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Abstract 

Background:  With the increasing threat of the worldwide spread of mosquito-borne infectious diseases, consumer 
interest in anti-mosquito textiles that protect against mosquito bites is also increasing. Accordingly, repellent- or 
insecticide-treated textiles are gaining popularity. The standardization of commercial textile products is, therefore, 
indispensable for an authentic and objective evaluation of these products. Here we report a textile testing method 
using an artificial blood-feeding system that does not involve human volunteers or live animals, which aligns with the 
policy of protecting human and animal welfare.

Methods:  The attractive blood-feeding device (ABFD) was designed using the Hemotek® membrane feeding system. 
The repellency of DEET, icaridin and permethrin was assayed using unfed female adults of Aedes albopictus (Skuse) 
under two different test conditions, namely choice and no-choice tests. The choice test consisted of two feeding 
units, one chemically treated and untreated, that were installed on the ABFD; mosquitoes attracted to and resting on 
the feeding units were counted and the overall blood-feeding rates recorded. The no-choice test consisted of two 
feeding units treated with the same chemical that were installed on the ABFD; mosquitoes attracted to and resting on 
the feeding units were counted and the blood-feeding rates were recorded. A control test was conducted using two 
feeding units, both sides of which were untreated.

Results:  In the choice test, high repellency (> 95% inhibition of resting on the treated surface) of 1% DEET and 2% 
icaridin was observed, whereas 2% permethrin was not an effective repellent. Also, high blood-feeding inhibition 
(> 95%) was observed for 2% DEET and 2% icaridin. In the no-choice test, high repellency was observed for 1% DEET 
and 2% icaridin, whereas the repellency of 2% permethrin was low. Also, high blood-feeding inhibition was observed 
for 2% DEET, 4% icaridin and 2% permethrin.

Conclusions:  The accuracy and reproducibility of the developed method demonstrate that the ABFD may be widely 
used for fundamental experiments in the field of mosquito physiology, for the development of new repellent chemi‑
cals and in evaluation studies of mosquito repellent products, such as anti-mosquito textiles. The further develop‑
ment of the membrane and feeding unit systems will enable a more practical evaluation of mosquito repellents and 
blood-feeding inhibitors, such as pyrethroids.
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Background
The global threat of mosquito-borne infectious dis-
eases is increasing because of the horizontal and verti-
cal worldwide expansion of the vector mosquito species, 
in association with increasing human movement and 
global warming [1]. Accordingly, consumer needs for 
anti-mosquito textiles, with enhanced functionality for 
protecting against mosquito bites or limiting human 
exposure to mosquitoes, are increasing. The use of insec-
ticide- or repellent-treated bed nets, curtains and other 
types of anti-mosquito products is also increasing. Over 
the years, long-lasting insecticidal nets (LLINs) and uni-
forms have played a major role in the control of mos-
quito-borne diseases [2]. The World Health Organization 
(WHO) has established guidelines for the laboratory and 
field testing of LLINs [3], which have similar properties 
as repellent-treated textiles and clothing. However, no 
international standard method exists for the evaluation 
of such mosquito repellent-treated products, although 
some country-specific methods have been published [4, 
5]. The standardization of commercial textile product 
testing using an official testing method established by the 
International Organization of Standardization (ISO) is, 
therefore, indispensable for the authentic and objective 
evaluation of these products.

A regular supply of animal blood is essential for rear-
ing and conducting experiments with blood-sucking 
insects in the laboratory. Although animal use is the 
most convenient means for rearing and experimen-
tal purposes, it requires ethical clearance, access to 
a dedicated animal breeding facility and alignment 
with environmental hygiene standards, which entails 
high maintenance costs. For example, great effort was 
required to obtain ethical clearance for a number of 
animal experiments recently reported [6–8]. Animal 
welfare concerns were originally addressed in the UK 
in 1959 by Russell and Burch [9], who proposed the 3R 
principles (refinement, reduction of suffering; replace-
ment, use of alternative methods; and reduction, reduc-
tion of the number of animals per experiment); these 
have become the fundamental animal welfare principles 
in research. Artificial blood-feeding of insects that does 
not involve living animals has become a common means 
of mosquito rearing under policies based on these prin-
ciples. Therefore, a new bioassay system for evaluating 
mosquito blood-feeding behavior that does not involve 
living animals is also indispensable.

The aim of the present study was to introduce a newly 
developed bioassay system with an artificial feeding 
device and to evaluate the blood-feeding responses and 
behavior of mosquitoes to some chemical repellents 
using this system. The results of this study can be used 
as a source of informative data for fundamental research, 

such as studies in mosquito physiology, the develop-
ment of new repellent chemicals and the evaluation of 
mosquito repellent products, including anti-mosquito 
textiles.

