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Background: Current methods for measuring airborne allergen 

and endotoxin exposure in indoor environments rely on air 

sampling (using flow rates traditionally lower than 10 L/min) or 

using settled dust as a proxy, both of which have limitations.

Objectives: We sought to develop a novel, user-friendly ambient 

air sampling device (ambient air sampler [AAS]) for accurate 

and efficient measurement of allergens and endotoxin.

Methods: The AAS is a small, quiet, lightweight device that 

draws air at a high flow rate (>500 L/min) across a filter to 

collect airborne particles. AAS devices sampled homes across 

South Wales, UK, and Central Virginia, USA. Devices were run 

alongside Institute of Occupational Medicine samplers, with 

both operating for 10 hours. Devices were also operated for 7 

days alongside electrostatic dust collectors, which passively 

sampled the environment for the equivalent time. Following 

extraction, indoor and food allergens were quantified by 

multiplex assays and ELISA. Endotoxin was measured using 

Recombinant Factor C assay.

Results: After 10 hours, the AAS collected 13 allergens from 

dust mite, cat, dog, mouse, and multiple foods, with positivity 

rates up to 100%. In comparison, Institute of Occupational 

Medicine samplers collected 5 allergens in total, with much 

lower positivity rates. After 7 days, the AAS collected 10 

different indoor allergens and 13 different food allergens across 

UK and US homes. Allergens from cat, dog, milk, egg, and 

peanut were collected in almost every home. The AAS collected 

all allergens more frequently and in significantly higher 

amounts than the electrostatic dust collectors. The AAS also 

collected airborne endotoxin in every home sampled, from as 

little as 1-day sampling time.

Conclusions: The AAS developed herein provides a 

standardizable method for monitoring airborne allergen and 

endotoxin exposure, with potential applicability to other 

biological environmental agents. (J Allergy Clin Immunol 

Global 2026;5:100677.)
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Exposure to environmental allergens such as house dust mites, 

pets, and pests is strongly associated with the development of 

allergic diseases, including allergic rhinitis and asthma.1-3 Moni

toring of environmental allergen exposure has been a cornerstone 

of clinical, epidemiologic, and occupational studies of asthma and 

intervention control.4-6 Measuring allergen content in reservoir 

dust samples allowed allergen exposure assessments to be stan

dardized and thus risk levels and avoidance recommendations 

were developed, yet there are known limitations to this 

method.3,7,8 Household dust samples from different locations 

within the home are heterogeneous and the amount of dust 

collected varies between sampling sites (eg, mattresses, furnish

ings, and carpets). Because inhalation is the primary route of 

exposure for developing respiratory allergy, investigators have 

long sought to develop reliable methods for monitoring airborne 

allergen exposure.4 The relationship between allergen content in 

settled dust samples and air samples is complex and results do not 

always correlate.9-12 This is partially due to different aerody

namic properties of the particles that carry airborne allergens. 

Dust mite allergens originating in mite feces of 10 to 40 μm diam

eter remained airborne for 20 to 40 minutes, whereas cat and dog 

dander allergens found on 2- to 10-μm particles remained 

airborne for several hours.13-18 The particle sizing equipment 

used for those studies, for example, cascade impactors and Ander

son samplers, is not suitable for routine collection and monitoring 

of air samples. The criterion standard for personal air samplers is 

the Institute of Occupational Medicine (IOM) sampler—a lapel- 

worn filter collection device that samples air in the personal 

breathing zone at a rate of approximately 2 L/min using pumps. 

These are used to measure occupational exposure to animal aller

gens in laboratory animal facilities and in assessments of other 

workplace exposures.19-22 Downsides of IOM samplers are that 

they are cumbersome to the user, the associated pumps are noisy, 

and they are designed for relatively short sampling periods. 

Recently, electrostatic dust collectors (EDCs) have been used to 

passively adsorb allergens that settle from the air onto polyester 

cloths and are considered a useful surrogate for indoor airborne 

exposure.12,23 Disadvantages of EDCs include the inability to 

calculate the volume of air from which settled particles derived, 

and the concentration of allergen on the cloths is often below 

the level of detection.4,12
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In addition to aeroallergens, airborne endotoxin exposure has 

been linked with asthma and other respiratory diseases.24,25 How

ever, there is a lack of standardization for measuring airborne 

endotoxin exposure in homes, offices, and schools, with various 

different equipment having been used previously, including filters 

attached to sampling pumps, impingers, and EDCs.23,26

Here, we report a novel standalone ambient air sampling device 

(ambient air sampler [AAS]) that has a large sample collection 

filter, high flow rate (without associated pumps), and quiet 

operation. Significant improvements in aeroallergen monitoring 

were obtained by combining efficient air sampling using the AAS 

with sensitive multiplex immunoassays for measuring indoor and 

food allergens. In this pilot study of allergen exposures in US 

and UK homes, the AAS was validated by comparison with IOM 

and EDC samplers.

