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Abstract

Introduction

Objective: Clostridioides difficile (formerly Clostridium difficile)
is among the most reported hospital and community-acquired
gastrointestinal infections. Spores produced by this bacterium cause
the initial disease and recurrent C. difficile infections (rCDI) and
survive for long periods in the environment. Killing of C. difficile
spores in carpeting and upholstery is very challenging without
destruction or alteration of the fiber matrix material. In this study,
we evaluated a fiber-safe standardized method for inhibiting
germination of C. difficile spores recovered from in carpeting and
upholstery material and thereby reduce the risk of disease incidence
in households and nursing care facilities.

Clostridioides difficile (formerly Clostridium difficile) is among
the most common cause of antibiotic-associated hospital and
community-acquired gastrointestinal infections [1-3].

Methods and Results: In this study, we found that the most
effective procedure for the recovery of C. difficile spores from shortfiber textile surfaces used an ammonium phosphate-gelatin buffer,
stainless steel beads to extract the spores from the carpet samples,
and the addition of a heat activation step prior to plating. Virasept®,
a known sporicide containing hydrogen peroxide and peroxyacetic
acid, was evaluated for marked reduction of viable C. difficile spore
number in carpet and fabric models. After a 30 min contact time,
application of the sporicide at ~ 75 ml m2 of carpet (or 51.2 ml m2
upholstery fabric) resulted in a 3-log reduction in germination of five
different C. difficile spore types (a ~99.9% decrease), representing
five different Nap biotypes. Despite effective inhibition of C. difficile
spore germination, Virasept treatment did not visibly damage or
discolor carpet or fabric fibers.
Conclusions: Results of this study show the potential effectiveness
of a robust regimen for the practical treatment of carpeting and
upholstery fabric in nursing care facilities, and residential homes to
prevent community- and environmentally-acquired reinfection and
recurrence of CDI in susceptible individuals.
Keywords: Clostridiodes difficile Recurrence; rCDI; Carpeting; Upholstery Fabric; Spores; Sporicide; Virasept
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Infection is transmitted to susceptible individuals from the
environment by C. difficile spores, which are highly resistant to
environmental stress and common disinfectants [4-6]. The annual
incidence of C. difficile infection (CDI) has increased over the past
two decades to ~500,000 cases in the US, resulting in ~ 29,000 deaths
[3]. Approximately 25% of these cases were estimated to be due to
community acquired infection [3]. Recurrent C. difficile infection
(rCDI) is especially challenging, and in recent years the incidence of
rCDI has risen approximately 4-fold faster than CDI alone [7]. The
probability of further CDI recurrence increases with every episode,
and a significant proportion of rCDI patients develop an indefinite
syndrome of recurrence [8]. Recurrence is likely driven by residual
C. difficile spores, and it is not known whether the main source of
these spores is in the patient’s own intestinal tract or their immediate
environment.
C. difficile spores are actively shed from asymptomatic carriers
and individuals with active C. difficile infections [9, 10]. The
importance of environmental contamination in transmission of CDI
is well recognized in acute and long-term care facilities [11, 12].
Current CDI control guidelines include enhanced cleaning of all
potentially contaminated surfaces with 10% sodium hypochlorite,
thorough handwashing, barrier garments for health personnel, and
patient isolation [11, 13-15]. Fidaxomicin only modestly lowers
the rate of recurrence of CDI over vancomycin [16], and this
small benefit may be explained by lower rates of environmental
contamination associated with fidaxomicin treatment [17]. CDIdriven diarrhea is characterized by fecal urgency, and most
patients suffering from rCDI have episodes of fecal incontinence
contributing to environmental contamination [18]. Indeed, C. difficile
spores were recovered in most households of rCDI patients examined
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[19-21]. This may explain the high risk of recurrence among fecal
microbiota transplantation (FMT) recipients following new antibiotic
provocations [22].
Household C. difficile contamination is not addressed in the
current professional guidelines on rCDI management [23, 24].
While recommendations regarding home environmental control
can be found from C. Diff Foundation (https://cdifffoundation.org/
cdiff-infection-homecare/), these focus exclusively on items that can
be treated with bleach, including hard surfaces in bathrooms and
kitchens and white items launderable with bleach. However, there
remains a need to address the many ubiquitous and porus household
surfaces that also harbor C. difficile spores, including carpeting and
fabrics that cannot be treated with bleach without damage. In fact,
the contents of home vacuum cleaners were the greatest yield sites
for recovery of C. difficile spores in FMT recipient households [19].
We hypothesize that spores dwelling in porous household surfaces,
including carpeting and upholstery, are important contributors to
recurrence of CDI in susceptible individuals. Ultimately, a test of
this hypothesis requires an efficient means of decontaminating the
households of vulnerable patients. However, disinfection of C.
difficile from porous surfaces is difficult without the use of strongoxidizing agents, such as sodium hypochlorite-based solutions that
may discolor or destroy fiber materials [25]. Therefore, there is a
need to develop and validate new sporicides that are not destructive to
fabric materials encountered in household environments. Testing such
agents also requires a robust method for measuring the abundance of
C. difficile spores in carpeting and upholstered surfaces.
Here we describe the use of a sporicide containing hydrogen
peroxide and peroxyacetic acid, Virasept, to markedly lower C.
difficile spore contamination in carpet and fabric models. The results
allow us to propose a practical and inexpensive treatment of carpeting
that can be used in nursing care facilities and households to prevent
recurrence of CDI in susceptible patients.

