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Didecyldimethylammonium chloride (DDAC) is used in many types of biocidal products including table-
ware, carpets, humidifiers, and swimming pools, etc. In spite of increased chances of DDAC exposure
through inhalation, studies on the inhalation toxicity of DDAC are not common even though the toxicity of
DDAC might be significantly higher if it were to be administered through routes other than the respiratory
system. DDAC aerosols were exposed to Sprague-Dawley rats in whole body exposure chambers for a
duration of 13 weeks. The Mass Median Aerodynamic Diameters of the DDAC aerosol were 0.63 pm,
0.81 pum, and 1.65 um, and the geometric standard deviations were 1.62, 1.65, and 1.65 in the low (0.11 £
0.06 mg/m?), the middle (0.36 + 0.20 mg/m®) and the high (1.41 + 0.71 mg/m®) exposure groups, respec-
tively. Body weight was confirmed to be clearly influenced by exposure to DDAC and mean body weight
was approximately 35% lower in the high (1.41 +0.71 mg/m’) male group and 15% lower in the high
(1.41 £ 0.71 mg/m®) female group compared to that of the control group. In the bronchoalveolar lavage
fluid assay, the levels of albumin and lactate dehydrogenase had no effect on DDAC exposure. The lung
weight increased for the middle (0.36 £ 0.20 mg/m’) and the high (1.41 + 0.71 mg/m®) concentrations of
the DDAC exposure group, and inflammatory cell infiltration and interstitial pneumonia were partially
observed in the lungs of the middle (0.36 = 0.20 mg/m’) and the high (1.41 +0.71 mg/m®) exposure
groups. However, severe histopathological symptoms, including proteinosis and/or fibrosis, were not
found. Based on the results of the changes in the body weight and lung weight, it is considered that the

NOAEL (no-observed adverse effect) level for the 13-week exposure duration is 0.11 mg/m”.
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INTRODUCTION

Didecyldimethylammonium chloride (DDAC) is a repre-
sentative dialkyl-quaternary ammonium biocide which is
included as an active ingredient in many types of products
including applications to hard surfaces (floors, tables, toi-
lets, etc.), eating utensils, laundry detergents, carpets,
agricultural tools and vehicles, ultrasonic tanks, water stor-
age tanks, swimming pools, cooling water systems (1,2),
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etc. Products containing DDAC are used for wood preser-
vation and there are also registered uses for fogging agent
applications in occupational settings (1). The content ratio
of DDAC in various end-use products ranges from 0.08~
80%. The residues from treated surfaces including utensils,
countertops, equipment, and appliances can migrate to food
and come into contact with treated and rinsed surfaces,
resulting in ingestion by humans. Furthermore, not only
residential handlers but also occupational handlers can suf-
fer from exposure via the skin (2). Therefore, the main
exposure pathways of DDAC was assumed to be through
oral or skin pathways. However, DDAC can also be
exposed through the respiratory system when used in aero-
sol form, especially for workers using the product. It
has been discovered that biocides similar to DDAC have
been used in South Korea to sterilize household humidifi-
ers. In South Korea, humidifiers are intensively used during
the dry winter season to provide humidity. This caused
prolonged exposure of DDAC in pregnant women, their
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babies, and postpartum women who were being treated in
hospitals or indoor facilities became the main victims of
exposure to biocides. Unfortunately, this exposure caused
an unknown interstitial lung disease that was fatal in some
patients (3,4).

