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Abstract 

Background  Efforts to evaluate the residual efficacy of new indoor residual spraying (IRS) formulations have identi-
fied limitations with the industry standard laboratory sprayer, the Potter Spray Tower (PT). Calibrating the PT can be 
time-consuming, and the dosing of surfaces may not be as accurate or uniform as previously assumed.

Methods  To address these limitations, the Micron Horizontal Track Sprayer with Spray Cabinet (TS) was developed 
to provide higher efficiency, ease of operation and deposition uniformity equal to or better than the PT. A series 
of studies were performed using a fluorescent tracer and three IRS formulations (Actellic® 300CS, K-Othrine WG250 
and Suspend PolyZone) sprayed onto surfaces using either the PT or the TS.

Results  Deposition volumes could be accurately calibrated for both spray systems. However, the uniformity of spray 
deposits was higher for the TS compared to the PT. Less than 12% of the volume sprayed using the PT reaches the tar-
get surface, with the remaining 88% unaccounted for, presumably vented out of the fume hood or coating the inter-
nal surfaces of the tower. In contrast, the TS deposits most of the spray on the floor of the spray chamber, with the rest 
contained therein. The total sprayed surface area in one run of the TS is 1.2 m2, and the operational zone for spray tar-
get placement is 0.7 m2, meaning that 58% of the applied volume deposits onto the targets. The TS can treat multiple 
surfaces (18 standard 15 × 15 cm tiles) in a single application, whereas the PT treats one surface at a time and a maxi-
mum area of around 0.0225 m2. An assessment of the time taken to perform spraying, including the setup, calibration 
and cleaning, showed that the cost of application using the TS was around 25–35 × less per tile sprayed. Standard 
operating procedures (SOPs) for calibration and use of both the Potter Tower and Track Sprayer have been developed.

Conclusions  Overall, the TS represents a significant improvement over the PT in terms of the efficiency and accuracy 
of IRS formulation applications onto test substrates and offers a useful additional tool for researchers and manufactur-
ers wanting to screen new active ingredients or evaluate the efficacy of IRS or other sprayable formulations for insect 
control.
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Background
Indoor residual spraying (IRS) is one of the primary vec-
tor control interventions for interrupting and reducing 
malaria transmission. IRS is the application of long-last-
ing, residual insecticide formulations to potential malaria 
vector resting surfaces such as the internal walls, eaves 
and ceilings of structures where such vectors might alight 
[1]. IRS and insecticide-treated bed nets (ITNs) account 
for almost 60% of global investment in malaria control 
[2]. In recent years, however, there has been an increase 
in resistance of malaria vectors to insecticides, particu-
larly to pyrethroids, which, until recently, have been 
the only insecticides used in ITNs. The World Health 
Organization (WHO) list of pre-qualified products for 
vector control includes IRS products spanning five insec-
ticide classes [3]. Nevertheless, as resistance increases, 
the development and evaluation of new insecticides 
and application strategies are urgently needed to sus-
tain efforts to drive malaria transmission to zero [4]. The 
Innovative Vector Control Consortium (IVCC) works 
with the Liverpool Insect Testing Establishment (LITE) 
in the Liverpool School of Tropical Medicine (LSTM) 
to screen compounds for activity against mosquitoes [5] 
and to test formulations of promising active ingredients 
(AI) [5–7] to work towards IVCC’s target of launching 
three new public health insecticides [8].

The initial testing of new IRS formulations is typically 
conducted within a laboratory environment. It requires 
controlled and precise dosing of a representative sub-
strate (e.g., tiles, cement and mud) with the IRS formula-
tion to which target organisms are exposed. The current 
WHO standard for laboratory applications of IRS formu-
lations is the Potter Spray Tower® [9] (Fig. 1a). The Potter 
Spray Tower (PT) was developed at Rothamsted Experi-
mental Station, Harpenden, Herts, England [10], and is 

internationally recognised by the public health commu-
nity as the most precise method of chemical spraying in 
the laboratory (Burkard Manufacturing Co., Ltd., Hert-
fordshire UK). Its use is intended to provide a homogene-
ous deposit of the desired concentration of AI per unit 
area. There are, however, limitations to the PT: it can take 
a long time to calibrate, only one surface can be treated at 
a time, and the accuracy of the dosing and the uniform-
ity of the deposit are now in question. The standard oper-
ating procedure (SOP) implemented at LITE (available 
online at https://​innov​ation​toimp​act.​org/​resou​rces/ and 
as Additional file 1) includes two calibration steps prior 
to using the PT. The first step is to adjust the position of 
the spray nozzle until the weight of spray droplets depos-
ited onto four coverslips placed centrally on the spray 
table deviates by ≤ 10% from the mean spray weight. The 
second calibration step is to check that the required spray 
weight is deposited over the sprayed area within a margin 
of ± 5% of the target weight. Once these calibration cri-
teria have been met, the application of IRS formulations 
to the test surfaces can proceed. No additional calibra-
tion checks are carried out during treatment applica-
tions since calibration can take a considerable time, and 
it would be impractical to repeat it. Consequently, there 
is no confirmation that the PT maintains this uniformity 
throughout the treatment period.

