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Background: Long-lasting insecticidal nets (LLINs) are a key vector control tool

used for the prevention of malaria. Active ingredient (AI) measurements in LLINs

are essential for evaluating their quality and efficacy. The main aim of the present

study was to determine the utility of X-ray fluorescence (XRF) spectroscopy as a

suitable field-deployable tool for total AI quantification in LLINs.

Methods: New and unused LLIN samples containing deltamethrin (PermaNet®

2.0, n = 35) and alpha-cypermethrin (SafeNet®, n = 43) were obtained from

batches delivered to Papua New Guinea (PNG) for mass distribution. Insecticides

were extracted from the LLINs using a simple extraction technique and

quantified using liquid chromatography mass spectrometry (LC-MS). The LC-

MS results were correlated with XRF spectroscopy measurements on the same

nets. Operators were blinded regarding the type of net. Bioefficacy of the LLIN

samples was tested using WHO cone bioassays and test results were correlated

with total AI content.

Results: The results indicate correlation between quantitative XRF and LC-MS.

Interestingly, the total AI content was negatively correlated with bioefficacy in

PermaNet® 2.0 (especially in recently manufactured nets). In contrast, AI content

was positively correlated with bioefficacy in SafeNet®. These results indicate that

the chemical content analysis in predelivery inspections does not always predict

bioefficacy.

Conclusion: XRF is a promising field-deployable tool for quantification of both

deltamethrin- and alpha-cypermethrin-coated LLINs. Because total AI content is

not always a predictor of the efficacy of LLINs to kill mosquitoes, bioefficacy

measurements should be included in predelivery inspections.

KEYWORDS

XRF, liquid chromatography-mass spectroscopy (LC-MS), bednets, insecticide content,
LLIN, ITNs, deltamethrin, alpha cypermethrin
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Background

Hundreds of millions of long-lasting insecticidal nets (LLINs)

for vector control are procured annually by international donors

and distributed (Bhatt et al., 2015). LLIN distributions have helped

to reduce the malaria burden in many endemic countries (WHO,

2017). Despite this, and the target to eliminate malaria globally,

malaria case numbers have stagnated in the last decade (WHO,

2021). Mass distribution of LLINs is the backbone of malaria vector

control in Papua New Guinea (PNG). About 14 million bed nets

have been distributed in PNG since 2009 (Alliance for Malaria

Prevention, 2022). Bed nets are distributed every 3 years to all

villages in PNG below 1,600 meters, following a “rolling”

distribution schedule. Previous studies in PNG found that bed net

performance significantly decreased in 2013 following a

manufacturing change involving the chemical coating of the nets,

leading to reduced efficacy of the nets to kill mosquitoes and thus

reduced community protection (Vinit et al., 2020; Bubun et al.,

2021; Bubun et al., 2022).

Many previous studies have shown that bioefficacy in used

LLINs is strongly correlated with total insecticide content (Kweka

et al., 2011; Anshebo et al., 2014; Katusele et al., 2014). This is

expected because when nets are washed or exposed to UV radiation

(sun exposure), total active ingredient (AI) content decreases and

once a threshold AI concentration is reached, the 100% 24-h

mortality normally observed with fully susceptible strains in new

and unwashed nets is not maintained. However, other studies have

demonstrated that recently manufactured new and unused LLIN

products may not be able to fulfil WHO cone bioassay performance

criteria within susceptible mosquito colonies, even though their

total AI content was determined to be adequate in predelivery

inspections (Vinit et al., 2020; MBwambo et al., 2022). This may be

for different reasons, including the restricted bioavailability of AIs

on the net surface due to the nature of the LLIN coating or the

presence of AIs in chemical or physical states that may be

detrimental to their effectiveness (such as isomers with reduced

potency or crystalline states that may reduce the uptake of AI by

mosquitoes) (Maguire, 1990; Yang et al., 2020; Bubun et al., 2021;

Bubun et al., 2022). Thus, it is important to fully understand the

relationship between LLIN bioefficacy, as determined in simple and

standardized evaluations, e.g., using WHO cone bioassays, and total

AI concentrations and presentations on the surface of LLINs.

