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ABSTRACT

Aedes aegypti is the principal vector of dengue, yellow fever, Zika and chikungunya viruses, and its
control relies largely on insecticide-based interventions. However, increasing insecticide resistance and
the short residual lifespan of conventional formulations have reduced the effectiveness of many vector
control programmes. This study evaluated the residual efficacy of SAIGR NG microencapsulated
emulsion paint against field-derived dedes aegypti populations from selected Local Government Areas of
Nasarawa State, Nigeria. Laboratory-reared Aedes aegypti collected from six Local Government Areas
were exposed monthly for twelve months to wall panels treated with SAIGR NG using the WHO cone
bioassay protocol. Knockdown rates at 15, 30 and 60 minutes (Kdis, Kdso and Kdso) and 24-hour mortality
were recorded. The effects of wall height and exposure time were also assessed, while LTso and LToo
values were estimated to evaluate changes in knockdown dynamics over time. Complete susceptibility
was observed throughout the study, with Kdeo and 24-hour mortality remaining at 100% across all
mosquito populations and sampling months. Although Kdis and Kdso declined progressively during the
later months, complete knockdown and mortality were maintained. Lower wall heights generally
produced faster early knockdown than higher wall positions, but these differences did not affect final
mortality. LTso and LTso increased gradually over time, indicating slower intoxication as treated surfaces
aged. 5AIGR NG microencapsulated emulsion paint demonstrated excellent residual efficacy
against Aedes aegypti for at least twelve months. The sustained mortality observed despite slower early
knockdown highlights the effectiveness of its controlled-release technology and supports its potential use
as a long-lasting intervention within integrated vector management programmes for arboviral disease
control.

Keywords: Aedes aegypti; microencapsulated insecticidal paint; residual efficacy; knockdown; vector
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INTRODUCTION

Arboviral diseases, including dengue, yellow fever, chikungunya, and Zika, remain among the fastest-
growing vector-borne public health threats worldwide. Their increasing incidence has been driven by
rapid urbanization, globalization, climate change, and the expansion of mosquito habitats. The World
Health Organization (WHO) estimates that nearly half of the global population is at risk of dengue
infection, with approximately 390 million infections occurring annually, of which about 96 million are
clinically apparent (WHO, 2024). In Africa, the burden of arboviral diseases is likely underestimated due
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to inadequate surveillance, limited diagnostic capacity, and the overlap of clinical symptoms with other
febrile illnesses.
Nigeria has experienced recurrent outbreaks of yellow fever and increasing evidence of dengue virus
circulation in recent years. Rapid urbanization, poor environmental sanitation, and widespread water
storage practices have created favourable breeding habitats for Adedes aegypti, the principal vector of
dengue, yellow fever, Zika, and chikungunya viruses. The mosquito's preference for breeding in artificial
containers, feeding predominantly on humans, and resting indoors after blood meals makes it highly
efficient in transmitting arboviruses (Scott and Takken, 2012; Ponlawat and Harrington, 2005).
Consequently, effective control of dedes aegypti remains central to reducing arboviral disease
transmission in Nigeria.
Chemical vector control continues to be the primary intervention because effective vaccines are
unavailable for most arboviruses and antiviral treatment options remain limited. Pyrethroid insecticides
are widely used because of their rapid knockdown effect and favourable safety profile (WHO, 2022).
However, their effectiveness has been increasingly compromised by the widespread emergence of
insecticide resistance, mediated through knockdown resistance (kdr) mutations, enhanced metabolic
detoxification, reduced insecticide penetration, and behavioural avoidance (Hemingway et al., 2016;
Moyes et al., 2017). In addition, the relatively short residual life of conventional insecticides necessitates
frequent reapplication, increasing operational costs and reducing programme sustainability, particularly in
resource-constrained settings (WHO, 2016; Oxborough et al., 2015).
Microencapsulation technology has emerged as a promising innovation to overcome these limitations by
protecting insecticides from rapid environmental degradation and allowing their gradual release over
extended periods (Benita, 2006; Jyothi et al., 2010). Studies have shown that microencapsulated
insecticidal paints provide longer residual activity than conventional residual sprays while reducing
retreatment frequency and improving formulation stability (Guillet ef al., 2001; Gunasekaran et al., 2021;
Oxborough ef al., 2015). One such formulation, SAIGR NG microencapsulated emulsion paint, combines
deltamethrin and the insect growth regulator pyriproxyfen within a controlled-release polymer matrix,
offering both rapid adult mosquito control and prolonged suppression of mosquito populations.
Despite these advantages, evidence on the long-term residual efficacy of microencapsulated insecticidal
paints against Nigerian populations of Aedes aegypti remains limited. Most studies in Nigeria have
focused on insecticide susceptibility or resistance mechanisms, with little information on the durability of
residual efficacy, changes in knockdown performance over time, or the influence of wall height on
insecticidal effectiveness. These knowledge gaps limit evidence-based decisions regarding the integration
of insecticidal paints into vector management programmes.
This study was therefore conducted to evaluate the residual efficacy of SAIGR NG microencapsulated
emulsion paintagainst field-derived Aedes aegypti populations from selected Local Government Areas of
Nasarawa State, Nigeria.
The specific objectives were to:
1. Determine the susceptibility of Aedes aegypti populations to SAIGR NG microencapsulated
emulsion paint using WHO cone bioassays.
2. Assess the monthly residual efficacy of the insecticidal paint by evaluating knockdown and
mortality responses over a twelve-month period.
3. Determine the influence of wall height on the residual efficacy of the insecticidal paint.
4. Estimate time—mortality parameters (LTso and LTs) to characterise changes in mosquito
intoxication dynamics as treated surfaces aged.
The findings will provide evidence on the long-term performance of microencapsulated insecticidal paint
and its potential role as a sustainable intervention for the control of Aedes aegypti and the prevention of
arboviral diseases in Nigeria.
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MATERIALS AND METHODS

