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Abstract: The productivity of vegetable crops is constrained by insect pests. The search for alternative
insect pest control is becoming increasingly important and is including the use of plant-derived
pesticides. Plant-derived pesticides are reported as effective in controlling various insect pests
through natural mechanisms, with biodegradable organic materials, diverse bioactivity, and low
toxicity to non-target organisms. An antifeedant approach for insect control in crop management
has been comprehensively studied by many researchers, though it has only been restricted to plant-
based compounds and to the laboratory level at least. Nano-delivery formulations of biopesticides
offer a wide variety of benefits, including increased effectiveness and efficiency (well-dispersion,
wettability, and target delivery) with the improved properties of the antifeedant. This review paper
evaluates the role of the nano-delivery system in antifeedant obtained from various plant extracts.
The evaluation includes the research progress of antifeedant-based nano-delivery systems and the
bioactivity performances of different types of nano-carrier formulations against various insect pests.
An antifeedant nano-delivery system can increase their bioactivities, such as increasing sublethal
bioactivity or reducing toxicity levels in both crude extracts/essential oils (EOs) and pure compounds.
However, the plant-based antifeedant requires nanotechnological development to improve the nano-
delivery systems regarding properties related to the bioactive functionality and the target site of
insect pests. It is highlighted that the formulation of plant extracts creates a forthcoming insight for
a field-scale application of this nano-delivery antifeedant due to the possible economic production
process.

Keywords: biopesticides; antifeedant; nano-delivery system; nanotechnology; plant protection;
pest resistance

1. Introduction

Global use of pesticides has continued to grow over the last few decades, with explo-
sive growth especially in Asia and America [1]. Although the application of pesticides has
shown a real impact on environmental and human health problems, it seems that farmers
depend on synthetic insecticides to combat insect pests [2]. Thus, high dependency on
chemicals has caused increasing insect pest resistance and high-cost crop protection [3].
Moreover, the impact of resistance triggers insect pest outbreaks that cause massive crop
losses [4]. Efforts to overcome these issues have had a real impact on environmental
pollution prevention due to the reduced presence of residue in food and agricultural com-
modities. Biopesticides are listed as eco-friendly pest control agents obtained from living
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organisms or natural products [5]. Biopesticides that are obtained from natural products
as secondary metabolite compounds deriving from plants include alkaloids, terpenoids,
phenolic, and other chemical compounds [5].

Generally, synthetic pesticides exert their effect on the nervous system of insects with
acute lethal effects and can trigger insect pest resistance [6]. Contrarily, bioinsecticides with
systemic bioactivity and indirect toxicity to insects can anticipate the occurrence of insect
pest resistance. Therefore, bioinsecticides possess the properties of antifeedant compounds
caused by deterrent insect feeding activity, repellents, attractants, developmental inhibitors,
and ovipositor deterrents, which are representative of eco-friendly plant protection [7]. The
advantages of antifeedants are that they are less toxic than synthetic pesticides with more
specific bioactivity against certain insect pests [4,5,8].

Despite many advantages in terms of bioactivity characteristics, bioinsecticides un-
der a field environment easily degrade and the volatile nature of their active compounds
leads to inefficiency in field applications [9]. Thus, these characteristics are responsible
for reducing their efficacy. To resolve those challenges, many researchers are interested in
the development of efficient bioinsecticide formulations that allow effective agricultural
management [9-11]. In this regard, the use of nanotechnological tools to resolve ineffi-
cient bioinsecticide formulations is very important for the development of beneficial and
prospective biopesticide formulas [5,7,12,13].

A nano-based formulation aims to improve the properties of biopesticides [10,14].
The conventional formulation is initially developed based on simple solvent-based solu-
tions of emulsifiable concentrates (ECs) [15,16] or a powder mix including the formula of
wettable powders (WPs) [17,18]. New generation formulations can be developed through
oil-in-water (EW) emulsion [19,20] and the microemulsions (MEs) formula to achieve homo-
geneous and isotropic dispersions of the formula [21,22]. The most recent nanoemulsions
(NEs) formula involves fine oil-in-water dispersions with a droplet nano-size (1-100 nm)
prepared using an appropriate surfactant that is soluble in organic compounds and water
and, consequently, provides kinetic stability [23,24]. Furthermore, de Oliveira et al. [12]
outline the challenges for the nano-scale formulation of botanical pesticides. The highlight
of the study is the benefits of the formula’s nano-based properties to improve the efficacy,
solubility, dispersity, and also wettability of the active ingredient in the water-based sys-
tem [12]. Additionally emphasized is the use of organic materials as a potential carrier
system supported by the active ingredients. Despite many developments on bioinsecticide
with a nanoformulation, and also its extensive application, environmental issues such as
pest resistance still occur. Thus, an alternative solution, such as antifeedant along with
its nano-based formulation, in comparison with conventional synthetic insecticide is illus-
trated in Figure 1. The advantages of a nanotechnology-based formulation for antifeedant
provide an alternative to prevent the negative impact of synthetic insecticides that may
cause pest resistance.

Therefore, the study of insect antifeedant on crop protectants has attracted many re-
searchers [7,25-29]. The active compounds of antifeedant do not kill pests directly but they
cause starvation or predation by their natural enemies. Thus, the affectivity of antifeedant
deployment in the field with various environmental conditions requires more creative
strategies [25]. A recent important review reports on antifeedant strategies involving the
role of nanotechnology approaches and opportunities. Koul [29] and Isman [7] evaluated
that the majority of antifeedant studies still rely on an investigation of the antifeedant’s
source as being from a variety of essential oils and crude plant extracts including their
bioassays due to the laboratory scale of plant extract screening. Hence, a nano-based
formulation to achieve desirable properties is required in antifeedant application strategies.
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Figure 1. The negative impact of synthetic insecticides and effort of developing nanoformula-based
antifeedant as an alternative to prevent pest resistance.

The characteristics and properties of the antifeedant delivery system govern the feed-
ing activity of phytophagous insects quantified by their insect feeding trace (consumed leaf
area). Referring to a study focused on biopesticide nano-delivery formula, the pesticide
loaded in colloidal or the encapsulation of botanical pesticides in nano-structured systems
has emerged as an important tool to improve the quality of the formulations [11,30-34].
However, botanical pesticides are usually soluble in an organic solvent, thus making a
formula in water solvent requires additional ingredients to facilitate suitable delivery for-
mulation. Aqueous nanoemulsion, nanosuspension-loaded essential oil, or unsolvable solid
organic compounds in micelle can increase the solubility and dispersion in aqueous solu-
tion, improving the wettability, efficiency, and stability that can enhance the bioavailability
properties during application [9,32].

Generally, nanoformulation and nanoencapsulation delivery formulas aim to enhance
efficacy and maintain the durability of the active ingredients through a slow-release mecha-
nism on the targets [35,36]. There are a large number of studies revealing nano-delivery
formulas of plant biopesticides [11,31,37,38]. Recently, many studies have reported efforts
on the formulation of a nano-carrier of essential oils and plant extracts for antifeedant-
targeted delivery against insect pests [39,40]. However, there are no review studies related
to antifeedant nano-delivery-based formulas, especially regarding the active compounds
obtained from plant extracts. This review discusses several recent studies focusing on
pest control strategies using botanical pesticides developed in nano-delivery formulas. In
particular, it discusses the improvement in properties for the effectiveness and efficiency of
antifeedants in controlling insect pests. Thus, this study provides a strategy in pest control
to overcome insect resistance due to the dependence on using synthetic insecticides. The
review is a scoping review, which was compiled using references (last 10 years) from major
databases such as Science Direct, PubMed, MDPI, ACS Database, SpringerLink, Google
Scholar, Taylor Francis, and Open Knowledge Maps based on scoping areas of research in
the field of nano-biopesticides delivery and antifeedant-based nanoformulation.