With the continuing need to evaluate IRS formulations 
containing novel insecticides and evidence that there 
were significant limitations with the PT, we commis-
sioned the development of a more reliable, efficient alter-
native. Whereas pyrethroids give rapid knockdown and 
kill at relatively low application rates, new compounds 
in development may have an endpoint, such as delayed 
mortality or sterilisation, which may be more sensitive to 
deviations from target application rates. Therefore, it is 

Fig. 1  The Potter Tower. The Potter Tower is shown (A) with a close up on the nozzle and three arms with the adjustment screws on the three 
stands (B), and the coverslip positioning on the spray table (numbered 1–4), raised on Bostik Blu Tack®, with four moveable discs to secure the Petri 
dish (C)

https://innovationtoimpact.org/resources/
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more important than ever that test surfaces are treated 
accurately to minimise the effect of variability in applica-
tion rates on bioassay data. An ideal replacement would 
be a dedicated device with throughput, ease of use, and 
accuracy and uniformity of the applied dose equal to or 
better than the PT. The Micron Horizontal Track Sprayer 
with Spray Cabinet has been developed for this purpose 
(Micron Sprayers Ltd., Herefordshire UK). The track 
sprayer (TS) utilises the same conventional Flat Fan noz-
zle (FF 80 02E), Controlled Flow Valve (CFV) and pres-
surised spray tank as the backpack sprayers used for IRS 
application during operational deployment, so it has the 
additional advantage of replicating the way IRS prod-
ucts are applied during spray campaigns. The nozzle is 
mounted on a motorised track along which it moves at 
set speeds to deliver the required spray volume to sur-
faces placed on the floor of the cabinet. The height of 
the nozzle above the target surface can also be adjusted. 
The nozzle is connected to a pressurised spray tank by a 
length of tubing. With constant speed and uniform noz-
zle pressure (by use of a CFV) during application, results 
from the track sprayer should be highly reproducible and 
allow the treatment of multiple surfaces simultaneously. 
In addition, the TS has the capacity to produce treated 
surfaces to test not only chemicals but also the applica-
tion techniques used to apply them. Snetselaar, Lees et al. 
[11] evaluated a similar system mounted vertically, which 
produced more repeatable deposits on surfaces in experi-
mental huts compared to a manual backpack sprayer.

This study aimed to compare the PT and TS in three 
ways. First, observations of the operation and ease of use 
of the two pieces of equipment were made to facilitate 
comparison by recording the time taken for calibration, 
treatment and cleaning procedures. Second, the accuracy 
of the two pieces of equipment was determined by meas-
uring the volume of spray treatment deposited relative to 
the target application rate, uniformity of that deposit and 
residual efficacy of the treated test surfaces. Lastly, the 
dose of AI deposited by both devices was assessed using 
high-performance liquid chromatography (HPLC).

Methods
Potter Tower calibration
The pressurised misting nozzle of the PT must be 
adjusted to produce a uniform spray onto the substrate 
positioned on the centre of the spray table. Liquids pipet-
ted into the delivery vial at the top (Fig.  1b) are drawn 
through an atomiser by compressed air (15–20 psi). The 
gas pressure is checked and adjusted if necessary, and the 
guide screws are positioned to secure the Petri dish. The 
first calibration step is to level the tower and the nozzle 
arms via the adjustable feet, using the integrated spirit 
level, alongside a visual assessment that the nozzle is 

centralised. Once the device is level, the nozzle must be 
centralised within the tower to apply the chemical uni-
formly across the spray table. Four targets (deposition 
samplers) are placed on the spray table, and the amount 
deposited on each is measured by weight using a mixture 
of water and glycerol (50:50) to minimise losses due to 
evaporation compared to water alone.

The deposition samplers (cover slips) rest on pieces 
of Bostik Blu Tack® to hold them away from the surface 
(Petri dish) to prevent additional wicking of liquid from 
the sprayed surface (Fig. 1c). The amount of spray depos-
ited onto each deposition sampler should be similar if the 
nozzle is correctly centralised. Uneven distribution can 
be resolved by adjusting the height of the arms that hold 
the nozzle. Where deposition is highest, the nozzle arm 
is also high on that side, so the nozzle is tilted away by 
lowering that arm or raising the two opposite arms. This 
manipulation of the three nozzle arms may require sev-
eral attempts to achieve uniformity as it is not intuitive 
to adjust accurately; a four-arm system would have been 
more straightforward.

The initial weight of each deposition sampler is 
recorded, and they are positioned to form a square in the 
centre, with 1–4 always in the same position (Fig. 1c). A 
set volume (2 ml) of the 50% glycerol solution is sprayed, 
after which the samplers are removed and re-weighed, 
recording the value next to the correct position of each 
(1–4) on a data sheet. The difference between the initial 
weight and the weight after spraying is calculated. This 
process is repeated until the weight difference between 
each cover slip is ≤ 10% of the average of the four. Table 1 
summarises each step in the treatment process for both 
sprayers with the time taken to complete.

The next calibration step is to confirm what volume 
should be pipetted into the delivery vial to deposit the 
required weight of spray solution onto the target surface. 
With the PT, most of the contents of the delivery vial 
are not delivered to the target surface on the spray table. 
Therefore, it is necessary to measure how much is actu-
ally deposited onto the target surface and then to adjust 
the volume of each insecticide solution needed in the 
delivery vial to achieve the desired spray weight [9]. The 
LITE method for measuring the amount of insecticide 
solution reaching the test surface is to spray a Petri dish 
containing glycerol with water; the glycerol will reduce 
evaporative loss of the water. The Petri dish is weighed 
before and after spraying to calculate the delivered 
spray weight. The volume aliquoted into the spray vial is 
adjusted until the appropriate spray deposit in weight per 
unit area is achieved for that spray solution (within ± 5%).

