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Abstract 

Background

The widespread use of pyrethroid-only long-lasting insecticidal nets (LLINs) has 

contributed substantially to malaria control; however, increasing pyrethroid resistance 

in malaria vectors threatens their continued effectiveness. To address this challenge, 

LLINs incorporating additional active ingredients have been developed. MiraNet® 
Combi is a novel LLIN incorporating alpha-cypermethrin, the insect growth regulator 

pyriproxyfen (PPF), and the synergist piperonyl butoxide (PBO).

Methods

We evaluated the efficacy of MiraNet® Combi against pyrethroid-resistant Anopheles 

funestus in western Kenya using WHO cone bioassays, tunnel tests, experimental 

hut trials, and chemical analysis. Non-inferiority of MiraNet® Combi to Royal Guard® 
(alpha-cypermethrin + PPF) and superiority to Olyset® Plus (permethrin + PBO) 

and MiraNet® (alpha-cypermethrin-only) were assessed for mosquito mortality and 

blood-feeding inhibition following 20 standardized washes, in accordance with WHO 

guidelines.

Results

In laboratory assays, MiraNet® Combi achieved high efficacy, inducing 94.5% mortal-

ity (95% CI: 91.2–97.8%) and 93.8% blood-feeding inhibition (95% CI: 90.5–97.1%) 
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across all wash points against susceptible and resistant mosquito strains. In exper-

imental hut trials, MiraNet® Combi produced the highest mortality, with 23% (95% 

CI: 21–25%) in unwashed and 25% (95% CI: 23–27%) in washed nets, signifi-

cantly exceeding unwashed Olyset® Plus (19.9%, p = 0.0002) and MiraNet® (21.9%, 

p = 0.03). Blood-feeding inhibition was comparable across all ITNs (90.2–98.4%). 

Unwashed MiraNet® Combi reduced ovary development by 37.5% (95% CI: 32.1–

42.9%), decreasing to 14.3% (95% CI: 10.2–18.4%) after washing. MiraNet® Combi 

was non-inferior to Royal Guard® for mosquito mortality but not for blood-feeding 

inhibition, superior to Olyset® Plus and MiraNet® for mosquito mortality, superior to 

MiraNet® for blood-feeding inhibition, and inferior to Olyset® Plus for blood-feeding 

inhibition.

Conclusions

MiraNet® Combi provides improved personal protection and enhanced efficacy 

against pyrethroid-resistant An. funestus compared with existing LLINs. The combi-

nation of a pyrethroid, PBO, and PPF represents a promising strategy for resistance 

management and malaria vector control in areas with high pyrethroid resistance.

Background

Malaria remains a major global public health challenge, with insecticide-treated nets 
(ITNs) serving as the primary preventive measure for vector control. [1]. However, the 
emergence and spread of insecticide resistance, particularly to pyrethroids, threat-
ens the effectiveness of these interventions [2]. In response, significant collaborative 
efforts between chemical industries, academia, and product development partner-
ships to expand the vector control toolbox and manage pyrethroid resistance in 
malaria vectors. The World Health Organization (WHO) recommended  
pyrethroid-treated nets for malaria control until 2018. However, increasing pyrethroid 
resistance in malaria vectors has necessitated the development of nets incorporating 
additional active ingredients. [3,4]. Furthermore, novel net types are being developed 
to maintain effectiveness in resistance-prone areas, incorporating insecticide syner-
gists, multiple insecticides, or combinations of insecticides and insect growth regula-
tors [5].

Insecticide treated nets containing both pyrethroids and piperonyl butoxide (PBO; 
an insecticide synergist that primarily acts by inhibiting the action of oxidase enzymes 
in mosquito vectors) have been shown to be effective against pyrethroid-resistant An. 
gambiae sensu lato (s.l.) and An. funestus mosquitoes [1]. Recent large cluster ran-
domized trials in Uganda [2] and Tanzania [3] showed that the pyrethroid-PBO nets 
Olyset® Plus (Sumitomo Chemical, Tokyo, Japan) and PermaNet® 3.0 (Vestergaard 
Frandsen, Lausanne, Switzerland) confer better protection against malaria than  
pyrethroid-only nets in areas where the main malaria vectors exhibit intermediate 
levels of resistance mediated by the monooxygenase-based pyrethroid resistance 
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mechanism [4]. However, there is still uncertainty regarding the performance of pyrethroid-PBO ITNs against mosquito 
populations with extremely high levels of pyrethroid resistance or when there are multiple mechanisms of resistance, such 
as glutathione S-transferases (GST)-based metabolic resistance, driving the insecticide resistance phenotype [5]. This 
emphasizes the need for additional innovations to improve control and reduce malaria transmission.

The effectiveness of ITNs against insecticide-resistant Anopheles depends on the frequency and strength of the resis-
tance [6–8]. To address this challenge, new active ingredients and combinations are being developed and tested. A prom-
ising approach is the incorporation of multiple compounds in ITNs, such as pyrethroids, the synergist piperonyl butoxide 
(PBO), and pyriproxyfen, an insect growth regulator. This combination aims to improve control of pyrethroid-resistant 
anopheline mosquitoes through multiple modes of action. Several ITNs with dual active ingredients have shown promising 
results in rigorous randomized controlled trials across various malaria-endemic settings. These include Interceptor® G2 
(pyrethroid + chlorfenapyr), Royal Guard® (alpha-cypermethrin + pyriproxyfen), and Olyset® Duo (permethrin + pyriproxyfen) 
[4,9–11]. The epidemiological efficacy demonstrated by these next-generation ITNs highlights the potential of  
multi-ingredient approaches in combating insecticide resistance. Before novel ITNs can be recommended for public health 
use, they undergo a rigorous evaluation process by the WHO Pre-Qualification Team (PQT) [12]. This process ensures 
that new vector control tools meet the necessary safety and efficacy standards for widespread deployment.

While large-scale randomized controlled trials provide valuable epidemiological data on the effectiveness of next- 
generation ITNs, it is not feasible to conduct such trials in all epidemiological and ecological settings due to resource and 
time constraints. However, experimental hut trials offer a cost-effective alternative for assessing the entomological effi-
cacy of these interventions [13]. Data from these experimental hut studies can be used in malaria transmission models to 
predict the effectiveness of novel ITNs in comparison to first-in-class products by conducting non-inferiority assessments 
[14]. MiraNet® Combi (A to Z Group Limited, Tanzania) is a novel triple-active ITN that combines alpha-cypermethrin, 
PBO, and pyriproxyfen (PPF). The addition of PPF, a juvenile hormone mimic, aims to reduce the fecundity and fertility of 
adult Anopheles mosquitoes that survive contact with the net [15]. This multi-pronged approach is designed to enhance 
vector control in areas with high frequency and intensity of insecticide resistance. Despite the availability of dual-active 
LLINs incorporating either PBO or pyriproxyfen, evidence on the added value of combining a pyrethroid, a synergist, and 
an insect growth regulator within a single net remains limited. MiraNet® Combi was developed to address this gap by 
targeting both metabolic resistance mechanisms and mosquito reproductive capacity, thereby offering a potentially more 
durable resistance-management tool.

The present study evaluated the non-inferiority of MiraNet® Combi against two established combination ITNs: Royal 
Guard® (alpha-cypermethrin + pyriproxyfen) and Olyset® Plus (permethrin + PBO). Additionally, we assessed the superiority 
of MiraNet® Combi over the standard pyrethroid-only MiraNet® ITN. This evaluation was conducted using experimental hut 
trials against wild, free-flying pyrethroid-resistant An. funestus in Siaya, western Kenya.