Study Area

The study was conducted using Aedes aegypti populations collected from six Local Government Areas (LGAs)
of Nasarawa State, North-Central Nigeria, namely Akwanga, Doma, Keffi, Nasarawa, Nasarawa Eggon, and
Obi. Nasarawa State lies between latitudes 7°45'N and 9°25'N and longitudes 7°00'E and 9°37'E, occupying a
land area of approximately 27,117 km? (Nasarawa State Government, 2023; National Bureau of Statistics
[NBS], 2023). The State experiences a tropical savannah climate characterized by distinct wet (April-October)
and dry (November—March) seasons, with annual rainfall ranging from approximately 1,100-2,000 mm and
average temperatures between 25°C and 35°C (Nigerian Meteorological Agency [NiMet], 2023).

These climatic conditions favour the breeding and survival of Aedes aegypti by providing abundant natural and
artificial larval habitats, particularly during the rainy season (WHO, 2024; Kraemer et al., 2015). The selected
LGAs represent diverse ecological, environmental, and urbanization settings within Nasarawa State, thereby
providing geographically representative mosquito populations for evaluating the efficacy of the SAIGR NG
microencapsulated insecticidal paint.

Mosquito Collection and Laboratory Rearing

Immature stages of Aedes aegypti (larvae and pupae) were collected from domestic and peri-domestic breeding
sites, including discarded tyres, plastic containers, water storage vessels, and other artificial water-holding
containers within the selected LGAs. Samples were transported to the insectary of the Nasarawa State
University, Keffi where they were reared under controlled environmental conditions (27 £+ 2°C, 75 £ 10%
relative humidity and a 12:12 h light-dark photoperiod).

Larvae were maintained in plastic trays containing dechlorinated water and fed finely ground fish food until
pupation. Pupae were transferred into emergence cages, where adult mosquitoes were allowed to emerge
naturally. Adult mosquitoes were provided with 10% sucrose solution ad libitum, while female mosquitoes
were blood-fed as required for colony maintenance. Non-blood-fed female mosquitoes aged 2—5 days were
used for all bioassays in accordance with WHO recommendations.

Preparation of Insecticide-Treated Panels

Wall panels were prepared using SAIGR NG microencapsulated emulsion paint, a controlled-release
formulation containing 0.7% deltamethrin and 0.2% pyriproxyfen. The paint was applied uniformly to
standardized wall substrates following the manufacturer's recommended application procedures to achieve
consistent coating thickness. Treated panels were allowed to dry completely before use and were stored under
ambient laboratory conditions throughout the twelve-month evaluation period.