During the tests performed for this study, however, 
the volume deposited onto the surface was measured via 
fluorimetry. The fluorescent tracer is soluble, providing 
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a direct volumetric measure of deposit which is not 
impacted by evaporative losses. The amount deposited 
on the spray table was measured using a 9-cm-diameter 
Petri dish as a collection surface; 1.7 ml of solution was 
sprayed, and the volume collected in the Petri dish was 
an average of 0.191 ± 14  ml, which translates to 30  ml/
m2, and correlates well with previous spray rate measure-
ments. This volume represents 11.2% of the spray solu-
tion pipetted into the delivery vial, meaning that 88.8% 
of applied spray solution is not deposited onto the spray 
target. The main route of loss of spray droplets is onto the 
walls of the tower, with the rest likely exhausted from the 
bottom of the PT.

Calibration of the PT must be repeated each time it is 
used: the weight of deposit should be confirmed for each 
spray solution and the centralisation repeated before 
each spray session and each time the tower is cleaned, 
for example in between spraying different solutions. The 
time taken, particularly for the first centralisation step, 
varies considerably; during this study the time taken 
ranged from 50 min to 2 h 10 min. The total time to cali-
brate, spray test surfaces and clean the PT during this 
study ranged from 3 h 10 min to 4 h 20 min.

Track sprayer calibration
The Horizontal TS cabinet contains a spray 
table  (79 × 229  cm) enclosed within a Perspex cabinet 
with an opening for user accessibility that is covered 
with a set of doors (Fig. 2). An SOP for the operation of 
the TS is available online at https://​innov​ation​toimp​act.​
org/​resou​rces/ and as Additional file 2. The spray track 
working length is 160 cm, and the spray table is 46.2 cm 

below the nozzle. In this study, deposition samplers 
rested on Petri dishes to give a surface height of 1.2 cm, 
meaning that the spray surface was 45  cm below the 
nozzle. This is the same nozzle distance advised for the 
application by backpack sprayers used for IRS in the 
field. The nozzle traverses the entire length of the spray 
track. The spray zone, however, was the central 1 m of 
the track; 30 cm at each end is not used because of the 
edge effects at the start up and shutdown of spray noz-
zles. The spray swath width is 70 cm, but only the cen-
tral 50 cm is used because of tapering of deposits at the 
edge of the spray pattern. The total sprayed surface area 
in one run of the TS is 1.2 m2, and the operational zone 
for spray target placement is 0.7 m2, meaning that 58% 
of the applied volume deposits onto the targets.

The track is powered by a stepper motor governed 
by a control unit that offers calibrated speeds between 
0.2 and 0.75 m/s with separations of 0.05 m/s. The trav-
elling speed was set to 0.45  m/s for the experiments 
described here, which corresponds to 1  m sprayed 
every 2.2  s as per WHO guidelines for application of 
IRS treatment to walls [1].

The input parameters for the TS are speed, nozzle 
type (FF 80 02 in this model of the TS, which is the 
same nozzle used in the backpack sprayers during IRS 
operations), distance between nozzle and spray sur-
face, and pressure. The settings to achieve the target 
application rate of 30  ml/m2 were a speed setting of 
0.45 m/s with a Flat fan 80 02 (spray angle and orifice 
size respectively) at a distance of 45 cm from the table 
surface. For all tests performed for this study, the tank 
was pressurised to 60 pounds per square inch (psi); the 

Table 1  Comparative assessment of the time taken to achieve various goals

Note that the PT requires calibration every time it is used whereas the TS only once every 6 months. The PT calibration time is extremely variable, and this is reflected 
with best- and worst-case examples

Activity Time taken (minutes)

Potter 
Tower best 
case
Calibration

Potter 
Tower worst 
case
Calibration

Track Sprayer 
check 
calibration

Track 
Sprayer full
Calibration

Set-up for calibration stage 1 10 10 10 10

PT calibration Calibration stage 1: centralisation of the Potter Tower 
(samplers < 10% of the mean weight)

20 90 N/A N/A

Calibration stage 2: volume required for the desired 
spray weight

20 20 N/A N/A

TS calibration Calibration TS—3 reps carried out at 0.45 m/s for the full 
calibration 15 min to check settings

N/A N/A 15 90

Time to spray 20 20 10 10

Time taken for fluorometric analysis 60 60 60 60

Time to clean 60 60 75 75

Total 190 260 170 245

https://innovationtoimpact.org/resources/
https://innovationtoimpact.org/resources/
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control flow valve, however, maintains the pressure at 
the nozzle at 20 psi.

The track sprayer requires an in-depth periodic (every 
12 months or whenever any parameter changes) calibra-
tion of the following:

Swath area: To ensure no deviation of the effective 
swath width (0.7 m), defined as the length under the track 
where spray solution is deposited evenly, water sensitive 
papers (Spraying System, Wheaton, Ill., 26 × 76 mm) are 
used that irreversibly change from yellow to blue on con-
tact with a liquid. This test aims to identify failures due 
to nozzle wear; for example, over- or under-spraying on 
one side of the swath may be caused by wear on one side 
of the nozzle or a fault in manufacture. The deposition 
characteristics are evaluated using 10 individual sensitive 
papers placed width ways across the spray track, and the 
spray application is replicated three times. The TS passes 
this test if the sensitive papers are uniformly blue across 
the central (0.5 m) swath.

Track speed: To confirm the speed stipulated on the 
track controller, a known length of the track is marked, 
and the time for the nozzle to traverse that length is 
timed to enable a calculation of speed in metres/second 
(m/s). An alternative method is to measure the distance 
travelled by the belt on one revolution of the stepper 
motor drive and to time the number of revolutions per 
second.