Methods

Study site and experimental huts

Experimental hut trials (EHTs) were conducted at the Dala Suna experimental hut site on the shores of Lake Kanyaboli 
(0° 02′ 08.5″ N, 34° 11′ 05.0″ E) in Alego Usonga sub-County, Siaya County, western Kenya. The huts are located close 
to the swamps that provide conducive breeding habitats for malaria vectors and are characterized by a high year-round 
abundance of An. funestus and seasonal peaks of An. arabiensis, with average household densities > 300 and > 20 per 
night, respectively at peak seasons [16]. The area experiences two rainy seasons, from March to May and October to 
November, with high malaria transmission throughout the year [17]. The experimental huts are designed to resemble a 
typical Kenyan household structure with mosquito exit/entry points (eaves, windows and doors) (Fig 1A). Mosquito exit 
traps were fitted to all four windows of the experimental huts, two windows on the front face and two on the back of the 
huts. The walls are made of blocks and lined with mud on the inside. The huts have corrugated iron roofs and a 10-cm 
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eave gap. To prevent mosquitoes from exiting the huts, wood baffles are installed at the eave gaps, allowing easy entry 
for mosquitoes (Fig 1C). In addition, the floors are tiled white for easy collection of knocked-down and dead mosquitoes 
(Fig 1B). The huts are elevated above the ground on a concrete base surrounded by a water-filled moat to keep ants 
away [18].

Insecticides susceptibility

Mosquito larvae and adults were collected from the study area between May and July 2024. An. gambiae s.l. larvae were 
collected from natural breeding sites, while adult blood-fed An. funestus were collected indoors from surrounding houses 
after obtaining informed consent. Mosquitoes were reared at the KEMRI-CGHR insectary under standard conditions 
(27 ± 2°C, 80 ± 10% RH, 12:12 light: dark cycle). The F1 generation of An. funestus and adult An. gambiae s.l. were used 
for insecticide resistance testing. The insecticide-susceptible Kisumu strain of An. gambiae served as a control. Insec-
ticide susceptibility was assessed using WHO tube and bottle assays. Three- to five-day-old mosquitoes were exposed 
to diagnostic doses of alpha-cypermethrin (0.05%), permethrin (0.75%), and deltamethrin (0.05%) for 1 hour. Knock-
down was recorded every 10 minutes during exposure, and mortality was assessed 24 hours post-exposure. Resistance 
intensity was evaluated using 5X and 10X diagnostic concentrations. Synergist assays were conducted by pre-exposing 
mosquitoes to 4% PBO for 1 hour before insecticide exposure. Bottle bioassays were conducted using chlorfenapyr (100 
µg/bottle) and clothianidin (4 µg/bottle) following WHO protocol [21]. Mosquitoes were exposed for 60 minutes, with knock-
down recorded every 10 minutes. Post-exposure mortality was monitored at 24, 48, and 72 hours for chlorfenapyr, and at 
24 hours for clothianidin.

Description of treatments used in the EHTs

1.	MiraNet® Combi (A to Z Group Limited, Tanzania): HDPE monofilament net incorporating alpha-cypermethrin (6.0 g/kg), 
pyriproxyfen (20 g/kg), and PBO (10 g/kg).

Fig 1.  Experimental hut design: A front view of the hut fitted with window exit traps, B showing the tiled floor and the hut interior walls C 
showing the wood baffles and D showing eaves.

https://doi.org/10.1371/journal.pone.0331995.g001
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2.	Olyset® Plus (Sumitomo Chemical Company Limited, Japan): Monofilament HDPE LLIN with permethrin (20 g/kg) and 
PBO (10 g/kg).

3.	Royal Guard® (Disease Control Technologies, USA): HDPE/LLDPE fabric monofilament net treated with  
alpha-cypermethrin and pyriproxyfen (both at 5.0 g/kg).

4.	MiraNet® (A to Z Group Limited, Tanzania): Standard pyrethroid LLIN treated with alpha-cypermethrin (4.5 g/kg).

Baseline quality check and net washing

Forty-five nets (15 each of MiraNet® Combi, MiraNet®, and Olyset® Plus) were randomly selected for baseline quality 
assessment, for the Royal Guard® this was not done since the number supplied was fixed. Three 25 cm x 25 cm samples 
from each net were tested using cone assays and chemical analysis following WHO guidelines.

Nine nets of each type were washed 20 times according to WHO protocols [22]. Nets were washed individually in 10 
L of clean water with 2 g/L of soap, agitated for 10 minutes, and rinsed twice. Nets were dried under shade and stored at 
ambient temperature between washes. All nets used in the experimental hut trials were deliberately holed with six 4 x 4 
cm holes to simulate wear and tear [23].

Laboratory assays

Cone test.  Cone bioassays were performed on 25 cm x 25 cm net pieces before and after field trials for all wash 
points. Five non-blood-fed female mosquitoes were exposed to each of four cones attached to the net piece for 3 minutes 
[24]. Both susceptible An. gambiae (Kisumu strain) and F1 An. funestus were tested. Knockdown was recorded at 60 
minutes post-exposure, and mortality was assessed at 24, 36, and 72 hours.

Tunnel test.  Tunnel tests were conducted to assess host-seeking behavior, mortality, and blood-feeding success of 
pyrethroid-resistant An. funestus F1 mosquitoes. Tests were performed using the same net pieces as in the cone assays. 
The tunnel apparatus consisted of a square glass chamber divided into two sections by a frame fitted with a net sample. 
A rabbit was used as bait in the shorter section, while 100 5–8-day old mosquitoes were released in the longer section 
at 1800 hours and left until 0700 hours the next day. Mortality and blood-feeding success were recorded, with delayed 
mortality assessed up to 72 hours post-exposure.

Experimental hut trial procedure

Experimental hut trials were conducted to compare the entomological efficacy of MiraNet® Combi, Royal Guard®, Olyset® 
Plus and MiraNet® ITNs, tested unwashed and after 20 standardized washes, against free flying pyrethroid-resistant An. 
funestus. Each ITN type included nine unwashed and nine washed replicates. The untreated control comprised nine nets, 
giving a total of 81 nets assessed.

Nine consented volunteers slept in the huts from 20:30–06:30 daily throughout the trial period. To control varia-
tion in individual attractiveness to mosquitoes, volunteers rotated daily between the huts using a simple 9*9 Latin 
Square Design. Treatments were also rotated between huts after each 9-night collection period to minimize posi-
tional effects. Nets were installed following standard hut procedures, with the roof panel edges secured to nails 
fixed at the upper corners of the hut walls. Mosquito collections were performed for 9 days in each collection round; 
on the 10th day, the huts were cleaned and aired to prevent contamination and carry-over effects before the next 
rotation cycle.

The trial evaluated the following treatment arms, each with nine replicates: untreated control (washed 20 times), 
MiraNet® Combi (unwashed and washed), Royal Guard® (unwashed and washed), Olyset® Plus (unwashed and washed), 
and MiraNet® (unwashed and washed).
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Mosquito collections and processing.  Nine consented volunteers slept in experimental huts from 20:30–06:30 
during each trial to attract wild, free-flying mosquitoes. All volunteers were provided with weekly prophylaxis (Mefloquine) 
and supervisors recorded side effects throughout the study period. Mosquito collections were performed daily from 
06:30–08:00 using mouth aspirators. Sleepers collected both dead and alive mosquitoes from inside the huts, including 
the walls, roof, inside and under the bed net, and from the window exit traps using mouth aspiration. Collected mosquitoes 
were transferred into clean, netted paper cups and provided with a 10% sugar solution. Samples were placed in cooler 
boxes and transported to the field insectary laboratory.

In the laboratory, the mosquitoes were sorted by physiological status (alive or dead, blood-fed or unfed, gravid or 
half-gravid) and identified morphologically to species using standard taxonomical keys [19]. All the live mosquitoes were 
observed for knockdown one-hour post-collection, and mortality was recorded at 24-hour interval for up to 72 hours.

To evaluate the impact of MiraNet® Combi and Royal Guard® ITNs on mosquito reproduction, subsamples of surviving 
blood-fed mosquitoes were dissected post-survival (72hr) to observe ovarian development. Fertility was scored according 
to Christophers’ stages of egg development [20],with females classified as fertile if oocytes reached stage V and infertile if 
development remained at stages I–IV.