METHODS

Ambient air sampler
The novel AAS device (GX Group, Usk, UK) is small, 

lightweight, and quiet (see Table I and Fig 1 for specifications). 

The fan inside the device pulls ambient air across a nonwoven 

polypropylene filter (sampling surface area of 61 cm2) mounted 

onto a filter holder at an air flow rate of 532 L/min (Table I).

Air sampling
AAS devices were placed in homes located in South Wales, UK 

(n 5 18), and Central Viginia, USA (n 5 19). For further details, 

see this article’s Methods section in the Online Repository at 

www.jaci-global.org.

AAS devices were positioned in living areas of 12 UK homes 

alongside IOM sampling heads (SKC, Blandford Forum, Dorset, 

UK), attached to an SKC Sidekick pump calibrated to 2 L/min. 

Both samplers were run for 10 hours. AAS devices and EDCs 

(Swiffer, El Paso, Tex) were placed side by side in 37 homes 

(United Kingdom and United States). The AAS device was 

switched on, and both sampled the environment for 7 days. For 

longitudinal endotoxin sampling, AAS devices were placed side 

by side in 12 UK homes. Filters were removed at different 

sampling time points. For further details of sampling, see this 

article’s Methods section in the Online Repository.

Allergen extraction
AAS filters, IOM filters, and EDCs were extracted in PBS with 

0.05% Tween, pH 7.4, in volumes of 10, 1, and 25 mL, 

respectively. All filters/EDCs were extracted for 2 hours at 

room temperature with gentle agitation. Supernatants were 

transferred to cryovials and stored at 2208C until analysis. Blank 

filters and EDCs were extracted in the same way to act as controls.

Multiplex array for indoor and food allergens
For the detection of indoor allergens (Der p 1, Der f 1, Mite 

Group 2 [dust mite], Fel d 1 [cat], Can f 1 [dog], Mus m 1 

[mouse], Rat n 1 [rat], and guinea pig urinary protein [guinea 

pig]), a multiplex array based on the Luminex xMAP system 

(Luminex Corporation, Austin, Tex) was used as previously 

described.27,28 Blank filters were also analyzed as sampling 

controls (all allergens were below lower limit of detection; 

see this article’s Results section and Table E1 in the Online 

Repository at www.jaci-global.org). For food allergen detec

tion (Bos d 5, Bos d 11 [milk], Gal d 1 and Gal d 2 [egg], 

Ara h 3 and Ara h 6 [peanut], Ana o 3 [cashew], Pru du 6 

[almond], Jug r 1 [walnut], Cor a 9 [hazelnut], Ses i 1 [ses

ame], Sin a 1 [mustard], Shrimp tropomyosin, and Gly m 5 

[soy]), a modified version of this multiplex array was used 

as previously described.29,30 Blank filters were also analyzed 

as sampling controls (all allergens were below lower limit of 

detection except Bos d 11; see this article’s Results section 

and Table E1 in the Online Repository). Allergen concentra

tion in nanogram of allergen per milliliter (ng/mL) was calcu

lated from control curves of purified allergens and converted to 

nanogram of allergen per sample (ng/sample). For the 10-hour 

samples, a further conversion to picogram of allergen per cubic 

meter (pg allergen/m3) was made. For example calculations, 

see this article’s Methods section in the Online Repository.

ELISA for Ory c 3 (rabbit) and Equ c 1 (horse)
For the detection of major rabbit and horse allergens Ory c 3 

and Equ c 1, an ELISA 2.0 kit (InBio, Charlottesville, Va) was 

used according to manufacturer’s instructions. Allergen concen

tration in the samples was calculated as nanogram of allergen per 

milliliter from control curves and converted to nanogram of 

allergen per sample.

Endotoxin assay
Endotoxin was measured using the ENDOZYMYE II Recom

binant Factor C Endotoxin Detection Assay (BioM�erieux, Lyon, 

France) according to the manufacturer’s instructions. Endotoxin 

concentration was calculated from the standard curve and 

expressed as endotoxin units per filter (EU/filter).

Statistics
GraphPad Prism V10.1.2 (GraphPad Software, LCC, Boston, 

Mass) was used for statistical analyses. For further details of 

statistical analysis, see this article’s Methods section in the Online 

Repository.

