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Evaluation of Peroxides and Chlorine Oxides
as Disinfectants for Chemical Sterilization of
Gnotobiotic Rodent Isolators

LaTisha V Moody,! Yukiko Miyamoto,? Jonathan Ang,? Philip J Richter,! and Lars Eckmann?"

Gnotobiotic animal research has expanded markedly over the past decade. Although germ-free animals were first described
more than 100 y ago, little evidence-based guidance is available on best operational procedures. A key aspect of gnotobiotic
technology is the sterilization of animal enclosures, most commonly flexible vinyl film isolators. The objective of this study
was to determine the most effective methods for chemical sterilization of gnotobiotic isolators and associated equipment.
As test microbes, we used bacteria from 4 different accidental isolator contaminations that occurred in a gnotobiotic core
facility. Identification by 16S ribotyping revealed facultative anaerobic firmicutes, including several Paenibacillus and
Bacillus species, and obligate aerobic actinobacteria, namely Micrococcus luteus, among the contaminants. We selected 6
products commonly used for disinfecting hospital rooms, kitchens, and veterinary facilities to represent chlorine-oxide—
and peroxide-based disinfectants and tested the hypothesis that these 2 classes are equally effective. However, evaluation of
bactericidal and sporicidal activity in liquid cultures revealed that chlorine oxide-based disinfectants were more effective
than peroxide-based disinfectants. In both groups, various products effectively sterilized gnotobiotic isolators by fogging in
field tests, although bactericidal concentrations were markedly higher than those in suspension cultures, and effectiveness
was contact-time—-dependent. In addition, in both groups, some disinfectants were excessively corrosive to ferrous metals and
acrylic. These results demonstrate that no single disinfectant has all desirable properties and that the different characteristics
of disinfectants must be balanced during their selection. However, chlorine oxide-based disinfectants were generally more

effective and less corrosive than peroxide-based products.

DOI: 10.30802/ AALAS-JAALAS-18-000130

The resident microbiota of mammals has evolved to colonize
and thrive in various regions of the body, most notably in the
gut, skin, and genital tract but also in the airways and even
placenta."!3 The human microbiome consists of more than 1000
species and 100 trillion bacteria, indicating that the number of
bacteria greatly exceeds the number of host cells.? Critical new
insights into the composition and structure of the microbiota
under health and disease conditions have emerged over the last
decade, with the advent of high-throughput sequencing technol-
ogies. The physiologic functions of the microbiome in vitamin
production, nutrient absorption, immune development, bone
growth, brain development, and other processes remain incom-
pletely understood and are an urgent topic of ongoing research.?

Studies of microbiome-host interactions are challenging
because the contributions of individual bacterial species to
physiologic processes in the body have proven remarkably
difficult to dissect. One of the most powerful approaches to this
challenge is the use of gnotobiotic animals, whose microbiomes
are fully defined and can be controlled. Such animals require
as a starting point the establishment of the germ-free state, in
which an animal is free of all microbial colonization. Coloniza-
tion (association) of such animals with known microbes can then
be used to manipulate microbial composition and investigate
the ensuing host responses.
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Germ-free animals were first reported at the end of the 19th
century,'®but it was not until the 1930s and 1940s that techniques
were sufficiently reliable to generate thriving breeding colonies
of germ-free guinea pigs and rats.333%3¢ Although gnotobiotic
animals have been used regularly since that time, their use has
expanded markedly only relatively recently (since the 2000s),
in parallel with the advancements in microbiomics. Numer-
ous technologic challenges to conducting gnotobiotic animal
research exist. Specifically, personnel must be highly trained
to avoid contamination of gnotobiotic environments. Animals
and equipment must be handled inside isolators by using thick
gloves that limit dexterity. Most importantly, all food, water,
bedding, caging, enrichment items, and all other materials
to be placed inside of isolators must be sterilized to prevent
contamination. Accidental contaminations—which occur in-
frequently but regularly in most gnotobiotic facilities—lead to
losses of valuable animals, time, personnel efforts, and research
opportunities.

Meticulous technique and personnel training are clearly
important for successful maintenance of gnotobiotic animals,
yet the best approaches and practices for routine husbandry of
such animals remain largely dependent on anecdotal evidence
and personal experience.!5?84245 To improve the performance of
gnotobiotic core facilities, we sought to take an evidence-based
approach to evaluate key processes in gnotobiotic husbandry.
A major aspect of gnotobiotic technology is the sterilization
of animal enclosures to eliminate all microorganisms, includ-
ing bacterial spores.”” Consequently, we set out to determine
the most effective methods to chemically sterilize gnotobiotic
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isolators and associated equipment. Given the common use
of both chlorine-oxide— and peroxide-based disinfectants in
hospital rooms, kitchens, and veterinary facilities, we tested the
hypothesis that these 2 classes of disinfectants are equally effec-
tive in gnotobiotic applications, by using liquid culture systems
for vegetative and spore forms of relevant bacteria, fogging of
gnotobiotic isolators in field tests, and corrosion testing of the
relevant materials.

