industrial laundries according to NHS laundry 

policy HTM 01-04 (Department of Health, 2016a). The minimum temperatures 

specified by the policy are 71°C for ≥ 3 minutes, or 65°C for ≥ 10 minutes 

(Department of Health, 2016a). In contrast to this, C. difficile has been shown to 

survive at 71°C for two hours and up to 90°C for 10 minutes (Rodriguez-Palacios 

et al., 2010).  

1.1 Epidemiology of C. difficile infection  

C. difficile is an anaerobic bacterial species, which can colonise the intestinal 

tract of humans, mammals and other taxa (Songer and Anderson, 2006; Rupnik, 

2007; Goorhuis et al., 2007; Schoster et al., 2012; Bailey et al., 2016). Natural 

reservoirs can be found in domesticated livestock and C. difficile has been 

commonly cultured from animals which are slaughtered for human 

consumption (Schoster et al., 2012). Some of the ribotypes previously isolated 

from animals are clinically relevant, such as ribotype 078 (Goorhuis et al., 2007; 

Bailey et al., 2016).  
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The C. difficile vegetative cell can form hardy endospores, which are the 

agent of transmission. Infection usually presents after a course of broad 

spectrum antibiotics, which reduce commensal species that regulate bile salts 

and leads to an over-abundance of cholates (Borriello, 1998; Giel et al., 2010). 

These compounds then stimulate germination and outgrowth of C. difficile 

spores (Wilson et al., 1982; Sorg and Sonenshein, 2008; Wheeldon et al., 2011). 

The main antibiotics associated with CDI are Clindamycin, Fluoroquinolones and 

Cephalosporins, although all classes of antibiotics have been linked to CDI, 

except aminoglycosides administered parenterally (Bignardi, 1998; Goudarzi et 

al., 2014; Le Monnier et al., 2014).  

Other than antibiotic use, other risk factors which may predispose 

patients to CDI include increased age, duration of hospital stay, proton-pump 

inhibitor use and the severity of any underlying illness (Brown et al., 1990; 

McFarland et al., 1990a; Safdar and Maki, 2002; Lee and Cohen, 2013; Gerding 

and Lessa, 2015). There are other groups previously thought to not be at risk, 

who are now showing increased incidence, e.g. pregnant women, children and 

adults with no history of antimicrobial use (Garey et al., 2008; Rouphael et al., 

2008; Gupta and Dubberke, 2014; Ye et al., 2016).  

The symptoms of CDI can range from minor self-limiting to watery 

fulminant diarrhoea and may result in Pseudomembranous Colitis (PMC) or 
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Toxic Megacolon (Doan et al., 2012). Vegetative C. difficile cells produce two 

large toxins TcdA and TcdB, commonly referred to as toxin A (enterotoxin) and 

toxin B (cytotoxin) respectively, which cause severe inflammation and intestinal 

epithelial damage (Voth and Ballard, 2005; Bartlett, 2009; Navaneethan and 

Giannella, 2009; Carter et al., 2012). The binary toxin is a virulence factor, which 

can be present in TcdA and TcdB negative isolates (McFarland et al., 2007).  

The course of infection is unpredictable and can become fatal in a short 

time when patients suffer co-morbidities (Kolli et al., 2009; Mitchell and 

Gardner, 2012). In addition, asymptomatic carriage of C. difficile is seen in 

neonates and up to 3% of healthy asymptomatic adults carry C. difficile 

(Sherertz and Sarubbi, 1982; Kachrimanidou and Malislovas, 2011; Curry et al., 

2013). It has been estimated that in hospital settings and long-term care 

facilities asymptomatic carriage can be between 10% and 58% (Riggs et al., 

2007; Shaughnessy et al., 2011). Asymptomatic carriage has been associated 

with protection from the most severe symptoms of the disease, but may 

proceed to symptomatic infection (McFarland et al., 1990b; Furuya-Kanamori et 

al., 2015).  

Symptomatic CDI patients may shed 4 - 7 log(10) C. difficile spores/gram of 

faeces (Mulligan et al., 1979; Al-Nassir et al., 2008). In addition, asymptomatic 

patients have been shown to shed up to 5.9 log(10) C. difficile spores/gram faeces 
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(Riggs et al., 2007). The infectious dose is unknown in humans, but believed to 

be very small at <10 spores; in animal studies, Larson et al. (1978) found that 

hamsters pre-treated with antibiotics developed disease when exposed to as 

little as 1-2 cfu (presumably spores) and untreated hamsters to resist infection 

even with exposure to ~4 log(10) cfu. In addition, Lawley et al. (2010) developed 

a mouse CDI model, which found that exposure to 5 - 10 spores/cm2 for 1 hour 

is enough for 50% of susceptible mice to become infected. The authors suggest 

this is likely to be a conservative estimate, as transmission occurred in a linear 

fashion based on exposure time. The most at risk groups in human cases are 

older patients with previous antibiotic use, who may also be hospitalised for 

longer periods, in which case, exposure times are likely to be much greater than 

1 hour.  

Given the generally accepted definition of a HAI, as infection acquired 

after 48 hours within a hospital environment, there are significant problems 

with defining true HAI and patients who have Community acquired C. difficile 

Infection (CA-CDI), which has been triggered by hospital admission followed by 

prescribed antibiotics. 

1.1.1 Classification and biogeography 

The standard method of classification of C. difficile in the UK is by ribotype, 

obtained by PCR amplification of the 16s-23s ribosomal inter-genic spacer 
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region, with visualization by capillary gel electrophoresis (Stubbs et al., 1999; 

Xiao et al., 2012). The C. difficile population structure has been studied using 

whole genome sequencing (WGS) showing it is clonal and distributed into six 

clades, which correlate well with multi-locus sequence types (MLST) and PCR 

ribotypes (Janezic and Rupnik, 2015). Toxigenic strains and strains exhibiting 

increased virulence are found throughout the clades. Five of the six clades (1-5) 

include toxigenic strains, and in clades 1, 4 and 5, toxigenic strains are combined 

with non-toxigenic strains (Table 1.1). The sixth clade (C-I) is associated with 

non-toxigenic strains only. Clade 1 is most heterogeneous in terms of STs (>100 

STs) and PCR ribotypes. Well known PCR ribotypes present in clade 1 are 001 

(ST-3), 012 (ST-54) and 014 (ST2, ST13, ST14, ST49, ST50, ST132). PCR ribotypes 

014 and 001 are the first and second most prevalent strains in Europe, and the 

PCR ribotype 012 is the eighth most prevalent type in Europe. Clade 2 contains 

the epidemic ribotype 027 (ST1); in clade 3 ribotype 023 is most prevalent and is 

among the top 15 PCR ribotypes in Europe. Clade 4 is the A-B+ clade, 

represented largely by ribotype 017 (ST37), found in Asia and Europe.  Clade 5 

contains the epidemic ribotype 078 (ST11) and 5 other STs which are toxigenic 

and non-toxigenic. Whole genome comparisons have demonstrated that clade 5 

is highly divergent from the rest of the population, separating about 1.1-85 

million years ago.  PCR ribotype 078 has just recently emerged as a human 
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problem, whereas previously it was most frequently associated with animals 

(Janezic and Rupnik, 2015)
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Table 1.1. Current grouping of selected C. difficile strains based on genomic comparisons (clades), MLST (STs) and PCR 
ribotyping and their correlations. (Reproduced from Janezic and Rupnik, 2015). 
 
Clade Number 

of STs 
Prominent strains Other PCR ribotypes represented within the STs  

  
PCR 

ribotype MLST – ST  

1 104a RT001 ST3 RT009, RT055, RT072, RT077, RT115, RT262, RT268, RT305 
 115b RT002 ST8, ST35, ST48, ST146 RT030, RT038, RT046, RT104, RT159 
  RT012 ST54 - 
  RT014 ST2, ST13, ST14, ST49, ST50, T132 RT007, RT020, RT025, RT076, RT095, RT129, RT169, RT220 
  RT015 ST10, ST44 RT116, RT062 
  RT018 ST17 RT052 

2 19b RT027 ST1 RT016, RT036, RT176 
 14a RT106 ST41, ST42, ST135 RT118, RT135, RT156, RT174, RT194, RT208, RT321 
  RT244 ST41  RT156, RT208 

3 4a RT023 ST5, ST22, ST25 RT063, RT212, RT122 
 4b    

4 13a RT017 ST37, ST86 RT407 
 16c    

5 3b RT078 ST11 
RT033, RT045, RT066, RT126, RT127, RT193, RT237, RT280, 
RT281 

 3a    
C-I 5d ND ST177, ST178, ST179, ST180, ST181 - 

 a= from Stabler et al., (2012) 
 b= from Knetsch et al., (2012) 
 c = from Griffiths et al., (2010) 
  d = from Dingle et al., (2014)  
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A European-wide surveillance group has been established which collects data 

regarding ribotypes and epidemic outbreaks; this has shown that three major 

European ribotypes have emerged 017, 027 and 078 (Dawson, Valiente et. al. 

2009). Bauer et al. (2011) reviewed the biogeoraphy of ribotypes across sites in 

Western Europe, with results suggesting each country has a unique community 

of ribotypes present. Vaneck et al. (2012) studied ribotype frequency in North-

East England and found the five most numerous ribotypes were 001 (15.6%), 

106 (11.7%), 027 (10.6%), 015 (7.7%) and 078 (5.6%). The ribotype distribution 

changed over time; from July 2009 to December 2010, the proportions of 

ribotypes 002 and 015 decreased and the proportions of ribotypes 016 and 023 

were found to increase.  

Due to enhanced fingerprinting by multi locus variable-number tandem 

repeat analysis (MLVA) the relatedness of strains can be resolved with more 

accuracy when suspected clusters belong to the same ribotype. In a study by 

Public Health England (2011), 19% of potential outbreaks of CDIs, which 

belonged to the same ribotype, actually comprised of unrelated isolates as 

shown by MLVA. These findings emphasise the value of enhanced fingerprinting 

to confirm or refute suspected CDI case clusters. MLVA is likely to be phased out 

and replaced by whole genome sequencing WGS according to Public Health 

England (Public Health England, 2016).  This WGS technology provides very 

similar results regarding identifying clusters, although it focuses on a greater 
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number of different gene regions, while also providing antibiotic susceptibility 

and virulence gene data (Public Health England, 2016).  

1.1.2 Overview of potential transmission routes 

In recent years important potential sources of C. difficile infection have been 

considered, including surface contamination within the hospital, health care 

worker (HCW) hands, asymptomatic carriers, aerial dissemination and fabric 

items within the ward. These were considered and compared to understand 

potential transmission routes and sources of infection. 

1.1.2.1 Links between surface contamination and CDI rates  

The emerging patterns of C. difficile environmental contamination suggest 

spores are more likely to be recovered from a room currently housing a CDAD 

patient, than a room with a non-CDAD patient (Dubberke et al., 2007). C. 

difficile spores are frequently disseminated within the near patient area, 

particularly high touch areas, and more widely to other areas of the ward 

(Eckstein et al., 2007; Best et al., 2010).  Within the near patient area, the ‘dirty 

areas’ such as toilets, toilet floors and commodes are more often positive for C. 

difficile spores than ‘clean areas’ such as telephones and bed tables (Dubberke 

et al., 2007).  In addition, Vonberg et al. (2008) found heavy spore 

contamination on bed frames, commodes, floors and bed pans.  Interestingly, 

Dumford et al. (2009) found that C. difficile spores were also isolated in rooms 
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of patients not infected or colonised with C. difficile, as well as areas not 

associated with patients such as nurse/physician work areas on telephones and 

keyboards. Evidence of spores in non-CDI areas suggests that spores may be 

introduced or transported to other areas such as nurse stations, perhaps by 

hand carriage or portable equipment (Dumford et al., 2009).  

There is a link between spore contamination of surfaces and subsequent 

transmission, this has been shown where cleaning related interventions have 

coincided with reduced CDI rates (Kaatz et al., 1988; Mayfield et al., 2000; 

Wilcox, 2003; Boyce, 2007; Dubberke et al., 2007; Weber et al., 2013; Alfa et al., 

2015). Interestingly, there have also been cases where no reduction has been 

seen after intervention or conflicting results, which highlight the limited 

understanding of the role of surface contamination in CDI rates (Wilcox, 2003; 

Pepin et al., 2004).  

There are various methods of intervention which provide evidence of the 

link between surface contamination and CDI rates, these are disinfection 

product substitutions, cleaning regime changes and whole-room automated 

disinfection using hydrogen peroxide fogging (Donskey, 2010).  Most, but not all 

have included sampling to check for spore contamination of surfaces as a 

measure of the efficacy of the intervention. Kaatz et al. (1988) found unbuffered 

hypochlorite (1:10) reduced surface contamination with spores to 21% of the 
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previous load and ended an outbreak in the study ward. In addition, a single 

room was disinfected with phosphate buffered hypochlorite, which reduced 

surface contamination with spores by 98%. The study provided early evidence 

that spores were becoming endemic in hospital wards, but could be eliminated 

with a sporicidal agent and the number of CDIs could be reduced. This early 

work did not consider other factors such as antibiotic usage over the study 

period, which may also have reduced CDI rates.  Mayfield et al. (2000) 

supported the findings of Kaatz et al. (1988) when assessing the effect of 

unbuffered hypochlorite (1:10), on the overall rate of CDI in three hospital 

wards. On the first ward CDI rates were reduced from 8.6 cases/1000 patient 

days to 3.3 cases/1000 patient-days, but unfortunately, there was no 

monitoring of the levels of surface contamination. In the second and third 

wards, the effect was not reproduced; there was no reduction from their 

baselines of 3 and 1.3 cases/1000 patient days, respectively. The first high 

incidence ward benefited from the enhanced cleaning and the rate of CDI was 

reduced to a similar level as the other wards studied, but there was a limit to 

the effectiveness. There was no consideration for any other factors that may 

have affected the intervention, such as changes in antibiotic usage and the 

method of the cleaning i.e. detergent use to remove visible soil before 

disinfecting or reduced cleaning compliance. 
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You et al. (2014) found a combination of staff education, patient isolation 

measures and cleaning twice daily with sodium hypochlorite (1000ppm), 

significantly reduced C. difficile infection rates by 67%. This suite of measures 

implemented on a single study ward reduced CDI cases from 4.70 to 1.53 

cases/1000 patient-days. In contrast, staff education and isolation measures 

alone were performed across the rest of the study site and CDI rates were seen 

to increase, from 1.09 to 1.47 cases/1000 patient-days although this was not 

statistically significant. The reduction of CDI rate in the sodium hypochlorite 

intervention ward provides a strong link between environmental contamination 

and CDI rate. The authors note that antibiotic prescribing remained the same, 

but hand hygiene compliance significantly increased during the study period. 

The increased hand hygiene compliance may have affected CDI rates, due to 

reduced potential hand transmission.  No environmental samples were taken 

and compliance with cleaning protocols was not assessed. These data would 

give more robust evidence of the decreased CDI rate being directly attributable 

due to a reduction in C. difficile spores, assuming spore contamination was 

shown to be reduced. 

More recently, disinfectant wipes with sporicidal action were shown to 

significantly reduce CDI rates when combined with monitoring of cleaning. Alfa 

et al. (2015) demonstrated that when disinfectant cleaning wipes (with a 

sporicidal claim) were applied daily to patient care high-touch environmental 
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surfaces, with a minimum of 80% compliance, the rates of CDI were significantly 

reduced. The previous 52-week period rate was 5.6/1,000 patient days, which 

reduced to 3.9/1,000 patient days after the intervention.  

In contrast to the studies outlined, others have found conflicting 

evidence and no reduction in CDI rates with the use of different products or 

cleaning schedules. For example, Wilcox et al. (2003) assessed the effectiveness 

of using a chlorine-based disinfectant compared to a neutral detergent in a 

cross-over study in two hospital wards. The disinfectant or detergent was used 

alternately on each ward for 6-12 months over 2 years. Both hospital wards, X 

and Y, had similar numbers of positive surface samples for C. difficile spores 

during the study, but on X ward there was a statistically significant reduction in 

the rate of CDI from 8.9 to 5.3 cases per 100 admissions, during use of the 

hypochlorite cleaner. The reduced rate was equivalent to 17 fewer cases during 

the hypochlorite period. In Y ward, there was an increase in CDIs during 

hypochlorite use from 3.5 to 4.7 per 100 admissions, although it was not 

statistically significant. No changes in antibiotic prescribing were noted on 

either ward. These markedly different results, on two very similar hospital 

wards, highlight a poor understanding of confounding factors when measuring 

CDI risks and surface contamination.  
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Valiquette et al. (2007) found no difference in the rate of CDI when 

strengthening the cleaning protocol by adding a sodium hypochlorite step for 

terminal cleaning of CDI rooms and ward disinfection where there were more 

than 3 cases of CDI. The disinfection agent was later changed to 7% activated 

hypochlorite, which again made no difference to the CDI rate. In addition to the 

change in disinfection protocol, staff education on isolation measures and the 

importance of cleaning were frequently repeated. Ultimately, the only 

intervention that affected CDI rate, in this case, was voluntary 

restriction/altered prescribing after widespread education about the classes of 

antibiotics associated with CDI. Unfortunately, there were no surface samples 

taken, nor monitoring of cleaning, so there was no measure of whether cleaning 

had been effective at reducing surface contamination.  

Finally, Khanafer et al. (2015) reviewed the effects of interventions on 

CDI rates in 21 studies. Due to difficulties in how the studies were designed and 

reported, there were few evidence-based recommendations. However, broadly 

speaking the authors suggest the best interventions were to reduce the number 

of susceptible patients by reducing antibiotic use, followed by using gloves and 

washing hands, and daily cleaning of hard surfaces with a bleach-based product. 

In summary, the evidence is somewhat undermined by the lack of 

monitoring, concomitant interventions and other unintended interventions, 
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such as unexplained compliance in hand hygiene or changes to antibiotic 

prescribing during study periods.  There is evidence that effective cleaning 

practices, such as using hypochlorite-based products, contribute to a reduction 

in surface contamination and often, but not always result in reduced CDI rates. 

There appears to be a minimum baseline rate of around 3 cases/1000 patient 

days, beyond which cleaning has no effect.  

1.1.2.2 Hand carriage of C. difficile spores by Health Care Worker 

Surface contamination with C. difficile spores can contribute to Health Care 

Worker (HCW) hand carriage, as can direct contact with a patient’s skin or faecal 

soiling (McFarland et al., 1990b; Riggs et al., 2007). HCW hand carriage is 

considered a significant factor in lateral transmission between patients 

(Bobulsky et al., 2008; Cohen et al., 2010; Jullian-Desayes et al., 2017; 

McFarland et al., 1990a). For example, an early estimate found caring for 

patients with CDI can lead to significant HCW hand carriage of up to 59%; 

although this was a measure of total C. difficile with no differentiation between 

the number of vegetative cells and spores in the protocol (McFarland et al., 

1990b). Given that vegetative cells can survive in moist aerobic environments 

for up to 6 hours, total spore carriage is not clear (Jump et al., 2007). Later 

estimates found 29% and 14% hand carriage of C. difficile after patient care 

activities (Struelens et al., 1991; Samore et al., 1996).  



9 
 

Samore et al. (1996) reported a 14% hand carriage rate for C. difficile but 

samples were taken within 30 minutes of leaving the patient isolation room. The 

time period between care and sampling might explain the lower proportion of 

hand contamination in this study, as spores may have been removed by hand 

washing or transferred to other surfaces. 

Landelle et al. (2014) specifically quantified C. difficile spore hand 

carriage after CDI patient care and found 24% positive hand carriage, in HCWs 

exposed to CDI patients and compared to 0% in control group HCWs who 

worked in non-CDI wards. Positive hand carriage of spores was associated with 

high risk activities i.e. helping with washing or contact with faecal soiling, and 

with not wearing gloves during care activities.  In addition, a recent update 

found levels of HCW hand carriage of C. difficile spores to be relatively low, at 

1.4% (1/71) (Sasahara et al., 2016). HCWs were screened for Bacillus spp. and C. 

difficile spores, although 76.1% of HCWs’ hands tested positive for spores, these 

were almost exclusively Bacillus spp. and just a single sample positive for C. 

difficile spores, with 50 cfu/hand. The overall C. difficile spore load was low 

compared to hand carriage of Bacillus spp. where the mean was 468 cfu/hand.  

The HCWs were caring for a single CDI patient, so this could explain why the C. 

difficile spore hand carriage rate was low (Sasahara et al., 2016). In situations 

with more CDI patients, there could be a higher rate of hand carriage. 
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Alternatively, hand hygiene compliance may be improving, but it is difficult to 

know without specific compliance monitoring.  

Furthermore, Mutters et al. (2009) found no significant difference in C. 

difficile contamination on HCW hands when working in CDI and non-CDI wards, 

with counts of 1549.7 and 215.6 by real-time polymerase chain reaction (PCR), 

respectively. These high levels of hand carriage were not significantly different, 

despite the CDI wards having higher numbers of positive environmental 

samples. Care should be taken with comparing this study to the previous 

examples as the level of C. difficile was quantified using real-time PCR and not 

an enumeration of viable spores. Real-time PCR would have included vegetative 

cells/spores which were present but not viable. Significant correlations were 

observed between C. difficile levels on the floor and the hands of patients and 

HCWs’ hands, in ward areas without evidence of C. difficile. The C. difficile 

counts on HCWs’ hands were also highly associated with the positive 

environmental samples in the near-patient area and distant areas, which 

suggests the HCWs’ hands were important in the spread of C. difficile spores 

within the hospital environment and between patients (Mutters et al., 2009).  

A recent review of the literature on the transmission risk of hand carriage 

of C. difficile spores, which included the previously discussed studies concluded 

HCWs hands are a likely source of C. difficile spores (Jullian-Desayes et al., 
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2017). The authors also note the differences in sampling techniques and time 

between patient contact and sampling. 

In hospital wards without CDI diagnosed patients, caring for 

asymptomatic patients can also lead to significant hand carriage of C. difficile 

spores in HCWs (Riggs et al., 2007). This is likely due to the high number of 

spores which are shed (up to 5.9 log(10) cfu/gram faeces), skin contamination 

and the potential lack of isolation measures, such as not using gloves, perhaps 

due to a perceived lower risk.  

1.1.2.3 Asymptomatic carriers  

In institutions where CDI incidence has been reduced by infection control 

regimens directed at symptomatic CDI patients, asymptomatic carriers have 

been shown to be a potential source of infection. For example, Curry et al. 

(2013) found that a quarter of hospital-acquired CDI cases in their study had 

isolates which were highly related to isolates from patients identified as 

asymptomatic carriers. Staff have been considered as potential asymptomatic 

carriers, but Hell et al. (2011) found that healthy HCWs faecal tests were all 

negative for C. difficile. Their aim was to quantify the asymptomatic carriage and 

shedding of spores in HCWs and relate this to the potential risk of transmission 

to vulnerable patients. The control was a group of administration workers who 

also tested negative. The study involved a small number of participants and 

would need further sampling in multiple regions to be confident of these 



12 
 

findings. What the result does suggest is that estimates of 3%-10% 

asymptomatic carriage, in the community and particularly in HCWs, are 

potentially overestimated (Kachrimanidou and Malislovas, 2011; Didelot et al., 

2012). In the long-term care environment asymptomatic carriage has been 

increasing, estimates range from 21%-51% (Riggs et al., 2007; Rea et al., 2012; 

Ponnada et al., 2017).    

1.1.2.4 Aerial dissemination  

Early investigation of CDI transmission by aerial dissemination found no 

evidence of C. difficile spores in air samples (Larson et al., 1980; Toshniwal et al., 

1981). Due to the short sampling times and the limited number of air samples 

taken, the nature and extent of the aerial dissemination were not understood. 

Toshniwal et al. (1981) studied the effect of conventional and ‘clean’ rooms on 

hamster mortality after Clindamycin treatment as a model for human CDI. There 

were ten air samples of 20 ft3 air over 30 minutes and all were negative for C. 

difficile spores. Details of when air samples were taken were not stated, such as 

concurrent activities e.g. feeding or cage cleaning. There is now evidence 

suggesting aerial dissemination of C. difficile spores is common but sporadic, 

which could explain the lack of positive samples in earlier studies. Roberts et al. 

(2008) found preliminary evidence of aerial dissemination of C. difficile spores, 

during two air sampling sessions in a six-bedded elderly care bay.  There were 

23 positive samples from the first session; mean counts were 53-426 cfu/m3 of 
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air. Ribotyping found 22/23 positive samples to be ribotype 001. There were no 

positive samples from the second air sampling session, supporting a sporadic 

nature to the aerial dissemination of spores. 

Best et al. (2010) later confirmed aerial dissemination of C. difficile 

spores, 7/10 intensively studied symptomatic CDI patients had room air samples 

that were positive for C. difficile spores (1-2 colonies). The air was sampled for 

10 hours over 2 days, as well as environmental sampling around the patient and 

in more distant areas. Environmental samples were positive for 9/10 patients. 

Overall, 60% of patients were positive for C. difficile spores in both room and air 

samples.  The number of colonies was shown to increase after activities such as 

the lunch period or visitors. However, the increase was marginal, with combined 

results showing an increase from 1 colony recovered at times of low activity (no 

visitors or rounds) to 8 colonies recovered at the peak of activity during the 

lunch and visiting time. In addition, because all air, environmental and patient 

samples were analysed by ribotyping and MLVA, the data provide evidence of 

the link between the patients’ CDI strain, environmental contamination and 

aerial dissemination. The authors suggest that the patients and surfaces were 

contributing to the aerial contamination, but the reverse could also be true 

when the spores eventually settle out from the room air. Aerial dissemination 

may explain why C. difficile spores can be found on low-touch areas which are 

physically located high up in patient rooms (Shiomori et al., 2002). 
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1.1.2.5 Textiles as sources of CDI 

Textiles in hospitals are already considered to be a potential route of HAIs and 

so their importance must be considered in regard to C. difficile spores (Sattar et 

al., 2001; Shiomori et al., 2002; Fijan et al., 2008; Weiner-well et al., 2011; A. 

Mitchell et al., 2015; Bockmühl, 2017).  

Perry et al. (2001) found 22/57 (39%) uniforms to be contaminated with 

at least one pathogenic organism (Methicillin-resistant Staphylococcus aureus 

(MRSA), Vancomycin Resistant Escherichia coli (VRE) and C. difficile) at the start 

of duty. Of those positive samples, 7/22 were positive for C. difficile spores on 

entering the ward, conversely at the end of the shift 11 were positive for C. 

difficile spores. All uniforms which tested positive for C. difficile had between 1-

10 cfu. The study highlighted other concerning behaviour, such as washing 

uniforms at a maximum of 50°C (due to fabric labels or longevity of the 

garment) and washing with other items of clothing on water-saving cycles. 

Washing in a general load could lead to cross-contamination while over-loading 

the machine may increase the fabric to water ratio preventing adequate dilution 

and removal of the pathogenic organisms.  

Patel et al. (2006) found that tumble-drying and ironing were adequate 

to render home-laundered uniforms free from Staphylococcus aureus and 

environmental bacteria picked up during the wash cycle. However, the methods 

used in this study were not applied to C. difficile contamination of uniforms. 
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White coats have been shown to be particularly susceptible to transmission of 

hospital pathogens such as MRSA (Treakle et al., 2009).   

Additionally, MRSA has been associated with airborne and surface 

contamination related to dissemination of bacterial cells during bed-making 

(Shiomori et al., 2002). In a study by Shiomori et al. (2002), bed-making 

increased the mean number of MRSA sampled from the air from 4.7 to 116 

cfu/m3 of air, a 25 fold increase in the number of viable airborne CFUs. After 

bed-making, the number of CFUs on bed sheets was almost undetectable. In the 

30 and 60 minute samples after bed-making, the number of MRSA sampled 

from the air was not significantly different from the resting period. The authors 

suggest that the presence of bacteria on sheets can contribute to surface 

contamination, through their release during bed-making. Further work is 

needed to understand the extent to which viable bacteria or spores on sheets 

can contribute to surface contamination during bed-making. 

1.1.2.6 Body of evidence of transmission within hospital environments  

There is reasonable evidence for surface contamination and increased rates of 

CDI, contribution of HCW hands in the transfer of spores to distant areas and 

aerial dissemination of spores. However, there is surprisingly little tracking or 

evidence of transmission from one patient to another, outside outbreak case 

studies. There is little doubt that the hypervirulent strain NAP1/027 caused 

significant mortality and morbidity among inpatients circa. 2007 (O'Connor et 
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al., 2009); since then there have been several studies looking at transmission, 

patient contacts and relatedness of isolates to identify other sources of 

infection in non-hypervirulent cases.  

Samore et al. (1996) found a single hypervirulent strain (named D1 by the 

authors) of C. difficile was associated with high surface contamination, HCW 

hand carriage and transmission to contacts shown by indistinguishable isolates 

from index and contact cases. The method of comparing molecular relatedness 

was by Pulsed-field gel electrophoresis (PFGE) or by restriction fragment length 

analysis (RFLA) which are not as sensitive as MLVA at establishing relatedness 

(Public Health England, 2016). The relatedness between index and contact 

isolates is inferred, but with better discrimination a higher number of unrelated 

isolates might have been exposed.  In contrast, most episodes of CDI that were 

due to all the other strains sampled (not D1), were not associated with 

transmission to contacts and never with significant clusters. Overall, 14/25 cases 

had no known source of infection. The source of the other strains in this study is 

unknown. The authors suggest an unknown environmental reservoir, such as 

asymptomatic patients, but this is speculation and not within the scope of the 

work. 

Similarly, Shaughnessy et al. (2011) found unexplained cases when 

investigating prior room occupants’ CDI status as a risk factor for CDI in a 
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hospitalised patient. The study was conducted on an ICU ward, as single rooms 

were conveniently available. Of the 1770 patients admitted to the ICU over the 

study period, 77/1679 (4.6%) acquired CDI in a side room without the previous 

occupant having CDI. In contrast 10/91 (11%) acquired CDI in a room where the 

previous occupant had CDI.  In short, the likelihood of acquiring CDI was 

significantly higher in rooms where the previous occupant had CDI. This 

remained significant after controlling for other accepted risk factors such as age, 

proton-pump inhibitor use and antibiotic use. Once again, this study was limited 

as patient isolates were not ribotyped or analysed by MVLA to evaluate 

transmission from the previous occupant. In addition, there were no 

environmental samples taken to detect persistence of C. difficile spores within 

the room. Without knowing if there was any environmental contamination or 

the ribotype of the prior or current patients’ strains, transmission can only be 

inferred. If we accept the inference of direct transmission, only the CDI status of 

the patient immediately before the current patient was considered as a risk 

factor. In addition, only development of CDI at the time of discharge from the 

ICU was considered as a possible transmission event, whereas community-onset 

of a HAI could present post-discharge. Accessing data for subsequent 

development of CDI after transfer from ICU to other hospital wards, combined 

with MLVA of isolates would have provided a bigger sample with which to 

assess the transmission risk.  
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Echaiz et al. (2014), investigated the risk of contracting CDI during co-

occupancy alongside a roommate with diagnosed CDI. Two groups were 

defined, patients who shared a room with a CDI patient and those who shared a 

room with a non-CDI patient.  The overall finding was that 9/120 (7.5%) exposed 

roommates developed CDI and 4/125 (3.2%) non-exposed roommates 

developed CDI. The difference was not statistically significant and the author 

could only suggest a trend toward increased risk when a co-occupant had 

diagnosed CDI. The sample size in this study was a major limitation to 

understanding the risk of co-occupancy in CDI transmission, as was the lack of 

ribotyping to assess the relatedness of isolates. The transmission events were 

again merely inferred, as there was no direct evidence of relatedness between 

the original CDI isolate and the subsequent CDI in the roommate.  

In contrast, Didelot et al. (2012), used WGS to assess just such 

relatedness between past and present cases and found that direct transmission 

from one room occupant to another is much less common than previously 

thought. The authors constructed a picture of the relatedness of isolates 

collected in Oxfordshire Trust hospitals over a four year period and matched the 

cases to potential patient links. By comparing isolates pairs with the same 

Sequence Type (ST), but separated by 1-561 days between isolation, a short-

term molecular clock was calculated. The molecular clock and patient 

information were used to identify related isolates; there were only 67/358 
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isolate pairs with time to most recent common ancestor of less than six months 

in all sequence types except ST1 (which corresponds to ribotype 027, 

hypervirulent strain).  

Within ST1, the rate was 167/267, which is consistent with the 

hypervirulent nature of ST1 strains. In short, only 18% of non-hypervirulent 

cases were closely related enough to be considered a direct transmission event 

by the authors' criteria. In contrast, 62.5% of hypervirulent cases were closely 

related enough to be considered a direct transmission event. Therefore, the 

source of infection for a significant majority (82%) of the non-hypervirulent 

infections, and over a third (37.5%) of hypervirulent cases, unaccounted for by 

the measures employed. Therefore, there must have been other sources 

involved in transmission, besides the patient contacts identified in these cases.  

Eyre et al. (2013) went further and used MLVA and WGS to assess the 

relatedness of all C. difficile positive samples in Oxfordshire, over a three year 

period. A rate of within-host diversity and evolution was generated by 

comparing the genetic sequence of the first and last samples taken from a 

subset of 145 patients (where the sequence type was the same). The result was 

an estimate of 0-2 single nucleotide variants (SNV) between isolates sequenced 

0-124 days apart and 0-3 SNV between isolates sequenced up to 364 days apart. 

Using this rate all samples processed during the study were assessed for 
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relatedness and potential ward, hospital or other physical contact. Of the 957 

sequenced isolates, 333 (35%) were related to at least one other sequenced 

isolate, with <2 SNVs; these were considered potential transmission events and 

hospital contact was assessed. Overall, 126 cases had full ward contact, 5 on the 

same ward but after discharge/recovery of a potential contact (>28 days apart), 

29 were in the same hospital on different wards and 21 were linked by the 

hospital and were on the same ward within 28 days.  

There were 152 cases, related to at least one other case, for which no 

hospital-based link was found, although 32 had either the same General 

Practice or lived within the same postcode. The remaining 120 cases had no 

record of hospital/community contact to the genetically related case. The 

authors discounted potential laboratory contamination, as the isolates were 

processed in weekly batches and the median time between related cases was 

113 days. Conversely, the other 624 (65%) isolates sequenced had >2 SNVs 

which by the criteria of this study, were genetically distinct from all other 

isolates in the study. In short, there was no transmission from symptomatic 

patients in nearly 2/3 cases.  In addition, 45% of all cases had >10 SNVs which 

indicates a variety of distinct sources. The authors speculate that most CDIs 

were acquired from asymptomatic carriers or an unknown environmental 

reservoir.  
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In conclusion, the baseline number of apparently unrelated C. difficile 

infections occurring in healthcare settings, are from currently unknown sources. 

It continues to be the case that length of hospital stay and even the CDI rate of 

hospitals are linked to individual patient CDI risk (Miller et al., 2016). Therefore, 

consideration of other sources within the hospital environment that may 

contribute to the transmission of CDI is warranted. One such transmission route 

that has yet to be fully explored is fouled and infected linen, and the 

implications of the decontamination requirement of commercial laundering. 

 

1.2 Healthcare laundry 

1.2.1 Healthcare laundry policy for soiled/infected bed linen 

The main purpose of laundering hospital bed sheets is to provide clean and safe 

bedding for use on all hospital beds. Given the vulnerable status of the general 

hospital population, comfort and freedom from contamination are paramount 

concerns. Regarding health and safety at work, there is also a cause for concern, 

in terms of laundry operative safety, when sheets are handled throughout the 

laundry process. Commercial laundries can be accredited to the British standard 

BSEN 14065:2016 Laundry processed textiles. Biocontamination control system 

(British Standards Institution, 2016). Accreditation demonstrates that the 
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laundry system meets the basic requirements of biocontamination control when 

processing linen from health and social care institutions.  

The health and social care linen policy which covers handling and 

processing has been developed with a greater emphasis on an evidence-based 

approach (Department of Health, 1995; Department of Health, 2013; 

Department of Health, 2016a). The bed linen from CDI patients was previously 

handled and laundered according to the NHS policy ‘HSG (95) 18: Hospital 

Laundry Arrangements for Used and Infected Linen’ (Department of Health, 

1995). The policy was updated in 2013 to become the Choice Framework for 

Local Policy and Procedures 01-04 – Decontamination of linen for health and 

social care (CFPP01-04). The latest edition was released in 2016, called Health 

Technical Memorandum 01-04: Decontamination of linen for health and social 

care. The latest policy HTM 01-04, sets out the same conditions as the previous 

iterations, regarding thermal and chemical disinfection, mixing time and water 

volume to fabric ratios.  The HSG (95) 18 policy, had no specific mention of the 

possible presence of C. difficile spores (Department of Health, 1995), in the 

CFPP 01-04 update in 2013, the first mention of C. difficile spores alluded to the 

potential risk they posed, but no references were given regarding the evidence 

base for this comment (Department of Health, 2013). The HTM 01-04 update 

has the addition of an information box which states that a small number of C. 

difficile spores may be present after a wash, but frustratingly little information 
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was provided as to the number of spores and references for following up this 

information. 

1.2.1.1 Infected linen wash cycle conditions  

The process and conditions for fouled or infected linen, state that the main 

wash cycle must reach a minimum of 71°C for > 3 minutes, or 65°C for > 10 

minutes with additional mixing time based on fabric to water ratio (Department 

of Health, 2016a), thus, an additional 4 minutes for <0.056kg/litre and 8 

minutes for >0.056kg/litre are required. In addition, infected linen must be 

submitted to a separate pre-wash, so as not to pose a health risk to workers 

should a blockage occur in the pre-wash section of a Continuous Tunnel Washer 

(CTW). The choice of detergent is not governed by the policy, neither is the 

length or number of rinses or the rinse water temperature, leading to significant 

variation between laundry sites, which still meet the minimum quality 

requirements. 

1.2.2 Survival of indicator organisms in healthcare laundries 

There are studies which can provide some support for the advised time and 

temperature conditions relating to the reduction of bacterial or fungal load on 

used linen. For example, Orr et al. (2002) demonstrated the thermotolerance of 

Enterococcus faecium and Enterococcus faecalis in vitro at commonly used 

healthcare temperatures, both organisms are considered to be relatively 
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thermotolerant. Of the 40 strains used, 15 strains exhibited <3 log(10) reduction 

after 3 minutes at 71°C and 4 strains had <3 log(10) reduction after 10 minutes at 

65°C. Interestingly a >5 log(10) reduction was seen in only two strains after 3 

minutes at 71°C and two other strains after 10 minutes at 65°C.  However, when 

the strains were inoculated onto strips of cotton and washed in one hospital 

laundry, with infected linen, ≥5 log(10) reduction was seen in all strains. Twelve 

strains were taken forward and tested in ten hospital laundries, to account for 

different methods employed in applying HSG (95) 18. For all 12 strains, an 

average of ≥6.6 log(10) reduction was demonstrated across all laundries after just 

the washing cycle, with original time-zero inoculation of between 7-8.5 log(10) 

cfu/sample. Furthermore, in 6/10 laundries enterococci could not be isolated 

after a full cycle, even when the samples were processed by enrichment culture.  

Of the other four laundries, one was negative for enterococci after washing only 

and after a combined wash/dry cycle, the enrichment was negative. Two 

laundries had positive enrichment cultures after washing and only one laundry 

had two strains survive the full cycle including calendaring (heated rollers used 

to flatten and finish linen).  

The results suggest that the combination of the thermal disinfection and 

dilution/mechanical removal in an infected linen wash were able to successfully 

decontaminate strips of cotton artificially contaminated with enterococci. A 

major limitation was the lack of typing of the isolates found after washing. It 
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would have been informative to compare the isolates with the original 

inoculated strain. Several previously sterile strips, included with the inoculated 

strips, were found to be positive, which suggests cross-contamination either 

between strips or from other linen in the wash cycle.  

Fijan et al. (2007) assessed laundry conditions in an Electrolux washcator 

using indicator organisms Enterococcus faecium, Staphylococcus aureus, 

Mycobacterium terrae, Enterobacter aerogenes, Pseudomonas aeruginosa and 

Candida albicans. Artificial soiling was used to replicate human faeces; the 

authors chose artificial sweat, swine blood and swine fat. The bioindicators 

were inoculated onto cotton swatches and replicates were sampled after each 

stage. There was no significant difference in the antimicrobial effects of 

washing, between each of the artificial soiling substrates. All indicator 

organisms survived both a 35°C and 45°C pre-wash type cycle with detergent 

alone, demonstrating low wash temperatures are not adequate even for 

relatively temperature-sensitive vegetative cells.  

E. faecium, S. aureus, E. aerogenes and P. aeruginosa were able to 

survive after a main wash cycle where the temperature reached but was not 

held at 60°C. However, only E. faecium survived the cycle which included a pre-

wash at 35°C, followed by fresh water and a main wash which reached, but was 

not held at 60°C. These findings suggest that removal of bacterial cells, thermal 
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disinfection, dilution and flushing between cycles was a crucial part of the 

decontaminating effect of that particular cycle. 

The 75°C wash cycle, which included a pre-wash at 35°C and a main wash 

which was held at 75°C for 9 minutes, was successful at reducing bacterial cell 

and fungal load by 100%. The pre-wash had detergent 6.2g/Kg textiles and the 

main wash had 5g/Kg textiles detergent and 4.4 ml/Kg textiles bleaching agent. 

There was repeated addition of detergent and flushing of the water which may 

have aided removal of the cells. 

Interestingly, the disinfection cycle alone was also successful at reducing 

bacterial and fungal load by 100%. The disinfection cycle was a 2 minute cycle at 

80°C with a disinfecting agent at 3ml/Kg textiles, without a pre-wash or main 

wash. Soiling was not shown to have a protective effect, when thermal and 

chemical disinfection were used together in a full cycle. Clearly, the combination 

of thermal and chemical disinfection, alongside the mechanical removal was 

important in the successful decontamination of the organisms studied.  

The authors conclude that E. faecium was the most heat-resistant species 

used in this study and work is needed on viruses and spore forming species such 

as Bacillus spp. due to the thermotolerance of spores from this genus. It also 

stands to reason that other spore-forming species, which may pose a health risk 

in a healthcare environment should also be considered. C. difficile spores exhibit 
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in vitro resistance to temperatures much higher and for much longer than the 

healthcare laundry policy requires e.g. 90°C for up to 10 minutes (Rodriguez-

Palacios et al., 2010; Rodriguez-Palacios and LeJeune, 2011).  

1.2.3 Survival of C. difficile spores in healthcare laundries 

Several small studies have looked at the efficacy of the healthcare industrial 

wash parameters, to inactivate or remove C. difficile spores. Hellickson & Owens 

(2007) found cross-contamination occurred during laboratory-based simulated 

washes, using sterile swatches and swatches inoculated with ~4 log(10) C. difficile 

(ATCC 9689) spores. The swatches were washed with commonly used detergent 

and bleach additives (50 ppm chlorine, 54 ppm peracid or 100 ppm peroxide). 

Both sterile and inoculated swatches were sampled post-wash and were 

contaminated with viable spores. C. difficile spores recovered from fabrics were 

recorded as presence or absence of growth in media, with no quantification. 

Despite the lack of detail regarding the agents used and the quantity of spores 

recovered, these preliminary results suggest a capacity for C. difficile spores to 

survive the temperatures, low-level hypochlorite additives and dilution 

processes of the infected linen wash. There was no mention of simulated 

soiling, which could influence the effectiveness of the detergents used and 

potentially have a protective effect (Diab-Elschahawi et al., 2010).   



28 
 

  Lakdawalla et al. (2011) found that C. difficile spores were recovered 

from labelled linens washed in a CTW at 71°C for >3 minutes. A total of 101 – 103 

cfu/100cm2 was found on linen washed as non-infected. The ribotypes of the 

isolates from linen after washing, matched the isolates from the CDI patients 

who had provided the linen, except one sheet which had an additional ribotype. 

