
Production and efficacy of neem nanoemulsion
in the control of Aspergillus flavus and Penicillium citrinum
in soybean seeds

Priscila de Castro e Silva & Lívio Antônio Silva Pereira & Édila Maria de Rezende &

Michele Valquíria dos Reis & Amanda Maria Teixeira Lago &

Gabriel Ribeiro Carvalho & Renato Paiva & Juliano Elvis Oliveira &

José Manoel Marconcini

Accepted: 27 August 2019
# Koninklijke Nederlandse Planteziektenkundige Vereniging 2019

Abstract The search for alternative methods that are
efficient to control phytopathogens is extremely impor-
tant. For this purpose, the aim of this study is to develop
and characterize Neem oil nanoemulsions (Azadirachta
indica), as well as evaluate its applicability to fungi
Aspergillus flavus and Penicillium citrinum in soybean
seeds. Soybean seeds were placed with nanoemulsion
containing different Neem oil concentrations (0.5%,
1%, 2%, and 3% w/v) for t1 (600 min) and t2 (30 min).
Control samples (positive: infested and untreated; and
negative: not infested and treated) were also carried out.
Prior to the treatments, the formulated nanoemulsions
were characterized by dynamic light dispersion, poly-
dispersity, rheology, and stability test. Subsequently, the

soybean seeds were treated with nanoemulsion and then
tested for germination and health. The nanoemulsion
showed a mean droplet diameter of 59 ± 0.6 nm, and a
viscosity of 2.542 ± 0.07 mPa s. The droplet sizes in the
nanoemulsion were stable for a period of 20 days and
the polydispersity remained around 0.209 ± 0.02. Neem
oil had an inhibitory effect on the growth of fungal
isolates, being that the highest antifungal activity was
observed at the concentration of 3% (w/v) (28 mm inhi-
bition zone for A. flavus and 25 mm for P. citrinum).
Neem oil nanoemulsions were efficient against the stud-
ied fungi and did not present phytotoxic effects to the
seeds. Nanoemulsion is easily accessible, economically
viable and, in addition, less toxic than common synthet-
ic pesticides. This study showed that Neem oil
nanoemulsions have significant potential applications
in agriculture.

Keywords Biological control . Fungicide . Azadirachta
indica . Azadirachtin

Introduction

The exponential growth of the human population brings
about the need for sustainable food production, which is
one of the challenges for the agricultural sector (Godfray
and Garnett 2014; Jordan et al. 2016). Thus, the demand
for pesticides and fertilizers plays an important role in
maximizing agricultural productivity. However, despite
promoting a favorable performance in agriculture,
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pesticides may be harmful to human health and for non-
target organisms, depending on toxicity and degree of
contamination (Damalas and Koutroubas 2016). The fun-
gal population presents health risks due to mycotoxin
production. Ochratoxin produced by Aspergillus flavus
and Penicillium citrinum have nephrotoxic, hepatotoxic,
and carcinogenic effects (Geremew et al. 2016; Sorrenti
et al. 2013). Therefore, the use of agrochemical products to
control these pathogens is an indispensable tool in current
agricultural practices. However, the inadequate manage-
ment of these products is a common problem.Doses above
or below the recommended levels result in loss of agro-
chemical efficiency due to resistant biotypes. Furthermore,
excessive use causes considerable waste, increasing pro-
duction costs of crops and adversely affecting the environ-
ment and public health (Oliveira et al. 2014).

Safe and efficient methods of pesticide application are
essential for the effective control of these fungi, increasing
productivity and decreasing risks to the environment and
to humans. Thus, nanotechnology becomes promising as
an innovative tool for the safe supply of agrochemicals
(Kah and Hofmann 2014; Werdin González et al. 2014).
Conceptually, nanoemulsions are colloidal dispersions
containing reduced size particles (20–100 nm) dispersed
in aqueous medium, depending on the production process
(Guttoff et al. 2015). Nanoemulsions are efficient due to
increased surface to volume ratio; increase in systemic
activity due to smaller particle size and greater mobility;
stability and protection against premature degradation; and
decreased toxicity due to the elimination of organic sol-
vents from conventionally used pesticides (Athanassiou
et al. 2018; Zhao et al. 2017).