Toxicological data on the biocides is available through
many different websites (5). However, there is limited toxi-
cological data considered to be adequate for evaluating the
effects of the biocides on the human respiratory system
because most patients were considered to be exposed to the
biocides mainly via oral pathways or through the skin while
the inhalation pathway was ignored. While there were a
13-week duration toxicity data report, a reproductive toxic-
ity data report, and even a carcinogenicity data report avail-
able regarding DDAC (2,6), there were only a limited
amount of reports on the inhalation toxicity. In regards to
DDAC, Ohnuma et al. (1) reported that DDAC could cause
severe lung damage when administered through the respira-
tory system. The study administered 150 pg/kg of DDAC
via intratracheal instillation and discovered pulmonary dam-
age in mice. A 1,500 pg/kg dose of DDAC caused severe
morbidity with pulmonary congestive edema. Intratracheal
administering is a helpful system that helps the understand-
ing of the lung damage caused by the particles. However,
there is a chance that the toxicity could be overestimated
when an excess of particles is administered at once. In our
previous 2-week duration inhalation study, it was observed
that only a mild inflammation was induced by 0.6 mg/m’
and 3.6 mg/m’ of DDAC exposure. Fibrosis and/or pro-
teinosis were not observed whereas the body weight of the
rats significantly decreased when exposed to 3.6 mg/m’ of
DDAC (7). In this study, we exposed rats to DDAC for
13 weeks to verify if inflammation, proteinosis and/or even
fibrosis might be caused by longer exposure.

MATERIALS AND METHODS

DDAC aerosol exposure to animals. 5-week-old
male and female specific pathogen-free Sprague-Dawley
(SD) rats were obtained from the Central Lab Animal Inc.
(Seoul, Korea). The rats were exposed to DDAC aerosols
after a 2-week acclimation period. During the experimen-
tal period, the rats were exposed to DDAC aerosols in
whole body inhalation chambers with controlled tempera-
ture (23 = 2°C) and humidity (50 £ 10%) settings and a 12-
hr light/dark cycle. The rats were given filtered water and
fed a rodent diet (LabDiet 5053, PMI Nutrition, St. Louis,
MO, USA) ad libitum. The animals were divided into four
categories of 10 rats for each gender. The categories were
the control, low (0.11 + 0.06 mg/m®), middle (0.36 + 0.20
mg/m’) and high (1.41 £ 0.71 mg/m®) concentration groups.
The study was conducted in accordance with guidelines
provided by the Institutional Animal Care and Use Commit-
tee of Occupational Safety and Health Research Institute

(Republic of Korea) to ensure appropriate animal care con-
ditions were upheld during the research (Approval No.:
IACUC-12-05).

DDAC was purchased from Shin won chemtrade Co. Ltd.
(Seoul, Korea). DDAC aerosols were produced using mist-
generating equipment (VG-4R, Sibata Co. Ltd., Soka, Japan)
in whole body exposure system (SIS-20RG, Sibata Co. Ltd.)
by supplying air at a flow rate of 10~13 liters per minute.
DDAC aerosols in the chamber were sampled with a XAD-
2 resin tube (8 x 110 mm, 200/400 mg XAD-2, SKC, PA,
USA) and measured with an ion chromatography (Dionex
AS50, CA, USA) equipped with an electron capture detec-
tor (Agilent 1049A, Waldbronn, Germany). The analytical
conditions were 30 mM sulfuric acid acid (> 95%, Sigma-
Aldrich, MO, USA) and acetonitrile (J.T. Baker, Pennsylva-
nia, USA) (3 : 7) with IonPac AS7 column (Dionex, Sunny-
vale, CA, USA) (8). The particle size distribution of the
DDAC aerosols was measured using a portable aerosol
spectrometer (Model 1109, GRIMM, Ainring, Germany).
During the experimental period, general clinical symptoms
including eye, skin, respiration, and movement were ob-
served. Body weight and food consumption were measured
once per week. Activity was measured during the final
exposure week using an activity monitoring system (Sibata
Co. Ltd.) and lung function was measured using a non-inva-
sive, unrestrained plethysmographic (PLY 3123, Buxco,
Wilmington, NC, USA) at 3-day, 4-week, and 12-week
durations after exposure.