2. The Opportunity of Antifeedant Nano-Based Delivery Systems
2.1. Insect Pest Control Strategies Using Antifeedant Plant-Derived Pesticides: Antifeedant
Management, Resources, and Reserve

The concept of pest control today has developed on the principles of integrated pest
control that considers economic threshold aspects, application of biopesticides from natural
products, and biocontrol using natural enemies or agencies entomopathogenic [4,41,42].
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Certainly, Integrated Pest Management (IPM) is a combination of the conventional approach
and the adoption of various technological developments, which plays an important role in
achieving sustainable agriculture goals [43]. Bioinsecticides are part of the strategies that
significantly contribute to IPM [4]. The multi-active role of plant-based bioinsecticides has
been studied, which has included toxicity and growth inhibitory effects, and the role of
antifeedant on preventing insect resistance [29,44]. Moreover, the environmentally friendly
nature of preventive approaches such as antifeedant makes them good alternatives for
insect pest control strategies.

An antifeedant received from the secondary metabolite active compounds of plants
revealed phytophagous insect protection [4,45]. These active compounds belong to a group
of allomones, which are interspecific compounds needed to mediate the interaction with
phytophagous insects [45]. The groups of metabolite active antifeedant compounds that
have been reported are limonoids, chromenes, polyacetylenes, saponins, flavonoids, quassi-
noids, cucurbitacins, cyclopropane acids, phenolics, alkaloids, various types of terpenes,
monoterpenoids, diterpenoids, sesquiterpenes, and their derivatives [46—48]. There are two
fundamental mechanisms of antifeedant; the first being the deterrent effect due to taste
receptors, and the second being due to disruption of the midgut of the insects. The deterrent
effect is due to taste receptors being stimulated by the phagostimulant compound interfer-
ing with the normal function of neurons [26,29,46]. Meanwhile, Isman [25] has stated that
deterrent effect activities caused by chemicals serve to accelerate the roles of the central
nervous system in preventing ingestion or absorption of substances and, subsequently,
creating sublethal toxicity and disruption of the midgut.

Studies over the past 10 years on bioinsecticide antifeedant, including the reserves
and preparation, the bioactive compounds, the pest control, and the insect pest targets, are
summarized in Table 1. The investigations of potential antifeedants have been extensively
studied in the field of crop protection. The order Lepidoptera dominates as the main insect
pest on crops due to its shorter life cycle characteristic and higher fecundity capacity, among
others [49]. In addition, antifeedants explore stored grain insect pest control and play a
small part in oil palm plantation insect pest management. Meanwhile, the majority of grain-
stored insect pests is dominated by the order Coleopteran [50], where their feeding activities
on crushing grains into powder caused them to be easily contaminated by fungi and
bacteria. In addition, carcasses, secretions, eggs, and fecal remains cause allergic reactions
in humans. To overcome this problem, the use of synthetic insecticides and fumigation
turned out to leave residues on grains that are harmful to consumers. However, these insect
pests tend to be adaptable and more resistant to synthetic chemical insecticides by inheriting
resistant generations. As an alternative, bioinsecticide antifeedant provides a variety of
compositions of phytochemical compounds, allowing various modes of action to prevent
such resistance problems from occurring [4]. Therefore, this encourages researchers to use
antifeedants as prospective alternatives for crop protection and stored pest management.

Regarding plant-source bioactivity on stored grain insect pests, semiochemical re-
pellents provide excellent performance compared to antifeedants. Thus, semiochemical
repellents are more rapidly developed in stored pest control strategies [51]. On the other
hand, the use of antifeedants to control oil palm pests is driven by the importance of
maintaining natural enemies to prevent a resurgence due to the irresponsible overuse of
synthetic insecticides [52]. The damage of oil palm plantations is due to the activity of the
polyphagous insect pest that defoliates young palm plantations. Although antifeedants
play an important role in controlling feeding activity and maintaining the existence of natu-
ral enemies, their role in oil palm pest control strategies seems unexplored at an intensive
level.
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Table 1. The antifeedant strategies.
No. Pest Co.ntml Resources Reserve/ . Preparation Methods Bioactive Compounds Efficacy Target Insect Ref.
Strategies Formulations Pests
Higher antifeedant Sitophilus
o,
Sunflower seed Crude oil of . - FDI (79'30/0) oryzae,
. Pyrolysis reactor used Acetic acid, furfural, ECI (87.5%) Lasioderma
(Helianthus sunflower seed . . . [53]
anmus) hulls (SSH) to produce bio-oils methoxyphenol Moderate antifeedant serricorne
FDI (45.8%) and Tribolium
ECI (16.6%) castaneum
glnotrz{/ezejeant activity Sitophilus
Mentha piperita Essential oil Hydrodistillation Menthone and menthol FDI (29.68%, 18.81%, and 14.34%) Z;ygae Linn. [54]
Stored grain pest T. castaneum
1 manage-ment FDI (20.67%, 13.73%, and 9.19%) |- castaneum
. - Sitophilus
. . Antifeedant activity
G::)ZZSE;ZS Essential oil Hydrodistillation Igﬁi;};yé-s?iltl:ilate (MS), FDI 8.26% (EO) %Zyzgj i?gza [55]
P ' FDI 5.33% (MS) yzop
Dominica
Zanthoxylum Antifeedant activity
bungeanur, Methanolic st SCreening active fraction o FDI (41.12%) Tribolium
Z. schinifolium, continued by active Benzophenan-thridines ECsg 62.67 ppm (norche [56]
bark extract : . . castaneum
Z. armatum and compound isolation chelerythrine)
Z. dissitum ECs0 66.97 ppm (decarine)
Dry crude extracts la,3x-Diacetylvilasinin, Antzfeedqnt a.c foity
. . . A C. Puncticollis.
dissolved in methanol 1-cinnamoyl-trichilinin, o
. . . R FDI (51%) (nut and pulp) Cylas
Methanolic crude  and topped up with 1-tigloyltrichilinin, FDI (43%) (bark) ncticollis
Crop protection . . extracts from the water (96% of total 1-acetyltrichilinin, salannin, 1- 00 P !
2 Melia volkensii . . . . FDI (44%) (leaf) Spodoptera [571]
management bark, leaves, pulp, volume) with several detigloyl-1-isobutyl-salannin, : .
. . - S. exigua. exigua,
and nuts concentrations used 20,30-dihydro-salannin, o .
for in vivo and ohchinin3-acetate, nimbolin B FDI(57%) (nut and pulp) 5. Frugiperda
! * FDI (58%) (bark)

in vitro assay

volkensin, and toosen-danin

FDI (50%) (leaf)
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Table 1. Cont.

No. Pest antrol Resources Reserve/ . Preparation Methods Bioactive Compounds Efficacy Target Insect Ref.
Strategies Formulations Pests
Nanosuspension Strong antifeedant activity
Ethyl acetate formulation by reverse . . SOR 11 at the LCs¢ 0.39% Crocidolomia
active fraction . . Alkaloids, saponins, .
Lantana Camara (EAF) leaves emulsion with the and steroids (D =8.3 £+ 1.3 nm), leading to pavonana [58]
L. camara various components of wettability improvement on the Fab.
’ Tween 80 as a surfactant leaf surface
Ethanolic seed . .
extract A. mucosa Rolliniastatin-1 (ESAM), fatty Strong antifeedant activity
L Emulsifiable . . ! Decreased foliar consumption .
Annona mucosa and biopesticide . acid-derived substances o Helicoverpa
concentrate formulation . . (>90%) at LCsy = 411.55 and . [59]
Jacq. of A. squamosa of ESAM contain acetoge-nins 312.08 mg kg1 in 168 h armigera
extraction (Anosom® 1 EC) )
(Anosom® 1 EC) (crude extract and ESAM)
Isolated pure Moderate antifeedant activities
com ourlf ds from the (AFCs0) are 4.98 and 5.03 mg mL~!
) Methanolic stems poune . . at 24 h and 48 h (no-choice assay),  Plutella
Panax ginseng methanolic crude Ginsenoside el [60]
. and leaves extract . and 2.74 and 4.14 mg mL xylostella
5 Crop protection extract determined (choice assay)
management using the HPLC method Y
(the pure compounds)
Fractioned EO and both
o of the extracts . . o/,
Ereniel AE0. by S G 0 it
Pilgerodendron Ie)x tract (PEE), and chromatography with cadalene (—)-cubenoll (EO, DCME, and the Hylastinus [61]
uviferum dichloromet}{ane silica gel as a stationary (—)-e ic1,1benol (7)—t0’rre ol sesquiterpenes isolated obscurus
extract (DCME) phase, using a different (_)_115){0 aenoll you pure compounds)
gradient elution for P
each extract
Nature and
zzrr:hil; ds of Organic synthesis and Acetophenone-type dihydro  Higher antifeedant activity lsl.f;)f;z tﬁ;a
Cyperus eragrosits dih }er electrochemical benzofurans, coumaran of natural aurones compared with Plutella [62]
yaro oxidation (aurone derivatives) synthetic compounds
benzofurans xylostella