Chemical analyses of the LLINs form an integral part of the

WHO guidelines for testing new nets and also in monitoring the

durability of LLINs under operational conditions (WHO, 2013). As

stated in the guidelines, the insecticide content of a net sample

should be analyzed in accordance with the methods published by

the Collaborative International Pesticides Analytical Council
Abbreviations: AI, active ingredient; AITHM, Australian Institute of Tropical

Health and Medicine; CIPAC, Collaborative International Pesticides Analytical

Council; HPLC, high-pressure liquid chromatography; IMR, Institute of Medical

Research; JCU, James Cook University; LC-MS, liquid chromatography mass

spectrometry; LLINs, long-lasting insecticidal nets; PNG, Papua New Guinea;

RAM, Rotarians Against Malaria; WHO, World Health Organization; XRF, X-

ray fluorescence.
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(CIPAC), specifically high-pressure liquid chromatography

(HPLC) (CIPAC, 2021a; CIPAC, 2021b; CIPAC, 2021c).

However, laboratories in malaria-endemic developing countries

that evaluate LLINs for malaria control and prevention or

conduct quality assurance tests for national programs may not

have easy access to the equipment needed or the expertise required.

Therefore, simple, in-field approaches to quantify insecticides in

LLIN products would be useful. Several alternative methods have

been developed to quantify pyrethroids in LLINs, including rapid

colorimetric field tests and various quantitative and imaging

techniques (Green et al., 2009; Jenkins et al., 2013; Smith

et al., 2018).

A promising new alternative method for AI quantification is X-

ray fluorescence (XRF) spectroscopy. Researchers in Ghana,

Ethiopia, and Guatemala have demonstrated the utility of XRF

for fast quantification of deltamethrin in the field, specifically for

durability assessments of PermaNet® 2.0 LLINs after 3–38 months

of use (Smith et al., 2007; Anshebo et al., 2014; Castellanos et al.,

2021). While XRF has been shown to be able to quantify

deltamethrin in LLINs, there are limited reports on its application

for other insecticides, for example in alpha cypermethrin-coated

LLINs, where theoretically this should also be possible.

The present study had two main aims. Firstly, to validate a field-

based method (XRF spectroscopy) for both deltamethrin- and

alpha-cypermethrin-coated LLINs and to correlate total AI

content measured with XRF with a laboratory-based method

[liquid chromatography mass spectrometry (LC-MS)]. The

correlation between these techniques will help to determine the

utility of XRF as a suitable field-deployable tool for total AI

quantification for both insecticides, which are found in the vast

majority of prequalified LLIN products. Secondly, to determine the

correlation between total AI content and bioefficacy in two LLIN

products (one deltamethrin product and one alpha-cypermethrin

product) delivered to PNG for mass distribution in the new and

unused state.
Methods

WHO cone bioassays and XRF spectroscopy were conducted at

the Vector-borne Diseases Unit of the Papua New Guinea Institute

of Medical Research (PNG IMR), while the LC-MS was conducted

at the Australian Institute of Tropical Health and Medicine

(AITHM), James Cook University (JCU).
LLIN sampling

PermaNet® 2.0 (n = 35) and SafeNet® (n = 43) LLINs, all

unused and in their original packaging, were included in the present

study. As described by Vinit et al., 2020 (Vinit et al., 2020), unused

PermaNet® 2.0 LLINs manufactured between 2007 and 2017 were

obtained from villages or provincial health authorities in various

provinces in PNG. Rotarians Against Malaria (RAM) PNG

provided PermaNet® 2.0 LLINs manufactured in 2018 and 2019

from consignments dedicated to different provinces (Vinit et al.,
frontiersin.org
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2020). SafeNet® LLINs manufactured in 2019 and 2020 were

provided by RAM PNG. Details of the selected nets can be found

in Supplementary Table S1.

Pairs of samples were cut from adjacent positions. One net piece

per position was sent to JCU and the second, adjacent piece was

retained in PNG for testing. The project investigators and facility

technicians were blinded to the identity of the products until the

end of the study. After all experiments were completed, data from

the PNG IMR cone bioassays and XRF were sent to JCU, and the

blinding was disclosed to the JCU investigators to match the results

with the type of study net to enable analysis.
X-ray fluorescence analysis on single layers
of netting

Proxy element (bromine and chlorine) content was measured in

a monolayer of netting, using a Vanta® Handheld XRF Analyser

(Olympus, Australia). To increase the limit of detection, the

instrument was used with a shielded measurement chamber and a

silica standard background, also sourced from Olympus. Bromine

and chlorine were quantified by the built-in software and expressed

in parts-per-million (ppm). A measurement took about 45 s.

