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Abstract

Here, we review the literature on the development and application of hydrogel compounds for insect pest man-
agement. Researchers have used hydrogel compounds for the past few decades to achieve the controlled release
of various contact insecticides, but in recent years, hydrogel compounds have also been used to absorb and
deliver targeted concentrations of toxicants within a liquid bait to manage insect pests. The highly absorbent
hydrogel acts as a controlled-release formulation that keeps the liquid bait available and palatable to the target
pests. This review discusses the use of various types of hydrogel compounds in pest management based on
different environmental settings (e.g., agricultural, urban, and natural areas), pest systems (e.g., different taxa),
and modes of insecticide delivery (e.g., spray vs bait). Due to their unique physicochemical properties, hydrogel
compounds have great potential to be developed into new and efficacious pest management strategies with min-
imal environmental impact. We will also discuss the future research and development of hydrogels in this review.

Key words: hydrogel, alginate, controlled release, ant control, pest management

Urban pest management is crucial with over 50% of the world
population living in urban areas (Neiderud 2015). In agricul-
ture, managing pests by applying pesticides to protect crops is
one of the most crucial aspects (Huang et al. 2018). According to
Sharma et al. (2019), ~3.5 million tons of pesticides are applied
to crops yearly worldwide (50-60% herbicides, 20-30% insecti-
cides, and 10-20% fungicides; Pimentel 1995). However, less than
1% of these pesticides actually come in direct contact with or
are consumed by target pests (Pimentel 1995, Huang et al. 2018).
There are many approaches of pest management that have been
developed to target the needs of these different environments. For
example, controlled-release formulations provide slow and con-
trolled release of active ingredients (Als) commonly used in agri-
culture for the past few decades, reducing pesticide levels in the
environment unlike traditional pesticide formulations (Roy et al.
2014, He et al. 2019). Additionally, insecticides can be formulated
as a spray or combined with a phagostimulant as a bait. Thus, if
the target pests can be attracted to feed on the insecticide-treated
bait, it could greatly reduce the amount of insecticides needed
for pest control and the amount that is left in the environment
(Pimentel 19935). In these pest management approaches, hydrogels
have been widely used as a matrix for pesticide delivery.

In this review, we provide a broad overview of the uses of
hydrogel compounds in the controlled release of contact pesticides
using microencapsulation and matrix approaches, followed by a
discussion of the use of synthetic and natural hydrogel compounds
to absorb and deliver the targeted concentration of Al within a li-
quid phagostimulant (a new baiting strategy for controlling social
insect pests, such as ants and yellowjackets). The highly absorbent
hydrogel acts as a controlled-release formulation that keeps the li-
quid bait available and palatable to the target pests. Furthermore, we
explore the manufacturing methods of natural and synthetic hydro-
gels, followed by the advantages and disadvantages thereof. This re-
view also considers upcoming challenges of hydrogel development
for pesticide delivery and its applications.

Controlled Release

Many hydrogel compounds have been researched as controlled-
release vehicles for various Als in agriculture. In controlled-release
strategies, the insecticides are slowly delivered over time from the
treated surfaces, soil, or plants in a controlled manner (Garrido
et al. 2012). Some of the advantages include longer application
intervals (labor-saving); stabilization of Als against environmental
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degradation; and reduction in dosages, toxicity, and risks to hu-
mans (e.g., by reducing human mucous-membrane irritation) and
the environment as compared with conventional pesticide sprays
(Rudzinski et al. 2002, Roy et al. 2009a, b).

Controlled-release formulations have been used to deliver a
broad range of insecticides, especially broad-spectrum insecticides,
such as organophosphates (e.g., chlorpyrifos) and carbamate (e.g.,
carbaryl). These are moderately toxic chemicals widely used as
agricultural insecticides in many countries (Isiklan 2007, Roy et al.
2009a). Because of their moderately high toxicity levels that cause
cumulative adverse effects in both humans and nontargeted organ-
isms, the use of chlorpyrifos, an organophosphate insecticide, has
been banned in the United States for residential uses since 2002 (U.S.
Environmental Protection Agency 2002) and in Yemen since 2006
(El-Zaemey et al. 2013). Chlorpyrifos is being reevaluated in some
places, including the European Union, New Zealand, and the United
States (e.g., restricted use in Hawaii since 2018; Natural Resources
Defense Council 2018). In addition, carbaryl, a carbamate insecti-
cide, has been banned in Europe (Pesticide Action Network 2008).
Controlled-release formulations can reduce their harmful effects (He
et al. 2019). In addition to contact insecticides, controlled-release
formulations have been used to deliver fertilizers to plants (Sabadini
et al. 2015).