Materials and Methods

Clostridium difficile strains: C. difficile strains from FMT recipient
households were isolated as previously described [26, 27]. Nontoxigenic and reference strains were obtained from the American
Type Culture Collection (ATCC®). The non-toxigenic ATCC CD
43601 (tcdA-, tcdB-, CDTa/b-) was used to initially test experimental
parameters. Additional strains examined included: ATCC BAA-1382
(tcdA+, tcdB+, tcdC+, CDTa/b-), ATCC 43598 (tcdA-, tcdB+, CDTa/b-),
the epidemic Nap1 strain RPRE2 (tcdA+, tcdB+, tcdC+, CDTa/b+), and
the Nap7 strain RPRE 5-3 (tcdA+, tcdB+, tcdC+, CDTa/b+).
Spore purification: Samples containing C. difficile were heat
activated for 20 min at 65ºC and cultured on taurocholate-cycloserinecefoxitin-fructose agar (TCCFA) [28] anaerobically at 37°C for 2448 h. Individual colonies were subcultured anaerobically on brain
heart infusion (BHI) agar (Becton Dickinson, Franklin Lakes, NJ)
with 5 g/L yeast extract and 0.1% (w/v) L-cysteine (BHIS medium)
[26, 29-31] and incubated for 4-7 d. Anaerobiosis was maintained
by using GasPaks (Becton Dickinson). Cells were harvested from
agar plates, suspended in 1 mL sterile deionized water (dH2O), and
incubated at 4°C for 12-24 h to induce sporulation. The suspension
was added to a 50% (w/v) sucrose solution and spores were pelleted
by centrifugation in a swinging bucket S-4-104 rotor (Eppendorf
5810R Centrifuge) at 3200 rpm for 20 min at 4°C [27]. Spore pellets
were washed 5-times in ice-cold dH2O, resuspended in dH2O, and
stored at 4°C until used.
Spore purity was determined by using a Petroff-Hausser counting
chamber and a Zeiss Standard 10 microscope (Carl Zeiss AG,
Oberkochen, Germany). Spore stocks were determined to contain ≥
95% spores and were suspended in phosphate buffered saline (PBS),
containing 137 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7
mM KCl, and 0.01% tween 80, pH 7.4) prior to application. Spore’s
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stocks were kept at 4°C and were replaced at < 4-month intervals.
Sporicidal solution: Virasept® was obtained from Amazon.com.
The active ingredients are hydrogen peroxide (3.13%), octanoic acid
(0.099%), and peroxyacetic acid (0.05%). The sporicide is known
to be an effective disinfectant on hard, non-porous, surfaces such
as plastics, porcelain, stainless steel, and wood according to the
Association of Official Agricultural Chemists (AOAC) Sporicidal
Activity of Disinfectants Method (996.04).
Carpet and upholstery fabric: Carpet tested was Citation
Firecracker Level Loop Carpet (fiber material: 100% BCF Olefin,
pile height: 4/32, attached pad). The upholstery fabric tested was
100% polyester, light upholstery grade. Prior to use, fabric was
washed in a solution of 0.1% tween 80, rinsed in dH2O, and air dried
overnight.
Evaluation of assay parameters: Test parameters for the extraction
procedure were partially adapted from the American Society for
Testing and Materials (ASTM)’s State Test Method for Quantitative
Assessment of Sanitizing Solutions for Carpet (©ASTM Int’l E296614). Approximately 2-5 × 107 purified spores were suspended in
1mL dH2O and applied to 5 × 13 cm (65 cm2) swatches of shortfiber, industrial, carpeting using a glass chromatography sprayer