Experimental hut trial outcome measures

The primary outcome measures used to express the efficacy of the experimental hut treatments against pyrethroid-resistant 
An. funestus and compare the impact of the MiraNet® Combi ITNs to the pyrethroid-only ITNs MiraNet® were:

	 i.	 Mortality (%): the proportion of dead mosquitoes 72 h after collection

	ii.	 Blood-feeding (%): the proportion of blood-fed mosquitoes.

	iii.	 Blood-feeding inhibition (%): the reduction in the proportion of blood-fed mosquitoes in the treated hut relative to the 
untreated control hut. Calculated as follows:

	
Blood feeding inhibition (%) =

100 (Bfu – Bft)
Bfu 	

Where Bfu is the proportion of blood-fed mosquitoes in the untreated control hut and Bft is the proportion of blood-fed 
mosquitoes in the treated hut.

iv.	 Fertility (%): the proportion of dissected mosquitoes scored fertile.

The secondary outcome measures were used to express the efficacy of the experimental hut treatments against  
pyrethroid-resistant An. funestus were:

	 i.	 Entry (n): the number of mosquitoes collected inside the hut.

	ii.	 Deterrence (%): the reduction in entry in the treated hut relative to the untreated control hut. Calculated as follows:

	
Deterrence (%) =

100 (Tu – Tt)
Tu 	

Where Tu is the number of mosquitoes entering the untreated control hut and Tt is the number of mosquitoes entering the 
treated hut.

iii.	 Exophily (%): exiting rates due to the potential irritant effect of treatments expressed as the proportion of mosquitoes 
collected in the window exit traps.
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iv.	 Reduction in fertility (%): the proportion of dissected mosquitoes scored as fertile for a given treatment compared to 
the control. Calculated as follows:

	
Reduction in fertility (%) =

100(Fu – Ft)
Fu 	

Where Fu is the proportion of fertile mosquitoes in the untreated control hut and Ft is the proportion of fertile mosquitoes 
in the treated hut.

	v.	 Personal protection (%): Reduction in the actual number of mosquitoes that blood-feed on a person. Calculated as:

	
Personal protection =

100(cu – ct)
cu 	

Where Cu is the number of blood-fed mosquitoes in the untreated control hut and Ct is the number of blood fed in the 
treatment hut.

	vi.	 Overall killing effect: is the proportionate increase in mosquito mortality attributable to an intervention compared to 
the untreated control. Calculated as

	
Overall killing effect (%) =

100 (Kt – Ku)
Tu 	

Where:
Kt = number of mosquitoes killed in the treatment hut
Ku = number of mosquitoes killed in the control hut
Tu = total number of mosquitoes collected in the control hut

Chemical assays

The net pieces for chemical analysis were cut from randomly selected ITNs from all the wash points in every arm, before 
and after the hut trials, and five pieces were obtained from each net apart from MiraNet Combi, from which 3 pieces were 
obtained from the top and 1 from each side (7 pieces) following WHO guidelines on net cutting. The cut net pieces were 
shipped wrapped in aluminium foil to the Department of Analytical Chemistry, International Institute of Biotechnology and 
Toxicology (IIBAT), Padappai – 601 301, Kancheepuram District, Tamil Nadu, India to determine the wash retention of 
active ingredients in the net pieces using analytical methods validated and published by the Collaborative International 
Pesticides Analytical Council (CIPAC).

The active content of Alpha-cypermethrin in MiraNet Combi, Royal Guard and MiraNet ITNs was quantified by capillary 
Gas Chromatography using Flame Ionization Detector (GC-FID) and dioctyl phthalate as internal standard, after extraction 
by refluxing with xylene and 10% citric acid solution for 30 minutes. Citric acid was added to avoid the epimerization of 
Alpha-cypermethrin. Alpha-cypermethrin content was analyzed following CIPAC volume M; 454/LN/M/3.2.

The active content of Piperonyl butoxide in MiraNet Combi and Olyset® Plus was quantified by capillary Gas Chromatogra-
phy using Flame Ionization Detector (GC-FID) and octadecane as an internal standard, after extraction by refluxing with xylene 
for 30 minutes. Piperonyl butoxide content was analyzed following CIPAC volume N; CIPAC/4941, extension of 33/LN/(M)/3.

The active content of Pyriproxyfen in MiraNet Combi Roof Panel and Royal Guard was quantified using HPLC and 
dicyclohexyl phthalate as internal standard. After being evaporated, added acetonitrile dissolved completely. Pyriproxyfen 
content was analyzed following CIPAC Volume – N, CIPAC/4887, extension of 715/TC/M/3 and 715/LN/M/3.
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The active content of Permethrin in Olyset® Plus was quantified by capillary Gas Chromatography using Flame Ioniza-
tion Detector (GC-FID) and dicyclohexyl phthalate as internal standard, after evaporating filter the solution was injected for 
analysis Permethrin content was analyzed following (CIPAC/4841).

Data analysis

The difference in proportional outcomes (mortality, blood feeding and exophily) between treatments and control at all wash 
points were analysed using binomial generalized linear mixed-effects models with hut ID, sleeper ID and collection week as 
random effects. In contrast, differences in numerical outcomes (entry) were analysed using a negative binomial regression 
model. Tests of non-inferiority between MiraNet® Combi and Royal Guard®, as well as Olyset® Plus for both mortality and blood 
feeding, were performed according to the WHO protocol [21]. A candidate product is considered non-inferior to the active 
comparator product if: (a) the lower 95% confidence interval of the odds ratio describing the difference in mortality between the 
candidate and comparator product is > 0.7 and/or (b) the upper 95% confidence interval of the odds ratio describing the differ-
ence in blood feeding between the candidate and comparator product is < 1.43. The superiority between MiraNet® Combi and 
MiraNet® was also assessed based on whether mortality rates were higher and blood feeding rates lower at a 5% significance 
level (i.e., p < 0.05). All analyses were done using R Statistical Software (v4.2.2; R Core Team 2021).

Ethical Considerations and Compliance with Good Laboratory Practice (GLP)

Recruitment start day 04/01/2024 and ended in 05/11/2024
This study was approved by KEMRI Scientific and Ethical Review Unit (Ref: SERU 4536). All adult participants (aged 

18–45 years) provided written informed consent prior to participation. Consent forms were provided in both English 
and Dholuo, and participants signed the form before enrolment. For those unable to write, a thumbprint was obtained in 
the presence of an impartial witness, who also signed the form. The study did not involve minors; therefore, parental or 
guardian consent was not required. No waivers of consent were requested or granted by the ethics committees. Those 
who consented were provided with weekly malaria prophylaxis (Mefloquine). The study site is accredited by the Kenya 
Pest Control Products Board (PCPB) for national evaluation of vector control products. All procedures were conducted in 
accordance with WHO guidelines for non-inferiority trials of LLINs [27] and in compliance with Good Laboratory Practice 
(GLP) requirements.

Results

Insecticide susceptibility assays

A total of 3,000 female mosquitoes were tested for insecticide susceptibility. No mortality was observed in control groups, 
eliminating the need for Abbott’s formula correction. Pyrethroid resistance was detected in both An. gambiae s.l. and 
An. funestus populations (Table 1). An. gambiae s.l. showed 45% mortality to the diagnostic dose of deltamethrin (1X), 
increasing to 84% at 5X dose. Similar patterns were observed for permethrin and alpha-cypermethrin. An. funestus exhib-
ited 72% mortality to 1X deltamethrin, rising to 77% at 5X dose. An. funestus did not exhibit 100% mortality even at 10X 
the diagnostic doses. Pre-exposure to PBO fully restored susceptibility to deltamethrin and partially restored susceptibility 
to permethrin and alpha-cypermethrin in An. gambiae s.l. For An. funestus, PBO only partially restored susceptibility to all 
tested pyrethroids. Non-pyrethroid insecticides (pirimiphos-methyl, clothianidin, and chlorfenapyr) induced 100% mortality 
at diagnostic doses in both species.

Baseline variability check

All three batches of the assessed LLINs induced 100% mortality within 24 hours when exposed to the susceptible An. 
gambiae Kisumu strain, indicating no significant variation between batches (Fig 2).
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Table 1.  Insecticide resistance profile of Anopheles malaria vector population from the Lake Kanyaboli experimental hut site.

