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Abstract 

Spatial repellents are emerging as a promising approach to reduce vector-disease burden; however, the 
evolution of genetically resistant mosquitoes decreases repellent efficacy. The development of flight cham-
bers to investigate spatial repellent application techniques is vital for sustainable mosquito control. We 
present an air-dilution chamber as a novel bioassay to study mosquito flight behavior responses to chemical 
gradients of the volatile, pyrethroid transfluthrin (TF). Air dilution was used to simulate a larger environment 
of stable concentration gradients verified with carbon dioxide (CO2) which was homogenously delivered and 
measured across the chamber to achieve a 5× inlet/outlet [CO2] ratio with 0.17 m/s outlet velocity. Female 
Aedes (Ae.) aegypti (Diptera: Culicidae, Linnaeus, 1762) were exposed to volatilized TF paired with heat, 
CO2, and Biogents-Sweetscent host-cues. Tandem solvent extraction-gas chromatography-mass spectrom-
etry (SE-GC-MS) was used to quantify air samples taken during TF emanations with a limit of detection (LOD) 
and quantification (LOQ) of 2 ± 1 and 5 ± 2 parts-per-trillion (ppt) TF, respectively. Homogenous air diluted 
emanation of the spatial repellent TF was at least twice that of the 5× CO2 gradient with the same air flow in 
the chamber. The airborne TF concentrations the mosquitoes were exposed to range from 1 to 170 ppt. Video 
recordings of mosquito behavior during host-cues exposure revealed increased inlet activity, while exposure 
to TF protected host resulted in decreased inlet activity over time with inlet-outlet mosquito positional varia-
tion. This novel flight chamber design can simulate ‘long’-range exposure with simultaneous quantitation of 
airborne spatial repellent to understand dose-dependent effects on mosquito behavior.
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More than 4 billion people globally are at risk of vector disease in-
fection, with 17% of all infectious diseases being arthropod borne 
viral infections and an estimated 390 million dengue infections re-
ported annually (Tolle 2009, Bhatt et al. 2013, Kraemer et al. 2019). 
With climate change, projections of arthropod borne diseases will 
be exacerbated by the increased habitable geographical ranges of 
the Aedes mosquitoes (Tolle 2009, WHO 2020, AMCA 2021). 
Identifying practical and efficient means to prevent mosquitoes from 

transmitting disease is vital to decrease the human disease burden. 
The use of synthetic and more potent spatial repellents, such as TF 
and metofluthrin, as an intervention to deter mosquitoes has grown 
in popularity over the last 20 yr (Lee 2007, Bibbs and Kaufman 2017, 
Sukkanon et al. 2020). Topical repellents offer an alternative to pre-
vent mosquito bites however, frequent, and time-consuming appli-
cation onto all skin surfaces can decrease user compliance (Gryseels 
et al. 2015, Tambwe et al. 2020). The ideal spatial repellents should 
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bar mosquitoes from a desired radius of space, such as a house, 
campsite, or work area to prevent vector-disease transmission 
(Maia et al. 2013, Andres et al. 2015, Ogoma et al. 2017). Research 
methodologies that enable ease in understanding the behavioral and 
physiological mechanisms of spatial repellants are central to sustain-
able prevention of the burgeoning health threat from vector-diseases.

Airborne Spatial Repellents to Prevent Vector-Host 
Interaction
To prevent mosquito bites, spatial repellents are either passively 
(not requiring heat or electricity) or actively (requiring flame, elec-
tricity, or pressure) emanated from solid surfaces or liquid solutions 
(Pates et al. 2002, Kawada et al. 2006, Ogoma and Killeen 2012, 
Wilson et al. 2014, Ogoma et al. 2017, Achee et al. 2019). The 
natural pyrethroid extract, pyrethrin, has been historically derived 
from the Chrysanthemum cinerariaefolium (Asterales, Asteraceae, 
Linnaeus 1753) and used for over a century as an insect repellent 
(Casida 1980, Ogoma et al. 2017). Pyrethroids act as agonists to 
neuronal sodium voltage gated channels resulting in the stimulation 
and eventual incapacitation of mosquitoes thereby preventing host 
biting (Hill et al. 2014, Ogoma et al. 2017). Laboratory studies of 
the dose-dependent effects of TF on mosquito behavior are lacking 
(Gassner et al. 1997, Oliver and Brooke 2016). Deterring Aedes 
(Ae.) mosquitoes from biting without genetic selection requires in-
formed spatial repellent application with in-depth understanding 
of the dose-dependent effects. Experimental mosquito flight cham-
bers provide a controllable laboratory environment able to simulate 
protected host encounters which can be used to determine the effec-
tiveness of a variety of volatile compounds at preventing vector-host 
contact.

Mosquito Flight Chambers to Evaluate Spatial 
Repellents
The development of mosquito flight chambers is essential to the 
investigation of spatial repellent application techniques that mini-
mize both vector-borne disease transmission and resistance devel-
opment. Currently, pesticide evaluators use field (Kawada et al. 
2008), semifield (Revay et al. 2013, Bibbs and Xue 2016), and lab-
oratory chambers (Kline et al. 2003, Obermayr et al. 2015) to as-
sess mosquito repellent and/or insecticide properties. Experimentally 
controlled mosquito exposure eliminates confounding biological 
(mosquito age/diet) and environmental factors which may ob-
scure the reliability of a spatial repellent application technique. 
However, space constraint in a laboratory setting is a major ob-
stacle that contributes to the difficulty in simulating large ‘field’ 
environments with controlled mosquito spatial repellent exposure. 
There is currently no standard for a mosquito chamber with many 
designs lacking the capability to expose mosquitoes to large ranges 
(gradients) of quantified airborne concentrations of spatial repel-
lent to understand dose-dependent effects (Geier and Jürgen 1999). 
Further, given the high potency of synthetic pyrethroid repellent 
compounds, chambers must be designed with the capability of ultra-
violet (UV) light, heat, and/or ozone mediated decontamination with 
airflow over surfaces such as metal and/or glass to minimize the pos-
sibility of confounded experiments due to residual repellent (Bibbs 
and Xue 2020). There have been many mosquito chamber designs to 
study behavioral responses to pesticides using an excito-repellency 
model which combines attractive ‘host’ cues together with spatial 
repellent(s) (Roberts et al. 1997, Geier and Jürgen 1999, Rutledge 
et al. 1999, Sungvornyothin et al. 2001). We designed and studied a 
glass flight chamber capable of air dilution to simulate ‘long’ distance 

vector encounters to either unprotected or protected ‘host’ to eval-
uate sublethal effects of TF to deter female Ae. aegypti (Diptera: 
Culicidae, Linnaeus, 1762) mosquitoes, by quantifying flight ac-
tivity and positional changes. Airborne concentrations of TF were 
determined by air sampling and processing by solvent extraction-gas 
chromatography-electron ionization mass spectrometry (SE-GC-
EI-MS) (Posey et al. 1998, Barro et al. 2006, Kwan et al. 2018). 
There is a desperate need to define airborne TF concentrations that 
maintain effective vector-host separation while providing a platform 
to assess the sublethal risks that could lead to pyrethroid resistance 
(Andreazza et al. 2021). We present a novel platform to evaluate spa-
tial repellant properties in simulated unprotected and protected host-
mosquito encounters to larger than natural concentration gradients 
of airborne spatial repellent from inlet to outlet in the flight chamber.

