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The selection of appropriate disinfectants for use in animal 
facilities requires consideration of multiple factors, including 
spectrum of activity, human safety, and effects on the health 
and behavior of animals exposed to these agents. Multiple en-
gineering standards are rigidly enforced to limit the spread of 
pathogens within animal facilities.100,43 Chemical disinfectants 
are often the first line of defense against these pathogens; how-
ever, guidelines for their selection and usage often are defined 
less strictly. Because disinfectant use is critical in preventing 
the spread of adventitious disease within animal colonies and 
is an essential component of laboratory animal facility manage-
ment,87 a fact-based approach is imperative when selecting an 
appropriate product.

Disinfection is the process of eliminating many or all patho-
genic microorganisms, other than bacterial spores, on inanimate 
objects.83 A hierarchy originally designed by Earle H Spaulding 
defined disinfectants as either high-, intermediate-, or low-
level, based on their ability to kill various microorganisms.92,93 
According to the current usage of this hierarchy, high-level 
disinfectants are those capable of killing most pathogens, includ-
ing all types of viruses, vegetative bacteria, mycobacteria, and 
bacterial spores, with the only exception being large numbers 
of spores.66,83 Intermediate-level disinfectants are usually able 
to inactivate most viruses, vegetative bacteria, mycobacteria, 
and fungi but are unlikely to eliminate most bacterial spores. 
Low-level disinfectants are capable of eliminating vegetative 

bacteria and most enveloped viruses but are ineffective against 
some nonenveloped viruses, mycobacteria, some fungi and 
most bacterial spores. Since the establishment of the Spaulding 
hierarchy, there have been multiple schemes designed to classify 
microorganisms by their susceptibility to particular chemicals, 
including work by Klein and Deforest, who specified 3 levels of 
viral sensitivity to disinfectants, based the presence or absence 
of viral envelopes, in addition to their solubility.51 According to 
the Klein–Deforest scheme, hydrophilic nonenveloped viruses, 
such as parvoviruses, are the least sensitive to disinfectants, 
whereas partially lipophilic nonenveloped viruses of intermedi-
ate solubility, such as adenoviruses and rotaviruses, are slightly 
more sensitive, and lipophilic, or enveloped viruses, such as ret-
roviruses, herpesviruses, paramyxoviruses, and coronaviruses, 
are the most sensitive.51,80,87 Prince and colleagues further elabo-
rated on this scale, categorizing the susceptibility of multiple 
human and animal pathogens.80 Based on extrapolations from 
previous work, hierarchies have been developed specifically 
to classify pathogens affecting laboratory animals, including 
bacterial spores and parasites, which are even less sensitive to 
disinfection than are hydrophilic nonenveloped viruses.87 These 
schemes are accepted guidelines for disinfectant differentiation 
and denote that chemicals capable of killing pathogens at a 
higher point in the spectrum are also capable of killing all of 
the more sensitive organisms. These general hierarchies may 
not provide fine distinctions between similar organisms,60 but 
to this day, the Spaulding hierarchy is still considered to be as 
applicable as when it was first established and is considered as 
new products are developed and tested.66

Chemical disinfectants can be further categorized into 3 
classes according to their method of action—denaturants, 
reactants, and oxidants.80,87 Denaturants, such as quaternary 
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compilation of disinfectants that have been tested and shown 
through the Antimicrobial Testing Program to be effective 
against Pseudomonas aeruginosa and Staphylococcus aureus at mini-
mum, as well as Mycobacterium bovis BCG when tuberculocidal 
claims are made.30 The Antimicrobial Testing Program follows 
performance standards developed by AOAC International 
(formerly, the Association of Official Analytical Chemists); these 
standards primarily focus on the specific bacterial organisms 
just listed but not on viruses or other pathogens that may be less 
sensitive to disinfection.29 In addition, when human bloodborne 
pathogens may be present, as is the case in situations involv-
ing human cells or humanized animals, a disinfectant must be 
proven effective against HIV and hepatitis B virus at least, and 
potentially against Mycobacterium tuberculosis as well, when tu-
berculocidal action is indicated.76 Still, agents known to require 
a higher level of disinfection must be treated with either diluted 
bleach or other disinfectants of appropriate spectrum.61,83,102 For 
some products, efficacy is also tested by the former American 
Society for Testing and Materials, ASTM International, an ad-
ditional third-party organization that has developed standards 
for disinfectant-efficacy testing.6,7,75 Although these standards 
are well defined and accepted by many disinfectant companies, 
they are not requirements, given that enrollment in the organiza-
tion is voluntary. With all of the potential testing agencies and 
methods considered, it is difficult to determine the degree of 
testing that is sufficient for a specific facility, and in some cases, 
even these listed standards may not be sufficiently stringent 
to allow use against less-sensitive pathogens. Lastly, contact 
times for products listed as appropriate for specific pathogens 
may be as long as 10 min,61 which does not reflect the short 
spray-and-wipe method of disinfection that is practiced in most 
animal facilities.83 It therefore becomes increasingly important 
to consider possibilities for quality control when assessing 
disinfectant efficacy.

Multiple methods have been developed to assess the efficacy 
of disinfectants.9,11,95,99,101 Virucidal activity has been a primary 
focus of researchers working not only in the veterinary field, 
but also in human medicine and in food and water safety.34,57,88 
Although wild-type viruses are often used as the subjects of 
efficacy testing,1,26,57 these agents themselves may represent 
potential hazards to people and animals, and some are not 
easily cultured in a laboratory setting.96 Therefore, it is often 
ideal to use less pathogenic or more easily propagated viruses 
as surrogates24,31,45,97—for example, feline calicivirus is used 
as a surrogate for norovirus, another calicivirus that cannot be 
cultivated in vitro.46,69,104 One question to consider is whether 
modified, nonreplicating agents, such as viral vectors used in 
gene therapy, can serve as surrogates for agents that are similarly 
sensitive to disinfection. The benefits of this approach include 
a decreased risk to animals and personnel in the testing facil-
ity, the availability of high-titer viral stocks, the extensive use 
of these vectors in some facilities, and the possibility of using 
fluorescence markers for detection and quantification of surviv-
ing virus. The use of fluorescence expressing viral vectors allows 
easy and rapid assessment of viral survival, because microscopy 
or flow cytometry can be used to detect viral transduction and 
expression soon after exposure. The value of viral vectors as 
surrogates for wild-type viruses is further supported by the 
use of adenovirus types 5 and 6 to predict the inactivation of 
similarly structured adenovirus-based vectors.64

Virucidal and bactericidal test methods have included suspen-
sion tests and carrier tests. Suspension testing involves exposing 
virus in suspension to a disinfectant and monitoring for surviv-
al, and is often the primary means of efficacy testing.9,79,95,101,102 

ammonium compounds, phenolics, and alcohols, act by dis-
rupting protein and lipid structures, making these products 
particularly effective against lipophilic enveloped viruses.4,54,83 
These chemicals are widely available, cost-effective, and are 
generally considered to be bactericidal, fungicidal, and variably 
tuberculocidal. They are not usually sporocidal or virucidal 
against nonenveloped viruses and therefore cannot be used 
as high-level disinfectants. Disinfectants that are reactants, 
including aldehydes (formaldehyde and glutaraldehyde) and 
ethylene oxide, form and break covalent bonds, altering DNA, 
RNA, and protein structure and synthesis.4,54,83 These products 
are most commonly used as high-level disinfectants but are not 
typically applied as routine surface disinfectants because they 
are expensive and are considered relatively toxic, acting as both 
irritants and carcinogens. Oxidant disinfectants are the largest 
group and include halogens—hypochlorites, chlorine dioxide, 
and iodine—peroxides, and peroxymonosulfates. These disin-
fectants oxidize proteins, enzymes, and amino acids, making 
their spectrum of activity relatively broad.4,54,83 Oxidants are 
inexpensive and fast-acting and are often considered to be 
mycobacteriocidal, sporocidal, and fungicidal; they also have 
the ability to kill nonenveloped viruses. However, some oxidant 
disinfectants present considerable health hazards and can be 
corrosive to equipment.13,23,84 Given the obvious advantages 
and disadvantages of each disinfectant class, many variables 
must be considered as these disinfectants are assessed.