Neem oil or Amargozeira (Azadirachta indica) acts
as a growth regulator and as an efficient natural pesti-
cide, which has a strong antifungal (Gomes 2013; Shah
and Wani 2016), larvicidal and antibacterial action
(Chandrasekaran et al. 2015). The biopesticidal applica-
tions of Neem oil is associated with its components,
especially Azadirachtin, which is a biologically active
tetranortriterpenoid (Chaudhary et al. 2017; Kumar et al.
2018). The content of Azadirachtin in Neem oil is
0.068% w/v, obtained by high performance liquid chro-
matography (HLPC) (Anjali et al. 2012). Osman et al.
(2017) investigated the development of nanoemulsions
based on Neem and citronella oils against two phyto-
pathogenic fungi Rhizoctonia solani and Sclerotium
rolfsii, and potent antifungal activity was observed on
the pathogens. However, there is not much information
about plant-based oils used as fungicidal agents in

agriculture, mainly because of their low solubility in
water. Therefore, this study aimed at contributing to
better formulation and characterization of Neem oil
nanoemulsion products and evaluating its applicability
against A. flavus and P. citrinum fungi in soybean seeds.

Material and methods

Chemical reagents

Neem oil was obtained from Lazslo Aromatologia
(Brazil) and Tween 20 [polyoxyethylene (20) sorbitan
monolaurate (hydrophilic-lipophilic balance, HLB =
16.7)] was obtained from Sigma Aldrich, India.
Ultrapure MilliQ water, 18.2 MΩ.cm at 25 °C was used
for all analyses. All chemicals were analytical grade.

Microorganisms, storage and standardization
of Aspergillus flavus CD 10508 and Penicillium
citrinum CD 10564 inocula

The fungal isolates A. flavus CD 10508 and P. citrinum
CD 10564 used in this study belong to the collection of
cultures from the Mycotoxins and Food Mycology
Laboratory of the Department of Food Science of the
Federal University of Lavras (Brazil) and were isolated
from grapes.

Formulation of the antimicrobial nanoemulsion

The nanoemulsions were prepared according to the ex-
perimental plan presented in Table 1, with different
Neem oil concentrations (0.5%, 1%, 2%, and 3% w/v).
For the evaluation of the antimicrobial efficiency also
were used nanoemulsions with the ratios 1:3 and 1:2
(oil/surfactant). Such variations followed Ghotbi et al.
(2014) and Sekar et al. (2015), using Neem oil and
Tween 20 as the dispersed phase, and water as the
continuous phase. The dispersed phase was added
dropwise to the continuous phase at room temperature
using a magnetic stirrer (RQ1210, Remi Metals Ltd) at
250 rpm for 30 min to create the emulsion. In addition,
the coarse emulsion (produced bymagnetic stirring) was
subjected to high-energy emulsification using a 20 kHz
ultrasonic processor with a maximum power of 450 W
for 45 min (Branson Digital – Model 450). In order to
control the temperature, the sonication processes were
performed in cycles, in addition the beakers containing
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the samples were immersed in an ice bath during the
process. Each cycle consisted of 10 min, with 1 min
breaks, with amplitude of 50%.

Nanoemulsion characterization

Determination of particle size (DLS) and size
distribution (PDI)

The size and distribution of nanoemulsion particles of
Neem oil were determined according to Jadhav et al.
(2015) using a Zetasizer Nano ZS particle sizer, Malvern
Instruments, Malvern United Kingdom. This equipment
determines particle size from the relative intensity of
fluctuations in the sample dispersion using a laser beam
(633 nm) at a 90° angle. Each sample was evaluated in a
mean of five replicates. Prior to the measurements being
taken, the samples were diluted (×100) using a buffer
solution (pH 3.0) to avoid multiplication of dispersion
effects and to ensure free Brownian motion of particles.
The mean particle diameter (DLS) and polydispersity
index (PDI) were calculated from the particle size dis-
tribution. All measurements were performed at room
temperature.

Viscosity

The nanoemulsion viscosity was determined at 25 °C
using a rheometer (HAAKE ReoStress 6000, Thermo
Scientific, Karlsruhe, Germany), equipped with a ther-
mostatic bath (HAAKE A10, Thermo Scientific) and a

universal temperature control system (HAAKE UTM
Controller, Thermo Scientific), Scientific), coupled to a
set of concentric cylindrical geometry sensors with a gap
of 5.3 mm and a volume of 16.1 mL for all samples.
Each sample was subjected to three continuous shear
rate ramps (rising, downward, and rising) ranging from
0 to 100 s−1 for 2 min for each curve. The analyses were
made in triplicate (Anjali et al. 2012).