(Sigma Aldrich, St. Louis, MO). Spores were applied at 1-2 psi
and 8 cm from the surface, and swatches were air dried for 20 min.
After drying, varying volumes (0.8 to 30.8 ml m-2) of the sporicide
were applied evenly with a glass chromatography sprayer onto an
inoculated carpet square. Controls received only dH2O.
After the desired contact time, and in order to extract spores,
carpet swatches were placed into sterile, wide mouthed, 160 mL
milk dilution bottles containing 125 ml of sterilized buffer and 40
g 6 mm stainless steel beads (Grade 25 chrome steel ball bearings).
Four spore extraction buffers were tested for efficacy: ammonium
phosphate (0.1 M ammonium phosphate [(NH4)2 HPO4], pH 7.4,
containing 0.1% partially hydrolyzed gelatin, and 0.01% Tween
80 (APB) [32]) ; 0.1% trisodium pyrophosphate (TSPP), pH 7.0;
0.58% NaCl containing 0.01% Tween 80; and PBS containing 0.01%
tween 80. Carpet samples were placed into milk bottles lengthwise
and arranged so that the beads could freely move along the carpet
fiber surfaces during the extraction process. Bottles were subjected
to vigorous agitation (1.5” stroke, 280 osc/min) for 60 min on a
reciprocating shaker (Eberbach Corp, Ann Arbor, MI.).
Extraction buffer aliquots were incubated for 20 min at 65ºC to
heat activate the spores, and serial dilutions of the sample were plated
onto BHIS containing 0.1% (w/v) taurocholic acid (TCA) media to
determine spore germination potential. Plates were incubated at 37ºC
for 18-48 h under anaerobic conditions and colonies were counted.
Triplicate sporicidal test volumes were run, and results were
compared to controls sprayed with dH2O to determine the sporicidal
solution’s relative ability to inhibit germination. Linear portions of
the dose-response curve were averaged, curves were log-transformed,
and log reduction values calculated. The trend lines of the semi-log
plots were extrapolated to determine the sporicidal volumes needed
for 1, 2, or 3-log reductions (90%, 99%, and 99.9% inhibition) in
germination of spores. This methodology was repeated to spores
from five C. difficile test strains to determine individual sensitivity to
Virasept on short-fiber carpet and upholstery fabric.
Determination of contact times of sporicidal solution: The contact
time assay used the same methodology as did the volume assay. The
volume of sporicidal solution used was calculated to produce a 3-log
reduction in viable spores for each strain and initial studies tested
contact times of 1, 2.5, 5, 10, 20, and 30 min. The resulting data was
log transformed to determine contact times required for log reduction
in spore viability.
Statistical analysis: Log reduction times for germination inhibition
by different volumes of applied sporicidal solution were determined
from semi-log plots of viable spore counts/volume solution applied
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(ml m-2). The slope of the resulting curve was used to calculate
extrapolated volumes for 1-, 2-, and 3-log reductions in viable spore
counts/30 min contact time. Statistical significance was tested by
ANOVA using pairwise comparisons at α = 0.05, by Tukey’s honestly
significant difference (HSD) post hoc test, and unpaired, two tailed
t-tests with 95% confidence intervals.