The stand and the shielded chamber, together with the silica

background used in this study, are very small and portable and

could easily be moved to any “true” field location (Supplementary

Figure S1). The measurements could have been taken without the

chamber; however, using the chamber and the silica background

potentially provided better sensitivity and less interference.
Liquid chromatography mass spectrometry

Insecticide extraction
LC-MS analysis was performed onmethanol extracts of two samples

of each net (each piece was 2 cm × 2 cm), which were extracted

separately in duplicate to generate technical and biological replicates. Net

samples were weighed and submerged in 1 mL of LC-MS-grade

methanol (Merck, Australia) in individual 2.0 mL Eppendorf Safelock

tubes (Eppendorf, Australia) that had previously been shown as being

free from any contaminants (e.g., plasticizer from manufacture). The

tube was placed on a vortex for 60 s then briefly centrifuged.

LC-MS measurement
LC-MS was performed using a Shimadzu LC-MS2020

(Shimadzu, Japan) and a Phenomenex Lux cellulose-2 chiral

column (150 mm × 2.0 mm; Phenomenex, Australia) at 40°C,

and a 5 mM ammonium acetate/water (Solvent A) and 100%

methanol (Solvent B; LiChrosolv LC-MS-grade, Merck) mobile

phase at 0.25 mL/min flow rate. Samples (20 µL) were eluted

isocratically in 82% Solvent B over 12 min and UV absorbance

monitored at 246 nm and 280 nm. Mass spectra were collected in

positive ion modes over a scan range ofm/z 200–800 with a detector

voltage of 1.15 kV, a nebulizing gas flow of 1.5 L/min, and a drying

gas flow of 3.0 L/min.
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Standards
Analytical grade samples of deltamethrin and alpha-

cypermethrin, to be used as standards, were purchased from

Merck (Australia). Standard curves that spanned the anticipated

insecticide concentration range for each LLIN product (for

PermaNet® 2.0 LLINs the target deltamethrin concentration is

1.8 g/kg and for SafeNet® LLINs the target concentration is 5g/kg

alpha-cypermethrin) were created by preparing dilution series of

known insecticide concentrations in methanol. A primary stock

solution was prepared by dissolving an accurately weighed amount

of insecticide on an analytical balance (Mettler Toledo, Australia) in

1 mL of methanol. The stock was then diluted to five times the

expected target concentration, followed by a 1.5-fold dilution series

for a total of 10 dilution samples of the standard insecticide. These

known concentrations of standard insecticides were included in

every LC-MS analysis of net samples (with unknown

insecticide content).

Extraction protocol validation
To determine the extraction efficiency of the insecticides from

the nets, and the potential impact of solvent volume and extraction

time changes, a subset of net samples was subjected to the following

validation experiments. Firstly, for solvent volume experiments, n =

7 samples cut from each LLIN (2012-PermaNet® 2.0, n = 2) were

submerged in 500 µL, 750 µL, 1,000 µL, 1,200 µL, 1,500 µL, 1,750 µL,

and 2,000 µL of methanol. Extracts from each volume were analyzed

by LC-MS in triplicate. Secondly, for extraction time, n = 5 samples

cut from each LLIN (2012-PermaNet® 2.0, n = 2) were each

extracted in 1,000 µL of methanol. The five samples were placed

in the solvent at the same time but were removed after 10 min (0 h),

1 h, 3 h, 5 h, and 24 h. Extracts from each extraction time point were

analyzed by LC-MS in triplicate. Thirdly, to validate complete

extraction from the net samples, n = 2 samples were cut from

each LLIN (SafeNet® 2019, n = 1 and SafeNet® 2020, n = 1) and

each piece of net was subjected to two consecutive rounds of

extraction under the following conditions: solvent volume = 1,000

µL, extraction time = 10 min, vortex = 1 min, and a brief centrifuge.
WHO cone bioassays