The fact that the positive samples were from sheets washed as standard linen, is 

of concern. It is not clear why the infected sheets were not put through a 

separate pre-wash. This study did show the survival of spores on sheets which 

have been washed in the main CTW cycle. The original contamination loads 

were unknown, which could be an important factor.  For example, if the original 

spore loads were low e.g. 3 - 4 log(10) cfu/100cm2 the reduction was minor and 

could indicate that there might be a greater level of survival if there were higher 

original loads in other batches. Should the original spore loads have been 7-8 

log(10) spores/100cm2, the wash process could have been deemed to be very 

effective. In addition, other sheets with a lower spore load could conceivably be 

entirely decontaminated. 

Another key piece of missing information is whether the samples were 

taken from sections which were known to have been soiled, or from a selected 

region i.e. the central region where a patient may have been positioned. It is 

likely that the number of spores present depends on where on the sheet the 

sample was taken. Although cross-contamination was shown, the position of 



29 
 

soiling and where samples were taken from are important to get an accurate 

measure of spore load (Hellickson and Owens, 2007).  

Towels and linen may also harbour Bacillus cereus spores, with evidence 

that they survive the laundry process when laundered according to the 

guideline available. In work carried out by Barrie et al. (1994) linen was 

processed in a CTW, which again demonstrated that spores were able to 

survive, albeit this study was investigating the genus Bacillus (Barrie et al., 

1994).  

There is some evidence that C. difficile spores may survive the minimum 

wash conditions determined by the department of health, so it is necessary to 

understand the intrinsic characteristics of the spores which may contribute to 

their survival in the wash. 

 

1.3 C. difficile spore tolerance of industrial wash 

conditions: agitation, temperature and detergent 

C. difficile is an obligate anaerobic organism, the vegetative cells require a strict 

oxygen-free atmosphere for outgrowth in the laboratory setting. Jump et al. 

(2007) demonstrated survival of C. difficile vegetative cells in room air for 15 

minutes on a dry surface and up to 6 hours on moist surfaces.  C. difficile is of 

particular concern, due to the production of endospores, which are resistant to 
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air, heat, desiccation, UV and most non-bleach based disinfectants (Jump et al., 

2007; Maillard, 2011; Ali et al., 2016).  

C. difficile spores facilitate survival through otherwise lethal changes to 

the environment, such as evacuation from the colon, antibiotic usage, 

environmental disinfectants and cleaning (Wilcox, 2003). Spore characteristics 

including the innate resistance of C. difficile spores to decontamination have 

been under-investigated despite the contribution of C. difficile to HAI rates 

(Maillard, 2011; Paredes-Sabja et al., 2014; Fraise, 2015). This is likely to be 

because of the difficulties associated with obtaining a spore suspension with 

sufficient C. difficile spore titre and the limited relevance of disinfectant 

exposure tests to a practicable hospital cleaning protocol (Maillard, 2011; 

Fraise, 2011; Fraise, 2015). Spore-related research has instead tended to focus 

on Bacillus subtilis which has been well characterised, with focus shifting onto 

Bacillus anthracis and Bacillus cereus in recent times due to bioterrorism and 

food security agendas (Setlow, 2007; Paredes-Sabja et al., 2014). In addition, 

Clostridium perfringens and Clostridium sporogenes have been studied to give a 

better understanding of the variation between the spore-forming species. 

Where relevant and necessary, studies focused on other species of spore-

forming bacteria were considered, due to a lack of published work regarding the 

specific nature of C. difficile spores. 
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1.3.1 Spore structure 

The innate resistance of endospores to decontamination processes, such as 

chemicals or heat, is due in large part to their physical structure, low water 

content and small acid-soluble proteins (SASPs) which protect spore DNA 

(Russell, 1998; Paredes-Sabja et al., 2014; Gil et al., 2017). The DNA, RNA and 

enzymes are present within a dehydrated core, contained within the cortex 

which in turn, is covered by the spore coat (Setlow, 2007). Figure 1.1 provides a 

simplified diagram of the main components of a typical spore.   

 

 

Figure 1.1. The structure of bacterial endospores (Setlow, 2007), reproduced 
with permission from Elsevier.  

 

The spore coat restricts the entrance of large molecules into the spore, 

particularly toxic substances and in some cases, such as C. difficile, it is overlaid 

by an outer membrane called the exosporium. Although the overall spore 

structure is similar in C. difficile when compared with other Clostridium and 
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Bacillus spp., there are significant differences in the composition, sporulation 

and germination of C. difficile spores compared to other spore-forming 

organisms (Paredes-Sabja et al., 2014; Gil et al., 2017). Proteomic study of the C. 

difficile spore has identified 300 spore-associated proteins, half of which have 

no known homolog in other spore-forming species (Lawley et al., 2009; 

Abhyankar et al., 2013; Díaz-González et al., 2015). Work continues to 

determine the purpose and structure of the specific C. difficile spore proteins, 

particularly exosporium proteins for use as vaccine targets (Ghose et al., 2016).  

1.3.2 Spore thermotolerance   

It has been established that endospore resistance to heat is related to the low 

water content of the spore core, although the protective mechanism is not clear 

(Paredes-Sabja et al., 2014). The water content in a vegetative cell can range 

from 75-80%, whereas in the spore it may be 27-55% depending on bacterial 

species. In addition, the presence of Dipicolinic acid (DPA) within the core also 

has a bearing on heat resistance (Paredes-Sabja et al., 2014). DPA is present in 

the spore cores of both Bacillus and Clostridium spp. comprising 5-15% of the 

spore weight. SASPs also play a role in resistance to UV damage to spore DNA, 

they make up 6% of total spore protein and are highly conserved between 

Bacillus and Clostridium spp.  
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The temperature at which C. difficile spores are inactivated is an 

important consideration when attempting to decontaminate healthcare textiles. 

There are few published studies which specifically assess the moist-heat 

resistance of C. difficile spores. Although with the potential for foodborne 

transmission of C. difficile, several studies have focused on the presence of 

spores in meat and the effectiveness of cooking temperature guidelines for 

inactivating C. difficile spores (Rodriguez-Palacios et al., 2010; Hoover and 

Rodriguez-Palacios, 2013).   

Rodriguez-Palacios et al. (2010) quantified the inhibitory effect of heating 

C. difficile spores to 71°C, a common food-heating guide temperature, and also 

a key temperature proscribed by the NHS laundry policy for decontamination of 

linen (Department of Health, 2016a).  The 20 strains investigated were mainly 

food-derived strains collected from bovine or meat sources, due to the authors 

being concerned with meat products as a source of CDI.  These included seven 

ribotypes, four of which were of relevance in human disease and international 

epidemics; riboytypes 001, 014, 017 and 027. The spores of all 20 strains of C. 

difficile survived for 2 hours at 71°C. Subsequently, to look at the effect of re-

heating, non-heated spores were heated to 71°C for 30 minutes, then re-heated 

to 85°C. Interestingly, 90% of strains were unable to survive for 10 minutes after 

reheating at 85°C and all spores were eliminated after reheating for 20 minutes 

at 85°C.  
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To follow up, Rodriguez-Palacios et al. (2011) quantified the effects of 

moist-heat effect at temperatures up to 96°C. Results showed that moist heat at 

85°C inhibited spore recovery by up to 6 log(10) within 15 minutes in most, but 

not all the strains tested. Ultimately, when samples containing less than 4 log(10) 

spores were heated to 85°C there were no cultivable spores after 15 minutes. 

Heating aged spores at 63°C and 71°C showed increased recovery of 30% over 

non-heated samples, which the authors suggest might be due to reactivation of 

‘superdormant’ spores.  

 

Alfa et al. (2008) looked at thermal disinfection of C. difficile spores using 

bed pan washers. The decontamination cycle on the experimental ward 

Washer-Dryer (WD), reached 80°C for 1 minute, this proved to be inadequate 

for inactivating C. difficile spores in faeces, held within a cryovial. The 

decontamination temperature was increased to 85°C for 5 minutes and the 

rinses were changed from 2 cold/3 warm rinses to 4 cold/4 warm water rinses, 

which resulted in undetectable levels of C. difficile. 

A similar method using bedpan washers was assessed by Macdonald et 

al. (2016) including 9 cryovials of spores and 45 artificially contaminated bed 

pans. The bedpans were inoculated with 6 log(10) spores in faecal emulsion, then 

processed in the decontamination cycle. The cycle consisted of a 5 seconds cold 

water rinse followed by 5 seconds warm water rinse, 5 minutes warm water 
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wash with detergent, 15 seconds hot water rinse, ending with thermal 

disinfection via steam at 91°C for 1 minute. The detergent was an alkali product 

with pH12. After a full calibrated cycle the bedpans had either one cfu (1/45), 

two cfu (1/45) or no viable spores (43/45). The cryovials showed reductions in 

viable spores ranging from 1-4 log(10) cfu/ml reduction from the original 7 log(10).  

This study highlights the inability of temperature alone to inactivate C. difficile 

spores and of the need for detergent and multiple rinses to remove spores from 

inanimate surfaces. However, due to bed pans having smooth hard surfaces, 

there may be a greater chance of removal of spore contamination during their 

respective wash cycles compared to linen.  

1.3.3 Spore resistance to detergents and disinfectants  

The sporicidal activity of disinfectants has been tested using various standards, 

for example BSEN 13704, BSEN 14347 and a recent test standard proposed by 

Fraise et al. (2015), which is accredited by Public Health England (British 

Standards Institution, 2002; British Standards Institution, 2005; Fraise et al., 

2015; Wesgate et al., 2016).  Due to the variation in test standard followed, 

method of spore culture and spore purification there is a lack of consistency and 

no single standardised test.  

To address the variation in test protocols Wesgate et al. (2016) compared 

four sporicidal activity test standards, using B. subtilis and C. difficile (11209) 
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spores. Instead of preparing the spores as recommended in each test, spore 

preparation was standardized and then each test standard was followed 

rigorously for contact times of 5 and 60 minutes.  The author tested eight 

chemical compounds including glutaraldehyde, two oxidizing agents and due to 

a well-established sporicidal activity, sodium hypochlorite (5000 ppm) was used 

as a positive control. A reduction of >4 log(10) spores was considered a successful 

demonstration of sporicidal activity. After 5 minutes exposure sodium 

hypochlorite was sporicidal against C. difficile spores using all 4 test methods.  

However, against B. subtilis spores, the sodium hypochlorite was only sporicidal 

at 60 minutes. The two species showed a statistically significant difference in 

spore susceptibility to sodium hypochlorite. Glutaraldehyde was not sporicidal 

at either test time; OPA was not sporicidal against B. subtilis at either test time, 

but was sporicidal against C. difficile after 60 minutes. The two oxidizing 

compounds were sporicidal at 60 minutes against the spores of both species. 

The overall log(10) reduction varied depending on the test method used and 

sometimes the compounds failed at 5 minutes exposure in several tests.    

A >5 log(10) reduction in viable spores has been proposed as an ideal 

standard for stringent disinfection (McDonnell and Russell, 1999; Fraise, 2011). 

However, the British standard BS EN 13704:2002 (BS EN 13704:2002 Chemical 

disinfectants: Quantitative suspension test for the evaluation of sporicidal 

activity of chemical disinfectants used in food, industrial, domestic and 
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institutional areas) requires only a >3 log(10) reduction and requires a contact 

time of 60 minutes, which is unrealistic in most settings (British Standards 

Institution, 2002; Wesgate et al., 2016). Only bleach-based products have 

shown anywhere near this level of sporicidal activity (McDonnell and Russell, 

1999). In a laundry wash cycle bleach is used at levels which are not sporicidal 

and purely to remove stains from the linen. Additionally, soiling in the wash 

cycle may inactivate bleach-based products and provide a protective effect from 

heat inactivation (Diab-Elschahawi et al., 2010). 

When looking at the sporicidal activity of detergents, there is a single 

brand which claims compliance with BS EN 13704, Halo laundry detergent, 

which claims to be effective against C. difficile spores at 30°C in a standard 

domestic wash cycle (A and A Marketing, 2011). To make a sporicidal a claim the 

active ingredient hygienilac, must have been investigated and found to cause a 

>3 log(10) reduction in viable C. difficile spores after 60 minutes exposure at 30°C.   

The effectiveness of industrial laundry products is commonly tested as 

part of a test of the effectiveness of the whole laundry process including heat, 

chemicals (such as detergent, bleach and peracetic acid) and rinsing. The overall 

test of the industrial process is performed by destructive sampling of laundered 

items on a regular basis in line with the management and provision chapter of 

the HTM 01-04 (Department of Health, 2016a). 
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  It is of note that one environmental detergent, has been shown to induce 

sporulation in C. difficile vegetative cells, which may add to spore burden in the 

hospital environment (Wilcox and Fawley, 2000). Wilcox and Fawley (2000) 

found that a neutral environmental detergent, Hospec, increased sporulation in 

exposed vegetative cell suspensions in vitro.  

1.3.4 Spore adherence to substrates 

Spores present in the environment need to be able to persist on a substrate to 

be available to infect a potential host.  Adherence of B. anthracis spores to soil 

(earth) has been shown to vary, where adherence of the spores was particularly 

improved in soil containing large proportions of organic matter and when the 

exosporium layer was removed from spores (Williams et al., 2013).  

The well characterised spores of B. cereus and B. anthracis have a loose 

fitting exosporium layer with hair-like projections (Henriques and Moran, 2007; 

Paredes-Sabja et al., 2014; Pizarro-Guajardo et al., 2016). In contrast, most C. 

difficile strains produce spores with an exosporium layer that is tightly attached 

to the spore coat, while also having hair-like projections; the spores of C. difficile 

strain 630, have a hair-less electron-dense exosporium-like layer that is also 

attached to the spore coat (Barra-Carrasco et al., 2013; Pizarro-Guajardo et al., 

2016). The presence of C. difficile specific proteins in the exosporium layer, such 

as C. difficile exosporium cysteine-rich protein (CdeC), suggest there are 
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significant differences in the structure and perhaps function of C. difficile spore 

layers in contrast to spores from Bacillus spp. (Barra-Carrasco et al., 2013). The 

exosporium layer in both Bacillus spp. and C. difficile spores contributes to 

hydrophobicity and both types of exosporium exhibit collagen-like exosporium 

glycoproteins (Brahmbhatt et al., 2007; Joshi et al., 2012; Escobar-Cortés et al., 

2013; Pizarro-Guajardo et al., 2014).  

Panessa-Warren et al. (1997) used SEM to observe the exosporium of C. 

difficile spores. The usually smooth exosporium layer of a dormant spore, 

developed a ‘bumpy’ texture consisting of small projections once activated. The 

appearance of the projections was associated with adherence to an agar 

substrate and resistance to removal by agitation. A single thick appendage 

developed from the exosporium, which aided further attachment to the 

substrate and co-agglutination with nearby spores. At maximal adherence, after 

105 minutes, spores were able to resist removal during malachite-green 

staining, rinsing in running water and removal by agitation in water, or 

colchicine, at 300rpm. Interestingly, C. difficile ATCC 43594 spores exhibited 

reduced adherence when static, but increased adherence when agitated in 

water, which the authors suggest may be adaptive of the conditions in the 

hypermotile colon (Panessa-Warren et al., 1997).   
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1.4 In summary 

The evidence from genetic relatedness of CDI strains suggests there are 

unknown sources of non-hypervirulent C. difficile spores, which are causing up 

to 82% of CDIs in vulnerable patients. The intrinsic characteristics of C. difficile 

spores, mean they are particularly difficult to inactivate using detergents and 

the presence of soiling can inactivate bleach-based products which are currently 

used in environmental cleaning. The industrial laundry cycle parameters, 

including time and temperature, are such that in principle C. difficile spores 

could tolerate the decontamination process. Evidence of survival and cross-

contamination of C. difficile spores in simulations and preliminary studies also 

suggest that these industrial wash parameters are inadequate. The failed 

decontamination of laundry could be contributing to surface contamination 

within hospitals, particularly in non-CDI specific hospital wards which do not 

employ specific control and isolation measures. Due to the rented linen 

business model, sheets processed at a regional commercial laundry facility can 

be distributed to other hospitals within the region. There is a real need to 

investigate the laundry parameters and their ability to provide safe and 

microbiologically clean linen. 

 

 

 



41 
 

1.5 Scope of the work 

1.5.1 Overall Aim 

The overall aim of this research was to quantify, and investigate the factors 

influencing, the survival of C. difficile spores on healthcare linens washed in the 

conditions specified by the NHS laundry policy, HTM 01-04 Decontamination of 

linen for health and social care. 

1.5.2 Principal objectives 

1. To determine suitable media and methods for growth, sporulation 

and germination of C. difficile cells and spores (Chapter 2). 

2. To assess the efficacy of the HTM 01-04 wash cycle for 

decontamination of NHS (100% cotton) sheets contaminated with C. 

difficile spores (Chapter 3).  

3. To evaluate time, temperature and detergent parameters, to 

effectively decontaminate linen contaminated with C. difficile spores 

(Chapter 4). 

4. To determine the role of the exosporium in adherence of C. difficile 

spores to NHS (100% cotton) sheets (Chapter 5). 
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2 Culturing and sporulation techniques for C. 

difficile 
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2.1 Chapter abstract 

C. difficile is a Gram-positive, anaerobic bacterial species. The hardy spores are 

produced within hours of infection in vivo, however sporulation is more difficult 

to achieve in vitro at levels suitable for investigations. The aim of this study was 

to ascertain a suitable sporulation method, for the purpose of generating spore 

suspensions of between 5 and 8 log(10) cfu/ml. Sporulation was induced and 

quantified in cooked meat broth (CMB) cell cultures using a variety of stressors 

(aerobic incubation, exposure to alcohol and long incubation). The viability of 

spore suspensions was assessed after 30 days cold storage at 4°C. The 

sporulation method utilising aerobic stress of CMB cultures, was superior to 

alcohol stress of CMB when producing spore suspensions, yielding 7.77 log(10) 

cfu/ml and 5.36 log(10) cfu/ml, respectively (p≤0.05). An additional long 

incubation (14 days in CMB) method was developed for subsequent 

investigations, when pooled there was an average 8.06 log(10) cfu/ml; similar to 

other published batch culture methods. The method of generating spore 

suspensions chosen for further investigations, was the long incubation (14 days 

in CMB) method. Storage did not affect the viability of the spore suspensions, 

with no difference when enumerated immediately and after 30 days cold 

storage (p>0.05). Storage for 30 days had no effect on spore suspension 

viability.   
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2.2 Introduction 

C. difficile is primarily a mammalian gut pathogen and is frequently cultured 

from livestock, companion animals and humans, often when presenting with 

diarrhoea (Songer and Anderson, 2006; Rupnik, 2007; Goorhuis et al., 2007; 

Schoster et al., 2012; Bailey et al., 2016). C. difficile is an obligate anaerobic 

organism and vegetative cells require a strict oxygen-free atmosphere for 

growth (Sorg and Dineen. 2009; Edwards et al., 2013). Initially, Buggy et al. 

(1983) found that vegetative C. difficile cells were inactivated after 15 minutes 

in room air on a dry glass slide.  

This was further investigated by Jump et al. (2007) where vegetative cells 

were shown to survive 15 minutes in room air on a dry glass slide and on a dry 

slide incubated anaerobically at 37°C. The rapid inactivation in optimal 

anaerobic and temperature conditions suggested it was the effect of drying that 

inactivated the cells, as opposed to air exposure as suggested by Buggy et al. 

(1983). Subsequently, vegetative cells have been shown to survive in moist 

conditions for much longer, up to 6 hours in room air on a moist glass slide and 

up to several weeks in refrigerated buffered samples at 4°C (Freeman and 

Wilcox, 2003; Jump et al., 2007). 

In vitro, anaerobic growth conditions for culturing C. difficile cells are best 

achieved using an anaerobic cabinet, with an anaerobic gas mixture (10% 

Hydrogen, 10% Carbon Dioxide and 80% Nitrogen), a catalyst such as palladium 
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to remove oxygen and a compound which reduces volatile fatty acids produced 

during anaerobic metabolism (Edwards et al., 2013). Vegetative C. difficile cells 

require a stable 37°C, at which they will grow very rapidly, producing visible 

colonies within 18 hours of inoculation on to media (Sorg and Dineen, 2009).  

The optimal pH of the media is between pH 7.8 - 8, mild acidic and 

alkaline conditions are well tolerated, but moderate acid conditions inhibit C. 

difficile vegetative cell growth (Sorg and Dineen. 2009; Perez and Springthorpe, 

2011; Scaria et al., 2014). C. difficile cells require six essential amino acids for 

fermentation, metabolism and growth—leucine, isoleucine, proline, tryptophan, 

valine, and glycine, but different media can affect the order and amount of each 

amino acid used (Neumann-Schaal et al., 2015). In amino-acid rich media, the 

favoured sources of carbon and energy are proline, leucine and cysteine, 

whereas glutamate and lysine are rarely or not used. Unsurprisingly, C. difficile 

does not utilise simple sugars as a carbon source, as they are not found in the 

large intestine (Ferraris et al., 1990; Neumann-Schaal et al., 2015).   

  The vegetative cells form a hardy endospore as a survival strategy and 

enables transmission of CDI (Borriello, 1998; Giel et al., 2010). C. difficile cell 

cultures are induced to sporulate in liquid media or on solid media to enable the 

recovery of spore rich suspensions for further investigation (Hasan et al., 2011; 

Alfa et al., 2013; MacDonald et al., 2016). 
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The C. difficile vegetative cells produce spores in response to external 

stimuli, perhaps due to stresses such as reduced nutrients, aerobic conditions or 

increasing levels of metabolic waste products; although in a mouse model 

sporulation can occur within 6 hours of infection (Sorg and Dineen, 2009; 

Koenigsknecht et al., 2015). Furthermore, it has been demonstrated that spores 

are formed within 12 hours of initiation of sporulation (Pereira et al., 2013).   

The spores may be harvested by various means such as the use of cell 

scrapers removing visible growth on agar or centrifugation of broth cultures 

(Hasan et al., 2011). During protocols designed to induce sporulation for spore 

harvesting, vegetative C. difficile cells are commonly inactivated by heating 

liquid cultures to 80°C for 10 minutes or by exposing to alcohol for 20 mins 

(Merrigan et al., 2010; Rodriguez-Palacios et al., 2010; Rodriguez-Palacios and 

LeJeune, 2011; Alfa et al., 2013; MacDonald et al., 2016). The thermotolerance 

of C. difficile spores, investigated in regard to cooking guidelines, has been 

shown to exceed 2 hours at 71°C (Rodriguez-Palacios et al., 2010). C. difficile 

spores have been shown to survive in cryovials exposed to 91°C- 93°C for 1 

minute, where after wash survival was variable between 2-4 log(10) cfu/ml viable 

spores per cryovial; demonstrating that a high temperature alone may not be 

enough to consistently inactivate spores (MacDonald et al., 2016).  
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   C. difficile spores exhibit no susceptibility to UV, desiccation or oxygen 

and can survive on surfaces in room air for many months, but possibly for years 

(Kim et al., 1981; Wilcox et al., 2003; Ali et al., 2016; Gil et al., 2017). Spores 

have additional germination requirements to resume metabolic activity, for 

example the main germinant is cholate, but a derivative, taurocholate, is more 

commonly used in germination media (Sorg and Sonenshein, 2008).  

Once a C. difficile spore suspension has been produced, it needs to be 

kept in cold storage to maintain viability of the spores. Cold storage of C. difficile 

spore suspensions has demonstrated variable results on the viability of spore 

suspensions over time (Freeman and Wilcox, 2003; Rodriguez-Palacios and 

LeJeune, 2011).  

2.2.1 C. difficile cell culture: available methods  

C. difficile was named as such due to the difficulty in culturing perceived by the 

scientific community at the time of discovery (Hall and O'Toole, 1935). It is 

apparent from the published literature that there are few standardised methods 

which can be applied to study C. difficile cell cultures and to generate spore 

suspensions (Bartlett, 2009; Hasan et al., 2011; Edwards et al., 2013; Fraise et 

al., 2015).  

At present there are many different media available to aid culturing C. 

difficile. Solid media, includes commercially manufactured agar plates such as 
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Centres for Disease Control (CDC) anaerobic 5% sheep blood agar (CABA), Egg 

yolk agar, colombia agar (CA) and cycloserine-cefotoxin fructose agar (CCFA) 

(Hasan et al., 2011). These agars are prohibitively expensive to use on a large 

scale project. As an alternative a base agar can be supplemented to make them 

suitable for C. difficile growth (Sorg and Dineen, 2009). Common base agars 

include brain heart infusion (BHI) agar, Brazier’s agar, Clostridium difficile agar 

base or fastidious anaerobe base (Bartlett, 1994; Sorg and Sonenshein, 2008; 

Bartlett, 2009; MacDonald et al., 2016), which are then supplemented with 

various compounds, such as yeast extract, cysteine or blood to make them 

suitable for culturing C. difficile (Bartlett, 2009; Sorg and Dineen, 2009).  

The main types of blood used are sheep or horse blood (Marsh et al., 

2006; Didelot et al., 2012; MacDonald et al., 2016). The media (solid agar plates 

and broth) need to be reduced before use to remove dissolved oxygen. This is 

achieved by maintaining the media in an anaerobic environment with a catalyst, 

usually palladium, for 2-24 hours prior to inoculation (Citron, 1984; Edwards et 

al., 2013). Growth on solid and in liquid culture has been achieved with a variety 

of media (Table 2.1). 
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Table 2.1. Various growth media for culturing C. difficile cells.  

Source Solid Agar Broth media 

Marsh et al. (2006) Sheep blood agar Tryptone soy broth 

Bartlett (2009) BHIS*(with cysteine and 

yeast) 

BHIS*(with cysteine and 

yeast) 

Sorg (2009) BHIS*(with cysteine) BHIS*(with cysteine) 

Hasan et al. (2011) CABA** Columbia and BHI+ 

Didelot et al. (2012) Columbia Blood Agar Nutrient broth 

Ali et al. (2016) Columbia Blood Agar N/A 

*Brain heart infusion (with supplements) 

**Centre for Disease Control anaerobic sheep blood agar 

+Brain heart infusion 

 

To understand the growth dynamics of different strains, Vohra and 

Poxton (2011) assessed multiple strains using a spectrophotometer to measure 

culture turbidity at OD600 over 12 hours. The authors were able to give an 

estimate of turbidity, but little idea of how the turbidity related to the number 

of viable cells and spores. Therefore, due to problems with quantification by 

light absorbance, spread plating and direct enumeration are the preferred 

method. 

2.2.2 Sporulation in C. difficile cell cultures 

The specific signal to initiate sporulation in C. difficile vegetative cells is 

unknown at present, but is likely due to environmental stress, nutrient 
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starvation and an adaptive strategy for persistence in a host (Higgins and 

Dworkin, 2012; Paredes-Sabja et al., 2014). In B. subtilis cultures, it has been 

shown that when sporulation is initiated, the vegetative cell develops a polar 

septum during asymmetric cell division, resulting in a small forespore and a 

large mother cell (Higgins and Dworkin, 2012; Mckenney et al., 2013). The 

forespore is then engulfed by the mother cell, followed by metabolic dormancy, 

DNA compaction and finally the formation of the outer layers: cortex, coat and 

exosporium (Henriques and Moran, 2007; Mckenney et al., 2013).  

The exact period of time required for complete sporulation in a C. difficile 

vegetative cell is not clear; the latest estimates suggest 12 hours from initiation 

to sporulation, however sporulation can be heterogeneous and asynchronous 

(Pereira et al., 2013). Burns et al. (2010) demonstrated complete sporulation in 

a culture after 120 hours, with maximal spore concentration of 14 C. difficile 

strains of between 5-7 log(10) cfu/ml. The sporulation rates of different strains 

exhibited statistically significant variation, which was not dependent on type 

e.g. hypervirulent vs non-hypervirulent types (Burns et al., 2010).  A C. difficile 

sporulation media (SM) was first described in Wilson et al. (1982) and used in 

Pereira et al. (2013) to assess C. difficile cell culture sporulation over 24 hours – 

72 hours, the maximal sporulation achieved in 72 hours was an average of 

4.7x106 cfu/ml (6.67 log(10) cfu/ml). Vegetative C. difficile cells were inactivated 

by heat treatment. The authors compared sporulation media (SM) to BHI broth 
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and found SM to result in a higher spore concentration, although the data was 

not shown. 

Merrigan et al. (2010) took samples of BHI broth cultures, at 8, 20, 24 and 

48 hours anaerobic incubation. Samples were heat treated to inactivate 

vegetative cells and enumerated on Taurocholate fructose agar (TFA) resulting 

in spore concentrations of 1-1.2 x 107 cfu/ml (7-7.1 log(10) cfu/ml). It has also 

been shown that in B. subtilis, that the growth media can affect sporulation 

rate, either inhibiting or increasing sporulation depending on composition and 

availability of nutrients (Errington, 1993). Without any additional manipulation, 

a broth culture of C. difficile cells can be expected to have an increase in the 

concentration of spores over the first 120 hours to between 5 and 7 log(10) 

cfu/ml (Burns et al., 2010; Merrigan et al., 2010; Perez and Springthorpe, 2011). 

However, the final spore concentration may depend on the C. difficile strain and 

type of media used. 

2.2.2.1  Sporulation methods 

There are two main approaches to inducing or increasing sporulation in C. 

difficile cultures, by the stressing of cells growing on either solid agar or in liquid 

broth cultures. The sporulation methods utilise a stressor such as long-

incubation, an aerobic environment or alcohol to induce sporulation in C. 

difficile vegetative cells.  
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Wullt et al. (2003) used a 48-hour plate culture, which was transferred to 

BHI broth for 48 hours and then alcohol treated for 30 minutes at room 

temperature. The spores were recovered by unknown means and C. difficile 

spore concentration in the resulting suspensions were 3 x 105 - 2 x 106 cfu/ml 

(5.48-6.30 log(10) cfu/ml). The comparatively low concentration of spores 

obtained could be attributed to the short culture time, short contact time with 

the alcohol and rapid harvesting. Alternatively, a low concentration of C. difficile 

vegetative cells would have given fewer cells to undergo sporulation. Gram 

staining was used to verify that 85-90% of the bacterial structures were spores.  

Hasan et al. (2011) evaluated several solid and liquid media types for 

optimum sporulation. The authors concluded that using pooled suspensions 

scraped from seven CABA plates incubated anaerobically at 37°C for 7- 10 days 

gave the highest spore concentration of the methods studied. The CABA plate 

method generated an average spore concentration of ~8 log(10) cfu/ml.  

Other groups have developed their own methods to produce a spore 

suspension to provide a standardised approach for specific investigations such 

as assessing sporicidal activity. For example, Perez et al. (2011) formulated a 

new medium, Clospore, which promoted sporulation in C. difficile cell cultures. 

After several rounds of optimisation of the media composition, the maximum 

spore concentration of 1.6 x 108 cfu/ml (8.2 log(10) cfu/ml) was recovered from 
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500ml batch cultures. The Clospore medium was developed for use in a 

sporicidal agent efficacy test standard, described by Fraise et al. (2015). 

Alfa et al. (2013) inoculated blood agar plates with C. difficile cells and 

incubated anaerobically at 37°C for 14 days, with vegetative cells inactivated by 

the addition of 95% alcohol to seven pooled samples for 20 minutes.  Alcohol 

was used instead of heating, so that spores would not be pre-heated during the 

recovery and possibly damaged. The spore suspensions were enumerated on C. 

difficile moxalactam norfloxacin (CDMN) agar plates, but final spore 

concentration was not reported. The suspensions were used for testing thermal 

decontamination of bed pan washers, diluted in faeces or urine at a final 

concentration of 1 x 107 cfu/ml (7 log(10) cfu/ml), therefore, the final spore 

concentration must have been >7 log(10) cfu/ml. The same method involving 

long incubation of inoculated blood agar plates and alcohol inactivation of cells 

was also performed in Macdonald et al. (2016); the average spore concentration 

was reported to be 1 x 108 cfu/ml (8 log(10) cfu/ml). 

In the U.S. there is a standardised spore suspension protocol available 

‘SOP MB-28-00 Production of Clostridium difficile Spores for Use in Efficacy 

Evaluation of Antimicrobial Agents’ (USEPA, 2013). The standardised method 

built on the work of Hasan et al. (2011). In short, C. difficile lyophilised cultures 

were enriched in reinforced clostridial medium before being transferred to ten 
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CABA plates. The plates were incubated anaerobically at 36°C + 1°C for 7-10 

days, with spores recovered as per Hasan et al. (2011). The final suspensions 

were heated to 65°C + 2°C for 10 minutes to inactivate cells, with an average 

spore concentration of >8 log(10) cfu/ml.  

In summary, there are several sporulation methods using long incubation 

and alcohol stress to improve sporulation rates in cell cultures. Both solid and 

liquid media have been used to obtain suspensions with high concentrations of 

spores. An efficient suspension generation method should achieve a 7-8 log(10) 

cfu/ml spore concentration to be useful for further investigation and to be 

comparable to the methods available.  

2.2.3 Germination of spores 

Germination of C. difficile spores is reliant on the presence of cholate 

derivatives such as taurocholate and the co-germinants L-glycine and histidine 

(Sorg and Sonenshein, 2008; Wheeldon et al., 2010; Wheeldon et al., 2011) . 

Wilcox et al. (1982) made an early observation that the addition of taurocholate 

to a selective media, increased the recovery of C. difficile from surfaces. The 

estimated improved recovery was between 1.7 and 5 log(10) cfu/ml, although it 

was not clear whether this was spores or vegetative cells, as there was no 

inactivation of cells. Sorg and Sonenshein (2008) showed that taurocholate is in 

fact a germinant, by incubating spores in supplemented BHI broth with 
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increasing concentrations of taurocholate, before spread plating onto BHI agar 

without taurocholate. The concentrations of taurocholate ranged from 0.001% 

to 10%, and a control with 0%, with spores exposed for 10 minutes. Incubation 

in 10% taurocholate resulted in the recovery of 60% of spores compared to 

directly spread plating the same spore suspension on BHIS agar containing 0.1% 

taurocholate. The authors note that with the highest recovery efficiency seen by 

direct spread plating onto BHIS/T agar, there could be other important features 

involved that may relate to either a low-dose continuous exposure to 

taurocholate or the presence of a solid surface on which to germinate. This 

work also indicated other primary bile salts such as cholate and glycocholate 

could act as germinants, albeit with much lower rates of germination. 

Chenodeoxycholate was unable to initiate germination in this study, but it has 

previously been shown by Wheeldon et al. (2008) to initiate germination. When 

spores were incubated in taurocholate and individual components of the BHIS, 

glycine was shown to be necessary as a co-germinant. Both taurocholate and 

glycine co-germinants needed to be present at the same time for germination to 

occur.  These findings are of relevance both when considering the disease 

process in vivo and to ensure successful culturing of C. difficile. 

Wheeldon et al. (2011) demonstrated that sensitivity to germinants 

varies with strain type and interestingly between spores from the same 

suspension. The specific receptor on the surface of C. difficile spores for sensing 
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taurocholate is reported to be CspC, a spore coat bound protease (Francis et al., 

2013) However, in some strains germination may not proceed when spores are 

incubated in buffered taurocholate without glycine; this suggests at least one 

other receptor is involved which requires glycine for initiation of germination in 

some strains (Heeg et al., 2012; Francis et al., 2013). 

2.2.4 Storage of C. difficile spore suspensions  

The appropriate storage conditions for stock spore suspensions is vital to 

maintaining viable spore concentrations for further research. Cold storage at 

4°C has been shown to affect the viability of stock spore suspensions. For 

example, Rodriguez-Palacios and LeJeune (2011) found cold storage at 4°C 

affected spore concentration of non-heated spore suspensions in PBS; median 

reduction of cultivable spores was 0.28 log(10) cfu/ml by day 18, which was 

statistically significant. The authors suggest this could be evidence of the spores 

entering a superdormant state during cold storage. In addition, repeated 

sampling of heated-treated (85°C) spores showed no effect after storage at 4°C. 

In contrast, Freeman & Wilcox (2003) found there was no change in non-heated 

spore counts of C. difficile suspensions stored at 4°C over 56 days where alcohol 

was used to inactivate cells. Interestingly, there was no difference in recovery 

when samples were taken on one occasion from different replicate suspensions 

or when sampling was repeated on a single suspension over the storage time. In 

contrast, an earlier study by Weese et al. (2000) suggested a decline over 72 
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days, with C. difficile in a faecal emulsion stored at 4°C aerobically and no 

decline seen when stored anaerobically. However, no heat or alcohol was used 

to differentiate between cells or spores. The results were assessed in terms of 

frequency of C. difficile as ‘present’ or ‘absent’ and were not quantified. The 

media didn’t appear to contain taurocholate and supplementation was not 

reported, which means the result was representing cell presence, accounting for 

the fewer positive samples when stored aerobically.  

2.2.5 In summary 

There are a number of possible media and protocols available for growing C. 

difficile cells such as BHI agar plates or broth, CABA plates or Clostridial broth 

enrichment medium. In addition, methods for inducing sporulation and 

germination of spores varied between using agar plates and liquid broths with 

stressors including alcohol, long incubation or exposure to air. Inactivating 

vegetative cells after sporulation, has been achieved by either moist heat or 

alcohol exposure. Once successfully recovered, the spore suspensions may lose 

viability or spores may enter a super-dormant state and the concentration of 

spores may decline. Repeated enumeration of viable spore concentrations of 

the recovered suspensions may highlight any issues with storage and viability.  

The viability of the spore suspensions generated is important to ensure any 

assessments of sporicidal activity are accurate and the effect is due to the test 

and not a loss in spore viability due to storage.  
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2.2.6 Scope of the work 

2.2.6.1 Aim 

The aim of this investigation was to determine an efficient method of culturing 

and inducing sporulation in C. difficile cell cultures, to provide a consistent 

concentration of viable spores. 

2.2.6.2 Objectives   

1. To evaluate the growth, sporulation and germination of C. difficile on a 

variety of media.  

2. To determine an appropriate method to induce consistent sporulation in 

C. difficile. 

3. To assess the effect of storage at 4°C on the viability of C. difficile spore 

suspensions. 

 

 

2.3 Methods 

2.3.1 Microorganism  

The type strain C. difficile National Culture Type Collection (NCTC) 11209 was 

used for non-clinical investigations (NCTC 11209, NCTC, UK). All cultures were 

stored on Cryocare plastic beads in glycerol, at -20°C, with a duplicate set stored 

at -80°C (TS70AS, Cryocare, UK). Spore suspensions were stored in Maximum 

Recovery Diluent (MRD) at 4°C for a maximum of 12 months (CM0733, Oxoid, 

UK). MRD was used for dilution throughout.  
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2.3.2 Media assessment 

2.3.2.1 Media for cell growth 

Brain Heart Infusion agar (BHI) was used to support the growth of C. difficile 

vegetative cells prepared as per the manufacturer’s instructions (CM1136B 

Oxoid, UK). Prior to inoculation, the BHI agar plates were pre-reduced for 24 

hours, in a bench-top anaerobic cabinet (Minimac, Don Whitley, UK). The 

anaerobic gas composition was 80% Nitrogen, 10% Carbon dioxide and 10% 

Hydrogen. The pre-reduced plates were then inoculated using a single cryobead 

of C. difficile NCTC 11209 and incubated anaerobically at 37°C for 48 hours.  

Anaerobic conditions were confirmed by the addition of an anaerobic test strip, 

saturated with resazurin solution (59886, Sigma-Aldrich, UK). 

BHI agar was then supplemented with 6% D-fructose (F1027 Sigma, UK), 

0.1% L-cysteine (C7352-100G, Sigma, UK), both filter sterilised, and 5% horse 

blood (HB026, TCS, UK); henceforth called BHI supplemented agar (BHIS). 

Supplements were added aseptically after the rehydrated agar was sterilised by 

autoclaving (121°C, 15 minutes, 15 psi). Prior to inoculation, the BHIS agar 

plates were pre-reduced for 24 hours, then inoculated and incubated as 

previously stated. The investigation was repeated in triplicate on two separate 

occasions.  
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2.2.2.2 Media for spore germination and enumeration  

To germinate C. difficile spores, the BHIS was supplemented with 0.1% sodium 

taurocholic acid salt (T4009-5g, Sigma, UK) henceforth BHIS with taurocholate 

(BHIS/T). Prior to use, the BHIS/T agar plates were pre-reduced for 24 hours. 

2.3.3 Identification of C. difficile 

Identification of colonies for enumeration on non-clinical plates was performed 

visually for the characteristic grey, ground glass appearance of C. difficile, 

longwave U.V. light fluorescence and by the distinctive manure smell. Regular 

re-testing of stock cultures was performed prior to experimentation, using U.V. 

fluorescence and latex agglutination test kit (C. difficile M4ICE, Microgen, UK). 

Clinical isolates were identified visually as above and tested by UV longwave 

fluorescence, with representative colonies tested by latex agglutination test kit. 

The investigation was repeated in triplicate on two separate occasions. 

2.3.4 Growth curves 

To assess the standard growth of C. difficile vegetative cells in a liquid culture, 

broth cultures in two kinds of liquid media were sampled at 0, 2, 4, 6, 8, 10, 12, 

24 and 48 hours for vegetative cell concentration and at 0, 6, 12, 24 and 48 

hours for spore concentration.  
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2.3.4.1 Cryobead directly into BHI broth 

Triplicate 10ml aliquots of pre-reduced BHI broth were inoculated with a single 

C. difficile storage cryobead and incubated anaerobically at 37°C for 24 hours. 

The investigation was repeated on two separate occasions. 

2.3.4.2 Colony from BHIS culture into BHI broth 

C. difficile cryobeads were streaked on two pre-reduced BHIS agar plates and 

incubated anaerobically at 37°C for 24 hours. Sixteen 10ml aliquots of pre-

reduced BHI broth were then inoculated with a single colony of C. difficile from 

the BHIS agar plates. The broth subcultures were incubated anaerobically at 

37°C for 48 hours. The investigation was repeated in duplicate on two separate 

occasions. 

2.3.4.3 Colony from BHIS culture into Cooked Meat Broth 

C. difficile cryobeads were streaked on two pre-reduced BHIS agar plates and 

incubated anaerobically at 37°C for 24 hours. Sixteen 10ml aliquots of pre-

reduced cooked meat broth (CMB) were each inoculated with a single colony of 

C. difficile from the BHIS agar plates (60865 Sigma, UK). The broths were 

incubated anaerobically at 37°C for 48 hours and sampled at each time point. 

The cultures were homogenised by inverting cultures before sampling. 

Vegetative cell concentration was enumerated by serial dilution in MRD, with 

spread plating onto pre-reduced BHIS and 48 hour anaerobic incubation. Spore 

samples were taken by dispensing 1ml aliquots into centrifuge tubes. Vegetative 



62 
 

cells were inactivated by heating to 80°C for 10 minutes in a water bath at 

100rpm. The spore concentration was enumerated by serial dilution in MRD 

spread plating onto BHIS/T and anaerobic incubation at 37°C for 48 hours. The 

investigation was repeated in duplicate on two separate occasions. 

2.3.4.4 Contamination assessment  

Heat-fixed smears of 48 hour C. difficile broth cultures were stained using 

differential Schaeffer-Fulton spore stain or Gram stain. Cultures were also 

streaked onto pre-reduced BHIS agar and incubated either anaerobically for 48 

hours or aerobically for 48 hours. Resulting colonies were identified as 

previously described (section 2.2.3). To distinguish between Bacillus spp. and 

Clostridium spp., catalase activity was also assessed using hydrogen peroxide.  

Definitive identification was subsequently determined using the latex 

agglutination test kit as per the manufacturer’s instructions (section 2.2.3). The 

investigation was repeated in triplicate on two separate occasions. 

2.3.5 Sporulation 

Vegetative cell cultures of C. difficile were either grown on BHIS agar plates or in 

liquid CMB culture.  

2.3.5.1 Agar-based methods 

To prepare the agar plates for the sporulation investigation, duplicate pre-

reduced BHIS agar plates were inoculated by streaking a C. difficile cryobead 
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onto the surface and incubating anaerobically at 37°C for 48 hours. C. difficile 

cells were then inoculated onto seven pre-reduced BHIS agar plates to give a 

lawn of growth. After anaerobic incubation at 37°C for 48 hours. The C. difficile 

cells were exposed to the following stressors to induce sporulation.  