Optimized extraction procedures from short-fiber carpet
samples: The efficacy of various buffers used to extract spores from
carpet samples are shown in Figure 1A. Extraction of spores from
carpet with APB buffer resulted in significantly greater recovery of
spores compared to 0.9% NaCl, TSPP, or PBS buffers (p <0.0001).
Furthermore, the use of APB with 0.1% hydrolyzed gelatin was less
variable compared to the other buffers tested (Figure 1A).

The goal of this study was to develop and utilize a method to reduce
risk of recurrence of CDI due to C. difficile spore contamination
from textile surfaces in households and nursing care facilities. The
immediate objectives of this study were to: 1) develop methods to
quantify spores in fibrous materials and 2) evaluate the sporicidal
activity of Virasept on short-fiber carpet and upholstery fabric,
without destruction or discoloration of the matrices.

As seen in Figure 1B, the addition of a 65oC heat activation step
significantly increased the apparent extraction efficiency by 39.8%%
(p = 0.0013). There was an incremental increase in extraction
efficiency by extending the shaking time from 30 min to 1 h, and
increasing the initial quantity of applied spores, although these
results were not significantly different (Figure 1C and 1D).

Results

Figure 1, Sadowsky et al.
Figure 1: (A) Direct comparison of different buffers (NaCl, PBS. TSPP, and APB) used in the extraction procedure from shortfiber carpet. Error bars indicate standard error of the mean (SEM). (B) Percent C. difficile spores extracted with and without
a heat activation of 65ºC for 20 min prior to plating. (C) Percentage of C. difficile spores extracted based on horizontal shaker
extraction time (min). (D) Percentages of C. difficile spores extracted based on quantity of initial spore application to carpet
sample.
Virasept effectively inhibits germination of C. difficile spores
recovered from carpeting: The efficacy of the sporicidal solution
was tested by the carpet assay outlined above. Results in Figure
2A and 2B show that increased volumes of applied sporicide led to
corresponding decreases in viable C. difficile spores following the
extraction protocol. This effect followed closely to a dose-response
sigmoidal curve for all strains (Figure 1D) and the slopes of the
linear portion of the dose-response curves (Figure 1C) allowed for
J Pub Health Issue Pract
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calculation of volumes of Virasept needed to give 1, 2, and 3-Log
reductions in viable spores from multiple C. difficile strains (Table
1). Moreover, the tested sporicide effectively inactivated spores from
several different C. difficile strains, including the Nap1 epidemic
strain (Table 1), even at relatively low volumes (~70 ml m2 for carpet
or ~45 ml m2 for upholstered fabric).
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Figure 2, Sadowsky et al.
Figure 2. Influence of Virasept volume on germination of purified C. difficile spores. (A) Germination of ATCC
43598 spores after exposure to varying volumes of Virasept following a 30 min contact time. Three biological
replicates were used per treatment group. Error bars indicate SEM. (B) Average of the linear portions of three
biological replicates for ATCC strain 43598 using varying volumes of Virasept. (C) Semi-log plot of spore
inhibition based on log10 spore counts per volume of Virasept following a 30 min contact time. The slope of the
curve was used to calculate the log reduction values for Virasept at a 30 min contact time. (D) Efficacy of Virasept
on inhibiting germination of five test strains of C. difficile (◊- ATCC 43601,  - Nap1 (RPRE2), ∆ - ATCC 1382),
*- Nap7 (RPRE 5-3), Χ- ATCC 43598)
C. difficile strain tested

Reduction Efficacy
Log10

%

Matrix

A T C C
43601

Nap1
(RPRE2)

