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Abstract

Background: Pest management has been facing the spread of invasive species, insecticide resistance phenomena,
and concern for the impact of chemical pesticides on human health and the environment. It has tried to deal with
them by developing technically e cient and economically sustainable solutions to complement/replace/improve
traditional control methods. The renewal has been mainly directed towards less toxic pesticides or enhancing the
precision of their delivery to reduce the volume employed and side e ects through lure-and-kill approaches based
on semiochemicals attractants. However, one of the main pest management problems is that e cacy depends on
the e ectiveness of the attractant system, limiting its successful employment to semiochemical stimuli-responsive
insects. Biomaterial-based and bioinspired/biomimetic solutions that already guide other disciplines (e.g., medical
sciences) in developing precision approaches could be a helpful tool to create attractive new strategies to liberate
precision pest management from the need for semiochemical stimuli, simplify their integration with bioinsecticides,
and foster the use of still underemployed solutions.

Approach proposed: We propose an innovative approach, called “biomimetic lure-and-kill". It exploits biomimetic
principles and biocompatible/biodegradable biopolymers (e.g., natural hydrogels) to develop new substrates that
selectively attract insects by reproducing specific natural environmental conditions (biomimetic lure) and kill them
by hosting and delivering a natural biopesticide or through mechanical action. Biomimetic lure-and-kill-designed
substrates point to provide a new attractive system to develop/improve and make more cost-competitive new and
conventional devices (e.g. traps). A first example application is proposed using the tiger mosquito Aedes albopictus as
a model.

Conclusions: Biomaterials, particularly in the hydrogel form, can be a useful tool for developing the biomimetic lure-
and-kill approach because they can satisfy multiple needs simultaneously (e.g., biomimetic lure, mechanical lethality,
biocompatibility, and bioinsecticide growth). Such an approach might be cost-competitive, and with the potential for
applicability to several pest species. Moreover, it is already technically feasible, since all the technologies necessary to
design and configure materials with specific characteristics are already available on the market.
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Background

Biomaterials (BM), and in particular biopolymers (BP),
have already played a crucial role in the birth and devel-
opment of tissue engineering (TE), one of the most revo-
lutionary approaches in regenerative medicine of the last
30 years. TE is based on imitation [1]. It combines and
applies the principles of material engineering, life sci-
ences, and biomimetics, and the properties of BMs (e.g.,
biocompatibility and biodegradation) to produce scaf-
folds that replicate the most critical and suitable physi-
ological conditions to promote healing by specific cell
proliferation/tissue restoration [1]. Then, scaffolds can be
employed directly in the body to sustain regeneration or
after the production (through cell seeding) and implanta-
tion of lab-grown new living and functional tissues [2].

TE relies on the finding that it is possible to manage
and improve the outcome of a biological target (e.g.,
cell seeding) by choosing and manipulating the scaffold
composition and features, based on the evidence that
cell survival and production of physiologically function-
ing structures are related to tissue properties (chemical
and physical). Thus, a scaffolding system has to be bio-
mimetic, i.e. able to replicate physiological tissue behav-
iour, to allow seeded cells to survive and proliferate to
heal damages or produce new tissue. Consequently, the
design and production of biomimetic scaffolds are crucial
for the success of TE [1]. BMs and BPs have been stud-
ied extensively and found to be more suitable for biomi-
metic scaffold preparation. The continuous improvement
of innovative biocompatible materials processing and
sources (e.g., polysaccharides and polypeptides) allowed
the production of complex 3D biomimetic structures and
scaffolds increasingly able to replicate the physiological
mechanisms of transport and signalling [3] of human tis-
sues. Furthermore, the constant improvement in knowl-
edge of BPs has promoted advances in TE, such as in
other medical therapies (e.g., drug delivery or targeting),
and has led to precision and personalised medicine such
as cancer therapy [4]. Consequently, there is extensive
expertise to produce biomimetic and BM-based sub-
strates that can be exploited in other fields.

In recent decades, pest management, particularly the
control of disease vectors, has been faced with numer-
ous new challenges, demanding technically and eco-
nomically sustainable solutions to complement or replace
traditional approaches. Among the significant issues, it
is possible to account for the appearance and spread of
invasive species in new geographical areas and habitats
(mainly due to climate change and globalised movement

of people and goods [5, 6]) and the emergence of insecti-
cide resistance phenomena in pests and the consequent
progressive loss of efficacy of principal molecules and
control strategies [7, 8]. In addition, the impact of sev-
eral insecticides on health and biodiversity, and generally
a higher environmental sensibility, has led to increas-
ingly restrictive regulations about legal molecules, pest
management practices, and greater attention to devices’
ecological impact [9, 10]. Some effective compounds
are considered too risky to be used in settings associ-
ated with humans, animals, or foods (e.g. in the livestock
or food industry). Consequently, the reduction in con-
trol solutions strategies pushes manufacturers, public
health institutions, and researchers to develop innova-
tive sustainable solutions to reduce insecticide volumes
employed or involve biopesticides and novel pesticide-
free control approaches.

Thus, pest management has slowly moved from a pre-
dominantly broad use of chemical insecticides to a more
sophisticated path of “precision” approaches to improve
targeting towards a specific insect group, with solutions
that allow for an increasingly high environmental and
health safety profile by reducing (and eliminating, when
possible) quantities and toxicity of insecticides involved
in the application. For example, a strategy such as insec-
ticide spraying, the former gold standard of pest man-
agement, has ultimately been retained as a non-selective
technique (and in some cases not very effective given the
lack of targeting and delivery), and therefore its use is
limited to strictly necessary applications (e.g., in vector-
borne disease transmission areas [10—13]).

The lure-and-kill approach was among the first and
more successful examples of precision control strategies
[11]. It was designed to increase targeting and insecti-
cide delivery mainly through insect attraction triggered
by semiochemicals [12, 13] such as sex or food phero-
mones, odours, or natural/synthetic baits. Semiochemi-
cals help convey the insecticidal agent more directly and
effectively by attracting a specific insect on traps or toxic
surfaces, or encouraging the ingestion of the toxic bait,
as effectively shown for malaria mosquitoes [14, 15].
Although still based on the use of chemical insecticides,
the precision approach represents a fundamental step
forward to reduce the volumes of insecticides employed
and facilitate their use indoors in the presence of peo-
ple and/or animals or industrial disinfestation (e.g. food
industry). However, this approach fails when species-
specific attractants or food preferences are unavailable
for the target pest. In these situations, the semiochemical
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approach can be ineffective because the insect ignores
the attractant or it may generate repellent reactions [16].
Therefore, it is necessary to explore new precision con-
trol methods that do not exclusively use a semiochemical
or feeding signal to trigger a behavioural reaction in the
insect.

Biomimetic lure-and-kill approach:

how the knowledge in biomaterials can be useful
in pest management

BMs, BPs, and TE expertise can help in developing new
lure-and-kill strategies. For example, taking inspiration
from TE, in particular from how artificial substrate fea-
tures influence cell behaviour, it is possible to hypoth-
esise new attractive systems that could exploit pests’
repetitive behavioural patterns related to essential life-
cycle activities such as reproductive habits or search for
suitable oviposition sites. A possible approach could be
based on stand-alone substrates or devices with the abil-
ity to replicate or mimic natural habitat features (phys-
icochemical, morphological, mechanical) identified as
involved in triggering a specific behaviour and thus influ-
encing the attraction of the target pest species. At the
same time, moving from the typical scaffolds’ biocompat-
ibility required to host cells, it is possible to suppose the
integration of a natural living bioinsecticide (e.g., bacte-
ria, fungi) inside the biomimetic substrates or to design it
to perform a lethal mechanical action such as a sticky or
viscous trapping material.

This approach can be called “biomimetic lure-and-
kill” Its critical elements are the identification of the key
environmental features and the realisation of an artifi-
cial environment that mimics them as closely as possible
(biomimetic artificial environment), which is at the same
time compatible with the conditions for the survival and
growth of the lethal agent that can perform the mechani-
cal action.