There are two major approaches to incorporating an Al into
a controlled-release formulation: capsules and beads. First, the
Al or a core material can be encapsulated by a thin outer wall
made from a natural or synthetic coating, shell, or membrane
(‘capsules type’; Roy et al. 2014). It is an important industrial
technique for pesticide delivery, especially in agriculture (Garrido
et al. 2012). It was used to encapsulate mirex in vegetable oil
which allows it to withstand weathering in controlling imported
fire ants (Markin and Hill 1971). Additionally, it has been used
to encapsulate other bioactive materials, such as corn stalk borer
sex pheromone (Mihou et al. 2007), gypsy moth sex attractant
(Cameron 1973, Richerson 1977), and microbial insecticides
such as Bacillus thuringiensis in controlling European corn borer
(Raun and Jackson 1966).

Microencapsulation is a process in which tiny droplets of liquid are
coated with a continuous film of polymer to produce small capsules.
It can be manufactured by various physical (e.g., spray drying, coacer-
vation/phase separation, solvent evaporation/extraction) and chemical
(e.g., interfacial polycondensation, emulsion polymerization) methods
(Dubey et al. 2009). The wall can be made of hard or soft soluble
material, which prevents the Al from direct exposure to the environ-
ment. Common polymeric encapsulated wall materials are gelatin, gum
arabic, starch, sugar, ethyl cellulose, carboxymethyl cellulose, paraffin,
polyvinyl alcohol, polyethylene, polypropylene, polystyrene, polyacryl-
amide, polyethers, polyesters, polyamides, polyureas, polybutadiene,
polyisoprene, polysiloxanes, polyurethanes, epoxy resins, and inorganic
silicates (Scher 1977, Swietoslawski et al. 2011).

A variety of combinations of synthesis methods and materials
can be chosen to produce microencapsulated products for various
controlled-release applications (Dubey et al. 2009). The release of
the Al occurs by diffusion through the membrane barrier (Rudzinski
et al. 2002). Thus, wall thickness, wall materials, wall structure, de-
gree of penetrability, and types of Als can be modified to manipulate
the rate of the insecticide diffusion (Swietoslawski et al. 2011). The
sizes of the microcapsules range from 1 pm to a few mm, depending
on the application purposes (Dubey et al. 2009).

In insect pest management, microencapsulated products act as a
controlled-release vehicle to regulate their release to the environment

and to insects which come into contact with them at a rate that
depends on the diffusion coefficient of the Al (Swietoslawski et al.
2011). When insects pass through a treated surface, contact insecti-
cides in the microcapsules adhere to the insects’ body parts. The Al
slowly diffuses through the capsule polymer membrane barrier, is ab-
sorbed by the cuticle, and penetrates the body of the insects (Stejskal
et al. 2009).

Regular chemical sprays significantly contribute to volatile or-
ganic compound emissions and potentially impact air quality (CA
Department of Pesticide Regulation 2020). Many volatile com-
pounds from pesticide residues have been found in the atmosphere.
A previous study showed that microencapsulated formulation of di-
azinon, an organophosphate insecticide (e.g., Knox Out, a household
insecticide product), successfully reduced the aerial concentration of
diazinon upon spray treatment as compared with its emulsifiable
concentrate formulation (Tsuji 2001). Microcapsules are a safer for-
mulation than emulsifiable concentrate and wettable powders for
delivering insecticides with contact activity. Insecticides formulated
into this ‘capsules type” have reduced odor, increased bioavailability,
improved stability, and pose a lower risk to pesticide applicators
(Stejskal et al. 2009). One of the factors that affects the efficacy of
insecticides is their repellency to target pests (Knight and Rust 1990,
Tabaru et al. 2001, Tay and Lee 2015a). A previous study shows that
the repellency of organophosphate insecticides such as diazinon and
fenitrothion may also be overcome by microencapsulation (Tabaru
et al. 2001).