Methods
Outline of the attractive blood‑feeding device
The design of the attractive blood-feeding device 
(ABFD) was inspired by a photoelectric sensing device 
for recording mosquito host-seeking behavior, reported 
in 2004 by Kawada and Takagi [10]. The original device 
used contrasting colors (black and white), intermit-
tently discharged carbon dioxide and heating of the 
target as mosquito-attracting factors. The basic ABFD 
consists of a feeding unit, thermostat temperature reg-
ulator, sample holder, frame, carbon dioxide gas supply 
unit, ventilation fan and test cage (Fig.  1); additional 
components are test blood and a membrane.

Feeding unit  The feeding unit consists of a feed reser-
voir and a heater unit. The feed reservoir is composed 
of a metal or glass container holding the test blood and 
a membrane covering the container. The membrane-
covered surface acts as a feeding surface. In the present 
study, a 3-ml standard reservoir (Hemotek Ltd.; product 
code OR37-25) was installed on the heater unit (Hemotek 
Ltd.; product code FU1).

Thermostat temperature regulator  The thermostat tem-
perature regulator is connected to the feeding unit and 
maintains the feed reservoir at a constant temperature, 
with high accuracy. A PS5 power unit (Hemotek Ltd.; 
product code PS5B) was used in the present study to 
power the heater unit.

Sample holder  The sample holder is used for hold-
ing the test sample. It enables the quick mounting and 
removal of the sample from the test cage containing mos-
quitoes. It has a hole to expose the sample through which 
the attracted and resting mosquitoes can feed.

Frame  A metal frame was prepared for fastening the 
test cage and feeding unit. The frame fixes the feeding 
surface at a 45° angle from the horizontal plane. A maxi-
mum of three feeding units can be installed on the frame.

Carbon dioxide gas supply unit  The carbon dioxide 
gas supply unit consists of a carbon dioxide gas cylin-
der containing liquefied carbon dioxide, a solenoid valve 
controlled by a timer and a gas flow meter. In the pre-
sent study, carbon dioxide gas was discharged through a 
nozzle at a flow rate of 1.0  l/min and at a constant time 
interval (10 s on and 50 s off) [10] onto the surface and in 
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the vicinity of the test sample from the upper part of the 
feeding unit in the test cage.

Ventilation fan  To prevent carbon dioxide gas accu-
mulating in the test cage, the setup was ventilated using 
three brushless DC fans (MISUMI Group Inc., Tokyo, 
Japan) located under the test cage. The wind speed was 
regulated at 1 m/s.

Test cage  The test cage is a cuboid (width 380  mm; 
height 200 mm; depth 200 mm), with three openings on 
the bottom that can be connected to the feeding units 
(Fig. 2a). The openings are joined to the feeding units via 
the sample holders (Fig.  2b, c). Three or two openings 
(without the center one) are used as required, according 
to the aim of the study. Mesh, fine enough to prevent the 
test mosquitoes from escaping, but not too tight to pre-
sent observation of the test mosquitoes, was used for the 
other five faces of the test cage.

Test blood  Equine blood in Alsever’s solution (Japan Bio 
Serum, Tokyo, Japan; product code 003-00074) [11], pre-
pared by mixing the blood with an anticoagulant (Alsev-
er’s solution), was used in the present study. However, 
alternatives include a solution containing the required 
blood components or a similar solution that promotes 
mosquito blood-feeding.

Membrane  A polytetrafluoroethylene (PTFE)-based 
membrane is well suited to the study purpose [12]. We 

used Gaflon PTFE Thread Sealing Tape (3P Performance 
Plastics Products, Clichy, France; width 25.4 mm, thick-
ness, 0.1 mm) in the present study. Other types of mem-
branes that can be used include those made from animal 
intestine, animal skin, collagen film, sausage casing [11] 
or artificial skin.

Test mosquitoes  Unfed female adults of laboratory colo-
nies of Aedes albopictus (Skuse) (Nagasaki and STS colo-
nies) were used in the present study. An Ae. albopictus 
Nagasaki colony was collected in Nagasaki, Japan. An Ae. 
albopictus STS colony was supplied by Sumika Techno 
Service Corp. (Hyogo, Japan). Thirty mosquitoes were 
used per test, except when mentioned otherwise. The 
number of mosquitoes was determined according to the 
cage test method in WHO guidelines [3].

Recommended test procedures for ABFD
Test chemicals were diluted with ethanol to the 
required concentration (% w/v). Ethanol solutions of 
the tested chemicals at the specified concentrations 
were then used to treat a 72-cm2 single-fiber cotton 
cloth (Japan Industry Standard test fabric JIS L0803) 
uniformly at 1  ml per 600 cm2, according to WHO 
guidelines [13], using an AutoRep™ E adjustable repeat-
ing dispenser (Mettler-Toledo Rainin, LLC, Oakland, 
CA, USA). After drying, the cloth was installed on the 
sample holder. Test mosquitoes were released into the 
test cage. To identify test mosquitoes with sufficient 
blood-feeding eagerness, mosquitoes exhibiting prob-
ing behavior on human hands held over the breeding 
cage were collected with an aspirator. Three millilit-
ers of the test blood was poured into the feed reservoir 
and covered with the membrane. The feed reservoirs 
were installed on the heater unit until the temperature 
of the feeding surface reached 34 °C, as determined by 
an infrared surface thermometer. The test samples on 
the sample holders were placed at the openings of the 
test cage, and the cage and feeding units were then 
installed on the frame. The test samples were exposed 
to the inside of the cage by pushing on the feeding units 
(Fig. 3). Initiation of carbon dioxide gas release was as 
described above, and the number of mosquitoes resting 
on the feeding surface was recorded for 30 min at 1-min 
intervals, unless mentioned otherwise. After the final 
recording (30  min after the start of the experiment), 
the test samples and feeding units were removed (fol-
lowing the removal of the feeding units, the openings 
in the test cage were shut by lids). The test mosquitoes 
were killed by freezing, and the numbers of blood-fed 
and unfed mosquitoes were recorded. Testing was per-
formed under laboratory conditions at 27  °C ± 2  °C, a 

