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Abstract

Carlina acaulis root essential oil (EO) is one of the most potent mosquito larvicides (LCs, <2 ppm). This EO is mainly com-
posed of carlina oxide (>90%). Poor water solubility and rapid degradation from UV light and oxygen in the environment
limit the real-world use of this EO. Herein, we developed nanocarrier-based formulations, namely micro- and nanoemul-
sions (ME and NE, respectively) containing C. acaulis EO or carlina oxide (both at 0.5%) as active ingredients (a.i.). The
larvicidal activity of ME and NE was evaluated against Culex quinquefasciatus. The highest larvicidal activity was achieved
by the ME containing 0.5% of the EO (M1); its LCsg) was 579.1 (791.3) pL. L. Sublethal effects of this ME and its a.i.
were assessed testing both at the LC ¢, LC5,, LCs, and LCy, on mosquito larvae exposed to each product for 1-7 h, and then
monitoring mortality for 18 days. At variance with the EO, ME application, even at LC,¢, led to 100% mortality at 18 days.
The EO and its encapsulated form were scarcely toxic to human keratinocytes (HaCaT) and human fibroblast (NHF A12)
cell lines. The acute toxicity of C. acaulis EO and its ME (M1) was also evaluated in Wistar rats through oral administration;
EO LDs, was 1098 mg kg~! bw, whereas its ME, even at 5000 mg kg~! bw (considered the upper testing limit to establish
safety to mammals), was not toxic. This study highlights the outstanding efficacy of C. acaulis EO ME for developing long-
lasting and safe larvicides against Cx. quinquefasciatus.

Keywords Botanical pesticides - Culex quinquefasciatus - Filariasis - Mosquito control - Non-target effects - Sublethal
toxicity
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micro- and nanoemulsions (ME and NE) containing 0.5%
of EO or CO as active ingredient against Cx. quinquefas-
ciatus.

e EO-based ME was the most effective larvicide, with
LCjs090) 0f 579.1 (791.3) pL L™

e The EO and its ME were tested at LC 4, LC5,, LC5, and
LCy, on larvae exposed for 1, 2, 3,4, 5, 6 and 7 h, and
then monitored for 18 days; ME at the lowest LC tested
(LC,¢) led to 100% insecticidal efficacy at 18 days.

e The EO and its ME tested on human keratinocytes
(HaCaT) and human fibroblast (NHF A12) cell lines
showed little toxicity. On rats, the C. acaulis EO
LDs, was 1098 mg kg™ bw, while its ME, even at
5000 mg kg~! bw, was not toxic.

e This ME represents an effective and safe formulation for
Cx. quinquefasciatus management.

Introduction

Developing highly effective insecticides, acaricides and
arthropod repellents is a challenge of high economic impor-
tance nowadays (Isman 2015; Stevenson et al. 2017; Benelli
and Pavela 2018a, b; Chaieb et al. 2018; Benelli et al. 2019a;
Petrovi¢ et al. 2019). The widespread overuse of synthetic
pesticides leads to severe non-target effects on human
health and the environment (Desneux et al. 2007; Benelli
et al. 2021a). In this framework, research on green pesticides
from natural products, e.g. essential oil (EO)-based ones, is
of timely importance, since the multiple mode of action of
EO constituents reduces the likelihood of resistance develop-
ment in targeted arthropods (Jankowska et al. 2018, 2019).
EOs toxicity on non-target species is often limited, allowing
their use for biocontrol purposes (e.g. Govindarajan et al.
2016, Benelli et al. 2019b, c; Pavela et al. 2020a, but see also
Pavela 2014). Of note, despite a huge number of research
products on the topic (Isman and Grieneisen 2014; Chellap-
pandian et al. 2018), moving plant-based insecticides from
laboratory to the field is still difficult, due to both formula-
tion and regulatory issues (Pavela et al. 2019a). Concerning
the former, it should be noted that EOs chemical composi-
tion is difficult to standardize and their efficacy in the field is
often limited to a short period of time due to the high volatil-
ity, low stability and photo- and thermal degradation of the
EO mixture once exposed into the environment (Pavela and
Benelli 2016).

Nanoencapsulation technology represents one of the most
promising tools for the utilization of plant EOs as active
ingredients for a wide array of purposes. The nanoencap-
sulation approach could improve the EOs physico-chemical
properties and stability, by enabling their water dispersibil-
ity, reducing their volatility and by protecting them from
the environment interaction (Pavoni et al. 2020). Among
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the most promising nanosystems, micro- and nanoemulsions
(MEs and NEs, respectively) are the easiest to formulate
and handle. Furthermore, they can be obtained at low costs
(Pavoni et al. 2019a, b). MEs and NEs are self-emulsify-
ing colloidal systems composed of two immiscible liquid
phases. Despite the prefixes ‘-micro’ and ‘-nano’, the inter-
nal phase of both MEs and NEs is a dispersion of nanometric
droplets in the external/continuous medium (Anton and Van-
damme 2011). They differ mainly in terms of quantitative
composition and free energy of the system. This latter is an
influential parameter on their preparation, formulation and
stability (Pavoni et al. 2020). In particular, NEs show a lower
surfactant-to-oil ratio (SOR), generally between 1 and 2,
relative to MEs (SOR > 2) (Rao and McClements 2011), that
is advantageous in terms of safety and sustainability. On the
contrary, MEs are favoured since they form spontaneously,
while NEs require an external input in order to overcome the
energy barriers of such system (McClements 2012).

MEs and NEs are optimal vehicles for lipophilic or low
water-soluble compounds, such as EOs, that require the
dispersion in water media, i.e. pesticides (Pavoni et al.
2019b). Moreover, they could enhance the bioavailability,
and thus the effectiveness, of active compounds through
their solubilization into small oily droplets (Pavoni et al.
2019a, b; Sugumar et al. 2014).