Methods

We have developed a novel mosquito chamber (Fig. 1A) capable of 
creating stable airborne TF gradients by using a clean air delivery 
system (CADS, Sigma Scientific, Micanopy, FL, USA) coupled with 
quantitative air sampling. The chamber is divided into two main 
sections; a mixing chamber where chemical cues are disseminated 
and homogenized and the flight chamber where mosquitoes are 
enclosed and video recorded. Laboratory air is purified through a 
granulated activated carbon filter. Purified laboratory air then passes 
through a silicone heater (OMEGA, Stamford, CT) wrapped around 
4” aluminum ducting before entering the mixing chamber. Within 
this inlet ducting were multiple aluminum tubes, ~2 cm in diameter 
and ~10 cm tall, designed to enhance surface area contact to increase 
energy transfer to the intake air before entering the mixing chamber 
to achieve 34°C at the inlet mesh of the flight chamber.

Chemical Mixing Chamber to Simulate Protected 
Host Cues
Air containing attractants and/or spatial repellents were homogenized 
in the mixing chamber with a 5 V fan (Noctua, Vienna, Austria) up-
stream of the flight arena. A Peltier plate, capable of temperature set 
points ranging from 10 to 80°C, was set to the desired temperature 
by a custom-built temperature controller. A thermocouple positioned 
at the Peltier unit provided data to regulate the temperature of the 
controller via closed loop feedback. In short, the temperature con-
troller consisted of Arduino Uno (Arduino, Somerville, MA), relays, 
an LCD display unit with control buttons, and a thermocouple am-
plifier. Arduino Programming Language code was uploaded to the 
temperature controller using Arduino IDE v1.8.13. The Peltier plate 
was fixed to a liquid-cooled aluminum heat sink which was piped 
to an external water tub through a 12 V, 200 mA submersible pump 
to ensure optimal heat removal from the system. Two CO2 sources 
were introduced from ¼” outer diameter silicone tubes that were 
routed through the mixing chamber ports. The first source was near 
the mixing fan to homogenize CO2 during 5× inlet/outlet gradient 
verification before introducing mosquitoes into the flight chamber 
for experimentation. To emanate ‘host’ odor, 0.3 g Biogents- (BG-) 
Sweetscent (Biogents, Regensburg, Bayern Germany) was placed in 
an aluminum weigh boat on the mixing chamber floor to produce 
attractant vapor (Degener et al. 2019). Inlet air was homogenized 
in the mixing chamber before flowing into the mosquito flight 
chamber through an 18 × 20 weave per inch2 white mesh (MAGZO, 
Shenzhen, China) over a stainless-steel mesh to ensure containment 
of mosquitoes. A second CO2 tubing was placed against the inlet 
mesh to emit a filamentous CO2 plume that was pulsed using a 
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solenoid valve controlled with a timer with 4s closed/2s open cycle 
during mosquito exposure to host or protected host, to mimic mam-
malian respiratory cue. Inlet mesh temperature was kept constant at 
34°C using a thermocouple probe that was placed ~2 mm through 
the inlet mesh and connected to a 4-port thermocouple thermometer 
(RISEPRO, Shah Alam, Malaysia). The mixing chamber introduced 
cues for three types of conditions 1) ‘no host’ treatment exposed 
mosquitoes to 34°C inlet mesh and air flow/dilution, 2) ‘host’ expo-
sure adds chemical cues, such as homogenous BG-Sweetscent and 
filamentous, pulsed CO2, and 3) ‘protected host’ adds TF heated to 
the specified temperature with host cues.

Air Diluting Flight Chamber for Establishing 
Chemical Concentration Gradients
Homogenized air entered the flight chamber through the inlet mesh 
and was diluted and sampled with three clean air delivery (AD1–3) 
and sampling (S1–3) ports across the long axis of the flight chamber 
to create and monitor chemical gradients (Fig. 1B). The chamber was 
divided into four quadrants to group quantitative metrics of vide-
ography, with quadrant 1 (Q1) and quadrant 4 (Q4) representing 
the inlet and outlet quartiles, respectively. Clean air was diluted by 
CADS at a rate of ~3 liter/min at inlet (AD1) and ~27.7 liter/min 
at middle (AD2) and outlet (AD3) of the flight chamber (Fig. 1C). 

Cotton balls were placed at each air delivery port to diffuse air dilu-
tion streams. Air sampling at the inlet (S1), middle (S2), and outlet 
(S3) of the flight chamber at 150 ml/min was used to quantify TF or 
CO2 concentrations using a 25 mg florisil packed sample tube or an 
infrared-based sensor (ExplorIR, CO2Meter, Ormond Beach, FL), 
respectively. CADS clean airflows at AD1–3 were adjusted to create 
stable 5× inlet-outlet CO2 gradients measured by air sampling. The 
flight chamber outlet velocity was set to 0.17m/s and measured at 
the center of the 4” diameter flight chamber outlet duct by an an-
emometer (TESTO 405i, Lenzkirch, Germany). The outlet velocity 
of 0.17 m/s was chosen as a reasonable balance of velocities used in 
other flight chamber designs and to achieve 5× CO2 gradients with 
clean air delivery flows that do not perceivably impact mosquito 
flight across the chamber (Posey et al. 1998, Geier and Jürgen 1999, 
Braks et al. 2001, Kline et al. 2003). The outlet of the flight chamber 
was attached by ~25’ of 4” diameter ducting to a 12 V adjustable 
blower (SFIB1-130-01, ECO-WORTHY, Los Angeles, CA) with a 
½” outlet restriction exhausting in a fume hood.

Mosquito Rearing
Ae. aegypti mosquitoes of the 1952 Orlando strain colony maintained 
at the USDA Mosquito and Fly Research Unit (Gainesville, FL) were 
used in these experiments. At 28°C and a 12 hr light/dark cycle, 8 mg 
3–6 mo old eggs were rigorously shaken in 7.5 ml of 2% Yeast and 

Fig. 1. Mosquito flight chamber (FC) and mixing chamber (MC) setup capable forming homogenous/filamentous CO2 gradients. (A) From right to left; inlet air 
filter rests on top of the clean air delivery system (CADS). 4” Aluminum ducting is wrapped with silicone tape at the inlet of the chemical mixing chamber which 
is attached to the inlet of the flight chamber with airflow moving right to left. (B) Flight chamber with three air delivery (AD) and sampler ports. The chamber 
was divided into quarters to group quantitative metrics of videography, with quadrant 1 (Q1) and quadrant 4 (Q4) representing the inlet and outlet quartiles, 
respectively. (C) Mixing chamber where chemicals are vaporized and/or homogenized. Thermocouples monitor inlet and mixing chamber temperatures (D) 
Homogenous CO2 concentrations at the inlet (solid line) and outlet (dashed line), example 5× chemical gradient. (E) Homogenous (solid line) compared to pulsed 
(2 s open/4 s closed) filamentous (unfilled line) CO2, used to verify chemical gradient, or simulate respiration host-cues, respectively.
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3% Liver powder (g/ml), termed brown food, and submerged in a 
lidded tub containing 3.2 liter of deionized water (dH2O) (Doshi et 
al. 2020). After 48 hr, the larvae were fed an additional 7.5 ml of 
brown food, then another 10 ml for the following two days. After 
another 24  hr, at least 50% of the larvae reach the pupae stage 
and a 1.25 mm square sieve (Gilson Company, Lewis Center, OH) 
was used to collect mostly female pupae (Gunathilaka et al. 2019). 
The pupae were then placed in ~120  ml of dH2O and enclosed 
in a cage (Bioquip, CA, USA) at 28.2°C, ~90% relative humidity 
and fed 10% sucrose-laden cotton balls. Female mosquitoes were 
cold anaesthetized in a 4°C fridge for 10 min and then sorted on a 
stainless-steel dissection pan over ice into cups of 50 mosquitoes and 
provided 10% (g/ml) sucrose-laden cotton balls. After 7–10 d post-
eclosion, mosquitoes were sucrose starved overnight and provided a 
dH2O laden cotton ball. On the next day, mosquitoes (n = 100) were 
cold anesthetized for 10 min at 4°C and then transported on ice and 
gravity fed into the flight chamber through AD2.

