Indian Phytopathology (2020) 73:449-460
https://doi.org/10.1007/542360-020-00237-8

RESEARCH ARTICLE q

Check for
updates

Development of nanoemulsion formulation of mustard oil, its
chemical characterization and evaluation against post harvest
anthracnose pathogens

Aloke Purkait' - Rodas Ezezew Worede? - Deewakar Baral® - Dipak Kumar Hazra? - Birendra Nath Panja -
Pabitra Kumar Biswas' - Ramen Kumar Kole?

Received: 9 February 2020 / Revised: 6 April 2020 / Accepted: 1 May 2020 / Published online: 14 May 2020
© Indian Phytopathological Society 2020

Abstract

Oil-in-water nanoemulsion (NE) formulations of mustard oil known for prominent antimicrobial activities have been pre-
pared, characterized and tested against anthracnose pathogens Colletotrichum musae and Colletotrichum capsici. Physico-
chemical properties viz., appearance, stability, pH, centrifugation, storage-stability, thermodynamic stress, persistent foam,
droplets size and zeta potential were tested for the NE formulations. The NE formulations were prepared using low energy
emulsification process with the optimized composition (w/w) of mustard oil (5%), Tween 20 and sodium dodecyl benzene
sulfonate emulsifiers blend (20-30%), co-surfactants (4%), and de-ionized water. The required hydrophile-lipophile balance
value for emulsifier blends was determined as 11.39-11.74. Only 3 (viz., NF, NF; and NF¢) out of 15 NE formulations
with transparent faint yellow color (pH 6.3) passed all the physico-chemical parameters tested. Among these, NF, (foam
height < 1 mL) was selected for further study. The average diameter (23 nm), polydispersity index (0.38) and zeta potential
(— 12 mV) of mustard oil droplets in NF, indicated the formation of a stable and homogeneous NE formulation. Application
of NF, exhibited low level of sensitivity to C. capsici and C. musae with maximum growth inhibition (6.2-7.3%) at 1.0%
dose. Out of 18 phytochemicals detected in mustard oil by gas chromatography-mass spectrometry, 11 have been reported
with antifungal properties including trans-13-octadecenoic acid with the highest relative abundance. The observed antifungal
activity may be attributed to the presence of at least some or all the identified phtytochemicals in mustard oil. Further bio-
assay on sensitive plant pathogenic fungi is underway to explore the application of the developed NE formulation.

Keywords Mustard oil - Nanoemulsion - GC-MS - Hydrophilic-lipophilic balance - Colletotrichum capsici -
Colletotrichum musae

Introduction

Application of nanotechnology as efficient and economic
delivery system has become popular in various fields viz.,
agricultural production, animal feed production, crop pro-
tection, food processing, food additives and pharmaceuticals
(Peters et al. 2016). The nanotechnology has brought radical
change in current mode of pesticides application minimizing
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the physical destabilization caused by gravitational separation,
flocculation and coalescence (Ostertag et al. 2012).

Among many protection and preservation methods,
anti-microbials of plant origin and its delivery in nanoform
assumes significance in inhibiting the pathogenic microbes
on food items either in raw or in processed form. Out of eight
species of mustard (Brassica spp.; Family: Brassicaceae), the
oil extracted from three species (Brassica nigra L., Brassica
juncea L. and Brassica alba L.) exhibited prominent antimi-
crobial activities against many fungal and bacterial pathogens
responsible for diseases in animals and plants (Aguilar-gonza-
lez et al. 2015; Reyes-Jurado et al. 2019). But their application
in plant protection was limited due to their low solubility in
water (Bhargava et al. 2015). The primary anti-microbial com-
ponent of mustard oil, a non-phenolic volatile compound, allyl
isothiocyanate, AIC (54.8-68.8%) was reported to inhibit a
variety of pathogenic microorganisms under the normal deliv-
ery system (Kim et al. 2015).

Colletotrichum spp. (Family: Glomerellaceae) have been
considered notorious among the ten most economically impor-
tant fungal plant pathogens in the world causing anthracnose
disease in more than 121 genera from 45 families (Farr et al.
2016) leading to heavy losses in affected crops like bananas,
cassavas, legumes, and cereals worldwide (Dean et al. 2012;
Rizwana 2018). Some species of this genus also infect crop
at pre-harvest stage, remain as latent and express symptom
on crops particularly fruits after the harvest or during storage
or transit for the market. Colletotrichum musae and Colle-
totrichum capsici are two such pathogens of banana and chilli
respectively causing serious postharvest anthracnose disease
and reducing their commercial shelf-life to a great extent (Diao
et al. 2017; Vilaplana et al. 2018). Postharvest treatment of
banana and chilli by dipping in synthetic chemicals may lead
to residual toxicity (Palou 2018). Attempts have also been
made using botanical solutions for the control of anthracnose
disease (Bazie et al. 2014; Rashid et al. 2015). But, till date,
no biochemical fungicides of plant origin have been regis-
tered across the globe for use in pre and postharvest control
of anthracnose in banana and chilli (Kumar and Kudachikar
2017).