Carlina acaulis L., also known as ‘piccolo cardo’ (lit-
tle thistle, stemless carline thistle) or ‘carciofo selvatico’
(wild artichoke), is a monocarpic perennial herb, which
grows on dry and calcareous soils in the mountains of
southern and central Europe, from 700 to 2000 m of alti-
tude (Tutin et al. 1976). The name of ‘Carlina’ seems to
have its origins from the age of Carlo Magno, who used
the plant for the treatment of plagues, while in the opinion
of other authors, the name derives from the distortion of
the word ‘cardina’, which means ‘little thistle’. The name
‘acaulis’ alludes to the fact that the plant lacks a stem. C.
acaulis has pinnate, hard, thorny leaves growing in a basal
rosette, showy capitula that reach 10-12 cm in diameter
and a very short stem (Fig. 1) (Pignatti 1982). The medical
use of C. acaulis has a very long history in Europe. Theo-
phrastus described that the cooked root of the so-called
Chamaeleon albus was useful for the treatment of skin
exudates, while its dried form was useful for anthelmin-
tic control (Hort 1949). The use of carlina juice was also
recommended by Pliny mixed with wine for the treatment
of tuberculosis (Ruellio 1522). Moreover, the root was rec-
ommended by Krzysztof Kluk for its activity on the uterus
and for its anthelmintic and diaphoretic activity, but also
for the treatment of infections (Kluk 1805). The historical
use of this plant for the treatment of different pathologies
is also confirmed by the fact that the monographs of Radix
Carlinae are enclosed in several official pharmacopoeias
of European countries (Stojanovié¢-Radi¢ et al. 2012).
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Fig.1 Carlina acaulis (left),
the essential oil obtained from
roots (centre) and its bioactive
compound, carlina oxide (right)

According to its long curative history, C. acaulis is still
largely used as a traditional medicinal plant in several coun-
tries. For instance, the decoction of its root is used in Italy
as a cholagogue, diuretic, tonic, anti-oedematous, anicteric,
antibiotic and against cold (Guarrera et al. 2003; Menale
et al. 2006; Strzemski et al. 2017). The aerial parts are used
in Montenegro, Serbia and Bosnia Herzegovina for the cure
of gastritis (Redzi¢ 2007); the roots, flowers and stems are
largely used in Macedonia to treat acne, eczema and other
skin diseases (Rexhepi et al. 2013). The root hydro-alcoholic
extracts are used for veterinary preparations as wound heal-
ing and antiseptic (Committee for Veterinary Medicinal
Products 1999).

The Italian list of botanicals used in food supplements
and the Belfrit list (Cousyn et al. 2013) include C. acaulis
root and its EO, that are described as diaphoretic, eupeptic,
diuretic and carminative. From the roots of C. acaulis dif-
ferent constituents have been extracted and characterized:
inulin, EO, tannins, triterpenes and chlorogenic acids (Chal-
chat et al. 1996; Vitkova and Evstatieva 2002; Jaiswal et al.
2011; Stojanovi¢-Radi¢ et al. 2012; Strzemski et al. 2017).
In particular, from the analysis of the EO composition, it
has been found that the main constituent is the polyacety-
lene 2-(3-phenylprop-1-yn-1-yl)furan, also known as carlina
oxide (MF: C;H,,0, MW: 182) (Fig. 1), which was isolated
in 1889, becoming one of the oldest known members of the
polyacetylenes family (Semmler 1889; Chalchat et al. 1996;
Stojanovi¢-Radi¢ et al. 2012; Benelli et al. 2019b).

The C. acaulis EO showed different biological activi-
ties, including a highly promising insecticidal potential,
which is increasingly capturing the attention of scientists
(Benelli et al. 2019b; Pavela et al. 2020a, b; Benelli et al.
2021b), along with antimicrobial and antiprotozoal activities
(Dordevi¢ et al. 2007; Herrmann et al. 2011; Stojanovi¢-
Radic et al. 2012).

Being highly active against several insect species and
composed almost exclusively of a single constituent, i.e.
carlina oxide, this EO represents a rather unique natural
product that deserves further efforts to allow its practical use
in insecticide formulations. However, the use of C. acaulis
EO and carlina oxide as new green insecticides is limited by
their high lipophilicity and volatility as well as susceptibility

carlina oxide

to chemical degradation that reduce their persistence and
diffusion in the environment. In this framework, formulating
effective and highly stable micro- and nanoemulsions can
represent a valuable approach to allow the practical employ
of C. acaulis EO or carlina oxide as active ingredients for
developing commercial mosquito larvicides. Furthermore,
some researchers recently succeeded in developing a field
cultivation of C. acaulis where the plants were found to
produce carlina oxide in the roots (Strzemski et al. 2020),
thus making the manufacture of the active ingredient from
cropping quite sustainable. On the other hand, in vitro and
hydroponic cultures failed to produce this polyacetylene.
In the present study the EO was obtained from a com-
mercial batch of C. acaulis roots by hydrodistillation
and analysed through GC-MS; then its major constituent
(>90%) carlina oxide was isolated. Both the EO and car-
lina oxide were formulated into ME and NE and tested—
alone or emulsified—for acute toxicity against larvae of Cx.
quinquefasciatus Say (Diptera: Culicidae), a major filariasis
vector (Wilke et al. 2020). As the field use of the developed
formulations as larvicides is unlikely to guarantee uniform
dispersion in the environment, thus failing to achieve the
required concentrations—ideally > LCy,, we subsequently
studied the effect of sublethal concentrations of the most
efficient formulation (i.e. LC,4, LC5, LC5, and LC,,) and
various exposure times (i.e. 1, 2, 3,4, 5, 6 and 7 h) on subse-
quent larval mortality as well as successful adult emergence
(%). Lastly, the ME/NE showing the highest efficacy against
Cx. quinquefasciatus larvae was selected—along with the C.
acaulis EO—for acute oral toxicity experiments on Wistar
rats and for dermal toxicity on human keratinocytes and
fibroblasts, to shed light on the possible toxicity of both
products on a vertebrate and cell models and to provide new
insights to fulfil the requirements of regulatory agencies.

@ Springer
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Materials and methods
Plant material

A batch (code MP0136, no C-010818091018) of the roots
of C. acaulis was acquired from A. Minardi & Figli S.r.1.
(Bagnacavallo, RA, Italy). These plant roots were from a
spontaneous Albanian accession harvested in 2018.

Essential oil isolation

One kg of dry roots of C. acaulis was crushed using a
shredder (Albrigi, mod. E0585, Stallavena, Verona, Italy)
and then put into a 10 L round flask, which was filled
with 7 L of distilled water. The roots were left to soak
overnight. After that time, they were subjected to hydro-
distillation with a Clevenger-type apparatus for 8 h. This
time was selected due to the relatively low volatility of the
main EO constituent (carlina oxide). The heating apparatus
consisted of a mantle system Falc MA (Falc Instruments,
Treviglio, Italy). The root EO, obtained in 0.78% yield
(w/w), showed a pale orange colour (Fig. 1) and a density
higher than water (~ 1.4 g/mL). After hydrodistillation, it
was decanted and then separated from the aqueous layer.
The EO was therefore dehydrated with anhydrous Na,SO,,
collected in vials closed with PTFE/silicon caps and kept
at 4 °C until chemical analysis and biological assays. In
order to assure the sufficient amount of EO for the succes-
sive experiments, the above EO isolation procedure was
repeated thrice.