Materials and Methods

Gnotobiotic animal husbandry. Germ-free C57BL/6NTac
(GF-B6) mice initially were obtained from Taconic Biosciences
(Rensselaer, NY) and housed in standard polycarbonate mouse
cages with wire lids (7.5x11.5x5.0in.) inside 2 x 2 x 4 ft flexible-
film isolators (Class Biologically Clean, Madison, WI) at 21 to
23 °C, 30% to 70% relative humidity, and a 12:12-h light:dark
cycle. Mice were group-housed on autoclaved Aspen chip
bedding (Northeastern Products, Nepco, Madison, WI), fed
autoclaved 19% protein extruded rodent diet (2019S Teklad,
Envigo, Somerset, NJ) without restriction, and had unrestricted
access to water that was purified inhouse by reverse osmosis and
sterilized by autoclaving. Mice were provided with autoclaved
2-in. squares of nesting material (Nes3600, Ancare, Bellmore,
NY). All materials and supplies were autoclaved at 121 °C for
aminimum of 1 h inside a stainless steel supply cylinder (Class
Biologically Clean). Sterility of bedding, water, and feed was
confirmed by plating samples or extracts onto Luria—Bertani
agar and Columbia blood agar, followed by incubation under
aerobic and anaerobic conditions, as described later. Autoclaved
supply cylinders were coupled to the entry ports (diameter, 18
in. depth, 9 in.) of the gnotobiotic isolators for transfer of the
contents. In light of the outcome of the present study, we used
MB-10 (Quip Laboratories, Wilmington, DE; hereafter disinfect-
ant A) at the manufacturer-recommended full strength and an
atomizing sprayer (Spray System, Wheaton, IL) at 12 psi of
pressure for routine sterilization of ports and isolators. Ports
were disinfected by using a single cycle of 50 mL of disinfect-
ant over 12 min (split into 3 min of active fogging and 9 min
of passive incubation), followed by 5 min of exhaust before
the port was opened to the inside of an isolator. Isolators were
disinfected through 5 cycles of 50 mL of disinfectant each for
3 min of active fogging and 1 min of passive incubation, for a
total of 20 min, followed by overnight exhaust and drying. All
procedures were reviewed and approved by the IACUC of the
University of California, San Diego.

Identification of bacterial contaminants. Fecal samples were
routinely obtained from animals in gnotobiotic isolators for
sterility testing by collecting multiple fresh pellets from several
mouse cages. Sterile PBS was added to fecal pellets, and samples
were vortexed and immediately plated onto Luria—Bertani agar
and Columbia blood agar. Plates were incubated for as long
as 72 h at 37 °C under both aerobic (room air) and anaerobic
(AnaeroPack System, Mitsubishi, New York, NY) conditions.
If any growth was detected, a minimum of 5 morphologically
distinct colonies was collected from each plate, replated, and
grown on the appropriate agar to obtain well-defined, single
colonies. Each clonal isolate was stored at 80 °C in brain-heart
infusion broth with 50% glycerol. For bacterial identification,
an aliquot of each colony was directly added to a PCR reaction
mixture containing Q5 Hot Start High-fidelity Master Mix and
Tag polymerase (New England Biolabs, Ipswich, MA) and the
universal 16S rRNA primers 5" AGA GTT TGA TCC TGG CTC
AG 3’ (27F) and 5’ CAG GAA CCG CGG CTG CTG GC 3" (520R).
PCR reaction conditions were: 95 °C for 2 min for initial cell lysis

Disinfectants for gnotobiotic isolators

and denaturation; 35 cycles of 94 °C denaturation for 30 s, 56 °C
annealing for 30 s, and 72 °C extension for 2 min; followed
by a final extension step at 72 °C for 5 min. PCR products were
run on a 1% agarose gel and stained with ethidium bromide
to confirm amplification of the expected single 468- to 505-bp
products, which were then purified by using the Zymogen PCR
Purification Kit (Zymo Research, Irvine, CA) and submitted
for sequencing (Eton Biosciences, San Diego, CA). Sequences
were compared by using the Basic Local Alignment Search Tool
(BLASTN; National Center for Biotechnology Information),
and the closest matches in GenBank were used to assign the
taxonomic level.