When selecting a disinfectant for use in a laboratory animal 
facility, its spectrum of activity is arguably the most important 
factor to consider. A disinfectant must be able to eliminate the 
most resistant pathogens under conditions that vary among 
facilities, depending on the biosafety level, barrier agent exclu-
sions, and immunocompetency of the animals being housed.52 
Animal pathogens of concern often include retroviruses, her-
pesviruses, adenoviruses, parvoviruses, coronaviruses, and 
coxsackieviruses, and bacterial organisms such as Mycobacterium 
spp., Staphylococcus spp., Clostridium spp., and Corynebacterium 
bovis among many others.15,16,37,87 Infectious diseases, whether 
experimentally induced or naturally occurring, can have 
profound effects on research animals,37 potentially leading to 
invalidation of research, extensive depopulation within vivaria, 
and significant economic loss.15,16,44 In addition, containment 
facilities house specific pathogenic agents that pose considerable 
risk to personnel and public health if proper controls are not in 
place.52,71,100 The Biosafety in Microbial and Biomedical Laboratories 
(BMBL) manual contains an overview of disinfection concepts 
and decontamination strategies, in addition to defining specific 
microbiologic practices, including the need for routine decon-
tamination of work surfaces with an appropriate disinfectant.100 
However, this manual does not specify the type or class of dis-
infectant that is to be used, limiting guidance to the statement 
that intermediate- and low-level disinfectants can be sufficient 
for most environmental surfaces. The ultimate decision is left 
to the facility, after an appropriate risk assessment.33,52

In our facility, as well as others, Environmental Health and 
Safety departments are taking a more prevalent role in oversee-
ing the risk assessment and use of disinfectants, and in making 
their assessments, spectrum of activity is considered to be of 
great importance. If a disinfectant is intended for use in a facil-
ity that is biosafety level II or higher—and therefore contains 
pathogens capable of causing disease in healthy humans100—it 
must meet certain requirements for broad-spectrum activity. The 
first requirement for a disinfectant with public-health claims is 
inclusion in the US Environmental Protection Agency (EPA) 
list of Hospital Sterilants, Disinfectants, and Tuberculocides—a 
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risks to humans pose similar threats to animals, including risk 
of contact dermatitis50,86 and irritation of mucous membranes.3 
In addition, disinfectants have the potential to produce aversive 
odors that may have negative effects on animal behavior and 
wellbeing.35 Disinfectants may have a variety of uses within a 
facility, and those intended for treating only floors, walls, and 
lab benches may not be appropriate for situations where the 
potential for animal exposure exists—for example, when they 
are applied to forceps used transferring mice, hoods used for 
changing cages, or behavioral testing equipment. Whether a 
disinfectant is intended for use only on surfaces that come into 
intimate contact with animals or as an all-purpose product in 
a facility, which is often the goal, it is important that it be un-
likely to cause irritation or aversion in animals when used at 
the recommended concentration.

The most widely used and highly regarded surface disin-
fectant is household bleach, an aqueous solution of 5.25% to 
6.15% sodium hypochlorite, typically used after a 10:1 dilution 
in water.83,84,102 Bleach is therefore the standard recommenda-
tion made by most institutional Environmental Health and 
Safety departments.84 Household bleach has a broad spectrum 
of antimicrobial activity, and is relatively inexpensive, fast-
acting, resistant to water hardness, and capable of penetrating 
biofilms and dried organisms.67,83,84 However, bleach is offen-
sive in odor and relatively caustic, being capable of inducing 
ocular and respiratory irritation, electrolyte imbalances if in-
gested, and cutaneous, oropharyngeal, esophageal, and gastric 
burns.23,36,42,56,82,103 In addition, bleach releases toxic gas when 
mixed with ammonia-based products.70,81 Other disadvantages 
are that bleach is inactivated by organic matter, can discolor 
fabrics, and is corrosive to metals, even when compared with 
other chlorine-based products, such as chlorine dioxide.13,17,84

The current study was designed to determine suitable al-
ternatives to bleach as a universal disinfectant and to discern 
whether any products might truly be used for all purposes in 
a given facility. The hypothesis was that alternative disinfect-
ants are as effective and well-accepted as chlorine bleach for 
use against viral agents of concern within animal facilities. 
The expectation was that a disinfectant that could be used 
for all purposes in a given facility would be identified, with 
the understanding that this product would still be unlikely to 
be superior in all parameters being considered. We selected 4 
disinfectants—3 oxidants and one denaturant—for comparison 
on the basis of several criteria, including mechanism of action, 
reported broad-spectrum activity, accessibility, and relevance 
to the testing facility.

Three specific aims were assessed. First, the spectrum of ac-
tivity of the 4 disinfectants was compared with that of bleach. 
Comparative efficacy against GFP-expressing viral vectors 
was assessed under various conditions, including in suspen-
sion, buffered in fetal bovine serum, and dried on a nonporous 
surface. Second, human and environmental exposure risks as-
sociated with each of the disinfectants were assessed through 
interpretation of the SDS information. Lastly, the behavioral 
effect of disinfectants on mice was assessed by using an innate 
aversion test developed to monitor avoidance of potentially 
aversive odors.

Materials and Methods
Animals. A total of 56 Swiss Webster Crl:CFW (SW), 42 

C57Bl/6NCrl BR, and 40 BALB/cAnNCrl mice were purchased 
from Charles River Laboratory (Wilmington, MA). Mice were 
allowed at least 7 d to acclimate before the start of the study. 
All mice were housed in a SPF, AAALAC-accredited facility, 

Carrier tests are used to mimic practical applications, such as 
virus dried on a hard surface, instruments, or hands.1,2,9,11,26 The 
value of carrier tests is that they represent typical challenges 
faced by disinfectants during normal use and therefore may 
be more informative than is suspension testing.95 Additional 
variables that can influence disinfectant efficacy include the 
amount of organic material present in the environment, the 
amount and degree of aggregation of pathogen, the complexity 
of the surface being disinfected, the amount of agitation once 
the disinfectant is applied, the age of the disinfectant, and the 
method of application.33,58,60,66

In addition to their focus on spectrum of activity, Environ-
mental Health and Safety departments consider a multitude of 
regulations and recommendations from several different agen-
cies and organizations. To be considered for use in a facility, a 
disinfectant must meet several specifications. The disinfectant 
must be registered as a pesticide on both a national and state 
level.32 According to both the EPA, which enforces the Federal 
Insecticide, Fungicide, and Rodenticide Act, and the California 
Department of Pesticide Regulation, a pesticide is any substance 
that is used to control, destroy, or mitigate any pest, including 
microorganisms such as viruses or bacteria.32 It is therefore 
necessary that a disinfectant meets the requirements for registra-
tion with the EPA, in addition to the state requirements, which 
may be more stringent, as is the case in California.32 Lastly, 
disinfectants that are disposed of down a drain (for example, as 
mop water or expired product) and through the sewer system 
to publically owned treatment works must meet appropriate 
disposal requirements. The product must have a pH between 
2 and 12.5, or it is considered to be corrosive hazardous waste, 
according to the Resource Conservation and Recovery Act.28 
Once that requirement is met, disinfectants often must meet 
additional, stricter regulations for disposal through publically 
owned treatment works that are enforced on a state or local level. 
For example, in the city of Los Angeles, a product that is poured 
down a drain must have a pH between 5.5 and 11, and dilution 
in water is not considered a valid means of achieving this goal.25