GC-MS analysis on Carlina acaulis essential oil

The analysis of C. acaulis EO was conducted using an
Agilent 6890 N gas chromatograph furnished of a sin-
gle quadrupole 5973 N mass spectrometer and an auto-
sampler 7863 (Agilent, Wilmington, DE). The separation
was achieved using an HP-5 MS capillary column (30 m
length, 0.25 mm i.d., 0.1 pm film thickness; 5% phenyl-
methylpolysiloxane), supplied by Agilent (Folsom, CA,
USA). The column was allowed to reach the temperature
of 60 °C for 5 min, raised up to 220 °C at 4 °C min~! and
then up to 280 °C at 11 °C min~! for 15 min. The injec-
tor and detector had a temperature of 280 °C. The mobile
phase was constituted of 99.9% of He and its flow was of
1 mL min~!. The EO was diluted 1:1000 in n-hexane; then
1 pL was injected in split mode (1:50). The acquisition of
peaks was achieved with the electron impact (EI, 70 eV)
mode in the range 29-400 m z~!. Chromatograms were
analysed using the MSD ChemStation software (Agilent,
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Version G1701DA D.01.00) and with the NIST Mass
Spectral Search Program v. 2.3. The components of the
EO were identified with the interactive combination of
the temperature-programmed retention indices (RIs) and
mass spectra (MS), in comparison with those of ADAMS,
NIST17 and FENSC3 libraries (Adams 2007; NIST 17,
2017; FENSC 2015). The calculation of RI was done using
a mix of n-alkanes (C;—C;, Sigma-Aldrich, Milan, Italy),
using the Van den Dool and Kratz (1963) formula.

Purification of carlina oxide from essential oil

1.505 g of C. acaulis EO was purified by silica gel (80 g)
column (70-230 mesh, 60 A, Merck) chromatography using
100% of n-hexane. A total of 174 fractions were collected
and checked using thin-layer chromatography (TLC). From
fractions 80-174, 1.2 g of pure carlina oxide was isolated.

NMR analysis of the pure carlina oxide

The NMR spectra of carlina oxide were acquired using a
Bruker Avance 400 Ultrashield spectrometer. All the chem-
ical shift values were reported in 8 values (ppm), while
the coupling constants (J) in hertz. The internal standard
used for the analysis was tetramethylsilane (TMS). Proton
chemical data were expressed as chemical shift, multiplicity
(s =singlet, d =doublet, dd =doublet of doublets, t=triplet,
dt=doublet of triplets, q=quartet, m = multiplet, brs =broad
singlet) coupling constant (s), integration. The NMR sample
was prepared diluting the EO (20 mg) in deuterated chloro-
form. For H, HSQC-DEPT, HMBC and COSY experiments
standard Bruker library pulse programs were employed. The
NMR data obtained were comparable to the data reported in
the literature (Benelli et al. 2019b).

Preparation of micro- and nanoemulsions

Ethyl oleate (Crodamol™ EO), Polysorbate 80 (TEGO®
SMO 80; Evonik Industries, Essen, DE) and vegetable
glycerol were provided by ACEF (Fiorenzuola d’Arda, IT).
Deionized water and ethanol 96% were standard reagent
grade. MEs were prepared following the procedures reported
by Cespi et al. (2017) for the Smyrnium olusatrum L. EO,
through a process of spontaneous emulsification deriving
from the mixing of an aqueous and an oily phase. Distilled
water was added dropwise to the oily phase placed under
magnetic stirring, in the required amount to attain the final
concentration. The oily phase was composed of EO or a
mixture of EO-ethyl oleate, Polysorbate 80, and of an alco-
holic phase composed of glycerol and ethanol, at 6:1 ratio.
NEs were obtained through a high-energy method, by using
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Table 1 Composition (%) of microemulsions (M1-M2), nanoemul-
sion (N1-N2) and micro-/nanoemulsion controls (Cy—Cy) tested in
this study

Sample Polysorbate  Alco- Active ingredient H,0
80 holic - -
phase* C. acc{ulis Carlina oxide

essential

oil
Ml 13 35 0.5 - 51.5
M2 13 35 - 0.5 51.5
Cy 13 35 - - 52
N1 0.33 - 0.5 - 99.17
N2 0.33 - - 0.5 99.17
Cx 0.33 - - - 99.67

*The alcoholic phase is composed of 30% glycerol and 5% ethanol
96%

a high-pressure homogenizer. They were prepared according
to the literature (Cappellani et al. 2018). Briefly, C. acaulis
EO was added dropwise to a surfactant aqueous solution
under high-speed stirring (Ultraturrax T25 basic, IKA®
Werke GmbH & Co.KG, Staufen, Germany) for 5 min at
9500 rpm. The obtained emulsion was then subjected to a
homogenization process by means of French Pressure Cell
Press (American Instrument Company, AMINCO, Mary-
land) for four cycles at the pressure of 130 MPa. Composi-
tions of MEs, NES and their relative controls are reported
in Table 1.

Characterization of micro- and nanoemulsions

Visual inspection of formulations was done by a polariz-
ing optical microscope (MT9000, Meiji Techno Co Ltd, JP)
equipped with a 3-megapixel CMOS camera (Invenio 3S,
DeltaPix, DK). Particle size measurements were performed
through a dynamic light scattering (DLS) technique. DLS
analyses were carried out using a Zetasizer nanoS (Mal-
vern Instrument, UK) equipped with a backscattered light
detector working at 173°. Samples (1 mL) were inserted
into disposable cuvettes and analysed at 25 °C, following a
temperature equilibration time (180 s). The analyses were
performed at different time points: 0 day (t0), 1 month (t1),
3 months (t3) and 6 months (t6).

Mosquito rearing

The tested mosquitoes, Cx. quinquefasciatus, were from an
established laboratory colony at the Crop Research Institute
(Prague, Czech Republic); Cx. quinquefasciatus individu-
als were reared under controlled conditions for more than
20 generations, and never exposed to insecticides before
the experiments. Larvae were fed on dog biscuits and yeast

powder in a 3:1 ratio, and held at 25 +2 °C, 70+ 5% RH, and
a photoperiod of 16:8 (L:D) h.