Hydrogen ionic potential – pH

The pH values of the nanoemulsion were measured
using a Tecnal pH meter calibrated with buffer solutions
of 4.0 and 7.0. The determination was made directly on
the nanosuspensions at 20 °C. All measurements were
performed in triplicate and the results were reported as
mean values.

Storage stability of nanoemulsions

The nanoemulsions (20 mL) were conditioned in sterile
test tubes and pre-incubated at 20 °C. During designated
intervals (0 day, 10 days, and 20 days of production)
changes in size and the polydispersity index of the
particles were measured using a NanoZS Zetasizer
(Malvern Instr., Malvern, UK). A stability study was
also performed by centrifugation of the nanoemulsions
(Biofuge, Heraeus, Germany) at room temperature at
3500 rpm for 30 min (Shafiq and Shakeel 2010).
Macroscopic alterations were observed and reported.
The temperature was 20 ± 2 °C.

Fungicidal activity of nanoemulsion

Sensitivity of Aspergillus flavus CD 10508
and Penicillium citrinum CD10564 in neem
nanoemulsion in vitro

For the inhibitory effect on filamentous fungi, the disk
diffusion test established as standard by the National
Committee for Clinical Laboratory Standards (NCCLS)
(Barry and Thornsberry 1991; Ostrosky et al. 2008) was
used. To reach that result, an inoculum was used at the
concentration of 106 spores mL−1, counting in Neubauer
chamber. Afterwards, the inoculum was transferred to a
Petri dish with malt extract agar medium (MEA) using
the surface scattering technique. Filter paper disks with
diameter of 6 mm soaked with 10 μL of the
nanoemulsions at concentrations of 0.5%, 1%, 2%,

Table 1 Parameters (oil concentration, surfactant ratio, sonication
time) investigated to evaluate the final formulation of emulsion
and nanoemulsion of Neem

Trials Oil concentration
(% w/v)

Ratio
(oil:surfactant)

Sonication time
(min)

T1 3.0 01:03 5

T2 0.5 01:03 45

T3 1.0 01:03 45

T4 2.0 01:03 45

T5 3.0 01:03 45

T6 3.0 01:02 5

T7 0.5 01:02 45

T8 1.0 01:02 45

T9 2.0 01:02 45

T10 3.0 01:02 45
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and 3% (w/v) were placed in the culture medium. In
addition, the effect of the mean particle size on the
fungitoxic activity of the emulsion and of the pure oil
was also evaluated. The negative control was performed
u s i ng d i s k s con t a i n i ng 10 μL o f DMSO
(dimethylsulfoxide) at 10% v/v, which is characterized
as cryoprotectant. The fungicide Maxim at 10 μL/5 mL
water was used for the positive control. The dishes were
incubated in BOD (Biochemical Oxygen Demand) at
25 °C for 72 h. The determination of minimum inhibi-
tory concentration (MIC) was developed, through the
classic method of successive dilution. The evaluation
was comparative with respect to a reference biological
standard (positive control) and the zone or halo of
inhibition was measured starting from the circumference
of the disk until the growth of microorganisms (Barry
and Thornsberry 1991). MIC was defined as the lowest
concentration of nanoemulsion, in which the presence of
inhibition halo was identified.

Efficacy of neem nanoemulsion against Aspergillus
flavus CD 10508 and Penicillium citrinum CD10564
in infected soybean seeds

The soybean seeds, cultivar SYN 1359S IPRO, without
chemical treatment were supplied by Syngenta Seeds
Ltd. (Uberlândia, MG, Brazil). The seeds were inocu-
lated and germinated according to the methodology
adapted from Abd-Elsalam and Khokhlov (2015) and
Galletti et al. (2015).

Contamination of seeds by the physiological condition-
ing method in the presence of fungi Following the
methodology described by Costa et al. (2003), the fungi
culture was placed in BDA medium at 25 ± 2 °C to
obtain colonies that were later used for the production
of a suspension with 106 conidia mL−1. From this sus-
pension, aliquots of 1 mL were spread on BDA solid
medium containing mannitol with a water potential
of −1.0 Mpa in 15 cm Petri plates. The plates were
maintained at 25 °C with a photoperiod of
12 h day−1. After incubating the fungi for seven
days, 300 seeds were placed on each plate on a
single layer with fungal colony for incubation at
25 °C for 48 h. After the contact period, the seeds
were removed and dried for 48 h in laboratory
environment to a moisture content of 12%, then
stored (10 °C and 50% RH) for later use.