In addition to the encapsulation technique, the Al can be com-
pletely integrated into a matrix (‘beads type’) to achieve slow re-
lease. The ‘beads type’ formulation is produced via internal gelation
without an outer wall. Gelation proceeds from the outer surface
to the center of the bead and the Al is dissolved and dispersed in
many small cells in a continuous phase of polymer matrix (Roy et al.
2014). Swellable polymeric beads, which involve the integration of
water into the polymer matrix, are often used in this type of con-
trolled delivery system (Roy et al. 2009a, b; 2014).

Swellable matrices’ sensitivity to water contribute to their
highly absorbent property. They have the ability to absorb water
many times their dry mass and significantly expand in their volume
without undergoing dissolution (Ahmed 2015). Therefore, they
have the potential to be used as delivery vehicles not only for
the controlled release of contact insecticides but also for liquid
baits. Their porosity also permits absorption of various condi-
tioning liquids to deliver wide ranges of water-soluble Als. This
approach has also been used to develop new baiting methods for
ants. For example, after producing the swellable polymers, they
can be immersed in a conditioning liquid containing Als and a
sucrose solution, resulting in a significant expansion of their vol-
umes. The penetration of the conditioning liquid allows the Al to
diffuse through the swollen polymer matrix along with the su-
crose solution (phagostimulant) to be slowly delivered to foraging
insects such as pest ants (Rust et al. 2015).

In the case of liquid ant baits, the bait solutions are removed by
these insects imbibing them from the surface of the matrices, and the
matrices are not removed or consumed (Rust et al. 2015). The sat-
urated beads individually act as micro-sized controlled-release liquid
bait stations, dispensers, and reservoirs. Although they lose water
over time, they re-hydrate in response to the presence of water and
resume their insecticidal activity. Compared with the ‘capsules type’,
these unique properties of the polymer matrix (‘beads type’) make
it a novel candidate to deliver both liquid baits and insecticides to
insects.
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Hydrogels

For the ‘beads type’ controlled-release system, hydrogels are a
popular polymeric matrix. Hydrogels are defined as two- or multi-
component systems consisting of a three-dimensional network
structure with the ability to absorb a large volume of water and
expand their volume without being dissolved (Isiklan 2007, Ahmed
2015). They can be made from natural or synthetic polymers, or
combinations of the two (He et al. 2019). Synthetic hydrogels are
usually acrylate- and polyacrylamide-based while natural hydrogels
are made of alginates, carboxymethyl cellulose, chitosan, pectin, or
other products (Ahmed 2015). Hydrogels hydrate to different de-
grees because of the presence of different hydrophilic functional
groups on the backbone of the polymer (i.e., -OH, -CONH,, etc.)
and different polymer compositions (Rudzinski et al. 2002, Ahmed
2015) and they are water insoluble because of the crosslinks between
the network chains (Ahmed 2015). The degree of hydration also de-
pends on temperature, pH, and pressure (Aouada et al. 2010).

Hydrogels were developed initially for used in biomedical and
healthcare applications, such as drug delivery (Tennesen and Karlsen
2002, Wang et al. 2010), scaffolds for tissue engineering of bone and
cartilage (El-Sherbiny and Yacoub 2013), and wound healing (Saarai
etal. 2011, Zhu et al. 2019). The versatility of hydrogels allows their
controlled-release applications in various fields, such as in agricul-
ture to deliver pesticides and fertilizers (Aouada et al. 2010).

In the past, traditional synthetic hydrogels made from acrylic
(acrylate-based) and polyacrylamide were used in agriculture
(Montesano et al. 2015). However, they are not biodegradable and
are potential soil pollutants. Furthermore, in agricultural applica-
tions, the gradual degradation of synthetic polymers may adversely
affect soil fertility (Roy et al. 2014). Due to the increasing atten-
tion of environmental issues, biodegradable hydrogels have become
preferred over the synthetic ones in some situations. Renewability,
biocompatibility, and nontoxicity of biodegradable hydrogels make
them an attractive option for agricultural applications, such as re-
taining moisture (Montesano et al. 2015) and controlling insect pests
(Rudzinski et al. 2002, He et al. 2019). However, Ahmed (2015) also
argued that natural hydrogels have been gradually replaced by syn-
thetic hydrogels due to the higher water absorption capacity and gel
strength of the latter.