Larvicidal activity on Culex quinquefasciatus

The acute toxicity, measured as mortality after 24 h of
exposure, was determined for early 3rd instar larvae of Cx.
quinquefasciatus. Mosquito larvicidal assays were carried
out according to WHO Standard Procedures (1996), with
slight modifications (Benelli et al. 2018a, b). The EO was
diluted in dimethyl sulphoxide (DMSO) to prepare a serial
dilution of test concentrations. For experimental treatment,
1 mL of serial dilutions was added to 224 mL of distilled
water in a 500-mL glass bowl and shaken lightly to ensure
a homogenous test solution at concentration 0.3; 0.5; 0.8;
1.0; 1.5 and 1.8 uL L™!. The efficacy of the MEs and NEs
(M1, M2, N1 and N2) was tested in the same manner as
above, except that the MEs and NEs were mixed into the
water directly (i.e. without the use of DMSO) to obtain a
serial dilution of 200, 400, 600, 800 and 1000 puL L. Cu
and Cy were tested as negative controls for ME and NE,
respectively. Water plus DMSO at the maximum amount
used to formulate the active ingredient was tested as nega-
tive control in EO and carlina oxide experiments. In all
cases, the selected mosquito larvae were transferred in
distilled water into a bowl of the prepared test solution
with a final surface area of 125 cm? (25 larvae beaker™!, 4
replications). The assays were placed in a growth chamber
(16:8 (L:D), 25+ 1 °C). Mortality was determined after
24 h of exposure, no food was offered to the larvae.

Sublethal toxicity on Culex quinquefasciatus

The effect of different LC concentrations and different expo-
sure times on larval and pupal mortality and on the percent-
age of new emerged Cx. quinquefasciatus adults were tested
as follows. The LC,, LC;(, LCs5, and LCy, estimated for
the most effective larvicidal emulsion (M1) and its active
ingredient C. acaulis EO were tested on 3™ instar larvae
of Cx. quinquefasciatus (200 larvae replicate™!) exposed
to both products for 1, 2, 3, 4, 5, 6 and 7 h. The applica-
tion methods are described in the paragraph above for the
acute toxicity test. Then, they were transferred to clean water
tanks (35 %X 35 x50 cm) and provided with standard diet. The
mortality was evaluated every day for eighteen days. Larvae
mortality during the development period, total larval and
pupae mortality, and percentage of emerged adults of Cx.
quinquefasciatus were determined. Mosquito mortality or
adults emerged were expressed as mean values (%) + SE.
Four replicates were done for each concentration. The
treated insects were placed in a growth chamber [25+ 1 °C;
16:8 (L:D)].

@ Springer
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Dermal toxicity of C. acaulis essential oil and its
microemulsion

Cell lines

Immortalized human keratinocytes cell line (HaCaT) was
cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 IU mL™! penicillin/
streptomycin and maintained at 37 °C with 5% CO, and 95%
humidity. Primary human fibroblast cell line (NHF A12)
was cultured in DMEM supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 100 [U mL"~! penicillin/
streptomycin and maintained at 37 °C with 5% CO, and 95%
humidity. Both cell lines were furnished by IFOM (Rome,
Italy).

MTT assay

Three thousand cells per well were seeded in 96-wells plate
in a final volume of 100 pL well™'. After one day of incuba-
tion, C. acaulis EO (1.69-863.74 pg mL™"), the microemul-
sions (M1 and Cy;, 205.08-105,000 pg mL™") and vehicles
were added, and six replicates were used for each treat-
ment. After 24 h, cell viability was investigated by adding
0.8 mg mL~! of 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl
tetrazolium bromide (MTT) (Sigma-Aldrich) to the media.
After 3 h, the supernatant was removed and the pellet of salt
crystals was solubilized with 100 pL well~! of DMSO. The
absorbance of the sample against a background control was
measured at 570 nm using an ELISA reader microliter plate
(BioTek Instruments, Winooski, VT).

Acute oral toxicity in rats

Female Wistar rats, weighting 250-300 g, were used for the
acute toxicity studies. After the habituation period, animals
were single housed and kept in a 12 h light dark™! cycle at
constant temperature (20-22 °C) and humidity (45-55°),
with food and water ad libitum. Animals were treated in
accordance with the guidelines of the European Commu-
nity Council Directive for Care and Use of Laboratory Ani-
mals. Acute toxicity was evaluated according to the methods
described in OECD 425 main test guidelines with an up-
and-down procedure (UDP) (OECD 2008). Seven female
Wistar rats were fasted overnight prior to treatment and
subsequently administered with fixed doses of the EO (175,
550 and 2000 mg kg~!). The doses of the C. acaulis EO
were prepared by dissolving the oil in 2% Tween 80 vehicle.
Administration was carried out by gavage. The first animal
was given a 175 mg kg™! dose of the C. acaulis EO. When
the animal survived after 48 h, the next dose of 550 mg kg™
was given to the second animal; when the second animal
survived after 48 h, the next animal was given a dose of
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2000 mg kg~'; when the third animal died within 48 h, the
550 mg kg~! dose was repeated; when the fourth animal
survived within 48 h, the 2000 mg kg™! dose was repeated;
when the fifth animal died within 48 h, the 550 mg kg~!
dose was repeated; when the sixth animal survived within
48 h, the 2000 mg kg~! dose was repeated. Finally, a
2000 mg kg~! dose was administered to the seventh rat that
died within 48 h. According to OECD 425 main test guide-
lines, the test was stopped since 5 reversal (response fol-
lowed by nonresponse or vice versa) were observed. The
animals were observed individually after dosing for signs of
toxicity during the first 30 min, periodically during the first
48 h. The surviving animals were observed daily thereafter
for a total of 14 days. Observations centered on the assess-
ment of death and time of occurrence and signs of toxicity.
In particular, activities of the central and autonomic nervous
system (tremors, convulsions, straub, sedation, anaesthesia
and ataxia, coma, lacrimation, cyanosis, ptosis, salivation
and piloerection) were observed. The LDy, of ME (M1)
was determined by limit test at 5000 mg kg™! according
to OECD 425 guidelines. A first animal received a dose of
5000 mg kg~! by gavage. When the animal survived after
48 h, two additional animals were dosed. Both animals sur-
vived after 48 h and the test was terminated. The microemul-
sion vehicle (Cy;) was also administered to one rat and no
evident sign of toxicity was observed.