Acute volume check: The volume deposited per unit 
area should be assessed via fluorimetry using the appro-
priate settings. There is generally a linear response 
between light intensity and tracer concentration when 
samples are not saturated, thus allowing a calcula-
tion of volume from calibration standards. If the dos-
age applied to the samples is incorrect, settings must be 
modified accordingly. The speed of the TS is the primary 

parameter to adjust: it can be increased and decreased to 
reduce and increase the volume applied, respectively.

The set up for the TS is measuring out the fluorescent 
tracer and the insecticide into the tank, closing the tank 
and pressurising to 60 pounds per square inch (psi). Full 
calibration of the TS takes 1  h 30  min, and this should 
be repeated every 6  months. Otherwise, only a routine 
check of sprayer settings is required, which takes 15 min. 
Thus, the total time to calibrate, spray and clean the TS is 
either 2 h 50 min or 4 h 5 min (Table 1), slightly quicker 
than the PT and a lot more predictable.

Sprayer cleaning
Cleaning of PT: Water is added to the atomiser reservoir 
and sprayed through three times. The nozzle is removed 
and cleaned with distilled water flushing through the 
feeding tube. The inside of the PT is wiped with Decon 
90 on absorbent paper towel; this is repeated three times. 
Distilled water is then sprayed through the PT.

Time taken actively cleaning the Potter Tower: 1 h
Cleaning the TS: The exterior of the TS and associated 
electronic parts require minimal cleaning. All spray tubes 
are purged until clear; the tank is depressurised and any 
remaining insecticide discarded. The tank is refilled a 5% 
solution of Decon 90 in water, re-pressurised and rinsed 
through to decontaminate followed by a rinse with water 
alone.

Time taken to clean track sprayer tubing: 1 h 15 min every 
time a distinct compound is used
To clean the Perspex chamber the cabinet is first washed 
down with water and drained. Then, 5% Decon 90 is 
sprayed over the surface and left for 60 min to decontam-
inate, and the cabinet is wiped down. This is followed by 

Fig. 2  The Horizontal Track Sprayer developed by Micron Sprayers. The Track Sprayer is shown empty (A) and with eight samplers arranged 
on the track for calibration (B)
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two more water rinses, and lastly the cabinet is sprayed 
with 70% ethanol, which is left to evaporate.

Time taken to clean track sprayer chamber: 1 h 15 min
Time taken includes a 60 min waiting period for Decon 
decontamination at the end of a treatment period.

Sprayer testing for uniformity of deposits
Fluorimetry
A series of tests were performed to evaluate the uniform-
ity of spray deposits across an individual sprayed surface 
and between different sprayed surfaces (within treatment 
and between treatment variability). This was initially con-
ducted as a direct volumetric assessment via fluorimetry 
to check the calibration of both spray systems. Both the 
PT and TS were calibrated to apply 30 ml/m2 (standard 
operating procedures (SOPs) for calibration and use of 
the Potter Tower and Track Sprayer are available online 
at https://​innov​ation​toimp​act.​org/​resou​rces/ and as 
Additional files 1 and 2). The sprayed surfaces were glass 
microscope cover slips (4.82  cm2). Whilst the size of 
surfaces used in the laboratory testing of IRS treatment 
applications are typically much larger than a coverslip, 
the small surface area sprayed by the PT meant that the 
use of coverslips was the only practical option to assess 
within treatment variability. The same deposition sam-
plers were also utilised in the TS to ensure comparability. 
Data analysis examined the average of the spray deposits 
and the variability of deposits, looking at both the within-
treatment variability and between-treatment variability.

The fluorescent tracer fluorescein (Honeywell, Fluka, 
NC, USA, purity 98.5–100.5%) was used as a 0.01% w/v 
solution in water. This was an appropriate concentra-
tion to provide a linear response of the raw fluorescent 
units (RFU) to volume, considering the volumes expected 
in the rinsate used to wash the spray solution from the 
deposition samplers. The filters on the fluorimeter were 
set with excitation at 490  nm and emission at 515  nm. 
To analyse samples of unknown concentration, a set of 
known concentrations was first generated from a 0.01% 
stock solution of fluorescein (0, 5, 10, 20 and 30  µl of 
stock solution in 10 ml deionised water) and fluorescence 
intensity plotted by concentration. The slope of the line 
linking RFU and volume was calculated using a simple 
linear regression Y = mX + b, where Y is the response 
(dependent) variable, X is the predictor (independent) 
variable, m is the estimated slope, and b is the estimated 
intercept. The RFU for the blank was subtracted and 
y (RFU) multiplied by the slope m to determine X (the 
RFUs of the wash-off solutions of unknown samples). The 
unknown samples were collected in pre-labelled plastic 
bags, washed in 10 ml of water with 0.05% (or 50 mg/l) of 
Tween 20 (Merk, NJ, USA) and agitated by hand. Then, 

an aliquot of the sample was added to a cuvette (3–5 ml), 
and the fluorescence intensity of each sample was meas-
ured using a Trilogy Fluorometer (Turner Designs, San 
Jose, CA).

Deposition of active ingredient (AI)
A further set of tests were run alongside fluorimetry to 
check that the AI was delivered appropriately through 
the two spray systems. Three IRS products were used: 
Actellic® 300CS applied at 1  g AI/m2 (AI pirimiphos-
methyl; Syngenta, USA), K-Othrine® WG250 applied at 
25  mg/m2 (AI deltamethrin; Bayer, USA) and Suspend 
PolyZone applied at 25  mg/m2 (AI deltamethrin; Bayer, 
USA). These tests assessed deposit volume (ml) via fluor-
imetry and concentration of AI via HPLC (mg).

