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Spore-forming pathogenic bacteria, such as Clostridium difficile, are associated with
nosocomial infection, leading to the increased use of sporicidal disinfectants, which
impacts socioeconomic costs. However, C. difficile can be prevented using microorgan-
isms such as Bacillus amyloliquefaciens, a prophylactic agent that has been proven to 
be effective against it in recent tests or it can be controlled by sporicidal disinfectants. 
These disinfectants against spores should be evaluated according to a known and rec-
ommended standard. Unfortunately, some newly manufactured disinfectants like Bioxy 
products have not yet been tested. ASTM E2197-11 is a standard test that uses stainless 
steel disks (1 cm in diameter) as carriers, and the performance of the test formulation 
is calculated by comparing the number of viable test organisms to that on the control 
carriers. Surface tests are preferable for evaluating disinfectants with sporicidal effects 
on hard surfaces. This study applies improved methods, based on the ASTM E2197-11 
standard, for evaluating and comparing the sporicidal efficacies of several disinfectants 
against spores of C. difficile and B. amyloliquefaciens, which are used as the test
organisms. With the improved method, all spores were recovered through vortexing and 
membrane filtration. The results show that chlorine-based products are effective in 5 min 
and Bioxy products at 5% w/v are effective in 10 min. Although Bioxy products may take 
longer to prove their effectiveness, their non-harmful effects to hospital surfaces and 
people have been well established in the literature.
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inTrODUcTiOn

Hospital-acquired infections are caused by a variety of pathogens, including Clostridium difficile, 
which is identified as the principal causative agent of nosocomial diarrhea (1–3). Patients at high 
risk are those with a history of antibiotic treatment, prolonged hospitalization, and the elderly (4, 
5). However, bacterial spreading further into the community has been reported (6). C. difficile 
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TaBle 1 | Tested disinfectants.

active substances commercial name concentration

Sodium hypochlorite Complete 6000 Liquid 6,000 ppm
Sodium hypochlorite Complete Gel 3.65% w/w
Sodium dichloro-s-triazinetrione Zochlor 5,000 ppm
Hydrogen peroxide Rescue Sporicidal 

Liquid
4.5%

Peroxy acetic agent, hydrogen 
peroxyde and quaternary ammonium 
fourth generation 

Bioxy H 5%
Bioxy H 2% 

Peroxy acetic agent and hydrogen 
peroxide

Bioxy+ 2%
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produces resistant spores less susceptible to biocidal products 
than vegetative form (7). These spores can last for long periods 
on surfaces. Their resistance is mainly acquired through spore 
structures, such as spore coat, dehydrated spore core, small acid-
soluble spore proteins (SASPs), and inner membrane mostly 
immobile and impermeable (8, 9). A small number of spores of 
C. difficile is sufficient to initiate an infection (10, 11). There have 
been very low level outbreaks of C. difficile diarrhea in Québec, 
due to the preventive and control measures in place, as well as 
additional funds deployed to control this pathogenic bacte-
rium. However, outbreaks of Clostridium difficile-associated 
disease (CDAD) occur on an episodic basis in most health care  
facilities (12).

Commercial sporicidal formulations have been constantly 
increased due to the emergence of C. difficile infection, as sig-
nificant nosocomial disease. Current disinfectant products, e.g., 
oxidizing agents (hydrogen peroxide) and chlorine-releasing 
agents (sodium hypochlorite, sodium dichloroisocyanurate) 
(13–15), are continually being improved and new ones are being 
developed (16–20).

Three main categories of sporicidal chemicals are alkylating 
agents, oxidizing agents, and chlorine-releasing agents (15). 
Chemicals belonging to the latter two classes have been reported 
to be effective against bacterial spores within a few minutes. The 
Canadian hospital environment requires a product with maxi-
mum efficiency in 10 min or less, to meet the requirements of bed 
management (13), but most of those disinfectants have associated 
drawbacks (19, 21, 22).