Statistical analysis

In mosquito larvicidal tests, if control mortality reached
1-20%, Abbott’s formula was used (Abbott 1925). Probit
analysis of dose-mortality data was conducted to estimate
the LC,¢4, LC5y, LCsy and LCy, values and associated 95%
confidence limits for each treatment (Finney 1971). Con-
cerning experiments investigating the sublethal toxicity of
M1 and C. acaulis EO, tested at different LC (i.e. LCys,
LG5, LCs and LCy,) and exposure times, on Cx. quingue-
fasciatus larval and pupal mortality (%), as well as on adult
emergence (%), the data (%) were transformed by arcsine\/
and analysed by ANOVA followed by Tukey’s HSD test
(P <£0.05). Rat mortality data were analysed by ‘Acute
Oral Toxicity (Guidelines 425) Statistical Program’ (AOT-
425StatPgm) that computes LD, and confidence interval
through a maximum likelihood approach.

Results and discussion

Chemical analysis of the essential oil obtained
from C. acaulis roots

Using GC-MS analysis, the EO obtained from the roots of
C. acaulis (Fig. 1) has been characterized and its chemical
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Table2 Composition (%) of the Carlina acaulis EO-based micro-
emulsions formulated in the initial screening
Sample Polysorbate  Alco- Ethyl oleate C. acaulis H,0 .

80 holic EO .

phase*

S1 13 35 - 1.5 50.5
S2 13 35 1 0.5 50.5
S3 13 35 1.1 0.4 50.5
S4 13 35 1.2 0.3 50.5
S5 13 35 1.3 0.2 50.5
S6 13 35 0.5 0.5 51
S7M1) 13 35 - 0.5 51.5 300 pm
S8 15 35 - 1.5 48.5 [
S9 15 35 1 0.5 48.5
S10 15 35 0.5 05 49 Fig.2 Optical microscope image of microemulsion M1 containing
S11 15 35 - 0.5 49.5 0.5% of C. acaulis essential oil

*The alcoholic phase is composed of 30% glycerol and 5% ethanol
96%

components have been determined, with carlina oxide as the
main constituent (~94%) according to the data reported in
the literature (Benelli et al. 2019b). The analysis of carlina
oxide by H-NMR and 2D NMR experiments was also linear
with the data reported in the literature (Benelli et al. 2019b;
Pavela et al. 2020a, b). Other minor components identified in
the EO were benzaldehyde (3.1%) and ar-curcumene (0.4%).

Preparation and characterization of the micro-
and nanoemulsions

The quali-quantitative composition of MEs was determined
through an initial screening carried out on 11 formulations,
in which the amount (%) of the C. acaulis EO, the total
oily phase and the surfactant were screened (Table 2). Sam-
ples were monitored for a period of about 1 month. At the
end of this period, the most thermodynamically stable MEs
seemed to be S4, S5 and S7 (data not shown). The last (S7)
was selected because it was able to encapsulate the highest
amounts of the active ingredient (0.5% w/w), with respect
to the samples S4 and S5 (0.3 and 0.2%, respectively). Thus,
the S7 sample was renamed M 1. Although previous studies
reported the ability of EO-based MEs to encapsulate higher
amount of the oil phase in systems having the same com-
position (Pavela et al. 2019b, c), in this specific case, the
loading of 0.5% w/w of active ingredient could be explained
by the fact that the ME formation depends not only on the
type and amount of surfactants and co-surfactants, but also
on the physico-chemical properties of the oil phase (McCle-
ments and Rao 2011). This aspect is more pronounced in
the presence of EOs, that are not pure compounds but rather
a complex mixture of different components (Pavela 2015).

M1 was firstly characterized through optical micros-
copy and then through DLS analysis, to investigate the
size of the dispersed phase. Figure 2 shows the presence
of an isotropic system, confirming the real formation of a
microemulsified sample (McClements 2012). The absence
of visible oil droplets on the microscopy image meant that
they had nanometric dimensions not detectable by optical
microscope. The nanometric size range of the M1 dispersed
phase was confirmed by DLS analysis (Fig. 3, black line).
M1 showed a bimodal size distribution centred at 37.84 nm
(80%) and 408 nm (20%). The fraction of the populations
with the smaller droplet size was predominant. The presence
of a second particle population with a larger diameter in
the intensity plot corresponds to a marginal fraction of the
whole population. In fact, the intensity of the scattered light
is proportional to the power of six of the particle diameters.

12 T T v T T T

] — M1 1
10 4 ——M2

Intensity (%)

1 10 100 1000 10000

Size (d. nm)

Fig.3 Dynamic light scattering (DLS) traces of microemulsions M1
(black line) and M2 (red line), containing 0.5% of C. acaulis essential
oil and 0.5% of pure carlina oxide, respectively

@ Springer
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Therefore, only a small number of particles possessed a size
over 100 nm. This was confirmed by the DLS volume plot,
which showed only one population having a medium droplet
diameter centred around 30 nm (100%) (data not shown).

Based on these results, a ME containing carlina oxide
was formulated at the same conditions (sample M2). It
reported the same quali-quantitative composition of M1,
except the active ingredient, i.e. the C. acaulis EO was
replaced by the purified carlina oxide. Also in this case the
optical microscope image and the DLS trace confirmed the
formation of a microemulsified system. As shown for M1,
sample M2 showed a bimodal distribution in which the two
populations had a medium diameter of 41.92 nm (85%) and
666 nm (15%) (Fig. 3, red line). Interestingly, both samples
showed the same size distribution trend, independently from
the active ingredient. The physico-chemical stability of the
samples was monitored after their storage at room tempera-
ture for up to six months. In particular, they were analysed
by DLS at different time points: 0 day (t0), 1 month (t1),
3 months (t3) and 6 months (t6) (Fig. 4). Figure 4A shows
a slight increase in the size of the dispersed phase of M1.
This is more evident in the main droplets population, that,
however, maintained the diameter centred below 100 nm. As
regarding sample M2, no remarkable differences in terms
of hydrodynamic diameter were detected during the six
months, except for a slight shifting of the smaller popula-
tion towards higher values at t6 (Fig. 4b, blue line). Thus,
M1 and M2 proved to be a thermodynamically stable system
for up to six months.