Either: 

a. Aerobic stressor – the seven agar plates were incubated aerobically for 

seven days at 25°C.  

b. Alcohol stressor – the seven plates had 5ml of 70% ethanol added to 

each culture plate. The alcohol treated plates were left for a further 30 

minutes or 3 hours anaerobic incubation. 

c. Temperature stressor – the temperature in the anaerobic cabinet was 

increased to 40°C for 24 hours.  

d. Long incubation stressor – The seven plates were incubated anaerobically 

for five days at 37°C.    

 

  Spores were then recovered into suspensions by the addition of 2ml of 

sterile water to each of the plates, with all visible growth removed. The liquid 

from each plate was combined in a single falcon tube (FB55959, Fisher, UK), 

vortexed for 30 seconds and then heated to 80°C for 10 minutes, to inactivate 

any vegetative cells. The spore suspensions were then centrifuged at 1500 rpm 

for 20 minutes and the supernatant discarded. The pellet was vortexed at 40 

hertz for five seconds in 10ml of MRD, centrifuged and resuspended in another 

10ml MRD; the wash process was repeated five times. The final pellet was 
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resuspended in 10ml of MRD and stored at 4°C until use. The presence of spores 

was confirmed by microscopy with heat-fixed slides stained using the 

differential Schaeffer-Fulton spore stain. The suspensions positive for spores by 

microscopy were then enumerated using BHIS/T agar plates and anaerobic 

incubation at 37°C for 48 hours. The investigation was repeated in triplicate on 

two separate occasions. 

2.3.5.2 Broth culture methods  

Pre-reduced BHIS agar plates were inoculated from a cryobead of C. difficile as 

previously described (section 2.2.2.1). After 24 hours anaerobic incubation at 

37°C C. difficile colonies were transferred to 10ml aliquots of pre-reduced CMB 

in triplicate.  After 24 hours anaerobic incubation at 37°C a stressor was applied 

to the broth to induce sporulation. The stressors investigated were:  

a. Alcohol stressor – 5ml of 70% ethanol was added to each broth 

culture, mixed well by agitation and inverted to re-suspend the 

settled cells. After 24 hours the spores were recovered.   

b. Aerobic stressor – the culture was moved to an aerobic incubator 

at 25°C for 96 hours.  

 

Spores were then recovered by heating the broths to 80°C for 10 

minutes, to inactivate any vegetative cells and then centrifuged at 1500 rpm for 

20 minutes. The supernatant was discarded, the pellet was vortexed in 5ml of 

MRD and the six cultures were pooled into a single 50ml tube. The combined 
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suspension was centrifuged and washed in 10ml MRD five times to remove cell 

debris, broth and alcohol. The presence of spores was first confirmed by 

microscopy as previously described (section 2.2.5.1). The final suspensions were 

enumerated as described (section 2.2.4.3). The investigation was repeated in 

triplicate on two separate occasions. 

2.3.5.3 Additional non-heat exposed stressor  

The final method was used to produce a spore suspension which had not been 

pre-exposed to heat before testing thermotolerance (section 4.2.1), the method 

was developed by Alfa et al. (2013) and used with broth cultures. C. difficile 

broth cultures (6) were prepared in CMB as previously described (section 

2.2.5.2). After 14 days anaerobic incubation at 37°C, cultures were pooled. The 

combined cultures were centrifuged at 1500 rpm for 20 minutes. The 

supernatant was discarded and the pellet was resuspended in 5ml of 70% 

ethanol for 20 minutes, to inactivate any vegetative cells. The suspension was 

then centrifuged at 1500 rpm for 20 minutes and washed five times in 5ml MRD 

to remove cell debris, alcohol and broth. The pellet was resuspended in 10ml 

MRD and homogenised for 20 seconds. Spore concentrations were confirmed 

and enumerated as previously described (section 2.2.5.2). The investigation was 

repeated in triplicate on two separate occasions. The method was then 

repeated using 20 pooled samples recovered into 5ml MRD, to achieve a higher 
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concentration of spores in the resulting suspension; this was repeated in 

duplicate on four separate occasions. 

2.3.6 Storage test 

C. difficile cell cultures in CMB were prepared as previously described (section 

2.2.5.2). The broth-based aerobic stress method was used to induce sporulation 

(section 2.2.5.2 B). After recovering the suspension, the spores were 

enumerated and samples were taken on day 2, day 12 and day 30 of storage at 

4°C.  To enumerate, serial dilutions were made with duplicate 0.1ml samples 

inoculated onto BHIS/T. These were incubated anaerobically at 37°C for 48 

hours. This was repeated in duplicate on eight occasions. In addition, spore 

suspensions were generated using the long incubation (14 days in CMB) method 

previously described (section 2.2.5.3). These suspensions were enumerated on 

day 0 and day 30 as previously described. This was repeated in triplicate on 

three separate occasions. 

 

 

2.3.7 Statistical analyses  

All statistical analyses were performed with IBM SPSS v. 22. The significance 

value for all tests was set at p≤0.05. The Shapiro-Wilk test for the normality of 

the distribution and Levene’s test for equality of variance were used to 
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determine whether data could be analysed by Independent t-test and whether 

equal variance could be assumed. Where the assumptions of normal 

distribution were violated, the non-parametric Mann-Whitney U test was 

performed. 

  

2.4 Results  

2.4.1 Media assessment  

The BHI media first investigated for the growth of C. difficile vegetative cells had 

varying success (section 2.2.2.1). The pre-reduced BHI agar alone was not able 

to support the growth of C. difficile vegetative cells. Once the BHI agar was 

supplemented with horse blood, cysteine and fructose, to form BHIS, the 

vegetative cells were able to grow (section 2.2.2.2).  

With the addition of taurocholate sodium acid salt, forming BHIS/T, the 

C. difficile spores could consistently germinate, resume metabolic function and 

form visible colonies (Figure 2.1). In addition, this was further demonstrated by 

the growth of colonies from suspensions generated as part of the sporulation 

investigation (section 2.2.5.1). 
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Figure 2.1. C. difficile colonies on BHIS/T from germinated spores. 

 

2.4.2 Identification of C. difficile 

All identification methods provided evidence that the cultures were C. 

difficile (section 2.2.3). The BHIS plates streaked with broth culture and 

incubated aerobically at 37°C, showed no growth after 48 hours and 96 hours. 

Conversely, the BHIS plates incubated anaerobically, showed good growth of a 

single type of colony after 48 hours. The colonies had the distinctive manure 

smell, grey ground glass appearance and exhibited a yellow-green fluorescence 
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under long-wave UV light. The catalase test was negative, with the final latex 

agglutination test results providing definitive identification of C. difficile. 

2.4.3 Growth curves  

The growth of C. difficile vegetative cells in CMB, over a 48-hour period, showed 

the maximum cell concentration was reached around 8-10 hours of growth, this 

achieved 8.79 log(10) cfu/ml (section 2.3.4.3). At 24 hours cell concentrations 

dropped to 8 log(10) cfu/ml and at 48 hours cell numbers further reduced to 6.44 

log(10) cfu/ml (Figure 2.2). 

 

Figure 2.2. C. difficile cells grown in Cooked Meat Broth culture, over 48 hours at 
37°C for 48 hours (mean ± SE, n=4). 
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The spore enumeration curve showed an original mean inoculum of 2.48 

log(10) cfu/ml of spores, increasing to 3.88 log(10) cfu/ml after 6 hours. This 

continued to increase to 5.88 log(10) cfu/ml, 6.47 log(10) cfu/ml and 6.45 log(10) 

cfu/ml after 12, 24 and 48 hours respectively (Figure 2.3).  

 
Figure 2.3. C. difficile spores sampled from CMB cultures (mean ± SE, n=4). 
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enumerate by germination on BHIS/T agar. The 30 minute alcohol exposure had 

no spores visible on the microscope slide, whereas 3 hour alcohol exposure had 

a range of 12-25 individual spores over an entire slide. The agar plate methods 

were difficult to compare as so few spores were present.  The suspensions 

generated from agar plates were not enumerated and were discontinued.  

The broth based methods had many more spores per slide when 

assessed by microscopy, so were enumerated by serial dilution and spread 

plating to obtain spore concentrations (Figure 2.4). Alcohol stress generated 

suspensions of 5.36 log(10) cfu/ml. The aerobic stress method, consistently 

generated spore suspensions with concentrations of 7.77 log(10) cfu/ml. 

Comparison by independent t-test confirmed that the alcohol stress method 

produced significantly lower spore concentrations than the aerobic stress 

method (t= 49.768, p≤0.05). 

The long incubation (14 days in CMB) method, with inactivation of cells 

by alcohol, consistently generated spore suspensions of 6.51 log(10) cfu/ml. The 

concentration of spores generated was not high enough for the intended use, so 

the method was repeated using 20 pooled cultures in 5ml rather than 10ml 

MRD, which gave much higher concentrations of 8.06 log(10) cfu/ml (Figure 2.4). 
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Figure 2.4. C. difficile spore concentration in suspensions generated by different 
methods using 6 pooled cultures (mean ± SE, n=6,) and for 20 pooled cultures 
(mean ± SE, n=8).  
 

2.4.5 Storage test  

The suspensions generated for the storage investigation were enumerated on 

the day of recovery, the spore concentration in the aerobic stress method (heat 

inactivation of cells) suspensions started with a mean concentration of 7.43 

log(10) cfu/ml and on day 30 of storage at 4°C spore concentration was a mean of 

7.48 log(10) cfu/ml (Figure 2.5). There was a slight increase overall in the mean 
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suspensions generated by long incubation (14 days in CMB) for the storage 
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6.49 log(10) cfu/ml. There was a slight increase of 0.01 log(10) cfu/ml (Figure 2.5).  
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Figure 2.5. C. difficile spore concentration after storage (mean ± SE). Spores 
generated by aerobic stress (■, n=16) or long incubation (□, n=8). 
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2.5 Discussion  

2.5.1 Growth curves  

Efficient growth media for C. difficile cells was achieved with BHI base agar, 

supplemented with horse blood (Sorg and Dineen, 2009) (section 2.3.2); 

colonies were more visible for accurate counting and when viewing 

fluorescence for identification (section 2.3.3). Further supplementation with 

sodium taurocholate enabled the germination of spores and successful 

enumeration during the growth curves and sporulation investigations (sections 

2.3.4 and 2.3.5). 

The inoculated pre-reduced BHI broth, had no or very limited growth of 

C. difficile cells (section 2.3.4.2). After switching to pre-reduced CMB the 

cultures grew well, producing a thick cell layer of cells at the bottom of the 

universal and a very turbid culture when vortexed (section 2.3.4.3).  

The C. difficile cells grew well in CMB, achieving a mean of 8.79 log(10) 

cfu/ml viable C. difficile cells after 12 hours anaerobic incubation at 37°C, with 

8.00 and 6.44 log(10) cfu/ml by 24 and 48 hours, respectively (Figure 2.2).  The 

maximum spore concentration was within the 5-7 log(10) cfu/ml range suggested 

by Burns et al. (2010), although the NCTC 11209 strain of C. difficile was not 

included in their study. The mean spore concentration from the growth curve at 

24 and 48 hours was comparable to the 6.67 log(10) cfu/ml achieved by Pereira 
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et al. (2013), with the strain C. difficile 630Δerm at 48 hours. In addition, mean 

spore concentration was lower than Merrigan et al. (2010) who achieved mean 

spore concentration of 7.71 log(10) cfu/ml after 48 hours.  

2.5.2 Sporulation 

With the aim of producing suspensions with a high concentration of spores, 

broth cultures were incubated aerobically (after 24 hour anaerobic incubation) 

and then recovered using heat inactivation of vegetative cells (section 2.3.5.2). 

The extra stress on cells from aerobic incubation resulted in a mean spore 

concentration of 7.77 log(10) cfu/ml. In contrast, the use of alcohol to stress the 

culture resulted in a mean spore concentration to 5.36 log(10) cfu/ml (Figure 

2.6). The significantly lower concentration of spores may have been due to the 

alcohol inactivating instead of stressing the vegetative cells (p≤0.05). The 

alcohol stress method (section 2.3.5.2 b) was discontinued due to low spore 

concentration and the aerobic stress method (section 2.3.5.2 a) was carried 

forward for further investigation. The aerobic stress method gave a comparable 

spore concentration to other published methods, for example, Hasan et al. 

(2011) used a long incubation (10-14 days on CDMN agar) to stress cells and had 

a final spore concentration of ~8 log(10) cfu/ml, although a pooled agar plate 

method was used for growing the cell culture. When the same method was 

followed in the present study, using long incubation (five days on BHIS agar) to 
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stress agar plate cultures, the resulting suspension had no spores visible by 

microscopy.  

The method of spore production by long incubation (14 days in CMB), 

with alcohol inactivation of cells, was developed as a way of producing spore 

suspensions which were not pre-exposed to heat, for use further investigations 

assessing heat as a method of decontamination (section 2.3.5.3). The long 

incubation (14 days in CMB) method resulted in a mean spore concentration of 

6.51 log(10) cfu/ml. Although from 6 pooled cultures, the mean was only 

marginally higher than the mean spore concentration for single CMB cultures 

seen in the growth curve (6.47 log(10) cfu/ml), with heat inactivation of the cells 

(section 2.3.4.3).  The pooling and recovery of 20 cultures to make 5 ml spore 

suspensions, increased the spore concentration to 8.06 log(10) cfu/ml; this was 

similar to Alfa et al. (2013) and Macdonald et al. (2016), both of which achieved 

>8 log(10) cfu/ml and 8.2 log(10) cfu/ml, utilizing long incubation (14 days) of agar 

plates and alcohol inactivation of cells. However, both previous studies used 

agar plates to culture the cells, not broth cultures, in contrast to the present 

study.  

The aerobic stress method produced a greater spore concentration than 

the long incubation (14 days in CMB) method, but the methods differed in 

media type, the stressor and how cells were inactivated. This was mainly due to 
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the intended use of the suspensions after recovery. For example, the aerobic 

stress and heat inactivation method was a preliminary method to obtain spores 

for testing in non-heat related investigations assessing recovery of spores from 

NHS (100% cotton) sheet material. The long incubation with alcohol inactivation 

of cells method was developed by Alfa et al. (2013), to be used in the study of 

spore thermotolerance in bed pan washer decontamination cycles. Inactivating 

vegetative cells using alcohol prevented pre-exposing the spores to high 

temperatures and made it unlikely that they would accumulate damage. Given 

the complete absence of spores in the agar plate methods tried, the long 

incubation (14 days in CMB) method was a reasonable modification. Although 

Hasan et al. (2011) reported long incubation of CABA plates to be the most 

efficient at inducing sporulation, this was not the case in the present study. The 

poor performance of the agar methods investigated in the present study, as 

compared to published methods, may be due to the use of BHIS/T instead of 

pre-made commercial CABA plates, or the use of a different strain of C. difficile. 

2.5.3 Storage 

The aerobic stress and long incubation (14 days in CMB) methods produced 

spore suspensions which showed no statistically significant decline in viable 

spore concentration over 30 days. For the aerobic stress method, there was a 

small but statistically insignificant increase in mean viable spore concentration 
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over the 30 day period. The stability of spores suspensions during storage was 

supported by Freeman and Wilcox (2003), who found that spores stored in 

faecal emulsion, showed no significant decline in viable non-heated spore 

concentration over 56 days aerobic storage at 4°C, with either single or 

repeated sampling. Cells were also inactivated by alcohol and enumerated in 

agar containing taurocholate. This contrasts with Rodriguez-Palacios (2011), 

who found there was a decline of 0.28 log(10) cfu/ml in the spore concentration 

of non-heated spore suspensions stored for 18 days aerobic storage at 4°C. The 

media was supplemented with taurocholate and the vegetative cells were 

inactivated by alcohol. Interestingly, there was no decline in spore 

concentration in heated suspensions, over the 18 day period. The authors 

suggest this may be due to superdormancy which is common in Bacillus spp. 

(Ghosh and Setlow, 2009).  

Weese et al. (2000) similarly found that the number of equine faecal 

samples with C. difficile present reduced over 72 hours aerobic storage at 4°C, 

down to 29% of samples testing positive for C. difficile. However, the media 

used didn’t appear to contain taurocholate and supplementation was not 

reported. Therefore, the decline in positive C. difficile faecal emulsions, stored 

aerobically and the stability when stored anaerobically are likely a result of the 

cells inability to tolerate oxygen and is unlikely to represent the effect of storage 

on spore viability.  
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2.6 Conclusions 

The aerobic stress of broth cultures, was superior to the alcohol stress when 

producing spores for early non-heat related investigations. The long incubation 

(14 days in CMB) method was developed for subsequent heat-treatment 

investigations and when multiple cultures were pooled, gave an acceptable 

mean spore concentration of 8.06 log(10) cfu/ml. Storage was not shown to 

affect viability of spores, with no reduction in spore concentration in non-

heated or heated suspensions over 30 days. Differences in media or C. difficile 

strain may account for the previously reported effect of storage and reducing 

spore concentration in non-heated suspensions. In contrast, the literature 

supports the findings that heated spore suspensions are not affected by storage 

and exhibit no loss of viability. 
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3 Investigation of the efficacy of the UK 
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3.1 Chapter abstract 

The laundry policy, HTM 01-04, sets the thermal disinfection temperature for an 

infected linen wash: 71°C for ≥3 minutes (+ mixing time), or 65°C for ≥10 

minutes (+ mixing time). The disinfection cycle should be able to pass 

microbiological standards e.g. no bacteria on previously sterile de-sized textiles, 

>5 log(10) reduction of a thermotolerant species of bacteria and <100 cfu with no 

pathogenic bacteria. The aim of the study was to quantify the survival of C. 

difficile spores on cotton during a simulated WE cycle and a WE cycle in situ at a 

commercial laundry.  A survey was conducted to explore how care facilities 

implement HTM 01-04. The simulated WE cycle, with an industrial detergent, 

demonstrated survival of two strains NCTC 11209 (0-4 cfu/25cm2) and ribotype 

001/072 (0-9 cfu/25cm2). Before washing in the commercial WE the average 

spore load was 51 cfu/25cm2 and after washing, drying and finishing was 33 

cfu/25cm2. Both the simulated and in situ linen failed the microbiological 

standards. The method of agitation used to recover spores from cotton, was 

shown to be important; vortexing (4.48 log(10) cfu/ml) recovered more spores 

than stomaching (4.20 log(10) cfu/ml) in the presence of soiling. The survey 

demonstrated that some care facilities may not be meeting minimum 

requirements e.g. not using alginate bags for infected linen or not having annual 

validation of the disinfection cycle. Commercial WE cycles may be exposing 

patients to low levels of C. difficile spores. 
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3.2 Introduction 

Textile items are common throughout the healthcare environment and include 

curtains, carpets, towels, uniforms, bed linen and equipment such as hoists and 

pressure cuffs (Sehulster and Chin, 2004; Department of Health, 2016a). There 

is the potential for these textiles to become vehicles for transmission of 

infectious agents; extensive evidence demonstrates common contamination of 

uniforms, white coats and bed linen (Barrie et al., 1994; Perry et al., 2001; Patel 

et al., 2006; Wilson et al., 2007; Treakle et al., 2009; Fijan and Turk, 2012; Gupta 

et al., 2016).  

Perry et al. (2001) sampled nursing staff uniforms at the start and end of 

duty and found frequent contamination with MRSA, Vancomycin-resistant 

Enterococcus (VRE) and C. difficile spores. Before duty VRE was found on 12/56 

uniforms and MRSA on 7/57, with contamination levels varied from 1-100 cfu. 

After duty the number of positive samples increased, with VRE isolated on 

22/57 uniforms and MRSA on 8/57 uniforms. C. difficile spore contamination 

was around 1-10 cfu, with 7/56 HCW uniforms positive before duty and 11/56 

positive after duty (Perry et al., 2001). Interestingly, several of the uniforms 

which had been positive at the start of duty were found to be negative at the 

end. This was found on four occasions with MRSA, five with VRE and five with C. 

difficile. Given the longevity and high resistance of C. difficile spores to 

decontamination, it could be that the spores were transferred to other surfaces, 
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HCW or patients. Treakle et al. (2009) demonstrated common S. aureus 

contamination of white coats, at around 22.8% (34/149) and MRSA 

contamination around 4% (6/149).  

All patients have a right to expect care to be provided in a ‘…clean and 

safe environment that is fit for purpose, based on national best practice’ 

(Johnson, 2008). Therefore, an effective textile laundering service is required, 

with most UK hospitals using commercial facilities to launder textiles and/or 

provide linen rental services for items such as bed sheets (TSA, 2015). The 

processing of hospital linen is covered by HTM 01-04 Decontamination of Linen 

for Health and Social Care (2016). HTM 01-04 sets the conditions for both 

commercial and on-site laundering of used linen and infected linen. The four 

volumes within HTM 01-04 cover onsite laundering within adult social care 

facilities, overall management of the laundry process, the engineering, 

equipment and requirements for validation and a guide to using 

biocontamination control (Department of Health, 2016a; Department of Health, 

2016b; Department of Health, 2016c; Department of Health, 2016d; British 

Standards Institution, 2016).  

The main purposes of the laundering process are to provide visibly clean, 

microbiologically safe textiles, which are of the appropriate material, to protect 

vulnerable patients from infection (Fijan et al., 2005; Fijan et al., 2006; 
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Department of Health, 2016a).The key components to providing an effective 

laundry process are dilution, detergent, agitation and thermal or chemical 

decontamination to inactivate microorganisms (Wilson et al., 2007; Department 

of Health, 1995; Department of Health, 2013; Department of Health, 2016; 

Bockmühl, 2017).  

The management and provision volume of HTM 01-04, gives guidance on 

the listing of critical control points necessary to ensure laundries are meeting 

the Essential Quality Requirements (EQR) (Department of Health, 2016c). 

Validation requirements of the critical control points are covered in the HTM 01-

04 engineering and validation volume, these include ensuring minimum 

temperatures are met and the routine annual checking of microbiological 

quality of the finished products by semi-permeable dose strip test with 

thermotolerant Enterococcus spp. (Department of Health, 2016a).  

The validation volume suggests additional checks may be warranted to 

assess the efficacy of the laundry process to decontaminate thermotolerant 

spores, particularly B. cereus, although a mandatory method is not reported. 

The linen operator is advised that a potential method is described within ‘BS EN 

14698-1: Clean Rooms and Associated Controlled Environments, 

Biocontamination Control: General Principles and Methods (British Standards 

Institution, 2003)’. The method describes inoculating pieces of material, then 
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processing these pieces with regular linen and recovering viable organisms using 

agitation in recovery medium, to recover cells and spores for assessing 

microbiological quality. There are industrial standards, which are primarily for 

the testing of antimicrobial coating on textiles, which can provide methods for 

the recovering of viable organisms. For example, the Japanese Industrial 

Standard (JIS) 1902:2002 and BS EN 14698-1:2003 which advocates ‘agitation’ 

without specifying the specific method or length of agitation time.   

3.2.1 The UK healthcare laundry policy   

3.2.1.1 Development of the UK healthcare laundry policy 

The healthcare laundry policy, HSG (95) 18 Hospital Arrangements for Used and 

Infected Linen was in force between 1995 and 2013 (Department of Health, 

1995). Linen was classified as one of three types: Used (soiled and fouled), 

Infected or Heat labile. For the purposes of this study, the focus was on the 

infected linen pathway. In brief, the infected linen route specified that all linen 

classified as ‘Infected’ must be put immediately into water-soluble bags 

(alginate bags) and then into non-permeable bags. The linen must be processed 

with a thermal disinfection cycle at either 65°C for > 10 minutes or at 71°C for > 

3 minutes, with mixing time added on to ensure all fabric has been exposed for 

the minimum time stated. The mixing time was dependent on the weight of 

fabric to water ratio, so at <0.056 Kg/l the mixing time was 4 minutes and at 
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>0.056 Kg/l mixing time was 8 minutes. Infected linen must not be hand sorted 

before processing, and must not enter a CTW before being decontaminated, 

due to health and safety concerns if there are blockages in parts of the machine 

which can’t be thermally disinfected. Infected linen must be washed in a WE 

and fouled linen must be processed with a sluice cycle to remove heavy solid 

soil. In addition to the cycle parameters, there were conditions that must be 

met in terms of separation of dirty linen entering the laundry and clean 

processed linen waiting to be transported to the end user.  

The HSG (95) 18 policy, also had guidance for ‘small facilities’, 

presumably adult social care sites, primarily that the same linen classification 

system, wash cycle and safety conditions were necessary. In 2013 the policy was 

updated, with a focus on spore bearing microorganisms, mainly due to growing 

evidence of B. cereus spore contamination of laundered linen (considered fully 

in section 3.1.2.) (Barrie et al., 1994; Dohmae et al., 2008; Sasahara et al., 2011). 

In brief, when high levels of spores up to 5 log(10) cfu/g fabric, are present on 

linen entering a CTW, the chemo-thermal conditions may not be sufficient for 

adequate decontamination (Barrie et al., 1994; Dohmae et al., 2008; Sasahara et 

al., 2011).  Where sporulation occurs on linen stored in bags during warm 

weather, chemo-thermal disinfection processes may be unable to 

decontaminate the linen.  
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  The updated document was the Choice Framework for Policy and 

Procedures 01-04: Decontamination of Linen for Health and Social Care (CFPP 

01-04). The update had a much broader scope to address the variation in 

laundry service providers. The thermal disinfection parameters remained the 

same, but chemo-thermal, chemical or alternative disinfection cycles e.g. Ozone 

washers, were addressed (Department of Health, 2013). The use of chemical or 

alternative disinfection was required to be at least as effective as thermal 

disinfection alone. In addition, there was a section more fully describing the 

social care laundry provision and the engineering and validation requirements 

at any healthcare laundry service provider. There was an information box 

mentioning the possibility of ‘low levels’ of C. difficile spore survival, but no 

specific requirement to test, quantify survival or validate wash cycles for C. 

difficile spores. It seems that this was regarded as unimportant, simply because 

there was no causal link between C. difficile surviving on linen and an active CDI. 

The contribution of surviving spores on linen to asymptomatic carriage of C. 

difficile has been not been considered, particularly within care facility settings.   

The most recent update is the Health Technical Memorandum (HTM) 01-

04 Decontamination of Linen for Health and Social Care (2016). The update was 

essentially a renaming of the CFPP 01-04 policy document to match other health 

technical manuals. As well as updating the name, there was the addition of a 

section addressing those laundries which have met BS EN 14605 
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Biocontamination control and are independently accredited. The volume 

discusses the equivalencies between BS EN 14605 certification and meeting the 

minimum standards and best practice of the HTM 01-04 policy.  

In summary, the thermal disinfection conditions have remained the same 

throughout the updates of the healthcare laundry policy, from HSG (95) 18 to 

CFPP 01-04 and in the most recent HTM 01-04. The updates have attempted to 

address changing technologies and the different ways of meeting the minimum 

requirements, while relaxing the requirements for care facilities not using the 

infected linen pathway. The first mention of issues with the reduction of 

thermotolerant spores from B. cereus and C. difficile was reported in CFPP 01-04 

(2013) and continues in HTM 01-04 (2016). Quantifying B. cereus spore 

contamination was suggested as an annual test, without specific methods for 

doing so, and there was no requirement for evaluating C. difficile spore 

contamination.  

3.2.1.2 HTM 01-04 and the infected linen pathway. 

The processing of used linen generated within the hospital environment is now 

subject to HTM 01-04 and so must be sorted at the bedside into ‘Used (soiled or 

fouled) linen’ and ‘Infected linen’. All infected linen must be placed into a water-

soluble bag, then into a non-permeable outer bag labelled ‘Infected linen’. The 

wash cycle must have a decontamination process such as a minimum time and 

temperature cycle or chemical-based disinfection as previously described 
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(section 3.1.1.1). The wash process must meet the microbiological test 

validation; there must be no bacteria recovered from a previously sterile de-

sized textile (Department of Health, 2016a). For meeting the best-practice, 

additional microbiological assessments should be performed annually using 

thermotolerant bacteria such as E. faecalis or E. faecium, where a >5 log(10) 

reduction must be achieved, when tested before drying and finishing. 

The annual assessment of efficacy against by B. cereus spores is advised, 

although there is no mandatory method reported. Reference is made to Annex 

E of BS EN 14698-1 Clean Rooms and Associated Controlled Environments, 

Biocontamination Control: General Principles and Methods (British Standards 

Institution, 2003). Annex E describes a destructive sampling and agitation 

method, with the quantification of target organisms by filtration of suspensions 

eluted from the fabric (British Standards Institution, 2003; Department of 

Health, 2016a). The duration and level of effort of the chosen agitation method 

is not reported, therefore, the findings cannot be compared across laboratories 

that are responsible for validating the disinfection cycles of healthcare 

laundries. 

3.2.1.3 Healthcare laundry in the adult social care sector   

As the healthcare laundry policy has been updated, the requirements for social 

care have developed toward a more relaxed approach for facilities which do not 

deal with infected linen on a regular basis. The current policy, HTM 01-04, 



90 
 

assumes that most adult care providers will be using a standard process most of 

the time for stable and healthy adult patients. For the standard laundry, the 

EQR are: a domestic washing machine in good working order with regularly 

servicing: training in the use of the machine and dosing of detergents for 

operatives; segregated clean and dirty areas; room to sluice soiled linen; and 

prevention of infection for staff and service-users. In the case of known 

infectious linen an enhanced route is necessary, which is the equivalent of the 

infected linen pathway previously described (section 3.1.1.2).  

In brief, the enhanced route requires an industrial machine, capable of 

achieving the thermal disinfection conditions previously described. As in the 

main volume of HTM 01-04, a chemical disinfection system may be used which 

meets or exceeds the effectiveness of thermal disinfection. Whichever 

disinfection method is chosen, the machine must be professionally installed and 

maintained, with annual validation of the disinfection stage and handling of 

infected linen must be minimized, through the use of alginate bags.  The 

processing of linen may be outsourced to a commercial healthcare laundry, 

which meets the minimum requirements of HTM 01-04, or by a linen rental 

contract. The responsibility lies with each care facility to ensure they are using 

the enhanced process where necessary or outsourcing to a commercial laundry 

which can meet the same requirements.    
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3.2.2 C. difficile and B. cereus spores; links to healthcare textiles 

and the healthcare laundry policy 

There are few studies exploring the thermal and chemo-thermal disinfection 

measures used in healthcare laundry and the level of survival of C. difficile 

spores. Hellickson & Owens (2007) found viable spores and cross-contamination 

during laboratory-based simulated washes. Sterile cotton swatches and cotton 

swatches inoculated with ~4 log(10) C. difficile (ATCC 9689) spores were exposed 

to minimum temperatures, commonly used detergents and a set of additives: 

50 ppm chlorine, 54 ppm peracid or 100 ppm peroxide for chemo-thermal 

decontamination. Both sterile and inoculated swatches were sampled post-

wash and were contaminated with viable spores in all treatments. C. difficile 

spores were recovered from the swatches by incubation in BHI broth and 

recorded as presence or absence of growth, with no identification or 

quantification. This study would have been more persuasive if it had attempted 

to quantify spore survival and confirm that the growth in media was indeed 

germinated C. difficile spores which had been previously inoculated onto the 

swatches.  

Later work by Lakdawalla et al. (2011), recovered C. difficile spores from 

labelled linens washed in a CTW cycle which met the thermal disinfection 

minimum standard of 71°C for >3 minutes. A total of 101 – 103 cfu/100cm2 was 

found on linen washed as non-infected. The ribotypes of the isolates from the 
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linen after washing matched the isolates from the CDAD patients who had 

provided the linen, except one sheet which had an additional ribotype. The 

original spore contamination was not investigated.  Positive samples were 

isolated from sheets washed as standard linen which is of concern, as HSG (95) 

18 in force in 2011, clearly stated that infected linen must not be processed in a 

CTW. It is not clear why the infected sheets were not washed in a WE, either as 

a standalone healthcare compliant cycle or a pre-wash stage before washing in 

a CTW.  

More recently, C. difficile spores have been recovered at 6 log(10) 

cfu/swatch and 5 log(10) cfu/swatch on inoculated swatches from an ambulance 

uniform, washed at 30°C and 60°C respectively (Mackay et al., 2017). The 60°C 

wash was able to reduce the spore load by 1 log(10) cfu/swatch compared to the 

6 log(10) cfu/swatch recovered from inoculated but unwashed swatches. 

Furthermore, spores survived on a single reusable mop strand which was 

washed at 95°C. There may have been viable spores on other strands, as the 

limit of detection was particularly high (>3.4 log(10) cfu/ml) due to use of the 

Miles and Misra technique, rather than the spread plate method.   

There is more evidence regarding B. cereus spores, where not only 

survival of spores through the wash have been shown, but surviving spores have 

been linked to active infection in patients exposed to the laundered items. In a 

B. cereus meningitis outbreak investigation carried out by Barrie et al. (1994), it 
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was demonstrated that B. cereus spores were able to survive on linen washed in 

a CTW. The wash conditions included a phenolic disinfectant and CTW wash 

compartments which reached 80°C. By sampling of water entering and leaving 

the CTW pre-wash compartment, it was calculated that up to 5 log(10) cfu/g 

fabric were entering the CTW wash cycle. It was concluded that the number of 

spores was too great for the chemo-thermal decontamination to be effective; 

sampling of stored used linen showed high proliferation of spores in warm 

storage conditions.  

  In another outbreak investigation, Dohmae et al. (2008) recovered B. 

cereus spores from hospital towels (6 log(10) cfu/towel), laundered at an onsite 

hospital laundry. The spores were closely related to patient isolates, in wards 

with a B. cereus outbreak (Dohmae et al., 2008). The outbreak ended after the 

towels were decontaminated at an external laundry using sodium hypochlorite. 

Nosocomial bacteremia caused by B. cereus spores from contaminated linen 

was also demonstrated by Sasahara et al. (2011). There was a range of 2-3 log(10) 

cfu/cm2 B. cereus spores recovered from laundered bed sheets, while 4-5 log(10) 

cfu/cm2 was recovered from towels. The isolates recovered from bed linen, 

towels and patients were highly related; it was shown that transmission 

occurred from bed linen to patient via intra-venous catheter infection.  

C. difficile is anaerobic, so spores are unlikely to proliferate during linen 

storage in warm conditions, but there may be between 5-7 log(10) cfu/g faeces 
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evacuated onto bed linen by symptomatic and, perhaps more importantly, 

asymptomatic patients (Riggs et al., 2007). Although the levels of C. difficile 

spores actually entering the wash have not yet been estimated in the published 

literature. This would be an important first step in understanding the 

relationship between C. difficile spores and whether they may survive the 

laundry process.  

C. difficile spores exhibit in vitro resistance to temperatures much higher 

and for much longer than the healthcare laundry policies require, e.g. 90°C for 

up to 10 minutes (Rodriguez-Palacios et al., 2010; Rodriguez-Palacios and 

LeJeune, 2011). However, Orr et al. (2002) demonstrated that with enterococci, 

in vitro thermotolerance does not necessarily equate to survival of a healthcare 

wash cycle which meets the minimum thermal disinfection requirements as 

previously discussed (section 1.2.2). The previous studies exploring C. difficile 

spore survival of thermal disinfection cycles, have not quantified the spore load 

before and after the wash and has therefore been unable to calculate the 

reduction effect of a CTW cycle. Alternatively, evidence of survival of C. difficile 

spores has been part of a simulated wash which has only reported the presence 

or absence of spores.  
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3.2.3 Agitation methods for removal of cells or spores from 

textiles  

Several test standards were consulted to define methods for the removal of 

spores from textiles in order to determine contamination levels. The first was BS 

EN 14698-1: Cleanrooms and associated controlled environments; 

Biocontamination control, General principles and methods (British Standards 

Institution, 2003). The BS EN 14698-1 test protocol involves destructive 

sampling of a washed, dried and finished sheet. The agitation method suggested 

was stomaching, followed by membrane filtration of the resulting suspension to 

quantify the spores recovered. Other methods were sought to compare with the 

stomaching method, including the JIS L1902:2002 antimicrobial finish testing 

standard, which suggests either hand shaking over 30cm (30 seconds), or 

vortexing for 5 seconds, five times. Also considered was Jenkins and Sherbourne 

(2005) which assessed the recovery of bacterial cells using vortexing (1 minute), 

sonication (30 seconds), rotary shaking (10 minutes) and glass rod agitation for 

(20 seconds). 

3.2.4 In summary   

The UK healthcare laundry policy HTM 01-04, provides a framework around 

which a commercial laundry or care facilities can design and operate an infected 

linen laundry process. How each laundry site meets the minimum thermal or 

chemical disinfection requirements can be unique to the site, based on 
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machines available, sorting system in place, physical space and the availability of 

detergents. In addition, the exact wash cycle including the amount of water, 

number of rinses, temperature of rinses and the use of pre-wash or sluice cycles 

can vary. The validation volume of HTM 01-04 makes an attempt to offer a 

method of comparison between one site process and another. This was 

developed to measure efficacy to inactivate thermotolerant bacterial cells. 

Furthermore, it suggests a test for thermotolerant B. cereus spores in the 

appropriate season, but without a compulsory method. Although C. difficile 

spores are considered in HTM 01-04, there are no specific requirements 

regarding testing or validation to ensure decontamination of C. difficile from 

infected linen. 

There are a few published in vitro studies which provide preliminary 

evidence that C. difficile spores can survive parts of the laundry cycle as 

described in HTM 01-04, due in part to high thermotolerance as proliferation 

during storage is unlikely. Certainly, other spore formers have been shown to 

survive, when there are high concentrations of spores entering the laundry 

cycle, although the studies assessing spore survival are now outdated. There are 

a variety of sources of information regarding how to recover spores from 

swatches such as BS EN 14698-1 and JIS L1902:2002 Testing for Antibacterial 

Activity and Efficacy on Textile Products. There are also a number studies which 

use various methods of agitation to remove bacterial cells and spores, these 
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methods include vortexing, stomaching, hand shaking, sonication and rotary 

shaking. 

3.2.5 Scope of the work 

3.2.5.1 Aim  

The aim of this investigation was to quantify the survival of C. difficile spores on 

NHS (100% cotton) bed sheets after washing under chemo-thermal disinfection 

conditions which meet the NHS Policy HTM 01-04 (2016).  

3.2.5.2 Objectives  

1. To determine a reliable, repeatable and efficient method for 

maximizing recovery of C. difficile spores from NHS (100% cotton) 

sheet swatches. 

2.  To assess the effect of soiling on the recovery of C. difficile spores 

from NHS (100% cotton) sheet swatches.  

3. To quantify the survival of C. difficile spores on NHS (100% cotton) 

sheet swatches in simulated washes using the thermal and chemo-

thermal conditions set out in the NHS laundry policy HTM 01-04. 

4. To visualize NHS (100% cotton) sheet material with and without 

simulated soiling. 

5. To quantify the survival of C. difficile spores on naturally 

contaminated experimental (100% cotton) sheets in an industrial WE 
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cycle, with drying and finishing at a commercial laundry conforming to 

the minimum conditions of HTM 01-04 (2016). 

6. To compare how social care facilities implement the enhanced 

process wash conditions to conform to the social care volume of HTM 

01-04 (2016).  

 

3.3 Methods  

3.3.1 Materials 

There were two types of bed sheet which were supplied for the study: standard 

NHS (100% cotton) bed sheets supplied by the collaborating commercial laundry 

and blue experimental (100% cotton) bed sheets which were chosen for 

identification on the ward and at the laundry, purchased from the linen supplier 

used by the commercial laundry (B100, Mitre, UK). The material, finish and 

weave of the experimental sheets were all identical to standard NHS (100% 

cotton) sheets. The NHS (100% cotton) sheets were used to compare the 

preliminary methods of recovering spores (section 3.2.2), in assessing the effect 

of soiling on the recovery of spores (section 3.2.3) and in running simulations of 

a healthcare wash cycle (section 3.2.4). The blue experimental (100% cotton) 

sheets were used in assessing the effect of soiling on the recovery of spores 
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(section 3.2.3) and for assessing healthcare laundry policy using linens naturally 

contaminated with C. difficile spores (section 3.2.5).   

3.3.2 Recovering C. difficile spores from air-dried cotton swatches 

Swatches (25cm2) were cut from the central regions of the NHS (100% cotton) 

sheets and autoclaved before use. The swatches were then inoculated with 

0.1ml of a 5 log(10) cfu/ml C. difficile NCTC 11209 spore suspension solution, 

generated using the aerobic stress method (section 2.2.5.2 B). Swatches were 

air-dried for 18 hours and either transferred to a stomacher bag (Mix3156, SLS, 

UK), glass beaker or falcon tube containing 30mls MRD and treated with one of 

five treatments: 

A. Stomaching – The swatch was placed in the stomacher bag and 

stomached in a paddle blender (LM40, Seward, UK) for 30 seconds or 

1 minute at normal or high level setting. 

B. Vortexing – The swatch was placed in a sterile falcon tube, then 

vortexed on high at 40 hertz for five bursts of 5 seconds. 

C. Glass bead agitation – The swatch was placed in a sterile beaker, with 

10 sterile glass beads (GS/2, SLS, UK) on top of the swatch and rotated 

for 1 minute at 150 rpm in a rotary shaker bath at 25°C (JBAqua 18, 

Grant, UK). 
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D. Hand shaking- The swatch was placed in a sterile tube, then shook 

back and forth over a 30cm measured distance for 1 minute. 

E. Sonication of tubes on high for 1 minute in a sonic bath (XUBA3, 

Grant, UK).  

After each treatment the swatches were left in MRD for 5 minutes, then 

removed and discarded. The resulting suspensions were then serially diluted 

and spread-plated in duplicate on BHIS/T agar plates. An enumeration control 

was performed to quantify the original inoculum by serial dilution of the test 

suspensions, followed by duplicate spread plating of 0.1ml samples onto BHIS/T. 

All agar plates were incubated anaerobically at 37°C for 48 hours. The 

investigation was repeated in duplicate on two separate occasions. 

3.3.3 Soiling effect on C. difficile spore recovery from swatches 

The vortex and stomach methods (section 3.2.1 A and B) were used to assess 

the effects of soiling on the recovery of spores from the NHS (100% cotton) 

sheet swatches. Bovine Serum Albumin (BSA), was used to simulate soiling, in 

‘clean’ (0.3g/L) and ‘dirty’ (3g/L) conditions as per BS EN 13704 Chemical 

disinfectants – Quantitative suspension test for the evaluation of sporicidal 

activity of chemical disinfectant used in food, industrial, domestic and 

institutional areas –Test method and requirements (phase 2, step 1). Vortexing 
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was also used to assess the recovery of viable spores from the blue 

experimental (100% cotton) sheets in ‘clean’ and ‘dirty’ conditions.  

The BSA solutions were filter sterilised, stored at 4°C and used within one 

month. The solutions were made up at 30g/L BSA or 3g/L BSA for dilution with 

the spore suspensions. The sterile swatches were inoculated with a 0.1ml of a 6 

log(10) cfu/ml spore test solution and air-dried for 18 hours. The swatches were 

transferred to either a stomacher bag or falcon tube with 10ml MRD, then 

stomached on high for 1 minute or vortexed as previously described (method 

3.2.1. A and B). Swatches were left in the MRD for 5 minutes after treatment 

and then removed and discarded; 0.1ml of the supernatant was plated onto 

BHIS/T agar. In addition, the vortexing method (section 3.2.1.B) was applied to a 

set of experimental (100% cotton) sheet swatches (25cm2). An enumeration 

control was performed to quantify the original inoculum by serial dilution of the 

spore test suspensions, followed by duplicate spread plating of 0.1ml samples 

onto BHIS/T. All agar plates were incubated anaerobically at 37°C for 48 hours. 

The investigation was repeated in duplicate on two separate occasions. 
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3.3.4 Quantification of the survival of C. difficile spores in 

simulated washes  

A healthcare wash cycle programme was developed to assess heat, chemical 

and physical removal of C. difficile spores from NHS (100% cotton) sheet 

swatches. In preparation for the testing of thermal disinfection, the spore 

suspensions were generated, as previously described (section 2.2.5.3.). The 

industrial grade washing machine, a Schulthess Topline 6606 6.5kg, was 

programmed by the industrial detergent supplier to a test-specific programme. 