Cone bioassays were performed following the WHO guidelines

and under laboratory conditions with 28.5°C ± 2.7°C and 65% ± 9%

relative humidity (WHO, 2013). Using an aspirator, five insecticide

susceptible, non-blood-fed, 2- to 5-day-old female Anopheles

farauti mosquitoes were introduced into a cone and a cotton ball

was used to plug the hole. Mosquitoes were exposed to the net

pieces for 3 min (timed individually for each cone), after which they

were gently transferred from the cones to a holding cup screened

with untreated netting and provided access to 10% sugar solution

via a soaked piece of cotton wool placed on top of the netting. The

number of mosquitoes knocked down after 60 min and dead at 24 h

after exposure were recorded. LLINs that caused ≥ 95% 60-min

knockdown or ≥ 80% 24-h mortality were regarded as meeting the

WHO efficacy criteria.
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Data analysis

Data were analyzed using Microsoft Excel 2016 (Microsoft Inc.)

and GraphPad Prism 9.3.1 (GraphPad Software). LC-MS absorbance

and chromatogram data were exported to Microsoft Excel 2016®. The
area under the absorbance peak for the known concentration in the

insecticide standard was used to plot the standard curve. The standard

curve was then used to determine the insecticide concentration in the

unknown samples in g/kg (Figures 1, 2A, B).

Linear regressions depicting the 95% confidence interval bands

of the best-fit curve were used to analyze the relationship between

LC-MS and XRF data. Pearson’s correlation was used to estimate

the degree of correlation between LC-MS and XRF measurements

(Figures 2A, B). This was appropriate as, even though the data

exhibited non-normal distributions, they were continuous, paired,

and exhibited similar variances. Bland–Altman methods were used

to assess the agreement between individual insecticide

measurements from LC-MS and XRF (Figures 2C, D).

The main outcome variable of WHO cone bioassays was 24-h

mosquito mortality. Test results were adjusted using “Abbott’s formula”

when negative control 24-h mortality was > 0% and ≤ 10%. Linear
Frontiers in Parasitology 04
regression and Pearson’s correlation were used to assess the correlation

between bioefficacy and insecticide concentration (Figure 3).

Due to the lack of non-Gaussian distribution of the data, non-

parametric tests were used to compare insecticide content and

bioefficacy between older and newer nets (Figures 2, 3).
Results

Liquid chromatography mass spectrometry
protocol validation experiments

Solvent volume and extraction time did not systematically affect the

experimental outcomes. For all nets used in these validation experiments,

the measured deltamethrin concentrations were in the expected range

and were between 1.7 g/kg and 1.9 g/kg (Figures 1A, B). In all further

analyses, 1 mL of methanol was used, and the extraction time was fixed

to 10 min. In addition, repeated extractions indicated that the efficiency

of the first extractionwas > 95% for alpha-cypermethrin (Figure 1C). The

second extraction resulted in no measurable AI peak using the LC-MS

method. These measurements were taken only for alpha-cypermethrin.
B

C

A

FIGURE 1

Extraction efficiency. (A) Shows the concentration of deltamethrin for n = 7 samples (from each 2012-PermaNet® 2.0 LLIN) extracted at various
volumes of methanol. (B) Shows the concentration of deltamentrin for the n = 5 samples (from each 2012-PermaNet® 2.0 LLIN) extracted at
different time points. (C) Shows the concentration of alpha-cypermethrin for the n = 4 samples (from 2019- and 2020-SafeNet® LLINs), which were
extracted at 10 min in 1 mL of methanol. Horizontal lines indicate the target AI concentrations as per product label (average ± 25%).
frontiersin.org

https://doi.org/10.3389/fpara.2023.1258429
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org


Koinari et al. 10.3389/fpara.2023.1258429
Correlation of insecticide content
measurements between XRF and
LC-MS methods

XRF and LC-MS insecticide quantification results were

compared for both PermaNet® 2.0 and SafeNet® LLINs

(Figures 2A, B). XRF and LC-MS data were significantly

correlated for both products (PermaNet® 2.0: R = 0.78, p <

0.0001 and SafeNet®: R = 0.47, p = 0.0012, respectively);

however, the coefficient of determination was much higher for

PermaNet® 2.0 LLINs. Batches of products clustered significantly,

indicating differences between specific product batches. In
Frontiers in Parasitology 05
particular, for PermaNet® 2.0 LLINs, this may be due to the wide

period of manufacture, dating back to 2007. Older PermaNet® 2.0

nets generally contained fewer AIs (p < 0.0001), indicating that AIs

may have been gradually lost over time. Analysis of the storage

conditions of the ITNs are urgently needed, as they might provide

insight into factors that contribute to the loss of AI over time.