Chlorine-based disinfectants such as sodium hypochlorite are 
recommended for the environmental control of C. difficile spores 
(23). Despite their low cost and ready availability (21), the long-
term use of hypochlorite has been found to be environmentally 
destructive (24), and its effectiveness, as well as its secure handling, 
is inconclusive (7). Sodium dichloroisocyanurate (NaDCC) is also 
a chlorine-releasing agent. Although it is affordable and effective 
against C. difficile spores, sodium dichloroisocyanurate (NaDCC) 
is associated with a disagreeable odor and can be irritating to the 
respiratory tract (22). Like sodium hypochlorite, NaDCC dam-
ages surfaces and material, significantly increasing the cost of 
disinfection, because the surfaces must be repainted or changed.

A proper comparison of sporicidal data from the literature is 
impeded by a number of reasons, including the use of a range of 
standard tests, various spore preparation methods, and bacterial 
strains. When assessing disinfectant effectiveness, organisms 
specified by the standards need to be employed.

Non-pathogenic Bacillus subtilis spores are usually used as 
indicators of efficient disinfection, while spores of C. difficile are 
used for evaluating the efficacy of disinfectants with C. difficile 
claim (25). Bacillus and Clostridium spores have been studied 
and shown the greatest resistance to antiseptics and disinfectants 
among other bacterial spores.

Spore resistance mechanisms are best understood in the 
Bacillus species, most specifically B. subtilis spores (18, 25). 
However, considering the relatedness of B. subtilis and B. 
amyloliquefaciens, spores of B. amyloliquefaciens can be used in 
assessing the efficacy of disinfectants, as they are closely related, 
and not easily distinguished from B. subtilis (26). Interestingly, 

Geeraerts et al. found that B. amyloliquefaciens is a prophylactic 
agent against C. difficile (27).

The use of ASTM carrier tests leads to better estimates, i.e., 
they make it possible to evaluate the effectiveness of disinfect-
ants on a surface and, thus, in real-life setting. This standard 
E-2197-11 of ASTM International uses disks of stainless steel 
(1 cm in diameter) as carriers, and the performance of the test 
formulation is calculated by comparing the number of viable 
test organisms to that on the control carriers (28). The current 
study aimed at comparing the efficacy of four commonly used 
chemical disinfectants and two newly manufactured disinfectants 
against spores of the ATCC 43593 strain of C. difficile and BS-01 
B. amyloliquefaciens U50, using the improved methods based on 
ASTM E2197-11standard.

MaTerials anD MeThODs

chosen Disinfectants
Table  1 presents the six disinfectants used in this study, of 
which four are surface disinfectants routinely used in Québec. 
Of those, three are chlorine-based (sodium hypochlorite (6,000 
ppm), sodium hypochlorite (3.65% w/w), and sodium dichloro-
striazinetrione (5,000 ppm), and the fourth is an AHP (acceler-
ated hydrogen peroxide)-based product which is recognized by 
Health Canada as a sporicide (29). The two remaining products in 
this study are newly manufactured disinfectants. The Bioxy H is 
a non-foaming powdered product that, when dissolved in water, 
generates three active disinfectants (peroxy acetic agent, hydro-
gen peroxide, and two quaternary chains of fourth generation at 
a near-neutral pH). The second, Bioxy+, is a powdered product 
that, when dissolved in water, generates two active disinfectants 
(peroxy-acetic agent and hydrogen peroxide) at a near-neutral 
pH, making it safe for human use. The sporicidal efficacies of 
these two new disinfectants have not yet been tested to Canadian 
standards.

solution Preparations
Sodium hypochlorite (6,000 ppm), sodium hypochlorite (3.65% 
w/w), and hydrogen peroxide (4.5%) are provided in ready-to-
use liquid form. Sodium dichloro-s-triazinetrione is supplied 
in tablet form, from which a 5,000 ppm chlorine solution was 
prepared by mixing five tablets with 1 L of sterile deionized water, 
followed by mixing for 20 min. Both Bioxy H and Bioxy+ were in 
powder form, and were mixed with sterile deionized water for 10 
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min prior to use. Two concentrations of Bioxy H (2 and 5%) and 
one concentration of Bioxy+ (2%) were used. Phosphate-buffered 
saline tablets were purchased from Sigma-Aldrich and one tablet 
is dissolved in 200 mL of deionized water.

spores Preparation
For the test to be valid, the titer of the spore suspensions had 
to achieve a minimum mean of 1 × 105 spores per carrier. Two 
spore-producing bacteria, BS-01 B. amyloliquefaciens U50 and C. 
difficile (ATCC® 43593™), were used in this study. High-titered 
spore suspensions were generated using standard methods. B. 
amyloliquefaciens spores suspensions were prepared based on the 
standards ASTM E2197-11, while for C. difficile spore suspen-
sions, the preparation was based on modified ASTM 2839-11 and 
ASTM E2197-11 standards (28, 30–32).