@ Springer
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Fig.5 Dynamic light scattering (DLS) traces of nanoemulsions N1
(black line) and N2 (red line), containing 0.5% of C. acaulis essential
oil and 0.5% of pure carlina oxide, respectively

Carlina acaulis EO and carlina oxide-based NEs were
formulated as well, to evaluate the influence of the encapsu-
lation method on the biological activity of the active ingredi-
ents. NEs, relative to MEs, have a lower SOR (Pavoni et al.
2019b). It means that the oil phase (that in the case of EOs
is the active ingredient) can be encapsulated, requiring a
lower amount of surfactant. Thus, NEs could be considered
a greener substitute for MEs since surfactants are potentially
hazardous for the environment (Wilhelm et al. 1993). For the



Journal of Pest Science (2021) 94:899-915

907

achievement of NEs, the procedure previously described was
used. Although NEs are able to encapsulate higher amount
of the oil phase than MEs, samples containing 0.5% (w/w)
of the active ingredient were formulated (N1 and N2), in
order to make a comparison between the biological activity
of C. acaulis EO and carlina oxide-based MEs and NEs.
Noticeably, they were achieved by using only 0.33% (w/w)
of surfactant (Table 1).

Both NEs, N1 and N2 showed a monomodal size distribu-
tion centred between 140 and 145 nm (Fig. 5). Concerning
such nanosystems, their physico-chemical properties depend
on the quali-quantitative composition of the systems, as for
MEs, but rather on the energetic input and the operating
conditions (Mason et al. 2006).

The monomodal distribution of N1 and N2 traces was
corroborated by the PDI (Polydispersity Index) values, an
indicator (ranging from O to 1) of the quality of the system
concerning the size distribution. The smaller is this index
(<0.25), the more monodispersed will be the system (Sad-
eghi et al. 2015).

The PDI values of NEs, N1 and N2, measured by DLS,
were found to be 0.2 and 0.18, respectively. These values
were lower than those recorded for the corresponding MEs,
M1 and M2 (0.33 and 0.32, respectively), proving that this
latter system showed a bimodal size distribution of the dis-
persed phase.

Both N1 and N2 showed good stability at room tempera-
ture for a storage period of six months. The mean hydro-
dynamic diameter of the N1 and N2 oil droplets remained

almost unchanged, confirming the thermodynamic stability
of these systems (Fig. 6a and b).

From the technological point of view, MEs and NEs
showed similarities and differences. The size of the dis-
persed phase of both formulations fell below 200 nm,
which is the limit established by some authors for the defi-
nition of a nanosystem (Huang et al. 2010). However, MEs
showed smaller droplet size respect to NEs, and this is in
line with the literature (McClements 2012). This was the
reason behind their different macroscopic aspects, being
MEs translucent while NEs form milky systems. In fact, the
appearance of a colloidal dispersion tends to become trans-
lucent or transparent when the particle radius falls below
30 nm (Wooster et al. 2008). Furthermore, they differ for
the preparation methods and the composition. Concerning
the first aspect, MEs form spontaneously while NEs require
external energy input to exceed the energetic gap between
the two separated phases and the final colloidal system.
Regarding the composition, MEs showed limitation in the
amount of encapsulated oil phase, contrary to NEs. This lat-
ter, in fact, allowed the encapsulation of a higher amount of
oil in the presence of a lower amount of surfactant (Pavoni
et al. 2019b).

Acute toxicity on Cx. quinquefasciatus

Lethal concentrations estimated for the MEs and NEs, the
EO and carlina oxide are shown in Table 3. The mortality of
Cx. quinquefasciatus larvae was evaluated as acute toxicity
manifested 24 h post-application. Results showed that the

Fig.6 Dynamic light scattering 14 T T T T e
(DLS) traces of nanoemulsions ] A —t0 i
N1 (A) and N2 (B), containing 12 - —t1] T
0.5% of C. acaulis essential oil 10 N t3|
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respectively, at different time E —16 -‘I
points: 0 day (t0), 1 month (t1), 6 -
3 months (t3), 6 months (t6) 4 z] ]
> 2] i
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104 it & | [
a7 —13) ]
6] —16] 1
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Table 3 Insecticidal activity of Carlina acaulis essential oil (EO) and carlina oxide-based microemulsions (M1, M2) and nanoemulsions (N1, N2) against Culex quinquefasciatus

P-value

3)

7 @f.
6.161
5221

Clys

LCqyy (UL LY

Clys

LCs (UL L7

Clys

LCy (UL L7Y

Clys

LCs (UL LY

Product

0.195 ns

659.8-912.3

791.3+39.5
939.8+28.3

482.3-623.9
518.1-698.5
619.8-788.7
859.3-936.3

1.2-14
1.3-1.5

579.1+30.9
628.3+15.2

468.8-528.7
511.1-598.7
658.5-701.9
793.5-850.1

0.8-1.0

509.7+16.2
525.9+29.5
684.4+31.5

278.4-395.7
398.7-502.3
587.5-657.4
698.8-785.8

0.4-0.5

384.5+25.7
452.1+20.8
617.8+28.6

747.3+22.3

M1

0.235 ns

897.5-1026.4
923.7-1258.7

1015.1+28.6
1135.1+38.6

767.1+24.2
897.1+19.6

M2

0.318 ns

7.251

815.7+19.9

N1

1.765 0.628 ns

2.351

1073.3-1226.4

1.7-1.9
1.3-2.3

N2

0.925 ns

1.8+0.1
2.1+0.2

1.3+0.1

0.9+0.1

0.5+0.0

C. acaulis EO
Carlina oxide

0.935 ns

1.521

+0.2

1.4

0.6-0.9

0.8+0.1

0.3-0.5

0.4+0.0

degrees of freedom; ns, not significant (P >0.05)

LC, lethal concentration killing 16%, 30%, 50% or 90% of the exposed larval population; Clys, 95% confidence interval; )(2 chi-square; d.f.

efficacy of the active ingredients was dependent on the kind
of formulation in which they were encapsulated. The ME M1
was selected as the most efficient based on the comparison
of lethal concentrations [LCsggg)=579.1 (791.3) uL L,
corresponding approximately to the equivalent of 2.3
(3.9) uL L™! EO, as the active ingredient], containing 13%
polysorbate 80 and 35% alcoholic phase. M2 was slightly
less efficient [LCsy 99, =628.3 (939.8) uL L™, correspond-
ing approximately to the equivalent of 3.1 (4.7) uL L™! car-
lina oxide, as the active ingredient]. However, the differ-
ence between M1 and M2 was not significant. In the present
study, LCjs for the EO and carlina oxide was also estimated
as 1.3 and 1.4 uL L™, respectively (Table 3). The nanoe-
mulsion N2 provided the least efficacy [LCsqgg)=897.1
(1,135.1) uL L™!, corresponding approximately to the
equivalent of 4.5 (5.7) uL L' EO, as the active ingredient];
although containing the same amount of the EO as M1, N2
contained only 0.33% polysorbate 80 and no alcoholic phase.