Hematology and bronchoalveolar lavage (BAL) analysis.
All rats were euthanized for blood collection and BAL anal-
ysis. Lavages of the lungs were performed five times with
3 mL of calcium- and magnesium-free phosphate buffered
saline (PBS, pH 7.4) after blood was collected from the
abdominal aorta. The BAL fluids were centrifuged at 1,500
rpm for 10 min (Hanil Union 32R, Incheon, Korea) and the
supernatants were stored at —80°C to conduct an albumin
and lactate dehydrogenase (LDH) assay at a later time. The
numbers of the collected cells from the BAL fluid were
counted using a veterinary multi-species hematology instru-
ment (Drew Science, Hemavet 850, CT, USA) and the col-
lected cells were centrifuged using a cytocentrifuge (Hanil
Cellspin, Incheon, Korea) to conduct differential counts of
white blood cells. The centrifuged cells were stained in a
Diff-Quick staining solution (Sysmex, Kobe, Japan) and
differential counts of macrophages, lymphocytes, and poly-
morphonuclear leukocytes (PMNs) were conducted by count-
ing approximately 300 cells under a microscope at 100 x
magnification. LDH and albumin in the BAL fluid were
measured using a biochemistry analyzer (Toshiba TBA
20FR, Tokyo, Japan).

Blood samples were collected in blood-collecting tubes
containing anti-coagulant EDTA and the total white blood
cells, neutrophils, lymphocyte, monocyte, eosinophils and
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basophils were counted using a veterinary multi-species
hematology instrument (Drew Science, Hemavet 850, CT,
USA).

Histopathology. During the necropsy, the lungs were
carefully removed and fixed in a 10% formalin solution
containing neutral PBS. These fixed organs were embed-
ded in paraffin, then sectioned, stained with hematoxylin
and eosin, and examined under a light microscope at 400x
magnification (axioskop 2 plus, Zeiss, Oberkochen, Ger-
many).

Statistical analysis. Results were presented as mean £
standard deviation. Data was analyzed based on the Dun-
nett’s t-test to determine the differences between the con-
trol group and the group exposed to DDAC using the
commercial program SigmaPlot 12 (Systat Software Inc.,
San Jose, CA, USA).

RESULTS

The mass median aerodynamic diameter (MMAD) and
geometric standard deviation (GSD) were 0.63 um and
1.62, respectively, for the low (0.11 +0.06 mg/m’) group,
0.81 pm and 1.65, respectively, for the middle (0.36 + 0.20
mg/m’) group, and 1.14 um and 1.65, respectively, for the
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Table 1. Concentrations of didecyldimethylammonium chloride
(DDAC) aerosols in the inhalation chambers during the 13-week
exposure period

(unit, mg/m®)

Control Middle High
ND 0.11£0.06 036+0.20 1.41+0.71

Values were presented as mean * standard deviation.
ND, Non-detectable.

Method Low

Concentration levels

high (1.41 +0.71 mg/m®) group (Fig. 1). In this study, the
MMAD of DDAC aerosols and the GSD values were con-
firmed to be within the proper range recommended by the
OECD (Organization for Economic Cooperation and Devel-
opment) (13). During the exposure period, the concentra-
tion of DDAC for the low, middle, and high groups were
0.11 +0.06 mg/m’, 0.36 +0.20 mg/m’, 1.41+0.71 mg/m’,
respectively (Table 1).

The mean body weight was confirmed to have signifi-
cantly decreased in the high (1.41 +0.71 mg/m’) group of
rats. It was also confirmed that the mean body weight of
male rats in the high (1.41 £ 0.71 mg/m®) group was approxi-
mately 35% lower than that of the control and the body
weight of female rats in the high (1.41 + 0.71 mg/m") group
was 15% lower than that of the control group (Fig. 2). Food
consumption also decreased in the high (1.41 + 0.71 mg/m’)
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Fig. 1. Particle size distributions of didecyldimethylammonium chloride (DDAC) aerosols in the inhalation chambers. Aerosols were