Vegetative C. difficile bacterial cells were stored on protected 
beads, and streaked on pre-reduced CBA (Columbia Blood Agar) 
to grow colonies. The incubation was carried out in plastic bags, 
anaerobic atmosphere generation bags were added to generate 
anaerobic conditions, and nitrogen gas was used to displace the 
oxygen introduced into the plastic bag. After incubation for 24 h, 
all colonies on the plates appeared to be uniform for C. difficile; 
a single colony was isolated and cultured into quadrants using 
sterilize loop on pre-reduced CBA. Vegetative cells of C. dif-
ficile were grown for 4–10  days under anaerobic conditions at 
37°C to induce sporulation. Spore suspensions of high titer (9 
log10 spores/mL) and purity (90% spores) were obtained. Phase 
contrast microscopy was used to evaluate spore formation after 
2, 5, and 10 days, following which the spores were harvested. The 
viable spore stock was 2 × 109. Another single colony was grown 
aerobically, and no growth was observed (control plate).

Bacillus amyloliquefaciens vegetative cells were grown on 
TSA (tryptic soy agar) at 37°C for 24 h. Then, an isolated colony 
was cultured on TSA for 96 h to produce spores. Phasecontrast 
microscopy was used to confirm the rate of sporulation. When 
the rate of sporulation reached more than 90%, the plate was 
sterilized at 70°C for 20 min to ensure that the vegetative cells 
were killed. A count was subsequently made to confirm that suf-
ficient cells were obtained for the tests. The viable spore stock for 
B. amyloliquefaciens was 2.7 × 1010.

A spore suspension designed to give a concentration 
of 1.4  ×  109  spores/mL was made for both strains in the  
present work.

neutralization solution
Chlorine-based formulations were neutralized by a combination 
of 1% sodium thiosulfate, 0.85% saline solution, and 0.1% Tween 
80 (Bioshop, Burlington, ON, Canada) (19). The AHP-based and 
Bioxy products were neutralized by the same mixture, which also 
contained 0.1% beef extract.

Testing of sporicidal activity
We adopted methods based mainly on the Standard Quantitative 
Disk Carrier Test Method. Changes were made to the test method 
which normally uses spores of B. subtilis and C. sporogenes. In 
our research, we used pertinent clinical strain: C. difficile, while 
B. amyloliquefaciens was used rather than B. subtilis. The assays 

were performed in the laboratory of Biotechnologies Ulysse, 
Trois-Rivières, Québec, Canada. Six different chemicals were 
tested in this study. Sodium hypochlorite (6,000 ppm), sodium 
hypochlorite (3.65% w/w), sodium dichloro-s-triazinetrione 
(5,000 ppm), hydrogen peroxide (4.5%), Bioxy H (2 and 5%), 
and Bioxy+ (2%). Stainless steel carrier disks (1 cm diameter 
and approximately 0.7  mm thick) were placed in Petri dishes, 
and each carrier disk was inoculated by applying 10 mL of the 
test spore suspension at the center of the disk. The dishes were 
kept in a laminar flow cabinet, at ambient temperature, for 90 
min, left open to permit drying. After drying, each inoculated 
carrier was put into a sterile glass vial with the inoculated side up. 
Also, 50 µL of disinfectant was then added to the vial covering the 
whole surface of the carrier disk.

In addition, 10 mL of neutralizing solution was used for neu-
tralization after the recommended manufacturers’ disinfectant 
contact time. After a 1-min neutralization period, three washes 
of 10 mL of PBS were performed, and a further 30 mL of PBS was 
used to rinse the sides of the filter. The surviving organisms were 
recovered by 30-s vortex and membrane filtration. The eluent 
was passed through a membrane filter, which was removed and 
plated onto TSA or Columbia anaerobic sheep blood agar for B. 
amyloliquefaciens and C. difficile, respectively.