Videography Setup and Mosquito Flight Recording
Homogenous CO2 introduced before each flight chamber experi-
ment was used to verify and adjust air dilution to produce a 5× 
chemical gradient across the inlet/outlet of the chamber. Following 
chemical gradient verification, homogenous release of CO2 was shut 
off, and the inlet mesh was equilibrated to 34°C before mosquitoes 
were introduced to acclimate in the ‘no host’ condition. Mosquitos 
were anesthetized for less than 10 min before being placed into the 
flight chamber through AD2. Mosquitoes were given 60 min to ac-
climate in the chamber and recover from the effects of cold anes-
thesia. After the acclimation period, mosquitoes were exposed to a 
simulated host encounter, where filamentous CO2 was established 
with max outlet CO2 of 0.05% or inlet CO2 of 4.5% along with a 
homogenously mixed plume of 0.3 g BG- Sweetscent commercial 
attractant placed in the mixing chamber. Using the Peltier plate as a 
controlled heat source, TF was volatilized and introduced together 
with host-cues to simulate a protected-host mosquito encounter. 
In a small aluminum weigh boat (Cole-Palmer, Vernon Hills, IL), 
200  mg TF was melted into a thin, even layer by briefly heating 
the sample to 50°C under a fume hood and was then placed on 
ice and transferred into the mixing chamber. In protected-host ex-
posure experiments, the Peltier plate was set to the desired TF va-
porization temperature (26, 50, or 70°C) in the mixing chamber. 
TF vaporization temperatures were chosen considering the melting 
point (32°C) with 26°C as a ‘passive’ release, while 50 and 70°C 
as ‘active’ release to expose mosquitoes to a broad range of suble-
thal dosages during the behavior recording period. Together with 
BG-Sweetscent and pulsed, filamentous CO2, TF was placed directly 
onto the Peltier plate in the mixing chamber and covered by an 
aluminum boat (WHEATON, South Hampton, PA) with a 3/32” 
diameter emission hole positioned directly above the heated sample. 
During the three-minute protected-host exposure period, mosquito 
behavior was video recorded with an Olympus TG-6 Digital camera 
(Olympus, Shinjuku, Tokyo, Japan) with 12MP (6.17 × 4.55 mm) 
sensor size, 25–100  mm F2.0–4.9 lens at 20 frames per second 
(FPS). Two silver and two white umbrella light stands illuminated 
the chamber to obtain the necessary contrast for mosquito activity 
and positional assessment. Mosquitoes were surveyed for up to 3 hr 
in the chamber. Following mosquito exposure experiments, air ve-
locity was increased to 0.5 m/s at the outlet of the flight chamber 
and was heat baked for 6 hr at 50–60°C using heat generated from 
the silicone tape heater at the inlet and two ceramic space heaters 
directed at the flight and mixing chambers.

Videography Quantitative Analysis
Videos of mosquito activity and distribution in the flight chamber 
were processed in MATLAB by bespoke code. Video images were 
cropped to include only the rectangular flight chamber before pixels 
were binarized such that mosquitoes appear white against a black 
background. Binarized images were compared with raw images to 
ensure binarization filters images as intended. Computation was 
performed on a personal computer. Mosquitoes, now represented by 
white blobs, were counted and located by the blob centroid position 
relative to the quadrant of the flight chamber. To quantify the level 
of activity within a chamber quadrant, we compared white pixels in 
two consecutive frames. The ratio of pixels that changed between 
frames to those found in the first of the two consecutive frames is 
denoted as the Mosquito Activity Metric (MAM) with values re-
ported with ± standard deviation. Greater values correspond to more 
change in mosquito position, either by legged or winged locomo-
tion. This metric has a theoretical minimum value of zero, although 
stochastic variation in binarization and slight movement from any 
mosquito ensured that this did not occur. Furthermore, in quadrants 
with no mosquitoes present the MAM is mathematically undefined 
and therefore cannot be determined in these specific cases because 
the denominator of this metric (number of mosquitoes in the quad-
rant of interest) is zero.

Air Sampling of Chemical Gradients in the Flight 
Chamber
Florisil (PR 60/100, Sigma Aldrich, Burlington, MA) was used as 
an adsorbent with minimal contaminants at the retention time of 
TF. Using a conditioning oven (TurboMatrix TC 220, PerkinElmer, 
Waltham, MA) a sample tube with 25 mg florisil packed with glass 
wool on either side was conditioned with >100  ml N2 (UHP300, 
Airgas, Radnor, PA) flow, with temperature steps of 20  min at 
250°C, followed by 20 min at 300°C, and finally, 30 min at 335°C to 
remove contaminant volatiles before air sampling. A Defender 510 
(Mesa Labs, Lakewood, CO) was used to verify that air was sampled 
at a rate of 150 ml/min at the inlet, middle, and outlet ports of the 
flight chamber before and after the 2 hr air sampling period. Sample 
tubes were capped for long term storage using brass caps air-tight 
with PTFE ferrule (Perkin Elmer, Waltham, MA).

Solvent Extraction of TF From Air Samples
After air sampling, the 25 mg florisil bed was recovered from the 
sampling tube and placed into a 2 ml butyl cap sample vial. Due 
to the inherent detector variability of electron ionization (EI) mass 
spectrometry and low volume (1 μl) liquid injection variability, a 
siloxane (SX) internal standard was spiked onto the florisil bed. The 
SX internal standard was created by submerging chopped pieces 
of silica septa (RESTEK, Bellefonte, PA) into IPA and sonicating 
for 10 min. The SX internal standard was ensured to have ~1,500 
integration value for 163 m/z by GC-MS analysis with direct liquid 
injection of 1 μl of 1/20 diluted SX standard. A total of 10 µl of 
siloxane internal standard was added to the florisil bed of each 
sample and allowed to completely adsorb for 15 min. Alongside sol-
vent extraction of air sample, two qualifying standards were created 
by spiking 10 and 100  ng TF onto 25  mg florisil along with SX 
internal standard to ensure variability of standards did not deviate 
from the predicted value of the standard curve trendline (Fig. 2A). 
Before solvent extraction, the adsorbed samples were left uncapped 
for IPA to absorb for 15 min. Following complete evaporation, 200 
μl IPA was added to each vial and butyl septum capped before a 
15 min sonication step. After sonication, solutions were transferred 
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into 3 ml Luer-lok syringe with 0.2 μm PTFE filter, filtered into 50 
μl glass-spring insert, and placed into a 2 ml sample vial with butyl 
cap for 1 μl sample to be directly injected for analysis by GC-MS.