1

90.0

Carpet

10.1*

21.6

24.4

22.1

22.8

Upholstery

13.2

15.1

13.4

15.5

18.2

2
3

99.0
99.9

A T C C N a p 7 A T C C
BAA-1382 (RPRE 5-3
43598

Carpet

20.6

43.7

49.1

45.5

34.7

Upholstery

25.8

28.4

26.5

29.9

71.0

Carpet

31.2

65.8

73.7

69.0

71.0

Upholstery

38.4

41.7

39.6

44.3

51.2

*Values are mL/m2 of sporicide used to obtain indicated percent reductions. Average values ± SEM for
each indicated test strain.
Table 1. Calculated volumes of sporicide needed to achieve 1, 2, and 3-log reductions in germination of C.
difficile spores in fabric and upholstery following 30 min contact time.
Contact Time affects efficacy of sporicidal solutions: The effect
of contact time on the efficacy of the sporicide was tested using
volumes inhibiting 99.9% of spore germination. Results in Figure
3A show that contact time of the sporicidal solution required to kill
spores of C. difficile strains also followed a dose-response-type
curve, with significant differences between the contact time points (p
=0.0346) (Figure 3B).
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The linear portion of the curves were used to calculate spore
killing efficacy throughout the exposure assay (Figure 3C), and
indicated that this volume of sporicidal solution (Table 1) was
only 97.2% effective after 1 min. However, it was 99.0% and
99.3% effective after 20- and 30-min contact times, respectively.
JPHIP, an open access journal
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Figure 3, Sadowsky et al.
Figure 3. Influence of contact time on efficacy of Virasept on inhibiting germination of C. difficile spores. (A)
Viability of C. difficile test spore strains after exposure to a fixed volume of Virasept calculated to inhibit 99.9%
of C. difficile after 30 minute contact time at various time points. Data represents N = 3. Error bars indicate
SEM. Legend: - Nap1 (RPRE2), ∆ - ATCC 1382, *- Nap7 (RPRE 5-3), Χ- ATCC 43598). (B) Average of
the linear portions of the triplicate assays of C. difficile strains at varying time points. Error bars indicate the
SEM between replicates of each strain. Statistical significance base on an unpaired, two tail t-test with 95%
confidence interval (p =0.0346). (C) Semi-log plot of calculated viable spores following the application of
Virasept at a fixed volume for various time points. Slope of the curve was used to calculate the log reduction
values for Virasept contact time at various time points for a volume of Virasept calculated to inhibit 99.9% of
spore germination in 30 min.

