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Nano-formulation enhances insecticidal activity of natural
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Abstract The insecticidal activity of a new nano-formulated
natural pyrethrin was examined on the cotton aphid, Aphis
gossypii Glover (Hemiptera: Aphididae), and the predators
Coccinella septempunctata L. (Coleoptera: Coccinellidae)
and Macrolophus pygmaeus Rambur (Hemiptera: Miridae),
in respect with the nano-scale potential to create more effec-
tive and environmentally responsible pesticides. Pyrethrin
was nano-formulated in two water-in-oil micro-emulsions
based on safe biocompatible materials, i.e., lemon oil terpenes
as dispersant, polysorbates as stabilizers, and mixtures of wa-
ter with glycerol as the dispersed aqueous phase. Laboratory
bioassays showed a superior insecticidal effect of the pyrethrin
micro-emulsions compared to two commercial suspension
concentrates of natural pyrethrins against the aphid. The
nano-formulated pyrethrins were harmless, in terms of caused
mortality and survival time, to L3 larvae and four-instar
nymphs of the predators C. septempunctata and
M. pygmaeus, respectively. We expect that these results can

contribute to the application of nano-technology in optimiza-
tion of pesticide formulation, with further opportunities in the
development of effective plant protection products compatible
with integrated pest management practices.
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Introduction

Botanical insecticides are key components in integrated pest
management (IPM) practices due to their beneficial combina-
tion of insecticidal activity and the reduced environmental and
health contamination (Isman 2006). Natural pyrethrins are
common botanical insecticides, mainly extracted from the ca-
pitula of the white pyrethrum daisy, Chrysanthemum
(Tanacetum) cinerariaefolium (Asteraceae), and are widely
used in agricultural practice (Li et al. 2014). Their competitive
lethal activities against several insect pests, as well as the weak
development of resistant strains, are, among others, consider-
able advantages of these insecticides (Hitmi et al. 2000).
Although the introduction of synthetic pyrethroids had a neg-
ative impact on the commercial use of natural pyrethrins for
several years, this trend has been reversed (Hitmi et al. 2000)
and evolution of natural pyrethrin insecticides may contribute
to their industrial potential.

Nano-technology presents, in turn, an opportunity of de-
veloping more effective and low environmental risk insecti-
cides (Rai and Ingle 2012; Das et al. 2014; Mukhopadhyay
2014). Nano-pesticides may cover a wide range of pesticide
formulations (Kah et al. 2013) including nano- and micro-
emulsions that have been proved valuable tools for use as
carriers of natural compounds with potential as biopesticides
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(Xu et al. 2010; Ghosh et al. 2013; Kalaitzaki et al. 2015; de
Almeida et al. 2015). They may occur as water-in-oil and oil-
in-water forms, where the core of the particle is either water or
oil, respectively (Sarker 2005). The use of micro- and nano-
emulsions as carriers of pesticides decreases the use of organic
solvent and increases the dispersity, wettability, and penetra-
tion properties of the droplets and may lead to improvement of
the biological efficacy of pesticides (Koul et al. 2008; Kah
et al. 2013; Kalaitzaki et al. 2015).

Aphids are generally recognized as serious pests in agricul-
tural systems (Blackman and Eastop 2000). They are known
to produce a large number of generations throughout the year,
as individuals frequently have extremely high growth and de-
velopmental rates (Awmack and Leather 2007). The cotton
aphid, Aphis gossypii Glover (Hemiptera: Aphididae), is a
worldwide distributed viviparous polyphagous pest of field
and greenhouse crops and a vector of 50 plant viruses
(Blackman and Eastop 2000). The host plants of the cotton
aphid include cotton, cucurbits, citrus, coffee, cocoa, eggplant,
pepper, potato, okra, and many ornamental plants (Blackman
and Eastop 2000). Chemical control of aphids with synthetic
insecticides in recent decades resulted to insecticide resistance
phenomena (Devonshire et al. 1998; IRAC n.d. database) as
well as negative effects on natural enemies (e.g., Mizell and
Schiffhauer 1990; Kraiss and Cullen 2008; Benelli et al.
2015).