measured using a portable aerosol spectrometer.
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Fig. 2. Effects on the body weight changes (upper panel) and food consumption changes (bottom panel) in didecyldimethylammo-
nium chloride (DDAC) exposed rats during the exposure period. ‘Significantly different when compared to the control group, P< 0.05.
“Significantly different when compared to the control group, P< 0.01.
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Fig. 3. Effects on the activities in the rats exposed to didecyldimethylammonium chloride (DDAC). Activities were measured over 2

days during the last week of the exposure period. Statistically significant differences were not found between the control group and
the rats exposed to DDAC.
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Fig. 4. Effects on the respiratory function in the rats exposed
to didecyldimethylammonium chloride (DDAC). Error bars indi-
cate standard error. Statistically significant differences were
not found between the control group and the rats exposed to
DDAC.

concentration group (Fig. 2).

Other than the change in body weight, the effects of
DDAC were confirmed to be relatively minimal and mild.
No significant differences were found in the activity levels
and respiratory functions of the rats (Fig. 3 and 4). The
effects of DDAC on the BAL cell differential count were
also mild. The ratios of PMNs increased only to 10% in the
middle (0.36 = 0.20 mg/m’) and high (1.41 = 0.71 mg/m’)
groups and those of the lymphocytes were increased to 7%
at the middle (0.36 £ 0.20 mg/m’) and high (1.41 +0.71 mg/
m’) groups (Fig. 5). Albumin and LDH, which are cell dam-
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Fig. 5. Effects on the differential cell counts of bronchoalveo-
lar lavaged cells in rats exposed to didecyldimethylammonium
chloride (DDAC). Error bars indicate standard error. “Significantly
different when compared to the control group, P < 0.05. “Signifi-
cantly different when compared to the control group, P< 0.01.

age indicators, in the BAL fluid were confirmed to have not
significantly been increased from exposure to DDAC
(Table 2). The numbers of total white blood cells and neu-
trophils in the blood increased in exposed male rats for the
middle (0.36 = 0.20 mg/m®) and high (1.41+0.71 mg/m’)
groups (Table 3).

Lung weight was confirmed to have increased from expo-
sure to DDAC. An increase in absolute lung weight was
observed only in the female middle (0.36+ 0.20 mg/m’)
group. However, relative lung weight was most prominent
in the high (1.41 = 0.71 mg/m’) group because body weight
significantly decreased only in the high (1.41 £ 0.71 mg/m”)
group. The relative weight of the males’ left lungs increased
by 7.4% in the middle (0.36+0.20 mg/m’) group and
22.0% in the high (1.41 + 0.71 mg/m’) group. Those of the
females increased by 21.3% in the middle (0.36 = 0.20 mg/
m’) group and 31.5% in the high (1.41 £ 0.71 mg/m’) group
(Table 4).

Inflammatory cell infiltration and interstitial pneumonia
were partially observed at the middle (0.36 + 0.20 mg/m’)
and high (1.41 £0.71 mg/m®) groups in the histopathologi-
cal findings. However, fibrosis was not induced by expo-
sure to DDAC even though fibroblasts were found in some
of the lungs of DDAC exposed rats (Fig. 6).

Table 2. Effects of didecyldimethylammonium chloride (DDAC) on the cell damage parameters in the bronchoalveolar lavage fluid

Control Middle High
ALB (mg/dL) 0.00 +0.001 0.00 = 0.002 0.00 = 0.002 0.01 £0.005
LDH (IU/L) 16.14 £13.27 27.13+£35.25 20.84 £ 11.72 21.81 £15.61

ALB, albumin; LDH, Lactate dehydrogenase.