Based on TE knowledge, this approach needs to rely
on BPs in particular, which are more suitable for finely
adjusting material properties to create multifunc-
tional substrates. Moreover, BP biocompatibility can be
exploited to host and promote the survival and meta-
bolic activity of natural killing agents (i.e., bioinsecti-
cides). Among them, polysaccharides such as cellulose
and alginates are low-cost and naturally abundant BPs.
They are also biodegradable, biocompatible, and pro-
cessable to form super-absorbent hydrogels [17]. This
particular semi-solid polymer state absorbs and slowly
releases large amounts of water. This could be an essen-
tial feature to attract some classes of pests and, overall,
allow the survival of those bioinsecticides that are excep-
tionally sensitive to drought and extreme environmen-
tal conditions, and then increase the operational time
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of the insecticidal device in field conditions. In fact, as
already reported in regenerative medicine applications
[18], if the polymers are appropriately configured, the
hydrogel-induced microenvironment can host and pro-
mote cell growth and, therefore, the growth of insect-
pathogenic microorganisms such as bacteria and fungi
[19]. But, above all, hydrogels allow for easy adjustment
of some of their parameters within a wide range of val-
ues, guaranteeing the possibility of imitating several dif-
ferent natural environments by minimally varying the
composition or processing of the same polymer (e.g., by
varying polymer type or other reagent concentration).
The numerous fields of application confirm hydrogel
versatility. However, outside of TE, hydrogels are mainly
derived from oil-based polymers (e.g., polyacrylamide,
PAM) and employed as controlled-release systems or
for liquid absorption. For example, synthetic hydro-
gels are applied in agriculture for nutrient or pesticide
release, for absorption and sustained release of water,
particularly in dryland farming in soil-less agriculture,
or hygiene products such as diapers [20, 21]. Synthetic
hydrogels are already used in pest management, mainly
for the release of chemical insecticides through beads as
baits or for controlled release in water or microencapsu-
lation for spraying and release of active substances [22,
23]. Examples are PAM or silica and talc-based gels [24,
25] inserted in a polyethylene container to slowly release
an insect growth regulator or other synthetic insecticides
in pest and vector control [26, 27]. Hydrogels, in some
cases, have also been employed to improve biopesticide
spraying [28, 29].

Although presenting all the advantages of precision
pest management in terms of pesticide volume use,
hydrogels as controlled insecticide release systems can-
not be defined as a completely eco-compatible solution.
For example, when employed in semiochemical-based
lure-and-kill trapping devices, they do not solve the issue
of pesticide release or the dispersion of synthetic poly-
mers in the environment, thus failing to meet the green
spirit required in developing new control methods [30].
Furthermore, the biomimetic lure-and-kill approach
is based on a different problem—solution approach, in
which the hydrogel is an attractive system and a lethal
substrate at the same time and not employed only for
controlled release and pesticide encapsulation. Adopting
a BP-based technology would define a win—win solution
for both manufacturers/stakeholders and the environ-
ment. An economic advantage could derive from greater
efficacy of the product and, in the case of mechanical
action, from the lack of a biocide, offering advantages in
terms of registration and regulatory compliance. In addi-
tion, fully biodegradable devices could be potentially
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adopted as a control method in areas where traditional
pesticide-based approaches are no longer applicable.

Biomimetic approach as a possible solution

to the limits of current Aedes albopictus control
strategies

The control of the tiger mosquito, Aedes albopictus
(Diptera: Culicidae), is an appropriate context in which
the biomimetic approach might be helpful and suc-
cessfully applied. Aedes albopictus is one of the major
invasive species in the world [31], a vector of several
arboviruses including dengue, chikungunya, and Zika
[32, 33], imposing a heavy public health and economic
burden, particularly in temperate areas [34-36]. It is a
day-biting species primarily associated with anthropised
contexts, typically resting in shady places during inactiv-
ity [37-39]. The tiger mosquito is a container-breeding
mosquito that normally does not lay its eggs in water
but rather on humid substrates in sites that will be sub-
sequently flooded. In its original rural habitats, A. albop-
ictus lays eggs in several substrates (e.g., trunks or walls
of cavities present in plants or rocks) [40]. In contrast,
in anthropised environments of temperate countries,
the tiger mosquito is adapted to oviposition mostly on
artificial habitats (cartons, trash containers, used tires,
etc.) [41] in addition to natural breeding habitats such
as green areas typically abundant in peridomestic set-
tings [42, 43]. At the moment, numerous methods for
controlling A. albopictus are adopted [44], spanning from
chemical to biological and mechanical ones. Chemi-
cal methods, despite their pollution problems, lack of
selectivity, and increasing insecticide resistance [45],
are still among the most widely employed control meth-
ods. They involve mainly pyrethroids and insect growth
regulators, respectively employed as adulticides and lar-
vicides, which are space-sprayed or directly applied on
potential breeding sites. Pyrethroids and insect growth
regulators are unique chemicals used in Europe in mos-
quito control strategies, in accordance with Directive
98/8/EC (Biocidal Products Directive) and EU Regula-
tion 528/2012 (Biocidal Products Regulation [BPR]). The
direct application of adulticides can be very effective in
favourable conditions, particularly against A. albopic-
tus (and also Aedes aegypti). However, the efficacy of
adulticidal direct application can be negatively affected
by environmental conditions and the repellent effect of
some insecticidal compounds [46-48], as well as by dif-
ficulties in spraying insecticides in private areas. Con-
sequently, chemical methods, and in particular direct
application of adulticidal substances, are effective when
locally applied but not for wide areas, mainly because
of their environmental impact [49-51]. In addition, due
to the strong limits imposed by the BPR, adulticidal
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applications will probably no longer be permitted and
will have to be replaced with other strategies. Biologi-
cal approaches have been proposed as an alternative or
complement to chemical methods. Bioinsecticides such
as bacteria (e.g., Bacillus thuringiensis [Bti]), symbionts
(e.g., Wolbachia pipientis), entomopathogenic fungi (e.g.,
Beauveria bassiana [Bb] and Metarhizium anisopliae)
[52-55], and natural essential oils (e.g., oil of pennyroyal
[Mentha pulegium)] or Ruta chalepensis) [56—58] have
been among the most commonly promoted. However,
they may still present difficulties in targeting and selec-
tivity when sprayed. Furthermore, bioinsecticides have
storage difficulties [59], and their efficacy and persistence
are strongly conditioned by the substrate and the envi-
ronmental conditions of application [60]. For example,
the survival of Bb is reduced to a few days if sprayed on
synthetic surfaces as polypropylene or used in unsuitable
operating conditions such as exposure to heat, UV radia-
tion, and substrate drying, thus affecting the persistence
of the insecticide product [61].

Those are among the main problems that have moti-
vated research on precision pest management solutions,
particularly lure-and-kill strategies, also for A. albopic-
tus control. Among them, mechanical control methods
(trapping) can be seen as a potential alternative to replace
insecticides (chemical and biological) or a targeted and
selective system for their delivery. Trapping would reduce
the environmental impact of chemical compounds and
improve control efficacy as in the objectives of precision
pest management. Generally, traps have been exploited
as monitoring tools, but there have been numerous
attempts to transform some monitoring traps into lethal
devices to be employed as mass control methods. Most
monitoring traps aim to collect adult mosquitoes (e.g.,
gravid females or host-seeking females) or eggs by adapt-
ing their working principles to the target species, for
example, by adapting odour baits and trapping method to
the specific behavioural/physiological characteristics [48,
62, 63].

Traps targeting host-seeking females, such as the BG-
Sentinel trap (BGS, Biogents AG, Regensburg, Germany),
are usually based on semiochemical (CO,-based or vola-
tile compounds such as L-lactic acid and octenol) or col-
our patterns that have been shown to be attractive for
several mosquito species, Aedes in particular [64-71].
They can be equipped with active components (active
traps) such as fans, sticky surfaces, or other aspiration or
autocidal mechanisms to capture the lured adults [72—
74], and then do not require the addition of insecticide
to be converted into lethal lure-and-kill traps [75], mak-
ing them potentially feasible green mass control devices.
Nevertheless, despite their lower environmental impact
due to the absence of pesticides, active lethal traps are not
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selective and are composed of non-biodegradable parts.
However, among the primary limits to their use as a mass
control method remain the cost of suction traps such as
the BGS (ranging from tens to hundreds of dollars versus
a few dollars for standard ovitraps), the need for a power
supply, and the need for periodic maintenance by the
user (which means further costs and reduced cost-effec-
tiveness ratio) [76]. Then, even if upgraded to be very
attractive and able to compete with a human host, these
traps still have limited applicability in mass control cam-
paigns in which the use of low-cost devices and mainte-
nance cost reduction are crucial because a large number
of traps must be deployed over a wide area to achieve a
population reduction effect [77].

On the other hand, ovitraps targeting gravid females
(e.g., the traditional ovitrap), one of the most widely
employed and inexpensive passive surveillance/moni-
toring tools for detecting the presence of A. albopictus,
already use an approach based on the characteristics of
Aedes oviposition behaviour. They exploit the propen-
sity of container-breeding mosquitoes to lay their eggs
in small [71] artificial water collections, providing an
oviposition site similar to those available in urban con-
texts [78]. These artificial oviposition sites have been
converted from monitoring to a lethal ovitrap (LOT) [79]
by adding an insecticidal ingredient (chemical or bio-
logical) [80], obtaining a low-cost device proven (under
certain conditions) to reduce mosquito population den-
sity in large-scale campaigns [48]. However, their efficacy
is strongly dependent on public engagement and larval
source reduction from the environment [62, 81]. LOT
efficacy can increase when enriched with organic infu-
sions such as grass, hay, or oak, as well as NPK (nitro-
gen—phosphorous—potassium) fertilisers, to improve
their attractivity [82, 83]. However, attractant efficacy is
strongly conditioned by environmental conditions and
cannot compensate for the competition such as attract-
ants of the numerous water containers and natural breed-
ing sites around the trap-treated areas [84]. This remains
probably one of the most critical factors limiting ovitrap
efficacy, but the development of oviposition stimulants
could lead to even better control of mosquito populations
using these traps [85].