and aurones
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Table 1. Cont.
No. Pest antrol Resources Reserve/ . Preparation Methods Bioactive Compounds Efficacy Target Insect Ref.
Strategies Formulations Pests
. . . Higher antifeedant of fraction 3 of
.. Screening crude extracts Coumarins, flavonoids, N .
Caesalpinia bonduc ~ Chloroform ) . chloroform ECsp = 357.13 ppm Helicoverpa
and fractions solvents terpenoids, phenols, . [63]
(L.) Roxb. extract with increasing polarit and quinones than the crude chloroform extract armigera
&P y ! that shows a minimum ECsgj 3.07%
Strong antifeedant activity
Flavonoids and isoflavonoids ~ Alsp = 227.12 ppm at 24 h
Hexane and (mille-wanins, prenylated (the hexane) Spodoptera
Millettia pachycarpa  methanol leaves Screening active fraction |  preny . .y podop [64]
extracts isoflavones, and Good antifeedant activity litura
pyra-nochal-cones) Alsp = 340.87 ppm at 24 h
(the methanol extract)
Crude neem gum Neem gum nano Hexadecanoic acid, oleic acid Strong antifeedant actioity fri;l;ic O;Zrzid
Azadirachta indica from the incised formul%ltion (NGNF) and ricinoleic acid ’ ” FDI (100%) at LCs 10.20 ppm Spo d% tora [40]
bark of A. indica (NGNF) podop
litura
Crop protection Pinus kesiya Royle.,
2 management Lantana Camara
Linn., Litsea cubeba
;Z;:é’nci‘;iz:ilﬁrm Higher antifeedant activity
o) o, o,
Wall., Mikania The methanolic Alkaloids, flavonoids FDI (50.92%, 70'.61 o) at 0.1% and
. . 0.5% concentrations extract of .
micrantha Kunth.,  crude extracts of Extraction by phenols, phytosterols, .y Helicoverpa
. . . . G. Fragrantissima than . [65]
Ambrosia leaves and aerial Soxhlet method saponins, tannins, armigera
e . extract of L. cubeba
artemisiifolia Linn.,  parts of plants and terpenoids ; -
. Moderate antifeedant activity
and Eupatorium :
o Extract of P. kesiya
riparium Regel.,
the indigenous
plants of
Meghalaya
) . Fractionation (ethyl . Higher antifeedant activity of crude
Cabralea canjerana  Fruits and - Dammarane triterpene, extract and ethyl acetate seed Spodoptera
. acetate and ethanolic . . . . . [66]
canjerana seeds extracts ocotillone 7,15 diol active fraction compared to frugiperda

fractionation)

pure compounds
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Table 1. Cont.
No. Pest antrol Resources Reserve/ . Preparation Methods Bioactive Compounds Efficacy Target Insect Ref.
Strategies Formulations Pests
Significant antifeedant activity of the  Leucinodes
dichloro-methane extract against L.  orbonalis,
Dichloromethane Triterpenoids, steroids, orbonalis (77.1%), H. armigera Helicoverpa
Leaves extract extraction tannins, saponins, (66.2%), S. litura (74.8%), and E. armigera, [67]
flavonoid alkaloids Vittella (67.2%) followed by acetone, Spodoptera
) dimethyl sulfoxide, and litura and
Acalypha fruticosa aqueous extracts Earias vittella
Forssk. ; .y
Antifeedant activity
Hexane, Terpenoids. tannins FDI (92.8%) at 5% concentration,
chloroform, and Screening active fraction courr)n arins ;mthra u’inones LCsp 1.86% (the cloroform extract)  Plutella [68]
ethyl acetate & . d ’ FDI (84.3%) at 1000 ppm xylostella
and saponins .
) leaves extracts concentration, LCsy 385.7 ppm
Crop protection (the active fraction)
management
Antifeedant activity
Isolated pure limonoids Al (76.46 pg cm ™2, 66.61 pg cm™2)
. ) ; : Spodoptera
Soymida febrifuga Methanolic leaves ~ compounds determined Limonoids (phragmalin-type) against A. Janata, the pure isolated litura and [69]
extract using H-NMR compounds of fissinolide Al Achaea ianata
spectra analysis (61.69 g cm 2, 51.93 pg cm—2) 4
against S. litura (Swietenitin)
i‘:;:;ﬁlm vulgare, Antifeedant activity
raveolens Estragole, fenchon, FDI (99.7%) (EO P. crispumn) Pseudaletia
3 Y Essential oil Hydrodistillation trans-anetholes, carvone, FDI (84.7%) (EO A. graveolens fruits) . [70]
Petroselinum unipuncta

crispum, Cuminum
cyminum

myristicin, cumin aldehyde

FDI (92.4%) (EO trans-anethole)
FDI (84.7%) (EO cumin aldehyde)
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Table 1. Cont.

No. Pest antrol Resources Reserve/ . Preparation Methods Bioactive Compounds Efficacy Target Insect Ref.
Strategies Formulations Pests
Syzygium
ar.omatzcum L., Ma]qr constituents: eugenol, Higher antifeedant activity
Cinnamomum Screening EO and pure (E)-cinna-maldehyde, linalool, (DCsp = 12.5 and 16.4 g cm~2) C
zeylanicum Blume, . n-carvone, menthone, . ’ ) . ’ . .
2 Crop protection  Lavendula latifolia Essential oil :ﬁ::tiizziz (::;i%l: menthol ziz lﬁiﬁ:ﬁﬁ:ﬁ S{J:QOIZ)L;:CZZZH%CS) Zlizgifﬁa [71]
management L., L. angustifolia compound) Minor constituents: (eugenol isoeupenol ang
L., Mentha crispa L., P isoeugenol, 3-caryo-phyllene, HBENOY, 1SOCUEENOY
i C mixture minor compounds)
M. arvensis L. and ceraniol
M. piperita L.
. Essential oil-based  Isolated pure eugenol 4-Allyl-2-methoxy-1-(4-tri- Highest antifeedant activity Rhyncho-
Syzygium
aromaticum eugenol compounds from clove  fluoromethyl-benzyloxy)- FDI (64.42%) of phorus [72]
Oil palm compounds oil extract benzene the pure compounds ferrugineus
3 plantation pest  Cymbopogon nardus The higher antifeedant activity of EO . .
management and C. martinii L NP . (C. nardus and C. martinii) is better P
. Essential oil Hydrodistillation Geraniol . elaeasa and [73]
grown in than pure compound (geraniol) Acharia fusca
Colombia and synthetic repellent IR3535

Note: FDI = Feeding Deterrence Index ECI = Efficiency of Conversion of Ingested, ECsy = Effective Concentration, LCsy = Lethal Concentration, D = Diameter size of particle,
SOR = Surfactant-Oil /Organic-Ratio, AFCsy = Antifeedant median Concentration, EO = Essential Oil, Al = Antifeedant Index, DC = Deterrence Concentration.
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Antifeedant plant resources are mainly obtained from plant extracts and essential oil
compounds. These resources are investigated in various forms, such as the active fractions
of crude extract or essential oil (EO), and also in further processing screening steps to obtain
isolation of pure active compounds. Essential oils are usually used as antifeedant resources
in the stored and palm oil pest management, while crude plant extract is used as an
antifeedant resource in crop management. Active compounds are not always more effective
than crude extracts or essential oils; thus, choosing antifeedant resources is determined
by the specificity and characteristics of the target insect pest. The active fractions of crude
extract or essential oil (EO) may provide synergistic functional activity to the target insect
pest. In addition, the utilization of antifeedant from crude extracts or essential oils offers
a simpler process. In contrast, the application of pure active compounds has required
sophisticated and high-cost production [39,74]. Therefore, the use of crude extracts or
essential oils is interesting to explore in providing antifeedant plant resources.