The aphidophagous Coccinellidae and generalist Miridae
predators are linkedwith biological control and integrated pest
management strategies of aphids (Obrycki and Kring 1998;
Michaud 2012; Zappalá et al. 2013; Papanikolaou and
Milonas 2016). The ladybird Coccinella septempunctata L.
(Coleoptera: Coccinellidae) exists in several habitats in the
Palearctic region, where it originates from, but also in the
Nearctic region where it has been established (Hodek et al.
2012).Macrolophus pygmaeus Rambur (Hemiptera: Miridae)
originates from the Mediterranean region. It preys upon sev-
eral insect pests in greenhouses, such as the whiteflies
Trialeurodes vaporariorum (Westwood) and Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae), the tomato borer Tuta
absoluta Meyrick (Lepidoptera: Gelechiidae), and various
aphid species (Perdikis and Lykouressis 2004; Bonato et al.
2006; Desneux et al. 2010; Maselou et al. 2014).

Considering nano-technology as an emerging tool in im-
provement of pesticides’ formulation activity and profile
(Wang et al. 2007; Song et al. 2009; Ghosh et al. 2010; Kah
et al. 2013), we evaluated the efficacy and possible side effects
of new nano-formulations of natural pyrethrins in water-in-oil
(W/O) micro-emulsions based exclusively on safe non-toxic
materials (Kalaitzaki et al. 2015). For this purpose, laboratory
bioassays were conducted in order to evaluate the insecticidal
effect of nano-formulated pyrethrins on A. gossypii. In addi-
tion, as the conservation of aphid natural enemies in agricul-
tural habitats remains an imperative issue, potential adverse

effects on the non-target predators C. septempunctata and
M. pygmaeus were also evaluated.

Materials and methods

Plant material—insects

Cucumber plants, Cucumis sativus L. (F-1 Hybrid, Galileo),
were grown at plant growth chambers (25 ± 1 °C, 65 ± 5%
RH, and a photoperiod of 16:8 (L:D) h) and were transferred
to the aphid colony at the three- to five-leaf stage.

A. gossypii was collected from Cucurbita pepo L. plants in
the Prefecture of Attika (central Greece) in spring 2012. The
aphid was reared on cucumber plants, in Plexiglass cages
(50 × 30 cm), at 25 ± 1 °C, 65 ± 5% RH, and a photoperiod
of 16:8 (L:D) h.

C. septempunctata beetles were collected from the area of
Arta (northwestern Greece) in spring 2012. A mass culture
was established and maintained on the black bean aphid,
Aphis fabae Scopoli (Hemiptera: Aphididae), originally com-
ing from a stock colony of the Biological Control Laboratory,
Benaki Phytopathological Institute. The aphids were provided
to the predator on infested potted fava bean, Vicia faba L.,
plants in cylindrical Plexiglass cages (50 × 30 cm), at
25 ± 1 °C, 65 ± 5% RH, and a photoperiod of 16:8 (L:D) h.

M. pygmaeuswas collected from a greenhouse tomato cul-
ture, Solanum lycopersicum L., infested by T. vaporariorum,
in Attika Prefecture (summer 2013) and was reared on tomato
plants infested by B. tabaci in cylindrical Plexiglass cages
(50 × 30 cm), at 25 ± 1 °C, 65 ± 5% RH, and a photoperiod
of 16:8 (L:D) h.

Pyrethrins

A new formulation of natural pyrethrins developed by the
Ins t i tu te of Biology, Medic inal Chemis t ry, and
Biotechnology, National Hellenic Research Foundation,
Athens, Greece (Kalaitzaki et al. 2015), containing W/O
micro-emulsions that could be diluted in one step with aque-
ous phase to obtain kinetically stable oil-in-water (O/W) nano-
emulsions, was tested for its insecticidal effect compared to
the reference product Pyrethro Vioryl 5SC (pyrethrins 5% w/
v). Two different micro-emulsion systems consisting of lemon
oil terpenes/Tween 20/(water/glycerol) (2:1) (System 1) and
lemon oil terpenes/Tween 80/(water/glycerol) (2:1) (System
2) were examined. Lemon oi l terpenes (97.5%),
polyoxyethylene sorbitan monooleate (Tween 80) or
polyoxyethylene sorbitan monolaurate (Tween 20), natural
pyrethrins (75%), and glycerol were used. The natural pyre-
thrin solution was a combination of six esters, pyrethrin I
(38%), pyrethrin II (35%), cinerin I (7.3%), cinerin II
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(11.7%), jasmolin I (4%), and jasmolin II (4%), at a total
concentration of 3.1% in the micro-emulsions.

