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Other Liquid-Based Sporicidal Chemistries of Note

Calcium hypochlorite. At very high concentrations, calcium hypochlorite (50,000 ppm free 

available chlorine, or FAC) was effective against B. anthracis in suspension,1 but more information 

is needed on efficacy at lower concentrations and to determine an effective concentration for use as 

a spray-applied liquid. One study reported no viable B. subtilis spores on many porous and 

nonporous building surfaces after treatment with spray-applied detergent solutions containing 

acidified calcium hypochlorite or supertropical bleach (calcium hypochlorite with calcium oxide 

[lime]) at 2,000-ppm FAC, but confirmation of efficacy greater than 2-3 LR was limited by the 

method detection limit.2 Subsequent tests of acidified calcium hypochlorite (5,000 ppm FAC) 

showed low to moderate efficacy against spores of  B. atrophaeus on porous and nonporous 

surfaces.3

Ozonated water. Ozone is a strong oxidant, typically generated in the gas phase from air or 

pure oxygen using a corona discharge system.4 Ozonated water is produced by bubbling a mixture 

of ozone and air through water, allowing the ozone to dissolve. A recent trade publication article 

suggests that aqueous solutions of ozone see niche use as a sanitizer of surfaces in seafood 

processing, but the lack of data on the frequency of its use in general suggests it is largely 

experimental or pilot-scale.4-6 Potable commercial ozonated-water generators capable of producing 

the sporicidal concentrations described below (~10 mg/L) are available.7, 8

Ozonation has been used to treat surfaces by bubbling ozone (continuous ozonation) 

through the solution containing the surface or by transferring the surface to a previously ozonated 

solution, which has a half-life of 20-30 min.9 A qualitative carrier test found that 4-log CFU of B. 

subtilis OSU494 dried on porcelain was completely inactivated after 10 min immersed in a 

solution ~10 mg/L aqueous ozone.10 Immersion for up to 40 min, however, was ineffective against 
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B. subtilis OSU494 dried on porous silk-suture loops with an organic burden; all replicates tested 

positive for growth.10 Despite its short half-life in solution, continuous ozonation during immersion 

treatment may not be necessary. Immersion in a solution with an initial ozone concentration of 8-

14 mg/L for one min was effective (8 LR) against B. subtilis OSU494 on nonporous surfaces 

(stainless steel and laminated paperboard).11 Immersion in 10-mg/L ozone (initial estimated 

concentration) for 30 min, however, was ineffective (2 LR) against B. atrophaeus on diamond 

dental burs.12

Glutaraldehyde. Glutaraldehyde, which is most effective in an alkaline solution, acts faster 

than does formaldehyde against B. anthracis spores (unspecified avirulent strain) in suspension13 

and, unlike formaldehyde, is still recommended by the CDC for use as a sterilant in healthcare 

facilities.14 Despite its faster inactivation kinetics, immersion of nonporous surfaces in solutions of 

2-3 wt% glutaraldehyde required CTs of several h to be effective against B. subtilis, although B. 

anthracis may be in inactivated faster since it was inactivated faster in suspension than was B. 

subtilis.15, 16 Lastly, along with formaldehyde, glutaraldehyde was evaluated in preliminary trials 

for the decontamination of Gruinard Island. Solutions of 5 wt% glutaraldehyde applied liberally to 

lightly contaminated soil (< 400 CFU of an unspecified B. anthracis strain/g-soil) often resulted in 

no detectable spores in locations sampled 10 days after the application.17

Emerging decontamination technologies 

While there has been an extensive amount of R&D published over the past 15-20 years on 

relatively novel approaches for the inactivation of bacterial spores, the majority of the techniques 

discussed below currently have limited commercial availability and/or would not be applicable as 

decontamination techniques for B. anthracis spores at full scale or for other reasons. Some of these 

technologies may have some niche uses (e.g., for medical device or food decontamination), but 
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their availability may be hindered by their small-scale use, high cost, lack of technological 

readiness, or sub-optimal efficacy. Many of these are physical-based, e.g., irradiative, techniques. 

Because of the abundance of literature on these emerging approaches, we briefly discuss here a few 

of these technologies, and provide a summary and references for other emerging techniques.

One of the more popular emerging technologies that has received extensive attention and 

funding the past decade has been the use of cold plasmas for antimicrobial purposes; see, for 

example, Hertwig et al.,18 who provide a review of this technology. According to Roth et al.,19 

plasma sterilization methods use electric fields to excite gas mixtures, resulting in production UV 

photons, free radicals, ions, and free electrons. One common facet and drawback of this technology 

is that the plasma source is usually relatively small and must be in close proximity (on the order of 

mm to cm) of the surface being decontaminated. 