It is known that grain insect pests are effectively controlled by EO due to their sensitiv-
ity to volatile semiochemicals [51,75]. Thus, antifeedant from essential oils is a preferable
choice in stored grain pest management compared to plant extract. Contrary to this, an-
tifeedant from plant extract shows higher efficacy for crop pest management compared
to essential oils that are targeted against phytophagous insect pests [27]. Moreover, plant
extract provides the possibility to form a solid paste extract that is suitable for residual
application in oral targeting, allowing a great amount of residual antifeedant substance
and persisting long enough to deter feeding activities [49]. Therefore, crude plant extract
preparation has more opportunities to be applied for antifeedants in crop management.

The research progress of antifeedants on improving efficacy against target insect
pests includes reservation and preparation techniques from conventional methods to the
latest nanoformulas, as presented in Table 1. Many studies have reported on the advanced
development of EO nanoformulation applied in stored pests and oil palm pest management.
In contrast, rarely reported are studies on the nanoformulation of crude plant extract
applied for insect pest crop management. Generally, before formulation, crude plant
extracts are isolated to obtain pure active compounds. However, this route of preparation
needs sophisticated and longer steps and, consequently, a reduced economic process. Few
researchers propose to prepare a nanoformulation from a crude extract. However, the
majority of reported studies are still in laboratory-scale production; only a few studies
have reported on pilot-scale studies and field applications. Thus, given the great potential
and abundant resources, the development of a nano-based formulation is promising in
accelerating the applications of antifeedant; this is in line with the recommendations from
Isman [7] on the prospect of antifeedant from plant resources. Despite many determining
factors, the concern of relevant stakeholders is needed for the successful implementation of
an antifeedant strategy for sustainable agriculture.

2.2. The Role of Nanotechnology in Plant-Derived Pesticide Formulations

Currently, nanotechnology is the breakthrough of various innovations in the de-
velopment of bioinsecticide formulas [9,36]. Biopesticide formulas established through
nanotechnology improve delivery performances and enhance their application efficiencies.
It is well known that the smaller size of particles serves to increase the surface of the active
ingredient and, consequently, improve the solubility. Moreover, the challenges involved
are preparing the synthesis of the water-based medium, formula stability, mobility, and
ensuring the delivery target system [76]. A broad variety of natural materials are used in
the assembly of pesticide nanoformulations. There are two types of formulations—nano-
particle pesticides and nano-carrier systems—to allow delivering active compounds to
the target site. The structure of the delivery system includes the encapsulation of active
compounds inside, a nanoparticulate polymeric shell, adsorption onto the nanoparticle
surface, attachment onto the nanoparticle core via ligands, and entrapment within the
polymeric matrix [77]. The properties of these various types of nanocarrier formulations
are known to enhance the efficacy and efficiency of biopesticides against insect pests, i.e., a
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Nanoemulsion
Lipid/oil core

nanoemulsion loaded with essential oil from various plants products [78-80], plant extracts
loaded in micelle with a hydrophobic core [58] and liposome with a hydrophilic core [81],
as shown in Figure 2. Recently, materials from natural polysaccharides, proteins, alginates,
silica, and other types of polymers have been utilized as nanoparticle encapsulants, such as
chitosan, zein, gum arabic, and silica nanoparticles [31,78,82].

b

Biissoileom  Jauseen 2 Surfactant

Capsule

Coated nanoparticle
Active compounds
Polymer nanoparticle

Ligand

Nanoparticles
encapsulation

/7700860

Matrix polymer

Cross-linked Nanoparticle Nanosphere

Figure 2. The types of nano-delivery biopesticide formulations.

Botanical active compounds have also been reported to be successfully loaded in
a nanocapsule and being mesoporous for the slow-release system as well as being en-
trapped in the matrix polymer and the cross-linked nanoparticles mediated by specific
ligands [83-86]. It is well known that the characteristic content of organic active com-
pounds inherent in botanical ingredients is that they are easily degraded and, consequently,
have a lower long-term potency [12]. The various types of nanocarrier systems offer the
appropriate properties to improve the efficacy and efficiency performance of plant-derived
nano-pesticides’ delivery (Table 2).
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Table 2. The plant-derived nano-pesticides” delivery.
. Preparation and . Active . . SN
No.  Carrier System Matrix/Polymers, Surfactant Properties Compounds Efficacy/Bioactivities Ref.
Oil-in-water by low energy Nanoemulsion enhances the toxicity, inhibits
emulsification produce D = 5070 nm Seed sea fennel essential oil longevity and fecundity of Aedes aegypti and
1 Nanoemulsion nanoemulsion loaded by EO sea - (EO) (dillapiole and Spodoptera litura. [78]
. ZP = -18.3 mV . . .
fennel in core y-terpinene) Nanoemulsion is more effective compared to crude
(EO:Tween 20 = 1:3) EO but less effective compared to pure EO
Oil-in-water nanoemulsion Mentha spicata EO leth The higher larvicidal toxicity against Culex pipiens
. S D =978 nm major compounds 8-cineole . .
2 Nanoemulsion loaded by EO Mentha spicata in o o and Musca domestica larvae compared with the [79]
EE =52.0% (19.55%) and menthol S . .
core (EO:Tween 80 = 1:1) o normal mint oil and lambda-cyhalothrin (synthetic)
acetate (14%)
Oil-in-water by spontaneous Sweet orange EO with major
emulsification produce monoterpene compounds Enhance repellency, fumigant, and acute toxicity
. . D =131.37 £ 0.29 nm : ) i
3 Nanoemulsion nanoemulsion loaded by 7P = —30 mV (R-limonene, 3-myrcene, against Tribolium confusum and [87]
EO in core - «-pinene, linalool, Cryptolestes ferrugineus
(EO:Tween 80 = 3:1) and sabinene)
Droplet emulsion loaded by
. ethyl acetate fraction (EAF) D=83+13nm, Saponins, alkaloids, Moderate toxicity and strong antifeedant activity
4 Micelle . . . . ) [58]
Lantana camara nano-suspension ZP = -89 mV and steroids against Crocidolomia pavonana lavae
(EAF:Tween 80 = 3:2)
Ruta graveolens dichloromethane Liposomes ethanolic
S D =121 nm, PI = 0.256, .
extract encapsulate in chitosan o Dichloromethane extract of . . . .
. L EE =93% L Cytotoxic activity against Spodoptera frugiperda (S£9)
. nanoemulsions and lipid . s Ruta graveolens (quinolin, . . . .
5 Liposome . . Liposomes thin-film insect cells is more effective than chlorpyrifos [81]
nanosystems (liposomes) with . benzopyran, and - -
S hydration . L (synthetic insecticides)
ethanolic injection and acridone derivatives)
thin-film hydration D =203 nm, P1 = 0.185,
4 EE = 73%
Nanocapsules formed by . . . . -
chitosan precipitation Groups of terpenes: Improving the fumigant effectiveness and efficiency
6 Nanocapsules D =85-145nm 1,8-cineol, camphor, borneol, by slow and persistent release against the [83]

loaded with Achillea millefolium
essential oil (AEO)

phellandrene, and linalool-L

A. millefolium L.
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Table 2. Cont.
. Preparation and . Active . . el
No.  Carrier System Matrix/Polymers, Surfactant Properties Compounds Efficacy/Bioactivities Ref.
Nanocapsules formed by SiO, Seed sea fennel essential oil Higher toxicity, reduced longevity, and fecundity
. D =20-78 nm R . . .
7 Nanocapsules precipitation 7P = 117 to 343 mV (EO) (dillapiole and compared with the nanoemulsion and [78]
loaded by sea fennel EO (SiNPs) - ’ ’ y-terpinene) pure essential oil
Nanoparticles Chitosan nanopa-rtlcle's (CSNPs) Piper nigrum essential Toxicity activity, fumigant activity against Sitophilus
8 . loaded by Piper nigrum D =527.5nm ¢ A [82]
encapsulation S oil (PNO) oryzae and Tribolium castaneum.
essential oil (PNO)
D=172.3 + 3.8 nm,
Nanoparticles Zein nanoparticles loaded PI=0.351 £+ 0.032, . . Decreasing toxicity and phytotoxicity but enhanced
? encapsulation with geraniol ZP = —12to —25mYV, Geraniol and R-citronellal repellency against Tetranychus urticae mite. (58]
EE > 90%
Chitosan and gum arabic D = 200300 nm,
10 Nanoparticles nanoparticles gcontainin PI=0.21-0.78, Geraniol Significant attraction activity (attractant) against [38]
encapsulation P ) & ZP = —21to —35mV, whitefly (Bemisia tabaci)
geraniol EE = 91-98%
HMS (D = 150.16 nm,
PI=0.036, ZP = —2.47 mV)
Hollow mesoporous silica HMS-NH; (D =153 nm,
(HMS) nanoparticles, using PI=0.041, ZP = 7.21 mV)
carboxylated (3-cyclodextrin IDC loaded HMS-NH,
(CD) as a capping molecule (D =153.78 nm, PI = 0.034, Indoxacarb (IDC) . .. . .
11 Mesoporous HIMS with Si-NH, as ZP = —19.7 mV) Toxic activity against Spodoptera frugiperda [84]

gatekeeper (HMS-NH;), HMS
with -cyclodextrin (3-CD) as
gatekeeper (HMS-CD)