Values were presented as mean * standard deviation (n = 5). No statistically significant differences were found between rats in the control

group and the rats exposed to DDAC.
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Table 3. Effects of didecyldimethylammonium chloride (DDAC) on the hematological parameters

Sex Parameters Control Low Middle High
WBC (K/uL) 5.12+0.80 6.20 + 1.09 6.31+0.97* 6.04 £ 0.80*
NE (K/uL) 1.46 +0.47 1.98 +0.44* 2.09 +0.38* 1.98 +£ 0.30*
Male LY (K/uL) 3.39+0.76 4.00+0.85 3.99 +0.86 3.77+0.63
MO (K/uL) 0.23+£0.14 0.18 £0.08 0.18 £ 0.09 0.23+£0.07
EO (K/uL) 0.02+0.01 0.05 £ 0.02* 0.05 £ 0.02* 0.06 £ 0.02*
BA (K/?) 0.00+0.01 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
WBC (K/uL) 576 +1.01 4.76 £0.75 5.18+£1.02 512+1.24
NE (K/pL) 1.48+£0.27 1.43 £0.50 1.28£0.43 1.23+£0.33
Female LY (K/uL) 3.98 £ 0.96 4.40 +0.49 3.63+0.68 3.63+£0.95
MO (K/uL) 0.25+0.06 0.21 +£0.06 0.23 +£0.08 0.21 +£0.07
EO (K/uL) 0.05+0.02 0.03 +0.01 0.04 +0.02 0.05+0.02
BA (K/pL) 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 +0.00
WBC, white blood cell; NE, neutrophil; LY, lymphocyte; MO, monocyte; EO, eosinophil; BA, basophil.
Values were presented as mean =+ standard deviation.
“Significantly different when compared to the control group, P < 0.05.
Table 4. Effects of didecyldimethylammonium chloride (DDAC) on lung weight
Sex Organ Control Low Middle High
Absolute weight (g)
Male Lung L 0.467 £ 0.038 0.470 +£0.034 0.499 £ 0.051 0.511 +£0.041
Lung R 1.338 £ 0.196 1.351+0.114 1.387+0.104 1.373+£0.135
Female Lung L 0.335+0.036 0.342 +0.029 0.379 + 0.035* 0.371 +£ 0.049
Lung R 0.600 + 0.052 0.616 + 0.038 0.671 +0.061* 0.650+ 0.074
Relative weight (g/100 g body weight)
Male Lung L 0.106 + 0.009 0.103 +£0.010 0.116 £0.011 0.139+0.011**
Lung R 0.305 £ 0.046 0.296 + 0.027 0.322+£0.017 0.372 £ 0.037%**
Female Lung L 0.127 + 0.008 0.137+0.007 0.154 £0.010** 0.167 £0.014**
Lung R 0.227 +0.015 0.248 £ 0.016 0272+ 0.019** 0.293 £ 0.016**
L, left; R, right.

Values were presented as mean * standard deviation (n = 10).
“Significantly different when compared to the control group, P < 0.05.

“Significantly different when compared to the control group, P < 0.01.

DISCUSSION

Didecyldimethylammonium chloride (DDAC) is an anti-
septic chemical that is used in many biocidal applications
for its rapid killing ability. This ability is due to a very
strong initial adsorption to cell walls (9). Products contain-
ing DDAC are formulated as liquid ready-to-use soluble
concentrates and the content ratio of DDAC in various end-
use products ranges from 0.08% to 80% DDAC. However,
there are concerns regarding the effects that DDAC has on
the health of humans that have been exposed to DDAC via
dietary, dermal and inhalation pathways. DDAC is known
to especially cause moderate irritation to the eyes and skin
of humans and people exposed to DDAC as an occupa-
tional hazard have been reported to have induced contact
dermatitis (11,12).

In the mice exposure experiment, DDAC was confirmed

to cause infertility and birth defects (10), and also caused
alveolar cell injuries, inflammation, interstitial pneumonia
and fibrosis in rodent lungs (1,7). According to EPA (United
States Environmental Protection Agency) risk assessments,
the acute toxicity data of DDAC is 238 mg/Kg for rats
(LD50, purity 80%), 0.07 mg/L for rats (LC50, purity not
reported) and classified as category I for skin and eye irrita-
tion. In the 90-day rat oral feeding study, higher incidents of
glycogen depletion in the liver and contracted spleens were
observed, and 90-day dermal toxicity testing in rats showed
no systemic toxicity or clinical and gross findings (6). Gomi
et al. (9) reported that DDAC is absorbed physiochemi-
cally through hydrophobic interactions into the cell mem-
brane of S.aureus, where it can react with lipids and cause
significant damage to the structure and function of the
membrane examined in his study. This may one of the rea-
sons for the toxic effect of DDAC on cells and organs.
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Fig. 6. Histopathology of the lungs exposed to didecyldimeth-
ylammonium chloride (DDAC). The arrow in the high dose
group indicates the migration of inflammatory cells and the
thickening of the alveolar wall.