Standard TF Calibration Curve With Internal 
Standard Siloxane (SX)
Standards were created by dissolving 10 mg Bayer TF solubilized in 
100 ml total volume with GC-grade IPA (Merck KGaA, Darmstadt, 
Germany). Serial dilutions were created from this stock solution and 
between 2 and 10 μl TF solution was pipetted onto a conditioned 
florisil bed (Section 2.6) to achieve desired standard mass. Following 
complete evaporation of IPA, 200 μl IPA was added to each vial and 
butyl septum capped before 15 min sonication step. After sonication, 
solutions were transferred into 3 ml Luer-lok syringe with 0.2 μm 
PTFE filter and filtered into 50 μl glass-spring insert and placed into 
a 2 ml sample vial with butyl cap to be directly injected for analysis 
by GC-MS. The signal to noise ratio (SNR) method (Shrivastava and 
Gupta 2011) was used to determine limit of detection (LOD) and 
limit of quantitation (LOQ) by taking the average TF/SX ratio from 
host exposure air samples in the flight chamber plus either 3× or 10× 
the measured standard deviation, respectively.

Gas Chromatography-Mass Spectrometry (GC-MS) 
Analysis of Solvent Extracted Air Samples
Samples were placed onto the Clarus 500 autosampler (PerkinElmer, 
Waltham, MA). Direct liquid injection of 1 μl of sample was 

separated across a 30 m long, 250 µm ID Elite-5MS gas chromatog-
raphy column (Perkin Elmer, Waltham, MA). The initial GC column 
temperature was 55°C and was held for 2 min upon sample injec-
tion, with a 45°C/min ramp up until 190°C where it was held for 
9 min, followed by a 45°C/min ramp up to 300°C where it was held 
for 3.56 min before completion. Ultra-high purity helium (Airgas, 
Radnor, PA) was supplied to the column with initial flow of 2 ml/
min and was held for 5 min followed by a 0.7 ml/min2 ramp down 
until 1.3 ml/min. He carrier flow was achieved and held for 8 min, 
followed by a 0.7 ml/min2 ramp up until 2 ml/min He carrier flow, 
where it was held for 5 min before the gas chromatography was com-
plete. A Clarus SQ8C mass spectrometer (PerkinElmer, Waltham, 
MA) was used for mass/charge ratio measures with EI source by 
focusing on the expected target ion 163 m/z with 0.5s dwell time, 
0.5 m/z span, and 0.1s inter channel delay. Total picograms of TF 
captured on adsorbent were predicted using a standard curve of TF/
SX peak area ratios from 0.1 to 200 ng TF adsorbed onto condi-
tioned florisil (Fig. 2).

TF Mass Conversion to Airborne Concentration
Airborne concentrations of TF in the inlet (S1), middle (S2), and 
outlet (S3) chamber positions were calculated using SE-GC-MS by 
determining the ratio of analyte TF peak integration over the in-
ternal standard, siloxane (SX), peak integration. A quadratic regres-
sion curve (Fig. 2A) was used to predict mass of TF (pg). Airborne 
TF concentration in parts-per-trillion (ppt) was then determined by,

Cppt =
mpgVL/mol

vLMg/mol
,

(1)

where mpg is the mass of TF (pg) interpolated from an inter-
nally standardized second-order calibration curve (Fig. 2A). 
VL/mol = 0.082 (T◦C) + 22.4 is the volume per mole of sampled air 
by temperature T°C (°C) equal to 34°C at S1, 28.5°C at S2, or 23°C 
at S3 sample ports of the flight chamber at 1 atm pressure (NIOSH 
1994, Furey 2006). The total volume sampled vL = 18 liters, was 
found by multiplying the sampling rate (150 ml/min) with sampling 
time (120 min). The molar mass of TF Mg/mol = 371.15 g/mol.

Statistical Analysis
Mosquito behavior data was video recorded as mosquitoes were 
exposed to either no host, host cue, or TF protected host cue expo-
sure. MATLAB was used to compute mosquito position and activity 
in each of the four quadrants (Q1-inlet, Q2, Q3, and Q4-outlet) and 
output in Excel (.xls) filetype. Statistically significant changes in mos-
quito activity were determined by T-test. Evaluation of changes in the 
positional distribution in the flight chamber was accomplished with 
the Chi-squared test in Excel (chisq.test) with columns being per-
cent mosquitoes in each quadrant and rows being different exposure 
conditions. Mosquito activity in each quadrant was computed using 
T-test in the chamber. Differences in the variability of the inlet/outlet 
mosquito position ratio was assessed using the F-test conducted in 
excel (F.test) to evaluate mosquito ambulation across the chamber.

Results

Here, we describe the functionality of our flight chamber to create 
stable chemical gradients as a novel environment for digital video 
analysis of mosquito response to sublethal air concentration of 
spatial repellent. A wide range of temperature, flow, and dilution 
controls allow customization in the type of chemical gradients 
formed across the inlet and outlet of the flight chamber. In doing 
so, we present the first measurements of Ae. aegypti mosquito 

Fig. 2. Solvent extraction- gas chromatography- mass spectrometry 
(SE-GC-MS) quantitation of transfluthrin (TF) air samples across the flight 
chamber. (A) Quadratic calibration curve ranged from 0.5 to 1,000 pg/μL TF 
(corresponding 0.1 to 200 ng total TF mass on air sample adsorbent) with 
siloxane (SX) as an internal standard added in equal amount to each sample. 
Percent relative deviation (%RSD) was found as 100× the division of the mean 
by standard deviation (B) The standard curve was used to convert the TF and 
SX peak areas measured from SE-GC-MS into TF mass (Fig. 1) which was 
then converted to ppt TF using Equation 1. Air samples were taken at different 
positions in the flight chamber with varied TF vaporization temperatures (26, 
50, and 70°C) for 2 hr with 18 liter total sample volume.
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behavioral response to a simulated protected host encounter in a 
laboratory flight chamber with clean air flow stably generating a 5× 
airborne concentration gradient of homogenously delivered CO2. 
Mosquitoes were exposed to chemical gradients of either 1) no host 
control, 2) host (attractant) or 3) protected host (attractant + spatial 
repellent) in the flight chamber. Trace amounts of airborne [TF]ppt 
were quantified by air sampling at the inlet, middle, and outlet in 
the flight chamber and analyzed by SE-GC-MS (Barro et al. 2006, 
Kwan et al. 2018). The air-diluting flight chamber was primarily 
used to simulate larger field conditions and determine critical air-
borne TF concentration relationships that induced changes in 
mosquito inlet (‘host’) orientation, activity, and relative positional 
distribution across each quadrant of the chamber.