The Bland–Altman analysis (presented in Figures 2C, D)

indicated good agreement between XRF and LC-MS

quantification for both products, with no systematic bias and a

very close average agreement of the two methods (< 0.05 g/kg).

However, the 95% confidence levels of agreement between methods

were substantial (± 0.8 g/kg for PermaNet 2.0® LLINs and ± 2.1 g/
B

C D

A

FIGURE 2

Correlation of total AI quantification using XRF and LC-MS techniques. (A) Correlation of XRF (in ppm) and LC-MS (in g/kg) data for PermaNet® 2.0
samples with manufacturing years between 2007 and 2019. (B) Correlation of XRF and LC-MS data for SafeNet® samples with manufacturing years
2019 and 2020. Horizontal lines in (A, B) indicate the target concentrations for the products as per product label. Simple linear regression curves and
95% confidence bands are also shown. The regression was used to convert the XRF data in ppm to the corresponding g/kg. (C, D) Bland–Altman
analyses for XRF versus LC-MS quantification of total AI content [(C) – PermaNet® 2.0 LLIN, (D) – SafeNet® LLIN]. The plots show the differences
XRF/LC-MS data pairs over their averages. Horizontal lines in (C, D) indicate average bias (continuous line) and 95% confidence levels of agreement
(dashed lines).
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kg for SafeNet® LLINs) indicating large variation in the agreement

for individual samples and limiting the ability of XRF to predict

insecticide concentration accurately for individual samples.
Correlation of insecticide content
with bioefficacy

The correlation between the results of standardized WHO cone

bioassays and the chemical analysis are shown in Figure 3.

Strikingly, bioefficacy was lower for more recent (2013–2019)

PermaNet® 2.0 samples with a higher total AI content (R =

−0.57, p < 0.0001). This was unexpected and clearly illustrates

that total AI content is not a robust indicator of bioefficacy. In

contrast, a positive correlation was observed between bioefficacy

and total AI content in the SafeNet® samples (R = 0.37, p = 0.0136).

This is normally expected; however, not all nets exhibited > 80%

mortality, as indicated in the respective WHOPES report

underlying prequalification of SafeNet® (WHO). The 2019-

SafeNet® had a lower AI content (Mann–Whitney U test; p =

0.0076) and performed better (Mann–Whitney U test, p = 0.0041)

than 2020-SafeNet®. This difference could be due to the longer

period of storage of the 2019 samples or due to differences in the

production batches. Given that all nets were stored in air-

conditioned storerooms between sampling for bioefficacy and

chemical analyses, any further decay in AIs during that period is

unlikely. Further studies are required to understand this difference.

The comparison of XRF spectroscopy measurements with mosquito

mortality data from cone bioassays can be found in Supplementary

Figure S2.
Frontiers in Parasitology 06
Discussion

The present study was aimed at estimating the accuracy of XRF, a

field-deployable tool, to quantify not only deltamethrin but also alpha-

cypermethrin in LLIN samples. For this, LLIN samples were obtained

from consignments of LLINs for mass distribution in PNG. A robust

method to quantify insecticide content may be beneficial for researchers

and programs, e.g., for use in LLIN durability studies or for in-country

quality assurance spot checks. These results illustrate that XRF and LC-

MS data are highly correlated, indicating that XRF could serve this

purpose. However, the Bland–Altman analyses showed that the

agreement between methods in this study was subject to substantial

uncertainty. The major source for this uncertainty was that the samples

(while derived from the same LLINs) were not exactly the same, i.e., the

XRF measurements were done on a different (adjacent) part of the same

net from the LC-MS measurements. It is known that individual LLINs

can exhibit substantial spatial variation in insecticide content because of

the manufacturing process (Skovmand et al., 2021). Therefore, the

observed uncertainty is not overly surprising. Despite this limitation,

these results showed that even single measurements on different samples

from the same LLIN using the two different methods are, on average,

very well correlated. Further studies averaging multiple XRF and LC-MS

measurements across single LLINs are needed to assess the accuracy of

XRF to predict if a product conforms to label specifications.