The programme was designed to meet the policy minimum requirement of 71°C 

for ≥3 minutes (+8 minutes mixing time). The water and detergent levels were 

also set by the detergent supplier, Washing Systems (Table 3.1); the detergent 

was supplied under the condition of confidentiality.  

 Sets of four swatches of NHS (100% cotton) sheets were labelled with an 

‘I’ (Inoculated) or an ‘S’ (Sterile), individually attached to a safety pin and 

sterilised. The inoculated swatches had 0.1ml of an 8 log(10) cfu/ml spore test 

suspension (C. difficile NCTC 11209) containing 3g/L BSA, placed on them and 

were air-dried for 18 hours.  
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Table 3.1. Experimental NHS healthcare wash cycle meeting minimum 
temperature requirement for thermal disinfection.  

Stage Process Water (L) Temp (°C) Time (min) 

1 Detergent (total 120ml) 21.5 40 2 min 

2 Thermal disinfection 21.5 75 10 min 

3 Drain - - - 

4 Bleach (50ml) 29.5 60 5 

5 Drain - - - 

6 Rinse 22 Cold input 2 

7 Drain - - - 

8 Sour rinse with 

peracetic acid (50ml) 

26 Cold input 2 

9 Drain - - - 

10 Spin - - 2 

 

Immediately before washing the inoculated swatches were attached to a 

single full size NHS (100% cotton) sheet, along with a set of four sterile 

swatches. The drum load was made up to maximum capacity (6.5kg) with 10 
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sterile NHS (100% cotton) sheets. A data logger (Ibutton, Measurement systems 

Ltd, UK) was used to take temperature readings every 5 seconds to verify that 

the minimum temperature of 71°C had been reached for a minimum of 3 

minutes with an additional 8 minutes mixing time (11 minutes minimum).  

After the full wash cycle was completed, each swatch was immersed in 

30ml of MRD and vortexed (method 3.2.1.B). Where detergent was used the 

entire recovered suspension was immediately vacuum filtered using a sterile 

filter unit and black 0.45µm membrane filter (fil123, SLS, UK). For control cycles, 

0.1 ml and 1 ml samples were filtered. Each sample was filtered with 50ml of 

SDW and then rinsed with a further 150ml SDW. After filtration, the membrane 

was immediately placed on a BHIS/T agar plate, with care to not trap air 

underneath, and incubated at 37°C for 48 hours. A 95°C wash cycle was 

completed after each test cycle to decontaminate and rinse the drum between 

cycles; the drum was swabbed using sterile swabs, pre-moistened with MRD, to 

check spore contamination of the machine. A daily healthcare cycle, run without 

linen is a requirement of HTM 01-04. 

The wash cycle was repeated once a day on four occasions, with four 

independently generated spore suspensions using the long incubation (14 days 

in CMB) method (section 2.2.5.3). Furthermore, four independent control 

washes were repeated without the detergent system to provide a control by 

which the thermal disinfection alone could be assessed. The four independent 
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wash cycles and four control cycles were then repeated with spore suspensions 

of the C. difficile strain ribotype 001/072, recovered during the investigation 

described in section 3.2.5.  

After all cycles were complete the washing machine was terminally 

decontaminated with Distel non-foaming High Level Medical Disinfectant, used 

in the washing machine on a 95°C wash cycle to access all areas of the washing 

machine. There was a final decontamination of the inner drum using Virkon 1%, 

which was left for 30 minutes and followed by a water rinse cycle to prevent 

corrosion. After decontamination, the drum of the washing machine was 

swabbed using sterile swabs, pre-moistened with MRD, to check spore 

contamination of the machine.  

3.3.5 SEM of NHS (100% cotton) sheet swatches  

For a visual comparison of roughness, material swatches were prepared and 

fixed from new NHS (100% cotton) sheet material and older NHS (100% cotton) 

sheet material donated by the collaborating commercial laundry (section 3.2.6) 

which was representative of a clean sheet in use, within the linen rental system. 

The old and new material swatches were prepared with and without soil (0.1ml 

of 3g/L BSA). In addition, a single cotton swatch was taken from a simulated 

wash (section 3.2.4) which failed the validation requirement for minimum time 
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at 71°C (e.g. was at 71°C for 5 minutes instead of 13 minutes for validated 

cycles).  

The swatches were fixed and prepared for viewing by SEM using 2% 

glutaraldehyde (G7526, Sigma-Aldrich, UK) in phosphate buffer. Phosphate 

buffer (1M) was made with 11.99g/L monosodium phosphate, 14.19g/L 

disodium phosphate and adjusted to pH 7.4 using sodium hydroxide solution. 

Samples of 1cm2 were taken from the centre of the 25cm2 swatches and 

immersed in 2.5ml of 2% glutaraldehyde for 4 hours to inactivate and fix the 

spores. The fixative was removed and the swatch was immersed in 5 ml of 

phosphate buffer for 10 minutes. The fixed swatches were dried using an 

ethanol series of 50%, 70%, 90% and 100% for 10 minutes at each 

concentration, then left for 24 hours to air-dry completely. Individual swatches 

were mounted on 2.5cm aluminium stubs and sputter coated with gold 

(Edwards Sputter Coater, S150B). The stubs were viewed using a SEM (Carl Zeiss 

Evo HD 15), in high vacuum with a beam accelerating voltage of 5-7 Kv for 

magnifications between 2500 and 50, 000. 
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3.3.6 Assessment of the healthcare laundry policy using 

experimental (100% cotton) sheets naturally contaminated 

with C. difficile spores 

3.3.6.1 Ethical Approval 

Ethical review was carried out internally, by the De Montfort University Health 

and Life Sciences’ Research Ethics Committee (Reference: 714). NHS ethical 

review was also sought and a favourable opinion obtained from ‘Nottingham 2’ 

NHS Research Ethics Committee (Reference: 11/EM/0002). Local Research and 

Development permission was obtained from the trust responsible for the NHS 

hospital research site (Reference: UHL10003). The participating hospital allowed 

access to a C. difficile isolation ward with a letter of permission and a meeting 

with the ward manager. 

3.3.6.2 Media 

 Braziers CCEY selective agar (Lab160, LabM, UK) was used to ensure only C. 

difficile spores were isolated from the samples. The Brazier’s agar contained the 

selective antibiotic Cycloserine and Cefotoxin supplement (X093, LabM, UK) and 

egg yolk emulsion (X073, LabM, UK). The Brazier’s agar was stored at 4°C and 

used within one week. 
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3.3.6.3 Storage and collection of the experimental (100% cotton) 

sheets 

The storage of blue experimental (100% cotton) sheets after use in the ward, 

was identical to that of standard infected linen, to ensure a realistic 

quantification of C. difficile spore burden before washing. A set of six 

experimental sheets were delivered weekly to the ward. The sheets were used 

on CDI patient beds, changed daily and when soiling had occurred. Incontinence 

pads were in use where necessary. After use, the sheets were placed in alginate 

bags and sealed using a plastic tie, provided with each alginate bag. The sealed 

alginate bags were put into standard red ‘infected-linen’ labelled plastic non-

permeable bags and closed by a single knot. The sealed bags were placed into a 

labelled box within the used linen room for the ward. The sheets were collected 

once every 24 hours, in accordance with standard practice at the site and 

transferred to a secure outside waste compound. They remained there 

overnight in a box adjacent to standard infected linen and were collected the 

following morning for sampling.   

3.3.6.4 Sampling 

All linen bags were opened within a class two cabinet (Class II, Lab Guard, UK) 

and each sheet with visible soiling was numbered using a permanent marker. 

Soiled regions were identified, from which three 25cm2 sections could be 

sampled, leaving adjacent 25cm2 soiled regions for sampling post-wash. The 

sample swatches were placed into 50ml falcon tubes. The sheet was placed 
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back into the alginate bag, resealed with the tie and put into the red ‘Infected 

Linen’ bags. The bags were then transported to the laundry the same day.  

The sample swatch had 30mls of MRD added to the tube and viable 

spores were recovered by the vortex method (section 3.2.1 B). After 5 minutes 

the swatch was removed and the suspension was heat shocked in a water bath 

at 80°C for 10 minutes. The resulting 30ml suspensions were vacuum filtered as 

previously described (section 3.2.4). Agar plates were then incubated 

anaerobically at 37°C for 48 hours. If there were no colonies, the plates were 

left for an additional 48 hours. 

The sampled sheets were transported to the laundering facilities 

immediately after sampling and washed with other infected linen according to 

the HSG (95) 18 Hospital arrangements for the laundering of infected linens 

(HTM 01-04). 

Post-wash samples were processed by the same method for pre-wash 

samples, however, the spore suspensions obtained were not heat shocked. The 

spores which had survived the washing process may have become more 

susceptible to damage from heating and there was less likelihood of isolating 

other organisms. Furthermore, post-wash samples suspensions were combined 

so that the three 30ml suspensions generated from each sheet were filtered 

together, as recommended by the collaborating laboratory. The sample size was 
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calculated by Dr Taub of the National Institute of Health Research, who advised 

36 C. difficile spore contaminated sheets were needed; if all were positive 

before laundering and negative after laundering, the sample size would provide 

sufficient evidence to state that the laundry process was effective. 

3.3.6.5 Industrial Laundering 

At the collaborating commercial laundry, the bags were transferred to the ‘dirty’ 

side of the facility and the unopened alginate bags were loaded into a WE for a 

wash cycle at 75°C for ≥3 minutes with 8 minutes mixing time, with the 

industrial detergent system used in the simulated washes (section 3.2.4). The 

sheets were then transported to the ironer bed where they were pressed and 

dried at 175°C with 4 bars of pressure for three seconds (calendaring). The 

laundered experimental sheets were then collected the following day for repeat 

sampling, and the second of each paired region was cut and sampled from each 

sheet as previously described (section 3.2.5.4). 

3.3.6.6 Identifying clinical strains  

All presumptive C. difficile positive plates were confirmed by the Gold standard 

latex agglutination and long-wave UV fluorescence test. All confirmed C. difficile 

plates were then sub-cultured and stored on cryobeads at -20°C and -80°C for 

further investigations. Ribotyping was performed by PCR with capillary gel 

electrophoresis (CE-Ribotyping), on all positive samples at the Public Health 

England (PHE) laboratory in Newcastle. CE-Ribotyping has been shown to 
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reduce inter-laboratory variability (Fawley et al., 2015). In brief, the 16S-23S 

intergenic spacer region was amplified by PCR, with the resulting fluorescent 

tagged fragments analysed by passing through a submillimetre gel capillary 

using an electric current. With the ends of the capillary within an aqueous 

buffer the fragments are run with a control sample for size comparison and size 

data is collected. The size of the intergenic spacer regions can then be 

compared to a library of known isolates. 

 

3.3.7 Healthcare laundry survey for care facilities  

3.3.7.1 Overview and ethical approval 

The survey questions (Appendix II) were designed to get an overview of how 

care facilities met the minimum requirements of the HTM 01-04 social care 

volume of the laundry policy. In addition, an assessment of whether the facility 

met EQR was made, by considering cycle temperature, machine/detergent type, 

sluice or pre-wash cycles, annual verification and the presence of infectious 

patients. Ethical review was carried out internally as an amendment to an 

approved study by the De Montfort University Health and Life Sciences’ 

Research Ethics Committee, a favourable opinion was obtained (Reference: 

714). 
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3.3.7.2 Selection method  

The care facilities were chosen from an online database,’ www.Care.com’, using 

the following procedure: 20 English counties were randomly picked by 

computer, 10 participants were identified on the website per county that were 

owned or managed by different providers and had a range of resident numbers 

and review scores. A range of 1-3 facilities per page of listings were selected, 

until 10 had been identified per county, with 200 facilities in total. The 

introductory letter was addressed to the manager or responsible person for 

each site. 

3.3.8 Statistical analyses  

All statistical analyses were performed with IBM SPSS v. 22. The significance 

value for all tests was set at p≤0.05. The Shapiro-Wilk test for the normality of 

the distribution and Levene’s test for equality of variance were used to 

determine whether data could be analysed by independent one-way analysis of 

variance (ANOVA) or independent t-test. Where data were assessed by ANOVA, 

Tukey’s post-hoc tests were performed to make pair wise comparisons. Where 

the assumption of a normal distribution of the data was violated, the non-

parametric Mann-Whitney U test or Kruskal-Wallis (with post-hoc multiple 

comparisons and adjusted significance) were performed. Each investigation was 

repeated in triplicate on two separate occasions, unless otherwise stated. The 

survey data were collated in Microsoft Excel (2013) to ascertain frequencies and 
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a Spearman Rank was performed to analyse the association between wash 

temperature and the number of different types of infection. In addition, an 

independent t-test was performed to assess whether the maximum wash 

temperature was different at sites with and without CDI. 

  

3.4 Results  

3.4.1 Recovering C. difficile spores from air-dried cotton swatches 

The highest level of recovered spores was 3.33 log(10) cfu/25cm2, of the original 

~4 log(10) cfu/ml inoculum, which was achieved by the vortexing method (Figure 

3.1). However, the vortexing method was not statistically significantly better at 

recovering spores than stomaching on high for 1 minute (3.08 log(10) cfu/ml, 

p>0.05) or the hand shake method (3.08 log(10) cfu/ml, p>0.05). The original 

inoculum was 4 log cfu/ml per swatch. All other methods recovered significantly 

fewer spores (<3 log(10) cfu/ml spores, χ2= 67.317, p≤0.05).  
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Figure 3.1. C. difficile spores recovered from air dried cotton swatches (mean ± 
SE, n=4). 

 

 

The stomaching method showed a trend of increased spore recovery 

rates with increasing time and speed (Figure 3.1). However, this was only 

statistically significant when comparing the stomaching on high for 1 minute 

with stomaching on normal for 30 seconds (p≤0.05).  

3.4.2 Soiling effect on C. difficile spore recovery from swatches 

The highest level of recovered spores was obtained using the Vortexing method, 

with high and low soiling having 4.48 log(10) cfu/ml and 4.41 log(10) cfu/ml 

recovered respectively from the original inoculum of 5 log(10) cfu/ml spores 

(Figure 3.2). Vortexing recovered a greater proportion of the spores when 

soiling was present, compared to vortexing without the addition of soiling 
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(section 3.3.1), with vortexing at no soil, low soil and high soil recovering 20%, 

26% and 31% of spores, respectively.   

There were significantly more spores recovered by the vortexing method, 

than by the stomaching method, with low soiling and with high soiling (χ2= 

29.33, p≤ 0.05). Using the vortexing method to compare recovery of spores 

from the white NHS (100% cotton) sheet swatches and blue experimental (100% 

cotton) sheet swatches, there was a statistically significant difference of 0.29 

log(10) cfu/25cm2 at both low and high soiling (χ2= 26.593, p≤0.05, n=6). 

    

Figure 3.2. C. difficile spores recovered from NHS (100% cotton) sheet swatches 
with BSA soiling at low (0.3g/L) and high (3g/L) (mean ± SE, n=6).  
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3.4.3 Quantification of the survival of C. difficile spores in 

simulated washes  

All data included in statistical analyses were from validated cycles, where the 

data logger recorded the required time and temperature (71°C for ≥3 minutes + 

8 minutes mixing time). The time the wash remained at 71°C was 13 minutes 

±30 seconds. In the control cycle (without detergent), there were significantly 

fewer spores recovered, compared to the original inoculum (7 log(10) cfu/25cm2), 

for C. difficile NCTC 11209 (4.95 log(10) cfu/25cm2, U=26.39, p≤0.05) and ribotype 

001/072 (5.27 log(10) cfu/25cm2, t=19.39, p≤0.05). In addition, the number of 

recovered spores after the control cycle were not significantly different when 

comparing NCTC 11209 and ribotype 001/072 (p>0.05). Without detergent, the 

effects of temperature and agitation alone were unable to reduce the number 

of spores by >2 log(10) cfu/25cm2, leaving the swatches heavily contaminated 

with 4.95 log(10) cfu/25cm2 C. difficile spores (Figure 3.3). 

In contrast, the number of spores that could be recovered from swatches 

after the detergent cycles, were markedly reduced. The resulting cfu/25cm2 

recovered was significantly lower than the original inoculum (7 log(10) 

cfu/25cm2) for both NCTC 11209 (0-4 cfu/25cm2, p≤0.05) and ribotype 001/072 

(0-9 cfu/25cm2, p≤0.05). The use of detergent also resulted in a significantly 

lower number of spores recovered, than the control cycles for NCTC 11209 

(p≤0.05) and ribotype 001/072 (p≤0.05). Again, the number of spores recovered 
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after the detergent cycle was not significantly different between the two strains 

(NCTC 11209 0-4 cfu, ribotype 001/072 0-9 cfu, p>0.05).  

In regard to the level of cross-contamination, there were similar numbers 

of spores recovered from previously sterile swatches in the control cycles for 

both NCTC 11209 and ribotype 001/072 (2.72 vs 2.89 log(10) cfu/25cm2, p>0.05). 

Significantly lower levels of cross-contamination were found in cycles which 

included detergent, for both NCTC 11209 and ribotype 001/072 (0.09 log(10) vs 

0.16 log(10) cfu/25cm2, p≤0.05), with a range of 0-8 and 0-14 cfu/25cm2, 

respectively (Figure 3.3).  

In addition to the validated industrial cycle data, the swatches from a 

single industrial cycle which did not reach 75°C for the minimum time were 

recovered. This cycle showed an increased number of spores recovered in a 

detergent cycle, when 75°C was maintained for only 4 minutes instead of 13 

minutes (NCTC 11209, 1.84 log(10) cfu/25cm2, range 62-100 spores). There were 

no viable spores found inside the drum of the washing machine, between 

washes or after the terminal decontamination protocol (section 3.2.4). 
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Figure 3.3. C. difficile spores recovered: the original inoculum (log(10) cfu/ml) (■), 
per inoculated swatch (  ) and per previously sterile swatch (□). Strain types 
NCTC 11209 and ribotype 001/072 (mean ± SE, n=4).  
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Figure 3.4. Swatch samples (1cm2) from NHS bed sheets at 2500 magnification 
(A) new clean swatch, (B) new heavily soiled swatch (0.1ml of 3g/l BSA/25cm2), 
(C) old clean swatch, (D) old heavily soiled swatch (0.1ml of 3g/l BSA/25cm2).  

 

A swatch from a non-validated simulation of a healthcare wash cycle 

where the temperature was not maintained for the full 13 minutes was viewed 

(Figure 3.5). There were many spores in large clumps, perhaps within the soiling 

with which they were inoculated (Figure 3.5). There was a single spore which 

looked as though it had been lysed either by the detergent or thermal disinfect 

ion or a combination of both (Figure 3.5 C).  
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Figure 3.5. C. difficile spores on a NHS (100% cotton) sheet swatch inoculated 
with 0.1ml of 8 log(10) cfu/ml test suspensions containing 3g/L BSA. Swatch air 
dried for 24 hours, then washed in a failed simulated healthcare wash at 71°C 
with industrial detergent (held at 71°C for 5 minutes instead of 13 minutes). (A) 
spore, (B) many spores left on the swatch after washing, (C) further 
magnification area in (B) with a possible damaged spore (white arrow), (D) large 
clump of spores (soiling or co-aggregation). 
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cfu/25cm2). The post-wash average was calculated from a combined 90ml 

sample for each sheet (>100 cfu/75cm2). This equated to a post-wash reduction     

of 18 cfu/25cm2 (or 0.45 log(10) cfu/25cm2), or 40% reduction in spore load after 

washing.  Subsequent ribotyping of the isolates recovered before and after 

washing, showed they were indistinguishable from each other and had only a 

single minor difference from ribotype 001/072 (PHE, Newcastle). This suggests 

that the spores recovered post-wash, were present before the wash and were 

not a result of contamination during the wash cycle.  

Table 3.2. C. difficile spores recovered from swatches (25cm2) of blue 
experimental (100% cotton) sheets, before and after washing to NHS healthcare 
policy minimum standards HTM 01-04 (n=3). 

Sample Mean spore 

count 

Range Standard 

error 

Ribotype 

Pre-wash 51 cfu/25cm2 2-158 33.23 001/072 

Post-wash 33 cfu/25cm2 

(100 cfu/75cm2) 

-* 

 

-* 001/072 

*= cfu/75cm2 recorded at maximum count for each sheet (>100).  
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3.4.6 Healthcare laundry survey for care facilities  

There were 30/200 (15%) completed questionnaires returned from the 

healthcare facilities, covering 18 counties across England, with a maximum of 3 

surveys for a single county. There were only seven (23.3%) facilities that were 

not currently caring for people with an infectious disease, whereas more than 

half of respondents were dealing with three or more types of infectious disease 

(17/30, 56.7%). The infectious diseases included C. difficile 17/30 (56.7%), MRSA 

22/30 (73.3%), fungal infections 21/30 (70%) and other infectious disease - skin 

condition 1/30 (3.3%). All facilities which were dealing with C. difficile were also 

dealing with at least one other type of infectious disease. 

The bed sheet material used at each facility was either cotton 15/30 

(50%), poly-cotton blend 13/30 (43.3%), or both types 2/30 (6.67%). Use an 

onsite laundry was by far the most common method to launder bed sheets 

(26/30, 86.7%), with only four choosing a commercial laundry provider. The 

majority (75%) were on a linen rental contract whereas one facility had their 

own linen laundered and returned.  

Of those using an onsite laundry, 20/26 (76.9%) used an industrial grade 

washing machine, 1/26 (3.8%) used a domestic grade washing machine, with 

5/26 (19.2%) facilities not providing data. The facility using a domestic machine 

also used domestic detergent, Fairy non- bio (Proctor and Gamble), but did not 
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provide data on any infectious diseases present at the facility. Considering 

laundry detergent, there were 18 different brands used over the 26 sites, with a 

maximum frequency of two sites using the same detergent brand. The limited 

information provided suggests two were using domestic grade detergents, 

21/26 (80.7%) were using industrial grade detergent and three did not provide 

any information on the type. 

The maximum temperature of the wash cycle was 90°C, while the 

minimum was 45°C (Table 3.3). There was no statistically significant association 

between the temperature of the wash, compared with the number of types of 

infectious disease within the facility (r=-0.222, p>0.05). There was a trend 

toward a higher maximum temperature in those facilities without CDI present, 

but this was not statistically significant (t=0.744, p>0.05).  

Regarding wash cycle length, 4/26 (15.4%) had a cycle length under 1 

hour, the other respondents were split evenly with 11/26 (42.3%) having a cycle 

between 1 hour and 1 hour 30 mins and 11/26 (42.3%) having a cycle between 1 

hour 30 mins and two hours. None of the respondents provided information 

about the length in minutes of the main thermal disinfection cycle, i.e. 

maintained for ≥3 minutes at ≥71°C or an alternative disinfection option (ozone 

or wash additives etc.) 
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Table 3.3. Maximum temperature of the main wash cycle and the frequency of 
sites with CDIs, that wash infected linen at each temperature.  

Temperature range 
(°C) 

Frequency 
temperature used 
within healthcare 
facilities 

Frequency of CDI  

40-49 3/26 (11.5%) 2/3 (66%) 

50-59 1/26 (3.8%) 0/1  

60-69 8/26 (30.8%) 5/8 (62.5%) 

70-79 4/26 (15.4%) 2/4 (50 %) 

 80-89 1/26 (3.8%) 0/1  

90-99 7/26 (26.9%) 3/7 (42.9%) 

Unknown 
temperature 

1/26 (3.8%) 1/1  

 

The information regarding other parts of the cycle and safety measures 

was provided in all cases. Over half of the facilities were using a sluice cycle 

(16/26, 61.5%), the majority were using alginate bags (19/26, 73.1%), which are 

required for infected linen, unless loading is automated, and eight performed a 

pre-wash cycle (30.8%). However, only five facilities used alginate bags, sluice 

cycles and pre-wash cycles for infected linen (19.2%). Tumble drying was the 

drying method of choice for all but one of the facilities (25/26, 96.2%). Just over 

half of the facilities confirmed that they had an annual verification of the 

washing system (15/26, 57.7%), whereas 2/26 (7.7%) did not have an annual 



125 
 

verification. Information regarding annual verification was not provided for nine 

facilities (34.6%). Of the 20 facilities using industrial machines, only 12 said they 

were also using industrial detergent and getting an annual validation of the 

disinfection cycle. Annual validation of the disinfection part of the cycle, 

whether thermal or chemo-thermal, has been a requirement of CFPP01-04 and 

is still required by HTM 01-04.  

 

3.5 Discussion  

3.5.1 Recovering C. difficile spores from air dried cotton swatches 

with and without soiling 

The agitation method used to recover spores from NHS (100% cotton) sheet 

swatches significantly affected the number of C. difficile spores recovered 

(Figure 3.1). The recovery rates from each of the methods varied widely from 

1.08 log(10) cfu/25cm2 for rotary shaking, to 3.33 log(10) cfu/25cm2 for vortexing. 

Without the addition of simulated soiling there was no significant difference 

between vortexing, hand shaking and stomaching on high for 1 minute (p>0.05). 

There was a trend within the stomaching method for the rate of recoverable 

spores to increase with increasing time and increasing speed of agitation. This 

was only statistically significant when time and speed were both increased 

(p≤0.05). The rotary shaker recovered a significantly lower number of spores 
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than all other methods, which contrasted with Jenkins and Sherbourne (2005) 

who found that rotary shaking (10 minutes) was particularly efficient when used 

with glass rod agitation (20 seconds) recovering 60%-90% of inoculated bacterial 

cells. Interestingly, none of the methods assessed in section 3.2.2., were able to 

recover greater than 31% of the spores inoculated. It must be considered that 

the spores were still adhered to the fabric after the recovery had been 

performed, as there were no measures employed which could have inactivated 

the spores. This conclusion was also reached by Rose et al. (2004) where fewer 

B. anthracis spores were recovered from cotton swabs which had been used to 

sample air-dried stainless-steel coupons, compared to direct inoculation of the 

swab with immediate recovery. The air drying and extended time between 

inoculation and swabbing, was likely to have promoted adherence to the 

coupon, as there were no methods employed to inactivate the spores. However, 

there were no further samples taken from the coupon to assess the number of 

viable spores remaining. 

Joshi et al. (2012) also demonstrated a variable ability for C. difficile 

spore strains to adhere to surfaces such as stainless-steel. The authors report a 

large range in terms of proportion of spores adhering to stainless-steel, with 

14%-80% of spores not recovered (conversely 20%-86% recovered) after 

pressing an inoculated steel disk onto 16 BHI agar plates in succession. The 

exact factors which mediate spore adherence to surfaces are currently 



127 
 

undefined, but there is growing evidence which suggests spore surface 

components, such as the exosporium, play a role in attachment to organic and 

inorganic surfaces. It has been shown that when the exosporium has been 

removed, there is a reduction in adherence to human epithelial cells and 

reduced hydrophobicity (Paredes-Sabja and Sarker, 2012).  It could be 

hypothesised that there are components of the spore surface which are directly 

adhering to the cotton fibres of the swatches, preventing the recovery of the 

greater proportion of spores.  

Conversely, fibre binding studies have shown MSSA and MRSA vegetative 

cells have a relatively low level of binding to cotton fibres, 2% and 1% 

respectively (Takashima et al., 2004). In comparison, 5% of P. aeruginosa 

vegetative cells were found to bind to cotton fibres. The method employed in 

recovering the cells was different to the present study, as it was a quantification 

of the cells left in broth media after agitation in the presence of cotton fibres. 

The authors were unable to assess woven cloth by their method, as the broth 

was absorbed into woven cloth and cell counts were artificially increased. There 

was also no comparison of the effect of soiling on the recovery of bacterial cells.  

In the present study soiling was introduced into the comparison of spore 

recovery methods, to simulate more realistic conditions within the laundry; 

consequently, vortexing recovered significantly more spores than stomaching 
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and hand shaking at low and high soiling (p≤0.05) (Figure 3.2). It is not clear why 

the result should be different to the previous comparison, unless the presence 

of soiling affected the recovery. The objective of the comparison was to choose 

an efficient method of recovering spores in presumably heavy soiling conditions, 

so vortexing was the method chosen for use in the simulation of a healthcare 

standard wash (3.2.3.) and for the assessment of the healthcare laundry policy 

using naturally contaminated linens (3.2.4). Vortexing has also been used in 

other studies assessing the efficacy of the minimum laundry conditions required 

by HTM (95) 18, for example Orr et al. (2002) assessed laundry efficacy to 

decontaminate enterococci, as did Fijan et al. (2007) and Fijan et al. (2010) 

which both assessed the number of recoverable bacterial cells after low 

temperature washes, however, the time and speed of vortexing was not 

reported. Rose et al. (2004) directly inoculated B. anthracis spores onto cotton 

swabs and immediately recovered the spores by vortexing on ‘high’ for 2 

minutes. In contrast to the present study, an average 93.9% of the B. anthracis 

spores were recovered and soiling was not considered. The reasons for the 

difference in proportions could be the increased duration of vortexing (2 

minutes vs 1 minute), differences between species of spore-former or 

immediate sampling with no air-drying after inoculation. However, the present 

study agrees with Rose et al. (2004) when comparing vortexing with sonication 

for recovering spores from cotton swabs, after sampling air-dried inoculated 
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steel coupons. Vortexing for 2 minutes recovered a significantly higher 

proportion of the spores than sonication for 12 minutes (41.7% vs 13.6%) in 

comparison to vortexing for 1 minute and sonication for 1 minute (31% vs 

8.2%).  

It is of note, that the current healthcare laundry policy, HTM 01-04, 

suggests the use of ‘agitation’ to recover B. cereus spores for annual seasonal 

microbiological assessments (Department of Health, 2016a). Stomaching for 1 

minute was recommended by the laboratory which was responsible for 

microbiological assessment of the commercial laundry investigated in this study 

(section 3.2.5). Therefore, the proportion of viable spores (B. cereus or C. 

difficile) that any laboratory may be able to recover, may vary dependent on the 

type and duration of agitation method chosen. 

3.5.2 Quantification of the survival of C. difficile spores in 

simulated washes 

The wash cycles used in this investigation all reached 75°C, and were held at 

≥71°C for >3 minutes (+ 8 minutes mixing time) as required by thermal 

disinfection conditions of the policy in place at the time (CFPP 01-04) and the 

updated HTM 01-04. It was demonstrated that the use of detergent was an 

important factor in significantly reducing the numbers of C. difficile spores, this 

was true for both strains assessed (Figure 3.3).  There was a >6 log(10) reduction 
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in the number of viable spores recovered from swatches washed using the 

industrial detergent system in the simulated HTM 01-04 compliant healthcare 

cycle. The >6 log(10) reduction still remained true when it was considered that 

the spore recovery method was able to recover an average of 31% of the viable 

spores remaining on the swatch.    

In the control cycle without the industrial detergent system, the thermal 

disinfection and agitation were found to be inadequate to affect a >5 log(10) 

reduction in C. difficile spores. There was still a significant number of spores 

recovered from the swatches (Figure 3.3). This demonstrates that in the event 

there is a failure to include detergent during a healthcare cycle, there may be a 

significant viable spore burden on processed linen.  

Cross-contamination was seen in both the control wash and detergent 

wash, where spores were being removed from the inoculated swatches and 

then transferred to other material present in the drum (Figure 3.3).  Cross-

contamination was significantly higher when the detergent system was not 

included in the cycle.  

Chemo-thermal disinfection proved to significantly better at 

decontaminating the swatches, but even in an optimized wash there were still 

0.1-1log(10) cfu/25cm2 which would fail the microbiological validation 

requirement: no pathogenic bacteria. This suggests that the policy could provide 
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better guidance, particularly when it comes to detergent usage and new or 

emerging disinfection technologies. 

The healthcare wash cycle simulations provide quantification and further 

insight to the understanding of whether C. difficile spores survive the thermal 

and chemo-thermal conditions which can be applied by laundries (whether 

commercial, or onsite in a care facility). The findings of the simulation verify the 

work by Hellickson and Owens (2007), who demonstrated the unquantified 

presence of C. difficile spores on inoculated and previously sterile swatches 

washed in a simulated healthcare wash cycle. The present study goes further, in 

establishing that in the simulation conditions described, the use of detergent 

significantly reduces the number of viable spores recovered by 6-7 log(10) on 

inoculated swatches and reduces cross-contamination by >2.5 log(10) on 

previously sterile swatches.  The 0.1 – 1 log(10) cfu/25cm2 that may remain on 

swatches after a simulated healthcare wash cycle was shown to be a 

conservative estimate, due to the inability to recover 100% of viable spores 

present with the method used. There may be a proportion (~69%) of spores still 

adhering to the swatch (Figure 3.2).  

Despite the findings being a conservative estimate, there was agreement 

with work by Lakdawalla et al. (2011), who demonstrated that C. difficile 1-3 

log(10) cfu/100cm2 spores were recoverable after a CTW healthcare cycle which 

met the minimum thermal disinfection conditions of HTM 01-04. Unfortunately, 
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Lakdawalla et al. (2011) did not quantify the original spore load and could not 

calculate the reduction in the number of C. difficile spores present after 

washing. 

In work by Alfa et al. (2013) on bed pan washers, it was demonstrated 

that an 85°C (1 minute) thermal disinfection cycle was unable to completely 

decontaminate bed pans inoculated with ~5-6 log(10) cfu/site C. difficile spores. 

The authors concluded that it was the combined effects of the detergent used, 

mechanical agitation and thermal inactivation which finally gave a significant 

reduction of C. difficile spores. In brief, the authors put vials of C. difficile spores 

through a bed pan wash cycle, alongside test bed pans. After thermal 

disinfection at 85°C for 1 minute, there was a reduction of 1.46 log(10) cfu/ml, 

leaving 5.32 log(10) cfu/ml viable spores within the vials. In addition, inoculated 

bedpans demonstrated a reduction in C. difficile spores of 4.45 log(10) cfu/site 

leaving an average of 1.15 log(10) cfu/site. With the addition of an alkaline 

detergent, in combination with the thermal disinfection, there were no viable 

spores recovered. The combined effects of detergent, agitation and thermal 

disinfection agreed with the present study, whereby the addition of detergent 

significantly reduced the number of viable spores recovered compared to 

relying on thermal disinfection and agitation alone (Figure 3.3).  However, the 

bed pans inoculated by Alfa et al. (2013), were a smooth inorganic plastic 

material and may have different adherence properties to organic cotton fibre 
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swatches. The bed pan wash tests were followed up by Macdonald et al. (2016), 

where it was again demonstrated that thermal disinfection alone, within a bed 

pan washer, was not sufficient to decontaminate ~6 log(10) C. difficile spores 

within a vial placed into a standard wash cycle which reached 92°C and the total 

cycle time was 11-18 minutes.   

More recently, Mackay et al. (2017) compared washing ambulance 

uniform swatches, artificially contaminated C. difficile spores, at 30°C and 60°C 

in a Miele PW6055 (commercial) machine with Cleanline biological washing 

powder. Reusable mop head strands were also inoculated and washed at 30°C 

and 95°C. Soiling was simulated with defibrinated horse blood. Cells and spores 

were recovered by stomaching on high for four minutes. Viable C. difficile 

spores were recovered from all swatches washed at 30°C and 60°C, where there 

was a 0.3 log(10) increase of viable spores recovered at 30°C in unsoiled washes 

and 1.1 log(10) reduction in soiled washes, leaving 6.73 log(10) cfu/swatch and 

6.20 log(10) cfu/swatch, respectively. Furthermore, at 60°C there was 1.6 log(10) 

(unsoiled) and 1.9 log(10) (soiled) reduction of viable spores leaving 5.23 log(10) 

(unsoiled) and 5.27 log(10) cfu/swatch (soiled).  

Agreeing with the present investigation and others previously described 

(section 3.1.2) there was cross-contamination of C. difficile spores to previously 

sterile swatches added to the wash, at the limit of detection, of around 3.398 

log(10) cfu/ml at both 30°C and 60°C. C. difficile spores were recovered from all 6 
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mop strands washed at 30°C  (between 1.1 – 2.2 log(10) reduction) and one of 

the three unsoiled mop strands washed at 95°C, with a 2.36 log(10) reduction 

leaving 4.50 log(10) viable spores on a mop strand washed at 95°C in an industrial 

machine. The study was limited by the high limit of detection, the Miles and 

Misra technique was unable to detect spores at <3.4 log(10) cfu/ml. The other 

mop strands tested, may still have had viable spores at levels below the 

detection limit, but which could go on to contaminate the environment during 

use. 

Whether these low number of spores could go on to contribute to the 

environmental contamination and produce active CDI or asymptomatic carriage 

in a patient, is beyond the scope of this work.  However, this could be further 

examined by inoculating NHS (100% cotton) bed sheets at an appropriate 

concentration (i.e. 1-2 log(10)/25 cm2) and conducting bed-making in an 

experimental hospital room. Samples from the environment could be taken 

from surfaces at various distances and air samples; this would assess how 

sheets contaminated with low levels of spores may contribute to the 

contamination of the near-patient environment. As previously discussed 

environmental contamination is linked to CDI rates, and bed-making is highly 

likely to be performed after terminal or general cleaning has been undertaken.  

In summary, the comparison of cycles with and without detergent 

demonstrates the importance of the detergent as a key method of 
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decontaminating linen, which had been inoculated with C. difficile spores, when 

processed in a simulated healthcare wash cycle. Several possible mechanisms 

were at work, which must be considered. The surfactant within the detergent 

may be aiding removal of spores into the wash water during agitation, there 

may be sporicidal activity on the part of the detergent or the additives (sodium 

hypochlorite bleach and peracetic acid). The thermal disinfection cycle may 

work synergistically with sporicidal agents within the wash cycle and have an 

accumulative effect. It would be beneficial to further explore the interactions 

between temperature, chemical agents and the rinsing and removal of spores 

from inoculated swatches to understand how the different factors aid in 

decontamination. The relationship between the thermotolerance of spores, 

sporicidal activity of detergents and the effects of soiling were explored further 

(section 4.2). The findings may be useful for developing a more effective and 

evidence-based disinfection protocol for healthcare linen, particularly with the 

drive to reduce energy use and water consumption (Textile Services Association, 

2015).  Changes to the temperature, time or water levels need to be 

compensated for with increases in the other key components of an effective 

wash cycle e.g. sporicidal chemicals, duration of agitation (Bockmühl, 2017) .   

The optimised programme, along with the industrial detergent system 

used in this healthcare wash simulation were successful at significantly reducing 

C. difficile spores from inoculated swatches. However, there were still low levels 
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of spores recovered from inoculated swatches and previously sterile swatches, 

which may contribute to environmental contamination in a healthcare setting. It 

is also worth noting that the entire wash protocol was performed under 

controlled conditions, in situ, there may be time pressures, varying levels of 

soiling, over-loading of the drum, or other human-related errors which may 

reduce the effectiveness of a healthcare wash.  

3.5.3 SEM of NHS (100% cotton) sheet swatches 

SEM images of new and old NHS (100% cotton) swatches, provided a qualitative 

assessment of the roughness and where soiling may be seen when present. As 

expected the new NHS (100% cotton) swatches appeared less rough and the 

fibres were more intact i.e. bigger and smooth (Figure 3.4). In contrast, the old 

NHS (100% cotton) swatches were smaller, with thin fibres running between the 

large main fibres. This could be evidence of the wear and tear the sheets are 

subjected to during repeated use and regular high-temperature washing. The 

old NHS (100% cotton) swatch which was heavily soiled, had thin fibre filaments 

forming a web across and between the larger fibres, this may have been due in 

part to the soiling added to this swatch; however, the new NHS (100% cotton) 

sheet swatch with soiling, exhibits none of the filaments. This suggests the thin 

filaments linking fibres into a web may be due to cotton fibres, rather than 

soiling. As roughness can be a factor in removal of spores from surfaces, 
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particularly in the presence of soiling, the roughness could be further assessed 

by the use of a roughness measure test (Gonzalez et al., 2017). 

3.5.4 Assessment of the healthcare laundry policy using 

experimental (100% cotton) sheets naturally contaminated 

with C. difficile spores 

This study provides the first estimate of the level of C. difficile spore 

contamination on a naturally contaminated sheet and was surprisingly low 

considering the published estimates of spore-shedding in CDI patients: 5-7 

log(10) cfu/g faeces (Riggs et al., 2007). It was demonstrated that the levels of C. 

difficile spores present on the sheets before washing (51 cfu/25cm2), were 

comparable to those found after washing (33 cfu/25cm2); there were not 

enough sheets returned to assess the data statistically (Table 3.2). The thermal 

disinfection parameters performed in a WE described by the HSG (95) 18 policy 

and continued through to HTM 01-04, were unable to significantly reduce the 

natural contamination level of C. difficile on the sheets tested.  

Furthermore, the industrial detergent system used at the collaborating 

laundry was the same system assessed during the simulations (section 3.2.4). 

During the simulation the detergent system was able to significantly reduce 

spore contamination, compared to the original inoculum and compared to the 

control cycle without detergent (Figure 3.3). When used in situ, the detergent 
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was unable to affect a significant reduction in spores. Furthermore, the sheets 

were exposed to additional repeated high temperature cycles, through drying 

and calendaring, beyond what was possible in the simulations. The repeated 

heating should have aided decontamination (Rodriguez-Palacios and LeJeune, 

2011; Wilson et al., 2007).  

At the collaborating commercial laundry, the WE cycle (without drying or 

calendaring) is equivalent to the pre-wash conducted before infected linen is 

added to a CTW for a main wash. The WE pre-wash is specifically conducted to 

decontaminate infected laundry before it comes in to contact with other textile 

items. The regular infected linen loads are processed by WE (71°C for ≥3 

minutes + 8 minutes) as a pre-wash, followed by a main wash cycle in a CTW 

(71°C for ≥3 minutes + 8 minutes) at which time further reductions in spores 

may have occurred.  

The experimental sheets (100% cotton) used in this study were washed in 

a WE cycle for a high temperature wash cycle (~90°C), where the minimum 

thermal disinfection conditions were met, and the sheets were exposed to 

drying and calendaring processes. This means that the wash cycle that the 

experimental (100% cotton) sheets were exposed to was very similar to the 

simulations (section 3.2.4). Furthermore, the WE cycle tested is very similar to 

cycles processed within care facilities, either implementing HTM 01-04 onsite or 
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having a commercial laundry process their own sheets. When a care facility has 

their own sheets processed at a commercial laundry they are subjected to a WE 

cycle followed by drying and calendaring.  

As was the case with the simulation, the number of viable cfu/25cm2 

from the sheets processed in a WE, were comparable to those found by 

Lakdawalla et al. (2011), who sampled from sheets laundered in a CTW. 

Lakdawalla et al. (2011) found a range of 1-3 log(10) cfu/100cm2, whereas the 

present study found, 2-3 log(10) cfu/25cm2. If the authors had reported a pre-

wash spore load, it may have been possible to estimate how washing in a WE, 

followed by CTW might affect the number of spores surviving on processed 

linen.  

The ribotype of the strain found in this study, before and after washing, 

were indistinguishable from each other and had a single difference from 

ribotype 001/072. It can be inferred that the spores present before washing 

were the same type, as those recovered after. The sampling method was limited 

in that the areas of faecal soiling were identified and two adjacent regions were 

visibly matched to be sampled pre-wash and post-wash. The post-wash samples 

may have had a different level of contamination before washing than the pre-

wash sample, it would be unclear using this method as the sample regions were 

determined by the visible level of soiling. The number of spores found on 
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adjacent post-wash swatches might also be due to cross-contamination from 

elsewhere on the bed sheet, as transfer of spores within the wash has been 

demonstrated in the present study and in other published works (section 3.1.2. 

and 3.4.2). 