TABLE I. Specifications of the AAS device

Dimensions 12.1 cm 3 11.0 cm 3 6.4 cm

(Height 3 Width 3 Depth)

Weight 301 g (device plus filter holder)

(n 5 13, Min 301 g, Max 301 g, Range 0 g)

Decibels 41 dB*

(n 5 13, Min 40 dB, Max 42 dB, Range 2 dB)

Air flow 532 L/min†

(n 5 72, Min 506 L/min, Max 555 L/min, Range 49 L/min)

Max, Maximum; Min, minimum.

*Measured with a Tadeto sound level meter #SL720, 50 cm from device.

†Measured with an adapted Mastech digital anemometer #MS6252A.
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RESULTS

Comparison of the AAS with an IOM sampler
AAS devices and IOM samplers were placed in 12 homes 

across South Wales, UK. After 10 hours of sampling, 5 different 

indoor allergens were collected by the AAS device (Fig 2, A, and 

Table II). Dust mite allergens Der p 1 and Mite Group 2 were 

collected in 50% and 25% of homes, respectively. Fel d 1 (cat) 

and Can f 1 (dog) were collected in 100% and 83% of homes, 

respectively, despite there being only 3 cat owners and 2 dog 

owners. Low levels of Mus m 1 (mouse) were collected in 42% 

of properties. In comparison, the IOM samplers did not collect 

detectable levels of dust mite or mouse allergens in any home, 

and cat and dog allergens were collected only in those homes 

where these pets resided.

Eight food allergens were collected using the AAS device: Bos 

d 5, Bos d 11 (milk), Gal d 2 (egg), Ara h 3 and Ara h 6 (peanut), 

Ana o 3 (cashew), Sin a 1 (mustard), and Jug r 1 (walnut) (Fig 2, B, 

and Table II). Bos d 5 and Bos d 11 were collected in 91% of 

homes sampled, and Gal d 2 was collected in 67% of homes. In 

comparison, only Bos d 5, Gal d 2, and Sin a 1 were collected 

by the IOM samplers at lower positivity rates (25%, 8%, and 

8% of homes, respectively).

FIG 1. Diagram of the novel AAS. Air is drawn in through the front of the AAS by an internal fan and across a 

mesh filter, which captures aeroallergens and airborne endotoxin (not drawn to scale).

FIG 2. Measurement of aeroallergens after a 10-hour sampling period. Indoor (A) and food (B) allergens 

captured by AAS devices (dark gray bars, solid symbols) and IOM samplers (light gray bars, open symbols) 

after 10 hours of sampling. Results expressed as pg allergen/m3. Arbitrary value of 0.1 was assigned for any 

sample below lower limit of detection. Jug r 1 data not shown.
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Comparison of the AAS devices with EDCs
AAS devices and EDCs were placed in 37 homes across 

South Wales, UK, and Central Virginia, USA. After sampling 

for 7 days, 6 indoor allergens were collected by the AAS device 

and the EDCs in both locations (Fig 3, A, and Table III). In UK 

homes, 81% of homes were positive for at least 1 dust mite 

allergen. In US homes, this figure was 32%. In comparison, 

EDCs collected dust mite allergens in far fewer homes in both 

the United Kingdom and the United States, 22% and 16%, 

respectively. Cat and dog allergens were collected in 89% of 

homes sampled using the AAS device, despite only 30% of 

homes owning a cat(s) and 43% of homes owning a dog(s). 

The EDC collected Fel d 1 in a similar number of homes as 

the AAS device (81%) but Can f 1 was collected in far fewer 

homes (50%). Low levels of mouse allergen were collected in 

32% of homes when sampled by the AAS device in comparison 

to 16% of homes when sampled by the EDC. Overall, except for 

Der f 1 and Mus m 1, significantly higher levels of all indoor 

allergens were collected on AAS filters than on the EDC, with 

mean values up to 11-fold greater for AAS samples than for 

EDCs (Fig 3, A, and Table III).

Four homes had frequent exposure to pets other than cats and 

dogs. One had a pet rabbit, 1 had pet guinea pigs, 1 had pet 

rats, and 1 had a horse on the property. The major 

allergens from these pets were all readily sampled by the 

AAS device, and in each home, the AAS device collected up to 

11-fold more allergen compared with the EDC (Fig 3, B, and 

Table III).

In UK and US homes, the AAS device collected 13 food 

allergens from milk, egg, peanut, cashew, almond, walnut, 

hazelnut, mustard, sesame, and shrimp (Fig 3, C, and Table IV). 