Disinfectants. A wide range of chemical disinfectants and
sterilants have been developed for different applications in the
food industry and for medical and veterinary applications,5 in-
cluding for gnotobiotic rodent facilities, but 2 major groups are
most practical in terms of safety and cost: chlorine-oxide-based
disinfectants and peroxide-based disinfectants. We selected 6
representative disinfectants for this study (Table 1). For chlorine-
oxide products, we chose commercial bleach (Germicidal Ultra
Bleach, Waxie Sanitary Supply, San Diego, CA), Clidox (at
the recommended 1:3:1 v/v/v dilution of Clidox-S base:tap
water:Clidox-S activator; Pharmacal Research Laboratories,
Waterbury, CT; hereafter disinfectant B), and MB-10 (disinfectant
A;1.5-g tablet dissolved in 125 mL tap water; Quip Laboratories,
Wilmington, DE). For peroxide-containing products, we used
the following ready-to-use products: concentrated (30% v/v)
hydrogen peroxide solution (Fischer Chemical, Fair Lawn,
NJ),?® Spor-klenz (Steris, St Louis, MO; hereafter disinfectant
C),%* and Rescue (Virox Animal Health, Oakville, Ontario,
Canada; hereafter disinfectant D). All products are registered
with the Environmental Protection Agency, with the exceptions
of concentrated hydrogen peroxide and bleach. Publicly avail-
able information on acute toxicity of the active ingredients in
the disinfectants is listed in Table 1. We note that the selected
products are commonly termed disinfectants, although our
study objectives were to determine their properties as sterilants.
In contrast, conventional chemical sterilants such as ethylene
oxide and glutaraldehyde were not considered here because
of their highly toxic properties and considerable difficulties in
using them safely for gnotobiotic equipment.

Disinfectant activity testing. Four representative bacteria
isolated from contaminated gnotobiotic isolators were used in
suspension assays: Bacillus licheniformis, Paenibacillus macerans,
Paenibacillus thermophilus, and Micrococcus luteus. In addition, a
laboratory strain of Escherichia coli (DH50) was used as a univer-
sal bacterial indicator strain, and Geobacillus stearothermophilus
was used for paired testing of spores and vegetative bacteria.
Spores of G. stearothermophilus were obtained from a spore-based
biologic test assay (Traditional Self-Contained Biologic Indica-
tors, Crosstex, Hauppauge, NY). Each glass test vial was opened
aseptically, and the spore-infiltrated paper discs were removed
and suspended in PBS to release the spores. To obtain vegetative
G. stearothermophilus bacteria, the spore suspension was plated
onto Luria—Bertani agar and incubated at 55 °C for 24 h.

Stock cultures of B. licheniformis, P. macerans, and P. thermophilus
were grown in brain-heart infusion broth, whereas those of
M. luteus, E. coli, and G. stearothermophilus were grown overnight
in Luria—Bertani broth with shaking under aerobic conditions
at 37 °C, with the exception of G. stearothermophilus, which was
grown at 55 °C. Bacteria were washed in PBS solution, and
bacterial densities were estimated by optical density at 600 nm
and adjusted to 107 cfu/mL in PBS. Numbers of spores were
determined by direct microscopic counting. For suspension
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Table 1. Disinfectants used in this study

Active ingredients (concentration in undiluted stock solution)

Oral rat LD, of active ingredients (mg/kg)

Bleach Sodium hypochlorite (6% w/v)

Disinfectant A Sodium chlorite (0.25% w/v)

Sodium dichloroisocyanurate dihydrate (0.084% w/v)

Disinfectant B Sodium chlorite (0.17% w/v)

Hydroxyacetic acid (2% w/v)

Hydrogen peroxide Hydrogen peroxide (30% w/v)

Disinfectant C Hydrogen peroxide (1.0% w/v)

Peracetic acid (0.08% w/v)

Disinfectant D Hydrogen peroxide, accelerated (0.5% w/v)

8910

105-177
1420-1670

105-177
1600-3200 (20% aqueous solution)

1193 at 35%

1193 at 35%
1540

1193

Listed concentrations are of the active ingredients in the ready-to-use disinfectant stock solutions (which are considered full-strength or 100%
stocks for the purpose of this study); see Methods for information regarding manufacturers. In addition, several of the agents (for example,
disinfectants B and C) are registered with the Environmental Protection Agency as chemical sterilants, but for simplicity, all agents are referred
to as disinfectants throughout the document. Acute oral LD, values for rats are from the manufacturers” Safety Data Sheets or the TOXNET

Toxicology Data Network of the US National Library of Medicine.

culture testing, disinfectants were serially diluted in PBS in 96-
well plates, and vegetative bacteria were added to a final density
of 107 cfu/mL, whereas spores were added at a final density of
10° cfu/mL. After 15 min of contact time at room temperature,
suspensions were diluted atleast 1:10 in PBS to minimize further
disinfectant action. Using quantitative bacterial growth assays
at multiple disinfectant concentrations, we confirmed that
bacterial growth was not inhibited at disinfectant concentra-
tions more than 10-fold below their minimal lethal disinfectant
strength. After dilution with PBS, samples were immediately
plated onto Luria—Bertani agar and incubated at 37 °C or 55 °C
(G. stearothermophilus) for 24 to 72 h. Growth was recorded
as a positive result indicative of insufficient sterility, and the
lowest disinfectant concentration (relative to the respective full-
strength stock solutions) with no growth was recorded as the
minimal lethal disinfectant strength needed to kill all bacteria.
For these calculations, we did not correct for any differences in
the concentration of active ingredients (Table 1), given that the
goal of the study was to evaluate and compare commercially
available disinfectant products rather than specific ingredients.