Treatment of infected seeds After contamination and
drying, the experiments were set up in a factorial scheme
(4 × 2), in which the seeds were treated with four
nanoemulsion concentrations (0.5%; 1%, 2%, and 3%
w/v) using 50mL of each, for two time periods (Time 1–
600 min and Time 2–30min). Four replicate plates (four
plates of 15 cm) were used containing 300 soybean
seeds for each period and concentration. A total of 72
dishes were used, 36 with seeds treated with A. flavus
and P. citrinum, respectively. Untreated and fungi-
contaminated seeds were used as positive controls,
whereas treated and uncontaminated seeds were used
as negative controls.

Germination test in lab For the germination test, eight
replicates of 25 seeds were used. Paper sheets
(germitest) were moistened with distilled water up to
2.5 times its dry weight to form rolls. The rolls were kept
in a BOD chamber at 25 °C for 7 days, having photo-
periods of eight hours a day. Thus, the seeds were
uniformly distributed on the sheets to decrease compe-
tition and avoid contamination among seeds and seed-
lings. The results were expressed as percentage of nor-
mal seedlings (having all essential structures that are
crucial for development).

Health test (modified blotter) A total of 200 seeds were
used for each treatment, divided into eight replicates of
25. These were arranged individually on a layer of filter
paper (three overlapped disks) in a solution of 2.4-D
(sodium dichlorophenoxyacetate), which is an inhibitor
of germination, at the concentration of 10 ppm. Seeds
were spaced 1–2 cm apart in 25 cm petri plates. The
plates were kept at 20 ± 2 °C for 10 days. Then, the
seeds were examined individually using a stereoscopic
microscope (resolution of 30-80X) and an optical mi-
croscope. Results were expressed as percentage of in-
fected seeds.

Statistical analysis

A completely randomized design with 3, 5, and 8 repli-
cations was used to calculate the error and standard
deviation, according to the recommendation of each
protocol described. The data were submitted to individ-
ual analysis of variance (ANOVA) for each fungus. All
treatments were compared with the controls by means
test (Scheffé, p ≤ 0.05), while the comparison of the
means of the germination and blotter tests was done by
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the Scott Knott test (p ≤ 0.05). The incidence data (%) of
fungi in the seeds, obtained through the blotter, were
transformed using square root (x + 0.5) transformation
method to meet the assumptions of normality and ho-
mogeneity of variances for tests. Regression analyses
were performed to describe the effects of nanoemulsion
concentrations using the SISVAR® software (Ferreira
2014). Finally, the other analyses (droplet size, polydis-
persity, viscosity, and pH) were performed using the
Statistica Analysis Systems software version 8.0
(Statsoft, Inc., Tulsa, USA) and the means were com-
pared using the Tukey test (p ≤ 0.05).

Results and discussion

Nanoemulsion characterization

Determination of particle size (DLS) and size
distribution (PDI)

The produced emulsion had diameters above the nano-
meter scale (397.8 ± 26.9 nm) whereas nanoemulsions
had diameters below 60 nm (Table 2). Nanoemulsions
particles corresponding to the concentration of Neem oil
employed reduced as the concentration of surfactant
increased. This benefited the development of small di-
ameters (up to 59 ± 0.61 nm) and reduced turbidity.
Emulsion turbidity is a characteristic of concentration
and particle size. These nanoemulsions were stable at a
ratio of 1:3 due to the surfactant, which restricted the
interfacial free energy and provided amechanical barrier
to coalescence (Anjali et al. 2012). Likewise, as reported
by Moghimi et al. (2016), the addition of surfactants to
nanoemulsion systems caused the interfacial film to
condense and stabilize, resulting in small diameters.

The results obtained in this study corroborate the
findings of Ghotbi et al. (2014) who reported the for-
mation of NE particles of Neem oil (ratio 1:3) of size in
the 30–70 nm range and spherical in shape. As for the
size distribution of these particles, the polydispersity
was 0.361 ± 0.06 and 0.209 ± 0.02 for nanoemulsion
formulations with oil and surfactant ratios of 1:2 and
1:3, respectively. These values differed statistically from
those found for the polydispersity of the emulsion
(0.528 ± 0.21), which was higher. The polydispersity
index is a measure of the particle size distribution,
indicating the homogeneity of the nanoemulsion parti-
cles, which is an important factor used to evaluate the

nanoemulsion stability (Tan et al. 2016). The particle
size in the nanoscale range may be due to low polydis-
persity values (Shinoda and Saito 1969). High polydis-
persity results in low uniformity of droplet size.