The higher larvicidal efficacy of MEs, in particular M1,
relative to NEs could be ascribed to their different particle
sizes. In particular, MEs showed a droplet mean diameter of
around 40 nm, while NEs of around 140 nm. The droplets
size-mortality relationship has been also reported by Anjali
et al. (2012), for the larvicidal activity of neem oil nano-
systems against Cx. quinquefasciatus. They observed that
the neem oil-based nanosystem, with a medium diameter
of 31 nm, caused a higher larval mortality over those with
a mean diameter of 93 and 251 nm. Thus, LCs g, values
decrease as the droplets size decreases. Specifically, the
smaller EO droplets of MEs could allow a deeper penetra-
tion of the active ingredient into mosquito larvae.

Sublethal effects of the most effective larvicide
on Cx. quinquefasciatus

In terms of implementation of our research results in prac-
tice, we believe that the application of ME and NE, as
well as of the EO or its main constituent carlina oxide,
as an active ingredient of potential larvicides against Cx.
quinquefasciatus will not always provide uniform distri-
bution of the active ingredient in water (Chalifour and
Delfour 1992; Pavoni et al. 2019b), and thus that the lar-
vae will not be exposed to concentrations corresponding
to values >LCy, for at least 24 h. Therefore, we focused
on the effects of lethal and sublethal concentrations and
various exposure times of the larvae for the most efficient
ME, i.e. M1, and the C. acaulis EO.

Our results about the influence of exposure time of dif-
ferent M1 and EO lethal concentrations (i.e. LC4, LCjyy,
LCs, and LCy) on larval and pupal mortality and on the
percentage of emerged adults are presented in Tables 4 and
5. M1 provided the most significant effect on larval mortality
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(Table 4) compared to the EO (Table 5). LC,4 (384.5 uL L
corresponding approximately to the equivalent of 1.9 uL L™!
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EO, as the active ingredient) caused more than 78% mortal-
ity of the larvae after the exposure time of 1 h, and fatal
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Fig.7 Mortality over time of Culex quinquefasciatus larvae after exposure to Carlina acaulis essential oil microemulsion (M1) and C. acaulis

essential oil (EO) concentrations corresponding to LCy,

M1

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

% mortality

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

day after exposure

—@— 1 hexposure —@— 2 h exposure
5hexposure —@— 6 hexposure —@— 7 hexposure —@— control

3 h exposure 4 h exposure

EO

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

% mortality

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

day after exposure
—@— 1 hexposure —@— 2 h exposure
5 h exposure —@— 6 h exposure —@— 7 h exposure —@— control

3 h exposure 4 h exposure

Fig.8 Mortality over time of Culex quinquefasciatus larvae after exposure to Carlina acaulis essential oil microemulsion (M1) and C. acaulis

essential oil (EO) concentrations corresponding to LCs,
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Fig.9 Mortality over time of Culex quinquefasciatus larvae after exposure to Carlina acaulis essential oil microemulsion (M1) and C. acaulis

essential oil (EO) concentrations corresponding to LCs,
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Fig. 10 Mortality over time of Culex quinquefasciatus larvae after exposure to Carlina acaulis essential oil microemulsion (M1) and C. acaulis

essential oil (EO) concentrations corresponding to LC,¢

effects were observed when the larvae were exposed to this
ME for 5 h and more. With the larvae exposed to LCs,, 100%
mortality was observed as early as after the exposure time
of 2 h, and larval exposure to concentrations of this ME cor-
responding to LCs, and higher had fatal consequences for
the larvae as early as after 1-h exposure.

Nevertheless, this phenomenon was not observed after
application of the EO, although this was an active ingredient
in the ME M1 (Table 5). As shown by the results, application
of a low concentration corresponding to LC, (0.5 uL L™")
resulted in limited Cx. quinquefasciatus mortality, ranging
between 6.7 and 36.7%, and the lethal concentration cor-
responding to LCy (1.8 uL L"), equivalent approximately
to LC, estimated for M1, reached the highest mortality of
91.7% only after 7 h of exposure. Interestingly, no signifi-
cant pupal mortality was observed compared to the control
(Tables 4 and 5).

In order to better understand the difference between EO
and ME efficacies, Figs. 7, 8, 9 and 10 illustrate the develop-
ment of mean cumulative larval mortality over time for indi-
vidual concentrations and various exposure times. Based on
the comparison of cumulative mortality over time between
M1 and the EO, while the EO shows an increase in mortality
approximately for the first 7 days from termination of expo-
sure, with only exceptional mortality afterwards, M1 shows
an increase in mortality throughout the observation period,
i.e. until the larvae become pupae (Figs. 7, 8, 9 and 10).

Our results thus indicate that M1 application, even at
LC,¢, had fatal consequences for the Cx. quinquefasciatus
larvae, which was probably caused by a better water disper-
sion and penetration of the active ingredient through the
larval cuticle or spiracles (Du et al. 2016). However, this
hypothesis should be verified in further experiments. In the
end, M1 did provide a significantly better efficacy compared
to the EO and can be therefore considered as a prototype for-
mulation that is more efficient than the emulsified EO alone.

We are also aware that further experiments will be
needed, focusing on the effects of sublethal concentrations
on subsequent fertility of adult Cx. quinquefasciatus mos-
quitoes, because for example, for Musca domestica L. (Dip-
tera: Muscidae) the exposure to EO from C. acaulis signifi-
cantly reduced the natality of the surviving adults (Pavela
et al. 2020b). Effects of EOs applied in sublethal doses or
concentrations in terms of reduced fertility, fecundity and
natality have also been found for other EOs (Benelli et al.
2018b), and therefore it is important to study this phenom-
enon further—not only for target, but also non-target organ-
isms, given that currently, only superficial information is
available regarding any effects of this EO or carlina oxide,
e.g. on aquatic non-target organisms. The first report on
the influence of carlina oxide and EO on non-target water
organisms was brought by the work of Benelli et al. (2019b).
Their non-target impact was evaluated through experiments
on adults of the aquatic microcrustacean Daphnia magna
Straus. Both showed significantly lower toxicity compared
to cypermethrin.