HPLC analysis
The HPLC analysis measured the concentration of AI 
sprayed on the deposition samplers and the concentra-
tion in the spray solution. The HPLC analysis was per-
formed using a Dionex UltiMate 3000 comprising an 
autosampler, quaternary pump and variable wavelength 
detector. Chromeleon 7.2 SR4 software was used for 
peak analysis. All AIs were analysed using a 250 × 4.6 mm 
Thermo Scientific Hypersil Gold C18 column with a par-
ticle size of 5  µm. Instrument methods for each AI are 
outlined in Table 2.

Cover slip extraction method
After spraying, coverslips were placed into individual 
50-ml Falcon tubes and broken down. Five (5) ml of 
extraction solution (100  ug/ml dicyclohexyl phthalate 
[DCP] in acetone) was added so that the broken cover-
slips were fully submerged. The samples were sonicated 
for 30 min at ambient temperature to extract the insecti-
cide from the coverslips. Then, 1 ml of the sonicated solu-
tion was transferred to a 10-ml glass tube and evaporated 
under compressed air at 60  ℃, leaving the insecticide 
residue on the walls of the glass tube. The evaporated 

Table 2  HPLC instrument methods used for the active 
ingredients analysis

Active ingredient

Pirimiphos-methyl Deltamethrin

Injection volume 20 µl 20 µl

Wavelength 232 nm 226 nm

Run time 30 min 30 min

Mobile phase 70% Acetonitrile: 30% water 70% Ace-
tonitrile: 30% 
water

Flow rate 1 ml/min 1 ml/min

https://innovationtoimpact.org/resources/
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samples were resuspended in 1 ml of acetonitrile by vor-
texing at 3000 rpm for 1 min before transferring to a 1.5-
ml Eppendorf tube and centrifuging at 13,000  rpm for 
20  min. Then, 100  µl of the cleaned samples was trans-
ferred to HPLC vials ready for injection.

Spray solution extraction method
Samples of the spray solution (IRS product diluted in 
water) were collected from the tank or the nozzle at the 
time points outlined. In a 10-ml glass tube, 100 µl of the 
formulation was diluted in 4.9  ml deionised water and 
vortexed. Then, 500  µl was transferred to another glass 
tube and evaporated under compressed air at 60 ℃. Fol-
lowing this, 2  ml of the extraction solution was added, 
and the samples were sonicated for 30  min. One (1) ml 
of the sonicated solution was transferred to a 10-ml glass 
tube and evaporated again under the same conditions. 
The evaporated samples were resuspended in 1  ml ace-
tonitrile by vortexing at 3000 rpm for 1 min before being 
transferred to a 1.5-ml Eppendorf tube and centrifuging 
at 13,000  rpm for 20 min. Finally, 100 µl of the cleaned 
sample was transferred to HPLC vials ready for analysis.

Residual efficacy testing using WHO cone bioassays
WHO testing guidelines define residual efficacy of an IRS 
insecticide as the length of time after spraying that sur-
face insecticide kills ≥ 80% of mosquitoes within 24 h of 
a 30-min exposure in a WHO cone test [9]. This is one 
characteristic of a new IRS formulation that should be 
demonstrated to obtain listing by the WHO vector con-
trol prequalification team. Following the calibration via 
fluorimetry, Actellic® 300CS was applied at the recom-
mended application rate (1 g AI/m2) and a quarter of this 
application rate (0.25  g AI/m2) for subsequent assess-
ment of residual efficacy via WHO cone bioassays. Both 
sprayers were used to apply Actellic® 300CS to the glazed 
surface of a plain ceramic tile using untreated glazed tiles 
as a negative control. Despite eight attempts to calibrate 
the PT, we were not able to get the weight of individual 
coverslips to ≤ 10% of the mean weight on this occasion. 
Therefore, due to a limitation on time to make the treat-
ment applications, the tiles were sprayed without meeting 
this calibration criterion. In contrast, the TS maintained 

calibration and could be used immediately for treatment 
applications.

The residual performance was monitored by measuring 
mortality in a WHO cone test at 24 h and then at 1, 2, 3, 
6, 7 and 8 months post-application of the IRS formulation 
to four treated surfaces [9]. Ten (10) adult female mos-
quitoes, 3–5  days old, mated but not blood-fed, of the 
susceptible Kisumu strain of Anopheles gambiae sensu 
stricto [12, 13] were exposed in WHO cones for 30 min 
at each time point. Knockdown (KD) was scored 60 min 
after exposure, and then mosquitoes were held for 24 h 
at 27 ± 2 °C and 70 ± 10% relative humidity before scoring 
mortality as reported in Table 3.

Results
Uniformity of the deposited volume
Both the PT and TS were calibrated to deposit 30 ml/m2; 
on average, both sprayers deposited 31  ml/m2. The dif-
ference between the two sprayers was in the variability in 
the deposits (Tables 4 and 5). Between treatments the PT 
had a standard deviation of 11.2 vs. a standard deviation 
of 3.1 for the TS. Within treatments the standard devia-
tions were ≤ 14.7 for the PT and ≤ 4.1 for the TS.

If a calibration metric of ≤ 10% deposition deviation 
from the mean of all samplers is applied as a metric of 
pass or fail, the PT immediately fell out of calibration 
for uniformity of deposits. However, in all but three 
instances, the TS passed this calibration metric (Table 4).