Fig. 1  Overview of the attractive blood-feeding device (ABFD). The 
feeding unit (FU) consists of a feed reservoir (Hemotek Ltd., Blackburn, 
UK) with a polytetrafluoroethylene (PTFE) membrane and a heater 
unit (Hemotek Ltd). F Frame, FC ventilation fan controller, FM flow 
meter, GC carbon dioxide gas cylinder, GS carbon dioxide gas supply 
unit, GT carbon dioxide gas tubes, TC test cage,  TR Thermostat 
temperature regulator (Hemotek Ltd.), VF ventilation fan
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relative humidity of between 50 and 85% and illumi-
nance of at least 600 lx. The testing setup was such that 
the observer would not affect the test mosquitoes by 
exhalation, body temperature and movement.

Experiment 1. ABFD performance validation
Comparative ABFD testing of mosquito attraction to feeding 
units with and without carbon dioxide discharge
Unfed females of an Ae. albopictus STS colony (10–20 
days after emergence) were released into the test cage. 
Three feeding units were installed on the ABFD frame. A 
sausage casing made of swine intestine [11] was used as a 
membrane instead of the PTFE tape, and a knitted cotton 
cloth was used instead of the single-fiber cotton cloth. 
The numbers of mosquitoes attracted to and resting on 
the ABFD and blood-feeding mosquitoes were compared 
under two test conditions: with and without carbon diox-
ide discharge. The mosquitoes were observed for 15 min 
at 1-min intervals. The tests with and without carbon 
dioxide were done in 16 and nine replicates, respectively.

Comparative testing of mosquito attraction to the feeding 
unit and the human arm
Prior to the experiment, an Ae. albopictus STS colony 
was tested for the absence of potential infection with 
egg-borne transmitted viruses. Viral RNA was extracted 
using TRIzol-LS reagent (Thermo Fisher Scientific K.K., 
Tokyo, Japan), and a conventional reverse-transcription 
PCR was performed using primers specific for flavivi-
ruses [14], common Dengue virus [15], Toga–alphavi-
ruses [16] and Rift Valley fever virus [17].

For the comparative experiment, 20 unfed females of 
the Ae. albopictus STS colony (10–20 days since emer-
gence) were released into the test cage. Sausage casing 
made of swine intestine was used as a membrane instead 
of the PTFE tape and a knitted cotton cloth was used 
instead of the single-fiber cotton cloth. For testing of 
the feeding units, two feeding units with untreated cot-
ton cloths were installed on the ABFD frame. For testing 
of human subjects as an attractant, volunteers exposed 
a portion of their arm through the two openings of the 
test cage to equalize the exposed attractant area in both 
tests. Three male volunteers, one each in their forties (A), 
fifties (B) and sixties (C), respectively, and one female in 

Fig. 2  The ABFD test cage. a Test cage installed on the frame. b Bottom of the test cage. Two openings are covered with sample holders of binding 
cotton cloth and one opening (center) is closed with a lid. c Back view of the test cage. Feeding units are attached to the cotton cloth behind the 
test cage through openings in the sample holder. L Lid, SH sample holder; for other abbreviations, see Fig. 1 caption
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her thirties (D) participated in the test. The numbers of 
attracted and resting mosquitoes and blood-feeding mos-
quitoes were compared under the two conditions. The 
observations were made for 10 min, at 0.5-min intervals 
for the first 6  min and then at 1-min intervals for the 
remaining 4 min. Testing involving the feeding units was 
repeated five times and that involving human subjects 
was repeated six times (1 time each with volunteers A, C, 
and D, and 3 repeats with volunteer B).

Experiment 2. Comparative ABFD testing of chemical 
repellent activity against mosquitoes
The performance of the test chemicals to repel mosquito 
and their effect on mosquito behavior were assessed 
using the ABFD. Two different tests (choice test and 
no-choice test) were performed using an Ae. albop-
ictus Nagasaki colony, and N,N-diethyl-m-toluamide 
(DEET), 2-(2-hydroxyethyl)-1-piperidinecarboxylic acid 
1-methylpropyl ester (icaridin) and 3-phenoxybenzyl 
(1RS)-cis,trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclo-
propanecarboxylate (permethrin).