Assays Insecticide Concentration An. gambiae s.l. An. funestus

Sample size % mortality Sample size % mortality

WHO tube Alpha-cypermethrin 0.05% 100 82 100 45

0.25% 100 88 100 60

0.50% 100 93 100 94

PBO + Alpha-cypermethrin 0.05% 100 95 100 97

Deltamethrin 0.05% 100 45 100 72

0.25% 100 84 100 77

0.50% 100 100 100 92

PBO +Deltamethrin 0.05% 100 100 100 97

Permethrin 0.75% 100 82 100 64

3.75% 100 98 100 86

7.50% 100 100 100 94

PBO + Permethrin 0.75% 100 99 100 95

Pirimiphos methyl 0.25% 100 100 100 100

WHO bottle Clothianidin 4 µg/ml 100 100 100 100

Chlorfenapyr 100 µg/ml 100 100 100 100

https://doi.org/10.1371/journal.pone.0331995.t001

Fig 2.  Mortality of An. gambiae, Kisumu strain against three batches of ITNs before the hut evaluation. UN = untreated net; MN = MiraNet®; 
MNC = MiraNet® Combi; OP = Olyset® Plus; RG = Royal Guard.

https://doi.org/10.1371/journal.pone.0331995.g002
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Supplementary assays

Tunnel assay.  Before the hut trial, MiraNet® Combi, Royal Guard®, and Olyset® Plus induced >96% mortality at all wash 
points against pyrethroid-resistant An. funestus. MiraNet® showed a slight decrease in mortality from 97% (unwashed) 
to 93.5% (20 washes). Post-hut trial, MiraNet® Combi and Olyset® Plus maintained >96% mortality, while Royal Guard® 
efficacy decreased to 93–95% (Table 2). All tested LLINs induced 100% mortality in susceptible An. gambiae Kisumu strain.

MiraNet® Combi demonstrated high efficacy in wash resistance tunnel tests, with ≥95% mortality (Fig 3) and ≥94% 
blood-feeding inhibition against resistant strains across all wash points (Fig 4).

Cone assay.  Cone bioassays with An. funestus resulted in relatively low mortality rates. Before hut trials, MiraNet® 
Combi and Olyset® Plus induced 44–48% mortality, Royal Guard® 42%, and MiraNet® 34–36%. Post-trial mortality rates 
decreased slightly for all LLINs (Fig 5). There was 100% mortality of An. gambiae Kisumu strain laboratory colony when 
exposed for three minutes in the cone assay (Fig 6).

Chemical analysis

Quantification of active content.  The initial active ingredient (AI) concentrations of all unwashed nets were within 
manufacturer specifications (Table 3). After 20 washes, retention rates varied considerably between active ingredients 

Table 2.  Proportion of dead An. funestus when exposed to ITNs in tunnel assays.

ITNs Before the hut trial After the hut trial

Unwashed % (N) Washed 20X % (N) Unwashed % (N) Washed 20X % (N)

MiraNet® 97 (194) 93.5 (187) 93 (187) 95 (190)

MiraNet® Combi 98 (196) 97.5 (195) 97 (194) 96.5 (193)

Olyset® Plus 97 (194) 99.5 (199) 97.5 (195) 96 (192)

Royal Guard® 96.5 (193) 96.5 (193) 93(192) 95 (193)

https://doi.org/10.1371/journal.pone.0331995.t002

Fig 3.  Mortality of pyrethroid-resistant An. funestus, from the experimental hut site, when exposed to wash-resistance tunnel tests. Error 
bars represent 95% confidence intervals. The red lines indicate the WHO cut-off criteria for efficacy in tunnels. UN = untreated net; MN = MiraNet®; 
MNC = MiraNet® Combi; OP = Olyset® Plus; RG = Royal Guard.

https://doi.org/10.1371/journal.pone.0331995.g003
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and net types: Alpha-cypermethrin showed consistent retention across products: MiraNet Combi: 79.3%, Royal Guard: 
81.2%, and MiraNet: 74.8%. PBO retention differed between products: MiraNet Combi: 74.1% and Olyset® Plus: 66.9%. 
Pyriproxyfen showed lowest retention: MiraNet Combi: 56.8% and Royal Guard: 61.3%. Permethrin in Olyset® Plus 
showed 74.0% retention. Panel location (top vs side) had minimal impact on retention for most AIs (<5% difference), 
except for pyriproxyfen in Royal Guard which showed lower retention in top panels (56.8%) compared to side panels 
(59.2%). Statistical comparison showed no significant differences in alpha-cypermethrin retention between net types 
(p > 0.05). However, PBO retention was significantly higher in MiraNet Combi compared to Olyset® Plus (p < 0.01). All nets 
met WHO criteria for minimum active ingredient content after 20 washes (>75% for pyrethroids).

Fig 4.  Blood-feeding inhibition of pyrethroid-resistant An. funestus, from the experimental hut site in Siaya, when subjected to  
wash-resistance tunnel tests. Error bars represent 95% confidence intervals. The red lines indicate the WHO cut-off criteria for efficacy in tunnels. 
UN = untreated net; MN = MiraNet®; MNC = MiraNet® Combi; OP = Olyset® Plus; RG = Royal Guard.

https://doi.org/10.1371/journal.pone.0331995.g004

Fig 5.  Mortality of pyrethroid-resistant An. funestus, from the experimental hut site, Siaya, when exposed in the cone assay. UN = untreated 
net; MN = MiraNet®; MNC = MiraNet® Combi; OP = Olyset® Plus; RG = Royal Guard.

https://doi.org/10.1371/journal.pone.0331995.g005
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Experimental hut trials

Mosquito entry and exiting rates:.  An. funestus was the dominant species (82%), followed by Culex (16%) and An. 
gambiae s.l. (2%) (Fig 7). Due to insufficient numbers of An. gambiae s.l, downstream analyses focused on An. funestus. 
A total of 15394 female An. funestus wild free-flying mosquitoes were collected in experimental huts during the trial 
(Table 4). The average nightly mosquito collection in control huts was 43. Mosquito entry decreased with washed nets 
across all ITNs, though these were not statistically significant. Exiting rates were significantly higher for all ITNs compared 
to the untreated net (5%). Among the ITNs, unwashed Olyset® Plus induced the highest exiting rate. Exiting decreased 
with washing for all ITNs except for Royal Guard®

Fig 6.  Mortality of susceptible An. gambiae, Kisumu strain, laboratory colony when exposed cone assay for three minutes. Error bars represent 
95% confidence intervals. UN = untreated net; MN = MiraNet®; MNC = MiraNet® Combi; OP = Olyset® Plus; RG = Royal Guard.

https://doi.org/10.1371/journal.pone.0331995.g006

Table 3.  The content of active ingredients contained in unwashed and washed net pieces before and after hut trial in the experimental hut trial 
in Siaya, western Kenya.

ITNs Active Ingredient (AI) Panel Quantity of AI/Wash status/Panel AI Retention/
Panel (%)

AI Retention/ITN (%)

Unwashed (g/kg) Washed 20X (g/kg)

MiraNet Alpha-cypermethrin Side 4.76 3. 76.68 77.04

Top 4.78 3.7 77.41

MiraNet Combi Alpha-cypermethrin Side 5.61 4. 82.71

Pyriproxyfen (PPF) Top 20.41 11.7 57.32 57.32

Piperonyl butoxide (PBO) Side 9.99 7.60 76.09 76.00

Top 9.96 7.56 75.90

Olyset® Plus Permethrin Side 19.51 15.68 80.37 79.81

Top 19.71 15.62 79.25

Piperonyl butoxide Side 8.37 5.87 70.13 70.87

Top 8.31 5.95 71.60

Royal Guard Alpha-cypermethrin Side 4.89 3.93 80.37 80.91

Top 4.96 4.04 81.45

Pyriproxyfen (PPF) Side 5.12 3.03 59.18 58.01

Top 5.12 2.91 56.84

https://doi.org/10.1371/journal.pone.0331995.t003
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Blood-feeding inhibition

Mosquito blood-feeding with the untreated net was at 67%. Relative to the control, blood-feeding rates were significantly 
lower for all treatment arms (Fig 8). Olyset® Plus had the lowest blood feeding rate amongst all treated ITN for both 
unwashed and washed categories. With all ITN types, blood-feeding rates increased after 20 washes. Blood-feeding 
inhibition was highest with Olyset® Plus (98% before washing and 94% after 20 washes) and lowest with MiraNet® (92% 
before washing and 90% after 20 washes). Overall, all ITNs had very high and similar rates of blood-feeding inhibition. 
This was also the case for personal protection (Table 5).