Deposition of active ingredient (AI)
HPLC analysis
The HPLC analysis (January 2021) was run alongside the 
fluorimetry. The fluorimetry showed that the volume 
of liquid deposited on the surface was as expected, but 
HPLC analysis showed very different numbers for the AI.

The deposition volume measured via fluorimetry for 
Actellic 300 CS, a microencapsulated suspension, and 
K-Othrine WG250, a wettable granule formulation, 
showed that the calibrated volume of formulated product 
made up as a suspension in water (30 ml/m2) was accu-
rately deposited onto the surface.

Table 3  Spray uniformity for the Potter Tower and the Track Sprayer

Spray uniformity is calculated as a total for uniformity and uniformity across single treatment tiles. Data presented as average ml/m2 and standard deviation

Potter Tower Track Sprayer

R1 R2 R3 Average R1 R2 R3 Average

Application (ml/m2) 27.5 30.2 32.2 30.8 29.1 32.2 33.1 31.5

StDev 10.6 10.3 14.7 11.2 4.1 2.3 1.1 3.1

CV 36.5 38.4 34.1 38.7 14.1 7.1 3.3 9.8
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•	 The PT deposited and average of 30.2 ± 11.8 ml/m2 
of Actellic 300CS spray solution and 29.7 ± 5.0 ml/
m2 of K-Othrine WG250 spray solution

•	 The TS deposited an average of 28.3 ± 2.4 ml/m2 of 
Actellic 300CS spray solution and 30.8 ± 3.8 ml/m2 
of K-Othrine WG250 spray solution

In contrast, the HPLC data showed that significantly 
more insecticide had been deposited using the PT and 
significantly less using the TS. The desired application 

rate of Actellic 300CS on the surface was 1  g AI/m2, 
and the desired concentration for K-Othrine WG250 
was 25 mg AI/m2.

•	 The PT deposited an average of 2137 ± 607 mg AI/
m2 for Actellic 300CS and an average of 75.5 ± 8.7 
for K-Othrine WG250

•	 The TS deposited an average of 92.4 ± 13.9 mg AI/
m2 for Actellic and 8.4 ± 0.9  mg AI/m2 for K-Oth-
rine WG250

Table 4  Within-treatment variability in the Potter Tower and Track Sprayer

The deviation from the mean (< 10%) is calculated as a metric of calibration for the Potter Tower and was assigned to the raw data for both sprayers

Potter Tower Track Sprayer

Average Measured Difference Deviation (%) Average Measured Difference Deviation (%)

27.5 14.4 13.1 47.6 29.1 33.1 − 4.0 − 13.7

23.6 3.9 14.4 26.2 2.9 9.8

34.6 − 7.1 − 25.9 24.9 4.2 14.4

37.3 − 9.8 − 35.8 32.3 − 3.2 − 11.1

30.2 18.4 11.8 43.1 32.2 34.3 − 2.1 − 6.5

23.6 6.6 23.9 34.2 − 2.0 − 6.2

33.3 − 3.1 − 11.4 30.7 1.5 4.8

45.3 − 15.1 − 55.0 29.7 2.5 7.7

32.2 31.7 0.5 1.9 33.1 34.4 − 1.3 − 3.9

52.9 − 20.7 − 75.3 33.3 − 0.2 − 0.7

24.5 7.7 27.8 33.2 − 0.1 − 0.4

19.5 12.7 46.0 31.6 1.5 4.6

Table 5  Overview of the differences between the Potter Spray Tower and Micron Horizontal Track Sprayer for calibration, throughput 
and cost per tile sprayed

Potter Spray Tower Micron 
Horizontal 
Track SprayerBest case Worst case

Calibration Frequency of calibration Every time Every change 
in con-
figuration 
or 6 months

Total time for calibration and cleaning (hours) 3.2 4.3 4.1

Throughput: Assumption: 1 week of spraying 
(5 days, 8 h per day, two people), calibration of TS 
once

Number of calibrations required 5 1

Total time for calibration per week (hours) 15.8 21.7 4.1

Total number of work hours per week (hours) 40 40

Time left for spraying (hours) 24.2 18.3 35.9

Number of tiles that can be sprayed per hour 2 min 
per spray run

30 540

Total number of tiles that can be sprayed per week 725 550 19395

Cost Cost of two people per week ($20 per hour per person) $1,600.00

Cost per tile $2.21 $2.91 $0.08
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The PT deposited approximately 2 × and 3 × the 
intended dose of Actellic 300CS and K-Othrine WG250, 
quantified by the amount of AI recovered and measured 
by HPLC, respectively, whilst the TS deposited a 10th 
and a 3rd of the intended dose, respectively.

Tank samples (spray solution) throughout testing with 
K-Othrine WG250 were analysed, which flagged a poten-
tial flaw with the TS; there was a sudden drop in the con-
centration from the tank sample taken post spray (Fig. 3). 
Visual inspection of the TS showed signs of the AI sedi-
menting out in the lines. The suspension of diluted prod-
uct in the tank can be maintained by constant agitation. 
The sedimentation of the formulation can be addressed 
by flushing out the lines after any significant stoppage 
in spray applications alongside regular agitation of the 
spray tank. At the same time, samples were taken from 
the stock solution of K-Othrine WG250 before and after 
spraying with the PT, and directly from the nozzle, which 
confirmed that the AI content remained constant, and no 
significant sedimentation was occurring (Fig. 3).