Quantitation of Airborne TF Gradients in the Flight 
Chamber
The efficacy of airborne TF gradients to impact mosquito behavior 
was assessed. Airborne TF concentrations were determined from 
Equation (1) using nanograms of TF quantitated from SE-GC-MS 
analysis of air samples (Fig. 2A). A standardized SE-GC-MS anal-
ysis method of TF absorbed air samples is described (Section 2.6) 
with a limit of detection (LOD) of 2 ± 1 ppt TF and a limit of quan-
tification (LOQ) of 5 ± 2 ppt TF (Fig. 2A). As a novel semifield 
apparatus on a lab-bench, our flight chamber reliably and stably 
generated 5× inlet/outlet homogenous CO2 airborne concentra-
tion gradients during mosquito experimental exposures. With one 
hundred (100) mosquitoes in the chamber during experiments, ex-
posure air sampling was conducted at 150 ml/min over 2 hr (18 
liter). Air samples were analyzed using SE-GC-MS and TF mass 
was determined by prediction with an internally standardized cal-
ibration curve. The TF standard curve by SE-GC-MS has a linear 
correlation across a wide concentration range (R2 = 0.9991), how-
ever, a quadratic regression model was used due to increased fit 
(R2 = 0.999997, Fig. 2A) (Lavagnini and Magno 2007). Percent 
relative standard deviation (%RSD) measurements with internal 
standards were less than 20% for >2 ng TF loaded on the florisil 
bed. The broad-linear detection range of TF indicates SE-GC-MS 
is a viable method for detecting TF by air sampling with min-
imal co-eluent contaminants from solvent extraction of adsorbent 
florisil. A novel internal standard siloxane (SX) was discovered 
from contaminants derived in silicone autosampler caps which has 
similar retention time along with a yet unknown fragment of the 
same mass-to-charge as TF. The SX internal standard was derived 
from chopped silicone septa pieces and used to normalize errors 
caused by variability during solvent extraction and/or MS-GC-
injection steps. Air sampling during no host control exposures in 
the flight chamber resulted in background range of 0–2 ppt TF. The 
70°C-heated TF protected host air sampling resulted in the highest 
observed inlet concentration at 170 ppt, while the observed inlet/
outlet chemical gradient was 15× (Fig. 2B). The 50°C-heated TF 
protected host air sampling had the highest observed inlet-outlet 
chemical gradient across the flight chamber at 27× that was 5.4× 
larger than the homogenous CO2 gradient observed with the 
same air dilution (Fig. 2B). Low dose 26°C-heated TF protected 
host air sampling produced a lower airborne TF gradient of 10× 
compared to 5× CO2, although the middle and outlet measures at 
this temperature were lower than the LOD of SE-GC-MS. Overall, 
this data indicates that our flight chamber created concentration 
gradients of spatial repellent as a platform to simulate semifield 
control, unprotected, and protected host exposure studies on the 
mosquito.

Mosquito Behavioral Responses to No Host Versus 
Host Cue Exposure
Video analysis of mosquito behavioral and positional changes during 
either no host, initial host, and after 60 min host exposure was assessed 
as a control to understand how mosquitoes behave in an air diluting 
flight chamber. In this experiment, mosquito activity and position by 
quadrant in the flight chamber were assessed after 60 min acclima-
tion to no host cues (Fig. 3A–C, n = 601 frames), followed by initial 
exposure to host cues (Fig. 3D–F, n = 1,020 frames), and after 60 min 
host cue exposure (Fig. 3G–I, n = 518 frames). A mosquito activity 
metric (MAM, Section 2.5) was devised to analyze flight and probing 
activity of mosquitoes in each quadrant. Exposure to host cues ini-
tially causes a MAM increase at the inlet (4.6 × 10−3 ± 1.0 × 10−3, Fig. 
3D) compared to no host cues (2.6 × 10−3 ± 7.5 × 10−4, Fig. 3A) and 
inlet activity remained elevated from no host after 60 min (3.5 × 10−3 
± 1.1 × 10−3, Fig. 3G). Initial host exposure also resulted in a 227% 
increase in outlet activity (3.2 × 10−4 ± 2.3 × 10−4, Fig. 3D) compared 
to no host (9.8 × 10−5 ± 6.1 × 10−4, Fig. 3A), and after 60 min outlet 
mosquito activity decreased slightly (2.1  ×  10−4 ± 9.1  ×  10−4, Fig. 
3G) to 114% increase relative to no host cue exposure. A T-test was 
used to compare activity at the inlet during no host and initial host 
exposure and was found to be highly significant even after 60 min 
(p-vlaue < 1 × 10−15). While inlet activity was significant during initial 
and 60 min host exposure, outlet activity significantly increased ini-
tially (p-value < 1 × 10−15) less difference was observed in the outlet 
after 60 min (p-value= 5 × 10−3), suggesting mosquitoes may begin 
to differentiate the source of host cues over time. Furthermore, taxis 
towards the inlet were measured to quantify mosquito numbers at 
each quadrant, where a 9.1% increase of mosquitoes at the inlet (Q1) 
that occurred during initial host-cue exposure (46.9% ± 0.9%, Fig. 
3E and F) and had a 19.3% increase after 60 min host cue exposure 
(51.3% ± 5.1%, Fig. 3H and I) compared to the relative proportion 
of mosquitoes at the inlet observed in no host exposure (43.0% ± 
3.5%, Fig. 3B and C). Statistical comparison of mosquito positional 
distribution found no significance between no host and initial host 
exposure (p-value = 0.84) while there was statistical significance be-
tween 60 min-host compared to no host (p-value 4.9  ×  10−4) and 
initial host (p-value 2.2 × 10−10). Overall, this data indicates host cue 
exposure has initial effects on mosquito activity and increased mos-
quito positional preference at the inlet.

Mosquito Responses to Transient Exposures of 50°C 
TF Protected-Host Versus Host Cues
Video analysis of mosquito behavioral and positional changes 
during either protected host or host cues exposure in the air diluting 
flight chamber was used to assess the efficacy of TF as a spatial re-
pellent. Mosquito activity and position in the flight chamber were 
assessed during exposure to host cues (Fig. 4A–C, n = 1,438 frames), 
followed by reacclimating to no host cues, and then exposure to 
TF heated to 50°C for 3  min protected host exposure (Fig. 4D–F, 
n = 1,419 frames). Exposure to host cues caused MAM elevation 
at the inlet compared to other quadrants in the chamber (Fig. 4A). 
Comparatively, outlet activity was lower than inlet during host ex-
posure but still greater than either intermediate quadrant (Q2, Q3, 
Fig. 4A). The average value of the MAM at the inlet during host-
cues exposure was 4 × 10−3 ± 8 × 10−4 (Fig. 4A), which decreased 
75% during 50°C TF protected host cues exposure to 1  ×  10−3 ± 
5 × 10−4 (Fig. 4D) and was significantly different by T-test (p-value 
<1 × 10−15). While inlet activity decreased in response to protected 
host cues, outlet activity increased 167% to 8  ×  10−4 ± 4  ×  10−4  
(Fig. 4D) compared to host cue exposure (3 × 10−4 ± 2 × 10−4, Fig. 4A), 
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which was also significant by T-test (p-value < 1 × 10−15). Changes in 
the inlet/outlet mosquito counts were recorded over time with host 
exposure appearing to show gradual inlet taxis over time with weak 
positive correlation (R2 = 0.61, Fig. 4B). Periodic fluctuations of the 
inlet/outlet mosquito position ratio were observed with a 72.7% 
increase in variability during 50°C TF protected host-cue exposure 
(0.80 ± 0.19, Fig. 4E) compared to host (0.85 ± 0.11, Fig. 4B) and 
was significantly different by F-test (p-value < 1 × 10−15). The mos-
quito positional distribution in the chamber was observed to be 
unaffected for either host or 50°C protected host exposure by Chi-
squared test (p-value = 0.5). Overall, host cues stimulated localized 
inlet activity in the chamber, which could be an indicator of increased 
host-seeking behavior. Further, 50°C TF protected host exposure im-
mediately decreased inlet activity with pronounced ambulatory be-
havior, which may indicate that airborne TF exposure acts to induce 
lethargy along with disorientation to inhibit host seeking behaviors.