Corrosion tests. Corrosion testing was done by using zinc-
plated flat steel washers (diameter, 0.75 in.; thickness 0.06 in.
thickness metal), 2 x 2-cm pieces of the same vinyl that is used
for the gnotobiotic isolators, and acrylic discs (diameter, 0.75 in.;
thickness, 0.25 in.), which were cut with a circular saw from un-
used isolator ports. Metal washers and acrylic discs were placed
into 4 mL and 7 mL, respectively, of 100% stock disinfectant in
6-well plates in a fume hood. Wells were allowed to dry and
were refilled every 48 to 72 h over a period of 12 d to mimic an
accelerated exposure cycle for isolator parts regularly exposed
to disinfectants by fogging or other forms of contact, followed
by subsequent drying through evaporation. After disinfectant
exposure, washers and discs were rinsed with distilled water
and dried, and photographs were taken. For quantification
of corrosion in the metal washers, color photographs were
converted to grayscale, and the total signal intensity of the
washers, a measure of light absorption related to corrosive
surface changes, was determined by using Image J software.3
The background intensity of new washers was subtracted, and
intensity was expressed relative to black (100% light absorption).

Fogging field tests of disinfectants. Agar plates were prepared
with minimal bacterial growth media,® inoculated evenly with
108 E. coli in 100 pL, and dried briefly before use. Ten plates were
placed in different locations on the floor, walls, and ceiling inside
a clean gnotobiotic isolator. Plates on the sides and ceiling had
sterilized metal washers incorporated into the agar and were
held in place by magnets. The isolator was closed and inflated as
done for routine maintenance. Various dilutions of disinfectants
were prepared and used to fog the isolators continuously for
1.5, 3, or 6 min using an atomizing sprayer (Spray System) at 12
psi of air pressure. After fogging, the isolator was left for 5 min
without disturbance and then exhausted for an additional 5 min
to remove the fog before opening. Agar plates were closed by
using lids inside the isolator to avoid contamination, removed
from the isolator, and incubated at 37 °C for as long as 72 h; any
growth on the plates was considered to be positive indication
of insufficient sterility.

Statistics. Nonparametric (Mann-Whitney U test, Kruskal-
Wallis test) or parametric (ANOVA, Dunnett) tests were
performed in Prism (GraphPad Software, La Jolla, CA) as
appropriate to determine statistically significant differences
between disinfectants and treatment groups. A P value less than
0.05 was considered as statistically significant.

Results

Identification of bacterial contaminants in gnotobiotic
isolators. Over a 2-y operation period of a gnotobiotic mouse
core facility using flexible film isolators, routine microbiologic
testing of fecal samples cultured by using different growth media
under aerobic and anaerobic conditions revealed several accidental
and independent contaminations. To identify the bacterial con-
taminants, we isolated random colonies from agar plates that
had shown the most bacterial growth and subjected them to
16S ribotyping with universal PCR primers. Sequence analysis
of the resulting PCR products revealed a total of 8 different
strains from 6 different bacterial species during 4 independ-
ent contamination events (Table 2). Three of the bacteria were
identified in 2 independent contaminations of different isolators,
whereas the other 5 bacteria were unique to particular con-
taminations, suggesting that they originated from independent
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Table 2. Identification of bacterial contaminants in gnotobiotic isolators

Disinfectants for gnotobiotic isolators

No. of identifications in isolator

Species Closest matched strain (similarity) Phylum A B C D
Micrococcus luteus JGTA-S5 (99%) Actinobacteria 1
Bacillus licheniformis ST3 (99%) Firmicutes 1 1
CCM28B (99%) Firmicutes 7
Paenibacillus thermophilus WP-1 (98%) Firmicutes 1 4
Paenibacillus macerans ZY18 (97%) Firmicutes 1
1B-14 (96%) Firmicutes 1 4
Paenibacillus dendritiformis RRLKE4 (99%) Firmicutes 8
Paenibacillus motobuensis GE10-1 (97%) Firmicutes 8

Bacterial contaminants were discovered during routine screens of fecal samples of germ-free mice maintained in gnotobiotic isolators and were
identified by using 16S rRNA ribotyping and sequencing. The closest matches of the sequences to 165 rRNA in GenBank and the percentage of
similarity are given. Four independent contaminations (isolators A through D) and at least 5 individual bacterial colonies were analyzed for each
contamination. The numbers represent the various colony identifications among the contaminations of each of the isolators.

sources. Furthermore, 3 of the contaminations yielded multiple
bacterial species, although only a single species were identified
among several bacterial colonies in the fourth contamination.
The notable paucity of bacterial diversity suggests that only a
few bacterial species contaminated the isolators and that some
contaminations may even be monoclonal.

The 6 identified bacterial species belonged to only 2 phyla,
Actinobacteria and Firmicutes (Table 2), and all are known to
be obligate aerobes or facultative anaerobes but not strict an-
aerobes. Consistent with these findings, we detected bacterial
growth under aerobic or both aerobic and anaerobic conditions
but not under anaerobic conditions only.