Discussion
Recently, a large proportion of C. difficile infections are due to
community acquisition [21, 33-35]. Consequently, there is a need
for an easily applied solution to eradicate bacterial spores in home
and nursing care settings. This need is often expressed by patients
themselves who realize that their home setting may be contaminated
with C. difficile spores. Based on other disease models, it seems
reasonable that reduction in the environmental load of C. difficile spores
will result in reduced rates of disease recurrence. While there is no
direct evidence for this correlation with rCDI, it is often recommended
that the patient’s immediate environment be decontaminated with
commonly-used hospital cleaning compounds, such as quaternary
ammonium salt–based solutions [36]. Alarmingly, however, there
are now reports that some of these compounds may stimulate
spore germination [13]. Consequently, it is now recommended
that sporicidal solutions containing hydrogen peroxide or sodium
hypochlorite be used to decontaminate solid surfaces [11, 37-40].
J Pub Health Issue Pract
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Based on our initial analyses, however, the vacuum cleaner and not
solid surfaces was found to be the primary household environment
contaminated with C. difficile spores [19]. This suggested that
spores released by symptomatic and asymptomatic carriers made
their way onto environmental surfaces, including carpeting [41].
Thus, carpeting may be a reservoir for environmental C. difficile.
Moreover, since carpeting is often not sufficiently cleaned, and most
effective sporicides cannot be used on fibrous materials without
decolorization or destruction, this may be one cause of rCDI in
household and nursing care settings.
Consequently, the aim of this current study was to determine and
optimize testing parameters to evaluate the efficacy of chemical
agents on the reduction in the viability of C. difficile spores found
in carpet, without matrix material destruction or discoloration.
This methodology was subsequently used to test the ability of a
commercial sporicide, Virasept, to inactivate spores of pathogenic C.
difficile strains. Bacterial spores carry a charge and have surface
JPHIP, an open access journal
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hydrophobicity, due in part to collagen-like BclA1 orthologs in the
C. difficile exosporium [42-45], and likely bind to charged carpet
fibers. We hypothesized that disruption of this charge and reduction
of surface tension by using a buffered surfactant would facilitate the
release of spores from the carpet matrix. The APB buffer with
0.1% hydrolyzed gelatin supplemented with Tween 80 resulted in
the highest levels of extracted and viable C. difficile spores of the
tested buffer solutions. Also, the addition of a 65oC heat activation
step, which has been shown to be necessary to ensure high levels of
Clostridium spore germination in culture [46], and extension of the
extraction time resulted in the greatest possible extraction efficiencies
for this assay.
In addition to the above optimization parameters, we also evaluated
bead size and composition, sprayer pressure and distance to spray
carpet fibers, and drying time prior to assay. Based on these initial
studies, glass beads (2- and 3-mm solid glass) were found to be
inefficient at extractions relative to stainless steel beads, mostly due
to bead size and weight (data not shown). It was also determined that
sprayer pressures less than 1 PSI were too low to create adequate
misting for an even application of spores, whereas pressures > 2
discharged the spore solution too quickly to evenly coat the carpet
samples. Moreover, application with the sprayer closer than ~7 cm
resulted in uneven spore distribution and oversaturation to the applied
areas, and > 9 cm resulted in volume loss past the edges of the carpet.
Thus, an application distance of 8 cm was chosen for all studies.
Lastly, it was determined that 20 min was sufficient to completely air
dry the 2 ml spore application under ambient conditions.
Previous studies have shown that the two most important factors
affecting the efficacy of antimicrobials are the quantity of active
ingredient and contact time [25, 47]. We showed that even relatively
low volumes of the tested sporicide resulted in 3-log reductions in
spore counts using several different C. difficile strains, including
the Nap1 epidemic strain (Table 1). This result is consistent with
reports that active ingredients in Virasept, hydrogen peroxide
and peroxyacetic acid, are effective inhibitors of C. difficile spore
germination on hard surfaces (should be 48 Barbut et al., 2009).
Based on our results, an application volume of 75 ml/m2 of Virasept,
diluted in dH20, spread evenly on a carpeted surface (or 55 ml m2
for upholstery fabric) would be sufficient to inactivate > 99.9% of
viable C. difficile spores. It should be noted, however, that while we
did not specifically test whether Virasept killed spores, this product
is a known sporicide, and the reduction in spore germination after
treatment and extraction from carpet and upholstery is likely due to
inactivation of spores.
Since contact time has been reported to be important when inhibiting
spore germination [47], and since real-world carpet cleaning
processes can vary between users, we examined sporicidal activity in
carpet vs contact time. Even at relatively high application volumes,
contact time had significant impact on the efficacy of the sporicidal
solution. Nevertheless, our results are in general agreement with
previous reports that indicated that contact time plays a significant
role in the ability of sporicidal solutions to inhibit germination of
C. difficile spores [25]. The volume needed for a 3-log reduction in
viable C. difficile spores at a 30 min contact time is also well below
the typical volumes of antimicrobials that would be applied during
the normal course of the carpet disinfection process [49]. Moreover,
at this volume and contact time, the Virasept solution is below any
observable threshold for discoloration or visible damage of the carpet
fibers. It is important to note that one limitation of this current study
was our lack of use of a quantifiable method to determine Viraseptinduced color changes or fiber damage to carpeting and upholstery
fabric. Consequently, future studies need to address this limitation
and potential problem by using ISO/AATCC grey scales, as described
in AATCC EP1[50], or instrumental color analysis as discussed in
AATCC EP6-2016e [51] and by microscopy.
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Previous studies have indicated that although purified spores alone
can act as a model for testing the efficacy of sporicidal compounds
on C. difficile strains [25, 53], organic loading in carpeting will also
need to be examined in subsequent testing [52, 53]. Additionally, the
difference in sensitivity between spores applied to the carpet surface,
and those located deeper in carpet fibers or in the backing-material
(foam, urethane, or jute) will need to be addressed for both the
extraction and testing methodologies. Elimination of these variables
will provide a clearer understanding of how this disinfectant
performs in real operational conditions to reduce reinfection rates
and recurrence of CDI.
Taken together, however, our data nevertheless allow us to propose a
robust regimen for the practical treatment of carpeting and upholstery
fabric in nursing care facilities and residential homes to reduce the
incidence of environment-acquired reinfection and recurrence of CDI
in susceptible individuals. Reducing and potentially eliminating his
under-appreciated environmental reservoir may lead to a reduction
in rCDI rates and needs to be further examined in a controlled study.
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