The consequences of low levels of C. difficile spores surviving on 

laundered bed sheets, need to be considered. The spores may be transferred to 

the hands of anyone touching the linen and pose a transmission risk. The hand 

transfer rates of viable spores have not been studied in C. difficile, but it would 

be important in understanding the next step in transmission, from linen to the 

hands of anyone who encountered it. Rusin et al. (2002) investigated the 

transfer rates of Serratia rubidea and Micrococcus luteus, quantifying the 

proportion of bacterial cells transferred from surfaces to hands. Where 9.73 

log(10) cfu of M. luteus were inoculated onto laundry (100% cotton swatches), 

6.17 log(10) cfu were transferred to hands. Similarly, with an average 9.79 log(10) 

cfu of S. rubidea inoculated onto swatches, 4.40 log(10) cfu were transferred to 

hands. The bacterial cells were handled and sampled immediately after 

inoculation and were not given time to dry (Rusin et al., 2002). It is not clear, 

whether C. difficile spores would be transferred in the same way or at the same 

rate, as cells of other bacterial species.  
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When assessing another spore-forming species, Lopez et al. (2013) 

quantified the transfer efficiency of B. thuringiensis spores, from 100% cotton 

swatches to hands in low and high humidity conditions. The authors 

demonstrated that an average transfer efficiency of 0.6% (range 0.5%-0.8%) in 

low humidity conditions. The transfer efficiency from cotton, was lower and also 

less variable, compared to non-porous surfaces, for example, acrylic which 

ranged from 45% to 74%. In high humidity conditions, the transfer efficiency of 

B. thuringiensis spores from cotton increased to 3.5%, with a range of 0.9% -

10%, an order of magnitude higher than in lower humidity conditions. Transfer 

rate from 100% cotton for S. aureus ranged from 0.4% to 1.9% in low humidity 

and 0.1% to 1.3% in high humidity. 

It is feasible that the surviving spores may contribute to environmental 

contamination, when the sheets are used for bed-making. It has been 

demonstrated with bacterial cells on bed sheets that bed-making can contribute 

to the environmental contamination.  Bed-making is highly likely to be 

performed after terminal or general cleaning has been undertaken, so it is 

feasible that spores could be dispersed in to previously cleaned rooms. If that 

was the case, inadequately laundered bed linen could account for a proportion 

of the contamination found on hospital surfaces and contribute to the 82% of 

non-hypervirulent infections from unknown sources.  
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The wash simulations (section 3.4.2) when compared with the 

commercial wash, showed that the overall number of spores recovered were 

not different to the swatches processed at the commercial site i.e. 0-14 

cfu/25cm2 vs 33 cfu/25 cm2.  The difference was in the log(10) reduction of 

spores from sheets, whereby a >6 log(10) reduction was demonstrated in the 

simulated wash compared to 0.45 log(10) the industrial WE cycle on the service 

provider site (Table 3.2). One possible reason could be variable levels of soiling 

in the commercial wash, as the linens were naturally contaminated and the 

soiling in the simulation was standardized between cycles.  Another factor, 

could be that the simulation was performed in a laboratory setting with careful 

monitoring of time, temperature and the weight of fabric for standardized 

loading, and such precautions may not be taken under routine use in the 

commercial setting. To further explore the survival of C. difficile spores in situ, it 

would be necessary to assess the spore load on experimental (100% cotton) 

sheets before and after they are processed in the full cycle i.e. WE pre-wash, 

CTW main wash, drying and calendaring.  

In summary, the in situ assessment of the WE infected linen wash was 

conducted at 90°C, which met and exceeded the minimum temperature 

required by HTM 01-04. The level of spore contamination before washing was 

lower than expected at around 1.7 log(10) cfu/25 cm2 and the WE 90°C cycle 

effected only a 0.45 log(10) reduction. In contrast, the optimized simulations 
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were able to affect a >6 log(10) reduction, so factors in situ were reducing the 

effectiveness of the WE cycle. The two step protocol at the commercial laundry 

should be studied further, to independently determine if the final processed 

sheets are meeting validation requirements i.e. no pathogenic bacteria. This 

study demonstrated that infected linen from CDI patients provided by care 

facilities and washed in the commercial laundry WE cycle, with drying and 

finishing, may be contaminated with low levels of spores. Furthermore, the 

evidence of spores surviving the WE cycle suggests that sheets contaminated 

with spores entering a WE for a pre-wash as part of the two step protocol could 

be present on entry to the CTW for the main wash. This would be in direct 

violation of HTM 01-04, which states that that infected linen must not be 

processed in a CTW in case of blockages, where it would then be unsafe to enter 

the machine. This also poses a health risk for laundry operatives, who manually 

sort linen entering the CTW, including ‘previously infected’ linen which has been 

pre-washed. 

3.5.5 Healthcare laundry survey for care facilities 

The survey demonstrated the variation in how care facilities implement the 

laundry policy and the different chemo-thermal conditions that are in use. Most 

facilities had an onsite laundry, with industrial machines and detergents, 

however, only 12/20 facilities provided confirmation that annual validation was 

performed by the company providing the equipment. This suggests that the 
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other 8/20 facilities may have been operating infected linen wash cycles, 

without validation of disinfection. This is of concern, firstly because it violates 

the requirement of HTM 01-04 for annual verification; but also, unrecognised 

problems in detergent dosing or reduction in time or temperature may then 

result in contaminated linen. The simulations without detergent, demonstrated 

the importance of detergent to significantly reducing contamination (section 

3.3.3).  

Furthermore, the temperature at which some facilities were washing 

infected linen, was well below the policy minimum requirements (Table 3.3). 

There were 46.1% of facilities washing below the 71°C minimum temperatures, 

with no information provided about additional chemical disinfection regimes to 

compensate for the reduced thermal disinfection e.g. Ozone. Out of the 

facilities washing below the policy minimum temperatures, there were 7 caring 

for people with CDI. This could indicate that C. difficile spore contamination may 

be found on linen processed at these facilities, if no other measures are 

employed and the detergents used are similar to the industrial detergent 

tested. The optimised simulation and the WE cycle at the commercial laundry 

both had residual low levels of spores, regardless of the original spore 

contamination level (section 3.3.3 and 3.3.5). This is supported by Mackay et al. 

(2017), who recently showed that ambulance uniform swatches inoculated with 

C. difficile spores and then washed at 30° had no log(10) reduction and those 
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washed at 60°C had 1 log(10) reduction. Further demonstrating the survival of C. 

difficile spores on textiles at temperatures lower than the minimum required by 

HTM 01-04. Furthermore, where cycle time was reduced in a single wash 

simulation and the spores were viewed by SEM, there were large aggregates of 

spores, possibly within soiling clumps. So, reducing the time held at 71°C, may 

cause large spore aggregates to be present on linen (Figure 3.6). 

Due to restrictions at the commercial laundry, it was not possible to 

quantify survival through the two wash system. However, identifying survival of 

spores through the WE cycle (in situ and in simulations) is immediately relevant 

to the care facilities either using a commercial laundry to wash their own linen 

or using their own WE on site. A large proportion of the care facilities were 

processing their own linen in this way and those facilities also caring for CDI 

patients may be putting their patients at risk. Linen that is still contaminated 

may contribute to the environmental contamination and the high levels of 

asymptomatic carriage in care facilities; although the next step in linking 

surviving spores to environmental contamination and active CDI is yet to be 

demonstrated.         

The care facilities must use a validated enhanced laundry process, which 

has the same requirements as the commercial infected linen pathway, where 

patients are symptomatic. Furthermore, it needs to be recognised that 



146 
 

asymptomatic patients can still shed large volumes of C. difficile spores. It has 

been estimated that in hospital and long-term care facilities asymptomatic 

carriage can reach 10% - 58% and patients may shed up to 5.9 log(10) C. difficile 

spores/gram faeces (Riggs et al., 2007; Shaughnessy et al., 2011). In addition, up 

to 27% of patients transferred to a care facility may become asymptomatic 

carriers within 6 weeks (Ponnada et al., 2017). 

Interestingly, CDI occurred only at those facilities which had three or 

more types of infectious disease present, whereas the other infectious diseases 

were present alone or in combination. This finding supports recent work which 

has shown that in long-term care facilities, drug resistant infections are part of a 

complex network of interactions: antibiotic use is a risk factor for primary 

multidrug resistant organism colonisation, which in turn increases the likelihood 

of colonization and infection by other multidrug resistant organisms which may 

be in the environment (Wang et al., 2017). With increased need for antibiotics 

in a long-term care environment, there is increased acquisition of multidrug 

resistant species including CDI.  

Finally, although the next step in the spread of the surviving spores to the 

environment is yet to be shown, it cannot be discounted. There is a case for 

strengthening the requirements made of care facilities in their linen processing 

in line with other healthcare linen providers.       
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3.6 Conclusions 

The present investigation was a pilot study which quantified C. difficile spores 

on naturally-contaminated bed sheets before and after washing in a WE, on a 

commercial laundry site. It was demonstrated that the thermal disinfection 

conditions, described in HSG (95) 18 and updated in HTM 01-04, were 

inadequate to fully decontaminate linen which had been naturally 

contaminated with C. difficile spores. The detergent and additives had the 

greatest effect in reducing spore burden, whether by removal or possible 

sporicidal activity in combination with the thermal disinfection (section 4.2.3).  

The EQR microbiological test for chemical disinfection is the addition of a 

sterile de-sized textile, which must be recovered after washing, but before 

drying for enumeration of bacteria; there must be no bacteria recovered. 

The best practice for microbiological assessment is a >5 log reduction of a 

thermotolerant species of vegetative bacterium, inoculated onto test strips. If 

the comparison is made to these test standards, the WE cycle that was 

performed at the commercial laundry, failed the microbiological requirements 

(<1 log(10) reduction) due to the survival of the same ribotype of C. difficile spore 

through the WE wash cycle; even though washing was performed at a higher 

temperature and combined with drying and calendaring. The commercial 

laundry had an infected linen protocol which involved a pre-wash in the WE 
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followed by a second, main wash in the CTW. Where spores survived the pre-

wash, transferring the linen to a CTW would be in direct violation of HSG (95) 18 

(in force during the study period), which stated that infected linen must not be 

processed in a CTW in case of blockages; any obstruction composed of 

contaminated linen would make it unsafe to open the machine for repairs. 

Although there is a move toward making CTWs safe for infected linen and 

calibrated for processing alginate bags in large quantities, this was not the case 

during the study period and at the study site (Department of Health, 2016a). 

The presence of spores after the WE pre-wash, may also pose a health risk for 

laundry operatives, who manually sort linen entering the CTW main wash, 

including ‘previously infected’ linen which has been pre-washed. This may not 

present as an active CDI, but could be a factor in asymptomatic carriage of 

laundry operatives. Furthermore, a main wash cycle in a CTW, without a pre-

wash has shown to be ineffective at decontaminating linen, so relying on the 

main cycle to render linen safe is a risk. It is necessary to follow up the present 

study with an assessment of the linen processed in the full cycle comprising: WE 

pre-wash, main wash in a CTW and high temperature drying and finishing. The 

whole process evaluation would elucidate whether the two wash method is 

effective. Until this is completed, it is unclear how many C. difficile spores may 

be present on processed linen entering hospital wards.  
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   It is clear that care facilities using commercial laundries to wash their 

own linen, may be putting their patients at risk; linen provided by care facilities 

to the commercial laundry were processed solely in a WE with drying and 

finishing, to aid ease of return to the correct facility.  Any facilities with 

symptomatic CDI or asymptomatic colonised patients, shedding spores onto 

linen, would be exposing their patients to inadequately processed linen and 

cross-contamination to other items in the wash load. The study in the 

commercial laundry yielded different results from the optimised simulation. In 

the simulations the industrial detergent performed exceptionally well and was 

able to achieve a >6 log(10) reduction in the number of viable spores recovered.  

It is possible that validation or microbiological tests used to assess the 

disinfection process, may not be recovering the maximum number of spores 

present on samples taken from sheets. Vortexing is more efficient than 

stomaching, when spores are inoculated in the presence of soiling.  

The care facility survey highlighted the variation in how facilities meet 

the policy requirements and demonstrates the importance of understanding 

how each set of conditions, such as thermal disinfection times and 

temperatures and available detergents can contribute to the successful 

decontamination of linen. 
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Currently, there is no standard method to validate spore inactivation for 

either thermal or chemical processes, other than to test for B. cereus annually 

with destructive sampling of processed linen. It would be beneficial to have a 

standardised method by which all laundry processes can be compared, using an 

evidence-based approach to define what is the best practice for providing 

effectively decontaminated linen.  
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4 The effects of temperature, soiling and 

detergents on C. difficile spore survival 
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4.1 Chapter abstract 

There are four factors which are associated with the effectiveness of a laundry 

cycle, temperature, time, agitation and chemical additives. There were low 

levels of C. difficile spores surviving the simulated and in situ washes; therefore, 

the aim of this chapter was to assess the sporicidal activity of the industrial 

detergent system and investigate the factors influencing the survival of C. 

difficile spores. Spore survival was quantified at 71°C and 90°C up to 20 minutes 

in the presence or absence of simulated soiling. The industrial detergent from 

the simulated healthcare wash and commercial laundry (section 3.4.3 and 3.4.5) 

was tested for sporicidal activity (adapted from BS EN 13704). Soiling was found 

to protect spores at 90°C when exposed for 5 and 10 minutes, but the effect 

was lost by 20 minutes, where a 3 log(10) reduction was demonstrated regardless 

of soiling. At 71°C, there was <1 log(10) reduction after 20 minutes, without 

soiling, with little opportunity to observe any protective effect of soiling. At 25°C 

the industrial detergent and sodium hypochlorite additive was able to achieve a 

0.84 log(10) reduction. When the detergent was tested at 71°C, followed by the 

sodium hypochlorite wash additive at 60°C there was a 2.81 log(10) reduction; 

just below the 3 log(10) reduction required for sporicidal activity. These findings 

demonstrate that the combined effects of the industrial detergent and 71°C 

thermal disinfection, moderately reduced spore contamination in isolation from 

rinsing, agitation and removal from linen.  
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4.2 Introduction  

Spores are some of the most thermotolerant biological entities known, due to 

their low moisture composition, complex layers including cortex, spore coat and 

exosporium, and the dipicolinic acid (DPA) content (Russell, 1998; Setlow, 2007; 

Donnelly et al., 2016; Gil et al., 2017). Spore thermotolerance varies between 

species, and also between strains within the same species even when 

investigations are performed under similar conditions (Kort et al., 2005; Orsburn 

et al., 2008; Luu-Thi et al., 2014; den Besten et al., 2017). For example, the heat 

resistance of spores of a given Bacillus spp. can be influenced by environmental 

factors present during sporulation, such as incubation temperature (Wells-

Bennik et al., 2016). Likewise, spores exhibit resistance to chemicals commonly 

used within the healthcare environment, such as detergents and low-level 

sodium hypochlorite (Maillard, 2002; Fraise et al., 2015; Maillard, 2016). 

Validated sporicidal agents include alkylating agents and oxidising agents such 

as Chlorine bleach and it is not unusual for long contact times to be necessary 

for sporicidal activity, such as 2-4 hours (Horejsh and Kampf, 2011). 

Soiling has been shown to protect bacteria from disinfectants and the 

damage caused by high temperatures B. subtilis spores were found to resist high 

temperatures of 94-99°C where a 1 log(10) reduction in viable spores was 

demonstrated after 4 minutes in the presence of artificial soiling compared to 2 

minutes without soiling (Diab-Elschahawi et al., 2010).   
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The healthcare laundry policy, HTM 01-04, specifies the temperatures at 

which thermal disinfection may be applied, in an attempt to achieve 

microbiologically clean linen. These temperatures have been shown to be 

insufficient at inactivating C. difficile spores in vitro (Rodriguez-Palacios et al., 

2010; Rodriguez-Palacios and LeJeune, 2011). However, it has been shown with 

thermotolerant bacterial cells such as E. faecalis that ineffective in vitro 

inactivation does not necessarily equate to failure to decontaminate in vivo (Orr 

et al., 2002). With the drive for sustainability the use of low temperature, low 

water and low energy wash cycles will be more widespread, which suggests 

chemical disinfection will become more important (European Textile Services 

Association, 2015). Currently the chemical disinfection process is validated by 

the companies that supply them and the minimum requirement is that the 

disinfection is as effective as or better than thermal disinfection alone. 

Certainly, detergents are very important to the removal of visible dirt from 

linen, but the importance in removing bacterial cells and spores is 

undetermined. In the UK, any product claiming sporicidal activity must now be 

externally validated by an approved laboratory (Fraise et al., 2015). This chapter 

explores the effects of high temperatures, soiling and domestic and industrial 

detergents on the survival of C. difficile spores. 
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4.2.1 Moist-heat thermotolerance of C. difficile spores 

The pertinent temperatures for this study were taken from the healthcare 

laundry policy, where a minimum of 71°C is required, and from the methods 

used at the commercial laundry previously investigated, where experimental 

sheets were washed at 90°C (section 3.3.5). Previous studies have focused 

mainly on strains of relevance to the food industry, but are still useful for 

understanding spore thermotolerance and the mechanism by which it inhibits 

viable spore recovery (Rodriguez-Palacios et al., 2010; Rodriguez-Palacios and 

LeJeune, 2011; Hoover and Rodriguez-Palacios, 2013; Rodriguez-Palacios et al., 

2016). There are also infection control studies, which can be drawn on to 

compare the temperatures and corresponding log(10) reductions, particularly 

where thermal disinfection has been measured in isolation from other inhibitory 

processes (Alfa et al., 2008; Alfa et al., 2013; MacDonald et al., 2016). 

The study of C. difficile spore thermotolerance, in relation to prescribed 

temperatures, began with qualitative assessments of presence/absence of 

spores at various temperatures. For example, resistance was demonstrated in 

95% (61/64) of C. difficile spore strains heated at 70°C for 20 minutes, but 

inhibition in 81% (52/64) of isolates heated at 85°C for 20 minutes (Wultanska 

et al., 2004). In the first specific quantitative test of thermotolerance, 20 

different strains of C. difficile were shown to survive at 71°C for ≥2 hours 

(Rodriguez-Palacios et al., 2010). As can be expected, with increasing time at 
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71°C there were greater reductions in viable spores i.e. 30 minutes (1.3 log(10) 

cfu/ml reduction), 2 hours (2.1 log(10) reduction). Furthermore, 10% of strains 

survived 85°C for 10 minutes. In a follow up study, Rodriguez-palacios and 

Lejeune (2011) demonstrated that heating to 85°C for 15 minutes inactivated ≥6 

log(10) cfu/ml and after 20 minutes the method was unable to recover spores.  

Edwards et al. (2016) demonstrated strain-dependent variation in spore 

thermotolerance, when C. difficile spores were heated for 20 minutes at ≥70°C. 

There was less strain variability below 70°C, presumably because there was no 

significant log(10) reduction. At 75°C there was a 1-2 log(10) reduction over the 

three strains tested. At 80°C there was a 3-4 log(10) reduction. Finally, with 85°C, 

the maximal temperature tested, there was a 3.5-4.5 log(10) reduction.  

Furthermore, it was shown how sub-lethal temperatures can be selective 

for more thermotolerant C. difficile ribotypes in raw meat, specifically ground 

beef (Rodriguez-Palacios et al., 2016). With thermal inhibition curves of 

ribotypes, 027, 078 and ATCC 9689 heating to 85°C for up to 30 minutes, in a 

low-fat beef matrix, it was shown that ribotype 027 had the greatest 

thermotolerance, with a ~4.5log(10) cfu/ml reduction at 20 minutes. In a study by 

Donnelly et al. (2016), spore from strains without DPA were less resistant to 

moist-heat than wild type C. difficile 630 strain, where <1 log(10) reduction was 
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seen after 15 minutes at 80°C. In the DPA- strains a ~4 log(10) reduction was 

demonstrated by 15 minutes at 80°C. 

There are disparate estimates for the number of C. difficile spores 

recovered after heating to 85°C specifically, ranging from no viable spores (6 

log(10) reduction) after 20 minutes to 3.5 log(10) cfu/ml viable spores after 30 

minutes (Rodriguez-Palacios and LeJeune, 2011; Edwards et al., 2016). The 

picture is complicated by the use of different strains and ribotypes. For 

example, ribotype 027 appears to be very resistant to moist-heat treatment and 

others such as ATCC 9689, and animal recovered strains, are more sensitive 

(Rodriguez-Palacios et al., 2016).  With regard to disinfection temperatures, all 

agree 70-75°C can have a significant effect on viability of spores, after long 

treatment times of up to 2 hours a 2 log(10) reduction could be expected. This 

equates to inactivating 99% of viable spores in the original spore load, but does 

depend on the level of contamination. Macdonald et al. (2016) described a 

decontamination cycle in a bed pan washer which reached 91°C for 1 minute 

during which C. difficile spores were exposed to a faecal emulsion within a 

cryovial. Again, there was a large range in the number viable spores recovered, 

demonstrating a 1-4 log(10) reduction in spores from the original 7 log(10) cfu/ml 

inoculum. Therefore, 91°C for 1 minute left between 3-6 log(10) cfu/ml viable 

spores, when thermal disinfection alone was tested. This combination is 
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comparable to wash cycles in domestic washing machines where the 

temperature is reached but not held for any length of time.  

The presence of soiling may also affect the resistance of cells and spores, 

by preventing contact with chemicals and reducing the effects of high 

temperatures. Diab-Elschahawi et al. (2010) investigated artificial soiling using a 

wheat and egg suspension, exploring the effect on thermotolerance in 

enterococci vegetative cells and B. subtilis spores. The presence of artificial soil 

in the test suspension significantly reduced the effectiveness of moist-heat on 

both cells and spores. B. subtilis spores were exposed to temperatures up to 

99°C for 10 minutes in the presence and absence of the artificial soil. 

Unsurprisingly the spores exhibited greater thermotolerance than enterococci 

cells and at 94°C it took almost three minutes to achieve a 1 log(10) reduction in 

B. subtilis spores when heat-treated in PBS, compared to just over four minutes 

when heat-treated in artificial soil. The B. subtilis spores survived for 

significantly longer time periods in the presence of soiling at very high 

temperatures, between 94°C and 99°C.    

In summary, the thermotolerance of spores from a given strain of C. 

difficile, may vary dramatically and the effects of simulated soiling on the 

decimal reduction time of B. subtilits spores hint at a protective effect at high 

temperatures. The effect of soiling has not been considered in C. difficile spores, 
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but may also contribute to even greater thermotolerance than expected. 

Therefore, the sporicidal capacity of laundry detergent must be considered, in 

combination with thermal disinfection and with soiling, to understand how each 

contributes to the inactivation of C. difficile spores. 

4.2.2 Domestic and Industrial detergents and decontamination of 

C. difficile spores 

In combination with high temperatures, chemistry is another critically important 

factor that influences the efficacy of laundering processes. There are many 

different detergents on the market; Halo® commercial and Halo® non-bio both 

contain Hygenilac, which is claimed to decontaminate C. difficile spores during a 

low temperature wash (30°C). Although the data is not available, there is a claim 

of meeting validation requirements of BS EN 13704: Chemical Disinfectants – 

Quantitative Suspension Test for the Evaluation of Sporicidal Activity of 

Chemical Disinfectants Used in Food, Industrial, Domestic and Institutional 

Areas (British Standards Institution, 2002). There are many industrial detergents 

and detergent systems which are available to commercial laundry providers and 

care facilities choosing to perform enhanced process laundering onsite. The 

laundry detergents used can be made up of many different components, making 

it very difficult to estimate the impact of a certain compound or to compare 

different studies. 
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However, there are three major groups of ingredients that may 

determine the overall antimicrobial or sporicidal efficacy of detergents: 

surfactants and oxidising agents (Bockmühl, 2017). Surfactants are an important 

component of detergents and account for the basic cleaning efficacy and 

removing hydrophobic soil. Honisch et al. (2016) investigated laundry processes 

with and without detergents and found little or no effects when comparing the 

remaining microbial load on artificially contaminated swatches after laundering 

in a domestic washing machine. S. aureus cells (and less so Enterococcus hirae) 

exhibited a considerably higher log(10) reduction when washed with detergent 

compared to water alone. It has been suggested that this is due to better 

removal of bacterial cells from the fabric, since suspension tests show no 

antimicrobial effects when exposed to the detergents (Brands et al. 2016). 

Furthermore, when laundry detergents with and without peroxide 

(activated oxygen bleach (AOB)) were compared, the additional log(10) reduction 

due to peroxide was shown to be 2-6 log(10). These values may vary with the 

other test conditions e.g. temperature, time and the tested organisms (Honisch 

et al. 2014). Furthermore, chlorine bleach can enhance the antimicrobial 

efficacy of laundering by 3 - 4 log(10), even at low temperatures (Walter & 

Schillinger, 1975; Christian, 1983; Blaser et al., 1984; Smith et al., 1987). 
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Environmental detergents (non-chlorine containing) have been shown to 

enhance sporulation in C. difficile cells cultured in faeces with sub-inhibitory 

concentrations of one commonly used hospital cleaning agent (Wilcox and 

Fawley, 2000; Fawley et al., 2007).  Types of environmental disinfectant such as 

quaternary ammonium and phenolic compounds have limited sporicidal activity 

and alcohol has no sporicidal activity (McDonnell and Russell, 1999; Setlow, 

2006; Maillard, 2011; Sattar and Maillard, 2013). There are several compounds 

which are active against C. difficile spores; for example, chlorine bleach and 

other oxidising compounds, which are likely to inactivate spores by damaging 

the external layers around the core, possibly the inner membrane, which then 

ruptures during outgrowth (Loshon et al., 2001; Genest et al., 2002; Young & 

Setlow, 2003; Leggett et al., 2012; Maillard, 2016).  

Perez et al. (2005) demonstrated the variation in effectiveness of 

oxidising compounds for inactivating C. difficile spores. The microbicides tested 

were domestic bleach with free-chlorine (FC) levels of 1000, 3000, and 5000 

mg/L; an accelerated hydrogen peroxide (AHP)-based product with 70,000 mg/L 

hydrogen peroxide (Virox STF); chlorine dioxide (600 mg/L FC); and acidified 

domestic bleach (5000 mg/L FC). The acidified bleach, hydrogen peroxide (Virox 

STF), and regular bleach (3000-5000 mg/L FC) could inactivate 5 log(10) C 

difficile spores on hard environmental surfaces (stainless-steel) in ~10-15 
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minutes under ambient conditions. Regular bleach, 1000 mg/L FC took up to 25 

minutes to achieve a 5 log(10) reduction. 

Büttgen et al. (2008) assessed the sporicidal activity of 1% glutaraldehyde 

and demonstrated a <2 log(10) reduction in C. difficile spores after 15 minutes. 

When used at 2% glutaraldehyde may inactivate C. difficile spores within 10 

minutes (Dyas & Das, 1985). 

Hospital and laboratory disinfectant agents have been shown to vary 

dramatically in their sporicidal activity against C. difficile spores and there is 

some debate over efficacy (Fawley et al., 2007; Vohra and Poxton, 2011; Ali et 

al., 2016). For example, Virkon has been shown to have a sporicidal effect at 1, 

10 and 20 minutes against spores in the absence of soiling present; however, 

the main active compound, potassium peroxymonosulfate, was inhibited when 

simulated soiling was present (Vohra and Poxton, 2011). Where BSA at 0.27%, 

was used to simulate organic matter, the sporicidal effect of Virkon was 

significantly reduced from 1.2 to 0.2 log(10) reduction of spores after 10 minutes. 

This was the also the case for Trigene Advance (alkyl dimethyl benzyl 

ammonium chloride, didecyl dimethyl ammonium chloride) which 

demonstrated a lower log(10) reduction in the presence of simulated organic 

matter (1.7 vs 0.5 log(10) reduction) and Microsol 3+ (didecyl dimethyl 

ammonium chloride) which had 1.5 vs 0.7 log(10) reduction.  
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Sudhaus (2014) treated B. cereus strains with various concentrations of a 

representative peracetic acid-based disinfectant at three temperatures (10, 15 

and 20°C), with protein load and with different exposure times (5, 30 and 60 

minutes). The strains used exhibited a great variability in their resistance to 

peracetic acid and the addition of 10% BSA had no effect on the log(10) reduction 

achieved for the majority of temperature and time combinations. However, 

peracetic acid-based disinfectants, have demonstrated poor stability, with a 

significant reduction from 1500ppm to between 50-800ppm after short-term 

storage. Furthermore, where the peracetic acid concentration falls to <600ppm 

the sporicidal activity against C. difficile spores may be significantly reduced 

(Cadnum et al., 2017).   

To assess the sporicidal activity of a given compound or combination of 

agents, the European standard BS EN 13704:2002 was used to develop a 

sporicidal test method, which could test for efficacy against C. difficile spores 

(British Standards Institution, 2002). Issues have been highlighted with the 

requirements of BS EN 13704, including the use of surrogate species such as 

non-pathogenic spore former B. subtilits, unrealistic exposure times of 5 and 60 

minutes and test conditions which were not relevant to the practical use of the 

solutions or compounds being tested (Fraise, 2011). In light of these issues, 

changes were made to include the testing of C. difficile spores, at the time and 

temperatures relevant to the laundry industry (section 3.1.1). 
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More recently an updated protocol by Fraise et al. (2015) describes the 

production of spore suspensions for the testing of the sporicidal activity of 

chemical disinfectants. The authors collaborated with PHE to establish a new 

test protocol using C. difficile strain NCTC 11209 and called for a >5 log(10) cfu/ml 

reduction to be accredited as a sporicidal agent. The test method also considers 

the issues of BS EN 13704:2002, by proposing realistic contact times as well as 

the higher log(10) reduction which must be met to keep healthcare environments 

safe for patients. 

4.2.3 In summary 

Bacterial spores are recalcitrant to decontamination, protecting the DNA of the 

vegetative cell and facilitating resistance to challenging conditions. The NHS 

healthcare laundry policy describes conditions, such as high temperature, for 

minimum times and the use of chemical additives, all of which may damage the 

spore or remove it, with the aim of decontamination and rendering linen safe. 

The accumulative success of these conditions has been shown to be variable, 

dependent on the specifics of the whole wash process (section 3.3.3. and 

3.3.4.). The temperature and time held are the primary method of disinfection, 

but in vitro studies show that spores can survive the 71°C minimum 

temperature for longer than 2 hours. The detergent may act as a surfactant by 

removing spores, but may also have some additional sporicidal activity, 

particularly chlorine bleach and peracetic acid. The level of soiling present in a 
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wash may also have an effect, so it is not clear how the each of the factors are 

contributing to the survival of C. difficile spores.  

4.2.4 Scope of the work 

4.2.4.1 Aim 

The aim of this investigation was to compare the effects of heat, detergent and 

soiling on the inactivation of C. difficile spores in vitro. 

4.2.4.2 Objectives 

1. To quantify the survival of C. difficile spores exposed to the 

temperature advised in the healthcare laundry policy HTM 01- 04.  

2. To assess the effect of soiling on the survival of C. difficile spores at 

the temperature advised in the healthcare laundry policy HTM 01- 04.  

3. To quantify the sporicidal activity of an industrial detergent and a 

reference domestic detergent on the survival of C. difficile spores at 

contact times found in a healthcare wash. 
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4.3 Methods 

4.3.1 Moist-heat thermotolerance of C. difficile spores  

The spore suspensions used for this investigation were generated using the non-

heat exposed method (section 2.2.5.3.). C. difficile NCTC 11209 spores in MRD (1 

ml) were exposed to 71°C (5 log(10) cfu/ml) or 90°C (6 log(10) cfu/ml) for 3, 5, 10 

and 20 minutes in a rotating water bath at 100rpm. The centrifuge tube was 

added to the water with a control tube containing 1 ml of MRD and a 

thermometer sealed in the tube. The test time began when the control tube 

reached the test temperature. The test suspension was vortexed at the end of 

the exposure time, then immediately either serially diluted or vacuum filtered. 

For 71°C tests, 0.1ml of each dilution was spread-plated in duplicate onto pre-

reduced BHIS/T. For 90°C, all tests were serially diluted and plated, additionally, 

at 10 and 20 minutes aliquots of 0.1ml were immediately vacuum filtered 

(section 3.2.4.B.) and membranes transferred to pre-reduced BHIS/T plates. A 

validation control was serially diluted and spread-plated on BHIS/T from the test 

suspensions, to verify the concentration of the original inoculum and ensure 

growth conditions were anaerobic. All plates were incubated anaerobically for 

48 hours at 37°C.  
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4.3.2 Simulated soiling and C. difficile spore thermotolerance 

BSA was used to simulate the effect of soiling on spore survival at the 

temperatures used for thermal disinfection. To simulate dirty conditions a BSA 

master solution (30g/L) was filter sterilized and added to the spore suspension 

to give a final concentration of 3g/L. BSA (0.1ml) was added to a C. difficile NCTC 

11209 spore suspension sample (0.9ml), the test mix was vortexed, added to 

the water bath and timing began when an identical 1ml of MRD reached the 

test temperature. The test temperatures were 71°C (5 log(10) cfu/ml) and 90°C (6 

log(10) cfu/ml) for 3, 5, 10 and 20 minutes, in a rotating water bath at 100rpm. A 

validation control was serially diluted and spread-plated on pre-reduced BHIS/T 

from the test suspensions, to verify the concentration of the original inoculum 

and ensure growth conditions were anaerobic. The viable spores were 

quantified as previously described (section 4.2.1).  

4.3.3 Assessing the sporicidal activity of a reference domestic 

detergent and industrial detergent system 

The sporicidal activity of domestic and industrial detergents was quantified 

using methods adapted from: BS EN 13704:2002 Quantitative Suspension Test 

for the Evaluation of Sporicidal Activity of Chemical Disinfectants Used in Food, 

Industrial, Domestic and Institutional Areas. The method of neutralisation 

chosen was vacuum filtration; a validation control was performed to confirm 

neutralisation. For the validation test a 3 log(10) cfu/ml C. difficile NCTC 11209 
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spore suspension was prepared (section 2.2.5.3). The vacuum filter unit was 

prepared with a black filter membrane and 50 ml of SDW, then 0.1ml of 

detergent (Table 4.1) or SDW control was added. The fluid was filtered, then 

150 ml of SDW was added and filtered. Finally, 0.1 ml of the spore suspension 

was added to a further 50ml SDW and filtered. The membrane was placed onto 

pre-reduced BHIS/T and incubated anaerobically at 37°C for 48 hours. The 

number of viable spores recovered were compared between SDW control 

detergent filtration plates and an enumeration control of the test suspension. 

4.3.3.1 Sporicidal activity of the reference detergent 

For assessing sporicidal activity of the reference domestic detergent (Ref 

detergent A, SDC, UK) 0.1ml of C. difficile NCTC 11209 spores in MRD and 0.1ml 

BSA (3g/L) were vortexed and placed in a water bath for 2 minutes. The 

detergent was made up to the test concentration (Table 4.1); a 1 ml aliquot of 

detergent was pre-heated to test temperature for 10 minutes, with 0.8ml added 

to the pre-heated BSA/spore mixture at the start of the test time. All other 

reagents were kept at 25°C, room temperature. The test temperatures were 

25°C, 71°C and 90°C (3, 3 and 6 log(10) cfu/ml respectively) and test times were 3, 

5, 10 and 20 minutes. There was no pre-heating required for the 25°C test time 

as all reagents were maintained at 25°C in a water bath for the test.  

At the end of the test time, the test mixture was vortexed and the viable 

spores were quantified and neutralised by vacuum filtration as previously 
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described (section 3.2.4) There were two controls being tested simultaneously, 

an enumeration control where serial dilutions of the spore suspension used in 

the investigation were plated (0.1 ml) in duplicate on to BHIS/T agar plates to 

assess the original inoculum in each test and SDW positive controls. 

4.3.3.2 Sporicidal activity of the industrial detergent system supplied 

for the industrial laundry cycle simulations. 

The industrial detergent was supplied as part of a validated detergent system, 

which is commonly used across the industrial healthcare laundering sector in 

the UK, including at the industrial laundry assessed in the previous chapter 

(section 3.2.5).  The supplier set the concentration of each of the detergent 

components for the simulations, which were then scaled down and made up 

just before use (Table 4.1).   

C. difficile 11209 spore suspension (0.9ml) and 0.1ml BSA (final 

concentration 3g/L) were added together, vortexed and placed in a water bath 

at 71°C for 2 minutes. The industrial detergent was made up into solution just 

prior to use; a 1 ml aliquot of industrial detergent solution (Table 4.1), was pre-

heated to 71°C for 10 minutes, with 0.8ml added to the pre-heated BSA/spore 

mixture at the start of the test time. The test mixture was vortexed and placed 

in a rotating water bath (100 rpm) at 71°C for 11 minutes. At the end of the test 

time, the mixture was vortexed and then centrifuged at 5000 rpm for 1 minute. 

The bleach additive was made up just prior to use; a 1.5 ml aliquot was pre-
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heated to 60°C for 10 minutes in a second water bath. After the test mixture 

was centrifuged, the supernatant was discarded and 1ml of pre-heated bleach 

additive was added. The test mixture was vortexed to resuspend the pellet and 

heated 60°C at 100 rpm, for 5 minutes.  At the end of the test time the test 

mixture was vortexed; the detergent was neutralised by vacuum filtration and 

the viable spores were quantified as previously described (section 3.2.4). The 

controls were, a dilution control with 0.1ml plated in duplicate on to pre-

reduced BHIS/T to assess the original inoculum in each test. In addition, each 

temperature and time period had SDW positive controls to provide validation of 

the test protocol. The detergent was considered to have passed the test for 

sporicidal activity if a >3 log(10) reduction was demonstrated according to BS EN 

13704:2002 Quantitative Suspension Test for the Evaluation of Sporicidal 

Activity of Chemical Disinfectants Used in Food, Industrial, Domestic and 

Institutional Areas.  
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Table 4.1. Reference domestic detergent (SDC) and Industrial detergent 
(Washing Systems) components and amount used for in vitro tests as 
recommended by manufacturers. Each detergent made up in SDW, to maintain 
agent:water ratio provided in wash cycle (1.25x concentration to account for 
dilution with spore/BSA test suspension). 

Detergent 

type 

Composition Amount of 

agent* 

Stage Temp. (°C) 

Reference Detergent 1.04g:50 ml Initial  

 Sodium perborate 0.27g:50 ml Initial 25, 71 or 90 

 TAED** 0.04g:50 ml Initial  

Industrial Detergent Mix part 

1 

150µl:43ml Initial  

 Detergent Mix part 

2 

37.5µl:43ml Initial 71 

 Detergent Mix part 

3 

37.5µl:43ml Initial  

 Sodium 

hypochlorite-based 

bleach*** 

37.5µl:25.5ml After 1st 

Wash 

60 

*Ratio amount of product added to SDW e.g. 1.04g added to 50ml of SDW  

**Tetraacetylethylenediamine, peroxide bleach activator. 

***Peracetic acid sour rinse to neutralize alkaline bleach rinse, not tested in this 
investigation. 
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4.3.4 Statistical analyses 

All statistical analyses were performed with IBM SPSS v. 22. The significance 

value for all tests was set at p≤0.05. The Shapiro-Wilk test for the normality of 

the distribution and Levene’s test for equality of variance were used to 

determine whether data could be analysed by t-test or independent ANOVA 

(with Tukey’s post-hoc tests). Where the assumption of normal distribution of 

the data was violated, the non-parametric Mann-Whitney U test or Kruskal-

Wallis H test was performed, with post-hoc multiple comparisons and adjusted 

significance. Each investigation was repeated in triplicate on two separate 

occasions, unless otherwise stated. 

4.4 Results  

4.4.1 Moist-heat thermotolerance of C. difficile spores and the 

protective effect of simulated soiling 

After treatment of spores at 90°C the colonies grown on BHIS/T agar showed a 

marked difference in the range of colony sizes (Figure 4.1 A). Smaller colonies 

were seen growing adjacent to large colonies. The colonies from the 

enumeration control show expected colony sizes, i.e. where there were colonies 

closer together they were smaller and when there were fewer colonies, each 

was able to grow much bigger. The suspensions exposed to 71°C for 20 minutes 
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showed no difference in colony sizes compared to the plates for the 

enumeration controls.  

 

Figure 4.1 C. difficile colonies on BHIS/T agar (A) 90°C treated for 3 minutes, (B) 
enumeration control (C) 71°C treated for 3 minutes, (D) enumeration control.  

 

Comparison by ANOVA demonstrated there were significant differences 

in the number of viable spores recovered at 71°C in tests without simulated 

soiling (Figure 4.2) (f=16.986, p≤0.05). In the absence of simulated soiling, there 

(A) (B) 

(C) (D) 
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were significantly fewer spores recovered after 20 minutes (4.73 log(10) cfu/ml) 

compared to 0 minutes (5.1 log(10) cfu/ml, p≤0.05), 3 minutes (5.12 log(10) 

cfu/ml, p≤0.05) and 5 minutes (5.02 log(10) cfu/ml, p≤0.05). Between 10 minutes 

and 20 minutes there was no difference in number of spores recovered (4.78 vs 

4.73 log(10) cfu/ml, p>0.05). In contrast, there was no significant difference at 0 

minutes and 20 minutes in the presence of soiling, where 5.05 log(10) cfu/ml 

spores were recovered at both test times (χ2=4.474, p>0.05). When directly 

comparing the recovery when soiling was present or absent for each time point 

by t-test, there were no statistically significant differences in the number of 

spores recovered at any time point (p>0.05). 

When treated at 90°C, simulated soiling had no significant effect on the 

number spores recovered after 3 minutes, with 3.84 log(10) cfu/ml without 

soiling and 3.86 log(10) cfu/ml with soiling (p>0.05) (Figure 4.2). However, the 

number of recovered spores was significantly higher in the presence of soiling 

after 5 minutes (3.49 vs 3.94 log(10) cfu/ml, p≤0.05) and 10 minutes (2.69 vs 3.90 

log(10) cfu/ml, p≤0.05). In the final 20 minute sample, there was no significant 

difference in number of spores recovered whether soiling was absent or 

present, 2.75 log(10) cfu/ml and 2.86 log(10) cfu/ml, respectively (p>0.05) (Figure 

4.2).   

 

(B) 
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Figure 4.2. Moist heat thermotolerance of C. difficile (11209) spores at 71°C (■) 
and 90°C (●) in the presence (solid line) and absence (hatched line) of soiling 
(Mean ± SE, n=6).  

 

4.4.2 Assessing the sporicidal activity of a reference domestic 

detergent and an industrial detergent system 

4.4.2.1 Reference domestic detergent  

The reference domestic detergent data showed an insignificant reduction in the 

number of viable spores recovered at 25°C, after 3 minutes (0.27 log(10) 

reduction, p>0.05). There were no significant differences up to and including 20 

minutes exposure (χ2=28.613, p>0.05) (Figure 4.3). There were significant 

differences in the numbers of viable spores recovered at 71°C after exposure to 
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the domestic detergent in the presence of soiling (χ2=43.844, p≤0.05) (Figure 

4.3). There were significantly fewer spores recovered after 20 minutes (2.34 

log(10) cfu/ml) compared to 0 minutes (3.97 log(10) cfu/ml, p≤0.05), 3 minutes 

(3.00 log(10) cfu/ml, p≤0.05) and 5 minutes (3.00 log(10) cfu/ml, p≤0.05). In brief, 

by 20 minutes there was a 1.43 log(10) cfu/ml reduction. Furthermore, a 1.28 

log(10) cfu/ml reduction was seen at 10 minutes, which was significantly different 

from the 0 minutes sample (p≤0.05). Furthermore, between 10 minutes and 20 

minutes there was no difference in number of spores recovered (2.69 vs 2.34 

log(10) cfu/ml, p>0.05).  

There was a significant difference in the number of spores recovered 

when the reference domestic detergent was tested at 90°C (χ2=33.421, p≤0.05). 

All time points showed a significant log(10) reduction in the number of spores 

recovered, compared to the 0 minutes enumeration control (p≤0.05), but were 

not significantly different from each other (p>0.05) (Figure 4.3). With a 3.06 

log(10) reduction after 3 minutes, the domestic detergent would be considered to 

have a sporicidal effect at 90°C, according to BS EN 13704 sporicidal test 

standard. In addition, 5, 10 and 20 would all be considered a pass but not by the 

more recently published test standard by Fraise et al. (2015).  
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Figure 4.3. C. difficile spore survival in reference detergent at 25°C (   ), 71°C (   ) 
and 90°C (   ) (Mean ± SE, n=6).  