Insecticidal effect of nano-formulated pyrethrins
on the aphid A. gossypii

A. gossypii—laboratory bioassays

The bioassays concerning the toxicity of the nano-formulated
pyrethrins (System 1 and System 2) on A. gossypii were con-
ducted using cucumber plants (F-1 Hybrid, Galileo) at one-
leaf stage (about 12-cm height and total leaf surface area of
approximately 63 cm2). Prior to bioassays, six to eight
A. gossypii adults were transferred at each plant for 2 days.
Two days after their removal, the number of nymphs per plant
was counted. The nano-formulated pyrethrins were tested in
two doses, 60 and 100 ml experimental formulation/hl water
solution (1.86 and 3.1 g a.i./hl, respectively). A blank micro-
emulsion identical to the nano-formulated pyrethrin without
the pyrethrin was also tested. As chemical control, two com-
mercial formulations of natural pyrethrin were used, Parapin
5SC (pyrethrins 5% w/v) and Pyrethro Vioryl 5SC (pyrethrins
5% w/v), at the recommended dose (3.0 g a.i./hl) against
A. gossypii in citrus (not registered use in cucumber). The
bioassays were conducted using a Potter Precision
Laboratory Spray Tower (by Burkard Scientific Ltd., UK).
The spray volume was 5 ml. Thereafter, the plants were kept
individually at 25 ± 1 °C, 65 ± 5% RH, and a photoperiod of
16:8 (L:D). One, 3, and 7 days after the application, the num-
ber of alive aphids was counted in each plant. There were 17
replicates in each treatment.

Effect of nano-formulated pyrethrin on non-target
predators—laboratory bioassays

The effect of the nano-formulated pyrethrin on the ladybird
C. septempuctata and the myrid M. pygmaeus was examined
only for System 2 due to unavailability of the appropriate
amounts of System 1 required for bioassays.

Coccinella septempuctata

The bioassays were carried out according the protocol of
Schmuck et al. (2000), i.e., by exposing larvae to dry residues.
For this purpose, 4–6-day-old larvae were placed individually
in glass Petri dishes (d = 11 cm), which had been previously
sprayed with the treatment solutions and left to dry. The arena
of the predator was defined by placing a glass cylinder
(d = 5 cm, h = 4 cm) in the center of each Petri dish. In order
to prevent larvae from climbing on the walls of the cylinders,
the inner surface of the cylinders was sprayed with Teflon. To
avoid vapor concentration of the treatment solutions and to
allow ventilation, lids of plastic Petri dishes bearing openings

(5 cm) covered with organdie were used as tops of the cylin-
ders. Larvae of C. septempuctata were fed ad libitum with
nymphs and adults of the aphid A. fabae until death or adult-
hood, at 25 ± 1 °C, 65 ± 5% RH, and a photoperiod of 16:8
(L:D). The nano-formulated pyrethrin (System 2) was tested
in four doses, 1.86, 3.1, 6.2, and 12.4 g a.i./hl, where the
registered natural pyrethrin Pyrethro Vioryl 5SC was tested
at the recommended dose (3.0 g a.i./hl); the pyrethroid insec-
ticide Decis 2.5 EC was tested at 1.25 g a.i./hl, which is the
recommended dose for the control of aphids in protected cu-
cumber; and a blank micro-emulsion identical to the nano-
formulated pyrethrin without the pyrethrin was also tested.
The spray volume was 200 μl. There were 30–36 replicates
in each treatment. Daily observations of the living individuals
were made until adult emergence.