Furthermore, even though cheaper than active traps,
and thus economically more suitable for mass trapping,
LOTs still need periodic servicing: water and insecticide
refills to compensate for evaporation and prevent them
from becoming new breeding sites, continuous monitor-
ing, recovery, and disposal when not biodegradable. Even
though biodegradable traps (e.g., Biotrap, Greenlid) [86]
or larger standard traps (long-lasting traps) have been
proposed as possible solutions, the presence of insec-
ticide and the need to add larvicidal products to avoid
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adult emergence remain unsolved [87]. Analysing LOTs
in terms of environmental profile, they are a precision
pest management approach to tiger mosquito control.
However, although more selective, they remain largely
based on chemical insecticides [88], with consequently
higher environmental impact and a lower safety profile
compared to insecticide-free approaches such as active
lethal traps, limiting their applicability in domestic con-
texts. Although biopesticides such as Bti and Wolbachia
have been proved effective against Aedes, no specific
improvements to traps (e.g., trap design or oviposition
substrate modifications) have been proposed to promote
their use or to employ other active substances [79, 81].

Therefore, although less expensive, currently available
LOTs are in several cases not sufficiently cost-effective to
effectively compete with chemical control methods for
A. albopictus control or are not entirely environmentally
friendly. The cost-effectiveness of ovitraps is affected by
their attractiveness and the trap’s active period (i.e., how
much and for how long the traps are attractive) [62]. The
first aspect has been improved by enhancing oviposition
substrate attractiveness (e.g., by using oviposition-pro-
moting substances), thus increasing the number of ovi-
posited eggs [89]. More than 100 attractive substances
have been found, as reported in the literature. However,
they are not selective, have efficacy limited to specific
environmental conditions [90, 91], and, overall, no infor-
mation is available about their effect on trap competitive-
ness against natural breeding sites.

On the other hand, synthetic hydrogels have already
been employed (together with other hydrophilic or absor-
bent materials, such as zeolites) to reduce servicing by
limiting evaporation and trap drying. At the same time,
hydrogels have been exploited for controlled-release
pesticides [92, 93]. However, as currently proposed, syn-
thetic hydrogels do not help to reduce the employment of
chemical substances, for example, by effectively integrat-
ing and delivering bioinsecticides, as they are generally
not biocompatible due to possible toxicity of materi-
als and/or preparations, stressful processing conditions
such as thermal or mechanical stress, or simple chemi-
cal incompatibility [94, 95]. Synthetic hydrogel substrates
currently employed have not been designed to reproduce
main natural breeding sites features. To the best of our
knowledge, studies focusing on the effects of their chemi-
cal composition/physical features on oviposition pref-
erence and number of eggs laid are not available in the
literature.

Also, the issue of dispersing a non-biodegradable and
potentially dangerous synthetic polymer into the envi-
ronment is not taken into account, therefore incurring
the limitations of use that contradict the assumptions on
which the approach we propose relies [96]. Even in the
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case of biodegradable compounds, their use could not
entirely prevent the generation of possible contamination
or toxicity due to the presence of small molecules (e.g.,
free radicals or reactive moieties) dispersed as degrada-
tion by-products. Consequently, very few compounds in
the list of potential BPs could be considered biodegrad-
able or not toxic, and even less could be used to produce
fully biodegradable hydrogels. Moreover, nowadays, the
impact on the environment in terms of CO, emissions of
these polymers’ production process should also be con-
sidered. Hence, taking into account the problems men-
tioned above, for the targeted application, we suggest the
use of nature-derived polymer hydrogels (starch or cel-
lulose derivative-based) excluding sugar-based BPs (e.g.,
polylactic acid [PLA] or polyhydroxybutyrate [PHB]).

In particular, for Ae. albopictus, the biomimetic lure-
and-kill approach based on BP hydrogels does not pro-
vide a new type of trap in itself, but presents a possible
solution in the optimisation of currently available trap-
ping devices. It allows both the mimicking of typical
oviposition substrates and, at the same time, hosts (i.e.,
grown until lethal concentrations) a bioinsecticide by
exploiting biocompatibility and microenvironmental fea-
tures to improve efficacy, reduce servicing, and enhance
environmental safety at the same time. It bypasses the
use of attractants, trying to compete with natural breed-
ing sites, identifying and imitating their key features to
develop a new artificial oviposition substrate. Even better,
a BM can also be tuned to create a mechanical entrap-
ment effect, potentially making unnecessary the presence
of a biocide in a trapping device [97].

Specialisation of the biomimetic lure-and-kill
approach to produce an oviposition substrate

for Aedes albopictus

Mosquito oviposition is a complex and multifactorial
event requiring selection of the egg-laying site during
which the gravid female, guided by several stimuli, identi-
fies the most suitable site for the offspring’s survival [91].
Given the extreme adaptability of A. albopictus at the
larval level [77], both in natural and in anthropised con-
texts of different geographical areas, many signals (e.g.,
surface features, volatile compounds from decaying veg-
etal matter and microbial community, site/background

Page 6 of 12

colour, adequate pH and salinity, presence of conspecific
larvae or predators [40]) play a role in identifying micro-
environments for site selection [98—102]. It is possible to
produce an artificial oviposition substrate considering a
defined number of key oviposition drivers, with constant,
testable, measurable, and reproducible physical char-
acteristics, making the substrate biomimetic, free from
repellent factors, and consequently highly attractive for
gravid mosquito females.

A possible technical solution for creating a substrate
with the previously described properties is the use of
physical or cross-linked macromolecular hydrogels based
on low-cost, naturally biodegradable, and biocompat-
ible BPs. Some suitable low-cost candidates for hydro-
gel composition could be cellulose, alginates, or other
polysaccharides such as starch or chitosan [17]. One of
the most well-known properties of macromolecular
hydrogels (in particular for super-absorbent hydrogels)
is the ability to absorb and retain water (or humidity
from the environment for hydrophilic materials), releas-
ing it slowly, then maintaining for an extended period
the essential characteristics of a suitable A. albopictus
breeding site. Furthermore, it is possible to regulate the
gel's mechanical properties and degradation times [103],
surface morphology, viscosity, pH, salinity, etc., simulat-
ing physical and chemical conditions of natural oviposi-
tion substrates of tiger mosquitoes (Table 1) and/or other
container-breeding species [104].

In addition to the possible lure advantages due to the
biomimetic design of the substrate, the use of fully bio-
degradable and super-absorbent hydrogel would also
guarantee a technical solution to the problems of dura-
tion, maintenance, and disposal of the traps and associ-
ated costs described above. Finally, hydrogels can also be
stored after lyophilisation (e.g., through freeze-drying)
and subsequently rehydrated (without loss of properties),
ensuring ease of use, storage, and transport [105, 106]. A
so-designed hydrogel could be employed in biodegrad-
able devices (e.g., made of PLA) or spread on cardboard-
made supports (similar to glue-based sticky traps [72, 74,
107, 108]) due to the lack of liquid water in the trap. This
use could ensure a possible industrial scale-up and a low-
cost and easily storable final product (Fig. 1).

Table 1 A panel of possible key parameters and substrate composition for the growth of Beauveria bassiana (Bb) and oviposition lure

activity for A. albopictus

pH Salinity Composition Water content wt% Substrate consistency Surface morphology
Key parameters
Oviposition 4-7 <3% Natural substrates >0% Mud-like to wood Not smooth
Bb growth 5-7 <3% Natural substrates richin ~ 5-80 wt% Solid substrate (fermentation) -

[111] sugars (e.g. cereals)
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Fig. 1 Example of a theoretical biodegradable polylactic acid (PLA) oviposition trap with biomimetic hydrogel and a bioinsecticide
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At the same time, these natural hydrogels can be
exploited to support the survival and growth of biope-
sticides within the oviposition substrates by providing
a suitable microenvironment for the insect pathogen
growth, controlling the amount of water necessary for its
survival and proliferation, avoiding desiccation, and pro-
viding nutrients that can be inserted during the macro-
molecular gel preparation. Entomopathogenic fungi such
as Bb or Metarhizium anisopliae are interesting (but not
exhaustive) examples of potentially embeddable biopes-
ticides. The feasibility of embedding these insect patho-
gens has already been proven [77-79], particularly at the
conidial stage. Usually, conidia are suspended in biopoly-
meric solutions (e.g., alginate), able to form micro shells
or spheres containing the pathogens and to preserve their
vitality and persistence when applied (usually by spray-
ing after rehydration) [28, 109]. However, the polymers
employed in these solutions have only a protective func-
tion and are not developed to support conidial growth.
In contrast, considering the link between conidial growth
and the presence of water, nutrients, and specific ranges
of pH and temperature (pH 4-8; 25 °C) [110, 111], a
hydrogel not only can provide protection for the conidia
but could also be a substrate potentially able to promote
fungal growth. By adding bioinsecticides inside a hydro-
gel in a trapping device, the efficiency and possibilities
for use of the trapping approach can be increased, but it

would also benefit from using lower starting fungal con-
centrations. A shortlist of some possible key physical and
chemical parameters and relative ranges suitable for both
lure and bioinsecticide growth (e.g., for Bb) are reported
in Table 1. This way, it could provide a potentially effec-
tive biomimetic lure-and-kill substrate: a cellulose hydro-
gel with mosquito oviposition lure activity containing a
living biocide (Bb conidia but even Bti spores). The only
constraint is an overlapping between the proliferation
condition of the biocide needed and the attractiveness of
the substrate for the mosquito (Table 1).