Mosquito Responses to Transient Exposures of 70°C 
TF Protected-Host Versus No Host Cues
In this section videographic analysis of behavioral responses to high 
dose TF protected host cues was compared to no host cue expo-
sure. Mosquitoes were allowed to acclimate for 60 min in the flight 

chamber with no host cues and 34°C at the inlet. Following accli-
mation to no host cues, mosquitoes were video recorded to quantify 
activity by quadrant position in the flight chamber. This was done to 
record baseline behavior (Fig. 5A–C, n = 788 frames) before expo-
sure to 70°C TF protected host cues (Fig. 5D–F, n = 862 frames) as 
the experiments were designed to highlight differences in mosquito 
behavior during no host and protected host cue exposure conditions. 
Mosquito baseline activity was measured on mosquitoes acclimated 
to no host-chemicals and 34°C inlet (Fig. 5A–C), which had less var-
iability of mosquito counts by position in the chamber compared to 
70°C TF protected host exposure (Fig. 5D–F), although Chi-squared 
test of mosquito positional distribution was found to not be sig-
nificantly affected by treatment (p-value = 0.09). The inlet-to-outlet 
count ratio was relatively constant (2.4 ± 0.1, Fig. 5B) during no 
host cue exposure, while a 400% increase in variation was observed 
during protected host cue exposure (2.0 ± 0.5, Fig. 5E) with signif-
icant F-test supporting heterogenous variance (p-value < 1 × 10−15). 
Inlet activity during no host cues was elevated relative to the other 
quadrants (4.7 × 10−3 ± 1.0 × 10−3, Fig. 5A), likely due to the heated 
inlet mesh, while protected host cues had an acute inhibitory ef-
fect with a 27.7% decrease of inlet activity during 70°C protected 
host cues (3.4 × 10−3 ± 2.2 × 10−4, Fig. 5D) with T-test supporting 

Fig. 3. Positional and behavioral responses 100 mosquitoes in the flight chamber after acclimation to no host for 60 min (A–C) followed by exposure to host 
cues initially (D–F) and after 60 min (G–I). Quantitative videography of mosquito activity metric (MAM) over time (A, D, and G), the positional distribution by 
percent mosquito over the duration of the video (B, E, and H), and average mosquito positional frequency by quadrant over the duration of video (C, F, and I). 
Air dilution was verified to establish a 5× homogenous CO2 gradient with air velocity of 0.17 m/s at 4” outlet ducting of the flight chamber. The legend in (A) also 
corresponds to panel (B, D, E, G, and H).
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a significant difference (p-value < 1  ×  10−15). Furthermore, outlet 
activity increased 655% during protected host cue (8.3  ×  10−4 
± 5.9 × 10−4, Fig. 5D) compared to outlet activity during no host 
(1.1 × 10−4 ± 4.1 × 10−4, Fig. 5A) which was also significant by T-test 
(p-value < 1 × 10−15). These video recordings of mosquitoes before 
(Fig. 5A–C) and after (Fig. 5D–F) 70°C TF protected host exposure 
demonstrate the potency of TF as an immediate effector on mosquito 
behavior, while changes to mosquito positional distribution were not 
significantly altered.

Mosquito Responses to Long Exposures of 26°C TF 
Protected Host
A low dose 26°C TF protected host exposure was assessed to mimic 
concentrations that would be emanated from a passive release de-
vice. Mosquitoes were exposed to low dose TF protected host for 
1  hr (Fig. 6). Prior to TF exposure, mosquitoes were acclimated 
to no host cues for 60 min in the flight chamber with air dilution 
flows to produce a 5× homogenous CO2 gradient. Following accli-
mation, mosquitoes were exposed to 26°C TF protected host-cues 
and video recorded to observe effects on behavioral and positional 
responses initially (Fig. 6A–C, n = 112 frames), after 30 min (Fig. 
6D–F, n = 110 frames) and 60 min (Fig. 6G-I, n = 105 frames) to 
assess long term exposure to lower doses of TF. Initial exposure to 
protected host cues resulted in elevated inlet activity (5.13 × 10−3 ± 
8.3 × 10−4) relative to outlet activity (3.0 × 10−4 ± 2.3 × 10−4, Fig. 
6A and B) but after 30 and 60 min low dose TF exposure, activity 
at the inlet decreased 64.9% to 1.8 × 10−3 ± 5 × 10−4 (Fig. 6D and 
E) and 68.8% to 1.6  ×  10−3 ± 5  ×  10−4 (Fig. 6G and H), respec-
tively (p-value < 1 × 10−15). While inlet activity decreased over time, 
outlet activity was 3.0 × 10−4 ± 2.3 × 10−4 during initial exposure 
(Fig. 6B), followed by 3.8 × 10−4 ± 2.3 × 10−4 (p-value <1 × 10−15) 
and 4.3 × 10−4 ± 2.5 × 10−4 (p-value=3 × 10−5) after 30 min (Fig. 
6E) and 60 min (Fig. 6H), respectively. During 26°C TF protected 

host exposure, no significant changes to mosquito position in the 
chamber were observed throughout this experiment by Chi-squared 
test. Changes in variability of inlet/outlet mosquito position ratio 
was assessed using the F-test with initial-to-60 min exposure com-
parison had a significant 32.0% increase in variability (p-value = 
4.5 × 10−3), while no differences in variability were observed for the 
initial-30  min comparison, suggesting the effects of disorientation 
by TF is dose-dependent. Overall, low dose of TF had a minimal 
immediate impact on mosquito activity, but after a longer expo-
sure mosquito inlet activity decreased, while outlet activity slightly 
increased, with minimal effects on the relative positional distribution 
of mosquitoes throughout the flight chamber.

Discussion

In our chamber, experiments were designed to compare behavior 
responses of 100 mosquitoes before and after spatial repellent ex-
posure with constant flow in the flight chamber verified to stably 
generate a 5× inlet/outlet CO2 airborne concentration gradient with 
0.17m/s air velocity at the outlet. In this manner, chemical gradients 
generated by clean air dilution simulate ‘long-range’ environments 
to expose mosquitoes to sublethal doses of spatial repellent were 
conducted to assess behavior. Experiments assessed the effects of 
immediate (3 min), to simulate transient exposure to high concen-
tration from ‘active release,’ and long-term (60 min), to simulate ex-
tended exposure to low concentration from ‘passive release’ devices, 
were conducted to understand the time and dose effects of a chem-
ical gradient on mosquito behavior. Air dilution was used to create 
gradients across the quadrants (Q1–4) of the flight chamber as a 
novel excito-repellency assay for evaluating the efficacy of sublethal 
spatial repellents. Recent studies suggest that sublethal pyrethroid 
exposure impinges a broad physiological response involving immune 
function, aerobic respiration, and reproductive function (Oliver and 
Brooke 2016, Bibbs et al. 2018, Bibbs and Xue 2020, Ingham et al. 