Choice test
Two feeding units with a single-fiber cotton cloth, a 
chemically treated cloth and untreated cloth, respec-
tively, were used in the test. Ethanol solutions of the 
chemicals were prepared at different concentrations (%, 
w/v) and then used to treat the surface of the cotton cloth 
at 1 ml per 600 cm2, using an AutoRep E Repeating Dis-
penser (Mettler-Toledo Rainin, LLC). The control cot-
ton cloth was treated with the same amount of ethanol. 
After drying for 15 min, the cloths were installed on the 
feeding units. Mosquitoes attracted to and resting on the 
treated (Nt) and untreated cloths (Nc) were counted, and 

the overall blood-feeding rates, irrespective of whether 
the mosquitoes fed on the treated or untreated cloths, 
were recorded. Percentage repellency was calculated as 
[1 − (Nt/Nc)] × 100. Blood-feeding rates were calculated 
as the percentage of the number of blood-fed mosquitoes 
per total number of mosquitoes tested (30 mosquitoes 
per replicate). Three replicate experiments were per-
formed per concentration tested.

No‑choice test
Two feeding units, each with a cotton cloth treated 
equally with the same chemical, were used in the test. 
Mosquitoes attracted to and resting on the treated 
cloths (N′t) were counted and the blood-feeding rates 
recorded. A control test (both sides of feeding units 
were untreated) was conducted once at the beginning of 
the test day using the same mosquito colony. The repel-
lency of the chemicals was evaluated by comparing the 
numbers of mosquitoes recorded when the repellent-
treated clothes were used to the numbers recorded 
when two untreated cloths were used (N′c). Percent-
age repellency was calculated as [1 − (N′t/N′c)] × 100. 
Blood-feeding rates were calculated as the percentage 
of the number of blood-fed mosquitoes per total num-
ber of mosquitoes tested (30 mosquitoes per replicate). 
Three replicate experiments were performed per con-
centration tested.

Experiment 3. Observation of the behavior of mosquitoes 
exposed to DEET, icaridin and permethrin
A feeding unit of the ABFD was used for this observa-
tion. Unfed females of Ae. albopictus (Nagasaki col-
ony) were released into a transparent plastic case (7 
× 7 × 10 cm), the top and bottom sides of which had 
a window (diameter 4 cm) made of fine mesh. A feed-
ing unit covered by a chemically treated cotton gauze 
was attached at the bottom side of the case, allowing 
the mosquitoes to probe the surface of the feeding unit. 
A small brushless DC fan was installed at the top for 
ventilation. Mosquito behavior on or in the vicinity 
of the surface of the feeding unit treated with repel-
lents (DEET and icaridin) or pyrethroid (permethrin) 
was observed using the video function of a single-lens 
reflex camera (EOS M5; Canon Inc., Tokyo, Japan) or a 
high-speed camera (Fastcam Mini AX; Photoron Ltd., 
Tokyo, Japan).

Data analysis
The attraction of mosquitoes and blood-feeding were 
analyzed using a Wilcoxon signed-ranks test or Kruskal–
Wallis one-way analysis of variance, and Dunn’s multiple 
comparisons test using JMP Pro 15.0.0 (SAS Institute 
Japan Inc. Tokyo, Japan).

Fig. 3  Diagram of the test cage connected with the feeding unit
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Results
Experiment 1
Comparative attractiveness of the ABFD with and without 
carbon dioxide discharge to Ae. albopictus
The intermittent discharge of carbon dioxide significantly 
increased the number of mosquitoes (Ae. albopictus STS 
colony) attracted to and resting on the feeding units (P 
< 0.0001, df = 1, χ2 = 136). The average number of mos-
quitoes attracted to and resting on the feeding units per 
1  min with and without carbon dioxide discharge was 
9.37 (95% confidence interval [CI] 8.82–9.92) and 4.21 
(95% CI 3.79–4.64), respectively (Additional file  1: Fig-
ure S1). The blood-feeding rate was also significantly 
increased with carbon dioxide discharge (P = 0.0003, 
df = 1, χ2 = 13.3) (Additional file 2: Figure S2). The aver-
age percentage of blood-fed mosquitoes was 52.2 and 
21.4% with and without carbon dioxide, respectively.

Comparison of attractivness of the feeding unit and human 
arm to mosquitoes
As determined by reverse-transcription PCR, no mosqui-
toes from the STS colony were infected by flaviviruses, 
common Dengue virus, Toga-alphaviruses and Rift Val-
ley fever virus, which confirmed that these mosquitoes 
were safe to use in tests involving human volunteers. The 
average numbers of mosquitoes attracted to and resting 
on the feeding unit and the human skin per 10 min were 
6.50 (95% CI 5.98–7.18) and 0.81 (95% CI 0.62–1.00), 
respectively; this difference was statistically significant (P 
< 0.0001, df = 1 χ2 = 117) (Additional file 3: Figure S3). 
The average blood-feeding rate was 23% for the feeding 
unit and 3.4% for human skin; this difference was statis-
tically significant (P = 0.0071, df = 1, χ2 = 7.24) (Addi-
tional file 4: Figure S4).