IDC loaded HMS-CD
(D =193.26 nm, PI = 0.011)
HMS average pore size
241 nm
Loading efficiency 26.42%

carboxylated B-cyclodextrin
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Table 2. Cont.
. Preparation and . Active . . ol
No.  Carrier System Matrix/Polymers, Surfactant Properties Compounds Efficacy/Bioactivities Ref.
Me (D = not available,
ZP = —38.82mV,
SR (10 h) = 70.82%)
MCM (D =833 £+ 11 nm,
Mesoporous silica (MCM) ZP = —20.16 mV,
nanoparticles modified by SR (10 h) = 82.88%)
salicylaldimine Sal-MCM (D =789 £ 12 nm, Attraction activity against Bactrocera dorsalis
12 Mesoporous (Sal-MCM), furfuralimine ZP =15.77 mV, Methyl eugenol (Me) The best formula shows the highest lure rate of [89]
(Fur-MCM), and SR (10 h) = 48.59%) Fur-MCM loading by Me equals 73% of the pure Me
benzaldehyde imine Fur-MCM (D =701 + 12 nm,
(Ben-MCM) ZP =29.89 mV,
SR (10 h) = 56.63%)
Ben-MCM (D =763 + 12 nm,
ZP =25.70 mV,
SR (10 h) = 37.21%)
Insect pest Corcyra cephalonica
LCs9 MSNs
Total protein content = 28.88 mg mL~!
Inhibition (pupa = 47.50%,
adult emergence = 28%)
LCs5¢ CESN
: - -1
Spherical silica Total protglr} Fontent =28.65 r?g mL
- . . Inhibition (pupa = 45.0%,
Mesoporous silica nanoparticles nanoparticles, well T
. . . adult emergence = 0%)
(MSNss) from tetraethyl dispersed in water, provide . .
o . . . LC5¢ cinnamon oil
orthosilicate (TEOS) hydrolysis ~ a maximal interface to load . . . 1
13 Mesoporous o . ; . . . Cinnamon oil Total protein content = 28.2 mg mL [90]
modified by cinnamon oil optimal cinnamon oil for the o
s . . Inhibition (pupa = 37.7%,
encapsulated with silica delivery target that induces e
. . . . adult emergence = 0%)
nanoparticles (CESN) the biological mechanism 1 d
indicated by protein profiles Control (—) untreate
Total protein content = 32.56 mg mL ™!

Inhibition (pupa = 90.0%,
adult emergence = 87.5%)
Control (+) silica gel
Total protein content = 30.32 mg mL ™!
Inhibition (pupa = 47.5%,
adult emergence = 78.0%)
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Table 2. Cont.
. Preparation and . Active . . ey
No.  Carrier System Matrix/Polymers, Surfactant Properties Compounds Efficacy/Bioactivities Ref.
. Chltos'an nanop.artl.cles (CSNPS) D <563.3 nm, Peppermint essential oil: The higher toxicity by the mechanism of
Cross-linked cross-linked by ionic gelation of ZP = —12.12 mV) . R
14 . . . L-menthone (32.27%) acetylcholinesterase inhibition on S. oryzae [86]
nanoparticle sodium tripolyphosphate (TPP), EE =70%
P Poyprosp menthol (23.47%) and T. castaneum
coating EO (1% Tween 80) Loading capacity > 12.31%. ’
Electron micrograph
measured:
CSNPs (D = 32-90 nm)
. . DLS measured:
Cross-linked SE;:E?E;;ZHS paﬁzi;isal(dceSthdjz) CSNPs-TPP-PONEEM Effective as antifeedant, larvicidal, and
15 nanoparticle ( GL};;z;an d Y (D =122.7 nm, Chitosan and azadirachtin growth-regulating activities, at very [91]
P . PI =0.282, EE = 59.34%) low concentrations
tripolyphosphate (TPP) CSNPs.GLA /TPP-
PONEEM
(D =2435nm,PI =0.57,
EE = 65%)
Z. riedelianum fruit EO
Enrci:gesllil;r?:;? ffﬁ?tﬂ];OOxyiﬁlm D =106.7-129.2nm, pH 6, Major compounds: Effective as oviposition deterrent and low toxicit
16 Nanosphere ZP =< -19.0mV, limo-nene (29.22%), P y [85]

poly-e-caprolactone (PCL)
nanospheres

EE > 98%

-myrcene (22.79%),
bicyclogermacrene (18.13%)

against nymphs of Bemisia tabaci

Note: D = droplet/particles size, ZP = zeta potential, EE = encapsulation efficiency, SR = sustain release.
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Nano-emulsified carriers are emerging as the most intensively investigated of plant-
derived pesticides (Table 2). This system is suitable to be adapted to EO and crude extracts
of plant-derived pesticides by applying a simple emulsification method, requiring low
energy and with suitable surfactants [23,92]. Emulsion-based formulations are designed to
increase dispersion or solubility of ingredients, improve stability, and increase bioactivity
and efficiency, especially in controlling insect crop pests [31]. Nanoemulsion formulas are
extensively investigated for EO plant-derived nano-pesticides’ delivery to obtain desired
properties due to the nano-sized droplet dispersion uniformity and the stability into two
liquid phases by the fundamental role of the surfactants. Thus, the engineering characteris-
tic and the properties of the delivery system can provide a slow-release performance [23].
Micelles are ideal nanocarriers for encapsulating, especially for insoluble-organic com-
pounds such as plant extracts [93]. This allows the nano-sized insoluble-organic suspension
dispersed in the water system that enhances the wettability and bioefficacy toward targeted
insect pests [9]. Liposomes are vesicular to nanoscale structures, and which consist of a
lipid bilayer covering an aqueous phase in the core [93]. The preparation of a liposomal
nano-carrier has emerged as a promising aspect of nano-delivery biopesticides due to
separate compartments that can encapsulate both the hydrophilic and hydrophobic active
compounds that are effective against targeted insect pests [81].

The encapsulation involves a vesicular composed of the biodegradable matrix/polymer
that encloses the active compounds in the inner core [9]. Nanocapsule and nanoparticle
encapsulation increase the targeting delivery, and shell degrades slowly by environmental
conditions, thus improving the chemical stability of organic compounds, such as volatile
compounds commonly containing types of EO [93]. Mesoporous nanoparticles with hollow
silica were adapted for water-soluble and lipid-dispersed controlled release biopesticide
delivery systems. While nanospheres are designed as dense spherical vesicular systems
in which active compounds are evenly distributed via adsorption or trapping in the nano-
matrix/polymer, the cross-linked nanoparticles of the entrapped active compounds are
mediated by ligands that act as sensors or markers for specific receptor molecules in targeted
delivery. These efficient encapsulations and smart entrapped nano-carrier systems were
confirmed to load the EO or pure active compounds with quite a high loading capacity with
lethal and sublethal bioactivities due to a controlled slow-release mechanism [78,84-86,88].