Fig. 4. Positional and behavioral responses of 100 mosquitoes in the flight chamber exposed to host cues (A–C) followed by re-acclimation to no host cues, and 
then exposure to 50°C TF protected-host cues (D–F). Quantitative videography was accomplished by separating the flight chamber into quadrants ranked by 
proximity to inlet cue-source and measuring frame-to-frame pixel changes to record the mosquito activity metric (MAM, A and D), flight chamber inlet-to-outlet 
(Q1/Q4) positional ratio (B and E), and average mosquito percentage by quadrant (C and F) over the duration of video and 3 min exposure time. Air dilution was 
verified to establish a 5× homogenous CO2 gradient with air velocity of 0.17 m/s at 4” outlet ducting of the flight chamber. The legend in (D) also corresponds 
to panel (A).
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2021), supporting a complex toxicological response that warrants 
future study. This flight chamber has promising capabilities to create 
long-range exposure environments as a novel bioassay for testing, 
developing, and applying spatial repellents to understand behavioral 
and physiological impacts on the mosquito.

Homogenous Airborne Concentration Gradients of 
TF and CO2

Direct thermal desorption gas chromatography mass spectrometry 
(TD-GC-MS) methods have been previously described in our lab to 
have 2.16 pg detection limits of TF but equipment for heat volatil-
ization of the adsorbent for vapor injection into the GC column is 
required (Kwan et al. 2018). This study used SE-GC-MS to detect 
TF with LOD of 575 pg and LOQ of 1,341 pg, a difference largely 
attributed to the 200-fold dilution during solvent extraction of ad-
sorbent with IPA (Section 2.7). To control for technical variation in-
herent to SE-GC-MS, a constant amount of siloxane (SX) was spiked 
onto all samples as an internal standard to reduce technical varia-
bility associated with steps in the solvent extraction, sample injec-
tion, and/or mass-to-charge (m/z) ion detection. The methods used in 
these flight chamber experiments were able to quantify the concen-
tration of TF that the mosquitos were exposed to, except in the low 
dose 26°C protected host sampled air at the middle (S2) and outlet 
(S3) of the flight chamber, which had air sample concentrations less 
than the LOQ. The adsorbent florisil was found to have minimal 
co-eluents compared to Tenax at the retention time of TF after sol-
vent extraction (Barro et al. 2006). Experiments were conducted in 
an air diluting flight chamber as a novel mosquito exposure envi-
ronment with complex fluid dynamics that are not well understood 
or modeled currently. Importantly, the 5× CO2 gradient (Fig. 1D, 
ppm inlet/outlet ratio) was found to be lower than the 15× and 27× 
gradients found for TF heated to 70°C (Fig. 2B) and 50°C (Fig. 2B), 
respectively. The differences in molecule diffusion, size, and vapori-
zation characteristics when comparing CO2 and TF may explain the 

greater observed inlet/outlet gradients for TF. In representative gra-
dient data shown in Figs. 1D and 2B, both chemical species, when 
diluted by clean air, have background measures of 0.02–0.03% CO2 
and 0–2 ppt TF concentration when neither chemical is introduced 
and with the same air flow settings that produce a 5× CO2 gradient. 
The complicated mass transfer dynamics that exist due to the flow 
in the flight chamber should be investigated to create better models 
and predictions of spatial repellent concentrations. The lower TF 
gradient observed at 26°C heated TF (10× inlet/outlet ratio, Fig. 
2B) is likely due to the very low sample measures which are lower 
than the LOD of SE-GC-MS due to dilution steps involved during 
sample processing. The LOD would likely be greatly improved using 
TD-GC-MS to determine airborne concentrations for low dose TF 
or with experiments using greater air dilution than studied in this 
paper.

Mosquito Activity is Altered at the Inlet During 
Transient Exposure to Host and TF Protected Host
Mosquito behavior responses were recorded in the flight chamber to 
assess mosquito responses to various exposure conditions. In each 
experiment, mosquitoes were introduced and acclimated to the ‘no 
host’ control setting with air flow and 34°C inlet mesh tempera-
ture without chemical host cues. During ‘host’ exposure, mosquitoes 
were then exposed to chemical host cues (4.5% inlet pulsed filamen-
tous CO2 and BG-Sweetscent). Filamentous and pulsed CO2 were 
used as they have been previously shown to increase olfactory sen-
sitivity to human odors by at least five (5)-fold (Dekker et al. 2005) 
and induce thermal taxis (Greppi et al. 2020). Together, filamentous 
CO2 coupled with BG-SweetScent odor and the 34°C-temperature 
cue at the inlet simulated a ‘host’ cue environment. Experiments 
were designed such that mosquitoes would acclimate to an envi-
ronment with ‘no host’ and then be presented with either a ‘host’ 
or ‘protected host’ encounter to understand mosquito responses to 
either perturbation of their environment. The recordings collected 

Fig. 5. Positional and behavioral responses 100 mosquitoes in the flight chamber exposed to no host cues (A–C) before exposure to 70°C TF protected-host cues 
(D–F). Quantitative videography was accomplished by separating the flight chamber into quadrants ranked by proximity to inlet cue-source and measuring 
frameto-frame pixel changes to record the mosquito activity metric (MAM, A and D), flight chamber inlet-to-outlet (Q1/Q4) positional ratio (B and E), and average 
mosquito percentage by quadrant (C and F) over the duration of video. Air dilution was verified to establish a 5× homogenous CO2 gradient with air velocity of 
0.17 m/s at 4” outlet ducting of the flight chamber. The legend in (D) also corresponds to panel (A).
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in this flight chamber suggest that host-cues stimulate immediate 
activity changes localized at the inlet. To assess behavior response 
differences when comparing host versus 50°C protected host cue ex-
posure (Fig. 4), an experiment was designed with brief exposure to 
host cues, followed by re-acclimation to no-host cues, and finally, 
brief protected host cue exposure. This experimental design limits 
biological variation since the same mosquito cohort is compared, 
while potentially confounding conditioning effects from previous ex-
posure to host cues should be considered in future studies. Transient 
mosquito exposure to protected host cue was accomplished by 
heating TF to either 70 or 50°C to emanate high or intermediate air-
borne TF concentrations, respectively. Activity at the inlet decreased 
acutely following 50°C (Fig. 4D) and 70°C TF (Fig. 5D) exposure. 
Decreased activity at the inlet could be interpreted as inhibited mos-
quito probing and host seeking behavior in response to spatial re-
pellent exposure, a previously reported phenomenon (Hao and Dai 
2012). Host cue exposure resulted in a consistent elevation of ac-
tivity mostly at the inlet, likely an example of localized mosquito 
stimulation. The effect of host cues on mosquito activity was im-
mediate and lasted the entire exposure time. A temporal variability 
in the Q1/Q4 mosquito count ratio during both the 50°C (Fig. 4E) 
and 70°C (Fig. 5E) protected host exposure demonstrates that inlet-
outlet ambulation may be an indicator of TF mediated disorienta-
tion. While activity immediately altered, mosquitoes had mostly 