Another possible advantage of including a biopes-
ticide inside an oviposition substrate is the presence
of the so-called auto-dissemination mechanism of the
insecticide spread by insects after oviposition (Fig. 2).
This mechanism can boost the effect of the bioinsecti-
cide, especially for insects that do not lay all eggs in a
single site (skip oviposition), such as A. aegypti or A.
albopictus [112, 113].

Finally, if properly designed, hydrogel-based substrates
could also perform a mechanical trapping action of eggs/
larvae, exploiting their viscoelastic properties (e.g., by
varying the rheological properties), eliminating the need
for a biocide substance. This solution would increase the
safety of the trapping device and consequently the num-
ber of scenarios in which the device could be adopted. In
addition, the absence of the biocide further reduces the
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costs by eliminating the potential need for biocide regis-
tration. A substrate with these characteristics has already
been developed, and preliminary laboratory testing
shows promising results [114].

Conclusions

The increasing problems associated with the reduced effi-
cacy and high ecological impact of traditional pest man-
agement methods highlight the need to adopt precision
methods, focusing on effective and sustainable new tools.
The approach proposed herein, modulated by TE and
based on the principles of biomimicry, identifies BMs as a
useful tool since they are among the few (if not the only)
materials capable of satisfying multiple needs at the same
time (e.g. biomimetic lure, mechanical lethality, biocom-
patibility, and bioinsecticide growth).

As described here for the tiger mosquito, the approach
has the potential for applicability to several pest species
and is already technically feasible, as all the technologies
necessary to design and configure materials with specific
characteristics already exist.

This approach might be cost-competitive, increasing
the effectiveness of substrates and devices as much as
possible. This result can be obtained by identifying the
most promising behavioural habits of the target species
to obtain substrates able to mimic the nature and condi-
tions necessary to obtain a specific response in the target
species, exactly as is done in the scaffold—cell interaction
of TE approaches.

The role of material engineering is instrumental
in finding the best materials and fitting processing,

technically and economically, in a continuous transfer
of knowledge from materials engineering to entomol-
ogy. Developing a new pest control approach requires
a multidisciplinary process, and strong interaction
among different research areas is needed. In fact, one
of the possible limitations could be finding specific
behavioural patterns in insects and quantifying their
driver parameters. For example, knowledge in ento-
mology, mycology, and materials engineering is crucial
to realise the proposed tool for A. albopictus. Further
works are necessary to verify (i) which hydrogel char-
acteristics (e.g., humidity, pH, salinity, composition)
mainly influence the oviposition behaviour and in what
range of values; and (ii) the oviposition preference of A.
albopictus for hydrogel composition compared to nat-
ural larval habitats. The final aim is to obtain the best
lethality results with lower environmental impact, pro-
viding pest control tools with the highest safety and a
broad application scenario [96].

Abbreviations
BM: Biomaterial; BP: Biopolymer; TE: Tissue engineering; A. albopictus: Aedes
albopictus; Bb: Beauveria bassiana; LOT. Lethal ovitrap.

Acknowledgements
The work was supported in conceptualisation and research by Gea srl-Settimo
Milanese.

Authors’ contributions
The manuscript was written with contributions of all authors. All authors read
and approved the final manuscript.



Friuli et al. Parasites & Vectors (2022) 15:79

Funding

The work was funded by the Industrial Ph.D. Program "Dottorati innovativi
a caratterizzazione industriale" belonging to the school of doctorate of the
University of Salento.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interests.

Author details

!Department of Engineering for Innovation, University of Salento,

73100 Lecce, Italy. 2Department of Veterinary Medicine, University of Bari,
Valenzano, Italy. *Dipartimento Di Sanita Pubblica E Malattie Infettive, Univer-
sitd Di Roma“Sapienza’; Rome, Italy.

Received: 20 October 2021 Accepted: 7 February 2022
Published online: 05 March 2022

References

1. Grayson WL, Martens TR, Eng GM, Radisic M, Vunjak-Novakovic G.
Biomimetic approach to tissue engineering. Semin Cell Devel Biol.
2009;20:665—73. https://doi.org/10.1016/jsemcdb.2008.12.008.

2. Langer R, Vacanti JP. Tissue engineering. Science. 1993;260:920. https://
doi.org/10.1126/science.8493529.

3. Freed LE, Vunjak-Novakovic G, Biron RJ, Eagles DB, Lesnoy DC, Barlow
SK, et al. Biodegradable polymer sca olds for tissue engineering. Bio/
Technology. 1994;12:689-93. https.//doi.org/10.1038/nbt0794-689.

4. Chew SA, Danti S. Biomaterial-based implantable devices for cancer
therapy. Adv Healthcare Mater. 2017,6:1600766. https.//doi.org/10.
1002/adhm.201600766.

5. Di enbaugh NS, Krupke CH, White MA, Alexander CE. Global warming
presents new challenges for maize pest management. Environ Res Lett.
2008;34:044007; https://doi.org/10.1088/1748-9326/3/4/044007.

6. Powell JR. Mosquitoes on the move. Science. 2016;354:971. https://doi.
0rg/10.1126/science.aal1717.

7. Hemingway J, Ranson H, Magill A, Kolaczinski J, Fornadel C, Gimnig
J, et al. Averting a malaria disaster: will insecticide resistance derail
malaria control? Lancet. 2016;387.1785-8. https://doi.org/10.1016/
S0140-6736(15)00417-1.

8. Sparks TC, Storer N, Porter A, Slater R, Nauen R. Insecticide resistance
management and industry: the origins and evolution of the Insecticide
Resistance Action Committee (IRAC) and the mode of action classifica-
tion scheme. Pest Management Science. 2021;77:2609-19. https.//doi.
0rg/10.1002/ps.6254.

9. Mitra A, Chatterjee C, Mandal F. Synthetic chemical pesticides and their

e ects on birds. Res J Environ Toxicol. 2011. https://doi.org/10.3923/rjet.

2011.

10. Ndakidemi B, Mtei K, Ndakidemi P. Impacts of synthetic and botanical
pesticides on beneficial insects. Agric Sci. 2016;07:364-72. https://doi.
0rg/10.4236/as.2016.76038.

11. Shah FM, Razaq M. From Agriculture to Sustainable Agriculture:
Prospects for Improving Pest Management in Industrial Revolution 4.0.
Cham: Springer International Publishing; 2020. p. 1-18.

12. Dormont L, Mulatier M, Carrasco D, Cohuet A. Mosquito Attract-
ants. J Chem Ecol. 2021;47:351-93. https://doi.org/10.1007/
510886-021-01261-2.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

Page 9 of 12

Wooding M, Naudé Y, Rohwer E, Bouwer M. Controlling mosquitoes
with semiochemicals: a review. Parasit Vectors. 2020;13:80. https.//doi.
0rg/10.1186/513071-020-3960-3.

Fraser KA-O, Mwandigha L, Traore SF, Traore MM, Doumbia S, Junnila A,
et al. Estimating the potential impact of Attractive Targeted Sugar Baits
(ATSBs) as a new vector control tool for Plasmodium falciparum malaria.
1475-2875 (Electronic).

Traore MM, Junnila A, Traore SF, Doumbia S, Revay EE, Kravchenko VD,
et al. Large-scale field trial of attractive toxic sugar baits (ATSB) for the
control of malaria vector mosquitoes in Mali West Africa. Malaria J.
2020;19:72. https://doi.org/10.1186/512936-020-3132-0.

Canyon D, Muller R. Oviposition and olfaction responses of Aedes
aegypti mosquitoes to insecticides. Trop Biomed. 2013;30:691-8.
Sannino A, Madaghiele M, Demitri C, Scalera F, Esposito A, Esposito V,

et al. Development and characterization of cellulose-based hydrogels
for use as dietary bulking agents. J Appl Polym Sci. 2010;115:1438-44.
https://doi.org/10.1002/app.30956.