Activities of various disinfectants against bacterial contami-
nants in culture. Because our sterilization procedures apparently
had failed to kill the bacteria that were identified in the contami-
nated isolators, we began to explore the effectiveness of various
disinfectants against the contaminants. We selected a range of
chlorine-oxide— and peroxide-based disinfectants that were
readily commercially available, either in the form of products
formulated and sold as medical or veterinary disinfectants or as
chemicals with known disinfectant or sterilant properties (Table 1).
Four representative bacterial strains from the contamina-
tions, as well as E. coli as a commonly used bacterial indicator
strain, were exposed for a brief period (15 min) to various
concentrations of disinfectants in PBS at room temperature,
diluted to minimize further disinfection, plated on growth agar,
and cultured overnight. As a measure of killing potency, we
determined the lowest disinfectant concentration —analogous
to the minimal lethal concentration in antibiotics testing and
expressed as a percentage of the full-strength disinfectant stock
concentration—that prevented all bacterial growth.

All 6 tested disinfectants killed the 5 test bacterial strains at
their respective full-strength (thatis, 100%) stock concentrations,
but the killing potency of the 2 main groups of disinfectants
and the specific formulations differed (Figure 1). The activity
of the chlorine-oxide-based disinfectants was, on average,
greater than that of the peroxide-based disinfectants (medians
of minimal lethal disinfectant strengths across all bacteria and
experiments were 0.05% for chlorine oxides and 2% for perox-
ides; P <0.0001 by Mann-Whitney U test). For example, bleach
and disinfectant A were bactericidal for M. luteus and E. coli at

greater than 1000-fold dilution, whereas hydrogen peroxide
and disinfectant D lost activity against the same 2 bacteria at
less than 100-fold dilution. In addition, we noted 50- to 500-
fold variation in the killing activity of the same disinfectant
against different bacteria, although similar variations occurred
for both chlorine-oxide— and peroxide-based disinfectants, and
no bacterial strain was consistently more resistant to all or even
most of the disinfectants (Figure 1). These results demonstrate
that different disinfectants differ in their killing activity against
different target bacteria, leading to variable and wide margins
of safety (that is, the ratio of disinfectant stock concentration to
its minimal lethal disinfectant strength), although the chlorine-
oxide-based disinfectants were generally more potent than the
peroxides.

Disinfectant activity against bacterial spores. Most of the
contaminating bacteria we identified are known or presumed to
form spores,?%264 raising the possibility that the bacteria existed
as spores during decontamination. Because spores can be more
resistant to disinfection and sterilization than vegetative forms,*
we sought to compare the killing activity of the different disin-
fectants against matched pairs of spores and vegetative forms.
Initial attempts to generate spores of the isolated contaminant
bacteria under several previously reported induction conditions
were unsuccessful. 202649 Instead, we resorted to a well-estab-
lished spore former, G. stearothermophilus, which is widely used
as a biologic indicator for testing autoclave function.!® Spores
and vegetative forms of G. stearothermophilus were exposed
briefly (15 min) to various concentrations of each disinfectant
in PBS and tested for survivors by growth on agar plates.

Five of the 6 disinfectants were effective in killing both spores
and vegetative bacteria at their respective full-strength stock
concentrations, but both relative and absolute killing activities
clearly differed (Figure 2). Specifically, all 3 chlorine oxide-based
disinfectants were at least as, if not more, active against spores
as they were against vegetative forms (geometric means of 3.7%
compared with 20.2%, respectively), with bleach and disinfect-
ant A showing a greater than 100-fold safety margin for spore
killing relative to the undiluted stock solutions. In contrast, all
3 peroxide-based disinfectants were significantly less effective
(by greater than 100-fold) against spores relative to the vegeta-
tive forms (geometric means of 73.3% compared with 0.2%),
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Figure 1. Disinfectant activity against bacterial contaminants in suspension cultures. The indicated bacteria derived from independent isolator
contaminations and E. coli were exposed to various dilutions of disinfectants for 15 min in a buffered saline solution at room temperature. After
dilution to minimize further disinfectant action, bacteria were plated onto growth agar and incubated overnight at 37 °C. Disinfectant strength
is shown as the highest dilution (that is, strength) relative to the respective stock concentrations that prevented all bacterial growth. Each data

point represents the result from a separate experiment.

and one of them, disinfectant D, had no activity at all against
spores even at the recommended stock concentration (Figure 2).
These findings indicate that disinfectants differ in their activity
against spores in ways that cannot be readily predicted from
their killing capacity against the vegetative forms. The results
also show that the 2 chlorine-oxide-based disinfectants, bleach
and disinfectant A, are particularly potent against spores.