Viscosity

The rheological behavior of the emulsions has been of
great interest for practical industrial applications. The
viscosity of the selected formulations is shown in Fig. 1.
The emulsions (T1 and T6) had a similar viscosity to the
ones found on the nanometric scale (T5 and T10). The
nanoemulsion formulations (1:3 ratio) had the highest
viscosity, 2.542 ± 0.07 mPa s (Table 2). Similarly, the
slight increase in particle diameter also provided an
increase in the dispersed phase viscosity and, conse-
quently, an increase in flow resistance and restricted rate
of droplet disruption (McClements and Rao 2011). The
main factors that influence emulsion viscosity are the
dispersed phase volume fraction, particle size and
charge as well as colloidal interactions (Guerra-Rosas
et al. 2016). However, the increase in viscosity may still
be due to the increase in the concentration of non-ionic
surfactants. According to Florence (1969), this phenom-
enon occurs because water molecules are trapped in the
non-ionic surfactant cross-linking chains. This can be
attributed to increased hydration by water molecules
around the hydrophilic portion of the surfactants. The
same behavior found in this study were reported by
other studies (Anjali et al. 2012; Dias et al. 2014).

pH

The increased surfactant and oil concentrations also
caused an increase in the nanoemulsion pH values.
The nanoemulsion formulations with 1:2 and 1:3 ratios
had pH values of 4.80 and 5.65, respectively (Table 2).
Similar behaviors were reported by Anjali et al. (2012).
The nanoemulsion is more effective at physiological
pH (4.5 and 6.0), which is considered another good
feature in its potential application as a fungicide
(Myc et al. 2002).

Nanoemulsion storage stability

The nanoemulsion stability is distinguished from emul-
sions due to its greater kinetic stability and less phase
separation (Donsì and Ferrari 2016). In this context, the
results obtained in this study confirmed that the

Eur J Plant Pathol (2019) 155:1105–1116 1109



nanoemulsions withstand the stability tests in a centri-
fuge, as opposed to the emulsions. No statistical differ-
ence was observed among the diameters of
nanoemulsion particle for 20 days. They preserved their
size, which proves good stability and prevents the oc-
currence of coalescence (phase separation) (Fig. 2).

Nanoemulsions were physically stable at room tem-
perature with no phase separation while emulsions were
not stable. This finding confirmed the fact that
nanoemulsions generally have a high kinetic stability
(Calligaris et al. 2016). To ensure the long-term kinetic
stability of a nanoemulsion, the control of particle size

distribution and the selection of a suitable emulsifier are
extremely important (McClements 2012). Tween 20 has
been a suitable surfactant for the NE formulation; be-
cause of its non-ionic nature, it is not affected by pH,
besides being considered a non-toxic and biocompatible
compound (Chandrasekaran et al. 2015; Ostertag et al.
2012). In this context, the steric effect plays an impor-
tant role in the nanoemulsion stabilization (Gupta et al.
2016). Nevertheless, Niu et al. (2015) reported that the
stability of nanoemulsions can improve as surface
charge increases, due to forces produced between the
particles against flocculation and coalescence.

Table 2 Effects of different rations of oil and surfactant to formulate nanoemulsions (T2, T3, T4, T5, T7, T8, T9, and T10) and emulsions
(T1 and T6)

Trials Oil
(% w/v)

Ratio
(oil:surfactant)