Nicodemus GD, Bryant SJ. Cell encapsulation in biodegradable
hydrogels for tissue engineering applications. Tissue Eng Part B Rev.
2008;14:149-65. https:.//doi.org/10.1089/ten.teb.2007.0332.

Au-Khetan S, Au-Burdick J. Cellular Encapsulation in 3D Hydrogels for
Tissue Engineering. JOVE. 2009;32:¢1590. https://doi.org/10.3791/1590.
Sannino A, Demitri C, Madaghiele M. Biodegradable cellulose-based
hydrogels: design and applications. Materials. 2009;2:2. https://doi.org/
10.3390/ma2020353.

Friuli M, Masciullo A, Blasi FS, Mita M, Corbari L, Surano I: A 4.0 Sustaina-
ble Aquaponic System Based on the Combined Use of Superabsorbing
Natural Hydrogels and Innovative Sensing Technologies for the Optimi-
zation of Water Use. 2021 IEEE 6th International Forum on Research and
Technology for Society and Industry (RTSI). 2021. p. 429-34.

Norris EJ, Mullis AS, Phanse Y, Narasimhan B, Coats JR, Bartholomay LC.
Biodistribution of degradable polyanhydride particles in Aedes aegypti
tissues. PLOS Negl Trop Dis. 2020;14:e0008365. https://doi.org/10.1371/
journal.pntd.0008365.

Paquette CCH, Phanse Y, Perry JL, Sanchez-Vargas |, Airs PM, Dunphy
BM, et al. Biodistribution and Tra  cking of Hydrogel Nanoparticles in
Adult Mosquitoes. PLOS Negl Trop Dis. 2015;9:e0003745. https://doi.
0rg/10.1371/journal.pntd.0003745.

Barrera R, Mackay, A. J, & Amador, M. : Methods and apparatus for sur-
veillance and control of insect vectors. In: USPTO, vol. 923,774,1. US2012
Gaugler R, Suman, D., & Wang, Y. : Autodissemination of an Insect-
Growth Regulator for Insect Management. In: https://patents.google.
com/patent/US20130303574A1/en?0q=US+patent+20130303574.
Edited by USPTO, vol. 20130303574 US2011.

Buczkowski G, Roper E, Chin D. Polyacrylamide hydrogels: an e ective
tool for delivering liquid baits to pest ants (Hymenoptera: Formicidae). J
Econ Entomol. 2014;107:748-57. https://doi.org/10.1603/EC13508.

Tay J-W, Choe D-H, Mulchandani A, Rust MK. Hydrogels: from controlled
release to a new bait delivery for insect pest management. J Econ
Entomol. 2020;113:2061-8. https://doi.org/10.1093/jee/toaal83.
Batista DPC, de Oliveira IN, Ribeiro ARB, Fonseca EJS, Santos-Magalhaes
NS, de Sena-Filho JG, et al. Encapsulation and release of Beauveria bassi-
ana from alginate—bentonite nanocomposite. RSC Adv. 2017;7:26468—
77. https://doi.org/10.1039/C7RA02185B.

Gerding-Gonzalez M, France A, Sepulveda ME, Campos J. Use of chitin
to improve a Beauveria bassiana alginate-pellet formulation. Biocontrol
Sci Tech. 2007;17:105-10. https://doi.org/10.1080/09583150600937717.
Gregg PC, Del Socorro AP, Landolt PJ. Advances in attract-and-kill

for agricultural pests: beyond pheromones. Annu Rev Entomol.
2018,63:453-70. https://doi.org/10.1146/annurev-ento-031616-035040.
Kraemer MUG, Reiner RC, Brady OJ, Messina JP, Gilbert M, Pigott DM,

et al. Past and future spread of the arbovirus vectors Aedes aegypti and
Aedes albopictus. Nat Microbiol. 2019;4:854—63. https://doi.org/10.1038/
541564-019-0376-y.

Organization WH: Draft global vector control response 2017-2030.
Edited by Organization WH2016: 53

Medlock JM, Hansford KM, Scha ner F, Versteirt V, Hendrickx G, Zel-

ler H, et al. A review of the invasive mosquitoes in Europe: ecology,
public health risks, and control options. Vector-Borne Zoonotic Dis.
2012;12:435-47. https://doi.org/10.1089/vbz.2011.0814.


https://doi.org/10.1016/j.semcdb.2008.12.008
https://doi.org/10.1126/science.8493529
https://doi.org/10.1126/science.8493529
https://doi.org/10.1038/nbt0794-689
https://doi.org/10.1002/adhm.201600766
https://doi.org/10.1002/adhm.201600766
https://doi.org/10.1088/1748-9326/3/4/044007
https://doi.org/10.1126/science.aal1717
https://doi.org/10.1126/science.aal1717
https://doi.org/10.1016/S0140-6736(15)00417-1
https://doi.org/10.1016/S0140-6736(15)00417-1
https://doi.org/10.1002/ps.6254
https://doi.org/10.1002/ps.6254
https://doi.org/10.3923/rjet.2011
https://doi.org/10.3923/rjet.2011
https://doi.org/10.4236/as.2016.76038
https://doi.org/10.4236/as.2016.76038
https://doi.org/10.1007/s10886-021-01261-2
https://doi.org/10.1007/s10886-021-01261-2
https://doi.org/10.1186/s13071-020-3960-3
https://doi.org/10.1186/s13071-020-3960-3
https://doi.org/10.1186/s12936-020-3132-0
https://doi.org/10.1002/app.30956
https://doi.org/10.1089/ten.teb.2007.0332
https://doi.org/10.3791/1590
https://doi.org/10.3390/ma2020353
https://doi.org/10.3390/ma2020353
https://doi.org/10.1371/journal.pntd.0008365
https://doi.org/10.1371/journal.pntd.0008365
https://doi.org/10.1371/journal.pntd.0003745
https://doi.org/10.1371/journal.pntd.0003745
https://patents.google.com/patent/US20130303574A1/en?oq=US+patent+20130303574
https://patents.google.com/patent/US20130303574A1/en?oq=US+patent+20130303574
https://doi.org/10.1603/EC13508
https://doi.org/10.1093/jee/toaa183
https://doi.org/10.1039/C7RA02185B
https://doi.org/10.1080/09583150600937717
https://doi.org/10.1146/annurev-ento-031616-035040
https://doi.org/10.1038/s41564-019-0376-y
https://doi.org/10.1038/s41564-019-0376-y
https://doi.org/10.1089/vbz.2011.0814

Friuli et al. Parasites & Vectors

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

(2022) 15:79

Bellini R, Michaelakis A, Petri¢ D, Scha ner F, Alten B, Angelini P, et al.
Practical management plan for invasive mosquito species in Europe:

. Asian tiger mosquito (Aedes albopictus). Travel Med Infect Dis.
2020;35:101691. https://doi.org/10.1016/j.tmaid.2020.101691.

Braks M, Medlock J, Hubdlek Z, Hjertqvist M, Perrin Y, Lancelot R, et al.
Vector-borne disease intelligence: strategies to deal with disease
burden and threats. Front Public Health. 2014. https://doi.org/10.3389/
fpubh.2014.00280.

Kampen H, Medlock JM, Vaux AGC, Koenraadt CIM, van Vliet AJH, Bar-
tumeus F, et al. Approaches to passive mosquito surveillance in the EU.
Parasites Vectors. 2015;8:9. https://doi.org/10.1186/s13071-014-0604-5.
Amraoui F, Failloux A-B. Chikungunya: an unexpected emergence in
Europe. Curr Opin Virol. 2016;21:146-50. https://doi.org/10.1016/j.
coviro.2016.09.014.

Gratz NG. Critical review of the vector status of Aedes albopictus. Med
Veter Entomol. 2004;18:215-27. https://doi.org/10.1111/j.0269-283X.
2004.00513.x.

Weaver SC, Reisen WK. Present and future arboviral threats. Antiviral
Res. 2010;85:328-45. https://doi.org/10.1016/j.antiviral.2009.10.008.
Pereira-dos-Santos T, Roiz D, Lourengo-de-Oliveira R, Paupy C. A system-
atic review: is Aedes albopictus an e - cient bridge vector for zoonotic
arboviruses? Pathogens. 2020. https://doi.org/10.3390/pathogens9
040266.

Meena A, Choudhary N. Container breeding preference of Aedes albop-
ictus in urban environment. 2019.

Benedict MQ, Levine RS, Hawley WA, Lounibos LP. Spread of the tiger:
global risk of invasion by the mosquito Aedes albopictus. Vector-Borne
Zoonotic Dis. 2007;7:76-85. https://doi.org/10.1089/vbz.2006.0562.
Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al.
The global distribution and burden of dengue. Nature. 2013,496:504-7.
https://doi.org/10.1038/nature12060.