Dermal toxicity of C. acaulis essential oil
and microemulsion

Carlina acaulis EO and its ME (M 1) were tested on two nor-
mal human cell lines, immortalized human keratinocytes cell
line (HaCaT) and primary human fibroblast cell line (NHF
A12). Cells were treated with different concentrations of the
EO (from 1.69 to 863.74 ug mL™") and ME (from 205.8 to
105,000 ug mL™") for 24 h. The results showed that C. acau-
lis EO induced a cytotoxic effect on both cell lines in a dose
dependent manner, with an ICs, of 115.92+6.1 ug mL™!
for NHF A12 cells and 88.31+ 1.3 ug mL~! for HaCaT
cells (Fig. 11). In contrast, C. acaulis EO ME (M1) treat-
ment resulted in an ICs; of 5392.8 +315 ug mL~" for NHF
A12 cells and 1457.4 +63 ug mL™~! for HaCaT cells, while
the oil-free microemulsion, used as control (Cy), showed
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Fig. 12 Cytotoxic effect of the NHF A12
C. acaulis essential oil micro-
emulsion (M1) and M1 control
(CTRL). Cell viability was
determined in NHF A12 and
HaCaT cell lines by MTT assay.
Cells were treated for 24 h with
different concentrations of M1
and M1 CTRL. Data shown are
expressed as mean + SE of three
separate experiments. *p <0.05
versus Vhe, #p <0.05 versus M1
CTRL
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M1 1Cy; 5392.8 + 315 pg mL
M1 CTRL IC;, 7068.64 357 pg mL*

an ICs, of 7068.6 +357 ug mL~! for NHF A12 cells and
3361.05+ 105 ug mL~! for HaCaT cells (Fig. 12). These
results confirmed that the pure EO of C. acaulis showed a
mild toxicity on the two cell lines and that this toxicity was
negligible when the EO was encapsulated into the ME. Nota-
bly, the reduction of cell viability at 100 uyg mL~" of EO was
22.75% for NHF A12 and 34.51% for HaCaT cells; thus, this
product cannot be considered cytotoxic according to the ISO
guidelines (ISO 20093-5 2009). Our results were in contrast
with those recently reported by Wnorowski et al. (2020) who
tested carlina oxide, the main constituent of the C. acaulis
EO, in the concentration range of 3.125-50 ug mL~!, on
BJ normal foreskin fibroblasts and found a concentration-
dependent increase in necrotic effects. However, they neither
determined the ICy, concentration on this cell line nor evalu-
ated its rate of toxicity according to the ISO guidelines (ISO
20093-5 2009).
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Acute oral toxicity in rats

The estimated LD, of C. acaulis EO was 1098 mg kg™,
with an approximate 95% confidence interval of
550-2000 mg kg~!. The dose of 550 mg kg~ did not cause
any signs of toxicity in the rats, while for the 2000 mg kg™
dose tremors, sedation, ataxia, ptosis and coma were pro-
gressively observed starting approximately 24 h after the
administration.

These data fill the gap concerning the potential toxic-
ity attributed to the use of C. acaulis EO (Hermann et al.
2011; Stojanovi¢-Radi¢ et al. 2012) and allow it to be clas-
sified as moderately toxic when compared with the EOs
from several aromatic plants such as Melaleuca alterni-
folia (Maiden & Betche) Cheel (LD5,=1900 mg kg_l),
Thymus vulgaris L. (LDs;=2840 mg kg™, Foeniculum
vulgare Mill. (LDs,=3120 mg kg™") and Zingiber offici-
nale Roscoe (LDsy,=3400 mg kg™!). Being a ‘mono-
component’ EO, the overall toxicity may be attributed to
the polyacetylene, carlina oxide (94%). In this regard,
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the LDy, obtained after oral administration was over-
lapping those of some EO constituents such as thymol
(LDs,=980 mg kg™!), dillapiol (LDs,= 1000 mg kg~})
and cinnamaldehyde (LDs,=1160 mg kg™') (Dev and
Koul 1997; Isman and Machial 2006), and was signifi-
cantly higher than that of a-thujone (LD5;,=45 mg kg™h,
pulegone (LDs,=150 mg kg~!) and thymoquinone
(LDs,=794 mg kg™") (Al-Ali et al. 2008; Maggi and Benelli
2018). Our data confirmed that C. acaulis EO is relatively
safe when given orally to rats. Thus, in the case the EO is
encapsulated in MEs and NEs at 0.5% concentration, the
possibility to fulfil the requirements of regulatory agencies
for insecticidal formulations, in terms of maximum toxicity
levels (LD5,> 5000 mg kg_l) (Isman and Machial, 2006), is
highly likely. Indeed, the LD, of ME M1 was greater than
5000 mg kg~! and no adverse effect were observed after
one week. Based on these results the C. acaulis EO ME was
found to be safe, demonstrating no acute oral toxicity up to
5000 mg kg~! in female Wistar rats.

Recently, the carlina oxide toxicity has been evaluated
by Wnorowski et al. (2020) on zebrafish embryos. These
authors found that the compound produced high acute toxic-
ity with coagulation of embryos, showing a LCs, value of
10.13 pg mL~!, and affected the heart function in larvae.
Likewise, the toxicity of C. acaulis EO and carlina oxide on
human fibroblasts has been well documented (Pavela et al.
2020a, b; Wnorowski et al. 2020). On this basis, it is impor-
tant to perform further tests to provide data on the chronic
and sub-chronic toxicity, inhalation effects and immunotox-
icity given by C. acaulis EO-based formulations on animals.
Furthermore, the effects of these formulations on pollinators
and natural enemies of target insects under field conditions
should be explored in the future.

Conclusions

In the present study, a prototype formulation titrated in
0.5% of C. acaulis EO with high efficacy on larvae of Cx.
quinquefasciatus (LC5y=579.1 uL L") was developed. Fur-
thermore, sublethal toxicity experiments showed that the M1
application, even at LC 4, led to 100% insecticidal efficacy
for the whole period, at variance with the EO, which failed
to show a long-lasting larvicidal action. Further research is
still needed to understand the higher toxicity of C. acaulis
ME over NE carrying the same active ingredients (i.e. C.
acaulis EO and carlina oxide), as well as their precise mode
of action on mosquito larvae.

From a toxicological standpoint, the C. acaulis EO and
its encapsulated form (M1) were slightly toxic to human
fibroblasts and keratinocytes. Furthermore, the EO appeared
to be mildly toxic to rats, with LDs, overlapping those of

other industrially important EO constituents such as thymol
and cinnamaldehyde (Pavela and Benelli 2016). To fulfil
the requirements of regulatory agencies and reach the mar-
keting approval as a botanical insecticide, we determined
also the LDj5, of the encapsulated form of C. acaulis EO
(ME) suggesting the safety of this prototype formulation
(LDs,> 5000 mg kg~') to human health.
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