The CIPAC methods use HPLC in quantifying the pyrethroids and

utilize a variety of extraction conditions depending on the insecticide/

fiber combination (Green et al., 2009; Jenkins et al., 2013; Smith et al.,

2018). In contrast, the method presented here employs a simple

extraction, using methanol only as solvent and no heat to prepare

samples for LC-MS. The data presented here provide evidence that the
BA

FIGURE 3

Correlation of total insecticide content measured by LC-MS and bioefficacy. (A) Shows the correlation of total AI content as measured by LC-MS
with mortality rates observed in standard cone bioassays for PermaNet® 2.0. (B) Shows data for SafeNet®. Vertical lines indicate the target AI
concentrations as per product label (average ± 25%). The horizontal line indicates the 80% threshold mortality for standard WHO cone bioassays.
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method is robust. Neither solvent volume nor extraction time

significantly influenced results, and extraction was shown to be

complete (> 95%) after one extraction step. However, while this

method is appropriate for LLINs that use AI impregnation

technologies where all insecticide is present in a coating at the surface

of the material (polyester yarns), including PermaNet® 2.0 LLINs, this

method is unlikely to be directly transferable to incorporated nets where

most of the insecticide is inside the polymer matrix, such as the

polyethylene LLINs. Methanol causes the chemical isomerization of

deltamethrin (Perschke and Hussain, 1992). Therefore, this study

protocol (limited by the availability of equipment) did not allow for an

analysis of the deltamethrin isomers present in the samples. Further

studies are required to confirm the isomer ratio of deltamethrin in

PermaNet® 2.0 LLINs manufactured prior to or in 2012 and after 2012.

The second objective of this study was to correlate bioefficacy results

as measured in standardized WHO cone bioassays with total AI content

measurements. This was done to explore if total AI content is a robust

indicator of bioefficacy in new and unused LLINs. With the most recent

(2013–2019) PermaNet® 2.0, the authors observed an inverse correlation

between bioefficacy and total AI content, which was unexpected and

counterintuitive, indicating that total AI concentration measurements do

not always predict bioefficacy well. The reason for the decreased

bioefficacy of most of the recent PermaNet® 2.0 LLINs is likely to be

related to a change in the coating formulation that caused restricted

bioavailability on the net surface, leading to reduced mosquito mortality,

as observed in WHO cone bioassays (Bubun et al., 2022).

Conclusions

This study showed that XRF is a promising field-deployable tool

not only for deltamethrin but also for alpha-cypermethrin. Further

studies should investigate XRF utility for measuring other

insecticides used in the public health spaces (e.g., for indoor

residual spraying). This study provided evidence that total AI

concentration is not a robust indicator of bioefficacy in new and

unused LLIN products, and that bioefficacy tests should be included

in predelivery inspections. For PermaNet® 2.0 LLINs, the nets with

a high AI content performed poorly in standardized cone bioassays.
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Correlation of total insecticide content measured by XRF analyzer and
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by XRF with mortality rates observed in standard cone bioassays for
PermaNet® 2.0 LLINs. Panel B shows data for SafeNet® LLINs.

SUPPLEMENTARY TABLE 1

Details of PermaNet® 2.0 and SafeNet® LLINs, and LC-MS, XRF, and cone

bioassay data.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpara.2023.1258429/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpara.2023.1258429/full#supplementary-material
https://doi.org/10.3389/fpara.2023.1258429
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org


Koinari et al. 10.3389/fpara.2023.1258429
References
Alliance for Malaria Prevention. (2022). Net Mapping Report. Current ITN global
shipment quarterly report. Available at: https://allianceformalariaprevention.com/itn-
dashboards/net-mapping-project/ (Accessed February 2 2022).

Anshebo, G. Y., Graves, P. M., Smith, S. C., Wills, A. B., Dante, M., Endeshaw, T.,
et al. (2014). Estimation of insecticide persistence, biological activity and mosquito
resistance to PermaNet(R) 2 long-lasting insecticidal nets over three to 32 months of
use in Ethiopia. Malar. J. 13, 80. doi: 10.1186/1475-2875-13-80

Bhatt, S., Weiss, D. J., Cameron, E., Bisanzio, D., Mappin, B., Dalrymple, U., et al.
(2015). The effect of malaria control on Plasmodium falciparum in Africa between 2000
and 2015. Nature 526, 207–211. doi: 10.1038/nature15535