Takken W, van den Berg H. Manual on prevention of establishment
and control of mosquitoes of public health importance in the WHO
European Region (with special reference to invasive mosquitoes).
Copenhagen: World Health Organization. Regional O ce for Europe;
2019.

Auteri M, La Russa F, Blanda V, Torina A. Insecticide resistance associ-
ated with kdr mutations in Aedes albopictus: an update on worldwide
evidences. Biomed Res Int. 2018;2018:3098575. https://doi.org/10.1155/
2018/3098575.

Hajjar MJ, Ajlan AM, Al-Ahmad MH. Integration of repellency e ect

of neem-based insecticide and pheromone Bio-Trap® with Beauveria
bassiana (Hypocreales: Cordycipitaceae) to control the red palm weevil,
Rhynchophorus ferrugineus (Olivier) (Coleoptera: Curculionidae). African
Entomology. 2021;29:611-9.

Canyon DV, Muller R. Oviposition and olfaction responses of Aedes
aegypti mosquitoes to insecticides. Trop Biomed. 2013;30:691-8.
Baldacchino F, Caputo B, Chandre F, Drago A, della Torre A, Montarsi F,
et al. Control methods against invasive Aedes mosquitoes in Europe: a
review, Pest Manag Sci. 2015;71:1471-85. https://doi.org/10.1002/ps.
4044,

Smith LB, Kasai S, Scott JG. Pyrethroid resistance in Aedes aegypti and
Aedes albopictus: important mosquito vectors of human diseases. Pesti-
cide Biochem Physiol. 2016;133:1-12. https://doi.org/10.1016/pestbp.
2016.03.005.

Dusfour |, Vontas J, David J-P, Weetman D, Fonseca DM, Corbel V,

et al. Management of insecticide resistance in the major Aedes vec-
tors of arboviruses: Advances and challenges. PLOS Negl Trop Dis.
2019;13:e0007615. https://doi.org/10.1371/journal.pntd.0007615.
Moyes CL, Vontas J, Martins AJ, Ng LC, Koou SY, Dusfour |, et al. Con-
temporary status of insecticide resistance in the major Aedes vectors of
arboviruses infecting humans. PLOS Negl Trop Dis. 2017;11:e0005625.
https://doi.org/10.1371/journal.pntd.0005625.

von Hans H, Norbert B. Cost-benefit analysis of mosquito control
operations based on microbial control agents in the upper Rhine valley
(Germany). Eur Mosquito Bull. 2009;27:1.

Blanford S, Shi W, Christian R, Marden JH, Koekemoer LL, Brooke BD,
etal. Lethal and pre-lethal e ects of a fungal biopesticide contrib-

ute to substantial and rapid control of malaria vectors. PLoS ONE.
2011,6:223591. https.//doi.org/10.1371/journal.pone.0023591.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71

Page 10 of 12

Lee SJ, Kim S, Yu JS, Kim JC, Nai Y-S, Kim JS. Biological control of Asian
tiger mosquito, Aedes albopictus (Diptera: Culicidae) using Metarhizium
anisopliae JEF-003 millet grain. J Asia-Pacific Entomol. 2015;18:217-21.
https.//doi.org/10.1016/j.aspen.2015.02.003.

Clark TB, Kellen WR, Fukuda T, Lindegren JE. Field and laboratory studies
on the pathogenicity of the fungus Beauveria bassiana to three genera
of mosquitoes. J Invert Pathol. 1968;11:1-7. https://doi.org/10.1016/
0022-2011(68)90047-5.

Benelli G, Canale A, Conti B. Eco-friendly control strategies against the
Asian tiger mosquito, Aedes albopictus (Diptera: Culicidae): repellency
and toxic activity of plant essential oils and extracts. Pharmacol Online.
2014;1:44-50.

Domingues P, Santos L. Essential oil of pennyroyal (Mentha pulegium):
Composition and applications as alternatives to pesticides—New
tendencies. Industr Crops Products. 2019;139:111534. https://doi.org/
10.1016/j.indcrop.2019.111534.

Immediato D, Figueredo LA, latta R, Camarda A, de Luna RLN, Giangasp-
ero A, et al. Essential oils and Beauveria bassiana against Dermanyssus
gallinae (Acari: Dermanyssidae): towards new natural acaricides. Vet
Parasitol. 2016;229:159-65. https.//doi.org/10.1016/j.vetpar.2016.10.018.
Blanford S, Jenkins NE, Christian R, Chan BHK, Nardini L, Osae M, et al.
Storage and persistence of a candidate fungal biopesticide for use
against adult malaria vectors. Malaria J. 2012;11:354. https://doi.org/10.
1186/1475-2875-11-354.

Melo AA, Swarowsky A, Rakshit A, Meena VS, Abhilash PC, Sarma BK,

et al. Chapter 4 - Application technology of biopesticides. Advances in
Bio-inoculant Science: Woodhead Publishing; 2022. p. 31-6.

Acharya N, Seliga RA, Rajotte EG, Jenkins NE, Thomas MB. Persistence
and e cacy of a Beauveria bassiana biopesticide against the house fly,
Musca domestica, on typical structural substrates of poultry houses.
Biocontrol Sci Tech. 2015;25:697-715. https://doi.org/10.1080/09583
157.2015.1009872.

Johnson BJ, Ritchie SA, Fonseca DM. The state of the art of lethal
oviposition trap-based mass interventions for arboviral control. Insects.
2017:8:1. https://doi.org/10.3390/insects8010005.

Fouet C, Kamdem C. Integrated mosquito management: is precision
control a luxury or necessity? Trends Parasitol. 2019;35:85-95. https://
doi.org/10.1016/}.pt.2018.10.004.

Poulin B, Lefebvre G, Muranyi-Kovacs C, Hilaire S. Mosquito traps: an
innovative, environmentally friendly technique to control mosquitoes.
Int J Environ Res Public Health. 2017;14:3.

Hoel DF, Kline DL, Allan SA. Evaluation of Six Mosquito Traps for Collec-
tion of Aedes albopictus and associated mosquito species in a suburban
setting in North Central Florida.  Am Mosq Control Assoc. 2009;25:47—
57. https://doi.org/10.2987/08-5800.1.

Drago A, Marini F, Caputo B, Coluzzi M, della Torre A, Pombi M. Looking
for the gold standard: assessment of the e ectiveness of four traps for
monitoring mosquitoes in Italy. J Vector Ecol. 2012;37:117-23. https.//
doi.org/10.1111/j.1948-7134.2012.00208 x.

LAmbert G, Ferré JB, Scha ner F, Fontenille D. Comparison of di erent
trapping methods for surveillance of mosquito vectors of West Nile
virus in Rhéne Delta France. J Vector Ecol. 2012;37:269-75. https://doi.
0rg/10.1111/j.1948-7134.2012.00227 .

Pombi M, Jacobs F, Verhulst NO, Caputo B, della Torre A, Takken W. Field
evaluation of a novel synthetic odour blend and of the synergistic role
of carbon dioxide for sampling host-seeking Aedes albopictus adults

in Rome, Italy. Parasites vectors. 2014;7:580. https://doi.org/10.1186/
513071-014-0580-9.

Roiz D, Roussel M, Mufioz J, Ruiz S, Soriguer R, Figuerola J. E cacy of
mosquito traps for collecting potential West Nile mosquito vectors in
a natural Mediterranean wetland. Am J Trop Med Hyg. 2012,86:642—-8.
https://doi.org/10.4269/ajtmh.2012.11-0326.

Luhken R, Pfitzner WP, Borstler J, Garms R, Huber K, Schork N, Steinke

S, Kiel E, Becker N, Tannich E, Kriiger A. Field evaluation of four widely
used mosquito traps in Central Europe. Parasites Vectors. 2014;7:268.
https://doi.org/10.1186/1756-3305-7-268.