In addition, the importance of human occupational safety 
cannot be overstated, because this factor may be used as the 
basis for rejecting products with an ideal spectrum of activity. 
The hazards considered in the Safety Data Sheets (SDS) are 
reflected in guidelines set forth by the National Research Coun-
cil,72 and the observation of appropriate precautions when using 
disinfectants in the laboratory is regulated on a federal level by 
OSHA.77 Having a knowledge of the potential health risks of 
disinfectants is vital, because the incorrect usage of products 
may lead to occupational illness.14 Adverse effects experienced 
by those exposed to a disinfectant could include skin sensitiv-
ity, ocular or nasal mucous membrane irritation, and reaction 
to strong odors.5,8 Thorough review of the SDS is necessary 
to understand the risks associated with using each product 
and the precautions that must be taken to prevent human 
exposure, including personal protective equipment and fume 
hoods for the reconstitution of various chemicals. The health 
hazards associated with these products can be compounded 
by inappropriate usage or toxic combinations of incompatible 
products.81 As noted previously, pH is a major consideration, not 
only for human safety but also in the context of environmental 
safety and disposal requirements. Corrosiveness is important 
because it relates to both human safety and damage to labora-
tory equipment.39,74

One final consideration that is often overlooked but that 
definitely should not be discounted is the effect of these disin-
fectants on the animals living in a facility. The potential health 
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2 × 104 cells/well and incubated for approximately 24 h before 
use. In addition, CCM was used for dilution and drying of the 
virus and as an additional negative control for the experimental 
disinfectants.

In vitro efficacy testing. Establishing a method for neutralizing 
disinfectants. HEK-293T cells were plated at 2 × 104 cells per well 
on 12-well plates and incubated for approximately 24 h at 37 °C, 
as previously described. Cells were then exposed in triplicate to 
serial dilutions (1:10, 1:100, 1:1000, and 1:10,000 in CCM) of each 
test disinfectant or negative control. After 8 h of incubation, the 
diluted disinfectant mixture was aspirated from the plated cells 
and replaced with fresh CCM. The plates were then returned to 
incubation at 37 °C. At 24, 48, or 72 h after exposure, the cells 
were incubated in cell dissociation buffer (Gibco Invitrogen, 
Thermo Fisher Scientific, Waltham, MA) for 5 min at 37 °C and 
resuspended in PBS. To determine the percentage of live cells, 
the resuspended cells either were counted with a cell counter 
(TC 10, Bio-Rad, Hercules, CA) after the addition of trypan 
blue or analyzed by flow cytometry (FACS Canto II, Becton 
Dickinson, Franklin Lakes, NJ) after a 10-min incubation with 
5 µL of propidium iodide.

Testing disinfectants against viruses in suspension. HEK-293T 
cells were incubated for 24 h as previously described. We then 
placed 10-µL aliquots of viral vectors into 2-mL microfuge tubes 
for disinfectant exposure; 90 µL of a disinfectant at the recom-
mended concentration was added to each tube, yielding a 90% 
concentration of disinfectant. The tubes were gently agitated by 
tapping 2 or 3 times and then left untouched for contact times 
of either 1, 5, or 10 min; 900 µL of CCM was then immediately 
added to each tube (a 1:10 dilution) and mixed. We added 40 
µL of this diluted mixture to 3960 µL of CCM in a 50-mL coni-
cal centrifuge tube for an additional 1:100 dilution and mixed. 
This serial dilution achieved a 1:1000 dilution of the disinfect-
ant overall, and negative controls were expected to yield viral 
concentrations of 4.2 × 105 IU/mL, 4.3 × 104 IU/mL, and 2.7 × 
103IU/mL for adenoviral, lentiviral, and adeno-associated viral 
vectors, respectively.

Diluted virus–disinfectant mixture (1 mL) was added to the 
plated HEK-293T cells in triplicate, and the cells were incubated 
at 37 °C for 7 to 8 h to facilitate viral transduction. The mixture 
was then replaced with fresh CCM. All plates were incubated 
for another 60 to 70 h at 37 °C. The cells were visualized under 
fluorescence microscopy prior to resuspension in PBS as de-
scribed previously. Flow cytometry was performed to determine 
the percentage of GFP-expressing cells (an indicator of viral 
survival and subsequent transduction) and assess cell survival 
by propidium iodide fluorescence. The data were analyzed by 
using FlowJo cytometric analytical software (Tree Star, Ashland, 
OR), and the GFP expression percentage among live cells was 
compared between the different experimental groups. A base-
line of 0.5% GFP expression was established as a cutoff, below 
which the detected expression was attributed to machine error 
and considered to be zero.

Testing disinfectants against adenoviral vector in suspension 
after dilution in serum and water. HEK-293T cells were incubated 
for 24 h as previously described. We placed 10-µL aliquots (4.2 × 
107 IU) of adenovirus into 2-mL tubes for disinfectant exposure 
as done in previous experiments. Before disinfectant was added 
to virus, we added 15, 40, or 65 µL of heat-inactivated FBS (Hy-
clone, Thermo Fischer Scientific) to the 10-µL viral samples and 
vortexed, so that the addition of 75, 50, or 25 µL of disinfectant 
would respectively yield 75, 50, and 25% concentrations of the 
disinfectant. Immediately on addition of disinfectant, the tube 
was mildly agitated by gently tapping 3 times. After 1 min of 

where sentinel mice are tested quarterly and remain negative 
for mouse parvovirus, minute virus of mice, mouse norovirus, 
mouse hepatitis virus, Sendai virus, lymphocytic choriomen-
ingitis virus, polyomavirus, K virus, pneumonia virus of mice, 
mouse adenovirus, epizootic diarrhea of infant mice, mouse 
encephalomyelitis virus, reovirus, ectromelia virus, Mycoplasma 
pulmonis, and Helicobacter spp. as well as endo- and ectopara-
sites. Mice were socially housed in polycarbonate cages (Lab 
Products, Seaford, DE) on corncob bedding (Bed-O’Cobs, The 
Andersons, Maumee, OH) and were given enrichment nest-
ing material (Cotton squares, Ancare, Bellmore, NY). Mice 
had unrestricted access to Laboratory Rodent Diet 5001 (PMI 
Nutrition International, Richmond, IN). The animal room was 
environmentally controlled, with a temperature of 68 to 79 
°F (20.0 to 26.1 °C), relative humidity between 30% and 70%, 
and 12:12-h light:dark cycle. The IACUC of the University of 
California–Los Angeles approved all animal use activity in this 
study. Due to the noninvasive nature of the current study, all 
animals were transferred to other protocols at the conclusion 
of behavioral testing.