 

In the validation of filtration test there was no significant difference in 

the number of spores recovered between the original inoculum compared to 

SDW control reference detergent and industrial detergent samples (χ2=4.543, 

p>0.05) (Table 4.2). 
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Table 4.2. Validation of filtration method of neutralisation and the effect on 
survival of C. difficile spores (as described in BS EN 13704). 

Test Condition Mean spores       
(Log(10) cfu/ml) 

Standard error of the mean 

Enumeration of test 
suspensions 

2.98 0.04 

SDW 2.91 0.10 

SDC reference 
domestic detergent 

2.97 0.04 

Industrial detergent 
system  

2.92 0.03 

 

4.4.2.2 Industrial detergent system 

The combined sporicidal effect of the industrial detergent and bleach at the 

healthcare wash operating temperatures was significant (t=27.053, p≤0.05). 

When used at the recommended concentration and temperature, there was a 

2.81 log(10) cfu/ml reduction in number of spores recovered, from 5.95 log(10) 

cfu/ml to 3.14 log(10) cfu/ml (Figure 4.4). However, this was not a ‘pass’ using 

the 3 log(10) reduction threshold to be classed as sporicidal, as described in BS 

EN 13704. Similarly, using the more stringent >5 log(10) reduction threshold 

suggested by Fraise et al. (2015), the detergent and bleach combined would fail.  

In the absence of heat, the industrial detergent and bleach exposures had a 

small but significant sporicidal effect and resulted in a 0.84 log(10) reduction in 

spores compared to the enumeration control (U=64.00, p≤0.05) (Table 4.3). The 

detergent and bleach in combination at 25°C would not be considered 
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sporicidal, as it was unable to achieve the >3 log(10) reduction required by BS EN 

13704.  

 

Figure 4.4. C. difficile spores (11209) after in vitro exposure to industrial 
detergent stage and bleach stage at industrial wash cycle concentrations and 
test times and SDW controls. Original inoculum (■) and post-exposure to test 
condition (□) (Mean ± SE, n=4).   

 

Process controls in which the spores were exposed to the test 

temperature and SDW, showed no significant reduction in viable spores 

recovered compared to the enumeration control (t=-0.162, p>0.05). As 

expected, there was no significant difference in the number of viable spores 

recovered after exposure to SDW at room temperature compared to the 

enumeration control, although there was a slight increase in the average 

number of spores recovered (U=23.00, p>0.05). 
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4.5 Discussion  

4.5.1 Moist-heat thermotolerance of C. difficile spores and the 

protective effect of simulated soiling 

The aim was to compare the effects of heat, detergent and soiling on the 

inactivation of C. difficile spores in vitro, at temperatures pertinent to the 

healthcare laundry policy and used in industry. It was demonstrated that the 

spores from C. difficile NCTC 11209 exhibited resistance to the minimum 

temperature for thermal disinfection, where <1 log(10) reduction was seen after 

20 minutes (Figure 4.2). The 20 minute test time was longer than the thermal 

disinfection stage of a healthcare wash cycle (≥3 minutes + 8 minutes 

minimum). The spores had a greater thermotolerant than expected, given the 

findings of Rodriguez-palacios et al. (2010), who demonstrated a 1.8 log(10) 

reduction at 30 minutes and 2.1 log(10) reduction after 2 hours at 71°C. The 

present study provides further evidence that the thermal disinfection 

temperature alone is unable to provide complete decontamination; where 6 

log(10) cfu/ml spores are present, treating by thermal disinfection at 71°C for 20 

minutes, will leave ≥5 log(10) cfu/ml viable spores.  

The present study is the first to assess the effects of simulated soil on the 

thermotolerance of C. difficile spores at 71°C and at 90°C. There was no 

observable protective effect of soiling when spores were treated at 71°C, due to 
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the insignificant log(10) reduction seen when soiling was not present. Conversely, 

at 90°C a protective effect was shown, which agrees with Diab-Elschahawi et al. 

(2010), who report the protective effect of artificial soiling for B. subtilis spores 

at 94°C. Numerous strains of B. subtilis exhibited a 1 log(10) reduction at 4 

minutes in the presence of soil, in comparison to 2 minutes without soiling. B. 

subtilis spores are known for being highly thermotolerant and have been used 

as a surrogate for C. difficile spores to test sporicidal activity (Diab-Elschahawi et 

al., 2010; Fraise, 2011).  

The higher test temperature of 90°C, without soiling, demonstrated an 

average 3.21 log(10) reduction after 20 minutes (Figure 4.2). This contrasts with 

Rodriguez-palacios and Lejeune (2011), who found that 20 minutes at 85°C was 

sufficient to produce a >5 log(10) reduction in viable spores. The differences 

could be accounted for in part by considering the different strains used and the 

methods of recovery (Rodriguez-Palacios et al., 2016).  

  There was an unexpected difference in the size of colonies which 

suggested there may have been three outcomes for spores present in the test 

suspension (Figure 4.1). The first outcome was inactivation, which accounted for 

the largest proportion (>99.9%) of the original inoculum; Second, of those able 

to germinate and outgrow, some were able to do this immediately, whereas 

others represent a third category of heat-damaged spores which experienced a 
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delay in germination or outgrowth.  To further explore the ‘three categories’ 

theory, the heat treatments could be repeated and treated spore suspensions 

could be enriched over 12 hours to see if the recovery rates are different. 

Alternatively, 0.1ml samples could have been transferred to a taurocholate rich 

liquid medium, with the light absorbance read over a 48 hour anaerobic 

incubation time to assess germination (reduction in OD600) and 

outgrowth/proliferation (increase in OD600). This could be compared to the 

pattern of OD600 of a non-heated control incubated alongside the previously 

heated samples. 

This theory is supported by Rodriguez-Palacios et al. (2010), who 

reported the reversal of the inhibitory effect of heating to 85°C, when C. difficile 

spores were incubated in BHI broth for 7 hours before enumeration. The 

evidence from the present study and Rodriguez-Palacios et al. (2010) imply a 

sub-population of heat-damaged but still viable spores. It can be hypothesised 

that there may have been supportive nutrients in the media used in the present 

study, which supported repair and recovery of germinated spores and 

permitted outgrowth of vegetative cells (Rodriguez-Palacios et al., 2010). Similar 

patterns have been reported for Bacillus spp. which showed that different 

media, can affect viable spore recovery rates after moist heat exposure 

(Gonzalez et al., 1995; Cazemier et al., 2001). Different media was shown to 

either enhance or inhibit growth and therefore the calculated rates of survival 
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and thermotolerance.  It has also been suggested that in Bacillus spp., moist 

heat may denature one or more vital proteins which are necessary for 

outgrowth of the germinated spores (Coleman et al., 2010). This may also be 

the case for C. difficile spores, and could explain the lag time seen for some 

colonies between germination and outgrowth (Gil et al., 2017). Alternatively, 

Setlow (2007) discussed the DNA repair strategies of Bacillus spp. – showing 

that spores underwent a period of DNA repair during germination. This repair 

phase, could explain the heterogeneous germination and/or outgrowth shown 

at 90°C if the moist-heat had caused DNA damage.  

  In summary, the thermotolerance of C. difficile spores at 71°C for 20 

minutes, suggests other factors such as sporicidal and/or removal effects of the 

laundry chemistry may be the main factors in achieving effective 

decontamination of spores in industrial laundries. Thermal disinfection is not 

effective in isolation, however, using a high temperature wash (90°C) for greater 

than 10 minutes can significantly reduce spore contamination. The disadvantage 

being that it would require a large energy input and be prohibitively costly. 

Therefore, using sporicidal detergents and additives or facilitating removal of 

spores, could provide an answer to reducing temperatures, and achieving 

microbiologically safe linen.  
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4.5.2 Assessing the sporicidal activity of a reference domestic 

detergent and industrial detergent system 

The SDC reference domestic detergent exhibited a minor sporicidal effect when 

used at 71°C for 20 minutes, but failed the >3 log(10) threshold) reduction of the 

BS EN 13704 sporicidal test standard and the higher >5 log(10) reduction 

threshold of the published test standard by Fraise et al. (2015) (British 

Standards Institution, 2002; Fraise, 2011; Fraise et al., 2015). When C. difficile 

spores were exposed to the components of an industrial detergent system 

commonly used in industry, there was a significant reduction in viable spores, 

however, this was not a ‘pass’ using the >3 log(10) reduction threshold described 

in BS EN 13704:2002 Quantitative Suspension Test for the Evaluation of 

Sporicidal Activity of Chemical Disinfectants Used in Food, Industrial, Domestic 

and Institutional Areas (Table 4.3). The average log(10) reduction was close to the 

threshold (2.81 log(10)), so with a greater number of replicates the 3 log(10) 

reduction may be achieved by the industrial detergent. The industrial detergent 

and bleach stages together, failed to achieve the >5 log(10) reduction threshold 

suggested by Fraise et al. (2015). 

In the absence of heat, the industrial detergent and bleach exposures 

resulted in a small but significant, reduction in spores compared to the SDW 

controls (p≤0.05) (Table 4.3). The industrial detergent and bleach in 

combination at 25°C would not be considered sporicidal, under either threshold, 
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but is useful in understanding what factors are at work in an industrial wash. 

When the effect of the thermal disinfection temperature (71°C) is combined 

with the industrial detergent and bleach, far more spores were inactivated than 

using either alone. This suggests that the detergent and/or bleach are working 

with the temperature to inactivate spores. It has been demonstrated that mildly 

lethal treatment with a variety of agents may sensitize the surviving spores to a 

subsequent treatment, such as moist-heat, for which an undamaged inner 

membrane may be required for full resistance (Cortezzo et al., 2004). The 

converse may also be true, where the heating of spores denatures protective 

proteins, which then allows the test compounds to reach the inner layers of the 

spore which may be more sensitive (Coleman et al., 2010).  

The validation controls with SDW demonstrated that there was no loss of 

spores due to the method, such as spores being lost during the centrifuging and 

removal of supernatant. Furthermore, process controls where spores were 

exposed to the test temperature and SDW, showed no significant reduction in 

viable spores recovered compared to the enumeration control (p>0.05). These 

findings provide further evidence that the thermal disinfection alone is 

ineffective at inactivating spores (Figure 4.3).  

The sporicidal effect of the industrial detergent system may be due in 

part to the addition of the bleach stage. Recently, Edwards et al. (2016) 



186 
 

demonstrated that spores have high levels of resistance to ethanol, hydrogen 

peroxide and chloroform. Conversely, in vitro studies have shown that regular 

bleach (5000 ppm) and hydrogen peroxide (700 ppm) inactivate 6 log(10) spores 

in 10 minutes (Barbut, 2015). Furthermore, a study that evaluated the effects of 

regular bleach in BHI broth, demonstrated that while bleach inactivated C. 

difficile cells, there was no inactivation of spores (Edwards et al., 2016). The 

authors conclude that the presence of organic material, which inactivates 

hypochlorite, reduced the effectiveness of sodium hypochlorite for spore 

inactivation.  

4.6 Conclusions  

The thermotolerance of C. difficile spores to the relevant laundry operating 

temperatures and the lack of sporicidal activity of both the reference detergent 

and the parts of the industrial detergents tested at operating temperatures, 

highlight the role of other factors in the laundry cycle, such as removal by 

agitation, surfactant action, other wash additives such as peracetic acid and the 

post-wash drying processes.  Peracetic acid was not investigated in this study, 

but is included in the industrial wash cycle for neutralizing the bleach and for 

antimicrobial purposes. Therefore, the contribution of peracetic acid to the 

overall sporicidal effect of the industrial detergent system should be a focus for 

future study. Although organic matter has been shown to inactivate peracetic 
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acid in vitro and reduce sporicidal activity, so the protective effect of soiling, 

should also be considered. 

The use of thermal disinfection alone, has been shown to require high 

temperatures for long exposure times. There are global drivers to reduce cost, 

energy and water use and deliver clean microbiologically safe linen. Therefore, 

the focus may move to the role of agitation, surfactant action and sporicidal 

compounds, with the aim of removing/inactivating pathogenic spores, at lower 

temperatures and for shorter exposure times.  One such step could be 

understanding how to remove spores from linen and might start with exploring 

the nature of the adherence of spores to cotton fabric (section 5.2). This could 

be followed up with the testing of various detergents and additive compounds, 

to see if and how they affect the adherence of spores to cotton.   
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5 The C. difficile spore exosporium and adherence 

to cotton 
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5.1 Chapter abstract 

Adherence of spores to linen may be a factor influencing C. difficile spore 

survival through a healthcare wash cycle. The spore exosporium may play a role 

in adherence to surfaces, such as stainless-steel, but spore adherence to cotton 

has not been investigated. The aim of this study was to quantify the adherence 

of C. difficile spores to cotton swatches over time. Adherence was quantified by 

inoculating spores onto swatches and removing by agitation. The proportion not 

recovered was determined to be adhered. The exosporium was partially or fully 

removed using trypsin and proteinase k, respectively and adherence was 

quantified. Removal of the exosporium was inferred by the corresponding 

reduction in hydrophobicity, by MATH assay. Spores were then imaged by SEM 

after 0 hours or 24 hours contact with cotton. The results showed C. difficile 

spores adhered to cotton over time; after 0 hours contact time there was 0% 

adherence of spores. Spore adherence increased to 51% after 24 hours contact 

time with cotton. Full removal of the exosporium, by proteinase k, significantly 

reduced adherence to 34% after 24 hours. SEM images of spores in contact with 

cotton for 24 hours, demonstrate the development of possible anchors, which 

may account for the adherence over time and influence survival through the 

healthcare wash by resisting removal. The length of time soiled linen is stored 

before laundering could impact the effectiveness of a healthcare compliant 

cycle and put patients at risk.   
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5.2 Introduction 

Bacterial contamination of textiles and non-porous hard surfaces is a well-

established problem in healthcare settings (Alfa et al., 2008; Burden et al., 2013; 

Zarpellon et al., 2015; MacDonald et al., 2016). There are several factors 

influencing the adherence of cells and spores to inorganic and organic surfaces, 

such as hydrophobicity of the cell, spore and surface, surface roughness and the 

exosporial layer (Faille et al., 2010; Leishman et al., 2010; Joshi et al., 2012; 

Pizarro-Guajardo et al., 2014; Díaz-González et al., 2015).  

Adherence to a surface begins with an initial phase where a spore comes 

in to contact with the surface through hydrophobic interactions, Van der Waals 

attraction or simple gravitational force (Gottenbos et al., 2002). Husmark and 

Ronner (1990) demonstrated that Bacillus spp. spores were drawn to 

hydrophobic surfaces in the presence of hydrophilic media, but not in 

hydrophobic media e.g. ethanol.  The physical roughness of the material can 

also influence bacterial adherence to and removal from some surfaces (Faille et 

al., 2002). Roughness increases the physical surface area for bacterial adherence 

and may also protect cells from shearing forces (Katsikogianni & Missirlis, 2004; 

Wang et al., 2009; Al Groosh, et al., 2015). Aykent et al. (2000) demonstrated a 

positive correlation between surface roughness and Streptococcus mutans cell 

adhesion to dental implants. Furthermore, Wang et al. (2009) reported that a 

positive linear relationship between surface roughness values and residual 
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bacterial cell populations, after washing treatments with peroxyacetic acid, 

electrolysed water and SDW. In addition, topography of the surface material 

may play a part, where cells or spores may also be caught within micro-

irregularities within the material (Flint et al., 2000). 

Conversely, Fernandes et al. (2014) demonstrated that roughness and 

hydrophobicity of organic surfaces, such as fruit, did not affect removal of 

pathogenic bacterial cells. This was supported by Jullien et al. (2003), who 

demonstrated that the roughness of inorganic surfaces such as stainless-steel, 

did not affect bacterial cell adherence.  

Recently, surface roughness has been shown to effect cleaning efficacy in 

the presence of soiling, when attempting to remove spores from a surface. 

Gonzalez et al. (2017) demonstrated that roughened plastic coupons retained 

more simulated soil (blood) and more Bacillus atropheus spores, compared with 

smooth plastic coupons. When only spores were dried on the surface, the 

roughness of the coupon did not influence the ability of the spores to adhere to 

the surface. This suggests spores may adhere better to a rough surface, 

especially where soil is present. Furthermore, the cleaning agent used to 

remove the spores made no significant difference, where gauze soaked in sterile 

water, 70% ethanol or 0.5% sodium hypochlorite was able to remove similar 

levels of soil and spores.  



192 
 

With regard to cotton specifically, it has been shown that 100% cotton 

fibres have a relatively low bacterial cell-binding ability (Takashima et al., 2004). 

In a study by Takashima et al. (2004) several strains of bacteria were compared, 

for 5/5 strains of MSSA the binding ratio was similar across strains for cotton, 

polyester and nylon. For wool, there was more variability across the strains 

(34.2% to 93.3%). Cotton (2%) and nylon (0.9%) had the lowest binding 

properties, whereas polyester had the highest at (96.2%). Furthermore, the 

authors suggest that ionic interactions may be involved, as sodium chloride 

solution at neutral pH caused partial inhibition of the binding of bacterial cells. 

Unfortunately, developing the concept of the cloth-binding property, to assess 

woven fabric rather than fibres, was not possible with the method employed by 

Takishima et al. (2004). This was because the test solution was absorbed by the 

fabric, which artificially increased the concentration of bacteria in the test 

solution.  

Conversely, Bajpai et al. (2011) determined that E. coli cells adhered 

more effectively to 100% cotton woven fabric than to polyester woven fabric; 

presenting as single cells, paired cells and clusters on fabric surfaces, when 

viewed by SEM. Additionally, it was reported that as the contact time between 

the bacterial cells and fabric increased, so did the bacterial adherence. There 

was rapid adherence on 100% cotton between 5 and 10 hours contact time, 

which plateaued between 10 and 24 hours and the maximum adherence of the 
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E. coli was 0.71 mg/g (mg of cells/g of fabric) by 24 hours. In contrast, a much 

lower weight of cells was reported to adhere to 100% polyester, which 

increased linearly before reaching the maximum 0.34 mg/g by 24 hours.  

There are no published studies investigating adherence of C. difficile 

spores to textiles, cotton fibres or woven fabric. Therefore to understand how 

adherence might occur, studies involving other surfaces were considered such 

as agar, glass stainless-steel and human cells (Panessa-Warren et al., 1997; 

Paredes-Sabja and Sarker, 2012; Joshi et al., 2012; Escobar-Cortés et al., 2013). 

Panessa-Warren et al. (1997) demonstrated a number of small ‘bumps’ 

developed over the exosporium of C. difficile spores giving the spores a rough or 

‘bumpy’ texture (Figure 5.4). It was seen that a tail or anchor developed at one 

end, which aided in attachment to agar, and co-agglutination with nearby 

spores as germination was initiated. Furthermore, Panessa-Warren et al. (1997) 

reports that after the thickened anchor had developed the spores were 

subjected to washing, agitation in sterile water at 300rpm, solvent baths, critical 

point drying and the spores were not dislodged. Interestingly, with the addition 

of EDTA, water and agitation, the spores were readily removed. This suggests 

that spores may form a reversible attachment, with others spores and/or the 

substrate they are present on and that this may be achieved with the 

development of a textured surface of the exosporium. The authors concluded 

that despite being ‘metabolically inactive’, C. difficile and C. sporogenes spores 
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were able to adhere well to agar before germination (Panessa-Warren et al., 

1997). The nature of spore adherence to surfaces was investigated further with 

developments in electron microscopy; Panessa-Warren et al. (2007) 

demonstrated activation and attachment of C. difficile (ATCC 9689 and 43594), 

C. sporogenes and Bacillus spp. spores to glass slides incubated aerobically at 

100°C for 5 and 30 minutes; unexpectedly, this showed that attachment and the 

preliminary stage of germination was successful in air, without special growth 

conditions or nutrients in all species tested. The number of C. difficile (ATCC 

9689 and 43594) spores attached to the slide after washing, was as high as the 

unwashed control counts. The authors note that moist-heat at 100°C did not kill 

the spores, allowing attachment and encouraging spore co-aggregation, using 

adjacent spores or organic debris as hold fasts. Furthermore, the attachment to 

the glass surface was sufficiently strong to withstand washing for 30 seconds in 

water and the subsequent washes required during Gram and Schaeffer-Fulton 

endospore staining. The authors suggested that the strong attachments seen 

under the study conditions were perhaps a type of pre-programmed response, 

independent of the usual requirements for C. difficile spore germination i.e. co-

germinants and an anaerobic environment. It was also concluded that initial 

adherence was achieved by the ‘bumpy’ texture and then by development of 

the tail-like anchor; the point at which adherence had occurred and germination 
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was halted until the usual requirements were met, was not investigated and 

remains unclear.  

The exosporium is the outermost layer of the spores of several bacterial 

species; it has been extensively studied in B. anthracis and B. cereus (Henriques 

and Moran, 2007; Barra-Carrasco et al., 2013; Pizarro-Guajardo et al., 2014; 

Díaz-González et al., 2015; Li et al., 2016). In Bacillus spp. the exosporium is a 

loosely-fitted outer layer composed of a smooth basal layer and a hair-like nap 

which plays a relevant role during early interactions with host cell surfaces (Xue 

et al., 2011; Pizarro-Guajardo et al., 2014). The hair-like nap layer is comprised 

mainly of BclA, a collagen-like protein and has been implicated in the adherence 

of B. cereus spores to inert surfaces in the food processing environment (Faille 

et al., 2010; Lequette et al., 2011). B. anthracis has been shown to have 

abundant BclA proteins within the exosporium, which facilitate the adherence 

of C3 complement protein enabling phagocytosis and dissemination within a 

host via macrophages (Bozue et al., 2007).  

Faille et al. (2002) found similar patterns of spore adherence to inert 

surfaces, such as stainless-steel, glass and Teflon, for spores of B. cereus and B. 

subtilis, despite their very different spore surface properties i.e. hydrophobicity, 

presence or absence of exosporium. The complex nature of adherence of spores 

to organic and inert surfaces, where hydrophobicity and elements of the 
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exosporium may play a role, suggests further work is needed to understand 

these interactions. 

Most C. difficile strains produce spores with an exosporium that is tightly 

bound to the spore coat, where the exosporium has a hair-like nap layer similar 

to Bacillus spp. and a rough textured appearance (Panessa-Warren et al., 1997; 

Panessa-Warren et al., 2007; Díaz-González et al., 2015). Spores of C. difficile 

630 have a smoother exosporium, which is also tightly attached to the spore 

coat (Díaz-González et al., 2015). Abhyankar et al. (2013) report finding the 

collagen-like protein BclA1, within the C. difficile exosporium, with the 

suggestion that it may be involved in adherence to surfaces. However, this 

conclusion appears to be based on the function of homologues within Bacillus 

spp. Furthermore, there were many uncharacterized exosporium proteins, 

found within the exosporium of C. difficile. These proteins may have 

unrecognized roles in adhering to surfaces, mainly because they have no known 

homologues in other better characterized species. 

Pizarro-Guajardo et al. (2014) attempted to characterize the BclA1 

protein within the exosporium of C. difficile spores. When the spores were 

treated with collagenase for 90 minutes to partially digest collagen-like protein 

BclA1, the spores retained their hydrophobicity to levels similar to untreated 

spores, but exhibited increased adherence to caco-2 cells.  In B. anthracis, the 
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BclA proteins (BclA1 – BclA3) are the major contributors to spore 

hydrophobicity, suggesting that the BclAs of C. difficile and B. anthracis may 

have different functions. Lequette et al. (2011), found that adherence of B. 

cereus spores to stainless-steel was reduced in BclA- mutant strains, which were 

unable to produce the protein, and there was a reduced spore hydrophobicity. 

The BclA collagen-like proteins may be involved in adherence of spores to inert 

surfaces, but not caco-2 cells or may have different properties in different 

species of spore-forming bacteria.   

There is evidence that elements of the exosporium layer play a role in C. 

difficile spore adherence; removal of the exosporium, by sonication was shown 

to result in C. difficile spores with a significantly lower hydrophobicity (~20% vs 

~60% for untreated spores) and significantly reduced adherence to caco-2 cells 

(Paredes-Sabja and Sarker, 2012). The correlation between exosporium removal 

and reduced hydrophobicity was supported by Escobar-Cortes et al. (2013), 

where proteinase k and trypsin were used to remove the exosporium, before 

conducting a hydrophobicity assay. The study demonstrated reduced 

hydrophobicity in treated spores, which was associated with either full or partial 

removal of the exosporium and confirmed by transmission electron microscopy 

(TEM) imaging. Furthermore, Joshi et al. (2012) demonstrated a link between C. 

difficile spore strain hydrophobicity and variable ability to adhere to stainless-

steel. There was a large range in terms of proportion of spores binding to 
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stainless-steel, 14%-80% of spores were not recovered from inoculated steel 

coupons dependent on strain. Imaging of the steel coupons was not performed 

which may have provided qualitative assessment of the nature of the 

adherence, appearance of the exosporium and the activation status of the 

spores adhered.  

The proteome of the C. difficile spore contains over 300 proteins; there 

are no known homologs or predicted function for over half of the proteins, but 

they are abundantly present within the spore and the exosporium (Lawley et al., 

2009; Abhyankar et al., 2013; Díaz-González et al., 2015). Furthermore, there 

could be selective advantages to adhering to inert surfaces in some species, 

depending on their aetiology. For example, C. difficile spore adherence to 

surfaces in the healthcare environment such as stainless-steel, cotton, polyester 

and plastics, or B. anthracis spore adherence to soil (earth) with more organic 

matter, where animals are more likely to be present (Williams et al., 2013). 

There is much that could be learned with the continued characterisation of the 

C. difficile spore exosporium, spore-specific proteins and the nature of spore 

adherence to inert and organic surfaces. 

  Further work is needed to understand the role played by the C. difficile 

exosporium in adherence to surfaces and to aid decontamination of clinically 

relevant surfaces such as stainless-steel and cotton textiles including bed linen 
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and uniforms. Inhibition of adherence could be an effective way of enhancing 

the cleaning of textiles and hard surfaces, where detergents can be designed to 

remove spores more effectively. This could reduce the use of hazardous 

sporicidal agents such as sodium hypochlorite or hydrogen peroxide.   

5.2.1 In summary 

There are various mechanisms thought to play a part in the adherence of C. 

difficile spores to environmental surfaces. For example, hydrophobic and 

molecular interactions between elements of the exosporium layer of spores and 

inert surfaces, C. difficile spore activation and adherence can occur in aerobic 

conditions without nutrients or germinants present i.e. on a glass slide in room 

air at 100°C. There are no published studies exploring the adherence of C. 

difficile spores to cotton fabric over time. The present study focused on 

quantifying the adherence of spores to NHS (100% cotton) sheet material over 

time and investigating the role of the exosporium in adherence to NHS (100% 

cotton) sheet material. 
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5.2.2 Scope of the work 

5.2.2.1 Aim 

The aim of this investigation was to establish the role of the exosporium in the 

adherence of C. difficile spores to cotton. 

5.2.2.2 Objectives  

1. To quantify the adherence of C. difficile spores to NHS (100%) cotton 

sheet material immediately after inoculation and after 24 hours air 

drying. 

2. To compare the adherence of C. difficile spores to NHS (100%) cotton 

sheet material immediately after inoculation and after 24 hours air 

drying, with either partial or total removal of the exosporium layer.  

3. To determine changes in hydrophobicity of C. difficile spores after 

trypsin treatment (partial removal of exosporium) or proteinase k 

treatment (full removal of exosporium). 

4. To visualize C. difficile spores on NHS (100% cotton) sheets after 0 

hours and 24 hours contact time.  
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5.3 Methods  

5.3.1 Generating spore suspensions for removal of exosporium   

Type strain C. difficile NCTC 11209 spore suspensions were generated as 

previously described, using the long incubation (14 days in CMB) method 

(section 2.2.5.3). Spores were then recovered and purified in Histodenz density 

gradient medium as per Parades-sabja et al. (2012) (D1258, Sigma, UK). The 

Histodenz was made up at 50% w/v with SDW. Spore suspensions were 

centrifuged at 3000 rpm for 5 minutes at 4°C. The supernatant was discarded 

and the pellet was re-suspended and washed with ice-cold SDW 10 times, with 

the final wash the pellet was re-suspended in 10ml SDW and layered onto 5ml 

of 50% Histodenz. The free spore phase was removed from the bottom of the 

layered suspension and resuspended in 10ml SDW.  

5.3.2 Removal of exosporium 

C. difficile spores NCTC 11209 (7 log(10) cfu/ml) were incubated in either 25mM 

phosphate buffer alone (exosporium intact), phosphate buffer with trypsin (0.15 

mg/ml) (T-1426, SIGMA, UK) (partial removal of exosporium), or proteinase k 

(0.3 mg/ml) with SDS (10 mg/ml) in phosphate buffer (P5568, SIGMA, UK) 

(complete removal of exosporium). The phosphate buffer was made up as 

previously described (section 3.2.5) and diluted with SDW to 25mM prior to use. 

The exosporium removal protocol was based on the method of Escobar-Cortes 
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et al. (2013). In brief, the spores were pelleted and re-suspended in 30 µl of the 

treatment solution, then incubated at 37°C for two hours with agitation at 200 

rpm. The spores were washed five times in SDW, followed by enumeration to 

check viability. Treated spore suspensions were stored at -80°C until use.  

Hydrophobicity was also checked after treatment to infer the efficacy of the 

intended exosporium removal, which is thought to be correlated with a 

reduction in RH compared to un-treated spores (section 5.2.3).  

5.3.3 Microbial adhesion to hydrocarbon test of hydrophobicity 

The hydrophobicity of the spores of C. difficile strains from ribotypes 005, 002, 

014, 11209 and 001/072 were assessed using the Microbial Adhesion to 

Hydrocarbon (MATH) test, as described in Joshi et al. (2012). All spore 

suspensions were generated and recovered as previously described (section 

2.2.5.3). Trypsin, phosphate buffer and proteinase k treated spore suspensions 

were also analysed, they were generated and treated as previously described 

(section 5.2.2) Prior to testing all spore suspensions were centrifuged at 

3000rpm for 1 minute and resuspended in SDW. Dilutions were made in SDW. 

Absorbance was measured using a spectrophotometer (Helios, Thermo, UK), 

where the absorbance of each spore suspension was measured at OD600, and 

adjusted by dilution to between 0.5 and 0.6. Hexadecane was added to the 

spore suspension in a ratio of 4:1, where 0.5ml hexadecane was added to 2ml 

spore suspension. The test mixture was vortexed for two minutes and then 
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incubated at room temperature for 15 minutes. A 1ml sample of the aqueous 

layer was taken by pipette and the absorbance was measured. The 

hydrophobicity of each suspension was calculated as a percentage difference in 

absorbance before and after incubation in the presence of the hexadecane, 

using the formula: 100-[(Final OD600 /initial OD600) x 100].  

5.3.4 Quantifying the adherence of C. difficile spores to cotton 

after treatment to remove exosporium in part or in full   

Cotton swatches (25cm2) were inoculated with 0.1ml of C. difficile NCTC 11209 

spore suspensions treated with phosphate buffer, trypsin or proteinase K (5.0-

5.5 log(10) cfu/ml) (section 5.2.2). The spores were recovered immediately, or 

after 24 hours air-drying, into 30ml MRD using the vortexing method (section 

3.2.2 B). The recovered spore suspensions were serially diluted in MRD, 

duplicate 0.1ml samples were spread-plated onto BHIS/T and incubated 

anaerobically for 48 hours at 37°C. Calculations were carried out to assess the 

difference in relative adherence to the cotton fabric; the formula followed was: 

100-[(Final cfu/ml/Inoculated cfu/ml) x 100].  

5.3.5 SEM of C. difficile spores on NHS (100% cotton) sheet 

swatches  

The SEM preparation and viewing were performed as previously described 

(Section 3.2.5). NHS (100% cotton) sheet swatches (25cm2) were inoculated 
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with 0.1ml of either a C. difficile NCTC 11209 or ribotype 001/072 spore 

suspension (7 log(10) cfu/ml). The swatches were then fixed immediately or after 

24 hours drying at room temperature. In addition, a further set of swatches 

were inoculated with 0.1ml of a spore suspension treated with either phosphate 

buffer, trypsin or proteinase K (section 5.2.2).  

5.3.6 Statistical analysis  

The statistical analyses comprised Shapiro-Wilk normality tests to assess normal 

distribution, where the assumption of normality was confirmed independent t 

tests were performed comparing recovery at 0 hour and recovery at 24 hour for 

each treatment individually. Homogeneity of variance was compared using a 

Levene’s test. Where the assumption of normality was violated, the Mann-

Whitney U test was performed. The treatments from method 5.2.4 were 

analysed by ANOVA to compare each treatment at 0 hour air drying and 24 hour 

air drying. The significance level was set at p≤0.05. All investigations were 

carried out in triplicate on two separate occasions. 

 

 

 

 



205 
 

5.4 Results  

5.4.1 Quantifying the adherence of C. difficile spores to NHS 

(100% cotton) sheet swatches 

There was a significant difference in the number of spores recovered from NHS 

(100% cotton) sheet swatches between 0 and 24 hours drying time, for buffer 

treated spores (4.02 vs 3.78 log(10) cfu/ml, t=2.475, p≤0.05) and trypsin treated 

spores (4.32 vs 4.04 log(10) cfu/ml, t=2.950, p≤0.05). There was no significant 

difference between the recovery of spores at 0 and 24 hours when treated with 

proteinase K (3.65 vs 3.58 log(10) cfu/ml, U=32.000, p>0.05) (Figure 5.1).   

 

Figure 5.1. C. difficile spores recovered from NHS (100% cotton) swatches after 
0 or 24 hour air-drying. Spores suspensions were treated with buffer (    ), 
trypsin (    ) or proteinase k (    ) (mean ±SE, n=6).   
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The relative adherence of spores for each of the treatments was calculated, 

as was the RH of treated spores (Table 5.1). The findings showed that the buffer 

treated spore suspension had no adherence at 0 hour, with recovery of almost 

100% of the spores inoculated when recovered immediately (4.02 of 4.07 log(10) 

cfu/ml recovered). This increased to 51.78% adherence when spores were 

recovered from the swatches after 24 hours drying time (3.78 of 4.07 log(10) 

cfu/ml recovered).  

Table 5.1. Relative adherence of C. difficile spores (11209) to NHS (100% cotton) 
sheet swatches after 0 hours or 24 hours drying time and RH by MATH assay (% 
decrease in OD600 after exposure to Hexadecane). Spores were previously 
treated with buffer (exosporium intact), trypsin (partial removal of exosporium) 
or proteinase k (full removal of exosporium) (mean, n=6).  

Treatment 0 hour (%) 24 hour (%) Hydrophobicity (%) 

Buffer  0  51.78 63.2 

Trypsin 12.88  51.82 34.7 

Proteinase K 19.76  34.79 4.1 

 

With the trypsin treated spores there was 12.88% adherence when spores 

were recovered immediately (4.32 of 4.53 log(10) cfu/ml recovered) and 51.82% 

adherence after 24 hours drying time (4.04 of 4.53 log(10) cfu/ml recovered). 

When the spores had been treated with proteinase K, for full removal of the 
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exosporium, there was 19.76% adherence when the spores were recovered 

immediately (3.65 of 4.13 log(10) cfu/ml recovered), compared to 34.79% after 

24 hours air-drying (3.58 of 4.13 log(10) cfu/ml recovered).    

 The RH score for buffer treated spores was 63.2% in contrast to trypsin and 

proteinase k which were 34.7% and 4.1%, respectively. The descending 

hydrophobicity scores of spore suspensions treated with trypsin and proteinase 

k, suggests that the exosporium had been either partially (trypsin) or completely 

removed (proteinase k) (Table 5.1). 

5.4.2 Microbial adhesion to hydrocarbon test of hydrophobicity 

 The spores of C. difficile NCTC 11209, had a significantly higher RH 

compared to all other clinical ribotypes tested (F=7.726, p≤0.05). The RH of all 

other ribotypes was not significantly different (p>0.05) (Figure 5.2). 
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Figure 5.2. Relative hydrophobicity of C. difficile spore suspensions from 
clinically relevant ribotypes (from PHE); NCTC 11209 and field recovered strain 
ribotype 001/072 (Mean, ± SE, n=6). 

 

 

5.4.3 SEM of C. difficile spores on NHS (100% cotton) sheet 

swatches 

In the SEM images it was shown how a ribotype 001/072 spore adhered to the 

surface of the cotton fibre, with a possible anchor region (Figure 5.3 D). This was 

evident on the swatch fixed after 24 hours air drying, but not on spores fixed 

immediately, for the spores of ribotype 001/072. The spore shown for NCTC 

11209 at 24 hours, could have a possible anchor, but it isn’t as clear (Figure 5.3 

B). The spores in all images exhibited a rough bumpy texture, although those of 

NCTC 11209 looked more uniform and those of 001/072 had a more irregular 
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pattern. Images of spores fixed immediately, show shorter more ovoid shaped 

spores (Figure 5.3 A and C). 

 
Figure 5.3. C. difficile spores on 100% cotton swatches (A) C. difficile NCTC 
11209 spore fixed immediately after inoculation, (B) C. difficile NCTC 11209 
spore fixed after 24 hours drying time (white arrow = possible anchor structure), 
(C) C. difficile ribotype 001/072 spores fixed immediately after inoculation and 
(D) C. difficile ribotype 001/072 spores fixed after 24 hours air-drying. (White 
arrow = possible anchor structure).   
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5.5 Discussion  

5.5.1 Quantifying the adherence of C. difficile spores to NHS 

(100% cotton) sheet swatches 

The rate of adherence of C. difficile spores to NHS (100% cotton) sheet swatches 

was quantified immediately after inoculation and after 24 hours air-drying. It 

was seen that the spores which were air-dried were able to remain adhered to 

the cotton after vortexing, suggesting there was a strong attachment between 

spore and fibres. The significant difference in number of spores recovered when 

swatches were vortexed immediately vs air drying for 24 hours, suggests that 

over the drying time, half of the spores were able to adhere to the fabric (Figure 

5.1). This suggests that delays in laundering cotton textiles, could allow spores 

time to adhere in a way that prevents removal during laundering. This is in 

agreement with Panessa-Warren et al. (1997), where C. difficile spores were 

found to attach to BHI agar within 2 hours of anaerobic incubation and resisted 

removal by agitation for 30 minutes at 300 rpm. To briefly reiterate, Panessa-

Warren et al. (1997) found that adherence was facilitated by an anchor which 

developed when the spore began the preliminary stages of germination, in an 

aerobic environment (Figure 5.4). The high level of adherence of buffer treated 

spores after 24 hour drying time is in agreement with Bajpal et al. (2011), where 

E. coli cells were shown to adhere to 100% cotton fabric over time with 

increasing levels of adherence up to 24 hours; although longer times were not 
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assessed either in Bajpal et al. (2011) nor by the present study. The present 

study’s findings of 50% adherence of spores after 24 hours is in contrast to 

Takishima et al. (2004), where MRSA/MSSA bacterial cells showed the low 

affinity (2%) for 100% cotton. In Takishima et al. (2004) the cells in suspension 

were incubated with the fibres at 18 rpm for only 1 hour before the number of 

remaining cells in suspension were quantified, so the reduced time the 

MRSA/MSSA cells were in contact with the fibres, may account for the 

difference in adherence to the present study. Alternatively, cell and spore 

adherence to cotton may be different, which could be due to properties of the 

cells or spores and the nature of the underlying mechanism of adherence e.g. 

spores may be ‘pre-programmed’ to adhere to a substrate prior to germination 

(Panessa-Warren et al., 2007).  

It could be hypothesised that adherence to a substrate could have a 

positive influence on germination. In early testing of taurocholate sensitivity, C. 

difficile spores germinated at 60% efficiency in broth containing taurocholate 

(10%) compared to BHI agar with taurocholate (0.1%) (Sorg and Sonenshein, 

2008). Furthermore, rapid adherence to glass was demonstrated in a wide range 

of spore-forming bacteria such as C. difficile, C. sporogenes, B. cereus, Bacillus 

licheniformis, Bacillus stearothermophilus and Bacillus pumilus (Panessa-Warren 

et al., 2007). These species represent pathogenic, environmental and 
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thermophile strains, which all had rapid and strong adherence to glass under 

extreme conditions (aerobic incubation for 5 or 30 minutes at 100°C).  

The spore suspensions treated in trypsin and proteinase k solutions, 

showed a marked reduction in hydrophobicity compared to buffer treated 

spores in line with the findings of Parades-sabja et al. (2012) and Escobar-Cortes 

et al. (2013). As expected, the proteinase k treatment had the greatest 

reduction in hydrophobicity of spores, which is considered indicative of removal 

of the exosporium layer (Table 5.1). Trypsin treatment caused a subtler 

reduction in hydrophobicity; this was expected as trypsin has been shown to 

only partially remove the exosporium, when used independently of sonication 

(Paredes-Sabja and Sarker, 2012; Joshi et al., 2012).  These findings suggest that 

expected partial or full removal of the exosporium had taken place; the next 

step would be the definitive confirmation by SEM imaging either of treated 

spores on NHS (100% cotton) sheet swatches or treated spore samples 

independent of the swatches. 

Adherence results were interpreted under the putative assumption that 

the exosporium had been either partially or fully removed by the treatments 

described. The spores treated with proteinase k had the highest adherence at 0 

hour, with 34% adhered when spores were recovered immediately after 

inoculation (Table 5.1). In contrast, the proteinase k treated spores had a 
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significantly lower relative adherence, than buffer treated spores, when the 

swatches were air dried for 24 hours. The better adherence at 0 hour was not 

expected, it is not clear why this should be the case. The reduced adherence at 

24 hours, compared to buffer treated spores, was expected as the exosporium 

was removed and elements which may mediate adherence were no longer 

present. In contrast, with trypsin treated spores, there was low level adherence 

at 0 hours, but after 24 hours air drying the adherence was the same as the 

buffer treated spores (around 51%). This pattern was also seen with adherence 

to human caco-2 cells, where full removal of the exosporium (by sonication 

followed by trypsin treatment) resulted in fewer spores adhering to the human 

epithelial cells (Paredes-Sabja and Sarker, 2012). It was reported by Paredes-

Sabja and Sarker (2012) that after treatment by sonication (followed by 18 hour 

trypsin digest), two uncharacterized proteins were released which were thought 

to usually be present in the exosporium. The released proteins were thought to 

be important in adhering to the caco-2 cells, as their removal reduced 

adherence to caco-2 cells. Therefore, the authors concluded that the 

exosporium layer plays a role in adherence to cells in vivo.  

In summary, the RH of the test strain NCTC 11209, was significantly 

different from all other clinical ribotypes tested. This may affect adherence 

properties as hydrophobicity is thought to play a role and may also make spores 

of NCTC 11209 able to adhere to surfaces particularly well. The reduction in RH 
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of the treated NCTC 11209 spore suspensions suggests that removal of the 

exosporium, either partially or fully, had taken place. Furthermore, the relative 

adherence of spores to cotton after 24 hours air drying, was reduced, when the 

exosporium was considered to be fully removed.  These findings suggest the 

exosporium is important in adhering to NHS (100% cotton) sheets and that if 

spores are left to air dry on the sheets, before being laundered the spores may 

develop a strong adherence which may prevent removal by the agitation of a 

wash cycle.  

5.5.2 C. difficile spores on cotton after 0 hour and 24 hours 

The SEM images further supported the evidence of spores adhering to cotton 

over time. There was a possible anchor or connection between the spores and 

the cotton fibres after 24 hours air drying, rather than being caught in the 

weave of the fabric. This was further shown to involve the exosporium directly, 

where spores which had putatively had the exosporium removed (as discerned 

by reduction in hydrophobicity) were less able to adhere after 24 hours drying 

time. The adherence of spores may be further elucidated in several ways, 

TEM/SEM of the proteinase K treated spores could confirm removal of 

exosporium, which would show the exosporium is at least partly responsible for 

adherence. In addition, collagenase could be used to specifically degrade the 

BclA collagen-like proteins which are abundant on the exosporium and then 

adherence of the collagenase treated spores could be quantified again. This 
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could help identify the role, if any, of the BclA proteins in spore adherence to 

cotton.  