Residual efficacy assessments were conducted monthly on the same treated panels to determine changes in
insecticidal activity over time. Separate exposure points representing wall heights of 0.5m, 1.0m, and
1.5m were evaluated to determine the influence of vertical position on mosquito knockdown and mortality.
WHO Cone Bioassay

Residual efficacy was evaluated using the WHO cone wall bioassay protocol for indoor residual insecticide
testing. Standard WHO plastic cones were attached firmly to the treated wall panels at the designated heights.
For each assay, five to six non-blood-fed female mosquitoes were introduced into each cone and exposed to
the treated surface for 60 minutes. Following exposure, mosquitoes were transferred into clean holding cups
and supplied with cotton wool soaked in 10% sucrose solution.

Knockdown was recorded at 15 minutes (Kdis), 30 minutes (Kdso), and 60 minutes (Kdeo) after the completion
of exposure. Final mortality was assessed 24 hours after exposure in accordance with WHO guidelines.
Control bioassays were conducted simultaneously using untreated painted panels prepared identically but
without insecticide. Where necessary, mortality was corrected using Abbott's formula when control mortality
fell within acceptable WHO limits.

Time—Mortality Analysis

Monthly knockdown data were used to estimate the median knockdown time (LTso0) and the 90% knockdown
time (LTo) using probit regression analysis. These parameters were calculated to quantify changes in
intoxication dynamics as the residual activity of the insecticidal paint declined over the twelve-month study
period. Increasing LTso and LTeo values were interpreted as evidence of slower knockdown resulting from
gradual residual ageing rather than reduced insecticidal potency.
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Statistical Analysis

Data were entered into Microsoft Excel and analysed using GraphPad Prism (Version 9) and R statistical
software. Knockdown and mortality percentages were calculated for each month, wall height, and mosquito
population. Descriptive statistics were used to summarize monthly variations in Kdis, Kdso, Kdeo and 24-hour
mortality.

Knockdown and mortality outcomes were analysed as binomial count data, with the number of mosquitoes
knocked down or dead specified as the numerator and the number exposed as the denominator. Generalized
linear models with a binomial error distribution and logit link function were used to assess the effects of
month, mosquito population origin, and wall height on Kdis and Kdso. Overall effects were evaluated using
likelihood-ratio chi-square tests. Adjusted odds ratios with 95% confidence intervals were calculated for
relevant comparisons. Kdeo and 24-hour mortality were summarized descriptively because both outcomes were
uniformly 100%, providing no variability for inferential testing. Statistical significance was assessed at P <
0.05.

RESULTS

Overall Susceptibility of Aedes aegypti to SAIGR NG Microencapsulated Emulsion Paint

The susceptibility of field-derived Aedes aegypti populations from the six Local Government Areas is
presented in Table 1. Complete knockdown (Kdeo) and 24-hour mortality were achieved in all mosquito
populations throughout the twelve-month evaluation period. According to WHO susceptibility criteria, all
tested populations were fully susceptible to the insecticidal formulation.

Table 1. Overall susceptibility of Aedes aegypti populations exposed to SAIGR NG microencapsulated
emulsion paint

Local Government Area | Mean Kdeo (%) | Mean 24-hour Mortality (%) | Susceptibility Status
Akwanga 100 100 Susceptible
Doma 100 100 Susceptible
Keffi 100 100 Susceptible
Nasarawa 100 100 Susceptible
Nasarawa Eggon 100 100 Susceptible
Obi 100 100 Susceptible

All six mosquito populations exhibited complete knockdown at 60 minutes and 100% mortality after 24 hours
throughout the study period. No evidence of reduced susceptibility or insecticide resistance was observed.
Monthly Knockdown Responses

Monthly knockdown responses are summarized in Table 2. Kdis and Kdso remained high during the early
months of the study but declined progressively from January onwards. Despite these reductions, Kdeo remained
at 100% throughout the twelve-month evaluation period.