Reproductive effects

Mosquitoes from untreated huts had a 100% success rate in ovary development with all of them achieving Christopher’s 
stage V. However, fed mosquitoes that encountered PPF-treated nets were very low in number thus very few were avail-
able for dissections so these results must be interpreted with caution as the sample sizes were very low (Table 6). The 

Fig 7.  Proportion of mosquito population from EHTs site in Lake Kanyaboli, Siaya, western Kenya.

https://doi.org/10.1371/journal.pone.0331995.g007

Table 4.  Rates of deterrence and exophily of mosquitoes in the different experimental arms.

Net type Net status Total females caught* %Deterrence Total exiting % Exophily* 95% CIs

Untreated net – 3500b – 166 5c 4-6

MiraNet® Unwashed 1477a 58 457 31a 29-33

Washed 20x 1423a 59 432 30a 28-33

MiraNet® Combi Unwashed 1545a 56 443 29a 26-31

Washed 20x 1403a 60 290 21b 19-23

Olyset® Plus Unwashed 1359a 61 601 44c 42-47

Washed 20x 1293a 63 397 31a 28-33

Royal Guard Unwashed 1891b 46 562 30a 28-32

Washed 20x 1503b 57 496 33a 31-35

*Values in the same column bearing the same letter do not differ significantly at the 5% level

https://doi.org/10.1371/journal.pone.0331995.t004



PLOS One | https://doi.org/10.1371/journal.pone.0331995  August 12, 2026 14 / 19

Fig 8.  Blood feeding rates under the different types of nets. UN = untreated net; MN = MiraNet®; MNC = MiraNet® Combi; OP = Olyset® Plus; 
RG = Royal Guard.

https://doi.org/10.1371/journal.pone.0331995.g008

Table 5.  Blood-feeding inhibition rates of new generation ITNs against An. funestus in experimental huts at Lake Kanyaboli, western Kenya. 
Values in the same column bearing the same letter do not differ significantly at the 5% level.

Net type Net status Total females 
caught*

Total blood-fed % Blood 
feeding*

95% CIs % Blood feeding 
inhibition

% Personal 
protection

Untreated net – 3500c 2329 67e 65-68 – –

MiraNet®® Unwashed 1477ab 83 6ab 5-7 92 96

Washed 20x 1423a 99 7c 6-8 90 96

MiraNet® Combi® Unwashed 1545ab 60 4ab 3-5 94 97

Washed 20x 1403a 71 5a 4-6 92 97

Olyset® Plus Unwashed 1359a 21 2d 1-2 98 99

Washed 20x 1293a 53 4ab 3-5 94 98

Royal Guard® Unwashed 1891b 56 3b 2-4 96 98

Washed 20x 1503ab 69 5ab 4-6 93 97

https://doi.org/10.1371/journal.pone.0331995.t005

Table 6.  Reproductive effects of pyriproxyfen-treated ITNs against pyrethroids-resistant An. funestus from experimental huts.

LLIN code Wash point Development stage Number of mosquitoes 
dissected

% ovary development 
stage

% ovary develop-
ment success rate

MiraNet®® Combi Unwashed V 5 62.5 62.5

I &IV 3 37.5

Washed 6 85.7 85.7

I & IV 1 14.3

Royal Guard Unwashed V 5 83.3 100

I & IV 1 16.7

Washed V 14 87.5 87.4

I & IV 2 12.5

Control Unwashed V 81 100.0 100

https://doi.org/10.1371/journal.pone.0331995.t006
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unwashed MiraNet® Combi net was found to inhibit ovary development by 37.5%, while the washed MiraNet® Combi net 
had the lowest inhibition of 14.3%. In contrast, mosquitoes collected from huts with unwashed Royal Guard® nets had a 
success rate of 100% in ovary development, while washed Royal guard® had ovary development inhibition of 12.5%.

Mortality

Control mortality at 72 hours was 6%. All ITNs induced significantly higher mortality compared to the control. MiraNet® 
Combi demonstrated the highest mortality before and after washing. In the unwashed category, the difference was only 
significant compared to unwashed Olyset® Plus. In the washed group, differences relative to MiraNet® and Olyset® Plus 
were statistically significant (p < 0.05). All the mortality was 25% and below indicative of the high level of insecticide resis-
tance in this vector population (Table 7).

Non-inferiority assessment

MiraNet Combi® was found to be superior to both Olyset® Plus and MiraNet® in terms of its ability to kill mosquitoes and to 
MiraNet® in terms of preventing vector blood feeding. It is Inferior to Olyset® Plus when it comes to preventing vector blood 
feeding. MiraNet Combi® was found to be non-inferior to Royal Guard® in terms of its ability to kill mosquitoes and not 
non-inferior to Royal Guard® in preventing vector blood feeding (Table 8).

Discussion

This study provides comprehensive evidence on the efficacy and wash resistance MiraNet® Combi, evaluating both 
chemical retention and bioefficacy against pyrethroid-resistant An. funestus in western Kenya. Our findings demon-
strate three key outcomes that advance understanding of combination net performance. First, chemical analysis 
revealed differential retention of active ingredients after standardized washing. Alpha-cypermethrin showed highest 
retention (79.3%), followed by PBO (74.1%), while pyriproxyfen showed lowest retention (56.8%). These findings align 
with previous studies of combination nets [[5,22]] and highlight the technical challenge of maintaining multiple active 
ingredients through repeated washing. Second, despite variable chemical retention, MiraNet® Combi demonstrated 
non-inferiority to existing combination nets and superiority over standard nets in key efficacy measures. The mortality 
rates (23–24%) were significantly higher than standard nets (p < 0.05) and comparable to other combination products 
([3]). The relatively low mortality observed across treatments reflects the high level of pyrethroid resistance in the 
local An. funestus population; however, MiraNet® Combi provided improved personal protection through enhanced 
blood-feeding inhibition. [23]. Third, the high blood-feeding inhibition (90–98%) maintained after washing suggests that 
personal protection remains robust even as insecticidal efficacy declines. This finding supports previous evidence that 

Table 7.  Mortality at 72 hours induced by the different treatments. Values in the same column bearing the same letter do not differ signifi-
cantly at the 5% level.

Net type Net status Total females caught* Total 72h mortality % 72h mortality* 95% CIs % Overall killing effect

Untreated net – 3500c 212 6c 5-7 –

MiraNet® Unwashed 1477ab 324 22a 20-24 3

Washed 20X 1423a 305 21a 19-24 3

MiraNet® Combi Unwashed 1545ab 357 23a 21-25 4

Washed 20X 1403a 348 25c 23-27 4

Olyset® Plus Unwashed 1359a 271 20b 18-22 2

Washed 20X 1293a 251 19ab 17-22 1

Royal Guard® Unwashed 1891b 406 21ab 20-23 6

Washed 20X 1503ab 335 22abc 20-24 4

https://doi.org/10.1371/journal.pone.0331995.t007
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ITNs continue to provide valuable protection in settings with resistant mosquitoes through multiple mechanisms [24] 
and forms a robust argument against using insecticide free nets.

Although MiraNet® Combi contains a higher alpha-cypermethrin loading than some comparator nets, its improved 
performance cannot be attributed to pyrethroid dosage alone. The inclusion of PBO enhances pyrethroid bioavailability by 
inhibiting metabolic resistance mechanisms, while pyriproxyfen disrupts mosquito reproductive development. The com-
bined action of these components is therefore likely responsible for the observed improvements in efficacy.

The discrepancy between high mortality rates in tunnel tests (87.5–99.5%) and lower rates in experimental hut trials 
reflects important real-world considerations. This exposure-dependent efficacy, documented in previous studies [25], high-
lights the importance of both laboratory and field testing. In tunnel tests, mosquitoes have prolonged contact with the net, 
while in hut trials, free-flying mosquitoes may have shorter, intermittent contact periods. This behavioral response could be 
due to the irritant or repellent effects of the insecticides, as observed in previous studies [26,27].