Droplet size
(nm)*

Polydispersity* Viscosity
(mPa.s)*

pH

T1 3 01:03 397.8 ± 26.9c 0.528 ± 0.21b 1.998 ± 0.05b 5.26

T2 0.5 01:03 56.20 ± 1.32a 0.313 ± 0.08a 1.231 ± 0.01a 5.56

T3 1 01:03 56.60 ± 0.88a 0.308 ± 0.01a 1.386 ± 0.04d 5.57

T4 2 01:03 51.00 ± 0.12a 0.264 ± 0.00a 1.922 ± 0.08g 5.60

T5 3 01:03 59.90 ± 0.61a 0.209 ± 0.02a 2.542 ± 0.07h 5.62

T6 3 01:02 260.1 ± 1.27c 0.510 ± 0.03b 1.800 ± 0.01e 4.72

T7 0.5 01:02 81.10 ± 1.51b 0.368 ± 0.04a 1.215 ± 0.05a 4.55

T8 1 01:02 69.00 ± 1.54b 0.368 ± 0.05a 1.279 ± 0.04c 4.62

T9 2 01:02 69.00 ± 0.26b 0.303 ± 0.01a 1.613 ± 0.05f 4.77

T10 3 01:02 70.50 ± 1.90b 0.361 ± 0.06a 1.702 ± 0.02b 4.80

Mean value ± standard deviation, n = 3. *Means followed by the same lowercase letters in the column do not differ by the Tukey test (p ≥
0.05)

Fig. 1 Viscosity values of Neem
oil emulsions (T1 and T6) and
Neem oil nanoemulsions (T2, T3,
T4, T5, T7, T8, T9 and T10)
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Fungicidal activity of the nanoemulsion

Sensitivity of Aspergillus flavus CD 10508
and Penicillium citrinum CD10564 in neem
nanoemulsion in vitro

The strength and antifungal activity of nanoemulsions
against examined microorganisms were quantitatively
assessed by the presence or absence of inhibition zones
and MIC values (Fig. 3). Nanoemulsions based on oil
and surfactant at a ratio of 1:3 were selected for this
study. Nanoemulsion droplet sizes were considered an
important parameter for the antifungal study. The results
showed that Neem oil has an inhibitory effect on the
growth of fungal isolates. The highest antifungal activity
was observed at the concentration of 3% (w/v) of Neem
oil, T5 (28 mm inhibition zone for A. flavus and 25 mm
for P. citrinum). The fungicidal effect at this concentra-
tion was equivalent to the positive control used in this
study. However, the antifungal action persisted even at
lower concentrations (minimum inhibitory concentra-
tion, MIC), even in smaller inhibition zones (Fig. 3).

The effect of the mean size of the particles on the
fungitoxic activity of the emulsion was also studied. The
nanoemulsion ability to inhibit mycelial growth was
compared with that of coarse emulsions and pure oil.
Thinner and more homogeneous particle size distribu-
tions increased the antifungal activity of NEs signifi-
cantly (p < 0.05) and improved the physical stability of
nanoemulsions. This behavior is clearly visible in T5
samples. Coarse emulsions formulated with 3% oil ex-
hibited a 9 mm halo inhibition for A. flavus and absence
of inhibition for P. citrinum, whereas nanoemulsions
exhibited inhibition with halos larger than 25 mm.

Likewise, growth inhibition for T5 samples showed a
significant increase (p ≤ 0.05) in inhibition when using
pure oil from 10 mm to 25 mm (Fig. 3). Due to the sub-
micron size of the particles, O/W nanoemulsions can
penetrate more easily through the fungi membrane when
compared to micrometer particles of the emulsion. This
leads to an evident increase in antifungal activity by
Ribes et al. (2016). The inhibitory effect occurs by the
action of the nanoemulsion on fungal hyphae and spore,
reducing their viability, especially due to reduced drop-
let size, which influences their mobility in agar medium.
This activity is justified by the fusion of the
nanoemulsions with the lipid- containing organisms to
destabilize the lipid membrane of the pathogens,
resulting in cell lysis and death (Joe et al. 2012).

On one hand, Neem oil has good fungicidal action on
a variety of pathogens (Ghosh et al. 2014). On the other
hand, little attention has been paid to the antifungal
activity of Neem nanoemulsions with different levels
of Azadirachtin. However, due to rapid action, small
concentrations of nanoemulsions are unlikely to result
in the development of resistant strains (Myc et al. 2002).
Antifungal properties of Azadirachta indica in inhibi-
tion of the production of AFB1 by A. flavus was also
established by Sudha et al. (2013). Several studies also
reported the significant improvement of the antimicro-
bial activity when encapsulated in submicron emulsions
of different NEs, such as limonene (Donsì et al. 2011)
and vegetable oil (Joe et al. 2012), amongst others.