Corrosion testing of disinfectants. Routine use of disinfect-
ants in a gnotobiotic animal facility requires not only excellent
killing activity with good safety margins against a wide range
of potential microbial contaminants but also compatibility
with the gnotobiotic equipment, particularly acrylic (used in
transfer ports), vinyl (used in flexible film isolators) and ferrous
metals (steel used in port holders and autoclaving cylinders).
These materials come into regular contact with disinfectants,
so corrosion or other damage caused by repeated use could
eventually require costly and time-consuming replacement. To
assess the corrosive potential of each disinfectant, we exposed
ferrous metal (in form of zinc-plated steel washers) and acrylic
(in form of small discs) to each of the 6 disinfectants. To mimic
the real-life situation of routine isolator use characterized by
repeated exposure to disinfectants, the test items underwent
multiple intense cycles of day-long disinfectant submersion
followed by evaporative drying for a total of 12 d.

For the ferrous metal (steel), the most corrosive disinfectants
were bleach, disinfectant D, hydrogen peroxide, and disinfect-
ant C, whereas the least corrosive were disinfectants A and B
(Figure 3 A and B). For acrylic, the most corrosive disinfectants
were hydrogen peroxide, bleach, and disinfectant B, each causing
pitting and fissuring of the acrylic surface, whereas disinfectants
A and Chad little visible effect on the material (Figure 3 C). Dis-
infectant D produced a thick clear substance on the surface that
was difficult to remove, but the acrylic underneath appeared
to be unaffected. For vinyl, only disinfectant D caused visible
alterations in form of a thick liquid with precipitates on the
material that could not be wiped off without apparent damage
to the material. None of the other 5 disinfectants had noteworthy
destructive effects, suggesting that vinyl is probably the least
problematic in terms of disinfectant exposure of all the standard
materials used in isolator and port construction.

Field tests of 2 of the disinfectants, disinfectant A and hydro-
gen peroxide, by using acrylic isolator ports over a 3-mo period
in cycles of exposure and drying as part of regular gnotobiotic
animal husbandry confirmed that hydrogen peroxide caused
deep pitting, fissuring, and cracking of the acrylic surface,
whereas disinfectant A did not cause any visible surface dam-
age (Figure 3 D). Taken together, these findings indicate that
ferrous metal was affected to the greatest extent by disinfectants,
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Figure 2. Comparison of disinfectant activity against spores and vegetative bacterial forms. Spores and vegetative forms of Geobacillus stearo-
thermophilus were incubated with different dilutions of disinfectants for 15 min in a buffered saline solution at room temperature. Subsequently,
bacteria were diluted, plated onto growth agar, and incubated overnight at 55 °C. Disinfectant strength is shown as the highest dilution (that is,
strength) relative to the respective stock concentrations that prevented all bacterial growth. Each data point represents the result from a separate
experiment. The combined killing data for spores compared with vegetative forms for each class of disinfectant (that is, chlorine oxides and
peroxides) were evaluated by using the Mann-Whitney U test for the (*, P < 0.05; NS, not significant). The dashed line represents the highest
tested disinfectant strength; data points below the line indicate lack of killing at 100% strength.

particularly by bleach and disinfectant D; that acrylic was dam-
aged by hydrogen peroxide, bleach, and disinfectant B; and that
vinyl was largely resistant to the tested disinfectants.

Field testing of disinfectant activity by fogging in gnotobi-
otic isolators. The initial bacterial killing tests were done in
suspension assays to minimize confounding factors, but use
in gnotobiotic applications requires comprehensive surface
sterilization in flexible-film isolators. Although such chemi-
cal sterilization may be achievable by diligent wiping with a
disinfectant-soaked cloth, a more reliable approach is aerosol
spraying (‘fogging’).3 To test disinfectant activity in a fogging
regimen, we used agar test plates (diameter, 10 cm), onto which
108 test bacteria (E. coli) were freshly plated evenly across the
surface and which we placed in 10 locations in a test isolator,
including on the floor and ceiling (Figure 4 A). The plate-loaded
testisolators were closed and inflated as usual and then fogged
with different concentrations of disinfectants for various times
(1.5,3 and 6 min; longer times led to unacceptable accumulation
of liquid in ports and isolators). After a 5-min incubation period
without fogging (to take advantage of the hang times of the fog
droplets for further disinfection without adding more disinfect-
ant) and a subsequent 5-min exhaust period (to evacuate the
fog from the isolator for safe opening), the plates were removed
and incubated overnight to promote growth of any remaining
live bacteria. Results were expressed as the percentage of plates
within the test isolator that showed any discernible bacterial
growth. Untreated isolators served as controls and consistently
showed growth on all test plates (that is, 100% positive).