With sedimentation of the IRS formulation identified as 
the likely cause of the observed under spray with the TS, 
a follow-up set of tests were run to compare K-Othrine 

WG250 with another formulation of deltamethrin with 
more favourable suspension characteristics (Suspend 
PolyZone): the recommended application rate of both 
formulations is 25 mg AI/m2. The TS spray tank was agi-
tated immediately prior to pumping to target pressure 
and applied promptly to spray surfaces to prevent sedi-
mentation within the delivery tubes during set up.

Measurement of the volume of spray deposited via 
fluorimetry from K-Othrine WP250 and Suspend Poly-
Zone applications showed that the calibrated volume 
of formulated product (30 ml/m2) was deposited on the 
surface.

•	 The PT deposited an average of 31 ± 2.8  ml/m2 for 
K-Othrine WG250 and an average of 32 ± 2.3 ml/m2 
(SD 2.3) for Suspend PolyZone.

•	 The TS deposited an average of 31 ± 1.6  ml/m2 for 
K-Othrine WG250 and 30 ± 1.9  ml/m2 for Suspend 
PolyZone.

The HPLC analysis showed that the improved agitation 
of the TS system to stop sedimentation of AI returned 
the desired concentrations of deltamethrin sprayed in 

Fig. 3  HPLC analysis of active ingredient of tank samples throughout the spraying process using the Potter Tower and Track Sprayer. Dotted line 
represents the expected concentration of 833.3 μg AI/ml
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the two formulations. The PT always deposited approxi-
mately 20% more than the target application rate for both 
formulations.

•	 The PT deposited 31 ± 3.8  mg AI/m2 for K-Othrine 
WG250 and 29 ± 3.9 mg AI/m2 for Suspend PolyZone

•	 The TS deposited 25 ± 2.5  mg AI/m2 for K-Othrine 
WG250 and 25 ± 1.9 mg AI/m2 for Suspend PolyZone

Both formulations were thus still over-applied when 
using the PT, but not to the same degree as seen previ-
ously. Using a formulation with improved suspension 
qualities showed some improvement, meaning the over-
application could result from the AI partitioning during 
the descent of droplets through the tower. Ultimately, 
however, the reason for the over-application is still 
unknown. What can be seen is that the deviation in the 
deposition of AI from the target dose exceeds the uni-
formity metric of 10% when using the PT but not when 
using the TS.

WHO cone bioassays
The bio-efficacy data from the first trials showed that 
Actellic 300CS applied using the PT and TS at the recom-
mended label rate and one-quarter of this rate delivered 
a deposit of pirimiphos-methyl which remained bioactive 
(≥ 80% mortality in mosquitoes exposed to treated sur-
faces in a WHO cone test) for at least 3 months (Fig. 4). 
At one quarter label rate (Fig.  4a), bioefficacy declined 
after 3  months regardless of how the IRS was applied, 
though tiles treated with the TS remained bioactive for 
longer: the TS-sprayed tiles gave 82% mortality and the 
PT-sprayed tiles 62% mortality at 6 months post-applica-
tion. Tiles sprayed with the full label rate (Fig. 4b) using 

the PT showed a similar reduction in bioefficacy and 
failed (< 80% mortality) at 6  months, but those treated 
with the label rate using the TS remained bioactive until 
month 7 and only failed at month 8.

The second round of testing applied Actellic 300CS 
and K-Othrine WG250 at the recommended application 
rate. The AI concentration on all surfaces was measured 
by HPLC analysis. K-Othrine WG250 remained active, 
killing 100% of mosquitoes in a cone test for 3  months 
(Fig. 5). Actellic 300CS had reduced efficacy at 2 months 
when applied using both the PT and TS; at 3  months 
mortality rebounded up to 100% with the PT-sprayed 
surfaces but further declined with the TS-sprayed sur-
faces. This matches other observations that the TS rou-
tinely shows logical progressions, whereas the data 
associated with the PT tend to be more erratic, possibly 
because of the more variable spray deposition profiles. 
HPLC analysis showed that the PT deposited signifi-
cantly higher rates of AI compared to the TS, which is at 
odds with the bioassay results where mortality was not 
strikingly different between the TS- and PT-treated tiles.

Discussion
To accurately compare the bioefficacy of new IRS formu-
lations, it is essential to be able to apply them onto repre-
sentative surfaces at defined and precise application rates 
and with even deposits across each surface. In addition, 
when evaluating several prototype IRS formulations, it 
is important to have an application method that allows 
the treatment of sufficient replicate surfaces of multiple 
treatments in a manageable length of time. This study set 
out to compare the current accepted method for treat-
ing surfaces in a laboratory setting, the Potter Spray 
Tower (PT) and the newly commissioned Horizontal 

Fig. 4  Tarsal contact assay results showing mortality over time post treatment of tiles. Percentage mortality in susceptible Kisumu mosquitoes 24 h 
after exposure to tiles treated with pirimiphos-methyl IRS in a tarsal contact bioassay at a a quarter or b 100% of the recommended dose using 
a Track Sprayer or Potter Tower
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Track Sprayer from Micron Sprayers Ltd. (TS), in terms 
of ease and speed of operation and other practical con-
siderations, accuracy and precision of spray deposit, and 
residual efficacy of sprayed deposits against mosquitoes. 
Table  5 shows a summary of the results of comparison 
between the two methods.

In terms of treatment time, the PT and TS take a simi-
lar time per application or run. However, one run of the 
PT only treats one surface whereas 18 surfaces of the 
same size (15 × 15 cm) can be treated with one run of the 
TS. In addition, the PT only applies spray solution onto a 
circle in the centre of a treated tile, which is suitable for 
a WHO cone test, but the TS treats the whole tile, which 
gives added versatility.