Insecticide resistance profiling revealed moderate to high intensity resistance to pyrethroids in both An. gambiae s.l. 
and An. funestus populations. The partial restoration of susceptibility following PBO pre-exposure indicates the involve-
ment of metabolic resistance mechanisms, particularly oxidases. However, the incomplete restoration suggests the 
presence of additional resistance mechanisms, such as target-site mutations or other metabolic pathways. [5,28]. This 
complexity of resistance [29] emphasizes the value of combination nets deploying multiple active ingredients.

The differential retention of active ingredients has important implications for long-term efficacy: Alpha-cypermethrin 
retention (79.3%) exceeds WHO criteria and aligns with previous durability studies [30], PBO retention (74.1%) maintains 
sufficient synergist activity [1] and Pyriproxyfen retention (56.8%) may limit long-term sterilizing effects [15]). The multi-
modal action of MiraNet® Combi provides both immediate (mortality and feeding inhibition) and long-term (sterilizing) 

Table 8.  Assessment of superiority of Miranet Combi® to Olyset® Plusand Miranet® and non-inferiority to Royal Guard®.

Superiority assessment Superiority assessment Non-inferiority assessment

Olyset® Plus MiraNet Combi® MiraNet® MiraNet Combi® Royal Guard® MiraNet Combi®

Total Total collected 2652 2948 2900 2948 3394 2948

Mortality Total dead 522 705 629 705 741 705

Mortality (%) 20 24 22 24 22 24

Odds ratio – 1.277 – 1.149 – 1.154

Std. error (on log 
odds scale)

– 0.06664 – 0.064295 – 0.062039

P-value – 0.000244 – 0.0303 – 0.0212

95% CIs – 1.121 - 1.456 – 1.013 - 1.304 – 1.021 - 1.303

WHO efficacy criteria – Significantly higher 
(p < 0.05)

– Significantly higher 
(p < 0.05)

– Lower 95% 
CI > 0.7

Conclusion – Superior – Superior – Non inferior

Blood feeding Total blood-fed 74 131 182 131 125 131

Blood-feeding (%) 3 4 6 4 4 4

Odds ratio – 1.683 – 0.758 – 1.286

Std. error (on log 
odds scale)

– 0.1531 – 0.12446 – 0.1352

P-value – 0.000677 – 0.026 – 0.0630

95% CIs – 1.249 - 2.282 – 0.593 - 0.967 – 0.986 - 1.677

WHO efficacy criteria – Significantly
lower (p < 0.05)

– Significantly
lower (p < 0.05)

– Upper 95% CI
<1.43

Conclusion – Inferior – Superior – Not Non inferior

https://doi.org/10.1371/journal.pone.0331995.t008
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effects. However, the lower retention of pyriproxyfen suggests potential trade-offs in long-term population effects. Recent 
modeling studies [13] indicate that even partial sterilizing effects can contribute to population reduction.

The combination of these compounds addresses multiple biological targets in the mosquito, potentially delaying 
the development of resistance to individual components [31]. The non-inferiority of MiraNet® Combi to established 
combination LLINs (Royal Guard® and Olyset™ Plus) in terms of mortality and blood-feeding inhibition is an import-
ant outcome. This indicates that MiraNet® Combi could be a valuable addition to the vector control toolbox, offering 
comparable efficacy to existing products while potentially providing operational or cost advantages [10]. The high 
blood-feeding inhibition (90–98%) observed across all LLINs, including after 20 washes, is a crucial finding. This sug-
gests that even in areas with high pyrethroid resistance, ITNs continue to provide significant personal protection by 
preventing mosquito bites [26]. The additional sterilizing effect of pyriproxyfen in MiraNet® Combi and Royal Guard® 
offers a supplementary mode of action for population control, which could be particularly valuable in  
high-transmission settings [9,15,32].

This study has several strengths: comprehensive chemical analysis paired with bioassays, robust statistical design 
meeting WHO guidelines, field-relevant testing against wild pyrethroid-resistant vectors and direct comparison with cur-
rently recommended combination nets. However, important limitations should be considered: the nine-week trial duration 
may not capture seasonal variations, the focus on An. funestus limits generalizability to other vector species, small sample 
sizes for reproductive effects assessment and a lack of molecular resistance mechanism characterization.

Future studies should consider extended trial periods and multiple vector species to provide a more comprehensive 
assessment of LLIN performance [33]. Additional research priorities emerging from this work include the need for impact 
assessment against multiple vector species, cost-effectiveness studies compared to standard nets, investigation of resis-
tance development risks and optimization of washing resistance, particularly for pyriproxyfen.

While triple-active ingredient LLINs offer improved control of resistant malaria vectors, their widespread deployment 
warrants continued evaluation of potential effects on non-target insects and the broader ecological environment. Ongoing 
resistance monitoring and post-marketing surveillance will be essential to ensure sustainable use.

Conclusion

MiraNet® Combi demonstrated non-inferiority to both Royal Guard® and Olyset® Plus against pyrethroid-resistant 
An. funestus. The ITN showed superior mortality compared to standard MiraNet® while maintaining comparable 
blood-feeding inhibition. Chemical analysis revealed differential retention of active ingredients after washing, with 
alpha-cypermethrin and PBO showing higher retention than pyriproxyfen, though all components except pyriproxy-
fen exceeded WHO retention criteria. These findings support three key conclusions. First, MiraNet® Combi provides 
equivalent or better protection compared to existing combination nets despite high pyrethroid resistance. Second, 
the addition of PBO and pyriproxyfen to alpha-cypermethrin improves efficacy over standard pyrethroid-only nets. 
Third, while wash resistance of pyriproxyfen needs improvement, the overall performance meets WHO criteria for 
public health value. Future deployment should consider local resistance mechanisms and washing practices, while 
continued monitoring will be essential to track long-term durability and effectiveness. MiraNet® Combi represents a 
valuable addition to the vector control toolbox, particularly in areas where metabolic resistance mechanisms compro-
mise standard pyrethroid-only nets.‌‌

Acknowledgments

We thank the volunteers who helped to collect the mosquitoes in the experimental huts for their technical assistance. We 
are grateful to our colleagues from KEMRI-CGHR, the Entomology department, including our insectary support, laboratory 
and administrative assistance.



PLOS One | https://doi.org/10.1371/journal.pone.0331995  August 12, 2026 18 / 19

Author contributions

Conceptualization: Mathew Kipsum, Eric Ochomo, Collins Ouma.

Data curation: Mathew Kipsum, Vincent Moshi, Celestine Wekesa.

Formal analysis: Mathew Kipsum.

Funding acquisition: Eric Ochomo.

Investigation: Mathew Kipsum, Eric Ochomo, Celestine Wekesa, Collins Ouma, Bernard Abong’o.

Methodology: Mathew Kipsum, Silas Agumba.

Project administration: Mathew Kipsum, Seline Omondi.

Resources: Eric Ochomo, Vincent Moshi.

Software: Vincent Moshi, Margaret Muchoki.

Supervision: Eric Ochomo, Collins Ouma, Bernard Abong’o.

Validation: Mathew Kipsum, Collins Ouma.

Visualization: Mathew Kipsum, Margaret Muchoki.

Writing – original draft: Mathew Kipsum.

Writing – review & editing: Mathew Kipsum, Eric Ochomo, Silas Agumba, Vincent Moshi, Seline Omondi, Celestine 
Wekesa, Collins Ouma, Bernard Abong’o.