The assay for B. amyloliquefacien was incubated overnight 
at 37°C under aerobic conditions, while that for C. difficile was 
incubated at 37°C for 24–48 h under anaerobic conditions. The 
colony-forming units (cfu’s) on the plates were recorded. Log10 
reductions of the surviving test organisms are calculated and 
compared with those of the control carriers; ≥5 log10 reduction 
was the performance criterion in the present work.

controls
Control carrier disks were not treated in the same way as treated 
carrier disks, because when applying the same principle as 
described in the standard ASTM E2197-11, it was not possible to 
count colonies on the plates. Therefore, a plate counting method 
was used for counting colonies. Three control disks, with 50 mL 
of phosphate buffered saline (PBS), were used in each experi-
ment. After neutralization, the content was vortexed; 10−1 and 
10−2 serial dilutions of the resulting eluate were performed and 
incubated on the culture media under the required conditions for 
cfu enumeration. Spore concentration per mL and log reduction 
were then calculated.

statistical analysis
Assays were carried out in pentaplicate and repeated three times. 
SD analyses were performed.

resUlTs

control
The spore concentration was adjusted to 1.4 107 spores/mL. The 
average number of colonies for both C. difficile and B. amylolique-
faciens bacteria at a 10−2dilution solution is shown in Figure 1. 
The colonies in the culture stock solution and at a 10−1 dilution 
solution were greater than 330 and, therefore, impossible to count.
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FigUre 2 | Sporicidal activities of all disinfectants tested against spores of Bacillus amyloliquefaciens in 5 min and spores of Clostridium difficile in 5 min for 
chlorine-based products, and in 10 min for AHP-based product and Bioxy products (error bars represent SE of the mean).

FigUre 1 | Average number of colonies grown on the plates at 1:100 dilution (error bars represent SE of the mean).
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sporicidal Tests
The sporicidal activities of all disinfectants were tested for 5 min 
for B. amyloliquefaciens spores. For C. difficile spores, chlorine-
based products were tested for 5 min, whereas for AHP-based 
product and Bioxy products are tested for 10 min. Figure  2 
shows the results of the sporicidal activity of all tested disinfect-
ants against spores of C. difficile (ATCC 43593) and BS-01 B. 
amyloliquefaciens U50. As illustrated in Figure 2, all disinfectants, 
except 4.5% hydrogen peroxide, were effective in inactivating B. 
amyloliquefaciens spores after 5 min. Log10 reductions of disin-
fectants were 5.693 for 6,000 ppm NaClO, 5.277 for 3.65% w/w 
NaClO, 5.103 for sodium dichloro-s-triazinetrione, 5.246 for 2% 
Bioxy H, 5.635 for 5% Bioxy H, 5.316 for 2% Bioxy+, and 4.968 
for 4.5% hydrogen peroxide.

All chlorine-based products were effective against spores of 
C. difficile after 5 min. Log10 reductions were as follows: 5.6515 
for 6,000 ppm NaClO, 5.63 for 3.65% w/w NaClO, and 5.519 for 
sodium dichloro-s-triazinetrione. Hydrogen peroxide was effec-
tive only in inactivating spores of C. difficile after 10 min, giving 

a log10 reduction of 5.264. For the Bioxy products, only 5% Bioxy 
H was effective against C. difficile spores after 10 min where the 
log10 reduction was 5.275. Both Bioxy H and Bioxy+ at 2% were 
found ineffective at inactivating spores of C. difficile after 10-min 
contact time.

DiscUssiOn

Our findings demonstrate that chlorine-based products are 
efficient at inactivating spores of both B. amyloliquefaciens and 
C. difficile. In most cases, C. difficile spores were more sensitive. 
This is in agreement with the results of the recent study which 
showed that spores of C. difficile were more susceptible than B. 
subtilis spores (20). However, previous work has found that C. 
difficile spores were less sensitive to all chlorine-based products 
tested (19). Despite their sporicidal effect, sodium hypochlorite 
and hydrogen peroxide are reported to be corrosive on stainless 
and galvanized steel surfaces (16, 21). This aggressive nature 
of the older disinfectants may result in higher disinfection 
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costs because surfaces need eventual repainting or replacing. 
Furthermore, it was reported that sodium hypochlorite reacts 
with melamine and arborite surfaces, leading to a loss of effec-
tiveness of the disinfectant (14). In our research, we noticed 
that hydrogen peroxide requires long contact time, becoming 
effective only after 10 min. This finding has been observed in 
another study (21). It is important to note that peroxide alone 
is corrosive because of the acidic pH of the product. Hydrogen 
peroxide (itself a disinfectant) is released by the powerful 
oxidizer peracetic acid (PAA), which biodegrades to carbon 
dioxide, water, and oxygen. Notwithstanding its high sporicidal 
action, PAA presents the following downside, among others: 
corrosiveness and strong odor.

