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OPINION

Taking the ‘I’ out of LLINs: using insecticides 
in vector control tools other than long‑lasting 
nets to fight malaria
Krijn P. Paaijmans1,2,3,4*   and Silvie Huijben1

Abstract 

Long-lasting insecticidal nets, or LLINs, have significantly reduced malaria morbidity and mortality over the past two 
decades. The net provides a physical barrier that decreases human-mosquito contact and the impregnated insecti-
cide kills susceptible mosquito vectors upon contact and may repel them. However, the future of LLINs is threatened 
as resistance to pyrethroids is now widespread, the chemical arsenal for LLINs is very limited, time from discovery of 
next-generation insecticides to market is long, and persistent transmission is frequently caused by vector popula-
tions avoiding contact with LLINs. Here we ask the question whether, given these challenges, insecticides should be 
incorporated in nets at all. We argue that developing long-lasting nets without insecticide(s) can still reduce vector 
populations and provide both personal and community protection, if combined with other approaches or technolo-
gies. Taking the insecticide out of the equation (i) allows for a faster response to the current pyrethroid resistance 
crisis, (ii) avoids an LLIN-treadmill aimed at replacing failing bed nets due to insecticide resistance, and (iii) permits 
the utilization of our current and future insecticidal arsenal for other vector control tools to target persistent malaria 
transmission.
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Background
Insecticide-treated bed nets (ITNs), later replaced by 
long-lasting insecticidal nets (LLINs), have undoubt-
edly played a major role in reducing malaria cases since 
2000. Sixty-eight percent of the overall malaria reduc-
tions observed between 2000 and 2015 may be attributed 
to nets [1]. Two main factors contribute to their success 
story: First, the properties of the LLIN allow for a very 
effective intervention tool: it targets indoor-biting mos-
quitoes (arguably responsible for the bulk of malaria 
cases historically), is highly effective as a physical bar-
rier (reducing human-vector contact) and contains an 
insecticide that kills susceptible mosquitoes upon or 

after contact with the net. In addition, pyrethroid insec-
ticides, the only chemical class currently used in all nets, 
can have an excito-repellent effect, diverting mosquitoes 
before they feed. Second, the large-scale mass LLIN dis-
tribution has led to astonishing numbers of LLINs being 
deployed, mainly in sub-Saharan Africa. To illustrate, 
between 2010 and mid-2019 over 1.70 billion pyrethroid-
based bed nets have been distributed, of which 1.43 bil-
lion in sub-Saharan Africa [2]. Given their success, LLINs 
remain a core intervention for National Malaria Control 
Programmes. Pillar 1 of the Global Technical Strategy 
for Malaria 2016–2030 envisions universal coverage for 
all people at risk of malaria using effective vector control 
with either LLINs (i.e. one net for every two persons at 
risk of malaria [3]) or indoor residual spraying (IRS), the 
other core prevention tool [4].
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The threats of insecticide resistance and the global 
response
The flipside of the impressive rollout of exclusively pyre-
throid-based bed nets is the rapid spread of pyrethroid 
resistance throughout sub-Saharan Africa [5, 6], which 
has been exacerbated by the concomitant use of the same 
chemical class in IRS campaigns [7]. The programmatic 
impact of pyrethroid resistance is not well understood 
and topic of considerable debate. A recent multi-coun-
try observational cohort study showed no association 
between insecticide resistance on malaria transmission 
[8], yet another recent study showed that malaria infec-
tion prevalence was significantly reduced in areas that 
received pyrethroid-based LLINs containing a synergist 
(piperonyl-butoxide or PBO, which enhanced the efficacy 
of the pyrethroid insecticides against resistant mosqui-
toes), hinting that insecticide resistance may indeed have 
a programmatic impact [9].

The key question is how to respond to the insecticide 
resistance crisis? The current global response is to develop 
novel insecticides as well as resistance management strat-
egies. Resistance management strategies that aim to slow 
down the emergence and spread of insecticide resistance 
include (i) avoidance of the use of pyrethroids for IRS when 
pyrethroid-LLINs are present in same area [10], and (ii) the 
need to rotate or mix insecticides or apply mosaics (appli-
cable to IRS, but could arguably be used in future LLIN 
delivery strategies as well) as highlighted by the global plan 
of the World Health Organization (WHO) for insecticide 
resistance management (GPIRM) [11]. The latter has not 
been operationally deployed at scale, due to the lack of 
robust, timely and accurate insecticide resistance surveil-
lance, and the lack of coordination between entomological 
surveillance and procurement practices, amongst other 
reasons. Although there is little evidence from the field 
on which of the strategies is best [12], increased support 
through mathematical modelling [see e.g. 13] is expected, 
as field trials will be too expensive and time-consuming. 
Combining modelling with the collection of empirical data 
may allow us to explore how different insecticide use strat-
egies will affect resistance evolution [13].