The use of photo-based techniques for antimicrobial purposes is another popular emerging 

sterilization technique. While UVC light generated via low pressure mercury vapor lamps (i.e., at 

254 nm wavelength) is a well-established sporicidal technology and was discussed in more detail 

in this review, many other photo-based approaches are still at a low readiness level.  Examples of 

this class of technologies would include those producing UVC light (200-280 nm) via light 

emitting diodes;20, 21 Kim et al. 22 demonstrated that UV-C light produced via LEDs at 266 nm was 

more biocidal than UVC-254. The use of blue light, i.e., 405 nm wavelength has also been 

evaluated.23 24 The use of various light sources and radiative wavelengths coupled with chemical 

additives to act as catalysts 25, 26 or photosensitizers 24 has been reported in the literature as well. 

Vimont et al. 27 provide a review of pulsed light technology, which is characterized by short but 

high intensity bursts of light generated from various sources at various wavelengths. For example, 

the use of xenon-based lamps as a pulsed light source is gaining prominence in the literature; see 
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Chaine et al. 28 and Vimont et al.27 Lastly, exposure of B. anthracis spores to simulated sunlight 

(UVA/B) was shown to attenuate populations up to several LR, depending on the material.29

In addition to the plasma and photo-based techniques, Table S1 summarizes some of the 

more frequently published yet emerging germicidal technologies reported in the literature since 

2002. 

Applicability of B. anthracis spore inactivation techniques to Clostridium difficile

While the primary purpose of the critical review is to aid in the selection of sporicidal 

techniques that could be employed to decontaminate buildings or outdoor areas contaminated with 

B. anthracis spores, the technologies reviewed may also be considered as potential 

decontamination options for other virulent spore-producing bacteria, such as Clostridium difficile, 

Bacillus cereus, and others. C. difficile is a major public health concern and a source of hospital 

acquired infections.30 The US Centers for Disease Control and Prevention estimates that 29,000 

died in the U.S. from infection of C. difficile in 2011.31 Environmental contamination is a primary 

source of transmission of C. difficile,32 and as such, patients can become infected with C. difficile 

from poorly decontaminated surfaces.33 Similar to B. anthracis spore inactivation techniques, there 

is a fair amount of literature related to the evaluation of techniques for inactivation of C. difficile 

spores. A thorough review of this literature is needed (see for example recent publications related 

to the evaluation of biocides for C. difficile 34-36), but beyond the scope of this review. 

Nevertheless, understanding the relative resistance of B. anthracis and C. difficile spores to 

decontaminants would enable prediction of sporicide performance against B. anthracis spores 

based upon the decontamination data generated for C. difficile, and vice versa.37 There are only a 

few direct side-by-side laboratory efficacy studies that have been conducted to compare the two 
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species: Oie et al. 38 showed that in suspension tests with sodium hypochlorite, C. difficile was less 

resistant than B. anthracis in terms of the time required to inactivate a 106 population. In another 

study 37 which compared sporicidal efficacy against spores of C. difficile and B. anthracis using 

chlorine dioxide gas, hydrogen peroxide vapor, or pAB, inactivation results for C. difficile were 

either comparable to B. anthracis or showed greater resistance than B. anthracis, depending on the 

material and the chemistry.   
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Table S1. Emerging Sterilization and Decontamination Technologies

Technology Principle Limitations for 
use 

Example 
references 

showing use for 
inactivation of 

spores
Cold plasmas Use gas mixtures excited via 

electrical field to produce reactive 
chemical species and other 
potentially germicidal components

Small-scale use 
only

18, 19, 39-42

Photo-based Use of novel sources of light (e.g., 
xenon, LED), unique wavelengths, 
with and without the use of photo-
catalysts or photosensitizers; or 
pulsed light (short bursts of high 
intensity)

Limited efficacy 
data reported for 
spores on 
building 
materials; 
shadowing

20, 21, 23-25, 43

Ultrasound Mechanical effects and sonochemical 
reactions produced by acoustic 
cavitation

For liquids only 44

Supercritical 
carbon dioxide 
(CO2) and 
other high 
pressure 
transmitting 
fluids

High pressure CO2, operated at 
temperature of approximately 31 °C 
and pressures of 7.4 MPa. 

Small-scale 
chamber use

45-48

Microwave 
irradiation

Non-ionizing radiation typically 
using a frequency of 2450 MHz

Small-scale 
chamber use

49-52

Pulsed electric 
field

Pulses of high voltage (typically 20 - 
80 kV/cm) to foods placed between 2 
electrodes, usually 1 sec bursts

Used for food 
preservation

53-55

Bacteriophages Use of naturally occurring viruses to 
attack and inactivate B. anthracis 
Sterne spores

Literature 
reported primarily 
for their use 
against non-spore 
forming agents 

56, 57

Germinants Accelerate germination of spores 
with enzymes, nutrients, or other 
techniques (heat, pressure) to form 
vegetative bacteria, which are more 
sensitive to antimicrobial agents

Expense, 
insufficient 
germination 
efficacy

48, 58, 59
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