Disinfectants and controls. Five disinfectants were evalu-
ated in this study. Disinfectant A was 10% bleach (The Clorox 
Company, Oakland, CA), an aqueous solution of 5.25% to 8% 
sodium hypochlorite diluted 1:10 in tap water. Disinfectant B 
was Accel TB (Virox Technologies, Oakville, Ontario, Canada), 
a ready-to-use formulation of 0.5% hydrogen peroxide com-
bined with a surfactant accelerant. Disinfectant C was Vimoba 
(Quip Laboratories, Wilmington, DE), a chlorine-dioxide–based 
mixture diluted to 100 ppm in tap water. Disinfectant D was 
Virkon-S (DuPont, Wilmington DE), a 21.4% potassium per-
oxymonosulfate soluble concentrate diluted to 1% in tap water. 
Disinfectant E was A-456 II (Ecolab, St Paul, MN), a quaternary 
ammonium compound diluted automatically with tap water 
through a multiproduct dispenser (catalog no. 2011, QC Central 
Supply Dispenser Air Gap, Ecolab) set to produce a concentra-
tion between 886 and 3390 ppm. Disinfectants A through D were 
oxidants, whereas disinfectant E was a denaturant. Tap water 
was used to reconstitute and dilute the disinfectants and served 
as a negative control. Each disinfectant requiring reconstitution 
or dilution was made fresh on the day of exposure. The tap 
water, provided by the Los Angeles Department of Water and 
Power, had a hardness between 102 and 106 ppm CaCO3 and 
a pH between 7.5 and 7.6.65 All disinfectants used in this study 
are registered with the EPA, and all except for disinfectant D are 
currently registered for use in the State of California according 
to the California Department of Pesticide Regulation.

Viruses, cells, and culture media. Three commonly used viral 
vectors expressing GFP were used for the antiviral testing. Those 
tested included the self-inactivating lentivirus RRL-CMV-GFP 
(4.3 × 108 Infectious Units (IU)/mL), adenovirus ad-CMV-GFP 
(2.1 × 1011 IU/mL), and adeno-associated viral vector AAV-2 
IRES-GFP (2.7 × 107 IU/mL). The initial stock of adenovirus was 
diluted to a concentration of 4.2 × 109 IU/mL in PBS containing 
2.5% glycerol, and aliquots of 200 to 300 µL were stored at –80 
°C until use; the lentiviral and adeno-associated viral vectors 
were stored at –80 °C until use also. 

Human embryonic kidney (HEK) 293T cells (ATCC, Vienna, 
VA) were propagated and maintained at 37 °C and 5% CO2 in 
a complete culture medium (CCM), which consisted of DMEM 
(Mediatech, Winchester, VA), containing 10% heat-inactivated 
FBS (Hyclone, Thermo Fischer Scientific, Waltham, MA), and 
100 IU/mL penicillin–streptomycin (Cellgro, Mediatech). For 
experimentation, cells were plated as needed onto 12-well plates 
(Greiner–Bio One, Kremsmunster, Austria) at an initial count of 
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A follow-up experiment was conducted, in which C57Bl/6 
mice were preexposed to either disinfectant A or B for 15 min 
each day for 3 consecutive days prior to the aversion test us-
ing the same disinfectant. For this passive preexposure, one of 
the disinfectants was placed in a metal dish on top of the wire 
grid of the home cage, and the lid was replaced. After 15 min, 
the metal dish was removed, and the cage was returned to its 
rack. After the preexposure phase was complete, the aversion 
testing was conducted as described previously, using the same 
disinfectant from the preexposure phase.

Statistical analysis. For the cell-culture work, generalized 
linear mixed-effects models were run to assess the number 
of live GFP-expressing cells across different combinations of 
disinfectants, exposure time, and concentrations. The negative 
binomial distribution was used in these models with the log-link 
function. To assess the rate instead of the count, an offset for 
the total number of cells in the given slide was included in the 
models. Expected rates were computed and plotted with 95% 
confidence intervals. Statistical analyses were performed in SAS 
version 9.3 (SAS Institute, Cary, NC); P values less than 0.05 
were considered statistically significant. Residual analysis was 
performed for the models to assess model fit, with no obvious 
departures from assumptions (homoscedasticity, normality).

Statistical analysis for the aversion testing results was con-
ducted by using SPSS (version 20, IBM, Armonk, NY), with 
ANOVA of the preference ratio followed by least squares dif-
ferent posthoc comparisons when justified. For analysis across 
all 3 mouse strains, the factors of disinfectant, strain, and agent 
side were included in the ANOVA. For the follow-up experi-
ment involving preexposure to disinfectants A and B, ANOVA 
was conducted with disinfectant as a factor and the following 
groups: tap-water control, disinfectant A, preexposure to dis-
infectant A, disinfectant B, and preexposure to disinfectant B. 
A P value less than 0.05 was considered statistically significant. 
In addition, 2 BALB/c mice were excluded from the behavior 
study for failing to spend more than 30 s exploring either of 
the side chambers.

Results
In vitro efficacy testing. When each of the disinfectants was 

diluted in CCM at a ratio of 1:1000 and exposed to HEK-293T 
cells, none of the diluted disinfectants had negative effects on 

exposure, the virus–disinfectant mixture was diluted 1000-fold 
in CCM, plated, incubated, and analyzed in a manner identical 
to that of the previous protocols, including all disinfectants and 
controls used previously, with the exception of disinfectant E, 
which was not tested in this or later trials. This protocol was 
repeated 3 times, by using a fresh sample of disinfectant and ali-
quot of virus each time. In addition, the protocol was completed 
once with water as the disinfectant diluent instead of serum.

Testing disinfectants against dried adenoviral vector on 
nonporous surfaces. HEK-293T cells were incubated for 24 h 
as previously described. Concurrently, adenoviral vector was 
suspended at a ratio of 10 µL per 90 µL of CCM, and the resultant 
100-µL aliquots of CCM containing 4.2 × 107 IU of adenovirus 
were placed in the centers of the wells of a 12-well plate.

The viral suspensions were allowed to dry onto the plates for 
approximately 24 h, after which they were exposed to recom-
mended concentrations of disinfectants or controls for 1, 5, or 
10 min. For each exposure, 300 µL of disinfectant (the quantity 
necessary to completely cover the 100 µL aliquot of dried virus 
in CCM) was added to each well for the required contact time 
and then immediately diluted by adding 700 µL CCM to the 
well, pipetting to mix, and removing 40 µL to be added to 3960 
µL of CCM. The final result was an approximately 1:300 dilution 
of disinfectant, with an expected viral yield of 4.2 × 105 IU/mL 
for the negative controls. The samples were then analyzed in a 
manner identical to that in previous protocols.

SDS evaluation. To obtain Hazardous Material Information 
System (HMIS) ratings for health, flammability, and reactiv-
ity–physical hazard and pH values, SDS were obtained from 
the manufacturer of each product.

In vivo behavioral testing. A clear plastic, acrylic 3-chamber 
apparatus (Figure 1), custom built by the UCLA Psychology 
Technical Services, was used. The apparatus, measuring 25 
cm high by 60 cm long by 40 cm wide, consisted of 3 identical 
chambers, one central and 2 side, separated by 2 walls. The 
central chamber could be isolated from the 2 side chambers by 
removable doors. The apparatus was placed in a dimly lit room, 
measuring 5 Lux. Each disinfectant agent was sprayed on one of 
the side chambers and tap water was sprayed on the other side. 
Using a standard spray bottle, 15 sprays were applied followed 
by gently wiping each surface with a paper towel to ensure even 
distribution. The surfaces were not wiped dry immediately but 
were left slightly damp and allowed to air dry. The disinfect-
ant side was counterbalanced (alternated for different trials) to 
avoid any potential bias toward one side of the apparatus or the 
other. The mice were first placed in the central chamber with the 
side doors closed for a 10-min acclimation period. During this 
acclimation period, the disinfectant reached a point that was 
considered to be essentially dry. This method was designed to 
mimic an environment where the disinfectant would be dried 
immediately before coming into contact with the animal. The 
doors were then removed, and the mice were free to explore 
either side of the apparatus for 10 min. By using an overhead 
video, the amount of time spent in each chamber was recorded 
with a stopwatch. A preference score was calculated according 
to the following equation: (time on the agent side – time on 
the tap-water side) / (time on the agent side + time on the tap 
water side). Between mice, the apparatus was thoroughly rinsed 
in a large wash basin by using a hose and copious amounts of 
water and then cleaned with unscented soap (Seventh Genera-
tion, Burlington, VT), followed by another thorough rinsing. 
Disinfectants A through D were tested, all prepared as described 
above. Tap water was used as a negative control. This test was 
done with each of the 3 mouse lines listed earlier.