5.5.3 SEM of C. difficile spores on NHS (100% cotton) sheet 

swatches 

The present study is the first to show C. difficile spores may adhere to 100% 

cotton in an aerobic environment, exhibiting possible anchor structures (Figure 

5.3 B and D), similar to what has been seen when spores adhere to BHI agar 

(Panessa-Warren et al., 1997; Panessa-Warren et al., 2007) (Figure 5.4 C). The 

anchor structure appears to extend from the exosporium to the cotton fibre 

(Figure 5.3 D). Dormant C. difficile spores have previously been shown to be 

small, elliptical and have a smooth appearance (Figure 5.4 A); activated spores, 

by contrast, appear elongated and have a rough texture with regular ‘bumps’ 

over the surface (Figure 5.4 B). Similarly, all the spores seen in the present 

study, had the rough texture with regular ‘bumps’ over the surface layer (Figure 

5.3); this suggests the spores were not dormant, but activated and ready to 

germinate in the right conditions. The rough texture, which suggests activation, 

may be explained by the short storage time of spore suspensions, between 

inducing sporulation and their subsequent use in investigations. With a short 

storage time the spores may not have entered a dormant state and developed 

the smooth exosporium seen on dormant spores. 
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Figure 5.4. C. difficile spores (A) a dormant spore, (B) an activated spore with 
‘bumpy’ exosporial surface, (C) a spore with thickened tail region adhered to 
agar in the preliminary stage of germination, (D) during germination the spore 
and tail become smooth, (E) late stage germination: after agitation with SDW 
the spore is still adhered (from Panessa-Warren et al., 1997). 

  

5.6 Conclusions 

By understanding the process by which spores adhere to clinically relevant 

surfaces such as cotton, stainless-steel and plastics, strategies may be 

developed that inhibit attachment and aid decontamination processes. The 

present study provides further evidence that the C. difficile exosporium is 

important in adherence and contributes to the hydrophobicity of the spore 

surface. In addition, there was the first evidence of a role of the exosporium in 

the adherence of spores to cotton specifically.  

(A) (B) (C) 

(D) (E) 
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The exact elements that contribute to the spore hydrophobicity are 

unknown, but are likely to reside in the outer exosporium as removal by trypsin 

and proteinase k, resulted in a reduced RH. Without the exosporium, the 

proteinase k treated spores had a reduced relative adherence to cotton after 24 

hours air drying. Therefore, the exosporium or the hydrophobicity conferred by 

elements in the exosporium are likely to have influenced adherence to cotton. 

Trypsin was inferred to have caused a partial removal of the exosporium and 

was also able to reduce the spore RH; unexpectedly it had no effect on relative 

adherence, compared to buffer treated spores, when swatches were air dried 

for 24 hours. The increased adherence over time of intact spores to dry cotton, 

poses interesting opportunities for ensuring decontaminated textiles. If 

adherence could be inhibited, spores may be removed more easily and aid in 

providing safe decontaminated linen for vulnerable patients.  
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6 Discussion  

6.1 Quantification of the survival of C. difficile spores on 

NHS (100% cotton) bed sheets after washing under 

chemo-thermal disinfection conditions which meet 

the NHS Policy HTM 01-04 (2016).  

The aim of the study was to quantify survival of C. difficile spores on infected 

linen washed to the minimum requirements of the HTM 01-04 healthcare 

laundry policy. The policy had been updated throughout the time of the study, 

but the basic requirements for thermal disinfection have remained the same. 

Independent quantification was completed in two ways, a simulated healthcare 

laundry cycle and an in situ test at a commercial laundry. The simulation 

demonstrated that the policy compliant cycle, the industrial detergent and 

thermal disinfection were able to reduce the C. difficile spore contamination 

significantly, by >6 log(10).  However, a low level of spore contamination was still 

recovered (0.1-1 log(10)) (Table 3.2). Furthermore, it was seen that the detergent 

was only able to reduce spore load by 2.81 log(10) cfu/ml during in vitro tests of 

sporicidal activity (at 71°C), therefore factors in the wash cycle simulation, 

beyond inactivation by chemo-thermal means were responsible (Figure 4.4). 

The first factor, was likely to be surfactant action, whereby the detergent 

removed hydrophobic soil. However, significantly different relative 

hydrophobicity, did not affect the combined ability of the detergent and 
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agitation to remove the spores of NCTC 11209 (RH=71.74%) and field strain 

ribotype 001/072 (RH=41.06%) in the simulation (Figure 3.3 and Figure 5.2).  

Furthermore, there may also be an affect at higher temperatures on the 

surfactant action. It was recently shown that the number C. difficile spores 

recovered from swatches was reduced by 1 log(10) when washed at 60°C 

(Mackay et al., 2017). Where 60°C was unable to inactivate the spores and the 

detergent was unable to reduce the contamination, either by sporicidal activity 

or surfactant action. The detergent used in Mackay et al. (2017) was different to 

the industrial detergent in the present study, therefore there may be 

differences in what may be seen with the industrial detergent used in the 

present study, should it be used at 60°C.   

Conversely, Sooklal et al., (2014) found that when bleach was accidently 

omitted from a reusable mop head washer, the detergent, thermal disinfection 

and agitation combined were unable to decontaminate mop heads and hospital 

CDI rates increased. This not only illustrates the importance of the disinfection 

chemistry, and the use of bleach in CDI control, but also provides a possible link 

between spores surviving a laundering cycle, re-entry to a ward and 

consequently an increased infection rates. The CDI rate reduced to a normal 

level when the machine fault was corrected and bleach once more used in the 
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cycle (Sooklal et al., 2014). This highlights the use of bleach for inactivating 

spores.    

In the present study it was independently shown that the WE wash cycle 

at the commercial laundry failed to meet the microbiological standards required 

by HTM 01-04 (e.g. >5 log(10) reduction, <100 cfu, no pathogenic bacteria). There 

were a small number of spores surviving the chemo-thermal conditions of a 

HTM 01-04 compliant WE cycle and in vitro tests of the thermal disinfection 

temperature. This may pose a significant risk if the spores return to hospital 

wards on processed linen; particularly if spore contaminated linen enters 

different wards without CDI patients where infection control, cleaning regimes 

or antibiotic prescribing may not take environmental spore contamination in to 

account.  

The spores which had survived the infected linen wash and simulation 

may have remained on the linen because of an active adherence process, as 

seen in Panessa-Warren et al. (1997) and in the SEM images of the present 

study, where spores had developed a possible anchor after being air dried for 24 

hours (Figure 5.3 D and Figure 5.4 B). When this was quantified as relative 

adherence of spores, there was a significant increase after 24 hours from 0% - 

51% (Table 5.1). Considering the significant adherence of spores to cotton over 

time and the SEM images of adhered spores, it could be hypothesised that when 
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spores are shed onto bed sheets, they develop a strong adherence to the cotton 

fibres, when infected linen is stored before collection and may resist removal 

during the wash cycle.  

It was demonstrated that vortexing was the most efficient method of 

recovering C. difficile spores from NHS (100% cotton) sheet material when the 

spores had been inoculated in the presence of soiling (Figure 3.2). While this 

was vital for performing the subsequent investigations, it also highlights the 

need for a defined method of agitation that may be used for validating the 

disinfection cycle across all healthcare laundry providers. For example, the 

stomaching method (1 minute) was used at the collaborating commercial 

laundry to perform internal quality control; this was shown to be inferior to the 

vortexing method (Figure 3.2). Adopting the vortexing method described in the 

present study could improve the quality control of laundered healthcare linen 

and make the linen quality assessment standardised across all validating 

laboratories.  

There were differences between the proportion of spores recovered by 

vortexing, when spore suspensions had been purified, using Histodenz density 

gradient media and when suspensions were not purified. Recovering purified 

spores from NHS (100% cotton) sheets (section 5.3.1), facilitated the removal of 

a greater proportion of spores (49% vs 31% unpurified). One reason for this 
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could be the lysed cells and cell debris facilitating adherence over the air-drying 

period in the method comparisons made with unpurified spores (section 3.2.2). 

It has been shown that where soiling and other spores are present the 

adherence of spores can be increased and form co-aggregates (Panessa-Warren 

et al., 1997; Panessa-Warren et al., 2007; Gonzalez et al., 2017).  

In care facilities, where asymptomatic carriage of C. difficile is 

unrecognised there may be bed sheets being washed using the standard laundry 

process, instead of the enhanced process for infected linen. This could result in 

high levels of C. difficile spore contamination because the reference domestic 

detergent was shown to not have sporicidal activity at 71°C (Figure 4.3) and a 

recent study, by Mackay et al. (2017), demonstrated 1 log(10) reduction in spores 

after a 60°C wash simulation (leaving 5 log(10) cfu/swatch).  

With an aging population there are likely to be many more susceptible hosts, 

a shift has been observed towards a large proportion (up to 46%) of new cases 

of CDI being found in long-term elderly care facilities (Kim et al., 2011; Garg et 

al., 2013). This is not surprising given the high-risk factors associated with the 

type of residents e.g. >65 years old, high proportion of co-morbidities and high 

levels of antibiotic usage. When this is coupled with high levels of asymptomatic 

carriage in care facilities, up to 58%, and the ability to shed large numbers of 
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spores (up to 5.9 log(10) cfu/g faeces) it may be beneficial to use an enhanced 

process routinely, particularly in long-term care facilities for elderly people.  

6.2 Comparison of the effects of heat, detergent and 

soiling on the inactivation of C. difficile spores in vitro 

The extreme thermotolerance of C. difficile spores at 71°C and 90°C 

demonstrates the need for additional measures for decontaminating infected 

linen covered by the HTM 01-04 laundry policy. Thermal disinfection alone, will 

not decontaminate spores, detergents improve the rate of disinfection by 

removing and inactivating spores, but the policy must go further in providing 

information on how to implement and provide a compulsory validation method 

for those alternative disinfection methods.   

When a reference domestic detergent was investigated at room 

temperature and 71°C there was little sporicidal activity despite the presence of 

bleaching agents (peroxide) in the detergent. The sporicidal activity seen at 

90°C, was due to entirely to the heat alone. Additional information about the 

domestic detergents performance at 60°C would be useful, due to the relevance 

to domestic machines and care homes which were running a standard wash. 

However, at 90°C the domestic detergent could reduce the spore load by 3 

log(10) as long as the temperature was held for a minimum of 10 minutes (Figure 

4.3). In care facilities which use a domestic washing machine and detergent 



224 
 

combination (routinely washing <71°C), spores may survive on linen. With those 

facilities washing at 71°C using an industrial machine and detergent there is a 

strong likelihood that should any C. difficile spores enter the wash cycle, there 

may be low level survival of spores on the linen.  

For a full assessment of the decontamination effects of temperature and 

industrial detergent, without the surfactant actions and rinsing, a test protocol 

could be developed using a semi-permeable pouch which could hold spores; this 

is currently used in the laundry industry for vegetative cells only. Developing a 

semi-permeable pouch which can hold C. difficile spores would be an effective 

way of comparing the efficacy of industrial washes across providers where 

number and temperature of rinses, chemical disinfection and water use vary 

significantly. The current microbiological assessment methods cannot accurately 

compare efficacy of the variety of healthcare compliant washes. The current 

method is to sample a fully processed sheet on a regular basis to assess the 

overall quality of finished linen, but the precise method of agitation is merely 

suggested in HTM 01-04, not explicitly required. It is feasible that different 

validation protocols could give different results and in theory detergent 

companies validating their own disinfection cycles, could choose less vigorous 

methods of recovering spores and cells to suit their needs. There was a trend in 

the comparison of recovery methods for the stomaching method to recover a 

greater number of spores with longer times and with a higher setting; this was 
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significantly different when comparing 30 seconds/low to 1 minute/high (Figure 

3.1).  It is important that inter-laboratory variation is kept to a minimum, so that 

results can be compared, therefore it is unclear why a standard, effective 

method is not in place.   

One final consideration, was the variation in the effectiveness of the 

simulation (>6 log(10) reduction) and the in situ study of the commercial WE 

cycle (<1 log(10) reduction) (Figure 3.3 and Table 3.2). This may be due to the 

presence of alginate bags in the commercial WE cycle and not in the simulated 

wash; once the alginate is in solution it has the potential to act as soiling and be 

a protective agent. Alginate is a polysaccharide commonly produced by 

seaweed, it is also produced by P. aeruginosa, in the production of biofilms 

which can provide protection from antibiotics (Hentzer et al., 2001; Ghadaksaz 

et al., 2015). The alginate in solution may be preventing contact with the 

detergent, and thereby reducing the removal and any sporicidal activity of the 

chemical additives.  

6.3 Establish the role of the exosporium in the adherence 

of C. difficile spores to cotton  

There were two relevant findings in the adherence investigation, first was the 

increase in adherence of spores to cotton over 24 hours and second was the 
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role of the exosporium in that adherence. Where the inferred removal of the C. 

difficile exosporium, reduced the adherence of spores to cotton.    

With the evidence of increasing spore adherence to cotton over time, it is 

important to note that the spores on the experimental (100% cotton) sheets in 

the commercial laundry investigation had been air-dried for ~48 hours in 

storage before collection (section 3.2.6.3). The prolonged storage of infected 

linen may have contributed to the strong adherence of spores to the linen and 

the recovery of viable spores after a high temperature wash (Table 3.2). 

Understanding the relationship between adherence and contact time could be 

used to suggest shorter storage times and may impact the level of spores able 

to adhere through the wash. This could mean more regular collection of 

infected linen, washed promptly and not stored, this may lead to the linen may 

be more thoroughly decontaminated. 

Furthermore, with the evidence of spores adhering over time, this may 

suggest sampling techniques which do not use sufficient agitation, i.e. contact 

plates or slit air samplers, may be underestimating the number of spores on a 

surface or textile item. For example, using a slit sampler in Perry et al. (2001), 1-

10 cfu of C. difficile spores were found on 7 uniforms, whereas samples of non-

spore-forming species were found at levels of >100 cfu per uniform. 
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It could be hypothesised that there may be a selective advantage with the 

ability to adhere to inert surfaces. For example, cotton is a polymer comprising 

90% cellulose, which is found in plant cell walls and is produced by a number of 

bacterial species. Adhering to plants may increase the spores’ likelihood of 

being ingested, particularly for species which are adapted for conditions in the 

mammalian gut, such as C. difficile (Williams et al., 2013).   

However, for this to have an influence on CDI rates, there must be a 

reversible nature to the adherence, especially as the vegetative cell is anaerobic 

and the spore must enter a host before germination. The next step in 

understanding spore adherence is yet to be explored, there may be a 

mechanism by which spores adhere to hard surfaces or textiles, but then 

disengage, perhaps when the spores encounter an organic surface. There is a 

suggestion of a reversible nature to the adherence of C. difficile spores to the 

surface of agar, where Panessa-Warren et al. (2007) demonstrated the 

complete disruption of spore adherence to agar by washing the spores in EDTA 

or barium once they had adhered under optimal conditions. The authors, 

proposed that cations, (Ca2+ and Mg2+) may be needed for adherence. 

Therefore, neutralizing cations on contaminated surfaces or in the wash could 

provide a way of interfering with the spores’ ability to adhere and facilitate 

removal from surfaces or complete decontamination of infected linen; whereby 

spores are rinsed away after ‘disengaging’ from the NHS (100% cotton) sheets. 
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The use of detergent builders, which hold free cations may be a potential 

research area for enhancing the removal of spores from textiles and hard 

surfaces.   

6.4 In summary 

It was shown that the suggested method of agitation, for microbiological 

assessment, is likely to be underestimating the number of C. difficile spores 

present on linen processed in a commercial or onsite laundry.  Furthermore, 

linen processed in a WE on a HTM 01-04 compliant infected linen cycle may 

have a low level of viable spores which can be recovered. The main factors 

which enabled the reduction of >6 log(10) spores in simulations were likely to be 

the surfactant action of the detergent and the agitation of the wash cycle; the 

industrial detergent components tested had limited sporicidal activity at 25°C 

and moderate activity at 71°C (Figure 4.4), where the detergent and high 

temperature worked synergistically to inactivate spores. With the added effect 

of spore removal from the swatches, there was a much greater reduction in 

recovered spores in the simulated wash (Figure 3.3). There were far fewer 

spores on the naturally contaminated sheets than previous estimates of 

shedding would suggest are likely (Table 3.2). However, the processed linen 

from the commercial laundry returned similar levels of residual surviving spores 

to the simulation investigations.    
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Despite the presence of low levels of spores which may remain on linen 

washed in a WE, the contribution of inadequately decontaminated linen to 

active CDIs is likely to be small, given the reduction in rates in recent years. The 

step between a low level of spores on processed linen entering a hospital and 

subsequent CDI is yet to be established. However, the infectious dose is 

presumed to be very small, so the possibility cannot be discounted that spores 

from inadequately laundered linen may be causing infections. It is also possible 

that spores on inadequately laundered linen could cause asymptomatic 

carriage, which may be hidden until later antibiotic usage. The background rate 

of C. difficile remains fairly constant despite cleaning improvements, better 

antibiotic stewardship, improved hand hygiene and training in barrier measures. 

It is important that future work continues to assess the likely sources leading to 

transmission of C. difficile and to work on improving the laundry policy to 

protect vulnerable older patients in hospital or long-term care who may be 

exposed though inadequately decontaminated linen. 

6.5 Future studies 

In order for the research conducted to have greater impact it will be important 

to continue the work with the commercial laundry industry to develop a way of 

quantifying spore levels before and after the entire healthcare wash process, 

including WE pre-wash and CTW main wash. Due to limitations in identifying 

and recapturing the linen at the facility used in this study, this was not possible. 
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It may be that the complete cycle (which processes millions of items a week), 

may be more effective than the WE cycle with drying and finishing. In which 

case, the focus can move to ensuring WE cycles, important for the 

decontamination of infected laundry at commercial facilities and onsite in care 

facilities, are improved.   

With the drive to reduce energy and water usage the influence of each of 

the wash parameters on the decontamination of spores from linen could be 

further explored to enable more eco-friendly cycles to be developed which still 

deliver microbiologically safe linen. This could be achieved by investigating the 

outcomes for spores in the simulation, by sampling the waste water to quantify 

the concentration of viable spores leaving the machine.  Spores could be 

sampled from waste water and swatches at different points in the wash cycle 

such as, after the first main wash cycle, after the bleach rinse and again after 

the peracetic acid rinse. This would give more detail as to whether spores were 

either inactivated, or alternatively removed with subsequent transfer to sterile 

swatches in varying proportions or removed in the rinse water.  

The next step in linking surviving spores to CDI transmission is outside the 

scope of this work, but could be explored by using inoculated sheets for bed-

making in an experimental hospital room. Samples from the air and the 

environment could be taken at various distances from the bed after bed-making 
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with contaminated sheets; this would assess how sheets contaminated with low 

levels of spores may contribute to the contamination of the near-patient 

environment.  

Future work could also look at adherence over a longer time as the 

sheets in hospitals are likely to be stored for much longer than 24 hours drying 

time and could be one reason why there was similar levels of spores recovered 

after the WE cycle in situ compared to the optimised simulation, despite the 

different original spore loads. If the time air drying was increased to 48 or 60 

hours it may be that a greater proportion of the spores may adhere well, survive 

the simulation and be recovered.  
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7 Recommendations 

The following are recommendations for improving the decontamination of 

infected linen contaminated with C. difficile spores, based on the findings of this 

investigation: 

1. When providing quality assurance of processed linen, all laundry 

operators must ensure they use a standard method which removes the 

maximum number of spores and allows comparison across sites i.e. 

vortexing is preferable to stomaching.   

2. Public reporting of the results of the quality assurance tests performed; 

WE cycles were independently demonstrated (by simulation and in situ at 

the commercial laundry) to be unable to meet microbiological test 

standards e.g. >5 log(10) reduction, <100 cfu and no pathogenic bacteria. 

3. The design and implementation of a semi-permeable dose pouch 

containing C. difficile spores (and/or B. cereus spores) to test for 

sporicidal activity of the entire cycle, as part of an annual validation and if 

any changes are made to the cycle e.g. change in temperature or change 

of detergent.  

4. The development of detergents which can inactivate or remove the 

remaining spores recovered after the washing, drying and finishing cycles 

in a WE cycle. The focus could be to inhibit adherence (by neutralising 
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cations) or have added capacity to inactivate spores, especially if 

reducing temperatures and/or water usage. 

5. Infected linen should be washed as soon as possible after removal from 

beds to prevent spores from developing a strong adherence to the cotton 

fibres, allowing passage through a WE cycle including washing, drying 

and finishing. 

6. The two step wash protocol with WE pre-wash and CTW main wash still 

needs to be validated independently, to confirm it performs better than 

the WE cycle alone.  

  



234 
 

Reference list 

A and A Marketing (2011) Halo non-bio laundry detergent. [Online] A and A Marketing. 
http://www.halononbio.co.uk/about/faq [Accessed 19/10/2017]. 

Abhyankar, W., Hossain, A.H., Djajasaputra, A., Permpoonpattana, P., Ter Beek, A., Dekker, 
H.L., Cutting, S.M., Brul, S., de Koning, L.J. & de Koster, C.G. (2013) In pursuit of protein targets: 
proteomic characterization of bacterial spore outer layers. Journal of Proteome Research, 12 
(10), pp. 4507-4521. 

Al Groosh, D.H., Bozec, L., Pratten, J. & Hunt, N.P. (2015) The influence of surface roughness 

and surface dynamics on the attachment of Methicillin-Resistant Staphylococcus aureus onto 

orthodontic retainer materials. Dental materials Journal, 34 (5), pp. 585-594.  

Alfa, M.J., Olson, N. & Buelow-Smith, L. (2008) Simulated-use testing of bedpan and urinal 
washer disinfectors: Evaluation of Clostridum difficile spore survival and cleaning efficacy. 
American Journal of Infection Control, 36 (1), pp. 5-11. 

Alfa, M.J., Olson, N., Buelow-Smith, L. & Murray, B.L. (2013) Alkaline detergent combined with 
a routine ward bedpan washer disinfector cycle eradicates Clostridium difficile spores from the 
surface of plastic bedpans. American Journal of Infection Control, 41 (4), pp. 381-383. 

Alfa, M.J., Lo, E., Olson, N., MacRae, M. & Buelow-Smith, L. (2015) Use of a daily disinfectant 
cleaner instead of a daily cleaner reduced hospital-acquired infection rates. American Journal 
of Infection Control, 43 (2), pp. 141-146. 

Ali, S., Muzslay, M., Bruce, M., Jeanes, A., Moore, G. & Wilson, A.P.R. (2016) Efficacy of two 
hydrogen peroxide vapour aerial decontamination systems for enhanced disinfection of 
methicillin-resistant Staphylococcus aureus, Klebsiella pneumoniae and Clostridium difficile in 
single isolation rooms. Journal of Hospital Infection, 93 (1), pp. 70-77. 

Al-Nassir, W.N., Sethi, A.K., Li, Y., Pultz, M.J., Riggs, M.M. & Donskey, C.J. (2008) Both oral 
metronidazole and oral vancomycin promote persistent overgrowth of vancomycin-resistant 
enterococci during treatment of Clostridium difficile-associated disease. Antimicrobial Agents 
and Chemotherapy, 52 (7), pp. 2403-2406. 

Bailey, K.E., Symes, S.J., Mackin, K.E., Rousseau, J., Lyras, D., Weese, J.S., Axon, J.E., Russell, 
C.M., Hartley, C.A., Browning, G.F. & Gilkerson, J.R. (2016) Detection and characterisation of 
Clostridium difficile in Australian thoroughbred foals. Journal of Equine Veterinary Science, 39, 
Supplement, pp. S24. 

Barbut, F. (2015) How to eradicate Clostridium difficile from the environment. Journal of 
Hospital Infection, 89 (4), pp. 287-295. 

Barra-Carrasco, J., Olguin-Araneda, V., Plaza-Garrido, A., Miranda-Cardenas, C., Cofre-Araneda, 
G., Pizarro-Guajardo, M., Sarker, M.R. & Paredes-Sabja, D. (2013) The Clostridium difficile 

http://www.halononbio.co.uk/about/faq


235 
 

exosporium cysteine (CdeC)-rich protein is required for exosporium morphogenesis and coat 
assembly. Journal of Bacteriology, 195 (17), pp. 3863-3875. 

Barrie, D., Hoffman, P.N., Wilson, J.A. & Kramer, J.M. (1994) Contamination of hospital linen by 
Bacillus cereus. Epidemiology and Infection, 113, pp. 297-306. 

Bartlett, J.G. (2009) Clostridium difficile infection: Historic review. Anaerobe, 15 (6), pp. 227-
229. 

Bartlett, J. (1994) Clostridium difficile: History of its role as an enteric pathogen and the current 
state of knowledge about the organism. Clinical Infectious Diseases, 18, pp. 265. 

Bauer, M.P., Notermans, D.W., van Benthem, B.H.B., Brazier, J.S., Wilcox, M.H., Rupnik, M., 
Monnet, D.L., van Dissel, J.T. & Rupnik, M. (2011) Clostridium difficile infection in Europe: a 
hospital-based survey. The Lancet, 377 (9759), pp. 63-73. 

Best, E.L., Fawley, W.N., Parnell, P. & Wilcox, M.H. (2010) The Potential for Airborne Dispersal 
of Clostridium difficile from Symptomatic Patients. Clinical Infectious Diseases, 50 (11), pp. 
1450-1457. 

Bignardi, G.E. (1998) Risk factors for Clostridium difficile infection. Journal of Hospital Infection, 
40 (1), pp. 1-15. 

Blaser, M.J., Smith, P.F., Cody, H.J., Wang, W.L. and La Force, F.M. (1984) Killing of fabric-

associated bacteria in hospital laundry by low-temperature washing. Journal of Infectious 

Diseases, 149, pp. 48–57. 

Bobulsky, G.S., Al-Nassir, W.N., Riggs, M.M., Sethi, A.K. & Donskey, C.J. (2008) Clostridium 
difficile skin contamination in patients with C. difficile–associated disease. Clinical Infectious 
Diseases, 46 (3), pp. 447-450. 

Bockmühl, D.P. (2017) Laundry hygiene—how to get more than clean. Journal of Applied 
Microbiology, 122 (5), pp. 1124-1133. 

Borriello, S.P. (1998) Pathogenesis of Clostridium difficile infection. Journal of Antimicrobial 
Chemotherapy, 41 (3), pp. 13-19. 

Boyce, J.M. (2007) Environmental contamination makes an important contribution to hospital 
infection. Journal of Hospital Infection, 65 (Supplement 2), pp. S50-S54. 

Bozue, J., Moody, K.L., Cote, C.K., Stiles, B.G., Friedlander, A.M., Welkos, S.L. & Hale, M.L. 
(2007) Bacillus anthracis spores of the bclA mutant exhibit increased adherence to epithelial 
cells, fibroblasts, and endothelial cells but not to macrophages. Infection and Immunity, 75 (9), 
pp. 4498-4505. 

Brahmbhatt, T.N., Janes, B.K., Stibitz, E.S., Darnell, S.C., Sanz, P., Rasmussen, S.B. & O'Brien, 
A.D. (2007) Bacillus anthracis exosporium protein BclA affects spore germination, interaction 
with extracellular matrix proteins, and hydrophobicity. Infection and Immunity, 75 (11), pp. 
5233-5239. 



236 
 

British Standards Institution (2016) BS EN 14065:2016 Textiles. Laundry processed textiles. 
Biocontamination control system. London, UK: BSI. [Accessed 07/12/2016]. 

British Standards Institution (2005) BS EN 14347:2005 Chemical disinfectants and antiseptics. 
Basic sporicidal activity. Test method and requirements (Phase 1, step1). London, UK: BSI. 

British Standards Institution (2003) BS EN ISO 14698-1:2003 Clean rooms and associated 
controlled environments. Biocontamination control: General principles and methods. London, 
UK: BSI. 

British Standards Institution (2002) BS EN 13704:2002. Chemical disinfectants. Quantitative 
suspension test for the evaluation of sporicidal activity of chemical disinfectants used in food, 
industrial, domestic and institutional areas. Test method and requirements (phase 2, step 1). 
London, UK: BSI. 

Brown, E., Talbot, G.H., Axelrod, P., Provencher, M. & Hoegg, C. (1990) Risk factors for 
Clostridium difficile toxin-associated diarrhoea. Infection Control and Hospital Epidemiology, 
11, pp. 283-290. 

Burden, M., Keniston, A., Frank, M.G., Brown, C.A., Zoucha, J., Cervantes, L., Weed, D., Boyle, 
K., Price, C. & Albert, R.K. (2013) Bacterial contamination of healthcare workers' uniforms: A 
randomized controlled trial of antimicrobial scrubs. Journal of Hospital Medicine, 8 (7), pp. 
380-385. 

Burns, D.A., Heap, J.T. & Minton, N.P. (2010) The diverse sporulation characteristics of 
Clostridium difficile clinical isolates are not associated with type. Anaerobe, 16 (6), pp. 618-622. 

Büttgen, S., Gebel, J., von Rheinbaben, F., Hornei, B., Engelhart, S. & Exner, M. (2008) Efficacy 
of surface and instrument disinfectants with sporicidal claims against spores of Clostridium 
difficile ribotype 027. Hygiene and Medicine, 33 (5). 
 
Cadnum, J., Jencson, A., O’Donnell, M., Flannery, E., Nerandzic, M., & Donskey, C. (2017). An 
increase in healthcare-associated Clostridium difficile infection associated with use of a 
defective peracetic acid–based surface disinfectant. Infection Control & Hospital 
Epidemiology, 38 (3), pp. 300-305. 

Carter, G.P., Rood, J.I. & Lyras, D. (2012) The role of toxin A and toxin B in the virulence of 
Clostridium difficile. Trends in Microbiology, 20 (1), pp. 21-29. 

Cazemier, A.E., Wagenaars, S.F.M. & Ter Steeg, P.F. (2001) Effect of sporulation and recovery 
medium on the heat resistance and amount of injury of spores from spoilage bacilli. Journal of 
Applied Microbiology, 90 (5), pp. 761-770. 

Christian, R.R., Manchester, J.T. & Mellor, M.T. (1983) Bacteriological quality of fabrics washed 
at lower-than-standard temperatures in a hospital laundry facility. Applied Environmental 
Microbiology, 45, pp. 591–597. 

Citron, D.M. (1984) Specimen collection and transport, anaerobic culture techniques and 
identification of anaerobes 6, pp. S51-S58. 



237 
 

Cohen, S.H., Gerding, D.N., Johnson, S., Kelly, C.P., Loo, V.G., McDonald, L.C., Pepin, J. & 
Wilcox, M.H. (2010) Clinical Practice Guidelines for Clostridium difficile Infection in Adults: 
2010 Update by the Society for Healthcare Epidemiology of America (SHEA) and the Infectious 
Diseases Society of America (IDSA). Infection Control and Hospital Epidemiology, 31 (5), pp. 
431-455. 

Coleman, W.H., Zhang, P., Li, Y.Q. & Setlow, P. (2010) Mechanism of killing of spores of Bacillus 
cereus and Bacillus megaterium by wet heat. Letters in Applied Microbiology, 50 (5), pp. 507-
14. 

Cristina, M.L., Spagnolo, A.M., Sartini, M., Panatto, D. & Perdelli, F. (2012) Clostridium difficile 
infections: an emerging problem in healthcare facilities. Reviews in Medical Microbiology, 23 
(4), pp. 67-75. 

Curry, S.R., Muto, C.A., Schlackman, J.L., Pasculle, A.W., Shutt, K.A., Marsh, J.W. & Harrison, 
L.H. (2013) Use of multilocus variable number of tandem repeats analysis genotyping to 
determine the role of asymptomatic carriers in Clostridium difficile transmission. Clinical 
Infectious Diseases, 57 (8), pp. 1094-1102. 

den Besten, H.M.W., Berendsen, E.M., Wells-Bennik, M.H.J., Straatsma, H. & Zwietering, M.H. 
(2017) Two complementary approaches to quantify variability in heat resistance of spores of 
Bacillus subtilis. International Journal of Food Microbiology, 253 (Supplement C), pp. 48-53. 

Department of Health (2016a) Health Technical Memorandum 01-04: Decontamination of linen 
for health and social care: Engineering, equipment and validation. London, UK: Department of 
Health. 

Department of Health (2016b) Health Technical Memorandum 01-04: Decontamination of linen 
for health and social care: Guidance for linen processors implementing BS EN 14605. London, 
UK: Department of Health. 

Department of Health (2016c) Health Technical Memorandum 01-04: Decontamination of linen 
for health and social care: Management and provision. London, UK: Department of Health. 

Department of Health (2016d) Health Technical Memorandum 01-04: Decontamination of linen 
for health and social care: Social care. London, UK: Department of Health. 

Department of Health (2013) CFPP 01-04 – Decontamination of linen for health and social care: 
Guidance for linen processors implementing BS EN 14065. 

Department of Health (1995) HSG (95)18: Hospital laundry arrangements for used and infected 
linen. The National Archives ed. London, UK: Department of Health. 

Diab-Elschahawi, M., Furnkranz, U., Blacky, A., Bachhofner, N. & Koller, W. (2010) Re-
evaluation of current A0 value recommendations for thermal disinfection of reusable human 
waste containers based on new experimental data. The Journal of Hospital Infection, 75 (1), pp. 
62-65. 



238 
 

Díaz-González, F., Milano, M., Olguin-Araneda, V., Pizarro-Cerda, J., Castro-Córdova, P., Tzeng, 
S., Maier, C.S., Sarker, M.R. & Paredes-Sabja, D. (2015) Protein composition of the outermost 
exosporium-like layer of Clostridium difficile 630 spores. Journal of Proteomics, 123, pp. 1-13. 

Didelot, X., Eyre, D., Cule, M., Ip, C., Ansari, A., Griffiths, D., Vaughan, A., O'Connor, L., 
Golubchik, T., Batty, E., Piazza, P., Wilson, D., Bowden, R., Donnelly, P., Dingle, K., Wilcox, M., 
Walker, S., Crook, D., Peto, T. & Harding, R. (2012) Microevolutionary analysis of Clostridium 
difficile genomes to investigate transmission. Genome Biology, 13 (12), pp. R118. 

Doan, L., Forrest, H., Fakis, A., Craig, J., Claxton, L. & Khare, M. (2012) Clinical and cost 
effectiveness of eight disinfection methods for terminal disinfection of hospital isolation rooms 
contaminated with Clostridium difficile 027. The Journal of Hospital Infection, 82 (2), pp. 114-
121. 

Dohmae, S., Okubo, T., Higuchi, W., Takano, T., Isobe, H., Baranovich, T., Kobayashi, S., 
Uchiyama, M., Tanabe, Y., Itoh, M. & Yamamoto, T. (2008) Bacillus cereus nosocomial infection 
from reused towels in Japan. Journal of Hospital Infection, 69 (4), pp. 361-367. 

Donnelly, M.L., Fimlaid, K.A. & Shen, A. (2016) Characterization of Clostridium difficile spores 
lacking either SpoVAC or DPA Synthetase. Journal of Bacteriology, 198 (11). 

Donskey, C.J. (2010) Preventing Transmission of Clostridium difficile: Is the Answer Blowing in 
the Wind?. Clinical Infectious Diseases, 50 (11), pp. 1458-1461. 

Dubberke, E., Reske, K., Yan, Y., Olsen, M., McDonald, L. & Fraser, V. (2007) Clostridium 
difficile-associated disease in a setting of endemicity: Identification of novel risk factors. Clin 
Infect Dis, 45, pp. 1543. 

Dumford, D.M., Nerandzic, M.M., Eckstein, B.C. & Donskey, C.J. (2009) What is on that 
keyboard? Detecting hidden environmental reservoirs of Clostridium difficile during an 
outbreak associated with North American pulsed-field gel electrophoresis type 1 strains. 
American Journal of Infection Control, 37 (1), pp. 15-19. 

Dyas, A. & Das, B.C. (1985) The activity of glutaraldehyde against Clostridium difficile. Journal 

of Hospital Infection. 6 (1), pp. 41-45. 

Echaiz, J.F., Veras, L., Zervos, M., Dubberke, E. & Johnson, L. (2014) Hospital roommates and 
development of health care–onset Clostridium difficile infection. American Journal of Infection 
Control, 42 (10), pp. 1109-1111. 

Eckstein, B., Adams, D., Eckstein, E., Rao, A., Sethi, A., Yadavalli, G. & Donskey, C. (2007) 
Reduction of Clostridium difficile and vancomycin-resistant Enterococcus contamination of 
environmental surfaces after an intervention to improve cleaning methods. BMC Infectious 
Diseases, 7 (1), pp. 61. 

Edwards, A.N., Karim, S.T., Pascual, R.A., Jowhar, L.M., Anderson, S.E. & McBride, S.M. (2016) 
Chemical and stress resistances of Clostridium difficile spores and vegetative cells. Frontiers in 
Microbiology, 7, pp. 1698. 



239 
 

Edwards, A.N., Suarez, J.M. & McBride, S.M. (2013) Culturing and maintaining Clostridium 
difficile in an anaerobic environment. Journal of Visualized Experiments, (79), pp. e50787-
e50787. 

Errington, J. (1993) Bacillus subtilis sporulation: regulation of gene expression and control of 
morphogenesis. Microbiological Reviews, 57 (1), pp. 1-33. 

Escobar-Cortés, K., Barra-Carrasco, J. & Paredes-Sabja, D. (2013) Proteases and sonication 
specifically remove the exosporium layer of spores of Clostridium difficile strain 630. Journal of 
Microbiological Methods, 93 (1), pp. 25-31. 

European Textile Services Association (2015) Sustainability and corporate responsibility in the 
textile services industry. 

Evans, C. & Safdar, N. (2015) Current trends in epidemiology and outcomes of Clostridium 
difficile infection. Clinical Infectious Diseases, 60, pp. S66-S71. 

Eyre, D.W., Cule, M.L., Wilson, D.J., Griffiths, D., Vaughan, A., O'Connor, L., Ip, C.L.C., 
Golubchik, T., Batty, E.M., Finney, J.M., Wyllie, D.H., Didelot, X., Piazza, P., Bowden, R., Dingle, 
K.E., Harding, R.M., Crook, D.W., Wilcox, M.H., Peto, T.E.A. & Walker, A.S. (2013) Diverse 
sources of Clostridium difficile infection identified on whole-genome sequencing. N Engl J Med, 
369 (13), pp. 1195-1205. 

Faille, C., Julien, C., Fontaine, F., Bellon-Fontaine, M., Slomianny, C. & Benezech, T. (2002) 
Adhesion of Bacillus spores and Escherichia coli cells to inert surfaces: role of surface 
hydrophobicity. Canadian Journal of Microbiology, 48, pp. 728-738. 

Faille, C., Lequette, Y., Ronse, A., Slomianny, C., Garénaux, E. & Guerardel, Y. (2010) 
Morphology and physico-chemical properties of Bacillus spores surrounded or not with an 
exosporium: Consequences on their ability to adhere to stainless-steel. International Journal of 
Food Microbiology, 143 (3), pp. 125-135. 

Fawley, W.N. & Wilcox, M.H. (2011) An enhanced DNA fingerprinting service to investigate 28 
potential Clostridium difficile infection case clusters sharing the same PCR-ribotype. J Clin 
Microbiol, 49, pp. 4333-4337. 

Fawley, W.N., Underwood, S., Freeman, J., Baines, S.D., Saxton, K., Stephenson, K., Owens, R.C. 
& Wilcox, M.H. (2007) Efficacy of hospital cleaning agents and germicides against epidemic 
Clostridium difficile strains 28 (8), pp. 920-925. 

Ferraris, R.P., Yasharpour, S., Lloyd, K.C., Mirzayan, R. & Diamond, J.M. (1990) Luminal glucose 
concentrations in the gut under normal conditions. American Journal of Physiology, 259 (G), 
pp. 822-837. 

Fijan, S., Sostar-Turk, S. & Cencic, A. (2005) Implementing hygiene monitoring systems in 
hospital laundries in order to reduce microbial contamination of hospital textiles. Journal of 
Hospital Infection, 61 (1), pp. 30-38. 



240 
 

Fijan, S. & Å ostar Turk, S. (2012) Hospital Textiles, Are They a Possible Vehicle for Healthcare-
Associated Infections?. International Journal of Environmental Research and Public Health, 9 
(9), pp. 3330-3343. 

Fijan, S., Poljsak-Prijatelj, M., Steyer, A., Koren, S., Cencic, A. & Sostar-Turk, S. (2006) Rotaviral 
RNA found in wastewaters from hospital laundry. International Journal of Hygiene and 
Environmental Health, 209 (1), pp. 97-102. 

Fijan, S., Steyer, A., Poljšak-Prijatelj, M., Cencič, A., Šostar-Turk, S. & Koren, S. (2008) Rotaviral 
RNA found on various surfaces in a hospital laundry. Journal of Virological Methods, 148 (1–2), 
pp. 66-73. 

Flint, S.H., Brooks, J.D. & Bremer, P.J. (2000) Properties of the stainless-steel substrate, 
influencing the adhesion of thermo-resistant streptococci. Journal of Food Engineering, 43 (4), 
pp. 235-242. 

Fraise, A. (2015) Sporicides for Clostridium difficile – do they do what it says on the tin?. 
Journal of Hospital Infection, 89 (1), pp. 1. 

Fraise, A. (2011) Currently available sporicides for use in healthcare, and their limitations. 
Journal of Hospital Infection, 77 (3), pp. 210-212. 

Fraise, A., Wilkinson, M.A.C., Bradley, C.R., Paton, S., Walker, J., Maillard, J.-., Wesgate, R.L., 
Hoffman, P., Coia, J., Woodall, C., Fry, C. & Wilcox, M. (2015) Development of a sporicidal test 
method for Clostridium difficile. Journal of Hospital Infection, 89 (1), pp. 2-15. 

Francis, M.B., Allen, C.A., Shrestha, R. & Sorg, J.A. (2013) Bile acid recognition by the 
Clostridium difficile germinant receptor, CspC, is important for establishing infection. PLOS 
Pathogens, 9 (5), pp. e1003356. 

Freeman, J. & Wilcox, M.H. (2003) The effects of storage conditions on viability of Clostridium 
difficile vegetative cells and spores and toxin activity in human faeces 56, pp. 126-128. 

Furuya-Kanamori, L., Marquess, J., Yakob, L., Riley, T.V., Paterson, D.L., Foster, N.F., Huber, C.A. 
& Clements, A.C.A. (2015) Asymptomatic Clostridium difficile colonization: epidemiology and 
clinical implications. BMC Infectious Diseases, 15, pp. 516. 

Garey, K.W., Jiang, Z., Yadav, Y., Mullins, B., Wong, K. & Dupont, H.L. (2008) Peripartum 
Clostridium difficile infection: case series and review of the literature. American Journal of 
Obstetrics and Gynecology, 199 (4), pp. 332-337. 

Garg, S., Mirza, Y.R., Girotra, M., Kumar, V., Yoselevitz, S., Segon, A. & Dutta, S.K. (2013) 
Epidemiology of Clostridium difficile-associated disease (CDAD): A shift from hospital-acquired 
infection to long-term care facility-based Infection. Digestive Diseases and Sciences, 58 (12), 
pp. 3407-3412. 

Genest, P.C., Setlow, B., Melly, E. & Setlow, P. (2002) Killing of spores of Bacillus subtilis by 

peroxynitrite appears to be caused by membrane damage. Microbiology, 148 (1), pp. 307-314.  



241 
 

Gerding, D.N. & Lessa, F.C. (2015) The epidemiology of Clostridium difficile infection inside and 
outside health care institutions. Infectious Disease Clinics of North America, 29 (1), pp. 37-50. 

Ghadaksaz, A., Imani Fooladi, A.A., Hosseini, H.M. and Amin, M. (2015) The prevalence of some 
Pseudomonas virulence genes related to biofilm formation and alginate production among 
clinical isolates. Journal of Applied Biomedicine, 13 (1), pp. 61-68.  

Ghose, C., Eugenis, I., Edwards, A.N., Sun, X., McBride, S.M. & Ho, D.D. (2016) Immunogenicity 
and protective efficacy of Clostridium difficile spore proteins. Anaerobe, 37, pp. 85-95. 