Plant-derived nano-pesticides have been tailored for desired properties, involving the
use of matrix types [94]. Studies have reported carrier systems prepared by organic and
inorganic matrices/polymers and suitable surfactants as a means of delivering various
extracts, EO, and their active compounds [88,94]. The utilization of nature/organic matrices’
resources matter is growing rapidly to compete with the non-organic matrices, such as
chitosan, gum arabic, and zein. This carrier system maintains the susceptibility of active
organic compounds to degradation so that they can be persistent for a longer period. Thus,
these efficiently increase toxicity, fumigants, repellency, attractants, antifeedant, growth
development, and oviposition inhibition [88,95].

The evaluation of studies shows that a compatible nanocarrier adopted in crude EO can
even outperform or be comparable with the effectiveness of pure active compounds [78,89].
Nanocarrier biopesticide formulas can also enhance the effectiveness of pure active com-
pounds to be comparable or more effective than synthetic insecticides in an in vitro bioassay
test [81]. The performance of nanocarrier formulas of EO and plant extract can reduce the
level of toxicity, indeed enhancing sublethal bioactivities such as the impact of antifeedant
and repellency, and inhibiting growth regulation [58,88,91]. The advantages of the nanocar-
rier formula compared to conventional or synthetic insecticide formulas are determined
through increased efficiency performance, such as the solubility and dispersion, formula
stability, and release control mechanism offered by the nano-delivery system. This factor
has a significant impact on increasing its efficacy against target insect pests. Plant-derived
pesticides from abundant plant extracts resources are the most studied pesticides in the
investigation of crop pest management. However, the potential compatibility of nanocarrier
formulas for application is less explored.
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Furthermore, the prominent role of the nano-delivery plant-derived pesticides for-
mula is to reduce the level of toxicity so that the antifeedant and other potent sub-lethal
bioactivities can be enhanced due to nano-delivery reserves. Especially for safety products
in crop management, a plant-derived pesticides formula is hindered by toxicant residues
and resistance problems. The challenges are compatibility with nanocarriers and resources
for appropriate bioactivity on target insect pests and cost-effective formulation to allow the
filed or practical application of recent advanced technological development.

2.3. Nano-Delivery System of Antifeedant Formulation

As antifeedant is potentially received from plant-derived bioactivity, it becomes an
interesting object of study as an important component of integrated pest management,
especially in crop pest insect control [4,96]. Further noted is that the antifeedant mode
of action is determined by a feeding mechanism, which is induced by special taste recep-
tors in insects that stop feeding activity. Antifeedants are generally obtained from the
resources of plant extracts or essential oils that contain ingredients sensitive to insect taste
receptors [46,97]. The biodiversity of potentially bioactive phytochemicals is the main
source in formulating nanobiopesticides. Nanobiopesticides have been shown to have a
significant impact on improving plant-derived pesticide properties, including antifeedant
performance [27,36]. The efficiency and effectiveness of nanobiopesticides including an-
tifeedants are enhanced by using nanoformulation polymers, metal oxides, active particles
combined with micelles, etc. [36]. The last ten years of studies on nanoformula-based
antifeedant investigations, involving the types of formulas, sources, methods, composition,
and the performance of formulas as well as the antifeedants’ effectiveness against many
insect pests, are summarized in Table 3.
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Table 3. Antifeedant by nano-based formulation.
No. Nanopath les/ Resources and Methods Compositions Properties and Antifeedant Activities Ref.
Nanocarriers Compounds Performances
Insect pest M. domestica
Positive control: dichlorvos
Manilkara zapota leaf D =70-140 nm, The feeding deterrent activity
. . . . (3 h exposure):
. Manilkara zapota Chemical reaction of M. aqueous crude nano-size enhances
Silver N Crude extracts
. leaf aqueous zapota leaf extract extract = 12 mL bioactivity and 1 [98]

nanoparticles . . LDs5p =28.35 mgmL™",

crude extract and AgNO3 Aqueous 1 mM reduces toxicity 1
AegNO; = 88 mL compared to control LDgp = 89.19 mg mL
RN Synthesized AgNPs

LDsg = 3.64 mg mL ™!,

LDgg = 7.74 mg mL~!
Insect pest H. armigera larvae
Positive control: azadirachtin
pure compounds
Negative control: Aqueous extract

D =112.35nm, Synthesized Ag NPs

Strong antifeedant
[99]

Silver nanoparticles

nano-size enhances
bioactivity and
reduces toxicity

compared to control

. . Aristolochia indica leaf
Chemical reaction of A.
o aqueous extract = 15 mL
indica leaf extract
Aqueous 3 mM

Aristolochia indica
and AgNO; AgNO; = 85 mL

leaf aqueous extract

(92.40%, LCs0 365.72 mg mL~1)
Azadirachtin pure compounds
Strong antifeedant
(97.28%, LCs0 348.98 mg mL 1)
Aqueous extract
Good antifeedant
(72.22%, LCsp 623.3 mg mL~1)
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Table 3. Cont.

Nanoparticles/ Resources and
Nanocarriers Compounds

Methods

Compositions

Properties and
Performances

Antifeedant Activities

Ref.

Leonotis nepetifolia

Sil ticl
Hiver nanoparticles leaf aqueous extract

The chemical
reaction of
L. nepetifolia leaf extract
and AgNO3

Aristolochia indica leaf
aqueous extract = 2.5 mL
Aqueous 1 mM
AgNO3; =47.5mL

AgNPs D =37.5nm
(monodisperse and
spherical structures)

Insect pest S. litura and H. armigera
Positive control: azadirachtin
pure compounds
Negative control: L. nepetifolia
plant extract
AgNPs
Strong antifeedant activities (FDI)
at 150 ppm
78.77% against S. litura
82.16% against H. armigera
Azadirachtin pure compounds
Strong antifeedant activities (FDI)
at 150 ppm
87.43% against S. litura
90.47% against H. armigera
L. nepetifolia plant extract moderate
antifeedant activities (FDI)
at 150 ppm
48.17% against S. litura
50.92% against H. armigera

[100]
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Table 3. Cont.

No. Nanopartl‘c les/ Resources and Methods Compositions Properties and Antifeedant Activities Ref.
Nanocarriers Compounds Performances
Insect pest Tribolium castaneum and
Rhizopertha dominica
Negative control: geranium EO and
bergamot EO
Geranium EO-PEG NPs
Geranium EO Antifeedant activities (FDI)
(contain citronellol 60% against T. castaneum
and geraniol) Geranium EO-PEG NPs 48% against R. dominica
or The ratio of essential oil D <235 nm, PI =0.280 Geranium EO
4 Essential oil (EO) Bergamot EO Melt-dispersion (geranium EO or loading efficacy = 75% Antifeedant activities (FDI) [101]
nanoparticles (contain linalyl method bergamot EO) to Bergamot EO-PEG NPs 11% against T. castaneum
acetate), and PEG (10%) D <184 nm, PI = 0.309 57% against R. dominica
polyethylene glycol loading efficacy = 71% Bergamot EO-PEG NPs
(PEG) 6000 as Antifeedant activities (FDI)
surfactant 54% against T. castaneum