Figure 1. The 3-chamber apparatus used for testing innate aversion. 
Experimental stimuli can be presented in either side chamber of the 
apparatus. The mouse begins the trial in the center chamber; after a 
10-min acclimation period, removable door panels are lifted, allowing 
exploration of both side chambers. This image shows the apparatus 
with the door panels removed, exposing 2 holes in the interior walls 
that allow mice to travel freely between the chambers.
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different from those of the CCM and water controls but was 
greater (P < 0.005) than the result for undiluted disinfectant A. 
All disinfectants at 25% concentration yielded results that did 
not differ from that of the water and CCM controls. However, 
the 70% GFP expression for disinfectant D trended lower than 
those of the others, which were nearly 100%.

When water was used to dilute the disinfectants instead of 
serum, the same effect was not seen. All 4 of the tested disinfect-
ants yielded negligible GFP expression after 1 min of contact 
at levels as low as 25% of the recommended concentration – a 
result that was significantly different from water and CCM 
controls (P < 0.005).

Efficacy of disinfectants against adenoviral vectors dried on a 
nonporous surface. When adenovirus in CCM was dried onto 
wells and exposed to each of the disinfectants for a 1-min 
contact time, disinfectants A and D resulted in a negligible 
GFP expression percentage, which was again equivalent to 
the results for cells unexposed to virus (Figure 5). Conversely, 
after 1-min contact times, disinfectants B and C both resulted 
in a GFP expression percentage that was significantly (P < 
0.001) higher than those of disinfectants A and D and that did 
not differ significantly from those of CCM and water controls. 
Disinfectants A and D continued to result in negligible GFP 
expression at 5- and 10-min exposure times, but there were no 
significant trends for disinfectants B or C, CCM, or water after 
5- and 10-min exposures, likely because of the considerable 
variation among samples.

SDS evaluation. The HMIS hazard ratings for disinfectant 
B were the lowest, with health, flammability, and reactivity–
physical hazard ratings all of 0 (Figure 6). All other disinfectants 
had a health-hazard rating of 2 or 3. Disinfectant E had a flam-
mability rating of 2, whereas all others had a rating of 0. The 
reactivity–physical hazard rating was 1 for disinfectants A and 
C and 0 for all others. The pH values of the disinfectants varied 
considerably between agents. Disinfectants B, C, and D were 
acidic, all being lower than the pH cutoff of 5.5 for disposal 
down a drain, whereas disinfectants A and E were basic and, 
in their concentrated form, exceeded a pH of 11.

In vivo behavioral testing. Relative to their responses to the 
tap-water controls, all mouse strains had significant (P < 0.001) 
aversion to disinfectants A and B but no aversion to disinfectants 
C and D (Figure 7). There was no overall effect of strain (P = 
0.830) or strain–agent interaction (P = 1.61), indicating that all 3 
mouse strains showed the same behavioral pattern. In C57Bl6/J 

cell morphology or survival as detected using cell counting and 
flow cytometry. Therefore, after the viral vectors were exposed 
to disinfectants, the resultant mixture could be effectively neu-
tralized by employing a 1:1000 dilution before cell exposure, 
without leading to disinfectant-induced cell toxicity. In contrast, 
when disinfectants were diluted at a 1:100 ratio and exposed 
to cells, results were more variable between disinfectants, with 
indication of decreased cell survival. In the absence of disinfect-
ants, viral titers were still sufficiently high at a 1:1000 dilution 
of lentivirus and adenoviral vectors to transduce GFP into 
HEK-293T cells. This dilution factor was therefore used for all 
disinfection assays, with the exception of the dried adenovirus 
on a nonporous surface, where a slight variation in the protocol 
required a maximum dilution of 1:300. In addition, the initial 
titer of adeno-associated viral vector was too low to yield meas-
urable numbers of GFP-expressing cells after a 1:1000 dilution, 
therefore this vector was excluded from the study.

Efficacy of disinfectants against lentiviral and adenoviral vec-
tors in suspension. When lentiviral vectors in suspension were 
treated with disinfectants at the recommended concentrations, 
all virus was effectively eliminated by all tested disinfectants at 
all contact times. After 1 min of contact time for all disinfectants, 
the percentage of HEK-293T cells expressing GFP was negligible 
and did not vary significantly from the baseline GFP expres-
sion of cells unexposed to viral vectors. When water and CCM 
(negative controls) were used in place of disinfectants, there 
was 10% to 20% GFP expression, a value that significantly dif-
fered (P < 0.0001) from the GFP expression for cells unexposed 
to the viral vectors.

Similar results were obtained when adenovirus in suspension 
was treated with disinfectants. All 4 oxidant disinfectants (A 
through D) effectively eliminated the adenoviral vector at all ex-
posure times, yielding a negligible GFP expression percentage, 
which was not significantly different compared with unex-
posed cells (Figure 2) but did differ (P < 0.0001) from the GFP 
expression of approximately 100% for water and CCM controls. 
Disinfectant E did not effectively eliminate all virus, yielding 
an average GFP expression of 90.2% for 1 min of contact, which 
decreased to 39.2% for 10 min of contact (P < 0.0001). The GFP 
expression percentage for all contact times with disinfectant E 
was greater than that of other disinfectants (P < 0.0001) but less 
than that of the water and CCM controls (P < 0.01).

Effect of dilution of disinfectants with FBS on the elimination 
of adenoviral vector in suspension after 1-min contact times. 
When suspended in serum before a 1-min disinfectant contact 
time, the adenovirus became less susceptible to all of the dis-
infectants. This effect was more pronounced as the dilution of 
disinfectant in serum increased (Figures 3 and 4). When serum 
was used to dilute disinfectants to 75% of the recommended 
concentration, significant differences in efficacy were noted. At 
75% concentration, exposure to disinfectants A and D resulted in 
a GFP expression of 0%. Disinfectant B produced a GFP expres-
sion approaching 100%, which was equivalent to those of the 
water and CCM controls. The GFP expression after exposure 
to disinfectant C trended toward an intermediate level, being 
greater than those of disinfectants A and D (P < 0.01 for both) 
but not different from those of the water and CCM controls. 
At 50% concentration, disinfectants B and C resulted in 100% 
GFP expression, which was equivalent to those of the water and 
CCM controls. At 50% concentration, disinfectant A resulted 
in an average of 4% GFP expression, which was greater (P < 
0.005) than that of undiluted disinfectant A but less (P < 0.05) 
than those of the water and CCM controls. In addition, 50% 
disinfectant D yielded 17% GFP expression, which was not 

Figure 2. Percentage of live HEK-293T cells expressing GFP after in-
cubation with adenoviral vector that had undergone exposure to dis-
infectants A through E for contact times of either 1 or 10 min. Percent-
ages for exposures to disinfectants A through D were negligible and 
equivalent to the GFP expression of cells unexposed to virus. Data are 
expressed as means ± SE; †, value significantly (P < 0.01) different from 
baseline fluorescence of cells unexposed to virus.
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or less easily cultivated organisms have been used for multiple 
studies of antiviral efficacy,24,46,69,96,97,104 but most of these studies 
still evaluated wild-type viruses. To date, GFP-expressing viral 
vectors have not been used as surrogates in this manner. The 
development of this assay allows similar testing to be repeated 
in any facility that uses GFP-expressing vectors but may not 
have the capability to cultivate wild-type viruses.