In addition to managing resistance to the insecticides 
currently available, there has been an increased investment 
in the development of new active ingredients (not neces-
sarily to be used for LLINs). The new generation of LLINs 
combine a pyrethroid with a partner chemical. Pyrethroid-
LLINs with the synergist PBO (see above) or chlorfenapyr 
(dual chemistry or mixture approach) have been pre-qual-
ified by the WHO [14]. Novel chemistries are expected in 
two waves (but note these will not be dedicated to bed nets 
per se). The first wave is expected after 2022, when insec-
ticides from three novel compounds, with no cross-resist-
ance to current insecticide classes, will become available 

[5]. After that, new active ingredients generated under the 
ZeroX40 initiative (an initiative of five chemical compa-
nies with the support of the Bill & Melinda Gates Foun-
dation and the Innovative Vector Control Consortium) are 
expected to become available. However, as time from dis-
covery to WHO prequalification (often a prerequisite for 
donors to consider a vector control product) can easily be 
10 years [15], the vector control arena will have to wait a 
considerable amount of time for new classes of insecticides 
to reach the market.

Where to (not) deploy our chemical arsenal?
It appears the malaria elimination community has 
entered the “insecticide treadmill”, meaning we aim to 
create an open-ended development pipeline to continu-
ously target resistant mosquitoes with new chemistries. 
Given that (i) there is a very limited availability of effec-
tive public health insecticides now and in the near future 
[5, 6], and (ii) we will be facing challenges in increasing 
domestic and international funding [16], insecticide-use 
practices should be carefully evaluated as they exert pres-
sure on the useful lifespan of the chemical and thus on 
all its associated intervention tools. Here we focus on the 
major front-line vector control tool, the LLIN, and pro-
pose to transform them into long-lasting nets without the 
insecticide(s). We will refer to such nets as LLUNs (long-
lasting untreated nets). We purposely have not removed 
long-lasting (LL): Although this term is associated with 
the insecticide, net durability is key to LLUN success, as 
we will explained below.

Apart from the rationale above, there are additional 
arguments to consider (such as comfort, health risks 
and environmental impact, see Box  1), but one clearly 
stands out for us: LLINs (and IRS) have led to (i) other 
vector species (known secondary vectors, previously 
undescribed vectors as well as species not thought to be 
vectors [17]) becoming important, which often have dif-
ferent feeding behaviours (outdoor feeding and/or pref-
erence for animal feeding) [18, 19] and/or (ii) changes in 
biting behaviours (to outdoors or different times indoors) 
in the historically dominant vectors [20, 21]. These 
behaviours are not specifically targeted by LLINs, but 
can by a few other interventions. Considering the physi-
cal barrier of the bed net, we ask here whether our lim-
ited chemical arsenal could be more impactful—in terms 
of lives saved—when applied to other interventions that 
may intrinsically depend on insecticides for functional-
ity. Examples include window screens, wall liners, attrac-
tive targeted sugar baits, eave tubes, and outdoor barrier 
screens amongst others [see e.g. 22].

Using the limited chemical arsenal for such tools 
(Fig.  1) may eventually provide more impactful vector 
control in the face of mounting resistance and the need 
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to target different mosquito behaviours. A few things are 
worth noting: First, the epidemiological impact of most 
of these other vector control tools has not been prop-
erly assessed through Phase III vector control field stud-
ies [23]. Second, some of these interventions could also 
function without insecticides (window screens for exam-
ple, see [24]). Third, pesticides not approved for the use in 

human health may be suitable for some of the interven-
tions (e.g. attractive targeted sugar baits and eave tubes) 
as pesticides may be out of reach for people (assuming 
these will not aerosolize), whereas insecticide choice 
will be driven by public health concerns for interven-
tions such as IRS, wall liners, window screens and argu-
ably barrier screens if placed in close proximity to people. 

Fig. 1  Top panel: Areas that are currently being targeted with insecticides, which include breeding sites (larvicides a) and inside houses (adulticides 
on walls b and/or in bed nets c). Bottom panel: Tools that may require insecticides in the future to have an impact. These include, but are not limited 
to, larvicides (a), barrier screens (b), window/eave screening (c), attractive targeted sugar baits (d, j), IRS (e, g), eave tubes (f), and/or wall liners (e, g)
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Finally, using insecticides elsewhere could similarly lead 
to the evolution of insecticide resistance if resistance is 
not managed properly [11, 25]. However, thinking about 
where and when to use our insecticides will broaden the 
number of effective tools available and extend the useful 
lifespan of the available tools.