Milk allergens Bos d 5 and Bos d 11 were found in almost every 

home sampled (89% and 100%, respectively). Egg allergen Gal 

d 2 was found in 89% of homes and airborne peanut, cashew, 

and sesame allergens were found in more than 50% of the homes 

sampled. In UK homes sampled with the EDC, 6 food allergens 

were collected, with Gal d 2 and Bos d 5 being collected most 

frequently (78% and 61%, respectively). In US homes, 11 food al

lergens were collected, although only Bos d 5, Bos d 11, and Gal 

d 2 were found in more than 50% of the homes. Of 13 allergens 

detected, 8 of them were collected in significantly higher levels 

by AAS devices than by the EDCs, with mean values up to 45- 

fold greater for AAS devices.

Measurement of airborne endotoxin
Samples collected by the AAS devices over 7 days in the 

United Kingdom and the United States were analyzed for 

endotoxin content by Recombinant Factor C assay. Endotoxin 

was found in every home sampled (Fig 4, A). In UK homes with 

pets, there was significantly more endotoxin than in homes 

without pets (P < .01), with a mean of 236 EU/filter for homes 

with pets compared with 37 EU/filter for homes without pets. 

A similar trend was observed in the United States, with homes 

that had pets having almost 5-fold more endotoxin on average 

than homes without pets (183 EU/filter and 38 EU/filter, respec

tively), although this difference was not statistically significant 

(P > .05). The homes with the highest values of endotoxin owned 

a dog and a horse (917 EU/filter), and a cat, dog, and rabbit (879 

EU/filter).

To assess the possibility of saturation of the AAS filters, 

longitudinal sampling was conducted in several UK homes. 

AAS devices were placed side by side, and the filters were 

removed at different time points (Fig 4, B, n 5 6). The amount 

of endotoxin collected increased with the length of time 

sampled, with mean values of 36, 105, and 237 EU/filter after 

1, 3, and 5 days of sampling, respectively. AAS devices were 

then run for 1, 7, 14, and 21 days (Fig 4, C, n 5 6). The amount 

of endotoxin collected increased approximately 6-fold 

between 1 and 7 days, with mean endotoxin values of 75 and 

446 EU/filter, respectively. Longer sampling periods of 14 

and 21 days only resulted in small increases in the amount 

of endotoxin collected. At 14 days, the mean value was 

595 EU/filter (a 1.3-fold increase from 7 days), and at 21 

days, the mean value was 612 EU/filter (a 1.4-fold increase 

from 7 days). The time point at which saturation of 

the filters was reached was variable between each home 

sampled. Saturation was generally reached quicker if the 

TABLE II. Indoor and food allergens captured by AAS and IOM samplers after a 10-hour sampling period

Category of 

allergen Source Allergen

Positivity rate Average pg/m3

AAS IOM sampler AAS IOM sampler

Indoor allergens Dust mite Der p 1 50% (6 of 12) 0% (0 of 12) 3.1 0.1*

Mite Group 2 25% (3 of 12) 0% (0 of 12) 0.9 0.1*

Cat Fel d 1 100% (12 of 12) 17% (2 of 12) 79 128

Dog Can f 1 83% (10 of 12) 17% (2 of 12) 31 51

Mouse Mus m 1 42% (5 of 12) 0% (0 of 12) 0.3 0.1*

Food allergens† Milk Bos d 5 91% (11 of 12) 25% (3 of 12) 74 42

Bos d 11 91% (11 of 12) 0% (0 of 12) 348 0.1*

Egg Gal d 2 67% (8 of 12) 8% (1 of 12) 32 39

Peanut Ara h 3 25% (3 of 12) 0% (0 of 12) 4.1 0.1*

Ara h 6 50% (6 of 12) 0% (0 of 12) 1.0 0.1*

Cashew Ana o 3 42% (5 of 12) 0% (0 of 12) 2.3 0.1*

Walnut Jug r 1 8% (1 of 12) 0% (0 of 12) 0.3 0.1*

Mustard Sin a 1 34% (4 of 12) 8% (1 of 12) 3.4 2.2

Positivity rate is expressed as a percentage, with the number of positive homes out of the total number sampled shown in parentheses. Average amount of allergen is expressed as 

picogram of allergen per cubic meter (pg/m3). 

LLOD, Lower limit of detection; STM, Shrimp tropomyosin.

*All results <LLOD were assigned an arbitrary value of 0.1.