Experiment 2
Repellency of DEET, icaridin and permethrin against Ae. 
albopictus as determined by the ABFD choice test
For 0.1% DEET, the average numbers of mosquitoes 
attracted to and resting on the treated and untreated 
feeding unit per 1 min were 0.70 (95% CI 0.45–0.95) 
and 0.92 (95% CI 0.70–1.15), respectively; for 1% DEET, 
these were 0.044 (95% CI 0.0010–0.088) and 0.94 (95% 
CI 0.74–1.15), respectively; and for 2% DEET, they were 
0 and 0.21 (95% CI 0.13–0.30), respectively. Significant 
differences in the numbers of mosquitoes attracted to 
and resting on the DEET-treated and untreated feed-
ing units were observed for all concentrations tested: 
0.1% DEET (P = 0.026, df = 1, χ2 = 4.94), 1% DEET (P 
< 0.0001, df = 1, χ2= 66.9) and 2% DEET (P < 0.001, 
df = 1, χ2 = 21.1). Percentage repellency values for 0.1, 

1 and 2% DEET were 23.9, 95.3 and 100%, respectively 
(Table 1).

The average numbers of mosquitoes attracted to and rest-
ing on the icaridin-treated and untreated feeding units per 
1 min were 0.54 (95% CI 0.35–0.74) and 1.0 (95% CI 0.68–
1.32) for 0.1% icaridin, respectively; 0.49 (95% CI 0.35–0.63) 
and 1.42 (95% CI 1.11–1.72) for 1% icaridin, respectively; 
and 0.011 (95% CI − 0.011 to 0.033) and 1.64 (1.19–2.10) 
for 2% icaridin, respectively. Significant differences in the 
number of mosquitoes attracted to and resting on the 
treated and untreated feeding units were observed for 1% 
(P < 0.0001, df = 1, χ2 = 25.9) and 2% icaridin (P < 0.0001, 
df=1, χ2 = 47.7), whereas the difference was not significant 
for 0.1% icaridin (P = 0.17, df = 1, χ2 = 1.86). Percentage 
repellency values for 0.1, 1 and 2% icaridin were 46.0, 65.5 
and 99.3%, respectively (Table 1).

For 2% permethrin, the average numbers of mosqui-
toes attracted to and resting on the treated and untreated 
feeding units per 1 min were 0.54 (95% CI 0.40–0.69) and 
0.79 (95% CI 0.58–1.00), respectively; the difference was 
not significant (P = 0.28, df = 1, χ2 = 1.16). Percentage 
repellency for 2% permethrin was 31.6% (Fig. 4; Table 1). 
No knockdown of mosquitoes was observed during per-
methrin testing.

The average blood-feeding rates in the choice test were 
42.2, 17.8 and 0% for 0.1, 1 and 2% DEET treatments, 
respectively; 12.2, 10.0 and 1.1% for the 0.1, 1 and 2% 
caridin treatments, respectively; and 18.9% for the 2% 
permethrin treatment. The average blood-feeding rate for 
the control test (both feeding units untreated) was 49.2%. 
Differences among the concentrations were significant 
for all chemicals tested: DEET (P = 0.015, df = 3, χ2 = 
10.5), icaridin (P = 0.022, df = 3, χ2 = 9.59) and perme-
thrin (P=0.032, df = 1, χ2= 4.58). Significant differences 
from the control blood-feeding rate were observed for 2% 
DEET (P = 0.022), 2% icaridin (P = 0.023) and 2% per-
methrin (P = 0.050) (Fig. 5; Table 1).

Table 1  Repellency of chemicals against Aedes albopictus, as 
determined by the choice test

DEET: N,N-Diethyl-m-toluamide

Chemical Concentration of 
chemical tested (%)

Inhibition of 
resting (%)

Inhibition of 
blood-feeding 
(%)

DEET 0.1 23.9 57.8

1 95.3 82.2

2 100 100

Icaridin 0.1 46.0 87.8

1 65.5 90.0

2 100 98.9

Permethrin 2 31.6 81.1
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Repellency of DEET, icaridin, and permethrin against Ae. 
albopictus as determined by the ABFD no‑choice test
Differences among the concentrations were significant 
for all chemicals tested: DEET (P < 0.0001, df = 3, χ2 = 
182), icaridin (P<0.0001, df = 4, χ2=221) and permethrin 
(P < 0.0001, df = 1, χ2 = 60.2). The average numbers of 
mosquitoes attracted to and resting on the treated feeding 
unit per 1 min were 1.17 (95% CI 0.84–1.50), 0.089 (95% 
CI 0.029–0.15) and 0.089 (95% CI 0.0021–0.18) for the 
0.1, 1 and 2% DEET treatments, respectively. There were 
significant differences between the number of attracted 
and resting mosquitoes in the control feeding unit (2.27 
[95% CI 1.91–2.63] and the number in each DEET treat-
ment (P < 0.0001). Percentage repellency values for 0.1, 1 
and 2% DEET were 48.5, 96.1 and 96.1%, respectively.