Gibson-Corrado J, Smith ML, Xue RD, Meng FX. Comparison of two new
traps to the Biogents BG-Sentinel trap for collecting Aedes albopictus In
North Florida. J Am Mosq Control Assoc. 2017,33:71-4. https://doi.org/
10.2987/16-6601.1.


https://doi.org/10.1016/j.tmaid.2020.101691
https://doi.org/10.3389/fpubh.2014.00280
https://doi.org/10.3389/fpubh.2014.00280
https://doi.org/10.1186/s13071-014-0604-5
https://doi.org/10.1016/j.coviro.2016.09.014
https://doi.org/10.1016/j.coviro.2016.09.014
https://doi.org/10.1111/j.0269-283X.2004.00513.x
https://doi.org/10.1111/j.0269-283X.2004.00513.x
https://doi.org/10.1016/j.antiviral.2009.10.008
https://doi.org/10.3390/pathogens9040266
https://doi.org/10.3390/pathogens9040266
https://doi.org/10.1089/vbz.2006.0562
https://doi.org/10.1038/nature12060
https://doi.org/10.1155/2018/3098575
https://doi.org/10.1155/2018/3098575
https://doi.org/10.1002/ps.4044
https://doi.org/10.1002/ps.4044
https://doi.org/10.1016/j.pestbp.2016.03.005
https://doi.org/10.1016/j.pestbp.2016.03.005
https://doi.org/10.1371/journal.pntd.0007615
https://doi.org/10.1371/journal.pntd.0005625
https://doi.org/10.1371/journal.pone.0023591
https://doi.org/10.1016/j.aspen.2015.02.003
https://doi.org/10.1016/0022-2011(68)90047-5
https://doi.org/10.1016/0022-2011(68)90047-5
https://doi.org/10.1016/j.indcrop.2019.111534
https://doi.org/10.1016/j.indcrop.2019.111534
https://doi.org/10.1016/j.vetpar.2016.10.018
https://doi.org/10.1186/1475-2875-11-354
https://doi.org/10.1186/1475-2875-11-354
https://doi.org/10.1080/09583157.2015.1009872
https://doi.org/10.1080/09583157.2015.1009872
https://doi.org/10.3390/insects8010005
https://doi.org/10.1016/j.pt.2018.10.004
https://doi.org/10.1016/j.pt.2018.10.004
https://doi.org/10.2987/08-5800.1
https://doi.org/10.1111/j.1948-7134.2012.00208.x
https://doi.org/10.1111/j.1948-7134.2012.00208.x
https://doi.org/10.1111/j.1948-7134.2012.00227.x
https://doi.org/10.1111/j.1948-7134.2012.00227.x
https://doi.org/10.1186/s13071-014-0580-9
https://doi.org/10.1186/s13071-014-0580-9
https://doi.org/10.4269/ajtmh.2012.11-0326
https://doi.org/10.1186/1756-3305-7-268
https://doi.org/10.2987/16-6601.1
https://doi.org/10.2987/16-6601.1

Friuli et al. Parasites & Vectors

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

(2022) 15:79

Facchinelli L, Valerio L, Pombi M, Reiter P Costantini C, Della TA. Devel-
opment of a novel sticky trap for container-breeding mosquitoes and
evaluation of its sampling properties to monitor urban populations of
Aedes albopictus. Med Vet Entomol. 2007;21:183-95. https://doi.org/10.
1111/j.1365-2915.2007.00680.x.

Marini F, Caputo B, Pombi M, Tarsitani G, Della Torre A. Study of Aedes
albopictus dispersal in Rome, Italy, using sticky traps in mark-release—
recapture experiments. Med Vet Entomol. 2010;24:361-8.

Pombi M, Guelbeogo WM, Kreppel K, Calzetta M, Traoré A, Sanou A,

et al. The Sticky Resting Box, a new tool for studying resting behaviour
of Afrotropical malaria vectors. Parasites Vectors. 2014;7:247. https://doi.
0rg/10.1186/1756-3305-7-247.

Farajollahi A, Kesavaraju B, Price DC, Williams GM, Healy SP, Gaugler R,
etal Field e cacy of BG-Sentinel and industry-standard traps for Aedes
albopictus (Diptera: Culicidae) and West Nile virus surveillance. ) Med
Entomol. 2009;46:919-25. https://doi.org/10.1603/033.046.0426.

Wilke ABB, Carvajal A, Medina J, Anderson M, Nieves VJ, Ramirez M, et al.
Assessment of the e ectiveness of BG-Sentinel traps baited with CO2
and BG-Lure for the surveillance of vector mosquitoes in Miami-Dade
County, Florida. PLoS ONE. 2019;14:0212688. https.//doi.org/10.1371/
journal.pone.0212688.

Benelli G, Wilke ABB, Beier JC. Aedes albopictus (Asian Tiger Mosquito).
Trends Parasitol. 2020;36:942-3. https://doi.org/10.1016/j.pt.2020.01.
001.

Anderson EM, Davis JA. Field evaluation of the response of Aedes albop-
ictus (Stegomyia albopicta) to three oviposition attractants and di erent
ovitrap placements using black and clear autocidal ovitraps in a rural
area of Same, Timor-Leste. Med Vet Entomol. 2014;28:372-83. https://
doi.org/10.1111/mve.12062.

Mackay AJ, Amador M, Barrera R. An improved autocidal gravid ovitrap
for the control and surveillance of Aedes aegypti. Parasites Vectors.
2013;6:225. https://doi.org/10.1186/1756-3305-6-225.

Velo E, Kadriaj P, Mersini K, Shukullari A, Manxhari B, Simaku A, et al.
Enhancement of Aedes albopictus collections by ovitrap and sticky
adult trap. Parasites Vectors. 2016;9:223. https://doi.org/10.1186/
$13071-016-1501-x.

Eiras AE, Costa LH, Batista-Pereira LG, Paixdo KS, Batista EPA. Semi-field
assessment of the Gravid Aedes Trap (GAT) with the aim of controlling
Aedes (Stegomyia) aegypti populations. PLOS ONE. 2021;16:¢0250893.
https://doi.org/10.1371/journal. pone.0250893.

Santana AL, Roque RA, Eiras AE. Characteristics of grass infusions as
oviposition attractants to Aedes (Stegomyia) (Diptera: Culicidae). ) Med
Entomol. 2006;43:214—-20. https://doi.org/10.1603/0022-2585(2006)
043[0214:cogiao]2.0.co;2.

Darriet F. Synergistic e ect of fertilizer and plant material combina-
tions on the development of Aedes aegypti (Diptera: Culicidae) and
Anopheles gambiae (Diptera: Culicidae) mosquitoes. J Med Entomol.
2018;55:496-500.

Dibo M, Chiaravalloti-Neto F, Battigaglia M, Mondini A, Favaro E, Barbosa
A, et al. Identification of the best ovitrap installation sites for gravid
Aedes (Stegomyia) aegypti in residences in Mirassol, State of Sao Paulo
Brazil. Memdrias do Instituto Oswaldo Cruz. 2005;100:339-43. https.//
doi.org/10.1590/50074-02762005000400001.

McNamara TD, Healy K. A comparison of hay and fish emulsion-infused
water as oviposition attractants for the CDC gravid trap. ) Med Entomol.
2021. https.//doi.org/10.1093/jme/tjab203.

Ritchie S, Long S, McCa rey N, Key C, Lonergan G, Williams C. A biode-
gradable lethal ovitrap for control of container-breeding Aedes. J Am
Mosq Control Assoc. 2008;24:47-53. https://doi.org/10.2987/5658.1.
Acevedo V, Amador M, Barrera R. Improving the Safety and Acceptabil-
ity of Autocidal Gravid Ovitraps (AGO Traps). J Am Mosq Control Assoc.
2021;37:61-7. https://doi.org/10.2987/21-6996.1.

Faraji A, Unlu |. The Eye of the Tiger, the Thrill of the Fight: E ective
Larval and Adult Control Measures Against the Asian Tiger Mosquito,
Aedes albopictus (Diptera: Culicidae), in North America. 1938-2928
(Electronic).

Acevedo V, Amador M, Barrera R. Improving the Safety and Accept-
ability of Autocidal Gravid Ovitraps (AGO Traps). J Am Mosquito Control
Assoc. 2021;37:61-7.

Dormont LA-O, Mulatier M, Carrasco D, Cohuet A. Mosquito Attractants.
1573-1561 (Electronic).

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Page 11 of 12

Mwingira V, Mboera LEG, Dicke M, Takken W. Exploiting the chemical
ecology of mosquito oviposition behavior in mosquito surveillance and
control: a review. J Vector Ecol. 2020;45:155-79. https://doi.org/10.1111/
jvec.12387.

Tawatsin A, Thavara U, Srivarom N, Siriyasatien P Wongtitirote A. LeO-
Trap®: A Novel Lethal Ovitrap Developed from Combination of the
Physically Attractive Design of the Ovitrap with Biochemical Attractant
and Larvicide for Controlling Aedes aegypti (L.) and Ae. albopictus (Skuse)
(Diptera: Culicidae). 2021;21: 1.

Barrera R, Amador M, Acevedo V, Hemme RR, Félix G. Sustained, Area-
Wide Control of Aedes aegypti Using CDC Autocidal Gravid Ovitraps.
2014,91 6:1269-76. https.//www.ajtmh.org/view/journals/tpmd/91/6/
article-p1269.xml.

La Gatta A, Schiraldi C. Chapter 10 Interface (Cell, Gel, Surface) and Bio-
compatibility in Gel Processing. Injectable Hydrogels for 3D Bioprinting:
The Royal Society of Chemistry; 2021. p. 267-91.

Yang J, Liang G, Xiang T, Situ W. Eect of crosslinking processing on the
chemical structure and biocompatibility of a chitosan-based hydrogel.
Food Chem. 2021;354:129476. https://doi.org/10.1016/j.foodchem.
2021.129476.