Effects of nanoemulsion on the quality of soybean seeds

Germination test

When comparing treatments T2, T3, T4, and T5with the
posit ive control, the seeds immersed in the
nanoemulsion (T5) for 600 min provided 78% more
germination for the A. flavus fungus and 60% more
germination for the P. citrinum fungus (Fig. 4).
Therefore, the nanoemulsion was very efficient in con-
trolling the effect of these fungi on the germination of
soybean seeds. As for the negative control, there were
no significant differences (p ≥ 0.05) when compared to
other treatments in seed germination, which suggests
that the nanoemulsion does not have any phytotoxic
effect. A germination test was carried out to determine
the initial physiological potential of the seeds, and they
presented a mean of 99% germination.

Fig. 2 Particle size (nm) of emulsions and nanoemulsions during
storage period
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Within each inoculum, the nanoemulsion concentra-
tion was not significant for the percentage germination.
On the other hand, duration influenced the final stand of
normal plants when the inoculation was carried out with
the fungus of the genus A. flavus. The duration of
600 min (t1) was favorable to seed germination when
compared to 30 min (t2) (Table 3). Seeds infected by
A. flavus and in contact with the nanoemulsion for a
longer duration (t1) had a significantly higher germina-
tion percentage. Thus, it is necessary to consider that the
nanoemulsion also provides some advantage to germi-
nation, in addition to not presenting phytotoxicity (neg-
ative control) to the seeds. Because this is an innovative
topic, more research is necessary to better understand

why it happened, especially to the physiological quality
of the seeds.

Some treatment methods such as high concentrations
of chlorine and decontamination by pasteurization im-
pact the germination rate of treated seeds and results in
lower yields of germination (Landry et al. 2014). The
Neem nanoemulsion was able to inactivate the patho-
gens without affecting seed germination. Landry et al.
(2014), working with carvacrol nanoemulsion on alfalfa
seeds also observed a similar behavior in which the
nanoemulsion did not affect seed germination.
However, Berahmand and Panahi (2012), while using
a combination of nanoparticles of SiO2 and TiO2, con-
cluded that nanoparticles could increase the nitrate

Fig. 3 Inhibition zones of
Aspergillus flavus andPenicillium
citrinum isolates after treatment
with pure Neem oil, emulsion and
nanoemulsion (T1, T2, T3, T4
and T5)
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Fig. 4 Percentage germination of
seeds contaminated with
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citrinum treated with NEs at
different concentrations (T2, T3,
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reductase enzyme in soybean (Glycine max), improve its
water absorption capacity, promote its antioxidant sys-
tem and, in fact, accelerate and increase its germination.

Health evaluation of the seeds contaminated by fungi

Using the blotter test, the concentration and time factors
were significant for the isolation (p ≤ 0.05) of both in-
ocula (Table 4). The contamination operation was effi-
cient, since the inoculated seeds (positive control)
showed 100% contamination for both fungi.

Nanoemulsions based on oil and surfactant were select-
ed in a 1:3 ratio. Nanoemulsion droplet sizes were
considered an important parameter for the antifungal
study. It has been widely accepted that smaller NPs
would have higher surface energy and, therefore, proved
to be more toxic to fungal cells (Tang et al. 2012).

Regarding the times, treatments of the contaminated
seeds with different concentrations of nanoemulsion for
30 or 600 min produced similar behavior for both fungi.
For both inocula, at t1 (30 min) the percentage of
infested seeds was lower than in the t2 (600 min). The
treatments immersed for 30 min was sufficient to pro-
mote a reduction in contamination by 20% on the mean
with P. citrinum in relation to the positive control. As for
the seeds contaminated with A. flavus, this reduction
reached a mean of 50%. A higher time of seed exposure
with nanoemulsion favored germination (Fig. 3), but by
providing a high moisture content in the seed, it proba-
bly benefited the emergence of new fungi, which ex-
plains the inefficiency of t1 (Dannemiller et al. 2016).
The percentage of fungi that appear in the negative
control comes from spores that were already carried by
the seed. That means that, if the seeds are not treated,
these fungi will proliferate, under favorable conditions,
and cause damages to the seeds.

Regarding concentration, a reduction in the percent-
age of infected seeds was observed in proportion to the
increase of the nanoemulsion concentration, for both
fungi tested (Fig. 5).