39% against R. dominica
Bergamot EO
Antifeedant activities (FDI)
3% against T. castaneum
83% against R. dominica
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Table 3. Cont.
No. Nanopartl‘c les/ Resources and Methods Compositions Properties and Antifeedant Activities Ref.
Nanocarriers Compounds Performances
Insect pest Spodoptera frugiperda
Negative control: neem oil
The nanoformulations
Antifeedants at 1st DAS:
Solution polyvinyl [PINC-PCL (0.25)
Active compounds: alcohol (PVA) Preference Index (PI) 0.77
the neem (Azadirachta 0.5 mL of [SINS-PHB (0.25)
indica) oil and neem benzyl-benzoate Preference Index (PI) 0.77
seed kernel extract Colloidal suspensions containing neem oil
The polymers: prepared by interfacial 12.5 mg of neem oil Efficiencies Preference Index (PI) 0.59
5 Polymeric Poly (e-caprolactone) preformed polymer phospholipids (250 mg) nanocapsules Antifeedants at 3rd DAS [102]
nanoparticles (PCL), deposition 0.25,0.5, and 0.75 g PCL (68%) [PINC-PCL (0.25)
poly (B—hydroxy- Spray drying of (Aldrich) and PHB nanospheres (33%) Preference Index (PI) 0.81
butyrate) (PHB), colloidal suspensions  (Fluka) dissolved in PVA [SINC-PMMA (0.25)
poly (methyl- 25mL Preference Index (PI) 0.88
methacrylate) 025¢g neem oil
(PMMA) PMMA (Aldrich) Preference Index (PI) 0.90
dissolved in PVA 25 mL Antifeedants at 7th DAS
[SINS-PHB (0.25)
Preference Index (PI) 0.50
neem oil
Preference Index (PI) 0.89
Essential oils .(EOS) . Insect pest German cockroach Blatella
from peppermint and 7 days post-formulation: .
o germanica L.
palmarosa EOPN-peppermint: At doses of 4 me disc—1
. Essential oil loaded . . Solvent ethanol D =310nm, PI=0.61, & !
Polymeric . Melt-dispersion o EOPN-palmarosa
6 . polymeric 20 g PEG LE =93.75% . . _ o [103]
nanoparticles . method . highly antifeedant (FDI = 76.9%)
nanoparticles (EOPN) and 2 g EO EOPN-palmarosa: ;
EOPN-peppermint
Polymer: D =203 nm, PI = 0.16, hiohly antifeedant
Polyethylene LE = 89.7% gy antee

glycol 6000

(FDI = 76.5%)
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Table 3. Cont.

No. Nanopartl‘c les/ Resources and Methods Compositions Properties and Antifeedant Activities Ref.
Nanocarriers Compounds Performances
Piper nigrum essential
oil (PNO) Total solution = 40 mL
Chitosan Chitosan solution 1% Insect pest S. oryzae and T. castaneum
nanoparticles Emulsification method w/v + acetic acid CS/PNO NPs Negative control: acetone
- Polymeric (CS/PNO NPs) and solution 1% v/v D =527.5nm, CS/PNO NPs 182]
nanoparticles Polymer: ionic eelation Tween 80 (0.45 g) ZP = -534mV, High antifeedant
Chitosan and sodium & PNO (0.81 g) + LE (40.62 + 0.26)% FDI 100% against S. oryzae and
tripolyphosphate dichloromethane (4 mL), T. castaneum
(TPP) as TPP (4% w/v)
cross-linking agent
PONNEEM® (neem
Ot:ll’. kalﬁ? j o, d Insect pest H. armigera larvae
aza klrac m), an PONNEEM® 41° Positive control: PONNEEM
sty . ;70 MM CSNs-TPP-PONNEEM Negative control: CSNs-TPP and
Chitosan oil, 41% karanj oil, 1%
nanoparticl azadirachtin, 1% NPs CSNs-GLA
opartic es zaciracatin, 2o (D =122.7 nm; PONNEEM
CSNs-TPP- karanjin, PI = 0.282, encapsulation Antifeedant activities 100%; at 0.3%
. PONNEEM NPs and Ultrasonic-added 13% emulsifier NS o ¢
Polymeric L - . efficiencies = 59.34%) CSNs-TPP-PONNEEM
8 . CSNs-GLA- ionic gelation and stabilize . . o [91]
nanoparticles PONNEEM NPs freeze-drvine method Chitosan in 1% CSNs-GLA-PONNEEM Strong antifeedant activity (88.5%)
Polymer: yms R NPs CSNs-GLA-PONNEEM
Chitosan and sodium (50 mg/50 mL), TPP (D =243.5nm; . Medium antifeedant activity (72.3%)
tripolvphosphat GLA PI = 0.57, encapsulation CSNs-TPP
fpolyposphate or efficiencies = 65%) Medium antifeedant activity (76.4%)
(TPP) as (50 mg/50 mL)
ross-linking agent CSNs-GLA
cross & age Medium antifeedant activity (65.3%)
and glutaraldehyde

(GLA)
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Table 3. Cont.

No. Nanopartl‘c les/ Resources and Methods Compositions Properties and Antifeedant Activities Ref.
Nanocarriers Compounds Performances
Nanoparticles Insect pest Solenopsis invicta
synthesized from After 4 days of treatments
chitosan and 0.01% and 0.02% 0.01% CS/CMCS-NPs S-NPs
carbo-xymethyl . . CS/CMCS-NPs, A antifeedant activity (40%)
Polvmeric chitosan CEOI;‘S‘JE‘I’(?HC}‘;H;% 4 5mL of 0.4% SEM (D 1353;3 50 nm) 0.02% CS/CMCS-NPs S-NPs
9 ymel Carboxymethyl . g met CMCS + CS/CS-NPs antifeedant activity (50%) [104]
nanoparticles . with ultrasonic-aided o (D=142.1 £+ 2.0nm,
chitosan ionic selation (1.5 mL of 0.5% PI=0.171 + 0.002) After 16 days of treatments
(CS/CMCS-NPs) & glutaralde-hyde solution e ' 0.01% CS/CMCS-NPs S-NPs
Cross-linking agent: (GA) + 5mL 0.3% CS) antifeedant activity (60%)
amino groups 0.02% CS/CMCS-NPs S-NPs
glutaraldehyde (GA) antifeedant activity (80%)
Insect pest H. armigera and S. litura larvae.
Positive control: azadiractin
NGNF at 100 ppm
The extract neem Stl(;ong a.ntlfeedant activity
Neem gum aqueous 100% against H. armigera and
gum (NGE) powder : o .
. . suspension (0.5% w/v) B S. litura larvae.
. (the majority of oleic . T D =20-40.83 nm
Polymeric . . .. TiCly (stabilizing agent) . NGE at 100 ppm
10 . acid compounds Simple mixing method . .. . and the average size . . y [40]
nanoparticles 31.45%) with mixing ratio of 5:95, of 31.27 nm Medium antifeedant activity
Neem .umonano 10:90, 15:85, 20:80, ’ 74.82% against H. armigera
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Nanoparticle (NP) biopesticide formulas are currently in great demand for sublethal
dose testing, including for antifeedant bioactivity [105]. As an example, the biosynthesis of
silver nanoparticles using plant extracts [98-100] produces silver nanoparticles (AgNPs)
through a simple and low-energy process. In general, the research purpose for metal
nanoparticles is to find safer and lower concentration levels of cost-effective toxicants. No-
tably, only a few studies have reported the progress of a nanobiopesticide impacting on the
formula’s efficiency, which is one of the important properties in the biopesticide nano-based
formulation for application. It is emphasized that among those three examples [98-100] of
inorganic nano-carriers (AgINPS) for the delivery of crude extract, generally, a nano-sized
delivery system enhances bioactivity and suppresses toxicity compared to the control.

Another antifeedant nano-based formulation relies on a slow-release control designed
to entrap the EO compounds by specific polymers, such as polymeric or chitosan nanoparti-
cles [101-103]. The active biopesticide-based nanoparticle generally improves the efficiency
of NPs in a controlled manner and shows prolonged bioactivity. However, the controlled
activity established by the encapsulated structure does not necessarily contribute to any
significant feed-deterrent activity of insect pests. By the treatments of EO-bergamot and
EO-geranium, it displays antifeedant activities better than EO-PEG nanoparticles where
the role of PEG encapsulation can improve loading efficacy by up to 75% against Tribolium
castaneum [101]. This is in line with the treatments of the encapsulated neem oil in poly(e-
caprolactone) (PCL), poly (3-hydroxy-butyrate) (PHB), and poly (methylmethacrylate)
(PMMA) polymeric nanoparticles compared to the broth neem oil against Spodoptera
frugiperda. The observation result shows that only neem oil still provides antifeedant
activity with a phagostimulant index < 1 at 7 days after spraying [102]. This is reasonable
when considering that antifeedant activity is stimulated by a series of taste receptors as an
impulse input to the insect feeding regulator. The encapsulation of the active ingredient
must consider a matrix or polymer that accommodates the stimulate of the antifeedant
compound when the polymer-enclosed material enters the oral and insect digestive system
of the insect. This can be explained through the application of the chitosan-nanoparticle
cross-linking agent formula studied by Zheng et al. [104]. The degree of polymeric encap-
sulant swelling is determined based on the pH value corresponding to the acidity level
in the digestive system of Solenopsis invicta in correlation with the consuming activities.
The cross-linked structure of polymers is not only appropriate for the slow-release of NP
biopesticide but also for enhancing the efficacy and efficiency of the formula. Moreover,
a clear explanation of the active ingredients’ absorption mechanism has been explored
and reported. Interestingly, the advantage of this smart nanobiopesticide is that it can
predict the impact, including the prolonged activity of active ingredients. Unfortunately,
the practicality and cost of production constrain the large-scale field application of this kind
of nanobiopesticide. Thus, improving the scale-up of production to meet field application
remains a challenge.