Hydrogel Baits

More than $1.7 billion are spent annually to hire pest management
professionals (PMPs) for urban ant control in the United States
(Curl 2005). Ants also tend honeydew-producing hemipteran pests
(aphids, mealybugs, and scale insects) in agriculture (Moreno et al.
1987, Calabuig et al. 2015) and displace native insects, impacting
the ecology and economics of natural settings (Lee et al. 2017). In
urban environments, management of ants often relies heavily on
various insecticidal sprays (Knight and Rust 1990). Consequently,
these insecticides, such as fipronil and various pyrethroids, are fre-
quently detected in urban waterways, threatening the quality of
ground and surface water, soil, and air (Weston et al. 2009; Lao
et al. 2010; Greenberg et al. 2010, 2014, 2017; Delgado-Moreno
et al. 2011; Gan et al. 2012). Frequent detection of these Als is a
concern because of the potential effects on nontarget organisms and
ecosystems (Bonmatin et al. 2015).

A proven method to reduce pesticide runoff is baiting (Klotz
et al. 2003, 2009; Nelson and Daane 2007; Cooper et al. 2008;
Greenberg et al. 2013). Liquid baiting (phagostimulant formulated
with slow-acting Als) has been shown to be an effective alternative

to insecticidal sprays in controlling several sugar-feeding ant species
(Rust et al. 2004). Baits exploit the recruitment and food sharing
behavior of ants so that the Al can be spread to all the colony mem-
bers, including the queens via trophallaxis (Oi et al. 2000; Rust et al.
2004; Suiter et al. 2006; Tay and Lee 2014, 2015b; Tay et al. 2014;
Welzel and Choe 2016). The current liquid baiting method requires
bait stations to store and dispense the sucrose bait (Hogg et al. 2018).
Although numerous new bait stations designs have been developed
and registered in the market, bait stations are typically expensive
and labor-intensive to maintain (Nelson and Daane 2007, Rust et al.
2015, Cooper et al. 2019). These limitations prevent baiting from
being widely adopted by PMPs and farmers in urban and agricul-
tural settings (Rust et al. 2015, Cooper et al. 2019).

To overcome the limitations of insecticide spraying and conven-
tional liquid baiting, research has been done using synthetic and
natural hydrogels to deliver liquid bait to ants without using com-
mercial bait stations or dispensers (Boser et al. 2014; Buczkowski
et al. 2014a, b; Rust et al. 2015; Tay et al. 2017; Cooper et al.
2019). Hydrogels can be used as controlled-release vehicles be-
cause they keep the liquid sucrose bait palatable for an extended
period by retaining water (Buczkowski et al. 2014a, b; Rust et al.
2015). Hydrogels are inexpensive, effective, and low maintenance,
which makes them suitable for sustainable integrated pest manage-
ment programs. When ants feed on the liquid from the surface of
the hydrogel baits, they ingest the liquid bait but do not normally
consume the hydrogel matrix. The liquid bait is then shared with the
other colony members. The AI must be formulated at a concentra-
tion that has a delayed toxic effect to allow the complete spread of
the Al among colony members (Rust et al. 2004).

Although the use of hydrogels to deliver liquid baits is lesser
known as compared to the use of hydrogels for delivery of con-
tact insecticide, several papers reported the use of baits prepared
from commercially available synthetic polyacrylamide hydrogel in
recent years (2014-2020). In these studies, either spherical (Deco
Beads, RM Chemical, Cleveland, OH) or irregularly shaped water-
storing polyacrylamide hydrogels (Miracle-Gro Lawn Products, Inc.,
Marysville, OH) were used to deliver liquid bait targeting Argentine
ants, Linepithema humile (Mayr) (Buczkowski et al. 2014a, Rust
et al. 2015, Cooper et al. 2019), yellow crazy ants, Anoplolepis
gracilipes (Fr. Smith) (Peck et al. 2017), and western yellowjackets,
Vespula pensylvanica (Saussure) (Rust et al. 2017, Choe et al.
2018). Polyacrylamide hydrogels infused with tiny amounts of
thiamethoxam or boric acid effectively reduced and managed inva-
sive Argentine ants in a commercial plum orchard in South Africa
(Buczkowski et al. 2014b), California vineyards (Cooper et al.
2019), and ecologically sensitive areas of the California Channel
Islands (Boser et al. 2014, Rust et al. 2015, Merrill et al. 2018).
Hydrogel baits containing dinotefuran also effectively managed in-
vasive yellow crazy ants at Johnston Atoll (Peck et al. 2015, 2017).