References
	 1.	 Gleave K, Lissenden N, Richardson M, Choi L, Ranson H. Piperonyl butoxide (PBO) combined with pyrethroids in insecticide-treated nets to pre-

vent malaria in Africa. Cochrane Database Syst Rev. 2018;11(11):CD012776. https://doi.org/10.1002/14651858.CD012776.pub2 PMID: 30488945

	 2.	 Staedke SG, Gonahasa S, Dorsey G, Kamya MR, Maiteki-Sebuguzi C, Lynd A, et al. Effect of long-lasting insecticidal nets with and without pipero-
nyl butoxide on malaria indicators in Uganda (LLINEUP): a pragmatic, cluster-randomised trial embedded in a national LLIN distribution campaign. 
Lancet. 2020;395(10232):1292–303. https://doi.org/10.1016/S0140-6736(20)30214-2 PMID: 32305094

	 3.	 Protopopoff N, Mosha JF, Lukole E, Charlwood JD, Wright A, Mwalimu CD, et al. Effectiveness of a long-lasting piperonyl butoxide-treated insecti-
cidal net and indoor residual spray interventions, separately and together, against malaria transmitted by pyrethroid-resistant mosquitoes: a cluster, 
randomised controlled, two-by-two factorial design trial. Lancet. 2018;391(10130):1577–88. https://doi.org/10.1016/S0140-6736(18)30427-6 PMID: 
29655496

	 4.	 Organization WH. WHO guidelines for malaria. 2023. 

	 5.	 Menze BD, Kouamo MF, Wondji MJ, Tchapga W, Tchoupo M, Kusimo MO, et al. An Experimental Hut Evaluation of PBO-Based and  
Pyrethroid-Only Nets against the Malaria Vector Anopheles funestus Reveals a Loss of Bed Nets Efficacy Associated with GSTe2 Metabolic Resis-
tance. Genes (Basel). 2020;11(2):143. https://doi.org/10.3390/genes11020143 PMID: 32013227

	 6.	 Oumbouke WA. Evaluation of standard pyrethroid based LNs (MiraNet and MagNet) in experimental huts against pyrethroid resistant Anopheles 
gambiae sl M’bé, Côte d’Ivoire: potential for impact on vectorial capacity. PLoS One. 2019;14(4):e0215074. 

	 7.	 Bingham G, Strode C, Tran L, Khoa PT, Jamet HP. Can piperonyl butoxide enhance the efficacy of pyrethroids against pyrethroid-resistant Aedes 
aegypti?. Trop Med Int Health. 2011;16(4):492–500. https://doi.org/10.1111/j.1365-3156.2010.02717.x PMID: 21324051

	 8.	 Djouaka RF. Expression of the cytochrome P450s, CYP6P3 and CYP6M2 are significantly elevated in multiple pyrethroid resistant populations of 
Anopheles gambiae ss. from Southern Benin and Nigeria. BMC Genomics. 2008;9:1–10. 

	 9.	 Tiono AB, Ouédraogo A, Ouattara D, Bougouma EC, Coulibaly S, Diarra A, et al. Efficacy of Olyset Duo, a bednet containing pyriproxyfen and 
permethrin, versus a permethrin-only net against clinical malaria in an area with highly pyrethroid-resistant vectors in rural Burkina Faso: a cluster- 
randomised controlled trial. Lancet. 2018;392(10147):569–80. https://doi.org/10.1016/S0140-6736(18)31711-2 PMID: 30104047

	10.	 Mosha JF, Kulkarni MA, Lukole E, Matowo NS, Pitt C, Messenger LA, et al. Effectiveness and cost-effectiveness against malaria of three types of 
dual-active-ingredient long-lasting insecticidal nets (LLINs) compared with pyrethroid-only LLINs in Tanzania: a four-arm, cluster-randomised trial. 
Lancet. 2022;399(10331):1227–41. https://doi.org/10.1016/S0140-6736(21)02499-5 PMID: 35339225

	11.	 Accrombessi M, Cook J, Dangbenon E, Yovogan B, Akpovi H, Sovi A, et al. Efficacy of pyriproxyfen-pyrethroid long-lasting insecticidal nets (LLINs) 
and chlorfenapyr-pyrethroid LLINs compared with pyrethroid-only LLINs for malaria control in Benin: a cluster-randomised, superiority trial. Lancet. 
2023;401(10375):435–46. https://doi.org/10.1016/S0140-6736(22)02319-4 PMID: 36706778

https://doi.org/10.1002/14651858.CD012776.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30488945
https://doi.org/10.1016/S0140-6736(20)30214-2
http://www.ncbi.nlm.nih.gov/pubmed/32305094
https://doi.org/10.1016/S0140-6736(18)30427-6
http://www.ncbi.nlm.nih.gov/pubmed/29655496
https://doi.org/10.3390/genes11020143
http://www.ncbi.nlm.nih.gov/pubmed/32013227
https://doi.org/10.1111/j.1365-3156.2010.02717.x
http://www.ncbi.nlm.nih.gov/pubmed/21324051
https://doi.org/10.1016/S0140-6736(18)31711-2
http://www.ncbi.nlm.nih.gov/pubmed/30104047
https://doi.org/10.1016/S0140-6736(21)02499-5
http://www.ncbi.nlm.nih.gov/pubmed/35339225
https://doi.org/10.1016/S0140-6736(22)02319-4
http://www.ncbi.nlm.nih.gov/pubmed/36706778


PLOS One | https://doi.org/10.1371/journal.pone.0331995  August 12, 2026 19 / 19

	12.	 WHO. The evaluation process for vector control products. Geneva, Switzerland: World Health Organization. 2017. 

	13.	 Sherrard-Smith E, Ngufor C, Sanou A, Guelbeogo MW, N’Guessan R, Elobolobo E, et al. Inferring the epidemiological benefit of indoor vector 
control interventions against malaria from mosquito data. Nat Commun. 2022;13(1):3862. https://doi.org/10.1038/s41467-022-30700-1 PMID: 
35790746

	14.	 WHO. Data requirements and protocol for determining non-inferiority of insecticide-treated net and indoor residual spraying products within an 
established WHO intervention class. Geneva, Switzerland: World Health Organization - Global Malaria Program. 2019. 

	15.	 Ngufor C, Agbevo A, Fagbohoun J, Fongnikin A, Rowland M. Efficacy of Royal Guard, a new alpha-cypermethrin and pyriproxyfen treated mosquito 
net, against pyrethroid-resistant malaria vectors. Sci Rep. 2020;10(1):12227. https://doi.org/10.1038/s41598-020-69109-5 PMID: 32699237

	16.	 Agumba S, Moshi V, Muchoki M, Omondi S, Kosgei J, Walker ED, et al. Experimental hut and field evaluation of a metofluthrin-based spatial 
repellent against pyrethroid-resistant Anopheles funestus in Siaya County, western Kenya. Parasit Vectors. 2024;17(1):6. https://doi.org/10.1186/
s13071-023-06096-2 PMID: 38178213

	17.	 Steketee RW, Brandling-Bennett AD, Kaseje DC, Schwartz IK, Churchill FC. In vivo response of Plasmodium falciparum to chloroquine in pregnant 
and non-pregnant women in Siaya District, Kenya. Bull World Health Organ. 1987;65(6):885–90. PMID: 3325186

	18.	 Oumbouke WA, Fongnikin A, Soukou KB, Moore SJ, N’Guessan R. Relative performance of indoor vector control interventions in the Ifakara and 
the West African experimental huts. Parasit Vectors. 2017;10(1):432. https://doi.org/10.1186/s13071-017-2365-4 PMID: 28927465

	19.	 Coetzee M. Key to the females of Afrotropical Anopheles mosquitoes (Diptera: Culicidae). Malar J. 2020;19(1):70. https://doi.org/10.1186/s12936-
020-3144-9 PMID: 32054502

	20.	 Christophers SR. The development of the egg follicle in anophelines. Paludism. 1911;2:73–88. 

	21.	 WHO. Determining non-inferiority of insecticide-treated nets and indoor residual spray products within an established product class. Geneva, Swit-
zerland: World Health Organization. 2018. 

	22.	 Oxborough RM, Seyoum A, Yihdego Y, Dabire R, Gnanguenon V, Wat’senga F, et al. Susceptibility testing of Anopheles malaria vectors with the 
neonicotinoid insecticide clothianidin; results from 16 African countries, in preparation for indoor residual spraying with new insecticide formula-
tions. Malar J. 2019;18(1):264. https://doi.org/10.1186/s12936-019-2888-6 PMID: 31370898

	23.	 Toé KH, Mechan F, Tangena J-AA, Morris M, Solino J, Tchicaya EFS, et al. Assessing the impact of the addition of pyriproxyfen on the durability 
of permethrin-treated bed nets in Burkina Faso: a compound-randomized controlled trial. Malar J. 2019;18(1):383. https://doi.org/10.1186/s12936-
019-3018-1 PMID: 31791332

	24.	 Churcher TS. The impact of pyrethroid resistance on the efficacy and effectiveness of bednets for malaria control in Africa. Elife. 2016;5:e16090. 