M. pygmaeus

The same protocol (Schmuck et al. 2000) was used for the
bioassays concerning M. pygmaeus. Four-instar nymphs of
the predator were used and provided daily eggs of Ephestia
kuehniella and Artemia sp. in abundance until death or adult-
hood. The nano-formulated pyrethrin (System 2) was tested in
three doses, 3.1, 6.2, and 12.4 g a.i./hl, where the registered
natural pyrethrin Pyrethro Vioryl 5SCwas tested at the dose of
3.0 g a.i./hl, the pyrethroid insecticide Decis 2.5 ECwas tested
at 1.25 g a.i./hl, and a blank micro-emulsion identical to the
nano-formulated pyrethrin without the pyrethrin was also test-
ed. The spray volume was 200 μl and 24–36 replications were
conducted for each treatment. Daily observations of the living
individuals were made until adult emergence.

Statistical analysis

Data concerning the number of alive aphids of A. gossypii
were transformed using square root transformation and sub-
mitted to one-way analysis of variance (ANOVA), followed
by Holm-Sidak test to separate the means.

Efficacy percentage was estimated by the following
formula:

E ¼ 1−
Ta

Ca
� Cb

Tb

� �
� 100

where E denotes the efficacy percentage, Τb the aphid popu-
lation before chemical application, Τa the aphid population
after chemical application, Cb the aphid population at the con-
trol before the application, and Cα the aphid population at the
control after the application.

Concerning the bioassays on predators, the Kaplan-Meier
method was used to estimate the survival curves of
C. septempunctata and M. pygmaeus. In addition, the
Kaplan-Meier estimate was used to derive the mean survival
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times and their 95% confidence intervals. All analyses were
done using SigmaPlot (Systat Software, 2008).

Results

The mean aphid densities (survival), after application with the
nano-formulations of pyrethrins, were significantly lower
compared to the commercial products of pyrethrins
(Pyrethro Vioryl, 5SC, Parapin 5SC), especially 1–3 days after
application, indicating a 20–40% increase of efficacy, depend-
ing on the dose (Table 1). Furthermore, the nano-formulations
of pyrethrins exhibited a significantly higher insecticidal ef-
fect at a dose which was 62% of the registered dose for Aphis
spp. of the reference products (1.86 vs 3.0 g a.s. gr/hl)
(Table 1). Efficacy of the tested nano-emulsions in the early
assessments was 81–83% at 62% of the recommended dose of
the reference emulsions, which gave 55–61% efficacy.
Effectiveness of nano-emulsions increased significantly to
94–95% at a similar rate (3.0 g a.s. gr/hl) with the commercial
products.

The results were comparable 1–7 days after application, but
the efficacy of the higher dose was more persistent compared
to the lower dose; the efficacy of the nano-emulsions at 1.86 g
a.s./hl was 77–78 vs 52–63% for the commercial formulations
with no significant difference for Parapin 5SC, and the effica-
cy of the nano-emulsions at full dose (3.1 g/hl) was 89–91%,
which was significantly higher than the commercial emulsions
(Table 1). In addition, the blank nano-formulation did not
show an insecticidal effect, since the aphid survival did not
differ significantly to the one of the control (Table 1).

The mortality of L3 larvae of C. septempunctata, exposed
to dry residues of the nano-formulated pyrethrin, was 12.5% at

12.4 g a.i./hl. Hence, the concentration which is approximate-
ly four times the recommended dose for A. gossypii is lower
than the LC50 for this predator. Themortality of the immatures
at the tested pyrethrin nano-emulsion at all applied doses did
not differ from the control (22.2%) or the blank formulation
(11.1%), and this was also the case for the Pyrethro Vioryl
5SC (13.3%) at the registered dose for A. gossypii. The mor-
tality of the predator was significantly higher at the pyrethroid
insecticide Decis 2.5 EC (88.9%) compared to the natural
pyrethrins (Table 2 and Fig. 1).