†Also analyzed: Pru du 6, Cor a 9, Gal d 1, Ses i 1, STM, and Gly m 5—all results <LLOD.
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FIG 3. Measurement of aeroallergens after a 7-day sampling period. A, Indoor allergens captured by 

AAS devices (dark gray bars, solid symbols) and EDCs (light gray bars, open symbols) in UK and US homes 

(n 5 37). B, Major pet allergens Ory c 3 (rabbit), guinea pig urinary protein (guinea pig), Rat n 1 (rat), and Equ 

c 1 (horse) captured by AAS devices (dark gray bars) and EDCs (light gray bars) in UK and US homes (n 5 1). 

Numbers depict fold increase in measured allergen. C, Food allergens captured by AAS devices (dark gray 

bars, solid symbols) and EDCs (light gray bars, open symbols) in UK and US homes (n 5 37). Gal d 1, Jug r 1, 

and Cor a 9 data not shown. All sampling was conducted over 7 days. Results expressed as ng allergen/sam

ple. Arbitrary value of 0.01 was assigned for any sample below lower limit of detection. Multiple Wilcoxon 

matched pairs signed-rank tests, with a false-discovery rate approach was used to determine significance. 

*P < .05, **P < .01, ***P < .001, ****P < .0001.
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starting amount of endotoxin was high (;100 EU/filter), 

compared with homes where the starting levels were much 

lower (<10 EU/filter).

DISCUSSION
The strong association between allergen exposure and allergic 

disease underscores the need for improved methods for measuring 

airborne allergens to better understand the dose-response rela

tionship between exposure and disease activity. The goal of this 

pilot study was to develop a user-friendly air sampling device 

with high sampling efficiency and near-silent operation, suitable 

for routine air sampling in homes. The results demonstrate that 

the AAS efficiently captured a wide range of aeroallergens and 

airborne endotoxin by comparison with current IOM and EDC 

sampling devices. Measurement of indoor or food allergens in a 

single test using multiplex array technology enhanced the 

sensitivity of aeroallergen detection and was a key element of 

the exposure assessment.

The use of IOM samplers in the pharmaceutical industry has 

been beneficial in monitoring laboratory animal allergen expo

sure in vivaria and adjacent facilities.20 Although IOM samplers 

are the criterion standard for measuring personal exposure, they 

have been used sparingly for domestic indoor and food allergen 

sampling studies, with limited success.16,31-33 In this pilot study, 

IOM samplers only collected Fel d 1 and Can f 1, and only from 

houses where cats or dogs resided, replicating previous findings.31

Assessment of airborne food allergens with IOM samplers has 

also been limited, with most studies only attempting to measure 

airborne peanut allergens, with partial success.31,34,35 In compar

ison, 2 major allergens from peanut were collected by the AAS 

device within 10 hours, together with 6 major allergens from 

milk, egg, cashew, walnut, and mustard. Exposures to milk and 

egg aeroallergens were comparable to those of cat and dog aller

gens. In addition to the improved rate of allergen capture, the 

AAS device may be considered more user-friendly given the oper

ating volume of 41 dB is considerably lower than that of the IOM 

pumps (SKC Sidekick), which operate at 62.5 dB unhoused and 

55 dB when housed.

Passive sampling of settled dust by EDCs has been used in 

several recent large studies, revealing their suitability for 

collection of indoor allergens and endotoxin.12,23 However, after 

sampling for extended periods, indoor allergens such as Der p 1 

and Fel d 1 were not collected by the EDCs despite their presence 

in correlated vacuumed dust samples.10,36 This was confirmed in 

our side-by-side comparison over a 7-day sampling period, with 

Der p 1 being collected in 11 of 12 dust samples from UK homes, 

but only in 4 homes when sampled with an EDC (data not shown). 

The low positivity rate for EDCs may be explained by the very 

low levels of Der p 1 in the settled dust, with 8 of the 11 positive 

samples being less than or equal to 0.5 μg/g, potentially too low 

for the EDC to detect (data not shown). However, the AAS device 

demonstrated greater sensitivity than the EDC for all dust mite al

lergens, despite the low levels of these allergens in settled dust. 

A greater percentage of UK homes were positive for at least 1 

dust mite allergen when compared with US homes. This disparity 

could reflect that unlike US homes, UK homes do not have heat

ing, ventilation, and air conditioning systems. Heating, ventila

tion, and air conditioning systems tend to keep relative 

humidity levels at less than 50%, which is less conducive to 

dust mite growth. The AAS device also readily captured Fel d 1 

and Can f 1 in almost every home, including those without pets. 

Fel d 1 and Can f 1 are carried on small airborne particles (;2- 

10 μm diameter) that remain in the air for long periods of time. 