	25.	 Oxborough RM, N’Guessan R, Kitau J, Tungu PK, Malone D, Mosha FW, et al. A new class of insecticide for malaria vector control: evaluation of 
mosquito nets treated singly with indoxacarb (oxadiazine) or with a pyrethroid mixture against Anopheles gambiae and Culex quinquefasciatus. 
Malar J. 2015;14:353. https://doi.org/10.1186/s12936-015-0890-1 PMID: 26377930

	26.	 Strode C, Donegan S, Garner P, Enayati AA, Hemingway J. The impact of pyrethroid resistance on the efficacy of insecticide-treated bed nets 
against African anopheline mosquitoes: systematic review and meta-analysis. PLoS Med. 2014;11(3):e1001619. https://doi.org/10.1371/journal.
pmed.1001619 PMID: 24642791

	27.	 Nash RK. Systematic review of the entomological impact of insecticide-treated nets evaluated using experimental hut trials in Africa. Current 
Research in Parasitology & Vector-Borne Diseases. 2021;1:100047. 

	28.	 Djouaka RF, Bakare AA, Coulibaly ON, Akogbeto MC, Ranson H, Hemingway J, et al. Expression of the cytochrome P450s, CYP6P3 and CYP6M2 
are significantly elevated in multiple pyrethroid resistant populations of Anopheles gambiae s.s. from Southern Benin and Nigeria. BMC Genomics. 
2008;9:538. https://doi.org/10.1186/1471-2164-9-538 PMID: 19014539

	29.	 Ranson H, Lissenden N. Insecticide Resistance in African Anopheles Mosquitoes: A Worsening Situation that Needs Urgent Action to Maintain 
Malaria Control. Trends Parasitol. 2016;32(3):187–96. https://doi.org/10.1016/j.pt.2015.11.010 PMID: 26826784

	30.	 Ahogni IB, Salako AS, Akinro B, Sovi A, Gnanguenon V, Azondekon R, et al. Physical integrity and survivorship of long-lasting insecticidal nets 
distributed to households of the same socio-cultural community in Benin, West Africa. Malar J. 2020;19(1):58. https://doi.org/10.1186/s12936-020-
3138-7 PMID: 32019586

	31.	 Organization, W.H. WHO guidelines for malaria, 14 March 2023. 2023, World Health Organization.

	32.	 Grisales N, Lees RS, Maas J, Morgan JC, Wangrawa DW, Guelbeogo WM, et al. Pyriproxyfen-treated bed nets reduce reproductive fitness and 
longevity of pyrethroid-resistant Anopheles gambiae under laboratory and field conditions. Malar J. 2021;20(1):273. https://doi.org/10.1186/s12936-
021-03794-z PMID: 34158066

	33.	 Challenger JD, Nash RK, Ngufor C, Sanou A, Toé KH, Moore S, et al. Assessing the variability in experimental hut trials evaluating insecticide- 
treated nets against malaria vectors. Curr Res Parasitol Vector Borne Dis. 2023;3:100115. https://doi.org/10.1016/j.crpvbd.2023.100115 PMID: 
36895438

https://doi.org/10.1038/s41467-022-30700-1
http://www.ncbi.nlm.nih.gov/pubmed/35790746
https://doi.org/10.1038/s41598-020-69109-5
http://www.ncbi.nlm.nih.gov/pubmed/32699237
https://doi.org/10.1186/s13071-023-06096-2
https://doi.org/10.1186/s13071-023-06096-2
http://www.ncbi.nlm.nih.gov/pubmed/38178213
http://www.ncbi.nlm.nih.gov/pubmed/3325186
https://doi.org/10.1186/s13071-017-2365-4
http://www.ncbi.nlm.nih.gov/pubmed/28927465
https://doi.org/10.1186/s12936-020-3144-9
https://doi.org/10.1186/s12936-020-3144-9
http://www.ncbi.nlm.nih.gov/pubmed/32054502
https://doi.org/10.1186/s12936-019-2888-6
http://www.ncbi.nlm.nih.gov/pubmed/31370898
https://doi.org/10.1186/s12936-019-3018-1
https://doi.org/10.1186/s12936-019-3018-1
http://www.ncbi.nlm.nih.gov/pubmed/31791332
https://doi.org/10.1186/s12936-015-0890-1
http://www.ncbi.nlm.nih.gov/pubmed/26377930
https://doi.org/10.1371/journal.pmed.1001619
https://doi.org/10.1371/journal.pmed.1001619
http://www.ncbi.nlm.nih.gov/pubmed/24642791
https://doi.org/10.1186/1471-2164-9-538
http://www.ncbi.nlm.nih.gov/pubmed/19014539
https://doi.org/10.1016/j.pt.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26826784
https://doi.org/10.1186/s12936-020-3138-7
https://doi.org/10.1186/s12936-020-3138-7
http://www.ncbi.nlm.nih.gov/pubmed/32019586
https://doi.org/10.1186/s12936-021-03794-z
https://doi.org/10.1186/s12936-021-03794-z
http://www.ncbi.nlm.nih.gov/pubmed/34158066
https://doi.org/10.1016/j.crpvbd.2023.100115
http://www.ncbi.nlm.nih.gov/pubmed/36895438

	Efficacy of MiraNet Combi, a novel alpha-cypermethrin, pyriproxyfen, and piperonyl butoxide long-lasting insecticidal net against pyrethroid-resistant Anopheles funestus in western Kenya
	Background
	Methods
	Study site and experimental huts
	Insecticides susceptibility
	Description of treatments used in the EHTs
	Baseline quality check and net washing
	Laboratory assays
	Cone test. Cone bioassays were performed on 25 cm x 25 cm net pieces before and after field trials for all wash points. Five non-blood-fed female mosquitoes were exposed to each of four cones attached to the net piece for 3 minutes [24]. Both susceptible 
	Tunnel test. Tunnel tests were conducted to assess host-seeking behavior, mortality, and blood-feeding success of pyrethroid-resistant An. funestus F1 mosquitoes. Tests were performed using the same net pieces as in the cone assays. The tunnel apparatus c

	Experimental hut trial procedure
	Mosquito collections and processing. Nine consented volunteers slept in experimental huts from 20:30–06:30 during each trial to attract wild, free-flying mosquitoes. All volunteers were provided with weekly prophylaxis (Mefloquine) and supervisors recorde

	Experimental hut trial outcome measures
	Chemical assays
	Data analysis
	Ethical Considerations and Compliance with Good Laboratory Practice (GLP)

	Results
	Insecticide susceptibility assays
	Baseline variability check
	Supplementary assays
	Tunnel assay. Before the hut trial, MiraNet® Combi, Royal Guard®, and Olyset® Plus induced >96% mortality at all wash points against pyrethroid-resistant An. funestus. MiraNet® showed a slight decrease in mortality from 97% (unwashed) to 93.5% (20 washes)
	Cone assay. Cone bioassays with An. funestus resulted in relatively low mortality rates. Before hut trials, MiraNet® Combi and Olyset® Plus induced 44–48% mortality, Royal Guard® 42%, and MiraNet® 34–36%. Post-trial mortality rates decreased slightly for 

	Chemical analysis
	Quantification of active content. The initial active ingredient (AI) concentrations of all unwashed nets were within manufacturer specifications (Table 3). After 20 washes, retention rates varied considerably between active ingredients and net types: Alph

	Experimental hut trials
	Mosquito entry and exiting rates:. An. funestus was the dominant species (82%), followed by Culex (16%) and An. gambiae s.l. (2%) (Fig 7). Due to insufficient numbers of An. gambiae s.l, downstream analyses focused on An. funestus. A total of 15394 female

	Blood-feeding inhibition
	Reproductive effects
	Mortality
	Non-inferiority assessment

	Discussion
	Conclusion
	References