In the conservation areas of the California Channel Islands (Santa
Cruz and San Clemente Islands), polyacrylamide hydrogel baits con-
taining sucrose solution and insecticide thiamethoxam were spread
by hand, farm fertilizer spreaders, and all-terrain vehicles with a
motorized hopper and larger amounts (hundreds of kilograms) of
the hydrogel bait were scattered from aircraft to rugged and in-
accessible natural areas (Boser et al. 2014, 2017; Rust et al. 2015;
Merrill et al. 2018). These treatments effectively reduced Argentine
ant activities over 74 ha (Boser et al. 2017) and 177 ha (Merrill et al.
2018) and were able to be applied in rugged terrain or dense vege-
tation, where placing and maintaining numerous liquid bait stations
was unfeasible. Only arthropods were observed to visit the hydrogel
baits. Of these, 94.1% were ants and 5.9% were isopods and other
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abundant and nonsensitive arthropods (Boser et al. 2014) while
only 3% of all arthropod visits to hydrogels were pollinating insects
(Buczkowski 2020).

Using a different AI (fipronil) and phagostimulant (chicken
juice), other papers reported the use of polyacrylamide hydrogel
baits in field cages hung on trees to control western yellowjackets in
urban recreational areas (Rust et al. 2017, Choe et al. 2018) (Fig. 1).
Yellowjackets pose a serious human health concern due to their
habit of scavenging human food. Integrating insecticides into their
preferred food, such as fresh meats, has been a challenge making
yellowjacket baiting more difficult to perform. These baits tend to
lose moisture quickly and yellowjacket foragers refuse to carry them
back to the nest. Baits with water-storing polyacrylamide hydrogels
retained moisture of the chicken juice and were readily retrieved
by foragers and provided approximately a 74-96% reduction in
the foraging activity of yellowjackets (Choe et al. 2018). Previous
studies suggested that polyacrylamide hydrogels have the potential
for delivering liquid baits with various phagostimulants and Als
to these target insect pests effectively using different approaches
without significant effects on nontarget organisms and the ecosystem
(Boser et al. 2014, Buczkowski 2020).

Safety of Synthetic Polyacrylamide Versus
Natural Alginate Hydrogels

Synthetic polyacrylamide hydrogels have higher water absorption
capacity and gel strength as compared with naturally occurring poly-
mers such as protein (i.e., collagen, gelatin) and polysaccharides (i.e.,
starch, alginate) (Ahmed 2015). However, upon exposure to cer-
tain environmental conditions, such as a temperature >35°C, cross-
linked polyacrylamide hydrogel slowly degrades into its monomer,
acrylamide (Holliman et al. 2005), which is listed as a toxic chem-
ical, a cumulative neurotoxin, and a potential carcinogen by the
World Health Organization (WHO 19835, International Agency for
Research on Cancer 1994).

Natural, biodegradable hydrogels may be safer alternatives to
synthetic hydrogels. Among other natural polymers, alginates are
widely used as carriers in the controlled release of pesticides for agri-
cultural applications due to their biodegradability and exceptional
gelling properties, which allow easy gel formation without needing
heat (Roy et al. 2009a). Sodium alginate (Na-Alg) is produced by
algae and bacteria and is a gum extracted from the cell wall of

Fig. 1. Yellowjackets carry small pieces of polyacrylamide hydrogel baits
hydrated in chicken juice containing an Al, back to the nest.

fast-growing brown algae. It is an abundant polysaccharide con-
sisting of (1-4)-linked B-d-mannuronic acid (M) and o-l-guluronic
acid (G) monomers of varying proportions and sequences, which de-
termine the physical properties of the alginate hydrogels (Murata
et al. 2004). Due to its biodegradability, alginate hydrogels may
degrade in the field (i.e., on the soil) in a few weeks after appli-
cations, without accumulating in the environment, as compared to
polyacrylamide hydrogels that may remain on the soil for months.
Additionally, if used for the delivery of fertilizers or contact pes-
ticides, the decomposition of alginate hydrogel itself may enhance
fertility of plants (Roy et al. 2014).