The four-instar nymphs of M. pygmaeus showed also low
mortality (9.4% at 12.4 g a.i./hl) when exposed to dry residues
of the nano-formulated pyrethrin (Table 3 and Fig. 2). The
mortality at all the applied doses did not differ from the control
(8%), the blank formulation (8.3%), and Pyrethro Vioryl 5SC
(10.3%). Moreover, Decis 2.5 EC caused significantly higher
mortality (33.3%) to M. pygmaeus four-instar nymphs, com-
pared to all the above treatments.

The survival curves of the predators are presented in Figs. 1
and 2, showing also that the average survival time of the im-
matures until adulthood, after exposure to dry residues of the
nano-emulsion at all doses, did not differ from Pyrethro Vioryl
5SC, the control (water), and the blank nano-formulation. The
larvae of C. septempunctata lived significantly less when ex-
posed to the pyrethroid Decis 2.5 EC (Table 2 and Fig. 1).

Discussion

Our study indicated that nano-formulation can improve the
insecticidal activity of natural pyrethrins against the aphid
A. gossypii. The nano-formulation seems to be able to enhance
substantially (several fold increase) the efficacy of natural

Table 1 Number of alive aphids of Aphis gossypii (mean ± SE) on cucumber plants 1, 3, and 7 days after application with nano-formulated natural
pyrethrins (System 1 and System 2)

Treatment Mean number of alive aphids

Before treatment Days after the treatment

1 3 7

System 1 (3.1 g a.i./hl) 26.9 ± 2.5 a 1.3 ± 0.3 d (95.01%) 2.3 ± 0.6 d (93.67%) 14.2 ± 3.7 e (90.68%)

System 2 (3.1 g a.i./hl) 29.2 ± 2.8 a 2.5 ± 0.8 cd (91.16%) 3.9 ± 1.1 cd (95.02) 18.2 ± 4.1 de (89.00%)

System 1 (1.86 g a.i./hl) 28.6 ± 1.9 a 4.6 ± 0.9 c (83.40%) 6.7 ± 1.1 c (82.66%) 36.2 ± 6.5 cd (77.66%)

System 2 (1.86 g a.i./hl) 30.3 ± 3.3 a 5.1 ± 1.0 c (82.63%) 7.6 ± 1.5 c (81.44%) 39.3 ± 8.1 cd (77.11%)

Parapin 5SC (3.0 g a.i./hl) 33.6 ± 3.1 a 13.9 ± 2.4 b (57.30%) 17.6 ± 3.0 b (61.23%) 69.9 ± 10.6 bc (63.29%)

Pyrethro Vioryl 5SC (3.0 g a.i./hl) 32.7 ± 2.9 a 14.2 ± 1.7 b (55.18%) 18.0 ± 2.5 b (59.26%) 89.1 ± 12.5 ab (51.92%)

Control (water) 22.5 ± 1.3 a 21.8 ± 1.2 a 30.4 ± 2.3 a 127.5 ± 15.1 a

Blank nano-formulation 32.7 ± 2.0 a 31.0 ± 2.5 a 36.0 ± 3.3 a 131.7 ± 16.2 a

Numbers in the parentheses denotes the efficacy. In each column, means followed by the same letter are not statisticaly different Holm-Sidak test
(P ≥ 0.05)

10246 Environ Sci Pollut Res (2018) 25:10243–10249



pyrethrins for the control of the aphid A. gossypii, succeeding
good efficacy at lower doses than the present registered for-
mulations or achieving a very good persisting effect at similar
dose. Many aspects may account for enhanced efficacy of
nano-formulated pyrethrins such as the improved dispersion,
deposition, and leaf adhesion of droplets of the spray solution
on leaves surface, which results in increase of insecticide bio-
availability to target insect. Moreover, nano-encapsulation of

water-insoluble pyrethrins in stable nano-emulsions probably
enhances the pesticidal life and enables easier penetration due
to the increased interfacial area of the system (Kalaitzaki et al.
2015). Further investigation should be conducted in semi-field
and greenhouse or field conditions, where other parameters
can affect the efficacy of the nano-emulsions such as the ex-
posure to sunlight, the temperature, and the pest pressure to
determine the minimum effective dose and develop the effi-
cacy standards for a commercial formulation.