For field testing, we selected 2 of the chlorine oxide-based
disinfectants (products A and B) and 2 of the peroxide-based
disinfectants (hydrogen peroxide and product C). Three of the
4 disinfectants were 100% effective at the full-strength stock
concentrations for all 3 fogging periods, whereas disinfectant B
was only partly effective at 1.5 and 3 min (Figure 4 B). Further
analysis of the conditions that yielded only partial effectiveness
(that is, neither growth nor sterility on all 10 plates in an isolator)
showed that, irrespective of the disinfectant, test plates located
on the isolator ceiling (whose surfaces were facing down) were
harder to sterilize than those located on the sides or the floor
(87% +4%, 51% % 11%, and 18% * 6% [mean + SE] of the plates
on the ceiling, sides, and floor, respectively, had growth under
conditions of partial overall effectiveness; n =9 experiments,
P <0.001 by Kruskal-Wallis test). However, longer fogging times
generally increased disinfectant effectiveness, such that steriliza-
tion was achieved with lower concentrations of disinfectants A,
B, and C at 6 min compared with 1.5 min, although longer times
had little effect on the activity of hydrogen peroxide (Figure 4 B).

These results demonstrate that fogging is highly effective
in sterilizing bacterial test cultures in gnotobiotic isolators in
a contact time-dependent manner. However, optimal activity
requires disinfectant concentrations that are markedly higher
than those required for bacterial killing in suspensions tests.

Discussion
Gnotobiotic animal technology is critically dependent
on reliable and effective chemical sterilization regimens for
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materials and equipment that cannot be sterilized by heat. A
single contamination event of a gnotobiotic isolator renders
the entire animal population in that isolator highly suspect or
outright unsuitable for further experimentation,>!? leading to
waste of animals, resources, and personnel time. No antibiotic
regimen can rescue contaminated animals and return them to
a gnotobiotic state. For these reasons, systematic evaluation of
best practices for preparing and maintaining sterile equipment
is important for improving laboratory animal care and research
integrity, yet evidence-based approaches remain the exception
rather than the rule in gnotobiotic animal care. Our study makes
a significant contribution in this area through the systematic
analysis of different disinfectants for their effectiveness against
potential microbial contaminants and utility in routine gnoto-
biotic animal care.

A key question for our study was which microbes to use
for disinfectant testing. We reasoned that bacteria from actual
contaminations would be most suitable, given that our steri-
lization protocol at the time apparently had failed to prevent
contamination, indicating that an improved approach would
have to be effective against those contaminants. In analyzing
several independent contaminations, we identified a number

of bacterial contaminants by using 16S ribotyping. Most were
facultatively anaerobic Firmicutes, including several Paeniba-
cillus and Bacillus species. Consistent with this observation,
another report similarly discovered 2 Paenibacillus and Bacillus
species in gnotobiotic isolator contaminations.?> Most of these
bacteria are found in soil and on plants and are known or
presumed to form endospores.!16:2021.264049 I one contamina-
tion, we also identified M. luteus, which belongs to the phylum
Actinobacteria and is an obligate aerobe associated with soil,
plants, and the human skin microbiome.!” The characteristics
of the contaminants do not directly allow reconstruction of the
contamination routes, but they suggest that contamination oc-
curred either via surfaces contaminated by contact with human
skin (for example, hands) or unclean air or through the intro-
duction of contaminated feed or bedding. We did not identify
any anaerobes among contaminants, and no growth was ever
detected under anaerobic conditions only, consistent with the
assumption that contaminants presumably exist in viable form
for extended periods with access to air, as might be expected
for surface contaminations. However, we did not optimize
the collection conditions for highly oxygen-sensitive obligate
anaerobes, so it remains possible that our studies missed such
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anaerobes, which are common in the normal mammalian gut
microbiota.®?® Furthermore, we did not use a wide range of
specialized bacterial growth media, which might be required to
detect fastidious microorganisms, so such organisms might also
have been overlooked in the routine sterility testing. PCR analy-
sis of bacterial 165 rRNA might have helped in this situation,

although this approach is generally less sensitive than culture
methods for the detection of gnotobiotic contaminations.!”
The tested disinfectants showed large (greater than 105-fold)
differences in antimicrobial activity (or strength). Some of these
differences can be explained by the different concentrations of
the active ingredients in the disinfectant stocks. For example,
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concentrated hydrogen peroxide stocks contain 30% H,O,,
whereas disinfectant D has only 0.5% H,O,, albeit in a propri-
etary accelerated form. This 60-fold difference approximately
corresponds to the increased disinfectant strength and safety
margin of hydrogen peroxide over disinfectant D. Similarly,
disinfectant A contains 20% sodium chlorite compared with
0.85% in disinfectant B, a difference that can probably account
for some of the greater than 100-fold difference in average
antimicrobial activity between these disinfectants. However,
additional factors likely are involved. For example, disinfectant
A also contains sodium dichloroisocyanurate, which can act as
a slow-release source of chlorine oxides® and might synergize
with sodium chlorite, whereas disinfectant B has no additional
active ingredients listed.

Our findings indicate that chlorine-oxide-based disinfectants
typically were more potent than peroxide-containing products
against the vegetative forms of the test bacteria. The underlying
reasons are unclear, mostly because the mechanisms of bacterial
killing by chlorine oxides (such as chlorite and hypochlorite)
are not well understood, although they are thought to involve
a combination of cell wall and membrane disruption and mac-
romolecular inactivation.?’ By comparison, peroxides act by
causing lethal oxidative damage to critical macromolecules.*
Neither class of disinfectants showed consistent differences in
killing potency against the various test bacteria, suggesting
that their mechanisms of bacterial killing are universal and that
they therefore are likely to be similarly effective against other
potential bacterial contaminants.