The average numbers of mosquitoes attracted to 
and resting on the treated feeding unit per 1 min were 
1.31 (95% CI 1.10–1.52), 0.69 (95% CI 0.58–0.80), 0.28 

(0.15–0.41) and 0.011 (95% CI − 0.011 to 0.033) for the 
0.1, 1, 2 and 4% icaridin treatments, respectively. There 
were significant differences between the number of 
attracted and resting mosquitoes in the control test and 
the numbers observed for the 1, 2 and 4% icaridin treat-
ments (P < 0.0001); the difference between the control 
and 0.1% icaridin was not significant (P = 0.21). Percent-
age repellency values for 0.1, 1, 2 and 4% icaridin were 
42.3, 69.6, 87.7 and 99.5%, respectively.

For 2% permethrin, the average number of attracted and 
resting mosquitoes was 0.53 (0.40–0.67). The difference 
from the number of mosquitoes attracted and resting in the 
control test was significant (P < 0.0001). Percentage repel-
lency % for 2% permethrin was 76.7% (Fig. 6; Table 2). No 
knockdown of mosquitoes was observed during perme-
thrin testing.

Fig. 4  Boxplot of number of unfed Aedes albopictus females attracted to and resting on the surface of the feeding unit, treated or untreated with 
chemicals in the choice test. Letters in the graphs indicate the calculated probability (Kruskal–Wallis one-way analysis of variance)
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The average blood-feeding rates in the no-choice test 
were 25.6, 10.0 and 0% for the 0.1, 1, and 2% DEET treat-
ments, respectively; 33.3 17.8, 20.0 and 0% for the 0.1, 1, 2 
and 4% icaridin treatments, respectively; and 4.4% for the 
2% permethrin treatment. Differences among the concen-
trations were significant for all chemicals tested: DEET (P 
= 0.0096, df = 3, χ2=11.4), icaridin (P = 0.012, df = 4, χ2 
= 12.8) and permethrin (P = 0.032, df = 1, χ2=4.58). Sig-
nificant differences from the control blood-feeding rate 
(49.2%) were observed for 2% DEET (P = 0.011), 4% ica-
ridin (P = 0.012) and 2% permethrin (P = 0.050) (Fig. 7, 
Table 2).

Experiment 3
Behavior of mosquitoes exposed to DEET, icaridin 
and permethrin
Mosquitoes on the chemical-untreated surface exhib-
ited frequent probing behavior, by walking on the sur-
face (Additional file  5: Video S1) after touching down 
on it after flight (Additional file 6: Video S2). Almost no 

physical mosquito contact was observed on a 10% DEET-
treated surface (Additional file  7: Video S3). Avoidance 
flight without touching the DEET-treated surface was 
revealed by a high-speed video (Additional file 8: Video 
S4). Some mosquitoes were found on the 10% icari-
din-treated surface; however, they did not show prob-
ing behavior, in contrast to what was observed on the 
untreated surface (Additional file  9: Video S5). On the 
permethrin-treated surface, mosquitoes were observed 
grooming the antennae with forelegs and walking on the 
surface without probing, and then escaping the perme-
thrin-treated area (Additional file 10: Video S6).

Discussion
The increasing worldwide threat of mosquito-borne 
infectious diseases is fueling interest in repellent-treated 
materials and their testing. Many studies of mosquito 
host-seeking behavior involve field and laboratory 
tests relying on the collection and counting of mosqui-
toes that land on human or animal baits. Such studies, 

Fig. 5  Boxplot of blood-feeding rates of unfed Ae. albopictus females in the choice test. Letters in the graphs indicate the calculated probability 
(Kruskal–Wallis one-way analysis of variance). Asterisks indicate significant difference from the control (Dunn’s multiple comparison test)

Fig. 6  Boxplot of number of unfed Ae. albopictus females attracted to and resting on the surface of the feeding unit treated with chemicals 
in the no-choice test. Letters in the graphs indicate calculated probability (Kruskal–Wallis one-way analysis of variance). Different capital 
alphabetical letters in the graph indicate significant differences in numbers among the concentrations (Dunn’s multiple comparison test)
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however, are labor intensive, costly, time consuming and 
involve the risk of disease transmission to human volun-
teers. Here, we present the ABFD, an accurate simulated 
laboratory setup that allows the extrapolation of labo-
ratory findings to the field. It constitutes a possible break-
through in the study of mosquito behavior.