Ghosh, S. & Setlow, P. (2009) Isolation and characterization of superdormant spores of 
Bacillus species. Journal of Bacteriology, 191 (6), pp. 1787-1797. 

Giel, J.L., Sorg, J.A., Sonenshein, A.L. & Zhu, J. (2010) Metabolism of bile salts in mice influences 
spore germination in Clostridium difficile. PLoS ONE, 5, pp. e8740. 

Gil, F., Lagos-Moraga, S., Calderón-Romero, P., Pizarro-Guajardo, M. & Paredes-Sabja, D. 
(2017) Updates on Clostridium difficile spore biology. Anaerobe, 45, pp. 3-9. 

Gonzalez, E.A., Nandy, P., Lucas, A.D. & Hitchins, V.M. (2017) Designing for cleanability: The 
effects of material, surface roughness, and the presence of blood test soil and bacteria on 
devices. American Journal of Infection Control, 45 (2), pp. 194-196. 

Gonzalez, I., Lopez, M., Mazas, M., Gonzalez, J. & Bernardo, A. (1995) The effect of recovery 
conditions on the apparent heat resistance of Bacillus cereus spores. The Journal of Applied 
Bacteriology, 78 (5), pp. 548-554. 

Goorhuis, A., Van der Kooi, T., Vaessen, N., Dekker, F., Van den Berg, R., Harmanus, C., van den 
Hof, S., Notermans, D. & Kuijper, E. (2007) Spread and epidemiology of Clostridium difficile 
polymerase chain reaction ribotype 027/toxinotype III in the Netherlands. Clinical Infectious 
Diseases, 45 (6), pp. 695. 

Goudarzi, M., Seyedjavadi, S.S., Goudarzi, H., Mehdizadeh Aghdam, E. & Nazeri S. (2014) 

Clostridium difficile infection: epidemiology, pathogenesis, risk factors, and therapeutic 

options. Scientifica, (2014). 

Guilleman, I., Marrel, A., Lambert, J., Beriot-Mathiot, A., Doucet, C., Kazoglou, O., 
Luxemburger, C. & Reygrobellet, C. & Arnould, B. (2014) Patient's experience and perception 
of hospital-treated Clostridium difficile infections: A qualitative study. Patient-Patient Centred 
Outcomes Research, 7 (1), pp. 97-105. 

Gupta, P., Bairagi, N., Priyadarshini, R., Singh, A., Chauhan, D. & Gupta, D. (2016) Bacterial 
contamination of nurses' white coats made from polyester and polyester cotton blend fabrics. 
Journal of Hospital Infection, 94 (1), pp. 92-94. 

Gupta, S.B. & Dubberke, E.R. (2014) Overview and changing epidemiology of Clostridium 
difficile infection. Seminars in Colon and Rectal Surgery, 25 (3), pp. 118-123. 



242 
 

Hall, I.C. & O'Toole, E. (1935) Intestinal flora in new-born infants: With a description of a new 
pathogenic anaerobe, Bacillus difficilis. American Journal of Diseases of Children, 49 (2), pp. 
390-402. 

Hansen, S., Stamm-Balderjahn, S., Zuschneid, I., Behnke, M., Rüden, H., Vonberg, R.P. & 
Gastmeier, P. (2007) Closure of medical departments during nosocomial outbreaks: data from 
a systematic analysis of the literature. Journal of Hospital Infection, 65 (4), pp. 348-353. 

Hasan, J., Japal, K.M., Christensen, E.R. & Samalot-Friere, L.C. (2011) In vitro production of 
Clostridium difficile spores for use in the efficacy evaluation of disinfectants: a precollaborative 
investigation. Aoac, 91 (1), pp. 259-274. 

Heeg, D., Burns, D.A., Cartman, S.T. & Minton, N.P. (2012) Spores of Clostridium difficile clinical 
isolates display a diverse germination response to bile salts. Plos One, 7 (2), pp. e32381. 

Hellickson, L.A. & Owens, K.L. (2007) Cross-contamination of Clostridium difficile spores on bed 
linen during laundering. American Journal of Infection Control, 35 (5), pp. E32-E33. 

Henriques, A.O. & Moran, C.P.,Jr (2007) Structure, assembly, and function of the spore surface 
layers. Annual Review of Microbiology, 61, pp. 555-588. 

Hentzer, M., Teitzel, G.M., Balzer, G.J., Heydorn, A., Molin, S., Givskov, M. & Parsek, M.R. 
(2001) Alginate overproduction affects Pseudomonas aeruginosa biofilm structure and 
function. Journal of Bacteriology, 183 (18), pp. 5395-5401. 

Higgins, D. & Dworkin, J. (2012) Recent progress in Bacillus subtilis sporulation. FEMS 
Microbiology Reviews, 36 (1), pp. 131-148. 

Honisch, M., Stamminger, R. & Bockmühl, D.P. (2014) Impact of wash cycle time, temperature 
and detergent formulation on the hygiene effectiveness of domestic laundering. Journal of 
Applied Microbiology, 117, pp. 1787–1797. 

Honisch, M., Weide, M.R., Speckmann, D. & Bockmühl, D.P. (2016) Antimicrobial efficacy of 
laundry detergents with regard to time and temperature in domestic washing 
machines. Tenside Surfactants Detergents, 53, pp. 547–552. 

Hoover, D.G. & Rodriguez-Palacios, A. (2013) Transmission of Clostridium difficile in foods. 
Infectious Disease Clinics of North America, 27 (3), pp. 675-685. 

Horejsh, D. & Kampf, G. (2011) Efficacy of three surface disinfectants against spores of 
Clostridium difficile ribotype 027. International Journal of Hygiene and Environmental Health, 
214 (2), pp. 172-174. 

Janezic, S. & Rupnik, M. (2015) Genomic diversity of Clostridium difficile strains. Research in 
Microbiology, 166 (4), pp. 353-360. 

Johnson, A. (2008) The Health and Social Care Act. London, UK Available from: 
http://www.legislation.gov.uk/ukpga/2008/14/pdfs/ukpga_20080014_en.pdf [Accessed 
10/05/2017]. 

http://www.legislation.gov.uk/ukpga/2008/14/pdfs/ukpga_20080014_en.pdf


243 
 

Jones, A.M., Kuijper, E.J. & Wilcox, M.H. (2013) Clostridium difficile: A European perspective. 
Journal of Infection, 66 (2), pp. 115-128. 

Joshi, L.T., Phillips, D.S., Williams, C.F., Alyousef, A. & Baillie, L. (2012) Contribution of spores to 
the ability of Clostridium difficile to adhere to surfaces. Applied and Environmental 
Microbiology, 78 (21), pp. 7671-7679. 

Jullian-Desayes, I., Landelle, C., Mallaret, M., Brun-Buisson, C. & Barbut, F. (2017) Clostridium 
difficile contamination of health care workers' hands and its potential contribution to the 
spread of infection: Review of the literature. American Journal of Infection Control, 45 (1), pp. 
51-58. 

Jullien, C., Bénézech, T., Carpentier, B., Lebret, V. & Faille, C. (2003) Identification of surface 
characteristics relevant to the hygienic status of stainless-steel for the food industry. Journal of 
Food Engineering, 56 (1), pp. 77-87. 

Jump, R.L.P., Pultz, M.J. & Donskey, C.J. (2007) Vegetative Clostridium difficile survives in room 
air on moist surfaces and in gastric contents with reduced acidity: a potential mechanism to 
explain the association between proton pump inhibitors and C. difficile-associated diarrhoea?. 
Antimicrobial Agents and Chemotherapy, 51, pp. 2883-2887. 

Kaatz, G., Gitlin, S., Schaberg, D., Wilson, K., Kauffman, C., Seo, S. & Fekety, R. (1988) 
Acquisition of Clostridium difficile from the hospital environment. American Journal of 
Epidemiology, 127 (6), pp. 1289. 

Kachrimanidou, M. & Malislovas, N. (2011) Clostridium difficile infection: a comprehensive 
review. Critical Reviews in Microbiology, 37, pp. 178-187. 

Karas, J.A., Enoch, D.A. & Aliyu, S.H. (2010) A review of mortality due to Clostridium difficile 
infection. Journal of Infection, 61 (1), pp. 1-8. 

Katsikogianni, M. & Missirlis, Y.F. (2004) Concise review of mechanisms of bacterial adhesion 

to biomaterials and of techniques used in estimating bacteria-material interactions. European 

Cells and Materials. 8, pp. 37-57.     

Khanafer, N., Voirin, N., Barbut, F., Kuijper, E. & Vanhems, P. (2015) Hospital management of 
Clostridium difficile infection: a review of the literature. Journal of Hospital Infection, 90 (2), 
pp. 91-101. 

Khanna, S. & Pardi, D.S. (2010) The growing incidence and severity of Clostridium difficile 
infection in inpatient and outpatient settings. Expert Reviews in Gastroenterology and 
Hepatology, 4 (4), pp. 409-416. 

Kim, J.H., Toy, D. & Muder, R.R. (2011) Clostridium difficile infection in a long-term care facility: 
hospital-associated illness compared with long-term care-associated illness. Infection Control & 
Hospital Epidemiology, 32 (7), pp. 656-660. 



244 
 

Kim, K., Fekety, R., Batts, D., Brown, D., Cudmore, M., Silva, J. & Waters, D. (1981) Isolation of 
Clostridium difficile from the environment and contacts of patients with antibiotic-associated 
colitis. Journal of Infectious Diseases, 143 (1), pp. 42. 

Knight, N., Strait, T., Anthony, N., Lovell, R., Norton, H.J., Sautter, R. & Scobey, M. (2010) 
Clostridium difficile colitis: A retrospective study of incidence and severity before and after 
institution of an alcohol-based hand rub policy. American Journal of Infection Control, 38 (7), 
pp. 523-528. 

Koenigsknecht, M.J., Theriot, C.M., Bergin, I.L., Schumacher, C.A., Schloss, P.D. & Young, V.B. 
(2015) Dynamics and establishment of Clostridium difficile infection in the murine 
gastrointestinal tract. Infection and Immunity, 83 (3), pp. 934-941. 

Kolli, S., Mallipedhi, A., Thomas, R. & Reddy, M.K. (2009) Injudicious antibiotic use leading to 
fulminating Clostridium difficile infection: a case report. Cases Journal, 2 (1), pp. 7978. 

Kort, R., O'Brien, A.C., van Stokkum, I.H.M., Oomes, S.J.C.M., Crielaard, W., Hellingwerf, K.J. & 
Brul, S. (2005) Assessment of heat resistance of bacterial spores from food product isolates by 
fluorescence monitoring of dipicolinic acid release. Applied and Environmental Microbiology, 
71 (7), pp. 3556-3564. 

Kwon, J.H., Olsen, M.A. & Dubberke, E.R. (2015) The morbidity, mortality and costs associated 
with Clostridum diffcile infection. Infectious Disease Clinics of North America, 29 (1), pp. 123-
134. 

Landelle, C., Verachten, M., Legrand, P., Girou, E., Barbut, F. & Buisson, C.B. (2014) 
Contamination of healthcare workers’ hands with Clostridium difficile spores after caring for 
patients with C. difficile infection. Infection Control and Hospital Epidemiology, 35 (1), pp. 10-
15. 

Langley, J.M., LeBlanc, J.C., Hanakowski, M. & Goloubeva, O. (2002) The role of Clostridium 
difficile and viruses as causes of nosocomial diarrhoea in children. Infection Control and 
Hospital Epidemiology, 23 (11), pp. 660-664. 

Larson, H.E., Price, A.B. & Borriello, S.P. (1980) Epidemiology of experimental enterocecitis due 
to Clostridium difficile. The Journal of Infectious Diseases, 142 (3), pp. 408-413. 

Larson, H.E., Price, A.B., Honour, P. & Borellio, S.P. (1978) Clostridium difficile and the aetiology 
of pseudomembranous colitis. Lancet, 1, pp. 1063-1066. 

Lawley, T.D., Clare, S., Deakin, L.J., Goulding, D., Yen, J.L., Raisen, C., Brandt, C., Lovell, J., 
Cooke, F., Clark, T.G. & Dougan, G. (2010) Use of purified Clostridium difficile spores to 
facilitate evaluation of health care disinfection regimens. Applied and Environmental 
Microbiology, 76 (20), pp. 6895-6900. 

Lawley, T.D., Croucher, N.J., Yu, L., Clare, S., Sebaihia, M., Goulding, D., Pickard, D.J., Parkhill, J., 
Choudhary, J. & Dougan, G. (2009) Proteomic and genomic characterization of highly infectious 
Clostridium difficile 630 spores. Journal of Bacteriology, 191 (17), pp. 5377-5386. 



245 
 

Lawley, T.D. & Young, V.B. (2013) Murine models to study Clostridium difficile infection and 
transmission. Anaerobe, 24, pp. 94-97. 

Le Monnier, A., Zahar, J. & Barbut, F. (2014) Update on Clostridium difficile infections. 
Médecine et Maladies Infectieuses, 44 (8), pp. 354-365. 

Lee, L. & Cohen, S.H. (2013) Community-acquired Clostridium difficile infection: an emerging 
problem. Current Emergency and Hospital Medicine Reports, 1 (3), pp. 149-153. 

Leggett, M.J., McDonnell, G., Denyer, S.P., Setlow, P. & Maillard, J. (2012) Bacterial spore 

structures and their protective role in biocide resistance. Journal of Applied Microbiology. 113 

(3), pp. 485-498.  

Leishman, O.N., Labuza, T.P. & Diez-Gonzalez, F. (2010) Hydrophobic properties and extraction 
of Bacillus anthracis spores from liquid foods. Food Microbiology, 27 (5), pp. 661-666. 

Lequette, Y., Garénaux, E., Tauveron, G., Dumez, S., Perchat, S., Slomianny, C., Lereclus, D., 
Guérardel, Y. & Faille, C. (2011) Role played by exosporium glycoproteins in the surface 
properties of Bacillus cereus spores and in their adhesion to stainless-steel. Applied and 
Environmental Microbiology, 77 (14), pp. 4905-4911. 

Li, Z., Hwang, S. & Bar-Peled, M. (2016) Discovery of a unique extracellular polysaccharide in 
members of the pathogenic Bacillus that can co-form with spores. Journal of Biological 
Chemistry, 291 (36), pp. 19051-19067. 

Loshon, C.A., Melly, E., Setlow, B. & Setlow, P. (2001) Analysis of the killing of spores of Bacillus 

subtilis by a new disinfectant, Sterilox®. Journal of Applied Microbiology, 91, pp. 1051-1058. 

Luu-Thi, H., Khadka, D.B. & Michiels, C.W. (2014) Thermal inactivation parameters of spores 
from different phylogenetic groups of Bacillus cereus. International Journal of Food 
Microbiology, 189 (Supplement C), pp. 183-188. 

MacDonald, K., Bishop, J., Dobbyn, B., Kibsey, P. & Alfa, M.J. (2016) Reproducible elimination 
of Clostridium difficile spores using a clinical area washer disinfector in 3 different health care 
sites. American Journal of Infection Control, 44 (7), pp. e107-e111. 

Mackay, W.G., Whitehead, S., Purdue, N., Smith, M., Redhead, N., Williams, C. & Wilson, S. 
(2017) Infection control implications of the laundering of ambulance staff uniforms and 
reusable mops. Journal of Hospital Infection, 96 (1), pp. 59-62. 

Madeo, M. & Boyack, M. (2010) Using the lived experiences of patients with Clostridium 
difficile infection to improve care. Nursing Times, 106 (36). 

Maillard (2016) Chapter 37 - Testing the Effectiveness of Disinfectants and Sanitizers. In: 
Lelieveld, H., Holah, J. and Gabrić, D. (eds.) Handbook of Hygiene Control in the Food Industry 
(Second Edition)San Diego: Woodhead Publishing, pp. 569-586. 

Maillard, J.Y. (2011) Innate resistance to sporicides and potential failure to decontaminate. 
Journal of Hospital Infection, 77 (3), pp. 204-209. 

https://www.sciencedirect.com/science/journal/0399077X


246 
 

Maillard, J.Y. (2002) Bacterial target sites for biocide action. Journal of Applied Microbiology, 
92, pp. 16S-27S.                                                                                                                                                                                               

Marsh, J.W., O'Leary, M.M., Shutt, K.A., Pasculle, A.W., Johnson, S., Gerding, D.N., Muto, C.A. & 
Harrison, L.H. (2006) Multilocus variable-number tandem-repeat analysis for investigation of 
Clostridium difficile transmission in hospitals. Journal of Clinical Microbiology, 44 (7), pp. 2558-
2566. 

Mayfield, J.L., Leet, T., Miller, J. & Mundy, L.M. (2000) Environmental control to reduce 
transmission of Clostridium difficile. Clinical Infectious Diseases, 31 (4), pp. 995. 

McDonald, L.C., Killgore, G.E., Thompson, A., Owens, R.C., Kazakova, S.V., Sambol, S.P., 
Johnson, S. & Gerding, D.N. (2005) An epidemic, toxin gene–variant strain of Clostridium 
difficile. N Engl J Med, 353 (23), pp. 2433-2441. 

McDonnell, G. & Russell, A.D. (1999) Antiseptics and disinfectants: activity, action, and 
resistance. Clinical Microbiology Reviews, 12 (1), pp. 147-179. 

McFarland, L.V., Mulligan, M.E., Kwok, R.Y.Y. & Stamm, W.E. (1990a) Nosocomial acquisition of 
Clostridium difficile infection. American Journal of Infection Control, 18 (1), pp. 52. 

McFarland, L.V., Beneda, H.W., Clarridge, J.E. & Raugi, G.J. (2007) Implications of the changing 
face of Clostridium difficile disease for health care practitioners. American Journal of Infection 
Control, 35 (4), pp. 237-253. 

McFarland, L.V., Surawicz, C.M. & Stamm, W.E. (1990b) Risk factors for Clostridium 
difficile carriage and C. difficile-associated diarrhoea in a cohort of hospitalized patients. 
Journal of Infectious Diseases, 162 (3), pp. 678-684. 

Mckenney, P.T., Driks, A. & Eichenberger, P. (2013) The Bacillus subtilis endospore: Assembly 
and functions of the multilayered coat. Nature Reviews Microbiology, 11 (1), pp. 33-44. 

Merrigan, M., Venugopal, A., Mallozzi, M., Roxas, B., Viswanathan, V.K., Johnson, S., Gerding, 
D.N. & Vedantam, G. (2010) Human hypervirulent Clostridium difficile strains exhibit increased 
sporulation as well as robust toxin production. Journal of Bacteriology, 192 (19), pp. 4904-
4911. 

Miller, A.C., Polgreen, L.A., Cavanaugh, J.E. & Polgreen, P.M. (2016) Hospital Clostridium 
difficile infection (CDI) incidence as a risk factor for hospital-associated CDI. American Journal 
of Infection Control, 44 (7), pp. 825-829. 

Mitchell, A., Spencer, M. & Edmiston Jr., C. (2015) Role of healthcare apparel and other 
healthcare textiles in the transmission of pathogens: a review of the literature. Journal of 
Hospital Infection, 90 (4), pp. 285-292. 

Mitchell, B. & Gardner, A. (2012) Mortality and Clostridium difficile infection: a review. 
Antimicrobial Resistance and Infection Control, 1 (1), pp. 20. 



247 
 

Mulligan, M., Rolfe, R., Finegold, S. & George, W. (1979) Contamination of a hospital 
environment by Clostridium difficile. Current Microbiology, 3 (3), pp. 173-175. 

Mutters, R., Nonnenmacher, C., Susin, C., Albrecht, U., Kropatsch, R. & Schumacher, S. (2009) 
Quantitative detection of Clostridium difficile in hospital environmental samples by real-time 
polymerase chain reaction. Journal of Hospital Infection, 71 (1), pp. 43-48. 

Navaneethan, U. & Giannella, R. (2009) Thinking beyond the colon-small bowel involvement in 
Clostridium difficile infection. Gut Pathogens, 1 (1), pp. 7. 

Neumann-Schaal, M., Hofmann, J.D., Will, S.E. & Schomburg, D. (2015) Time-resolved amino 
acid uptake of Clostridium difficile 630Δerm and concomitant fermentation product and toxin 
formation. BMC Microbiology, 15, pp. 281. 

NHS England (2016) Clostridium difficile infection objectives for NHS organisations in 2016/17 
and guidance on sanction implementation. 

O'Connor, J.R., Johnson, S. & Gerding, D.N. (2009) Clostridium difficile infection caused by the 
epidemic BI/NAP1/027 strain. Gastroenterology, 136 (6), pp. 1913-1924. 

OFNS (2013) Deaths involving Clostridium dfificile - reference tables 1999 and 2001 to 2012. 
[Online] Office for national statistics. 
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/
bulletins/deathsinvolvingclostridiumdifficileenglandandwales/2013-08-22 [Accessed 1/10/13]. 

Orr, K.E., Holliday, M.G., Jones, A.L., Robson, I. & Perry, J.D. (2002) Survival of enterococci 
during hospital laundry processing. Journal of Hospital Infection, 50 (2), pp. 133-139. 

Orsburn, B., Melville, S.B. & Popham, D.L. (2008) Factors contributing to heat resistance of 
Clostridium perfringens endospores. Applied and Environmental Microbiology, 74 (11), pp. 
3328-3335. 

Panessa-Warren, B.J., Tortora, G.T. & Warren, J.B. (1997) Exosporial membrane plasticity of 
Clostridium sporogenes and Clostridium difficile. Tissue and Cell, 29 (4), pp. 449-461. 

Panessa-Warren, B.J., Tortora, G.T. & Warren, J.B. (2007) High resolution FESEM and TEM 
reveal bacterial spore attachment. Microscopy and Microanalysis, 13 (4), pp. 251-266. 

Paredes-Sabja, D. & Sarker, M.R. (2012) Adherence of Clostridium difficile spores to Caco-2 
cells in culture. Journal of Medical Microbiology, 61, pp. 1208-1218. 

Paredes-Sabja, D., Shen, A. & Sorg, J.A. (2014) Clostridium difficile spore biology: sporulation, 
germination, and spore structural proteins. Trends in Microbiology, 22 (7), pp. 406-416. 

Patel, S.N., Murray-Leonard, J. & Wilson, A.P.R. (2006) Laundering of hospital staff uniforms at 
home. Journal of Hospital Infection, 62 (1), pp. 89-93. 

https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/deathsinvolvingclostridiumdifficileenglandandwales/2013-08-22
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/bulletins/deathsinvolvingclostridiumdifficileenglandandwales/2013-08-22


248 
 

Pepin, J., Valiquette, L., Alary, M., Villemure, P., Pelletier, A., Forget, K., Pepin, K. & Chouinard, 
D. (2004) Clostridium difficile-associated diarrhoea in a region of Quebec from 1991 to 2003: a 
changing pattern of disease severity. Can Med Assoc J, 171 (5), pp. 466. 

Pereira, F.C., Saujet, L., Tomé, A.R., Serrano, M., Monot, M., Couture-Tosi, E., Martin-
Verstraete, I., Dupuy, B. & Henriques, A.O. (2013) The Spore Differentiation Pathway in the 
Enteric Pathogen Clostridium difficile. PLoS Genetics, 9 (10). 

Perez, J. & Springthorpe, V.S. & .S., S.A. (2011) Clospore: A liquid medium for producing high 
titers of semi-purified spores of Clostridium difficile. Journal of AOAC International, 94 (2), pp. 
618-626. 

Perry, C., Marshall, R. & Jones, E. (2001) Bacterial contamination of uniforms. Journal of 
Hospital Infection, 48 (3), pp. 238-241. 

Pizarro-Guajardo, M., Olguin-Araneda, V., Barra-Carrasco, J., Brito-Silva, C., Sarker, M.R. & 
Paredes-Sabja, D. (2014) Characterization of the collagen-like exosporium protein, BclA1, of 
Clostridium difficile spores. Anaerobe, 25, pp. 18-30. 

Pizarro-Guajardo, M., Calderón-Romero, P., Castro-Córdova, P., Mora-Uribe, P. & Paredes-
Sabja, D. (2016) Ultrastructural variability of the exosporium layer of Clostridium difficile 
spores. Applied and Environmental Microbiology, 82, pp. 5892-5898. 

Plowman, R., Graves, N., Griffin, M.A.S., Roberts, J.A., Swan, A.V., Cookson, B. & Taylor, L. 
(2001) The rate and cost of hospital-acquired infections occurring in patients admitted to 
selected specialties of a district general hospital in England and the national burden imposed. 
Journal of Hospital Infection, 47 (3), pp. 198-209. 

Polage, C.R., Chin, D.L., Leslie, J.L., Tang, J., Cohen, S.H. & Solnick, J.V. (2012) Outcomes in 
patients tested for Clostridium difficile toxins. Diagnostic Microbiology and Infectious Disease, 
74 (4), pp. 369-373. 

Ponnada, S., Guerrero, D., Jury, L., Nerandzic, M., Cadnum, J., Alam, M., & Donskey, C. (2017) 
Acquisition of Clostridium difficile colonization and infection after transfer from a veterans’ 
affairs hospital to an affiliated long-term care facility. Infection Control & Hospital 
Epidemiology, 38 (9).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

Public Health England (2017) Monthly counts of trust apportioned Clostridium difficile (C. 
difficile) infections by NHS acute trust in patients aged 2 years and over. November ed. London, 
UK: Public Health England. Available from: 
https://www.gov.uk/government/statistics/clostridium-difficile-infection-monthly-data-by-
nhs-acute-trust [Accessed 04/12/2017]. 

Public Health England (2016) Annual Epidemiological Commentary: Mandatory MRSA, MSSA 
and E. coli bacteraemia and C. difficile infection data 2015/16. 

Richardson, C., Kim, P., Lee, C., Bersenas, A. & Weese, J.S. (2015) Comparison of Clostridium 
difficile isolates from individuals with recurrent and single episode of infection. Anaerobe, 33, 
pp. 105-108. 

https://www.gov.uk/government/statistics/clostridium-difficile-infection-monthly-data-by-nhs-acute-trust
https://www.gov.uk/government/statistics/clostridium-difficile-infection-monthly-data-by-nhs-acute-trust


249 
 

Riggs, M.M., Sethi, A.K., Zabarsky, T.F., Eckstein, E.C., Jump, R.L.P. & Donskey, C.J. (2007) 
Asymptomatic carriers are a potential source for transmission of epidemic and nonepidemic 
Clostridium difficile strains among long-term care facility residents. Clinical Infectious Diseases, 
45 (8), pp. 992-998. 

Roberts, K., Smith, C., Snelling, A., Kerr, K., Banfield, K., Sleigh, P.A. & Beggs, C. (2008) Aerial 
dissemination of Clostridium difficile spores. BMC Infectious Diseases, 8 (1), pp. 7. 

Rodriguez-Palacios, A., Ilic, S. & LeJeune, J.T. (2016) Subboiling moist heat favors the selection 
of enteric pathogen Clostridium difficile PCR ribotype 078 spores in food. The Canadian Journal 
of Infectious Diseases & Medical Microbiology, 2016/1462405. 

Rodriguez-Palacios, A. & LeJeune, J.T. (2011) Moist-heat resistance, spore aging, and 
superdormancy in Clostridium difficile. Applied and Environmental Microbiology, 77 (9), pp. 
3085-3091. 

Rodriguez-Palacios, A., Reid-Smith, R.J., Staempfli, H.R. & Weese, J.S. (2010) Clostridium 
difficile survives minimal temperature recommended for cooking ground meats. Anaerobe, 16 
(5), pp. 540-542. 

Rouphael, N.G., O'Donnell, J.A., Bhatnagar, J., Lewis, F., Polgreen, P.M., Beekmann, S., Guarner, 
J., Killgore, G.E., Coffman, B., Campbell, J., Zaki, S.R. & McDonald, L.C. (2008) Clostridium 
difficile-associated diarrhoea: an emerging threat to pregnant women. American Journal of 
Obstetrics and Gynecology, 198 (6), pp. 635.e1-635.e6. 

Rupnik, M. (2007) Is Clostridium difficile-associated infection a potentially zoonotic and 
foodborne disease?. Clinical Microbiology and Infection, 13 (5), pp. 457-459. 

Rusin, P., Maxwell, S. & Gerba, C. (2002) Comparative surface-to-hand and fingertip-to-mouth 
transfer efficiency of gram-positive bacteria, gram-negative bacteria, and phage. Journal of 
Applied Microbiology, 93 (4), pp. 585-592. 

Russell, A.D. (1998) Assesssment of sporicidal efficacy. International Biodeterioration & 
Biodegradation, 41 (3-4), pp. 281-287. 

Safdar, N. & Maki, D.G. (2002) The commonality of risk factors for nosocomial colonization and 
infection with antimicrobial-resistant Staphylococcus aureus, Enterococcus, Gram-negative 
Bacilli, Clostridium difficile and Candida. Annals of Internal Medicine, 136 (11), pp. 834-844. 

Samore, M.H., Venkataraman, L., DeGirolami, P.C., Arbeit, R.D. & Karchmer, A.W. (1996) 
Clinical and molecular epidemiology of sporadic and clustered cases of nosocomial Clostridium 
difficile diarrhoea. The American Journal of Medicine, 100 (1), pp. 32-40. 

Sasahara, T., Hayashi, S., Morisawa, Y., Sakihama, T., Yoshimura, A. & Hirai, Y. (2011) Bacillus 
cereus bacteremia outbreak due to contaminated hospital linens. European Journal of Clinical 
Microbiology & Infectious Diseases, 30 (2), pp. 219-226. 



250 
 

Sasahara, T., Ae, R., Watanabe, M., Kimura, Y., Yonekawa, C., Hayashi, S. & Morisawa, Y. (2016) 
Contamination of healthcare workers' hands with bacterial spores. Journal of Infection and 
Chemotherapy, 22 (8), pp. 521-525. 

Sattar, S.A., Springthorpe, S., Mani, S., Gallant, M., Nair, R.C., Scott, E. & Kain, J. (2001) Transfer 
of bacteria from fabrics to hands and other fabrics: development and application of a 
quantitative method using Staphylococcus aureus as a model. Journal of Applied Microbiology, 
90 (6), pp. 962-970. 

Sattar, S.A. & Maillard, J. (2013) The crucial role of wiping in decontamination of high-touch 
environmental surfaces: Review of current status and directions for the future. American 
Journal of Infection Control, 41 (5, Supplement), pp. S97-S104. 

Scaria, J., Chen, J., Useh, N., He, H., McDonough, S.P., Mao, C., Sobral, B. & Chang, Y. (2014) 
Comparative nutritional and chemical phenome of Clostridium difficile isolates determined 
using phenotype microarrays. International Journal of Infectious Diseases, 27, pp. 20-25. 

Schoster, A., Arroyo, L., Staempfli, H., Shewen, P. & Weese, J. (2012) Presence and molecular 
characterization of Clostridium difficile and Clostridium perfringens in intestinal compartments 
of healthy horses. BMC Veterinary Research, 8 (1), pp. 94. 

Sehulster, L. & Chin, R.Y.W. (2004) Guidelines for Environmental Infection Control in Health-
Care Facilities   Recommendations of CDC and the Healthcare Infection Control Practices 
Advisory Committee (HICPAC). American Society for Healthcare Engineering/American Hospital 
Association. 

Setlow, P. (2006) Spores of Bacillus subtilis: their resistance to and killing by radiation, heat and 
chemicals. Journal of Applied Microbiology, 101 (3), pp. 514-525. 

Setlow, P. (2007) I will survive: DNA protection in bacterial spores. Trends in Microbiology, 15, 
pp. 172-180. 

Shaughnessy, M.K., Micielli, R.L., DePestel, D.P., Arndt, J., Strachan, C.L., Welch, K.B. & 
Chenoweth, C.E. (2011) Evaluation of hospital room assignment and acquisition of Clostridium 
difficile infection. Infection Control and Hospital Epidemiology, 32 (3), pp. 201-206. 

Sherertz, R.J. & Sarubbi, F.A. (1982) The prevalence of Clostridium difficile and toxin in a 
nursery population: A comparison between patients with necrotizing enterocolitis and an 
asymptomatic group. The Journal of Pediatrics, 100 (3), pp. 435-439. 

Shiomori, T., Miyamoto, H., Makishima, K., Yoshida, M., Fujiyoshi, T., Udaka, T., Inaba, T. & 
Hiraki, N. (2002) Evaluation of bedmaking-related airborne and surface methicillin-resistant 
Staphylococcus aureus contamination. Journal of Hospital Infection, 50 (1), pp. 30-35. 

Smith, J.A., Neil, K.R., Davidson, C.G. & Davidson, R.W. (1987) Effect of water temperature on 
bacterial killing in laundry. Infection Control, 8, pp. 204–209. 

Songer, J.G. & Anderson, M.A. (2006) Clostridium difficile: An important pathogen of food 
animals. Anaerobe, 12 (1), pp. 1-4. 



251 
 

Sooklal, S., Khan, A. & Kannangara, S. (2014) Hospital Clostridium difficile outbreak linked to 
laundry machine malfunction. American Journal of Infection Control, 42 (6), pp. 674-675. 

Sorg and S.S. Dineen (2009) Laboratory maintenance of Clostridium difficile. In: Current 
Protocols in MicrobiologyNew York: John Wiley, pp. Chapter 9. 

Sorg, J.A. & Sonenshein, J.L. (2008) Bile salts and glycine as cogerminants for Clostridium 
difficile spores. Journal of Bacteriology, 190 (7), pp. 2505-2512. 

Struelens, M.J., Maas, A., Nonhoff, C., Deplano, A., Rost, F., Serruys, E. & Delmee, M. (1991) 
Control of nosocomial transmission of Clostridium difficile based on sporadic case surveillance. 
The American Journal of Medicine, 91 (3), pp. S138-S144. 

Stubbs, S.L.J., Brazier, J.S., O'Neill, G.L. & Duerden, B.I. (1999) PCR targeted to the 16S-23S 
rRNA gene intergenic spacer region of Clostridium difficile and construction of a library 
consisting of 116 different PCR ribotypes. Journal of Clinical Microbiology, 37 (2), pp. 461-463. 

Sudhaus, N., Nagengast, H., Pina-Pérez, M.C., Martínez, A. & Klein, G. (2014) Effectiveness of a 
peracetic acid-based disinfectant against spores of Bacillus cereus under different 
environmental conditions. Food Control, 39, pp. 1-7. 

Takashima, M., Shirai, F., Sageshima, M., Ikeda, N., Okamoto, Y. & Dohi, Y. (2004) Distinctive 
bacteria-binding property of cloth materials. American Journal of Infection Control, 32 (1), pp. 
27-30. 

Textile Services Association (2015) Industry facts and research. [Online] TSA. http://www.tsa-
uk.org/commercial-laundry/laundry-industry-facts-and-research/ [Accessed 11/05/16]. 

Toshniwal, R., Silva, J., Fekety, R. & Kim, K. (1981) Studies on the epidemiology of colitis due to 
Clostridium difficile in hamsters. Journal of Infectious Diseases, 143 (1), pp. 51-54. 

Treakle, A.M., Thom, K.A., Furuno, J.P., Strauss, S.M., Harris, A.D. & Perencevich, E.N. (2009) 
Bacterial contamination of health care workers' white coats. American Journal of Infection 
Control, 37 (2), pp. 101-105. 

Valiquette, L., Cossette, B., Garant, M.P., Diab, H. & Pépin, J. (2007) Impact of a reduction in 
the use of high-risk antibiotics on the course of an epidemic of Clostridium difficile-associated 
disease casued by the hypervirulent NAP1/027 strain. Clinical Infectious Diseases, 1 (45), pp. 
S112-121. 

Vohra, P. & Poxton, I.R. (2011) Efficacy of decontaminants and disinfectants against 
Clostridium difficile. Journal of Medical Microbiology, 60 (8), pp. 1218-1224. 

Vonberg, R.P., Reichardt, C., Behnke, M., Schwab, F., Zindler, S. & Gastmeier, P. (2008) Costs of 
nosocomial Clostridium difficile-associated diarrhoea. Journal of Hospital Infection, 70 (1), pp. 
15-20. 

Voth, D.E. & Ballard, J.D. (2005) Clostridium difficile toxins: mechanism of action and role in 
disease. Clinical Microbiology Review, 18 (2), pp. 247-263. 

http://www.tsa-uk.org/commercial-laundry/laundry-industry-facts-and-research/
http://www.tsa-uk.org/commercial-laundry/laundry-industry-facts-and-research/


252 
 

Walter, W.G. & Schillinger, J.E. (1975) Bacterial survival in laundered fabrics. Applied 
Microbiology, 29, pp. 368–373. 

Wang, J., Foxman, B., Mody, L. & Snitkin, E.S. (2017) Network of microbial and antibiotic 
interactions drive colonization and infection with multidrug-resistant organisms. Proceedings 
of the National Academy of Sciences, 114 (39), pp. 10467-10472. 

Weber, D.J., Anderson, D.J., Sexton, D.J. & Rutala, W.A. (2013) Role of the environment in the 
transmission of Clostridium difficile in health care facilities. American Journal of Infection 
Control, 41 (5, Supplement), pp. S105-S110. 

Weiner-well, Y., Galuty, M., Rudensky, B., Schlesinger, Y., Attias, D. & Yinnon, A.M. (2011) 
Nursing and physician attire as possible source of nosocomial infections. American Journal of 
Infection Control, 39 (7), pp. 555-559. 

Wells-Bennik, M., Eijlander, R.T., den Besten, H.M.W., Berendsen, E.M., Warda, A.K., Krawczyk, 
A.O., Nierop Groot, M.N., Xiao, Y., Zwietering, M.H., Kuipers, O.P. & Abee, T. (2016) Bacterial 
spores in food: Survival, emergence, and outgrowth. Annual Review of Food Science and 
Technology, 7 (1), pp. 457-482. 

Wesgate, R., Rauwel, G., Criquelion, J. & Maillard, J.-. (2016) Impact of standard test protocols 
on sporicidal efficacy. Journal of Hospital Infection, 93 (3), pp. 256-262. 

Wheeldon, L., Worthington, T. & Lambert, P.A. (2010) P13.06 Germinate to exterminate: a 
novel way of eliminating Clostridium difficile spores. Journal of Hospital Infection, 76, 
Supplement 1, pp. S43. 

Wheeldon, L.J., Worthington, T. & Lambert, P.A. (2011) Histidine acts as a co-germinant with 
glycine and taurocholate for Clostridium difficile spores. Journal of Applied Microbiology, 110 
(4), pp. 987-994. 

Wilcox, M.H. & Fawley, W.N. (2000) Hospital disinfectants and spore formation by Clostridium 
difficile. The Lancet, 356 (9238), pp. 1324-1324. 

Wilcox, M.H., Cunniffe, J.G., Trundle, C. & Redpath, C. (1996) Financial burden of hospital-
acquired Clostridium difficile infection. Journal of Hospital Infection, 34 (1), pp. 23-30. 

Wilcox, M.H., Fawley, W.N., Wigglesworth, N., Parnell, P., Verity, P. & Freeman, J. (2003) 
Comparison of the effect of detergent versus hypochlorite cleaning on environmental 
contamination and incidence of Clostridium difficile infection. Journal of Hospital Infection, 54 
(2), pp. 109-114. 

Wilcox, M.H. (2003) Clostridium difficile infection and pseudomembranous colitis. Best Practice 
& Research Clinical Gastroenterology, 17 (3), pp. 475-493. 

Williams, G., Linley, E., Nicholas, R. & Baillie, L. (2013) The role of the exosporium in the 
environmental distribution of anthrax. Journal of Applied Microbiology, 114 (2), pp. 396-403. 



253 
 

Wilson, J.A., Loveday, H.P., Hoffman, P.N. & Pratt, R.J. (2007) Uniform: an evidence review of 
the microbiological significance of uniforms and uniform policy in the prevention and control 
of healthcare-associated infections. Report to the Department of Health (England). Journal of 
Hospital Infection, 66 (4), pp. 301-307. 

Wilson, K.H., Kennedy, M.J. & Fekety, R. (1982) Use of sodium taurocholate to enhance spore 
recovery on a medium selective for Clostridium difficile. Journal of Clinical Microbiology, 15, 
pp. 443-446. 

World Health Organisation (2011) Report on the burden of endemic health care-associated 
infection worldwide. ISBN: 978 92 4 150150 7. 

Wultanska, D., Pituch, H., Obuch-Woszczatynski, P., Meisel-Mikolajczyk, F. & Luczak, M. (2004) 
Comparative study of thermoresistance spores of Clostridium difficile strains belonging to 
different toxigenicity groups. Medycyna Doswiadczalna i Mikrobiologia, 56 (2), pp. 155-159. 

Xiao, M., Kong, F., Jin, P., Wang, Q., Xiao, K., Jeoffreys, N., James, G. & Gilbert, G.L. (2012) 
Comparison of two capillary gel electrophoresis systems for Clostridium difficile ribotyping, 
using a panel of ribotype 027 isolates and whole-genome sequences as a reference standard. 
Journal of Clinical Microbiology, 50 (8), pp. 2755-2760. 

Xue, Q., Gu, C., Rivera, J., Höök, M., Chen, X., Pozzi, A. & Xu, Y. (2011) Entry of Bacillus 
anthracis spores into epithelial cells is mediated by the spore surface protein BclA, integrin 
a2ß1 and complement component C1q. Cellular Microbiology, 13 (4), pp. 620-634. 

Ye, G., Li, N., Chen, Y., Lv, T., Shen, P., Gu, S., Fang, Y. & Li, L. (2016) Clostridium difficile carriage 
in healthy pregnant women in China. Anaerobe, 37 (Supplement C), pp. 54-57. 

You, E., Song, H., Cho, J. & Lee, J. (2014) Reduction in the incidence of hospital-acquired 
Clostridium difficile infection through infection control interventions other than the restriction 
of antimicrobial use. International Journal of Infectious Diseases, 22 (0), pp. 9-10. 

Young, S.B. & Setlow, P. (2003) Mechanisms of killing of Bacillus subtilis spores by hypochlorite 

and chlorine dioxide. Journal of Applied Microbiology, 95, pp. 54–67. 

Zarpellon, M.N., Gales, A.C., Sasaki, A.L., Selhorst, G.J., Menegucci, T.C., Cardoso, C.L., Garcia, 
L.B. & Tognim, M.C.B. (2015) Survival of vancomycin-intermediate Staphylococcus aureus on 
hospital surfaces. Journal of Hospital Infection, 90 (4), pp. 347-350. 

      

 

 

 



254 
 

 

Appendix 1 - Long-term care facility questionnaire 

SECTION 1 – BACKGROND INFORMATION  

1)  Location of facility – county: 

 

2) Does the facility care for clients with any of the following (tick all that apply): 

   MRSA 

   C.diff / C. difficile 

   Fungal infections 

   Other – please specify 

 

3)  What material/s are the facility’s bed sheets made from (tick one): 

 100% Cotton 

    Polycotton blend 

    Other – please specify 

 

4)  How are soiled bed sheets washed at the care facility (tick one)? 

   On site laundry - (please go to Section 2) 

   By a commercial laundry facility - (please go to Section 3) 
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SECTION 2 – ON SITE LAUNDRY INFORMATION  

1)  Which make and model of washing machine do you use? 

 

2) Which brand of detergent or detergent system, if any, do you use? 

 

3) What temperature washing cycle do you use for soiled bed sheets? e.g. 
maximum temperature reached and how many minutes the temperature is 
held  

 

4) How long is the whole cycle for washing soiled bed sheets? 

 
5) For soiled bed sheets do you use (please tick all that apply): 

 Pre-wash cycle  

  Sluice process 

   Soluble bags 

  Neither / Unknown 

 
6) How do you dry/finish sheets after they have been washed? 

 

 

7) Which company verified the laundry process at the facility? Do they do an 
annual validation of the decontamination cycle? 

 

 

THANK YOU FOR YOUR TIME 
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SECTION 3 – COMMERCIAL LAUNDRY INFORMATION 

1)  Which commercial laundry company do you use?  

 

2)  Which type of contract do you have (tick one):  

  Linen rental 

   Washing and finishing of your own sheets 

   Other – please specify 

 
 
 
 

THANK YOU FOR YOUR TIME 

 

 

 