A more practical and cost-effective antifeedant role model formula was displayed
by a nano-based antifeedant formulation obtained from crude plant extract nanoparticle
resources [40,58]. The neem gum nanosuspension can be prepared by a simple stirring
method adding TiCl, as a stabilizing agent on a certain composition, and has even tested
as having a higher 100% antifeedant activity on H. armigera and S. litura larvae at a low
concentration treatment (100 ppm) [40]. The insoluble organic extracts of L. Camara ethyl
acetate nano-fraction can be dispersed in a water system by a simple reverse emulsion
method with the composition of Tween 80 ratios as an appropriate surfactant [58]. The
results show a significantly enhanced antifeedant activity in a strong category at LCsg
value 0.39% concentration treatments against Crocidolomia larvae. However, the weakness
of both formulas is easily agglomerated, hence it requires handling and agitation before
application.

Despite the advantageous features of non-volatile active antifeedant resources, they
are usually hindered by the characteristics of plant extract antifeedants to dissolve in
water [9,106]. Furthermore, not all extracts are easy to dry to obtain a desirable nanopowder.
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Moreover, dispersing insoluble organic plant extract into nanosuspensions in the water
system by the emulsification method is a breakthrough for obtaining nanosuspensions, as
shown in Figure 3. Generally, micelles are formed due to the natural assembly properties
of amphiphilic blocks’ surfactant in an aqueous medium; when the hydrophilic portion of
the surfactant is added to the solution over the critical micelles concentration (CMC), the
inner spherical micelles are formed into water [11] (Figure 3a). Thus, insoluble compounds
are trapped in the core of micelle formation, which is called spontaneous emulsification
(Figure 3b). The emulsion with micelle formation, as shown in Figure 3c, is also effective as
a protective system of active ingredients with a one-layer surfactant. This formation does
not require time for the encapsulant to dissolve when exposed to insect pests. Therefore, it
can directly induce the phagostimulant deterrent receptors of phytophagous insect pests.
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Figure 3. Dispersion of nanosuspensions in the water system by micelle formation (highlighted in
blue-grey for water, yellow for oil/non-polar solvent, green for plant-extract suspension, and grey
for surfactant/ Tween 80): (a) water—oil (W/O) formation, (b) water—oil-water (W/O/W) formation
adopted from McClements and Rao [107], and (c) oil-water (O/W) formation.

The nano-delivery-based antifeedant is aimed at increasing the effectiveness and
efficiency of active ingredients that are targeted and are safe for the environment. The
inversion process that occurs during emulsification with the appropriate surfactant is
known to disperse nano-sized suspensions in fine emulsion droplets [106,108,109]. The
nanobiopesticide, which includes the antifeedant nano-delivery system, forms a stable
dispersion, improves the efficacy and efficiency, and improves the wetting and spreading
on the leaf surface [9]. In addition, antifeedant nanoparticles need to deposit and spread
uniformly on the foliage surface, leading to increased retention rates and decreased spray-
ing doses (Figure 4). Moreover, it is in line with that recommended by Zhao et al. [9]
and Lade et al. [36], who state that the important aspects needed in the development of
nanobiopesticides, especially in antifeedant nano-delivery strategies, are: (i) development
of a water-based dispersion system, (ii) leaf-targeted deposition and dose transfer mecha-
nism of nano-delivery, (iii) increased bioavailability mechanism of nano-based formulations,
(iv) natural degradation and biosafety of residues. Moreover, advances in the application
of nanomaterial formulation in pesticides have indicated that utilizing nanotechnology
to design and prepare targeted pesticides with an environmentally responsive controlled
release via chemical modifications and compounds offers great potential for creating new
formulations [110,111].
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Figure 4. Illustration of the distribution of droplets containing nano-delivery system as a result of

droplet size and surface wettability of leaf against droplets (a); the image comparison of nano-micelle
droplet of low wettability (left) and high wettability (high) on the leaf surface (b); and the reduction
in surface tension of the droplets containing nano-sized suspension on the leaf surface (<90°) (c).

This antifeedant delivery by micelle formulation is still considered premature to
accommodate the abovementioned desired properties. There are still many limitations
within the study on the efficiency that need to be investigated. The challenges are how to
evaluate the effectiveness of its efficiency when interacting with UV exposure, the material
persistence, the stability of efficacy performance during field application, as well as the side
effects on non-target organisms. However, the development of this antifeedant formula
offers a bright prospect for alternative formulas received from plant extract resources.
Fortunately, there are abundant available resources of plant extracts and they can be
prepared with a simple method, low costs, and easy handling, creating a forthcoming
insight for the field-scale application of this nano-delivery antifeedant. Considering another
important aspect of integrated pest management, antifeedant bioactivity plays an important
part and should be integrated with other approaches in phytophagous insect pest control. It
allows the anticipation of insect resistance with multiple modes of action such as antifeedant
activity, growth and development inhibition, anti-oviposition, reduced fecundity, and
repellency.

3. Summary

The effectiveness of antifeedant strategies is determined by the specific active func-
tionality of the relevant antifeedant resources to the characteristics of the target insect pest.
The preparation of crude plant extract by nano-based formulation potentially enhances
the efficacy and efficiency of antifeedant applications for controlling crop insect pests.
Crude plant extracts are potentially more economical antifeedant resources because they
require simple steps of processing and synthesis; consequently, they are potentially an
important part of crop management. The structure of nano-delivery plant-derived pesti-
cides, including nanoemulsions, micelles, liposomes, encapsulation, mesoporous nature,
and cross-linking, offer enhanced efficacy and efficiency performance against insect pests,
such as by displaying solubility and dispersion, formula stability, and a release control
mechanism.

The antifeedant nano-delivery system can increase sublethal bioactivity in both crude
extracts/EOs and pure compounds. The functional groups of antifeedant molecules in
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nanoformulations do not change, thus their biological activity remains as antifeedants [58].
As the formulation is a nano-sized emulsion, it provides a higher surface area, leading to
enhancing the biological activity of the antifeedant molecule. The nanoemulsion could be
uniformly deposited on the surface of the leaf; therefore, there is a higher possibility of the
pest consuming the leaf containing the antifeedant molecule [9,58]. Fortunately, the diver-
sity of plant extracts and their abundance become a great potential application in crop pest
management. However, there remain challenges regarding formulation-related preparation
and their functionalities, including the compatibility of nanocarriers with the active com-
pound of plant extracts. Thus, it is important for the investigation of nano-delivery plant
extracts to have proper bioactivity in target insect pests, cost-effective formulations, and
practical applications. In the case of a micelle-structure nano-delivery system, improvement
is introduced by the enhancement of antifeedant activity and improving the wettability to
create a uniform distribution on the leaf surface. Moreover, this formulation provides direct
induction to the phagostimulant deterrent receptors of phytophagous insects without being
hindered by the degradation process, which usually occurs in another formula, polymeric
encapsulant.

4. Future Direction

Antifeedant nano-based delivery systems offer the opportunity for application via
the utilization of plant-derived pesticides, especially plant-extract resources, in insect crop
pest management. Nanotechnology takes an important role in the development of an-
tifeedant nano-based delivery systems. Thus, it is emphasized that the development of
antifeedant nano-delivery strategies includes: (i) development of a water-based dispersion
system, (ii) leaf-targeted deposition and dose transfer mechanism of nano-delivery, (iii) in-
creased bioavailability mechanism of nano-based formulations, (iv) natural degradation
and biosafety of residues. Finally, it is important to encourage antifeedant application for
crop insect pest management because this provides many advantages for sustainable agri-
culture goals. It is concluded that the nano-delivery antifeedant from plant extracts creates
a forthcoming insight for field-scale application as a result of the economic production
process.
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