A major contributor to the success of this assay was the use 
of CCM to dilute disinfectants after exposure to viral vectors 
to render them nontoxic to HEK-293T cells. At the 1:1000 dis-
infectant dilution used for the suspension testing in this study, 
exposed cells showed no changes in morphology or increases 
in cell death, as indicated by microscopy and flow cytometry. 
In addition, a preliminary MTS assay performed early in the 
study showed that cell viability was retained after exposure 

mice, preexposure reduced aversion to both disinfectant A 
(P = 0.011) and disinfectant B (P = 0.025; Figure 8). However, 
even after preexposure, these mice still expressed significant 
aversion to both disinfectants A and B (P = 0.015 and P < 0.001, 
respectively) relative to tap-water controls.

Discussion
This study investigated spectrum of activity, environmental 

and occupational safety, and animal behavior as criteria for 
the selection of an appropriate vivarium surface disinfectant. 
Under ideal conditions, all four oxidant disinfectants were 
sufficiently efficacious against multiple viruses, but the results 
clearly favored disinfectants A and D when conditions including 
increased organic load and viral drying were used to challenge 
these products. SDS evaluation established that hazards varied 
considerably between products, with disinfectant B proving 
to be the safest, and indicated that pH was a limiting factor in 
whether each product could be disposed of through drainage 
to publically owned treatment works.25 Finally, aversion testing 
indicated that disinfectants A and B caused significant aversion 
in mice, whereas disinfectants C and D caused no behavioral 
changes.

Possibly the most important outcome of this study was the 
refinement of an alternative assay for disinfectant efficacy test-
ing and comparison. The use of nonreplicating, GFP-expressing 
viral vectors as surrogates for equivalent viral diseases has 
proven to be an effective way to verify and compare the efficacy 
of various disinfectants. The benefits of this approach include 
decreased biosafety precautions and health risks, compared 
with testing using wild-type viruses, and the convenience of 
using GFP expression as an indicator of viral survival. Accord-
ing to hierarchy schemes developed by Spaulding and others 
and still used currently, nonenveloped adenoviral vectors are 
representative of common viral and bacterial organisms of equal 
or greater sensitivity.51,66,80,87,93 Surrogates for more pathogenic 

Figure 3. Fluorescence microscopic images of HEK-293T cells previously incubated with adenoviral vector that had undergone disinfectant 
exposure. Adenovirus vector was applied onto cells after 1-min contact times in suspension with disinfectants A through D diluted with FBS to 
75%, 50%, or 25% of the recommended concentration. GFP expression increases with decreasing disinfectant concentration. Microscopy is less 
sensitive than flow cytometry in detecting fluorescence. Magnification, 10× (initial images); bar, 100 µm.

Figure 4. Percentage of live HEK-293T cells expressing GFP after in-
cubation with adenoviral vector that had undergone 1 min of expo-
sure in suspension with disinfectants A through D diluted with FBS 
to 75%, 50%, or 25% of the recommended concentration. Percentages 
after exposure to disinfectants A and D at 75% concentration were not 
significantly different from those of cells unexposed to virus. Data are 
expressed as means without error bars, due to the degree of variabil-
ity; values significantly (*, P < 0.05; †, P < 0.01) different from those of 
the medium controls (virus unexposed to disinfectant) are indicated.
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adenovirus was not eliminated by a product that was expected 
to be ineffective at the concentration used in this study.

Several methods were developed to challenge the oxidant 
disinfectants (A through D) and elicit differences in efficacy. 
Dilution in serum was chosen as the first means of challenging 
the disinfectants, because it was expected to simulate buffering 
of virus by organic material. The adenoviral vector was used for 
this and all subsequent viral studies because it was considered 
to have decreased susceptibility to disinfection. In addition, 
contact times were limited to 1 min, to further challenge the 
disinfectants. When tested in this way, disinfectants A and D 
performed better than did disinfectants B and C. When diluted 
in water instead of bovine serum, all 4 oxidant disinfectants 
effectively eliminated the virus, even at 25% concentration, 
indicating that the presence of organic material—and not dilu-
tion itself—was the factor responsible for the attenuation of 
efficacy. Another means of challenging the disinfectants was to 
apply them to adenovirus that had been dried onto a nonporous 
surface, because pathogens become more difficult to eliminate 
when they are dried in protein or protected by biofilms.2,67,99 
Viral vectors were dried in CCM, because this substrate was 
deemed to be ideal for this assay, in light of the inability for 
the virus to consistently survive after drying in water or in a 
concentrated form, without any medium. Again disinfectants A 
and D performed better than did disinfectants B and C, killing 
100% of the virus in a little as 1 min of contact time.

When challenged by either the serum dilution or the dried 
virus method, disinfectants A and D consistently outperformed 
the other products. This result was expected for disinfectant A, 
given that sodium hypochlorite represents the ‘gold standard’ 
against which the other products were compared. Sodium 
hypochlorite solutions generally are considered to be interme-
diate- to high-level disinfectants and therefore are expected, 
at minimum, to eliminate most viruses.100,83 Disinfectant D, a 
peroxymonosulfate, was expected to perform well in this assay, 
because it has previously been proven effective in eliminating 
hydrophilic, nonenveloped viruses in suspension and carrier 
tests.11,41 In addition, disinfectant D is marketed to be effective 
against many nonenveloped viruses, including mouse and ca-
nine parvoviruses, and is used extensively for farm biosecurity. 
Despite the results of the current study, this product is, at most, 
an intermediate-level disinfectant and is considered by some to 
be a low-level disinfectant, because it is ineffective against bac-
terial spores, some fungi, and some mycobacterial species.11,41

When challenged, disinfectants B and C did not perform 
as well disinfectants A and D. It is important to consider that 
disinfectant B contains a surfactant, which is expected to im-
prove efficacy by increasing surface area of contact. A possible 
explanation for its unexpected decrease in performance with 
challenges is that the degree of dilution might have diminished 
the product’s efficacy, given that it is formulated to have a cer-
tain ratio of disinfectant and surfactant to other components. 
Previous testing of this product showed it to be effective against 
several nonenveloped viruses when used at full-strength,75 but 
suspension testing of protein-buffered virus was not performed 
previously, and the maximal burden of FBS to be overcome 
in dry-surface carrier testing was 5% in the cited study, as 
compared with the 10% used in the current study. Previous 
efficacy testing has supported the virucidal activity of liquid 
formulations of chlorine dioxide,27,107 such as disinfectant C, 
in addition to chlorine dioxide in the gaseous form.69 In one 
study, sporocidal efficacy testing indicated that disinfectant C 
was very effective against Bacillus anthracis in suspension within 
a closed tube.17 However, when the product was applied in a 

to disinfectants diluted to this degree. Similar dilution of dis-
infectants after exposure has been used in other efficacy tests, 
with great success.24,27,41,47 The serial dilutions used after the 
disinfectant contact times were sufficient to arrest the antiviral 
activity of these disinfectants but maintained the surviving virus 
at a sufficiently high titer to transduce into cells. Consequently, 
viral isolation and propagation, which had been required in 
some previous studies,31,75,101 were unnecessary, thus making 
our modified assay considerably less complex than are other 
methods.