unchanged positional distributions throughout the flight chamber 
during protected and unprotected host cue encounters. The lack of 
positional migration during host cue and protected host cue 3 min 
exposure period suggests that homing by chemical host-cues becomes 
more difficult within a chamber with clean air dilution. Heating of 
the inlet mesh during no host cue exposure and acclimation may 
explain mosquito preference to the inlet (Q1) mesh rather than the 
outlet (Q4) mesh (Fig. 5C). Air dilution results in a greater decrease 
of inlet cues by space and may present a unique challenge for a mos-
quito to home to host, and with increasing difficulty the further it is 
positioned from the source of host-cues (Q1). The lack of positional 
changes in response to transient TF exposure may indicate that the 
term spatial repellent does not best describe the behavioral responses 
of the mosquito to this compound, which includes disorientation by 
evidence of ambulatory flight stimulation and eventual lethargy with 
decreased activity at the inlet nearest the TF emission source.

Mosquito Activity at the Inlet Decreased After Long 
Term TF Protected Host Exposure
Long term mosquito exposure to protected host cue was accomplished 
by heating TF to 26°C to emanate low airborne TF concentrations to 
understand ‘long-distance’ effects to flight behavior on a lab bench. 
Vaporization of spatial repellent at near ambient temperature was 

Fig. 6. Positional and behavioral responses 100 mosquitoes in the flight chamber exposed to 26°C TF protected host cue by initial (A–C), 30 min (D–F), and 60 min 
(G–I) exposure time. Quantitative videography of mosquito activity metric (MAM) over time (A, D, and G), the average MAM of Q1 and Q4 over the duration 
of the video (B, E, and H), and average mosquito positional frequency by quadrant over the duration of video (C, F, and I). Air dilution was verified to establish 
a 5× homogenous CO2 gradient with air velocity of 0.17 m/s at 4” outlet ducting of the flight chamber. The legend in (G) also corresponds to panel (A and D).
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done to produce airborne concentrations of spatial repellent like 
what would be emitted by a passive release device to understand 
sublethal impacts on mosquito position and flight behavior in the 
flight chamber. Low dose 26°C heated TF protected host exposure 
was explored due to previous reports suggesting TF passive emana-
tion resulted in protection from mosquito bites (Ogoma et al. 2017), 
although, decrease in Q1 activity was observed after 30 min (Fig. 
6B, E, and H), as opposed to the immediate impacts observed during 
TF emanation at higher temperature (Figs. 4D and 5D). During ei-
ther transient or long-term exposure periods, positional aversion of 
mosquitoes from the inlet was not observed in the protected host 
exposure experiments. These results indicate that TF inhibits inlet 
activity, while the positional distribution of mosquitoes in the flight 
chamber is relatively unimpacted after long or short exposure time 
to high or low TF dose protected host exposure. Knockdown of 
mosquitoes did not occur in the dose exposure periods, although 
in experiments that are not presented here, knockdown primarily 
occurred at the outlet of the chamber where TF concentration and 
temperature were lowest. Overall, this data coincides with other 
studies which suggest TF operates to disorient mosquitoes to de-
crease host seeking ability, rather than directly repelling mosquitoes 
positionally away from host cues (Kawada et al. 2006, Rapley et al. 
2009, Ritchie and Devine 2013, Bibbs and Kaufman 2017).

Limitations and Future Work
Here, we established a novel air-diluting flight chamber as an ap-
proach for studying sublethal gradients of volatile chemicals on 
mosquito behavior. Initial mosquito behavior study experiments 
were conducted to evaluate responses to concentration gradients of 
volatile agents and better understand the chamber. Each experiment 
began with initial acclimation to no host to study mosquito base-
line activity immediately before and after host cue and/or protected 
host exposure. In the future, studies will involve introduction of 
mosquitoes into the flight chamber without cold anesthesia to limit 
‘hang-over’ effects. In the present study, the ‘no host’ condition had 
the inlet heated to 34°C. The design of the heating system is pres-
ently being adjusted to enable heating over much shorter timescales 
(i.e ‘instantaneous’), so heat is not present in ‘no host’ condition 
since it is an attractant. Experiments of host cue exposure found that 
compared to no host control the numbers of mosquitoes increased 
significantly at 9.1% initially and then 19.3% after 60 min. Hence, 
future studies will also include experiments to investigate taxis over 
long periods. Before starting mosquito experiments, the chamber 
air flows were adjusted to stably generate a 5× CO2 inlet/outlet con-
centration ratio across the flight chamber. Future investigation will 
also include studies of gradient steepness and shape to better under-
stand the impact of air-dilution on mosquito behavior. Furthermore, 
given that mosquitoes position themselves in Q1 and Q4 where the 
mesh is located, future studies will include mesh on the sides of the 
chamber (except for the camera side) to better control for these 
potential positional effects. Finally, the largest source of error in 
the MAM is the obscuring of mosquitoes by neighbors. To mini-
mize this error, future mosquito experiments will be conducted with 
smaller cohorts, and/or video recording from two faces of the flight 
chamber.

Conclusion
Overall, we present this new chamber and demonstrated its poten-
tial with these initial mosquito behavior experiments in a tempera-
ture- and air flow-controllable flight chamber capable of generating 
airborne concentration gradients that are larger than would be 

naturally present in a flight chamber on a lab bench. Air dilution 
was used as a novel component of this flight chamber to create inlet-
outlet gradients of a variety of different cues, such as localized inlet 
temperature, filamentous CO2, along with homogenous gradients 
of attractants (BG-Sweetscent and CO2) and/or repellents (TF). 
Quantitative analysis of air samples across the flight chamber by 
SE-GC-MS supports the establishment of spatial repellent gradients 
to effectively simulate a ‘large’ mosquito exposure environment 
in the laboratory. The delivery of host cues and the nature of the 
standing gradients are extremely customizable warranting future in-
vestigation into the complex fluid dynamics caused by air dilution. In 
this study, mosquitoes were exposed to superimposed attractant and 
repellent airborne chemical gradients to understand dose-dependent 
behavioral responses by position in the flight chamber. An imme-
diate and localized increase in activity at the inlet was a consistent 
result in response to chemical host cues (4.5% filamentous CO2 
and BG-Sweetscent). Also, there is evidence of a dose-dependent 
decrease in activity at the inlet over time during TF protected host 
exposure. Positional variation of the mosquitoes in the chamber 
was also observed during TF protected host exposure as statisti-
cally significant periodic fluctuations of the Q1/Q4 mosquito count 
ratio while no significant changes to overall mosquito positioning 
occurred during transient (3 min) host or protected host exposure. 
The larger ‘outdoor’ environment simulated in this chamber fits on 
a lab bench and is unique to its predecessors as it can be used to 
create a broad range of sublethal airborne concentrations of spatial 
repellent to assess mosquito responses. We expect this chamber to 
serve the community by expanding our understanding of mosquito-
repellant interactions and potential push-pull dynamics that could 
have relevance to vector-disease transmission.
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