Given the cost of new insecticides and formulations, 
particularly those which are in development and may 
only be available in small amounts for laboratory evalu-
ation, is it important that they are used efficiently. In 
terms of spray accountability, the percentage of spray 
landing on the target was calculated for each piece of 
equipment. This showed that the PT deposits < 12% of 
the applied dose to the target surface, which is wasteful 
of insecticides compared to the TS, which delivers 58% 
to the treated surfaces. With the PT, most of the content 
of the delivery vial coats the side of the spray column or 
is exhausted from the bottom of the tower as opposed to 

the target surface [9]. It is also acknowledged that differ-
ences in temperature and humidity affect the deposit on a 
target situated on the spray table because of the evapora-
tion of the water carrier [10, 14]. On the other hand, with 
careful calculation of the amount of product required, 
the PT has minimal wastage compared to the TS, which 
generates at least 70  ml of waste product in the lines. 
More than 40 surfaces would have to be sprayed with the 
PT to exceed the 70 ml chemical waste in the lines of the 
TS. In this way, the PT may be preferable when using a 
particularly costly insecticide or formulation or treating 
only a small number of surfaces. With either method, 
insecticide-contaminated spray solution and the water 
and materials used to clean the spray equipment must be 
disposed of as chemical waste according to local regula-
tions and logistics, using for example a remediation facil-
ity, biobed or evaporation tank.

In setting out to compare the accuracy and precision 
of spray deposits, the initial testing took a direct volume 
measure of spray deposits by each method and showed 
that both sprayers could be effectively calibrated to 
deposit the target dose of 30  ml/m2. The key difference 
between the performance of the two systems was in the 
uniformity of the spray deposits; the variability of the 
dose was far greater for the PT, whilst the TS was con-
sistently within the uniformity metric of ≤ 10% deviation 

Fig. 5  Second tarsal contact bioassay with the full dose of K-Othrine and Actellic. Percentage mortality 24 h after exposure to tiles treated 
with Actellic 300CS or K-Othrine WG250 at the recommended application rate using either the Potter Tower or Track Sprayer
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from the mean. The HPLC analysis, however, showed 
that the concentration of the AI in that volume of IRS 
formulation was orders of magnitude higher than the 
target dose for the PT and somewhat lower for the TS. 
The issue detected with the TS was sedimentation in the 
lines, which can be avoided with care. Misapplications 
in the PT have previously been put down to the evapo-
ration of water from spray droplets, but the volumetric 
measures via fluorimetry with a soluble tracer discount 
that. Furthermore, stock solution checks showed that the 
correct concentration was being pipetted into the deliv-
ery vial. This would suggest a partitioning of the AI as 
the spray descends through the tower. The use of a for-
mulation with better suspension characteristics reduced 
the amount over-applied, but the best result still repre-
sented a 20% over-application of treatment compared to 
the target.

While is it important that spray equipment used to 
treat tiles for bioefficacy testing and product develop-
ment delivers the correct quantity of active ingredi-
ent (AI), usually an insecticide, it is also important that 
this insecticide is delivered in such a way that it is active 
against the mosquito target and that this activity lasts 
for the intended life of an IRS spray, typically 6 months. 
The initial tarsal contact bioassays on tiles in this study 
treated tiles with Actellic 300CS. The concentration of AI 
was not measured after application, but the tiles treated 
using the TS exceeded the 80% mortality threshold in 
a cone bioassay for 6  months for the quarter dose and 
7  months for the full dose. Surfaces treated using the 
PT fell below this threshold sooner. The second round 
of bioefficacy testing showed that with the PT both AIs 
were applied at higher concentrations than intended to 
the target surface. K-Othrine WG250 exceeded the 80% 
threshold for the 3 months when applied by both spray-
ers. Actellic 300CS deposits from the PT gave incon-
sistent results, even with 2 × the intended dose, with a 
failure to kill 80% at 2 months, followed by a rebound at 
3 months. The TS, which applied only a 10th of the target 
dose, started to lose control in a stepwise fashion return-
ing < 80% mortality by the third month.

A further advantage of using the TS is that it simulates 
actual IRS practice as it uses the same nozzle, a ceramic 
C8002E fan nozzle and a control flow valve, but in a 
sealed chamber with controlled speed and consistent dis-
tance from the target. The spray deposit and subsequent 
transfer to the biological target can be more representa-
tive and consistent between replicates.

Conclusions
We have demonstrated that the Horizontal Track 
Sprayer from Micron Sprayers Ltd. (TS) can accu-
rately dose testing surfaces with IRS products more 

uniformly than the current state of the art Potter 
Spray Tower (PT), is quicker and simpler to operate, 
has a higher throughput and reduces costs per treated 
surface.

Laboratory testing will always be a proxy for the pre-
dicted bio-efficacy or residual efficacy of an IRS formu-
lation, but if spray applications can be applied using a 
similar method to that used to treat walls in IRS cam-
paigns, this may improve the ability of laboratory tests 
to predict real-world performance. The TS utilises all 
the main components of the compression sprayers used 
to apply IRS. This is in contrast to the very different 
application technology of the PT, which uses a misting 
nozzle (mists are ultra-fine sprays < 100 µm) and is less 
representative of IRS in the field, which uses a fine to 
medium spray (240 µm). The new TS is more represent-
ative of IRS in the field and provides several significant 
additional benefits over the PT.

For both practical reasons of reliability and resource 
requirement and the fact that it is more representative 
of real-world spray conditions, we would recommend a 
paradigm shift away from the PT to the TS.
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