Our assay is particularly useful as a means of confirming ef-
ficacy of disinfectants, especially when they have not been tested 
in regard to specific exposure times or under certain conditions. 
It predominantly has been used to search for an all-or-nothing 
response. That is, complete elimination of viral transduction, 
and therefore GFP expression, provides confirmation of efficacy, 
whereas a GFP expression that is significantly different from 0 
indicates that under the given conditions, the disinfectant is not 
completely effective.

All 4 oxidant disinfectants successfully eliminated lentiviral 
and adenoviral vectors in suspension (Figure 2), even at 1-min 
contact times. Therefore these disinfectants have an appropri-
ate spectrum of activity against some of the most common 
viruses in a research facility, given that any organism of equal 
or greater sensitivity than that of adenoviruses likely also will be 
inactivated by these products.66,80,87 The quaternary ammonium 
compound, disinfectant E, eliminated all lentiviral vector in 
suspension, but it was not fully effective against the adenoviral 
vector. This finding was consistent with the manufacturer’s 
recommendations, because the concentration used in this study 
was less than the 3390 ppm marketed for killing adenovirus 
types 5 and 7 (according to the product insert). In addition, 
this result was expected, because quaternary ammonium com-
pounds are considered to be less effective than are most oxidant 
disinfectants, particularly against nonenveloped viruses.33,49 
One study similarly found that sodium hypochlorite, chlorine 
dioxide, and potassium peroxymonosulfate were able to inac-
tivate feline calicivirus, parvovirus (both nonenveloped), and 
herpesvirus (enveloped) in suspension, whereas a quaternary 
ammonium compound was effective against the herpesvirus 
only.27 Finally, the efficacy results for disinfectant E provided 
an additional validation of the methodology, by confirming that 

Figure 5. Percentage of live HEK-293T cells expressing GFP after incu-
bation with adenoviral vector that had undergone 1 min of exposure 
to disinfectants A through D after being dried in complete culture me-
dium (CCM). Disinfectants B and C did not differ significantly from 
the medium control. Exposure to disinfectants A and D led to negligi-
ble GFP expression, equivalent to the expression of cells unexposed to 
virus. Data are expressed as means ± SE; †, value is significantly (P < 
0.01) different from baseline fluorescence of cells unexposed to virus.
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during contact times). The utility of mechanical agitation sug-
gests that the act of wiping with a paper towel may have a 
similar effect, supporting the practice of wiping down surfaces 
after they are disinfected, rather than allowing them to dry. 
Alternatively, some suggest that wiping surfaces may decrease 
efficacy by allowing quicker evaporation and decreasing expo-
sure volume.85

Another factor related to disinfectant application that may 
have an influence on efficacy is the way the disinfectant is 
initially applied to a surface. Disinfectants are often sprayed 
onto a surface and left to act for a period of time before being 
wiped away. The present study predominantly involved pour-
ing disinfectants onto the surface or suspension of interest, but 
in most situations, the disinfectant is sprayed from a bottle. 
Spray bottles can have different settings, from a fine mist to 
a coarse stream, capable of directing dramatically different 
amounts of disinfectant to a wide range of areas, and different 
users may be more or less liberal with their application. One 
study found that the way a disinfectant was applied—sprayed 
or poured—did not have a significant effect as long as the same 
amount of disinfectant was ultimately present.17 However, the 
amount of disinfectant applied by different users cannot be 
standardized easily, because users do not directly measure the 
volume being applied.

thin film and exposed to air in that study, efficacy diminished 
significantly—an effect presumed to be due to rapid vaporiza-
tion of chlorine dioxide gas from solution.17 A similar effect has 
likely occurred in the present study, as the application method 
was very similar. One additional challenge to disinfectant C in 
our study was its usage in the lower part of its recommended 
concentration range. This product is most commonly used at 
100 to 200 ppm; we chose to use 100 ppm, as a means of chal-
lenging the disinfectant as much as possible. A dose-dependent 
decrease in efficacy was noted previously when this disinfectant 
was used in suspension.17

The serum and dry-surface carrier testing used in the current 
study correspond to possible real-life scenarios in which viruses 
may be less susceptible to disinfectants. Examples include viral 
contamination of any dried or wet organic substance, most 
notably blood, feces, or any bodily secretions. These materials 
have been shown to inactivate hypochlorites, quaternary am-
monium compounds, and many other disinfectants12,33,94,102—an 
effect supported by the results of the current study (Figure 4), 
which indicate that even the best performing products became 
less effective as organic material increased. A much more literal 
translation of the current results would be the disinfection of 
high-titer viruses spilled during cell culture experiments in 
biomedical laboratories, many of which use the same composi-
tion of CCM as the current study. Organic material interferes 
with disinfectant function through chemical reactions, making 
pathogens less susceptible to disinfection.55,64,83 In addition, 
organic material acts as a physical barrier against disinfectant 
contact, making the pathogens less accessible to the products 
being used.10,40,57 This physical barrier mechanism is predomi-
nantly responsible for the decrease in disinfectant sensitivity 
when a pathogen is dried onto a surface in a protein-containing 
medium or a biofilm.58 In the current study, the adenoviral 
sample was protected when dried on a surface with CCM, a 
mixture containing 10% FBS (Figure 5).

The best way to overcome the described physical and chemi-
cal barriers is to apply the disinfectant in a manner that ensures 
appropriate contact. This goal typically requires a certain degree 
of mechanical agitation or friction.38,105,106 In some cases, it is 
vital that a surface is cleaned before disinfectant application, to 
remove excessive foreign material.22,83 This step is particularly 
important for surfaces that are more complex, porous, con-
taminated, or moist, because these factors provide additional 
protection from disinfection.59 In performing suspension and 
surface disinfection assays in the current study, physical agita-
tion was kept to a minimum between the application of the 
disinfectants and subsequent neutralization, to present the 
greatest challenge to the disinfectants. Although not a focus of 
this study, viruses initially were found to be more susceptible to 
disinfectants when mixed more aggressively (that is, vortexing  

Figure 6. HMIS hazard ratings, pH, and incompatibility information for each tested disinfectant in its undiluted state. These data were obtained 
from Safety Data Sheets. Hazard ratings are as follows: 4, extreme or life-threatening; 3, high; 2, moderate; 1, slight; 0, insignificant.