The chlorine-oxide- and peroxide-based disinfectants
showed striking differences in regard to sporicidal activity, in
that all 3 peroxides displayed greater than 80-fold loss of ac-
tivity against test spores, whereas none of the chlorine oxides
showed diminished activity against spores compared with the
vegetative forms of the bacterial test strain. These findings are
consistent with prior reports in which spores of another bac-
terium, Clostridium difficile, were effectively killed by sodium
hypochlorite but relatively resistant to hydrogen peroxide;?
however, contrasting results, in which hydrogen peroxide was
more effective than sodium hypochlorite for spore killing, have
also been reported.* These apparent discrepancies may reflect
the use of different test regimens and endpoints. In addition, the
prior studies had different objectives and did not directly assess
disinfectant activity against spores compared with vegetative
forms of the same test bacteria, as we did in the current study.
In any case, it is clear from our results that potency against the
vegetative forms is not predictive for sporicidal activity, under-
lining that spore killing likely differs mechanistically from the
killing of vegetative forms.?”-%

Field testing of disinfectants by aerosol fogging of gnoto-
biotic isolators revealed that disinfectant strength was not
closely correlated with activity in suspension test cultures. The
2 chlorine-oxide-based disinfectants required more than 200-
fold higher concentrations for sterilization of the agar-plated
test bacteria than their minimal lethal strength against the
same test bacteria in suspension cultures. This difference was
less notable for the 2 peroxide-based disinfectants, but even
those needed 5- to 30-fold higher disinfectant strengths for
sterilization of the plated test bacteria compared with liquid
cultures. A key reason for these differences may be contact
time, given that bacteria in suspension cultures were exposed
to disinfectants for 15 min, whereas isolator fogging times
could not readily be increased beyond 6 min without generat-
ing excessive liquid on the isolator floor. The importance of
contact time for disinfectant activity is well documented in the

literature34748 and is underlined by our observation of time-

dependent increases in killing activity for fogging with the 2
chlorine oxide-based disinfectants, suggesting that a trade-off
exists between maximal disinfectant activity and minimal ac-
cumulation of residual disinfectant in isolators after fogging.
Other factors such as droplet size of the aerosol, extent of
evaporation and gaseous diffusion, humidity, temperature,
and presence of any interfering substances are likely to be
additional determinants of aerosol effectiveness.!431,41

An ideal disinfectant for gnotobiotic animal care would
be maximally active against both the vegetative and spore
forms of a broad range of potential contaminants with good
safety margins, fast-acting, minimally corrosive for metals and
plastics, ready-to-use and odor-free, and easily available at
low costs. Our current results suggest that no single disinfect-
ant has all these desirable properties and that these various
characteristics must be balanced during disinfectant selection.
Moreover, different gnotobiotic facilities may emphasize dif-
ferent features when selecting the most suitable disinfectants
according to available equipment and infrastructure. In our
situation, we placed emphasis on high activity against spores
(which eliminated one of the peroxide-based disinfectants
[disinfectant D]), minimal damage to metal and acrylic (which
argued against bleach and hydrogen peroxide), and effective
aerosol-mediated microbial killing. Consequently, we ordered
the tested disinfectants from most to least suitable for gnotobi-
otic applications, with the combination of sodium chlorite and
sodium dichloroisocyanurate (disinfectant A) topping the list,
followed by the peroxide disinfectant product C, and sodium
chlorite alone (disinfectant B). Our studies further suggest
that surface disinfection alone will not prevent all microbial
contaminations and that systematic exploration of steriliza-
tion procedures for other potential contamination sources,
particularly food and bedding, is warranted. However, our
current findings emphasize that optimal surface disinfection
is an important element of gnotobiotic animal care.

For all disinfectants, human and animal exposure can be a
health concern.®!22 A survey of publicly available toxicity in-
formation suggests that acute toxicity of the active disinfectant
ingredients varies dramatically (Table 1), but a comprehensive
evaluation of the occupational exposure hazards, particularly
for inhalation, is not readily available. Such an evaluation would
have to consider not only the various concentrations of the active
ingredients in the full-strength disinfectant solutions but also
exposure frequency and relevant health endpoints. For exam-
ple, contact with high-level disinfectants can cause dermatitis,
respiratory symptoms, irritation of ocular and nasal mucous
membranes, and aversive reactions to strong odors, although
their relative incidence is unclear.*® It would be advisable to
minimize all exposure to disinfectants, preferably through
engineering controls, such as the removal of aerosols and
gases directly from the gnotobiotic isolators and ports through
targeted exhaust systems. Direct exhaust can minimize or even
avoid room air contamination, which would otherwise require
elaborate personal respirators to filter chemical agents from
contaminated room air for adequate protection of veterinary
personnel.
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