Previous studies of mosquito attractants have identified 
several key factors that attract host-seeking female mos-
quitoes, including carbon dioxide, 1-octen-3-ol, l-lactic 
acid, heat, color and light [18–20]. These studies led to 
the development of devices that enable automatic record-
ing of mosquito behavior in the laboratory [10, 21, 22]. 
Among the mosquito attractant cues, carbon dioxide 
and heat are thought to be most important. In the pre-
sent study, the intermittent discharge of carbon dioxide 
[10, 23] greatly enhanced not only mosquito attraction 
to the blood-feeding target but also the blood-feeding 
rate. Carbon dioxide, in combination with an addi-
tional attractant cue, such as color, odor and heat, might 
enhance the blood-feeding activity of mosquitoes as well 

as host-seeking eagerness [24, 25]. Carbon dioxide also 
increases repeated resting on heat target [26].

In the present study, mosquito attraction to and blood-
feeding rate on the ABFD exceeded those to/on human 
skin. Here, the exposure area of human skin was the same 
as that of the feeding unit (approx. 4-cm in diameter), for 
comparable testing conditions. Furthermore, the amount 
of carbon dioxide discharged in the ABFD was approxi-
mately the same as that discharged by human breath-
ing. The carbon dioxide concentration might be lower in 
the ABFD than around humans, as carbon dioxide was 
intermittently discharged only for 10  s per 1 min under 
continuous ventilation, whereas human breaths were dis-
charged continuously under no ventilation. According 
to a recent study, Aedes aegypti uses local cues, such as 
heat plume, moisture and skin volatiles, in the vicinity of 
a human host [27]. Stimulation of mosquitoes with such 
local cues in the ABFD might be stronger than that by the 
human skin with a limited exposure area.

The most popular synthetic repellents currently in use 
are DEET, icaridin, and IR3535 (ethyl butylacetylamino-
propionate). Repellents of natural origin, such as lemon, 
eucalyptus, and citronella are also widely used. Despite 
its relative toxicity [28], DEET is the reference repel-
lent of the WHO [13] because it is the most efficient and 
long-lasting repellent available [29]. The recommended 
concentration of DEET ranges from 7 to 10% for a short-
term effective duration (< 2  h), and from 20 to 30% for 
longer periods (up to 6 h) [29]. Icaridin is a newly devel-
oped mosquito repellent [30]. The recommended con-
centration of icaridin is 5–10% for short-term protection 
(3–5 h), and 20% for longer periods (up to 10 h) [29]. Per-
methrin, a well-known pyrethroid insecticide, has a long 
insecticidal history [13]. Its use as a repellent was first 
suggested in the 1970s, when it was used for the treat-
ment of military clothing [31], and it was later registered 

Table 2  Repellency of chemicals against Ae. albopictus, as 
determined by the no-choice test

Chemicals Concentration (%) Inhibition of 
resting (%)

Inhibition of 
blood-feeding 
(%)

DEET 0.1 48.5 74.4

1 96.1 90.0

2 96.1 100

Icaridin 0.1 42.3 53.3

1 69.6 80.0

2 87.7 80.0

4 99.5 100

Permethrin 2 76.7 95.6

Fig. 7  Boxplot of blood-feeding rates of unfed Ae. albopictus females in the no-choice test. Letters in the graphs indicate calculated probability 
(Kruskal–Wallis one-way analysis of variance). Asterisks indicate significant differences from the control (Dunn’s multiple comparison test)
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by the US Environmental Protection Agency (in 1990) 
as a repellent for military clothing. Unlike other insect 
repellents that can be topically applied to human skin, 
permethrin is applied to clothing and outdoor-gear mate-
rial [29]. It is a relatively safe insecticide, but its use for 
the treatment of clothes should be investigated in more 
detail [32].

In the present study, the choice test was devised to allow 
the mosquitoes to select the untreated attractive target if 
repelled by the chemical-treated target. The experiment 
revealed that DEET was sufficiently effective at a concen-
tration of > 1%, whereas  a concentration of > 2% icaridin 
was required for similar effectivity. The effect of perme-
thrin in this test was unique. Mosquitoes selected both 
attractants in the 2% treatment (Table  3). As revealed by 
video analyses, mosquitoes contacted and stayed on the 
permethrin-treated surface, although the orientation time 
was shortened by the irritant effect of permethrin. The 
same behavior was noted in a different test of permethrin 
using the WHO cone [33]. Also, a significant increase in 
the frequency of takeoffs from the permethrin-treated 
surface and in flying times, compared with those from the 
untreated surface, has been observed in Anopheles gambiae 
Giles, An. arabiensis Patton and An. funestus Giles [34].