Consequently, measuring airborne Fel d 1 and Can f 1 by the 

AAS device provides a more quantitative estimate of inhaled 

TABLE III. Indoor allergens captured by AAS and EDCs after a 7-day sampling period

Location

Indoor allergens Positivity rate Average ng/sample

Source Allergen AAS EDC AAS EDC

UK homes Dust mite Der p 1 78% (14 of 18) 22% (4 of 18) 5 0.78

Der f 1 22% (4 of 18) 0% (0 of 18) 0.28 0.01*

Mite Group 2 56% (10 of 18) 11% (2 of 18) 1.5 0.15

Cat Fel d 1 83% (15 of 18) 67% (12 of 18) 67 13

Dog Can f 1 89% (16 of 18) 28% (5 of 18) 137 10

Mouse Mus m 1 39% (7 of 18) 22% (4 of 18) 0.11 0.06

Rabbit Ory c 3 — — — —

Guinea pig GPUP 1/1 1/1 2,729 318

Rat Rat n 1 — — — —

Horse Equ c 1 — — — —

US homes Dust mite Der p 1 21% (4 of 19) 5% (1 of 19) 3 0.27

Der f 1 29% (5 of 19) 11% (2 of 19) 0.47 1.9

Mite Group 2 29% (5 of 19) 11% (2 of 19) 1.6 0.23

Cat Fel d 1 95% (18 of 19) 95% (18 of 19) 116 73

Dog Can f 1 89% (17 of 19) 63% (12 of 19) 200 55

Mouse Mus m 1 29% (5 of 19) 11% (2 of 19) 0.20 0.05

Rabbit Ory c 3 1/1 1/1 22,122 5,873

Guinea pig GPUP — — — —

Rat Rat n 1 1/1 1/1 14 1.3

Horse Equ c 1 1/1 1/1 222 85

Positivity rate is expressed as a percentage, with the number of positive homes out of the total number sampled shown in parentheses. Average amount of allergen is expressed as 

nanogram of allergen per sample (ng/sample). 

GPUP, Guinea pig urinary protein; LLOD, lower limit of detection.

*All results <LLOD were assigned an arbitrary value of 0.01.
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exposure to these allergens compared with measuring them in 

settled or reservoir dust samples. Homes with pets harbor high 

levels of Fel d 1 and Can f 1, yet significant levels of these aller

gens have been reported in dwellings and settings without pets, 

such as schools, day-care centers, and even health care facil

ities.10,37,38 Sensitization to cats is more likely to develop in chil

dren exposed to moderate levels of Fel d 1 than in those exposed to 

high levels.39,40 Therefore, accurate measurement of these 

airborne pet allergens will be crucial in improving the efficacy 

of avoidance strategies aimed at reducing the risk of sensitization, 

and the number of allergy-related asthmatic episodes.15,41 This 

pilot study demonstrated that the AAS device could collect major 

allergens from other less common pets, namely, rabbits, guinea 

pigs, rats, and horses. These allergens are excreted in urine and 

are found on hair follicles and skin surfaces, which are present 

on airborne particles small enough to penetrate the lower respira

tory tract.42 These allergen-carrying particles can be transported 

on clothes and shoes to animal-free environments including 

schools, workplaces, or ‘‘clean-rooms’’ in laboratory animal facil

ities. Because animal allergens are important sensitizing agents 

and a risk factor for asthma, the AAS device could be used for 

monitoring the presence of pet allergens and assist with imple

mentation of avoidance or intervention controls.