Xiong B, Loss RD, Shields D, Pawlik T, Hochreiter R, Zydney AL, Kumar

M. Polyacrylamide degradation and its implications in environmen-

tal systems. NPJ Clean Water. 2018;1:17. https://doi.org/10.1038/
541545-018-0016-8.

Badawy ME, El-Aswad AF. Insecticidal activity of chitosans of di erent
molecular weights and chitosan-metal complexes against cotton leaf-
worm Spodoptera littoralis and oleander aphid Aphis nerii. Plant Protect
Sci. 2012;48:131-41.

Che Dom N, Azman M, Mokhtar M, Australia T. Development and
oviposition preferences of field collected Aedes albopictus based on dif-
ferent water characteristics. Malays J Fundament Appl Sci. 2019. https://
doi.org/10.11113/mjfasv15n2019.1127.

Bentley MD, Day JF. Chemical ecology and behavioral aspects of mos-
quito oviposition. Annu Rev Entomol. 1989;34:401-21. https://doi.org/
10.1146/annurev.en.34.010189.002153.

Carrasco D, Lefévre T, Moiroux N, Pennetier C, Chandre F, Cohuet A.
Behavioural adaptations of mosquito vectors to insecticide control. Curr
Opin Insect Sci. 2019;34:48-54. https://doi.org/10.1016/j.c0is.2019.03.
005.

Gaburro J, Paradkar PN, Klein M, Bhatti A, Nahavandi S, Duchemin J-B.
Dengue virus infection changes Aedes aegypti oviposition olfac-

tory preferences. Sci Rep. 2018;8:13179. https://doi.org/10.1038/
$41598-018-31608-x.

Reiskind MH, Zarrabi AA. Water surface area and depth determine ovi-
position choice in Aedes albopictus (Diptera: Culicidae). ] Med Entomol.
2012;49:71-6. https.//doi.org/10.1603/ME10270.

Shen X, Shamshina JL, Berton P, Gurau G, Rogers RD. Hydrogels based
on cellulose and chitin: fabrication, properties, and applications. Green
Chem. 2016;18:53-75. https://doi.org/10.1039/C5GC02396C.

Madeira N, Macharelli CA, Carvalho L. Variation of the Oviposition
Preferences of Aedes aegypti in Function of Substratum and Humid-

ity. Mem Inst Oswaldo Cruz. 2002;97:415-20. https://doi.org/10.1590/
S0074-02762002000300025.

Chi C, Li X, Zhang Y, Miao S, Chen L, Li L, et al. Understanding the e ect
of freeze-drying on microstructures of starch hydrogels. Food Hydrocol-
loids. 2020;101:105509. https://doi.org/10.1016/jfoodhyd.2019.105509.
Friuli M, Nitti P, Aneke CI, Demitri C, Cafarchia C, Otranto D. Freeze-dry-
ing of Beauveria bassiana suspended in hydroxyethyl cellulose based
hydrogel as possible method for storage: evaluation of survival, growth
and stability of conidial concentration before and after processing.
Results Eng. 2021;1:100283.

DegefaT, Yewhalaw D, Zhou G, Lee M-C, Atieli H, Githeko AK, et al.
Evaluation of the performance of new sticky pots for outdoor rest-

ing malaria vector surveillance in western Kenya. Parasite Vectors.
2019;12:278. https://doi.org/10.1186/513071-019-3535-3.

Lau SM, Chua TH, Sulaiman WY, Joanne S, Lim YA, Sekaran SD, et al.

A new paradigm for Aedes spp. surveillance using gravid ovipositing
sticky trap and NS1 antigen test kit. Parasit Vectors. 2017;10:151. https://
doi.org/10.1186/s13071-017-2091-y.


https://doi.org/10.1111/j.1365-2915.2007.00680.x
https://doi.org/10.1111/j.1365-2915.2007.00680.x
https://doi.org/10.1186/1756-3305-7-247
https://doi.org/10.1186/1756-3305-7-247
https://doi.org/10.1603/033.046.0426
https://doi.org/10.1371/journal.pone.0212688
https://doi.org/10.1371/journal.pone.0212688
https://doi.org/10.1016/j.pt.2020.01.001
https://doi.org/10.1016/j.pt.2020.01.001
https://doi.org/10.1111/mve.12062
https://doi.org/10.1111/mve.12062
https://doi.org/10.1186/1756-3305-6-225
https://doi.org/10.1186/s13071-016-1501-x
https://doi.org/10.1186/s13071-016-1501-x
https://doi.org/10.1371/journal.pone.0250893
https://doi.org/10.1603/0022-2585(2006)043[0214:cogiao]2.0.co;2
https://doi.org/10.1603/0022-2585(2006)043[0214:cogiao]2.0.co;2
https://doi.org/10.1590/S0074-02762005000400001
https://doi.org/10.1590/S0074-02762005000400001
https://doi.org/10.1093/jme/tjab203
https://doi.org/10.2987/5658.1
https://doi.org/10.2987/21-6996.1
https://doi.org/10.1111/jvec.12387
https://doi.org/10.1111/jvec.12387
https://www.ajtmh.org/view/journals/tpmd/91/6/article-p1269.xml
https://www.ajtmh.org/view/journals/tpmd/91/6/article-p1269.xml
https://doi.org/10.1016/j.foodchem.2021.129476
https://doi.org/10.1016/j.foodchem.2021.129476
https://doi.org/10.1038/s41545-018-0016-8
https://doi.org/10.1038/s41545-018-0016-8
https://doi.org/10.11113/mjfas.v15n2019.1127
https://doi.org/10.11113/mjfas.v15n2019.1127
https://doi.org/10.1146/annurev.en.34.010189.002153
https://doi.org/10.1146/annurev.en.34.010189.002153
https://doi.org/10.1016/j.cois.2019.03.005
https://doi.org/10.1016/j.cois.2019.03.005
https://doi.org/10.1038/s41598-018-31608-x
https://doi.org/10.1038/s41598-018-31608-x
https://doi.org/10.1603/ME10270
https://doi.org/10.1039/C5GC02396C
https://doi.org/10.1590/S0074-02762002000300025
https://doi.org/10.1590/S0074-02762002000300025
https://doi.org/10.1016/j.foodhyd.2019.105509
https://doi.org/10.1186/s13071-019-3535-3
https://doi.org/10.1186/s13071-017-2091-y
https://doi.org/10.1186/s13071-017-2091-y

Friuli et al. Parasites & Vectors (2022) 15:79 Page 12 of 12

109. Damir M.E ect of Growing Media and Water Volume on Conidial
Production of Beauveria bassiana and Metarhizium anisopliae. J Biol Sci.
2006. https://doi.org/10.3923/jbs.2006.269.274.

110. RitzK, Young IM. Interactions between soil structure and fungi. Mycolo-
gist. 2004;18 2:52-9; https.//doi.org/10.1017/50269915X04002010.
https://www.cambridge.org/core/article/interactions-between-soil-
structure-and-fungi/A7D00C76F8FEOF3AALF763BAESC85C87.

111. Jaronski ST. Chapter 11 - Mass Production of Entomopathogenic Fungi:
State of the Art. In: Morales-Ramos JA, Rojas MG, Shapiro-llan DI, editors.
Mass Production of Beneficial Organisms. San Diego: Academic Press;
2014. p. 357-413.

112. Devine GJ, Perea EZ, Killeen GF, Stancil JD, Clark SJ, Morrison AC. Using
adult mosquitoes to transfer insecticides to Aedes aegypti larval habi-
tats. Proc Natl Acad Sci. 2009;106:11530. https://doi.org/10.1073/pnas.
0901369106.

113. Caputo B, lenco A, Cianci D, Pombi M, Petrarca V, Baseggio A, et al. The
“Auto-Dissemination”approach: a novel concept to fight Aedes albopic-
tus in Urban Areas. PLOS Negl Trop Dis. 2012;6:e1793. https://doi.org/10.
1371/journal.pntd.0001793.

114. Friuli M, Cafarchia C, Lia RP, Otranto D, Pombi M, Sannino A, et al.
Insecticidal device. In: srl M, editor. U  cio Italiano Marchi e Brevetti, vol.
102019000018065, Italy; 2021. p. 1-40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a liations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.3923/jbs.2006.269.274
https://doi.org/10.1017/S0269915X04002010
https://www.cambridge.org/core/article/interactions-between-soil-structure-and-fungi/A7D00C76F8FE0F3AA1F763BAE5C85C87
https://www.cambridge.org/core/article/interactions-between-soil-structure-and-fungi/A7D00C76F8FE0F3AA1F763BAE5C85C87
https://doi.org/10.1073/pnas.0901369106
https://doi.org/10.1073/pnas.0901369106
https://doi.org/10.1371/journal.pntd.0001793
https://doi.org/10.1371/journal.pntd.0001793