Fig. 1 Survival curves of
immature stages of Coccinella
septempunctata after exposure to
dry residues of nano-formulated
pyrethrin (System 2) at L3 stage

Table 2 Mean mortality and survival time (±SE, 95% confidence
intervals) of the aphidophagous predator Coccinella septempunctata
after exposure to dry residues of nano-formulated pyrethrin (System 2)
at L3 stage

Treatment Mortality
(%)

Survival time (days)

Mean 95% CI

System 2 (1.86 g a.i./hl) 19.4 a 9.8 ± 0.5 8.7–10.8

System 2 (3.1 g a.i./hl) 11.1 a 11.3 ± 0.4 10.5–12.1

System 2 (6.2 g a.i./hl) 12.9 a 11.1 ± 0.5 10.0–12.1

System 2 (12.4 g a.i./hl) 12.5 a 11.3 ± 0.4 10.6–12.1

Pyrethro Vioryl 5 SC
(3.0 g a.i./hl)

13.3 a 10.8 ± 0.6 9.6–12.1

Blank nano-formulation 11.1 a 10.0 ± 0.5 8.9–11.1

Control (water) 22.2 a 11.2 ± 0.7 9.8–12.6

Decis 2.5 EC (1.25 g a.i./hl) 88.9 b 2.3 ± 0.4 1.5–3.2

Table 3 Mean mortality and survival time (±SE) of the generalist
predator Macrolophus pygmaeus after exposure to dry residues of a
nano-formulated natural pyrethrin (System 2) as four-instar nymphs

Treatment Mortality
(%)

Survival time (days)

Mean 95% CI

System 2 (3.1 g a.i./hl) 4.0 a 13.5 ± – –

System 2 (6.2 g a.i./hl) 7.7 a 12.2 ± 0.7 10.7–13.7

System 2 (12.4 g a.i./hl) 9.4 a 11.9 ± 0.7 10.6–13.3

Pyrethro Vioryl 5 SC
(3.0 g a.i./hl)

10.3 a 13.0 ± 0.7 11.6–14.3

Blank nano-formulation 8.3 a 14.9 ± 1.1 12.8–17.0

Control (water) 8.0 a 12.9 ± 1.0 11.0–14.9

Decis 2.5 EC (1.25 g a.i./hl) 33.3 b 11.2 ± 0.9 9.4–13.1
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The study also revealed low toxicity of both nano-
formulation and commercial formulation of pyrethrins on
the non-target predators C. septempunctata and
M. pygmaeus (based on caused mortality) and that the
nano-formulation did not increase the effect of pyrethrins
on these organisms. In general, pyrethroids—although
more effective insecticides compared to pyrethrins—are
categorized as harmful on aphid natural enemies, in con-
trast to harmless or moderate effects of pyrethrins
(Desneux et al. 2007; Kraiss and Cullen 2008). Possible
adverse effects of the tested nano-dispersions on other
aphid biological control agents such as the indicator aphid
parasitoid for pesticides’ toxicity to beneficial arthropods,
Aphidius rhopalosiphi, and other Hymenoptera parasit-
oids should be examined to build the toxicity profile of
the new nano-emulsion of pyrethrins. However, consider-
ing the present results on these main aphid predators,
C. septempuctata and M. pygmaeus, and the general pro-
file of natural pyrethrins, we expect the nano-emulsions to
keep the advantage over pyrethroids. Differences in the
susceptibility of target insect species and non-target ben-
eficial insects to pyrethrins or pyrethroids have been at-
tributed to differences in the production of the enzyme
glutathione transferase, which is capable of metabolizing
pyrethrins (Cho et al. 1997; Cho et al. 2002; Desneux
et al. 2007).

The increasing insecticidal activity of nano-formulated
pyrethrins in combination with the absence of adverse ef-
fects on non-target aphid predators make them compatible
plant protection products in organic farming and IPM strat-
egies in several crops. Furthermore, the results add further
proof to the application of nano-technology in optimization
of insecticide formulation for the development of effica-
cious and reduced environmental risk plant protection
products.
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