Studies have indicated that the use of natural hydrogels can reduce
pesticide exposure to the environment. Kulkarni et al. (2000, 2002)
investigated the release of a natural pesticide, neem (Azadirachta
indica A. Juss.) seed oil and chlorpyrifos by crosslinking Na-Alg
with glutaraldehyde. Isiklan (2007) prepared carbaryl-loaded cal-
cium alginate and nickel alginate hydrogel beads with calcium
chloride solution (CaCl,) and nickel (II) chloride solution (NiCl,).
Roy et al. (2009b) prepared cypermethrin-loaded calcium alginate-
gelatin beads with CaCl,. Roy et al. (2009a) also investigated the re-
lease of chlorpyrifos by crosslinking Na-Alg and starch with CaCl,
In addition to alginate, Isiklan (2004) investigated the release of
carbaryl by crosslinking sodium carboxymethylcellulose (NaCMC)
with copper (II) chloride (CuCl,). Most of these studies used two val-
ance ions such as calcium from CaCl,, copper from CuCl,, or nickel
from NiCl,, which replace the sodium ions in the Na-Alg solution
to form a solid calcium/copper/nickel alginate hydrogel. The above
studies provide a common understanding of the use of alginates
and other natural hydrogel for the controlled release of pesticides
in agriculture.

Alginate as an Ant Bait

Apart from using natural hydrogel to deliver contact insecticides,
our research group has proposed the potential of alginate hydrogel
as an alternative matrix for absorbing and delivering liquid sucrose
baits to ants (Tay et al. 2017). Using 0.0001% thiamethoxam as
an Al the efficacy results from the laboratory and urban field set-
tings (i.e., 79 % reduction in ant activities; estimated by consumption
of a sucrose solution in monitoring vials over 24 h) showed good
promise and support the use of alginate hydrogel baits for larger
area-wide applications (Tay et al. 2017).

Since the recent introduction of the protocol developed by Tay
et al. (2017) for engineering alginate hydrogel as a bait matrix, they
have been adopted and used to manage field populations of inva-
sive ants in urban, agricultural, and natural environments in the
Hawaiian Islands (Krushelnycky 2019) and California (Schall et al.
2018, McCalla et al. 2020). For example, an experimental study
reported that both natural (e.g., textured vegetable protein and
alginate) and synthetic (e.g., polyacrylamide) hydrogels incorpor-
ated with 0.0005% thiamethoxam, 0.05% indoxacarb, or 0.005%
dinotefuran, successfully controlled Argentine ant and yellow
crazy ant populations in the natural areas of the Hawaiian Islands
(Krushelnycky 2019). Additionally, an ongoing study investigating
the efficacies of alginate hydrogels impregnated with dinotefuran
has shown promising results toward managing the tawny crazy
ant, Nylanderia fulva in Florida (D.H.O., unpublished data). Other
field studies showed that alginate hydrogel baits incorporated with
0.0001% thiamethoxam provided an effective and sustainable alter-
native treatment option to chlorpyrifos spray programs in California
citrus for Argentine ant control (Schall et al. 2018, McCalla et al.
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2020). In the field, most alginate baits were retrieved by invasive ants
that continue to swarm them, protecting the food source from other
arthropods (Fig. 2).

Manufacture of Hydrogel Baits

Most of the commercialized polymers are manufactured by poly-
merization of formulation of monomer with initiators and additives
using batch or semibatch reactors in bulk, solution, or suspension at
a given temperature (Ahmed 2015). Recently, the inverse-suspension
polymerization technique has been widely used to mass produce
polyacrylamide hydrogels from the acrylamide subunits where an
aqueous solution of the acrylamide is suspended in an organic phase
and initiators are added to polymerize the mixture (Rudzinski et al.
2002, Ahmed 2015). The newly formed polyacrylamide hydrogels
are then washed to remove monomers, crosslinking agents, and initi-
ators. This technique has been commonly used to produce polyacryl-
amide hydrogels due to its easy removal of the hazardous, residual
acrylamide monomers in the polymer (Ahmed 2015).