It is estimated that 10% to 25% of allergic occupational asthma 

and rhinitis cases are due to food products, with animal and 

vegetable high-molecular-weight proteins derived from 

aerosolized foods being a major causal agent.43 Furthermore, 

although extremely rare, there have been reported incidences of 

anaphylactic reactions to airborne allergens. Few studies have 

measured multiple food allergens in homes or schools, and those 

that have relied on vacuumed dust or wipes.38,44,45 Results herein 

suggest that EDCs are not very efficient at capturing airborne food 

allergens, with differences between UK and US homes being 

observed. In comparison, the AAS device captured 13 major 

food allergens from UK and US homes, with up to 100% positiv

ity rates. The one very high Bos d 5 result of approximately 

45,000 ng/sample was due to consumption of daily powdered 

whey protein shakes by the occupant, leading to high amounts 

of aerosolized Bos d 5, without a correspondingly high Bos 

d 11 result (Fig 3, C). The rate at which airborne food allergens 

were collected from UK and US homes was remarkably similar, 

emphasizing the potential ability of the AAS device to provide 

a standardizable sampling method for food allergen exposure 

worldwide. It has been hypothesized that nonoral routes of sensi

tization, that is, through the skin or the respiratory mucosa, could 

lead to the development of food allergy.46-48 Given the limited 

treatment options for food allergies, measurement of airborne 

food allergens by the AAS device could play an important role 

in investigating environmental exposures as a cause of food al

lergy and in developing potential mitigation strategies. The 

AAS device could be used to monitor airborne food allergens in 

bakeries and food processing plants where potentially high 

TABLE IV. Food allergens captured by AAS and EDCs after a 7-day sampling period

Location

Food allergens Positivity rate Average ng/sample

Source Allergen* AAS EDC AAS EDC

UK homes Milk Bos d 5 94% (17 of 18) 61% (11 of 18) 2,437 354

Bos d 11 100% (18 of 18) 39% (7 of 18) 652 105

Egg Gal d 1 22% (4 of 18) 0% (0 of 18) 12 0.01†

Gal d 2 94% (17 of 18) 78% (14 of 18) 36 7

Peanut Ara h 3 50% (9 of 18) 11% (2 of 18) 8 16

Ara h 6 72% (13 of 18) 22% (4 of 18) 5 2

Cashew Ana o 3 56% (10 of 18) 0% (0 of 18) 1.8 0.01†

Almond Pru du 6 28% (5 of 18) 0% (0 of 18) 12 0.01†

Walnut Jug r 1 22% (4 of 18) 6% (1 of 18) 1.1 0.23

Hazelnut Cor a 9 22% (4 of 18) 0% (0 of 18) 0.82 0.01†

Mustard Sin a 1 39% (7 of 18) 0% (0 of 18) 0.60 0.01†

Sesame Ses i 1 61% (11 of 18) 0% (0 of 18) 1.2 0.01†

Shrimp STM 39% (7 of 18) 0% (0 of 18) 6 0.01†

US homes Milk Bos d 5 84% (16 of 19) 58% (11 of 19) 20 63

Bos d 11 100% (19 of 19) 84% (16 of 19) 222 399

Egg Gal d 1 16% (3 of 19) 11% (2 of 19) 16 51

Gal d 2 84% (16 of 19) 63% (12 of 19) 22 17

Peanut Ara h 3 58% (11 of 19) 21% (4 of 19) 28 23

Ara h 6 95% (18 of 19) 47% (9 of 19) 9 3

Cashew Ana o 3 63% (12 of 19) 37% (7 of 19) 10 10

Almond Pru du 6 47% (9 of 19) 32% (6 of 19) 6 14

Walnut Jug r 1 42% (8 of 19) 26% (5 of 19) 8 11

Hazelnut Cor a 9 11% (2 of 19) 0% (0 of 19) 0.15 0.01†

Mustard Sin a 1 21% (4 of 19) 0% (0 of 19) 0.14 0.01†

Sesame Ses i 1 68% (13 of 19) 42% (8 of 19) 3 2

Shrimp STM 16% (3 of 19) 5% (1 of 19) 4 0.64

Positivity rate is expressed as a percentage, with the number of positive homes out of the total number sampled shown in parentheses. Average amount of allergen is expressed as 

nanogram of allergen per sample (ng/sample). 

LLOD, Lower limit of detection; STM, Shrimp tropomyosin.

*Also analyzed: Gly m 5—all results <LLOD.

†All results <LLOD were assigned an arbitrary value of 0.01.
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exposure and inadequate controls may pose a risk, as well as in 