Could insecticide‑free nets still protect 
the community?
The success of LLINs in reducing the global malaria bur-
den has been attributed to the community protection 
effect: If net use exceeds a certain threshold (around 60% 
may already be sufficient [26]), overall mosquito densi-
ties and their survival are (in an insecticide-susceptible 
population) impacted sufficiently to also protect those 
individuals not using a net. Whilst an LLUN would still 
provide personal protection, by way of the physical bar-
rier that reduces vector-human contact, the community 
protection may be lost, as vectors are not killed upon con-
tact and mosquito densities not reduced. However, the 
causality of the community effect is not empirically estab-
lished nor understood. Increasing mosquito mortality 
and reducing mosquito biting rate both reduce the basic 
reproductive number as can be derived from the Ross-
Macdonald model [27]. To what extent local transmission 
intensity is lowered by the killing efficacy of an LLIN or 
by the reduction of mosquito-host contact through the 
physical barrier has not been studied. The quantitative 
loss of community effect by not introducing an insecticide 
in an insecticide susceptible population is not presently 
known, and in the face of the current widespread insecti-
cide resistance this loss may even be negligible. Moreover, 
evidence suggest that hosts under an LLIN could be more 
attractive to resistant mosquitoes (kdr homozygous) than 
those sleeping under an untreated net [28]. A randomized 
controlled trial could tease out the role of the barrier ver-
sus the role of the insecticide(s). Although this may be 
considered unethical, and it arguably was when LLINs hit 
the market and mosquitoes were susceptible to the insec-
ticides used in them, the nature of this argument has since 
changed considerably.

This discussion aside, long-lasting untreated nets 
(LLUNs) could certainly preserve a level of community 
protection similar to effective LLINs through some simple 
modifications in design and/or by combining them with 
other vector control tools to reduce overall mosquito den-
sities. For instance, LLUNs could act as a non-chemical 
‘human-baited trap’. Mosquitoes are known to approach 
both LLINs and untreated nets at the top [29, 30]. By 
designing an LLUN-trap at the top of the net, mosqui-
toes can ‘enter’ the bed net (into e.g. a separate compart-
ment such as a bottle) but not leave. Alternatively, a patch 
could be placed on top of the net with e.g. a sticky layer 

to catch mosquitoes (similar to the SmartPatch [31] but 
with a non-insecticidal solution). Patches could be coated 
with chemicals that not directly aimed at killing the adults 
upon contact, but target e.g. mosquito progeny via auto-
disseminating insecticides that are carried by adult mos-
quitoes to breeding sites, killing their and the progeny 
of others [32]. In addition, a repellent may be added to 
strengthen push–pull strategies [33]: As LLUNs attract 
host-seeking vectors looking to bite the person(s) sleep-
ing under the net, they may be ‘pushed’ to another device, 
the ‘pull’ (e.g. an attractant lethal trap [34]), after they are 
unsuccessful in obtaining their blood meal.

These is a non-exhaustive list of suggestions that could 
allow LLUNs to remove mosquitoes from the overall 
vector population, while providing a similar commu-
nity protective effect. This approach would preserve the 
useful lifespan of our limited arsenal of insecticides to 
other, insecticide-dependent, interventions. The feasi-
bility of such alternative approaches to LLINs should be 
evaluated by an interdisciplinary community of industry, 
mosquito biologists and behaviourist, evolutionary biolo-
gists, engineers, social scientists, health economists and 
modelers who work together to develop prototype LLUN 
designs that will meet intervention goals, acknowledg-
ing there may be areas where LLINs will remain the most 
useful form of protection.

Conclusions
The malaria elimination community has now entered 
the “insecticide treadmill” to keep up with the emer-
gence and spread of insecticide-resistant malaria vec-
tors. But given that (i) the current insecticide toolbox is 
limited, (ii) the wait for additional new chemistries will 
be long, and (iii) shifts in mosquito behavioural traits 
have been observed in many locations as a result of our 
interventions, we need to think about the most cost-
effective and most sustainable strategies for our current, 
and in particular, novel insecticides [25]. We argue that 
an evidence-based discussion is urgently needed before 
the next generation of insecticidal vector control tools 
enters the development pipeline. Are insecticides always 
the critical component to make an intervention effective 
or can alternative strategies be engineered? We believe 
that developing long-lasting nets without insecticide(s) 
can still reduce vector populations and provide both per-
sonal and community protection, if combined with other 
approaches or technologies. Doing so would protect an 
insecticide from resistance selection and thus allows the 
insecticide to be used in other interventions. However, 
it would require a paradigm shift in the malaria control 
community.
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