Synthetic and natural hydrogels can be synthesized by com-
monly used methods in polymer chemistry (Rudzinski et al. 2002).
Currently, the procedures to scale up hydrogel productions are well
developed in industrial application for biotechnology, such as cell
entrapment in hydrogels for immobilization (Matulovic et al. 1986).
However, the procedures to mass produce hydrogel baits for insecti-
cide delivery have yet to be developed. Tay et al. (2017) explored the
use of modified shower head nozzles to mass produce spherically
shaped alginate hydrogel baits. In the presence of calcium ions in
the crosslinking solution, Na-Alg droplets can form distinct hydrogel
beads immediately at room temperature (Leong et al. 2016). CaCl, is
the most commonly used salt for this purpose because it is nontoxic
and readily soluble in water. During the process of crosslinking, cal-
cium ions from the CaCl, replace the sodium ions from the Na-Alg
solution, forming solid calcium alginate hydrogels instantly.

To produce spherical and similarly shaped hydrogels, the
distance between the nozzles and the surface of CaCl, solution was
optimized. In addition, the flow rate of Na-Alg is also crucial to
make spherically shaped hydrogels. The viscosity of the alginate and
the nozzle size may affect the flow rate (Tay et al. 2017). If the flow
rate was too high due to low viscosity of the alginate or large nozzle
size, a string of alginate was produced rather than discrete spheric-
ally shaped hydrogels. It was also important to stir the crosslinking

Fig. 2. Argentine ants create trails to the alginate hydrogels containing liquid
sucrose baits and continue to swarm the food source.

solution in the process of making hydrogels to prevent the beads
from adhering to each other (Tay et al. 2017, McCalla et al. 2020).

For baiting ants, blank alginate hydrogel beads were sieved
from the crosslinking solution and subsequently allowed to swell
in a 25% sucrose solution that sugar-feeding ants prefer (Klotz and
Shorey 2000) along with a known concentration of the Al Blank
alginate hydrogel beads were allowed to condition in the liquid bait
for 24 h to ensure that equilibrium has achieved and those com-
pounds in the conditioning liquid, with a known concentration, were
incorporated into the final (fully hydrated) baits (Tay et al. 2017). An
enzyme-linked immunosorbent assay (ELISA) confirmed that the Al
added to sucrose solution was absorbed and penetrated the hydrogel
beads (Tay et al. 2017).

In addition to spherically shaped hydrogels, alginate hydrogels
can also be prepared in other shapes such as thin films (Ahmed 2015).
For example, calcium alginate hydrogels can be formed by immer-
sion of 2% Na-Alg in a 5% CaCl, solution while stirring (Cardea
et al. 2013). Due to the versatility of hydrogels, their concentrations
and preparation methods can be tailored to produce hydrogels of
various sizes, strength, absorptivity, entrapment efficiency, and rate
of release to meet the needs of different applications in various fields
(Smidsrod and Draget 1996, Roy et al. 2014).

Several improvements in alginate hydrogel design are necessary
for them to be effectively developed as a bait. After the crosslinking
process, wet or fresh alginate hydrogel swells in a conditioning liquid
(e.g., sucrose solution). However, they lose, in part, the ability to
swell in the conditioning liquid if they are dried in the air for several
hours before the conditioning process, unlike commercially available
polyacrylamide hydrogel. If wet hydrogel beads are swelled in the
conditioning liquid, the amount of water initially contained in the
preconditioned beads should be considered when making the condi-
tioning liquid, in order to achieve desirable concentrations in the hy-
drated beads (Tay et al. 2017). To ensure that optimal concentration
of sucrose solution is achieved, the concentrations of sucrose solu-
tion may be checked using a refractometer during the conditioning
process. Both natural and synthetic hydrogels hydrated with sucrose
solution must be stored in a refrigerator to prevent fermentation,
which could affect their attractiveness toward ants.

Future Directions on Hydrogel Baits for Pest
Management

Previous studies show that hydrogel baits lose their attractiveness
to ants when they lose more than 50% of their water through desic-
cation (Rust et al. 2015, Tay et al. 2017). Although water loss rates
of alginate hydrogels reported in Tay et al. (2017) were compar-
able with that of synthetic polyacrylamide hydrogels reported in
Buczkowski et al. (2014a), hydrogels generally have rapid water loss
under hot, dry field conditions, especially when they are exposed to
dry soil. However, the water loss rates of the hydrogels are dependent
upon the humidity in the environment and the moisture in the sub-
strate (Tay et al. 2017). Hydrogels are capable of absorbing water
from a moist substrate, which compensates for water loss through
surface evaporation. Hydrogels can be rehydrated via irrigation or
rainfall and the rehydration process allows the hydrogels to attract
ants again. Future studies should focus on improving the water re-
tainability of the hydrogel beads. This aspect warrants further study.