When a microorganism is exposed to external stress
at different concentrations of bioactive compounds,
there are effects on the genomes that regulate proteins

Table 3 Mean germination percentage (G%) of soybean seeds
after contamination with Aspergillus flavus and Penicillium
citrinum

Time (min)** Aspergillus
flavus (%G)*

Penicillium
citrinum (G%)*

1 83a 82a

2 75b 78a

Treatments*** 80a 80a

Positive Control 20b 20b

Negative Control 81a 81a

*Means followed by the same lowercase letters in the column do
not differ by the Scott-Knott test (p ≥ 0.05).** Duration of immer-
sion in nanoemulsion in t1 = 600 min and in t2 = 30 min. *** Com-
parative mean of germination of seeds contaminated with fungi
and that were in touch with nanoemulsions (treatments), germina-
tion of seeds contaminated with fungi (positive control) and ger-
mination of uncontaminated seeds (negative control)

Table 4 Percentage of infected soybean seeds obtained in the
disinfectant test after inoculation with fungi Aspergillus flavus
and Penicillium citrinum

Time (min)** Aspergillus
flavus (%)*

Penicillium
citrinum
(%)*

1 93a 90a

2 50b 80b

Treatments*** 75b 86b

Positive Control 100a 100a

Negative
Control

3c 9c

*Means followed by the same lowercase letters in the column do
not differ by the Scott-Knott test (p ≥ 0.05).** Duration of immer-
sion in nanoemulsion in t1 = 600 min and in t2 = 30 min. *** Com-
parative mean of germination of seeds contaminated with fungi
and that were in touch with nanoemulsions (treatments), germina-
tion of seeds contaminated with fungi (positive control) and ger-
mination of uncontaminated seeds (negative control)

Fig. 5 Percentage of contaminated soybean seeds after inocula-
tion with the Aspergillus flavus (YA) and Penicillium citrinum
(YP) fungi in the blotter test

Eur J Plant Pathol (2019) 155:1105–1116 1113



(Abd-Elsalam and Khokhlov 2015). Pandey et al.
(2014) also observed that increasing the concentration
of botanical oil nanoemulsions in fungal-contaminated
pea seeds provided greater elimination of these patho-
gens. There are several possibilities for the antifungal
action of oils, as reported by researchers (Chouhan et al.
2017; Valdés et al. 2017), but the exact mechanism has
not been determined yet. For bioactivity, the oil pene-
trates through the cell wall and the cytoplasmic mem-
brane (Chouhan et al. 2017). These results have allowed
us to hypothesize the action of azadirachtin, such as its
proportional increase, to inactivate the essential en-
zymes, to react with the cell membrane or to disturb
the genetic material functionality. Nevertheless, the hy-
drophobic fraction in the phenolic oils is dissolved in the
hydrophobic domain of the cytoplasmic membrane be-
tween the acyl lipid chains. This disintegrates the outer
membrane and increases the cytoplasm membrane per-
meability to the adenosine triphosphate of fungal cells,
eventually leading to its death (Pandey et al. 2014). In
addition, the susceptibility of the microorganisms to the
oils has been shown to be dependent on the treatment
pH. A lower pH not only increases stress for cells, but
also increases the transfer of fungal membrane oils,
increasing their observed efficacy (Landry et al. 2014).
The Neem nanoemulsion treatment presented in this
study has a pH of 4.8 (Table 2) which utilizes the
synergistic effects of both pH stress and an increase in
the affinity of azadirachtin to the fungal membrane.
Lower pH values not only increase cell stress, but also
increases the transfer of oils from fungal membranes and
increases efficacy (Landry et al. 2014).

Conclusion

The nanoemulsion formulation containing Neem oil,
Tween 20, and deionized water was successfully opti-
mized by the high-energy method. A drop size of less
than 60 nm and stability over a long period was obtain-
ed. The Neem oil nanoemulsion with the smallest parti-
cle size was found to be more effective in the antifungal
control of Aspergillus flavus and Penicillium citrinum.
The reduced size and uniform spread of these fine
particles increased antifungal efficacy both in in vitro
tests and contaminated seeds. In this study, the Neem oil
nanoemulsions were efficient in the control of fungi and
did not present phytotoxic effects to the seeds.
Moreover, they may also favor the increase of

contaminated seeds germination. Nanoemulsions are
easily accessible, economically viable and less toxic
than the usual synthetic pesticides. This study shows
that Neem oil nanoemulsions may contain considerable
potential applications in agriculture as they can selec-
tively inhibit harmful fungi in plant fields and release
essential elements for plant growth.
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