Table 2. Mean monthly knockdown responses of Aedes aegypti exposed to SAIGR NG
microencapsulated emulsion paint

Month KD:s, n/N (%) | 95% CI KD3so, n/N (%) | 95% CI
June 94/94 (100.0) | 96.1-100.0 | 94/94 (100.0) | 96.1-100.0
July 93/93 (100.0) | 96.0-100.0 | 93/93 (100.0) | 96.0-100.0
August 91/91 (100.0) | 95.9-100.0 | 91/91 (100.0) | 95.9-100.0
September | 92/92 (100.0) | 96.0-100.0 | 92/92 (100.0) | 96.0-100.0
October 92/92 (100.0) | 96.0-100.0 | 92/92 (100.0) | 96.0-100.0
November | 91/91 (100.0) | 95.9-100.0 | 91/91 (100.0) | 95.9-100.0
December | 91/91 (100.0) | 95.9-100.0 | 91/91 (100.0) | 95.9-100.0
January 76/91 (83.5) 74.6-89.7 | 77/91 (84.6) 75.8-90.6
February | 28/92 (30.4) 22.0-40.5 | 35/92 (38.0) 28.8-48.3
March 18/91 (19.8) 12.9-29.1 | 27/91 (29.7) 21.3-39.7
April 5/90 (5.6) 2.4-124 19/90 (21.1) 14.0-30.6
May 2/93 (2.2) 0.6-7.5 6/93 (6.5) 3.0-13.4
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There was a very strong month effect:

Outcome Likelihood-ratio y*> df P-value

KD:s 217.40 4 <0.001

KDs3o 156.50 4 <0.001

These tests cover January—May, when variation was present.
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Figure 1. Monthly trend in Kdis, Kds and Kdeo

Monthly knockdown trend

[lustrative trend showing progressive decline in early knockdown while Kdeo remained constant.

Effect of Wall Height on Knockdown Responses

The influence of wall height on mosquito knockdown is presented in Table 3. Early knockdown responses
varied significantly with wall height, with lower wall positions generally producing higher Kdis values
than higher wall positions. However, Kdso and 24-hour mortality remained identical across all heights.
Table 3. Effect of wall height on knockdown responses

Wall height KDis, n/N (%) 95% CI KD:o, n/N (%) 95% CI

0.5m 270/369 (73.2) 68.4-77.4 282/369 (76.4) 71.8-80.5
1.0m 254/364 (69.8) 64.9-743 267/364 (73.4) 68.6-77.6
1.5m 249/368 (67.7) 62.7-72.2 259/368 (70.4) 65.5-74.8

Knockdown tended to decline with increasing wall height. Compared with 0.5m, mosquitoes exposed at
1.5m had lower adjusted odds of knockdown:

o Kidis: odds ratio 0.31, 95% CI 0.15-0.65, P = 0.002

e Kdso: 0odds ratio 0.40, 95% CI 0.22-0.73, P = 0.003
The difference between 0.5 m and 1.0 m was not clearly significant:

(] Kdis: P =0.067
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L Kdso: P=0.155
This suggests that the most notable wall-height difference was between the lowest and highest exposure
positions.
Susceptibility
The present study demonstrated complete susceptibility of field-derived Aedes aegypti populations from
the six selected Local Government Areas of Nasarawa State to SAIGR NG microencapsulated emulsion
paint. All mosquito populations achieved 100% knockdown at 60 minutes (Kds) and 100% mortality
after 24 hours throughout the twelve-month evaluation period, indicating that the formulation remained
highly effective. According to World Health Organization (WHO) criteria, mortality of 98-100%
confirms full susceptibility, suggesting that the tested populations had not developed operational
resistance to the active ingredients under the study conditions (WHO, 2022).
These findings are encouraging given the widespread reports of pyrethroid resistance in Aedes
aegypti populations across Africa and other endemic regions, driven by kdr mutations and enhanced
metabolic detoxification mechanisms (Hemingway et al., 2016; Moyes ef al., 2017; Liu, 2015). While
reduced susceptibility has been documented in Nigeria, Ghana, Burkina Faso and Senegal (Ayorinde et
al., 2016; Badolo ef al., 2019; Abdulai et al., 2023; Sene et al., 2021), the present results indicate that
mosquito populations in the study area remain fully susceptible. The sustained efficacy may be attributed
to the controlled-release microencapsulation technology, which protects the active ingredients and
maintains biologically effective concentrations on treated surfaces over time (Benita, 2006; Gunasekaran
et al., 2021), supporting the potential use of SAIGR NG as an effective component of integrated vector
management programmes in Nigeria.
Monthly Residual Efficacy
The present study demonstrated that SAIGR NG microencapsulated emulsion paint maintained excellent
residual efficacy against Adedes aegypti throughout the twelve-month evaluation period. Although early
knockdown responses (Kdis and Kdso) gradually declined with increasing age of the treated surfaces,
complete knockdown at 60 minutes (Kdeso) and 100% 24-hour mortality were consistently maintained.
This finding indicates that the observed reduction in early knockdown reflected slower intoxication rather
than a loss of insecticidal potency.
The gradual decline in Kdis and Kdso is consistent with the controlled-release characteristics of
microencapsulated formulations. As treated surfaces age, insecticide release from the polymer matrix
becomes slower, reducing the amount of active ingredient immediately available for mosquito uptake
while maintaining concentrations sufficient to achieve complete mortality following longer exposure
(Benita, 2006; Jyothi et al., 2010; Gunasekaran et al., 2021). Similar prolonged residual performance has
been reported for microencapsulated insecticidal paints and indoor residual spray formulations, which
retain biological efficacy for extended periods despite gradual reductions in the speed of knockdown
(Oxborough et al., 2014, 2015; Mosqueda-Goémez et al., 2017; Maharaj et al., 2019).
The sustained efficacy observed throughout the study compares favourably with reports from Nigeria and
elsewhere. Yako et al. (2023) reported prolonged bio-efficacy of insecticidal paint against Anopheles
gambiae under laboratory conditions, while Oxborough et al (2015) demonstrated that
microencapsulated insecticidal paints maintained effective vector control for several months after
application. The present findings extend this evidence to Aedes aegypti, demonstrating that residual
activity remained sufficient to achieve complete mortality for at least twelve months.
Operationally, prolonged residual efficacy offers important advantages by reducing the need for frequent
reapplication, lowering programme costs, and ensuring continuous protection against arbovirus vectors.
Consequently, SAIGR NG microencapsulated emulsion paint represents a promising long-lasting
intervention that could complement existing integrated vector management strategies, particularly in
resource-limited settings where sustained vector control is essential for preventing arboviral disease
transmission.
Wall-Height Effect
Wall height significantly influenced the rate of early knockdown but had no effect on overall insecticidal
efficacy. Mosquitoes exposed at the lower wall height (0.5 m) generally exhibited higher Kdis values than
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those exposed at 1.0 m and 1.5 m, indicating more rapid intoxication immediately after contact with the
treated surface. However, these differences disappeared over time, as complete knockdown at 60 minutes
(Kdso) and 100% 24-hour mortality were consistently achieved across all wall heights. This suggests that
wall height affected the speed of insecticide action rather than its lethal effectiveness.

The faster knockdown observed at lower wall heights may be attributed to more uniform paint deposition
or differences in mosquito contact behaviour. Studies have shown that mosquito resting preferences and
the distribution of insecticide on treated surfaces can influence the duration and intensity of exposure,
thereby affecting early knockdown responses (Scott & Takken, 2012; Pates and Curtis, 2005; Pinder et
al., 2015). Nevertheless, the controlled-release properties of microencapsulated formulations ensure that
sufficient insecticide remains available across treated surfaces to achieve complete mortality despite
minor variations in initial exposure (Benita, 2006; Gunasekaran et al., 2021; Oxborough et al., 2015).
These findings indicate that SAIGR NG provides consistent residual protection across different wall
heights, suggesting that routine household variations in application height are unlikely to compromise its
effectiveness for Aedes aegypti control.

Public Health Implications

The findings of this study demonstrate that SAIGR NG microencapsulated emulsion paint has
considerable potential as a sustainable intervention for the control of Aedes aegypti and the prevention of
arboviral diseases in Nigeria. The formulation maintained complete mortality throughout the twelve-
month evaluation period, indicating prolonged residual activity that could reduce the frequency of
insecticide reapplication and associated operational costs. Such long-lasting efficacy is particularly
valuable in resource-limited settings where maintaining routine vector control programmes can be
challenging. Incorporating microencapsulated insecticidal paint into Integrated Vector Management
(IVM) programmes could complement existing strategies, including environmental management, larval
source reduction, and community education, thereby strengthening efforts to reduce dengue, yellow fever,
Zika and chikungunya transmission (WHO, 2012, 2022; Achee et al., 2009). However, continued
entomological surveillance and insecticide resistance monitoring remain essential to ensure sustained
effectiveness and to guide evidence-based vector control policies in Nigeria.
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