There are, at present, new reformulations of sodium hypochlo-
rite and hydrogen peroxide (17), and new disinfectants are being 
developed for high-level disinfection, particularly against C. 
difficile spores; whence Bioxy products, powdered PAA that 
produce up to 10% PAA in situ when dissolved in water. They are 
odorless, stable under storage, and safe to transport and handle. 
They have been proposed in a recent publication as alternatives 
to liquid PAA and other peroxides, both liquid and powder 
chlorinated products, quats, aldehydes, iodophors, and alcohols 
(33). Another work has shown that Bioxy products have great 
wettability and surface tension, making them powerful disinfect-
ants (17). Recently published data demonstrate the effectiveness 
of Bioxy products against various microorganisms and spores of 
C. difficile (33).

Moreover, results obtained in this study indicate that 5% Bioxy 
H has a strong sporicidal activity, i.e., it is effective against C. dif-
ficile spores in 10 min and has a log reduction of 5.275. These 
findings are in agreement with results obtained by Dagher et al., 
who observed that a 5% w/v solution of Bioxy effected a 5.36 log 
reduction in C. difficile spores after 10-min contact time (33). We 
also noted that 2% Bioxy H and 2% Bioxy+ were not effective 
against the spores of both bacteria. However, this concentration 
proved effective against several microorganisms in 10 min (33). 
This could suggest that at low concentration, Bioxy products 
are effective against vegetative cells of bacteria whereas at high 
concentration they are likely more effective against spores.

Only a few available studies have compared sporicidal activities 
of disinfectants, using the same test conditions such as standard 
tests, spore preparation methods, and bacterial strains (20). But 
no study comparing the efficacy of Bioxy products with that of 
other disinfectants has been performed to date. In the present 
study, we compared the sporicidal activities of commonly used 
disinfectants with that of newly manufactured Bioxy products. 
A study has shown that surface tests are preferable to suspension 
tests when evaluating the activity of sporicides on surfaces (34). 
However, in a recent study, authors did not find any significant 
differences in the sporicidal effectiveness between surface tests 

(ASTM E2197 and AOAC MB-15-03) and suspension tests (BS 
EN14347 and BS EN13704), then they noticed that BS EN 14347 
tests were better than the other tests (20). This could be because 
the enumeration of viable count for all tests was performed 
according to BS EN 14347 only.

In our study, the improved method worked well on all treated 
carriers, and all spores could be recovered through vortexing 
and membrane filtration. All the tests were carried out without 
adding soil load to the spore suspensions. The results presented 
correspond to those obtained on surfaces in hospitals after having 
previously cleaned the organic matter (35).

cOnclUsiOn

In evaluating and comparing sporicidal activity of Bioxy prod-
ucts with other disinfectants against spores of C. difficile and B. 
amyloliquefaciens, we found that the improved method works 
well on all treated carriers. This is because all spores could be 
recovered through vortexing and membrane filtration. Surface 
tests demonstrate the real-life effectiveness of disinfectants in 
eliminating spores on surfaces. Most of the disinfectants tested 
meet 5 log10 reduction, which was our performance criterion. 
Further studies may be required to evaluate different concentra-
tions of disinfectants. Another interesting approach would be 
combining disinfectants, thereby reducing surface destruction, 
increasing the safety of people using the products, and increasing 
the effectiveness of disinfectants.

Soil load should also be added in the spore suspensions when 
evaluating disinfectants for use on hospital surfaces. In addition, 
ASTM E2197-11 requires the use of stainless steel, but there are 
other types of surfaces encountered in the hospital environment, 
such as melamine, PMAM, glass, and arborite. This standard 
should therefore also be applied to assess the effectiveness of 
sporicides on these surfaces.
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