Ohnuma et al. (1) reported that exposure to 1,500 pg/kg
of DDAC through intratracheal instillation caused severe
morbidity with pulmonary congestive edema and that expo-
sure to 150 pg/kg of DDAC caused pulmonary injury whereas
exposure to 15 pg/kg of DDAC did not show any visible
change in mice. From this report, it can be suggested that
DDAC might be approximately 300 times more toxic when
administered intratracheally rather than orally. Therefore,
we expected that DDAC might also cause severe lung dam-
age when inhaled via the respiratory system. The equiva-
lent concentration of intratracheally instilled 1,500 pg/kg
for a mouse was calculated to be 3.9 mg/m’ assuming that
the respiratory volume for a mouse is 0.035 m’/day and
body weight is 0.023 kg. Therefore, 0.15 mg/m’ to 3.6 mg/
m’ of DDAC was exposed to the rats for 2 weeks to con-
firm the toxicity of DDAC on rat lungs in a previous study.
The main changes observes in this research were the changes
in body weight and in the lungs and based on these observa-
tions the no observed adverse effect level (NOAEL) for
DDAC was suggested to be 0.15mg/m’. However, the
effects were confirmed to be relatively mild, and severe
symptoms such as proteinosis and/or fibrosis were not iden-
tified (7). Therefore, we exposed the rats to DDAC for 13
weeks and attempted to make observations to discover any
adverse effects of DDAC on the lungs, which would be eas-
ier to observe due to the increase in severity of the symp-
toms caused by longer exposure periods.

Similar to the results of our previous study, the effects of
DDAC on body weight changes were obvious. The mean
body weight was observed to be lower by up to 30% in the
male high (1.41+0.71 mg/m’) concentration group. Food
consumption was also observed to be significantly affected
by exposure to DDAC as food consumption decreased
approximately by 5% in the middle (0.36 +0.20 mg/m’)
group and by 20% in the high (1.41 + 0.71 mg/m’) group. It
can be inferred that the body weight change of animals is
related to food consumption, but the reason cannot clearly
be extracted from the results of the research.

The effects observed on the respiratory system after expo-
sure to DDAC were not like those in Ohnuma’s study (1).
Only mild to moderate lung damage was identified in our
study. The ratio of PMNSs increased only to approximately
10%. The lung weight of the rats were shown to have
increased by more than 30% in the case of a high (1.41 +
0.71 mg/m®) concentration of DDAC. Migration of inflam-
matory cells and thickening of alveolar walls were found in
the middle (0.36+0.20 mg/m’) and high (1.41 £0.71 mg/
m’) groups. However, severe histopathological symptoms
were not confirmed in our study. Severe lung symptoms
might have been identified if pregnant and postpartum rats
were exposed to DDAC, but there were no severe symp-
toms observed in the normal young-adult rats (3,4).

Other general items including blood chemistry, hematol-
ogy, organ weight (of the thymus, heart, adrenal gland,
ovary, kidney, spleen, liver, brain) and histopathology (of
the liver, kidney, heart, etc.) were examined through a gen-
eral repeated toxicity test evaluation, but it was confirmed
that there was no dependency on dosage or on test sub-
stance. In conclusion, the main factors influencing DDAC
inhalation exposure were confirmed to be changes in body
weight lung weight, and based on this it is considered that
the NOAEL for DDAC is 0.11 mg/m® for 13 weeks of
repeated inhalation exposure.
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