Bubun, N., Anetul, E., Koinari, M., Freeman, T. W., and Karl, S. (2022). Coating
formulation change leads to inferior performance of long-lasting insecticidal nets in
Papua New Guinea. Malar. J. 21 (1), 349. doi: 10.1186/s12936-022-04392-3

Bubun, N., Freeman, T. W., Laman, M., and Karl, S. (2021). Effect of short-term
heating on bioefficacy of deltamethrin-coated long-lasting insecticidal nets. Am. J. Trop.
Med. Hyg. 106, 828–830. doi: 10.4269/ajtmh.21-0613

Castellanos, M., Rodas, S., Juarez, J. G., Lol, J. C., Chanquin, S., and Morales, Z.
(2021). Evaluation of the durability of long-lasting insecticidal nets in Guatemala.
Malar. J. 20 (1), 219. doi: 10.1186/s12936-021-03722-1

CIPAC. (2021a). Permethrin. United Kingdom: Collaborative International Pesticides
Analytical Council. Available at: https://www.cipac.org/index.php/m-p/handbooks/
handbook-o (Accessed March 20 2021).

CIPAC. (2021b). Alpha-cypermerthrin. United Kingdom: Collaborative International
Pesticide Analytical Council. Available at: https://www.cipac.org/index.php/m-p/
handbooks/handbook-p (Accessed March 20 2021).

CIPAC. (2021c). Deltamethrin. United Kingdom: Collaborative International
Pesticides Analytical Council. Available at: http://nyfzx.com/pdf/fx/CIPAC%
20HANDBOOK%20Volume%20L,%20deltamethrin%20333%20[M],%202005.pdf
(Accessed March 20 2021).

Green, M. D., Atieli, F., and Akogbeto, M. (2009). Rapid colorimetric field test to
determine levels of deltamethrin on PermaNet surfaces: association with mosquito
bioactivity. Trop. Med. Int. Health 14 (4), 381–388. doi: 10.1111/j.1365-
3156.2009.02247.x

Jenkins, D. W., Hensens, A., Lloyd, J., Payne, M., and Cizmarik P and Hamel, S.
(2013). Development and validation of a 'universal' HPLC method for pyrethroid
quantification in long-lasting insecticidal mosquito nets for malaria control and
prevention. Trop. Med. Int. Health 18 (1), 2–11. doi: 10.1111/tmi.12011

Katusele, M., Gideon, G., Thomsen, E. K., Siba, P. M., Hetzel, M. W., and Reimer, L. J.
(2014). Long-lasting insecticidal nets remain efficacious after 5 years of use in Papua
New Guinea. P. N. G. Med. J. 57, 86–93.
Frontiers in Parasitology 08
Kweka, E. J., Himeidan, Y. E., Mahande, A. M., Mwang’onde, B. J., Msangi, S.,
Mahande, M. J., et al. (2011). Durability associated efficacy of long-lasting insecticidal
nets after 5 years of household use. Parasit. Vectors 4, 156. doi: 10.1186/1756-3305-
4-156

Maguire, R. J. (1990). Chemical and Photochemical isomerization of deltamethrin. J.
Agri. Food Chem. 38 (7), 1613–1617. doi: 10.1021/jf00097a039

MBwambo, S. G., Bubun, N., Mbuba, E., Moore, J., Mbina, K., Kamande, D., et al.
(2022). Comparison of cone bioassay estimates at two laboratories with different
Anopheles mosquitoes for quality assurance of pyrethroid insecticide-treated nets.
Malar. J. 21, 214. doi: 10.1186/s12936-022-04217-3

Perschke, H., and Hussain, M. (1992). Chemical isomerization of deltamethrin in
alcohols. J. Agri. Food Chem. 40 (4), 686–690. doi: 10.1021/jf00016a033

Skovmand, O., Dang, D. M., Tran, T. Q., Bossellman, R., and Moore, S. J. (2021).
From the factory to the field: considerations of product characteristics for insecticide-
treated net (ITN) bioefficacy testing. Malar. J. 20 (1), 363. doi: 10.1186/s12936-021-
03897-7

Smith, S. C., Joshi, U. B., Grabowsky, M., Selanikio, J., Nobiya, T., and Aapore, T.
(2007). Evaluation of bednets after 38 months of household use in northwest Ghana.
Am. J. Trop. Med. Hyg. 77 (6 Suppl), 243–248. doi: 10.4269/ajtmh.2007.77.243