Figure 7. Preference scores for innate aversion testing of Swiss Web-
ster, C57Bl/6, and BALB/c mice with disinfectants A through D, 
calculated by using the following equation: (time on the agent side 
– time on the tap-water side) / (time on the agent side + time on the 
tap-water side). A value of 0 indicates no preference. A positive value 
indicates that the mice spent more time on the agent side, whereas 
a negative value indicates that the mice spent more time on the tap-
water side. All strains had a significant aversion to disinfectants A and 
B relative to tap water controls, but no aversion to disinfectants C and 
D. Data are expressed as means ± SE; ‡, value differs significantly (P < 
0.001) from that for the water control.
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factors such as desiccation. The adenoviral vector, a partially 
lipophilic nonenveloped virus, was difficult to eliminate, but 
a hydrophilic nonenveloped pathogen, such as a parvovirus, 
is even less susceptible to disinfectants.31 The GFP-expressing 
adeno-associated viral vector is an example of a parvovirus that 
may be available for testing by using the described methods, 
but the titer available for this study was insufficient to allow its 
use. This finding brings to light another important factor—the 
amount of pathogen being disinfected. As the number and di-
versity of pathogens increases, the susceptibility to disinfection 
decreases, due to synergistic effects, such as aggregation and 
the formation of biofilms, which greatly increase the amount 
and complexity of the organic load that the disinfectant must 
overcome.58,59,63,67,90 Lastly, recent findings suggest that there 
may be differences in susceptibility among viruses of similar 
envelope structure when disinfectants that do not specifically 
damage the viral genome, including many oxidizing agents, are 
used89 and some pathogens may adapt to become less sensitive 
to disinfectants through repeated exposure.60

Another step in disinfectant selection is the consideration 
of safety—both to the people using the disinfectants and to 
the environment. Much of the information necessary to assess 
safety can be found in the SDS. These typically contain a scale 
of hazard ratings, designated according to the HMIS scheme, 
including health hazard, flammability, and reactivity–physical 
hazard. The hazard ratings range from 0, which is negligible, 
to 4, which is extreme or life threatening. The HMIS ratings for 
the disinfectants in this study identified disinfectant B as the 
safest overall, with health, flammability, and reactivity ratings 
of 0 (Figure 6), in contrast to the other disinfectants, which all 
had health hazard ratings of 2 or 3 and various, but typically 
negligible, ratings for flammability and reactivity–physical 
hazard. Despite efforts to control health hazards in a laboratory 
setting, occupational disinfectant-related illness is still fairly 
common among certain populations, especially when adequate 
training is not enforced.14 It is therefore critical to consider 
hazard ratings—and other SDS information—when choosing 
disinfectants, to limit the possibility of adverse reactions.

The disposal of disinfectants is addressed in the SDS, but the 
standard guidance provided is to follow federal, state, and local 
regulations regarding appropriate disposal. Local regulations 
vary, but in the city of Los Angeles, any chemical to be poured 
down a drain must have a pH between 5.5 and 11.25 A couple 
of the most common reasons for pouring a chemical down a 
drain are disposing mop water containing the disinfectant and 
discarding excess disinfectant remaining after it has passed 
an expiration date, which can vary from days to months after 
reconstitution. The pH values in the SDS of the tested products 
indicate that most of them are beyond the recommended range 
for disposal via the sewage system to publically owned treat-
ment works. Disinfectants B, C, and D are all acidic solutions, 
with a pH lower than 5.5 at their active concentrations, although 
they still have a pH at or above 2, allowing them to avoid being 
classified as corrosive hazardous waste. Unfortunately, dilution 
is not “the solution to pollution” in the case of acidic disinfect-
ant disposal, given that dilution in water is not considered an 
adequate means of achieving compliance with the discharge 
limitations set forth by the Los Angeles Municipal Code.25 How-
ever, pH might be neutralized by other means, such as buffering. 
One study found that the activity and pH of disinfectant D could 
be effectively neutralized by adding sodium thiosulfate and so-
dium bicarbonate, respectively.64 Similar methods might be used 
for the other products as needed, as long as risks of reactivity 
are taken into consideration. Another potential approach is to 

Once the disinfectant is applied, contact time is a very im-
portant variable to address. The recommended contact time for 
most EPA-registered disinfectants is 10 min, unless additional 
confirmatory efficacy testing is performed and accepted.83,85 
However, 10 min is often an unrealistic expectation in a standard 
animal facility in the context of how disinfectants are typically 
sprayed and wiped from a surface. In a human healthcare 
setting, products may be allowed to dry on a surface, limiting 
contact times to approximately 1 min.83 This report is in concord-
ance with observations within our facility that the time from 
the first spray of a disinfectant to the completion of wiping all 
surfaces is typically between 15 and 45 s. For this reason, the 
1-min exposure time in the current study is likely the most 
representative of what occurs in fact, and actually might not be 
sufficiently stringent. In the current study, disinfectants A and 
D were the only 2 that passed the dried, nonporous surface test 
for the 1-min time point.

The described variables were deemed to be the most relevant 
efficacy-related factors to consider when selecting a disinfectant, 
so they have been the focus of this study. One factor that is dif-
ficult to assess but that may decrease the efficacy of a disinfectant 
is human error in disinfectant application or reconstitution. If 
products are used incorrectly, mixed to inappropriate concen-
trations, or combined with chemicals that cause neutralizing 
reactions, they may not be as effective as when used according to 
manufacturer recommendations.83,98 Conversely, some products 
might have a synergistic effect when combined, for example, 
chlorine dioxide and sodium hypochlorite.17 Another critical 
factor in the preparation of disinfectants is the source of water 
used for reconstitution. Water hardness, pH, and temperature 
all influence the overall efficacy of disinfectants.60,78,83,91 The 
present study used tap water, as is typical in practical settings, 
but the quality of tap water can vary between locations, even 
on a local level.65

Finally, the characteristics of the pathogen itself may have 
considerable effects on disinfectant efficacy. As described 
previously, there is a general hierarchy of sensitivity among 
microorganisms,66,87 and the structure of a given pathogen may 
make it more or less sensitive to disinfection or environmental 

Figure 8. Preference scores for innate aversion testing of C57Bl/6 mice 
with disinfectants A and B, with either no prior exposure (A, B) or a 
history of previous exposure (Pre-A, Pre-B). Scores were calculated by 
using the following equation: (time on the agent side – time on the tap-
water side) / (time on the agent side + time on the tap-water side). A 
value of 0 indicates no preference. A positive value indicates that the 
mice spent more time on the agent side, whereas a negative value indi-
cates that the mice spent more time on the tap-water side. Preexposure 
reduced but did not eliminate aversion to both disinfectants A and B. 
Data are expressed as mean ± SE; values significantly (*, P < 0.05; †, P 
< 0.01) different from control values are indicated.
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fectant C had a greater health risk than did disinfectant B, but 
disinfectant C did not cause any significant behavioral effects 
in mice. Compared with disinfectant A, disinfectant D was as 
effective against viruses and caused less aversion in mice, but 
health hazards still existed. Disinfectant E, the only denaturant 
disinfectant in the study, is a quaternary ammonium compound 
that was tested at a low concentration. At its given concentra-
tion, disinfectant E was not as effective as the other disinfectants; 
because the product tested is not marketed for use in animals, it 
was not used in aversion testing. However, quaternary ammo-
nium compounds are used frequently in veterinary and human 
hospitals, and testing different concentrations and multiple 
products might yield more promising results. Although none 
of the tested disinfectants was clearly superior overall, any one 
of these might be acceptable for some or all purposes in a given 
facility, depending on its specific needs. In facilities with low 
pathogen risks or decreased chance of direct animal contact, 
finding a single product that can be used for every purpose 
likely is straightforward. Alternatively, in more diverse facili-
ties, where disinfectants serve a multitude of purposes, having 
multiple products available may be practical.

In conclusion, the selection of an appropriate disinfectant 
for a laboratory animal facility is a complex, multifactorial 
decision requiring consideration of spectrum of activity, hu-
man safety, environmental safety, and behavioral effects on 
research animals. The present study explored several critical 
characteristics of surface disinfectants and validated the need 
for a comprehensive approach to product assessment. Although 
no single disinfectant is best for every purpose, consideration 
of the characteristics we tested likely will lead to the selection 
of a product or combination of products that effectively meets 
the needs of any given facility.
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