schools, offices, and health care settings, where exposure 

to food allergens could be an unaccounted-for source of 

sensitization.38

Airborne endotoxin exposure in indoor environments has 

been measured by numerous methods, with little consensus on 

standardization of sampling techniques, duration of sampling, 

extraction methods, and analytical testing. Results presented 

here demonstrate that the AAS device could provide a useful 

alternative for the measurement of airborne endotoxin, with 

endotoxin found in every home in the United Kingdom and the 

United States after 7 days of sampling. Sampling times for 

environmental endotoxin can vary from minutes to weeks, 

depending on the sampling method deployed.26 Preliminary 

data presented here demonstrate that the AAS device can collect 

endotoxin in homes from as little as 24 hours, with increased 

levels measured at 3 and 5 days. In homes, sampling beyond 7 

days may lead to filter saturation, particularly in homes with 

higher initial levels of endotoxin. Allergen levels were also 

measured in the short-duration longitudinal samples. Although 

only a small number of houses were sampled, the results showed 

that more abundant allergens such as Bos d 5 showed high pos

itivity rates at both 1 and 3 days of sampling (83%), reaching 

100% after 5 days. However, less abundant allergens such as 

Der p 1 and Ara h 3 showed increased positivity rates with 

increased sampling times. After 1 day of sampling, there was a 

33% positivity rate for both allergens, after 3 days of sampling, 

50% positivity for Der p 1 and 83% positivity for Ara h 3, and 

after 5 days of sampling, there was an 83% and 100% positivity, 

respectively (see this article’s Results section and Table E2 in the 

Online Repository at www.jaci-global.org). Given the highly 

efficient capture of both allergens and endotoxin in homes at 5 

and 7 days, sampling for 5 days would be ideal for measuring 

occupational exposure during a working week or childhood 

exposure in schools, especially given the near-silent operating 

level. Sampling for 7 days could be recommended for exposure 

in homes, where a full week of sampling may be important, 

given possible differences between weekend and weekday 

exposures.

A limitation of this study was the selection of homes that were 

chosen for sampling. Homes sampled were those of employees of 

InBio and their family members. They did not include a diverse 

range of dwellings, nor did the occupants have allergies or chronic 

asthma. For further validation of the AAS device, large popula

tion studies including patients with allergies, asthma, and other 

chronic respiratory diseases would be needed. Additional vali

dations should also expand the short-duration sampling to a larger 

cohort to further investigate the ideal sampling duration for both 

allergens and endotoxin. It may also be beneficial for future 

studies to compare the ability of the AAS device to capture 

allergens at different positions within the room. All sampling in 

this pilot study was performed with the AAS device placed on a 

table or a shelf at a minimum height of 1 m. If the AAS device was 

shown to collect allergens at the same rate whether placed at table 

height, shoulder height, or closer to ground level, this would 

improve the user-friendliness of the device and aid in the design of 

future assessments of specific environmental exposure to sub

jects. Given the high flow rate and large sampling area of the AAS 

device, there may be a bias toward the collection of smaller 

particles compared with the IOM sampler or the EDC, which may 

lead to an underestimate of allergens carried on larger particles. 

This is likely to explain the higher average amount of Fel d 1 and 

Can f 1 collected by the IOM sampler compared with the AAS 

device (Table II). However, this limitation is offset by the benefit 

FIG 4. Comparison of airborne endotoxin exposures in UK and US homes using the AAS. A, Endotoxin 

captured by AAS devices in UK and US homes after 7 days of sampling. Samples are divided into homes 

without pets (circles) and homes with pets (triangles). Mann-Whitney U test was used to determine 

significance. NS, Not significant. **P < .01. B, Endotoxin captured by AAS devices in UK homes after 1, 

3, and 5 days of sampling. Individual homes are depicted by different symbols, with mean of all samples 

at each time point shown by black solid line. C, Endotoxin captured by AAS devices in UK homes after 1, 

7, 14, and 21 days of sampling. Individual homes are depicted by different symbols, with mean of all 

samples at each time point shown by black solid line. All results expressed as endotoxin units per filter 

as determined by Recombinant Factor C assay.
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of sampling a large volume of air and consequently an increased 

ability to capture particles more likely to be respirable, leading to 

higher positivity rates of allergen capture than both IOM sampling 

and EDC passive sampling.

Conclusion
Monitoring environmental allergen exposure to improve the 

effectiveness of intervention strategies requires efficient, stand

ardizable, and user-friendly methods. Given the complex aero

dynamic properties of the particles that airborne allergens are 

carried on, this should include active measurement of airborne 

exposure in conjunction with assessment of allergen content in 

settled or reservoir dust. Here, we have demonstrated how an 

efficient ambient air sampling device coupled with specific 

immunoassays provides a novel solution. Next steps to further 

validate the AAS device for environmental exposure assessments 

of airborne allergens and endotoxin would be for its use in much 

larger exposure studies, both in homes and in workplaces, and 

potentially in clinical trials. Given the high flow rate and efficient 

capture of biologically relevant particles, the AAS device may 

also be suitable for the collection of airborne bacteria, fungi, and 

viruses that are associated with the development and exacerbation 

of respiratory diseases.
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Key messages

● Aeroallergens from dust mites, pets, mice, and multiple 

foods including milk, egg, peanut, tree nuts, sesame, 

mustard, and shrimp were collected by the AAS device 

when sampling homes in the United Kingdom and the 

United States.

● Airborne endotoxin was collected from every home 

sampled.

● The AAS device could standardize the monitoring of 

airborne allergen and endotoxin exposure.
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