In the case of Argentine ants, their synthetic trail pheromone,
(Z)-9-hexadecenal, added to the hydrogel baits improved the initial
discovery and consumption of the bait by the foraging ants (Welzel
and Choe 2016) before the hydrogels lost too much moisture
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(McCalla et al. 2020). Once the ants discover the hydrogel baits,
they create their own trail to the hydrogel baits that their nestmates
will follow (Fig. 2). The addition of a pheromone could further im-
prove target specificity of the bait.

The concentrations of the Al used in all the previous hydrogel
studies were extremely low as compared with those of sprays
(Buczkowski et al. 2014a, b; Boser et al. 2014,2017; Rust et al. 2015;
Tay et al. 2017; Merrill et al. 2018). Future studies will examine
natural hydrogels with other lower risk insecticides such as insect
growth regulators or natural insecticides for pest management, espe-
cially in the urban environment where children and pets are present.

High water solubility, effectiveness in wide ranges of concen-
trations, and lack of repellency in an Al are important properties
for formulating an efficacious sweet liquid bait (Rust et al. 2004).
However, if an Al is not readily soluble in water, it can be emulsified
into water with emulsifier or solvent. In addition to sucrose solution
or chicken juice, the conditioning liquid can also be substituted with
other preferred phagostimulants or attractants. As a result, it might
be used on wider range of pests other than ants and yellowjackets.
These aspects need further investigation.

For commercial development and application, it will also be
important to develop methods for packaging the hydrogels. For
example, the bait needs to be packaged in a container so that the
application and storage will be user-friendly and safe. To increase the
shelf life of the baits, preservatives will need to be tested to prevent
the spoilage of the baits, while not compromising the bait uptake by
the pest insects. For example, sodium benzoate at 0.25% could be
incorporated in liquid baits as preservatives. Manufacturing, storage,
and transport of hydrogels in a dry form is a potential cost-effective,
user-friendly, and feasible method. Dry hydrogels could be hydrated
and ‘activated’ by consumers immediately before the application.
This approach will minimize the risk of spoilage, spill, and reduce
the weight and cost during shipping and storage.

In natural environments, it is not feasible to maintain and service
liquid baits in bait stations to control invasive ants. In agricultural
areas, hydrogels can be applied on the soil around tree trunks where
ants trail and forage, in order to manage the ant populations that
interferes with biological control. It would be important to know
the ecology of the target insects to improve its utility in the field.
For example, knowing their foraging patterns, population size, the
time and seasons of application, and the presence of alternative food
sources helps in the development of optimal hydrogel baits applica-
tion rates to achieve effective pest control with minimal materials
and costs. Future tests should also aim to determine the efficacy of
natural hydrogel baits in a larger scale in urban, agricultural, or nat-
ural environments.

Summary

Controlled-release strategies have been extensively researched as
a mean of applying insecticides with minimal contamination. As
a matrix to achieve the controlled release, hydrogels have been
widely used to deliver pesticides for the past few decades. Moreover,
hydrogel compounds have been recently introduced as bait matrices
that combine a nonrepellent Al with attractive liquid food substances
to exploit insect foraging and trophallaxis behaviors to effectively
control some social insect populations. Several empirical studies
have shown that the use of hydrogels provide a highly efficient and
low-impact outdoor baiting option for ants, yellowjackets, and other
pests. Incorporation of target insect pheromones can further increase
the target specificity. Due to its minimal impact on the environment

and high efficacy in controlling insect pests, the development and ap-
plication of hydrogel-based baits represent new directions for inte-
grated pest management programs. We expect that alginate hydrogel
baits will be commercialized by interested manufacturers for wide-
scale use in various environmental settings. Future studies on the
environmental safety will be required in order to register hydrogel
baits as a tool for insect pest management. Future investigations will
need to determine whether natural hydrogels are able to compete
with synthetic ones, in terms of cost and performance.
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