Smith, S. C., Zhou, C., Stevie, F. A., and Garcia, R. (2018). Imaging and quantitative
analysis of insecticide in mosquito net fibers using Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS). PloS One 13 (12), e0209119. doi: 10.1371/
journal.pone.0209119

Vinit, R., Timinao, L., Bubun, N., Katusele, M., Robinson, L. J., Kaman, P., et al.
(2020). Decreased bioefficacy of long-lasting insecticidal nets and the resurgence of
malaria in Papua New Guinea. Nat. Commun. 11, 3646. doi: 10.1038/s41467-020-
17456-2

WHO Report of the eighteenth WHOPES working group meeting: WHO/HQ, Geneva,
29 June-1 July 2015: review of MiraNet LN, Panda Net 2.0 LN, Yahe LN, SafeNet LN.
Available at: http://apps.who.int/iris/handle/10665/184034 (Accessed January 23
2022).

WHO. (2013). Guidelines for Laboratory and Field Testing of Long-Lasting
Insecticidal Nets (Geneva: World Health Organisation).

WHO. (2017). Ten years in public health, 2007–2017: report by Dr Margaret Chan,
Director-General (Geneva: World Health Organization).

WHO. (2021). World Malaria Report 2020 (Geneva: World Health Organisation).

Yang, J. X., Erriah, B., Hu, C. H. T., Reiter, E., Zhu, X. L., Lopez-Mejias, V., et al.
(2020). A deltamethrin crystal polymorph for more effective malaria control. Proc. Natl.
Acad. Sci. U.S.A. 117 (43), 26633–26638. doi: 10.1073/pnas.2013390117
frontiersin.org

https://allianceformalariaprevention.com/itn-dashboards/net-mapping-project/
https://allianceformalariaprevention.com/itn-dashboards/net-mapping-project/
https://doi.org/10.1186/1475-2875-13-80
https://doi.org/10.1038/nature15535
https://doi.org/10.1186/s12936-022-04392-3
https://doi.org/10.4269/ajtmh.21-0613
https://doi.org/10.1186/s12936-021-03722-1
https://www.cipac.org/index.php/m-p/handbooks/handbook-o
https://www.cipac.org/index.php/m-p/handbooks/handbook-o
https://www.cipac.org/index.php/m-p/handbooks/handbook-p
https://www.cipac.org/index.php/m-p/handbooks/handbook-p
http://nyfzx.com/pdf/fx/CIPAC%20HANDBOOK%20Volume%20L,%20deltamethrin%20333%20[M],%202005.pdf
http://nyfzx.com/pdf/fx/CIPAC%20HANDBOOK%20Volume%20L,%20deltamethrin%20333%20[M],%202005.pdf
https://doi.org/10.1111/j.1365-3156.2009.02247.x
https://doi.org/10.1111/j.1365-3156.2009.02247.x
https://doi.org/10.1111/tmi.12011
https://doi.org/10.1186/1756-3305-4-156
https://doi.org/10.1186/1756-3305-4-156
https://doi.org/10.1021/jf00097a039
https://doi.org/10.1186/s12936-022-04217-3
https://doi.org/10.1021/jf00016a033
https://doi.org/10.1186/s12936-021-03897-7
https://doi.org/10.1186/s12936-021-03897-7
https://doi.org/10.4269/ajtmh.2007.77.243
https://doi.org/10.1371/journal.pone.0209119
https://doi.org/10.1371/journal.pone.0209119
https://doi.org/10.1038/s41467-020-17456-2
https://doi.org/10.1038/s41467-020-17456-2
http://apps.who.int/iris/handle/10665/184034
https://doi.org/10.1073/pnas.2013390117
https://doi.org/10.3389/fpara.2023.1258429
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

	Analysis of insecticides in long-lasting insecticidal nets using X-ray fluorescence spectroscopy and correlation with bioefficacy
	Background
	Methods
	LLIN sampling
	X-ray fluorescence analysis on single layers of netting
	Liquid chromatography mass spectrometry
	Insecticide extraction
	LC-MS measurement
	Standards
	Extraction protocol validation

	WHO cone bioassays
	Data analysis

	Results
	Liquid chromatography mass spectrometry protocol validation experiments
	Correlation of insecticide content measurements between XRF and LC-MS methods
	Correlation of insecticide content with bioefficacy

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