Of note, in the present study, the number of mosqui-
toes attracted to and resting on the untreated feeding unit 
was significantly reduced in the choice test with 2% DEET, 
whereas no such reduction was observed with icaridin, 
permethrin and lower doses of DEET. The blood-feeding 
rate was also remarkably reduced in the 2% DEET treat-
ment. In the choice test, the numbers of attracted and rest-
ing mosquitoes and the blood-feeding rates were a sum of 
those attracted and resting and feeding on the treated and 
untreated feeding units, as the mosquitoes could freely 
approach both the treated and untreated targets. This indi-
cates that DEET treatment of the feeding unit affected the 
mosquitoes, even in the absence of direct contact with the 
treated surface. A similar reduction in the blood-feeding 
rate was observed for 2% icaridin, but the effect was more 
pronounced for DEET (Table 3). As revealed by the video 
footage, mosquitoes were frequently observed contact-
ing the icaridin-treated surface, whereas the frequency of 
contact was very low on the DEET-treated surface. The 
differences in the modes of DEET and icaridin activity are 
mainly associated with the difference in the vapor pressure 
of the two chemicals. The vapor pressure of DEET (5.6 × 
10–3 mmHg at 20 °C; https​://www.atsdr​.cdc.gov/ToxPr​ofile​
s/tp185​-c4.pdf) is more than 12-fold higher than that of 
icaridin (4.43 × 10–4 mmHg at 25  °C) [35]. In one study, 
the irritancy (repellency) of DEET (2%) against Ae. aegypti 
(L.) was significant up to 40 mm from the DEET-treated 
target, with no significant irritancy observed for an ica-
ridin (6%)-treated surface even 2  mm from the treated 

target, indicating that irritancy (repellency) was only 
caused by tarsal contact with icaridin [36].

The dose-dependent reaction to repellents was more 
remarkable in the no-choice tests than in the choice tests. 
High repellency was observed for 1 and 2% DEET, 2 and 
4% icaridin and 2% permethrin, although the percentage 
repellency for permethrin was lower (76.7%) than that 
for equivalent concentrations of DEET and icaridin. The 
blood-feeding rates indicated the similar effectiveness of 
2% DEET, 4% icaridin and 2% permethrin (Table 2).

The number of studies on the comparative efficacy of 
DEET and icaridin are limited, and interpretation of the 
results is not unambiguous. These studies indicate lit-
tle difference between the efficacy of DEET and icaridin, 
except for some evidence pointing to a higher persistence 
of icaridin on human skin [37]. In addition, most of the 
abovementioned studies involve human volunteers in the 
field or under laboratory conditions, with many possible 
sources of bias, such as that associated with individual 
(human) variation, climate, environment and mosquito 
species. In the present study, testing using the ABFD 
allowed a precise comparison of repellent chemicals 
without the abovementioned biases and ethical issues.

Testing methods for conventional mosquito repellents 
directly applied onto human skin are applicable to the test-
ing of textiles treated with those materials and vice versa. 
Although pyrethroids are not recommended for the direct 
treatment of human skin because of dermal toxicity [38], 
they are used as contact repellents in treated textiles. The 
evaluation of the excito-repellency of pyrethroids, there-
fore, should be incorporated into the testing methods. The 
most frequently used laboratory testing methods for repel-
lents are the cage, cone and excito-chamber tests. The cage 
test is the most common and simple of these [13]; however, 
ethical consent from volunteers has to be obtained prior 
to testing and, preferably, only pathogen-free mosquitoes 
tested. Furthermore, individual variations among volunteers 
(i.e. sex and age) may lead to data discrepancies. The cone 
and excito-repellency chamber tests [33, 34, 39] are ethically 
acceptable methods because they do not involve human 
volunteers or animals as mosquito attractants. Olfactom-
eter and choice test systems are also recommended for 

Table 3  Concentration of chemicals required for specific 
inhibition of resting and blood-feeding behavior of Ae. albopictus 

Chemical Concentration required for 
95% inhibition of resting (%)

Concentration required for 
100% inhibition of blood-
feeding (%)

Choice test No-choice test Choice test No-choice test

DEET 0.1–1 0.1–1 1–2 1–2

Icaridin 1–2 2–4  > 2 2–4

Permethrin  > 2  > 2  > 2  > 2

https://www.atsdr.cdc.gov/ToxProfiles/tp185-c4.pdf
https://www.atsdr.cdc.gov/ToxProfiles/tp185-c4.pdf
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precise evaluations [40]. A simulated blood-feeding test 
using heated defibrinated animal (swine or chicken) blood 
and Parafilm as a membrane, prescribed by the Guobiao 
(GB) national standard in China (GB/T 30126-2013), is a 
testing method that is most similar to the ABFD approach 
[4], although the attractiveness of defibrinated animal 
blood is inferior to that of the blood in Alsever’s solution, 
and Parafilm is not as good a membrane as PTFE and ani-
mal intestine [11]. The testing method using the ABFD was 
first developed for the evaluation of anti-mosquito textiles 
in 2018 [5]. As shown in the present study, its accuracy and 
reproducibility indicate that the ABFD can be widely used 
for fundamental research, such as in studies on mosquito 
physiology, the development of new repellent chemicals and 
the evaluation of mosquito repellent products, including 
anti-mosquito textiles.

Conclusions
The results of this study show that the ABFD can be used 
to evaluate the biological performance of chemicals that 
show repellency to mosquitoes. However, the overall per-
formance of the repellents should be evaluated also tak-
ing into consideration their volatility, skin permeability 
and degradation in the environment. The development of 
a membrane system that simulates the human skin and a 
novel feeding unit system that allows the long-term stabil-
ity of blood, without reducing its attractiveness by coagula-
tion and desiccation, will help address the above issues.
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