The present experimentation was, therefore, intended to
develop a stable ready to use NE formulation of mustard oil
from Brassica nigra; and to evaluate its in-vitro antifungal
properties against two important postharvest anthracnose path-
ogens viz., C. musae and C. capsici; and also to understand
the active chemical constituents, other than AIC, present in
mustard oil responsible for the antimicrobial effect.
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Materials and methods

Oil of black mustard (Brassica nigra) was collected from the
oil processing unit of Bidhan Chandra Krishi Viswavidya-
laya, Mohanpur, Nadia, West Bengal, India. Reagent like
sodium dodecyl benzene sulfonate (SDBS) was purchased
from India Glycol, India; Tween-20 from Sigma Aldrich,
India and glycerin from Merck, India. Reagents were used
without further purification. De-ionised water (Elix EE-22,
Milli-Q, Merck) was used for all the formulations. Anhy-
drous calcium chloride (0.304 g) and magnesium chloride
hexa-hydrate (0.139 g) were dissolved in distilled water and
made up to 1 L to prepare standard hard water of 342 ppm
(CIPAC MT 18 1995).

GC-MS analysis of mustard oil

Gas chromatography-mass spectrometry (GC-MS) is a tech-
nique for the quantitative and qualitative analysis of second-
ary metabolites of plant extract (Purkait et al. 2019). The
crude mustard oil was diluted with HPLC grade hexane in a
ratio of 1:200 and centrifuged at 8000 rpm for 5 min. Super-
natant was filtered through 0.2y Nylon 66 membrane filter
paper with the help of syringe (SGE Analytical Science Pvt.
Ltd, India). The filtrate obtained was transferred into a vial
for GC-MS analysis.

Thermo Fisher Scientific GC (Trace 1300) instrument,
equipped with the mass selective detector with triple quadru-
ple analyzer (TSQ Duo 8000) and triplus RSH autosampler
controlled by Xcalibur V3.1 software was used for the iden-
tification of phyto-chemical constituents. The electron ioni-
zation energy of 70 eV, ion-source temperature of 250 °C
and the interface temperature of 290 °C were maintained.
A splitless injection with 285 °C injector temperature was
employed. A fused silica column made up of 5% phenyl
methyl polysiloxane (TG-5MS, 30 mx 0.25 mm i.d. and
0.25 pm film thickness, Thermo Scientific, USA) was used.
The oven temperature was programmed as follows: initially
70 °C hold for 1 min then increased up to 150 °C @ 25 °C/
min, then increased up to 200 °C @ 5 °C/min and again
increased up to 300 °C @ 12 °C/min holding for 6 min.
Total run time was 28.65 min. Identification of components
of mustard oil was done by tuning the obtained mass spectral
data with NIST & Wiley library search.

Preparation of nanoemulsion (NE) formulation

NE preparation can be classified as low and high energy emul-
sification. Emulsification was performed using a modification
of the low energy emulsification method proposed by Zhang
et al. (2019) by mixing an oily phase (blends of emulsifier and
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oil) and an aqueous phase (blends of glycerin and propylene
glycol in de-ionised water). Oily phase was formed by blend-
ing of two emulsifiers (SDBS and Tween 20) with mustard
oil. Blends of Tween 20 and SDBS were in a range of 1:1-1:6
ratios. Mustard oil (5% w/w) was added drop wise into differ-
ent blends of emulsifier with slow mixing by magnetic stir-
rer at 50-60 °C for final preparation of oily phase. Aqueous
phase was formed by adding two co-surfactants, propylene
glycol (2% w/w) and glycerol (2% w/w) in de-ionised water.
Propylene glycol acts as an anti-freezing agent and glycerol
acts for better stability and dispersion of the organic phase
into continuous phase.

The oil-in-water NE formulations were prepared using
mustard oil (5% w/w), blends of emulsifier (Tween 20 and
SDBS, 20-30% w/w), blends of co-surfactant (4% w/w) and
de-ionised water (61-71% w/w) to make 100%. A total of fif-
teen mustard oil NEs (NF,—NF,5) were prepared by mixing oil
and blend of emulsifiers in three different ratios (1:4, 1:5 and
1:6) as shown in Table 1.

The two emulsifiers were blended in five different ratios
(1:1-1:4 and 1:6) and mixed with oils @ 20, 25 and 30%, w/w.
Transparent faint yellow stable NE was formed by adding oily
phase into aqueous phase under mixing in a magnetic stir-
rer at 500-600 rpm at room temperature (32 °C). All the NE
formulations were tested for stability and subjected to further
physico-chemical characterization.

Determination of hydrophilic-lipophilic balance
(HLB)

The HLB value of emulsifier appears as a critical step for the
development of emulsion formulations. The blends of emulsi-
fiers with a wide range of HLB values can provide a satisfac-
tory HLB value for the development of stable emulsions of
mustard oil. This approach relies on the fact that stable for-
mulations with low mean droplet size can be obtained when
the HLB value of oil coincides with HLB values of blended
emulsifiers (Fernandes et al. 2013). A set of emulsions were
prepared by blending a couple of emulsifiers in a wide range of
HLB value. Thus, the required HLB of emulsifiers was deter-
mined by calculating the HLB value of two emulsifiers (A and
B) blends as shown in equation (i) which plays a significant
role to develop the stable formulation (Pawignya et al. 2016).

HLB} g = Wa X HLB, + Wy X HLBg, (1)

where, W, and Wy is the mass fraction of the emulsifier A
and B, respectively.

Physico-chemical characteristics of nanoemulsion
(NE)

Studies on physico-chemical properties like pH, persistency
in foam, emulsion stability and centrifugation of developed
nanoemulsions were evaluated following the protocol laid
down in Collaborative International Pesticides Analytical
Council (CIPAC) and Indian Standard (IS) specifications
(BIS 1997). All the experiments were repeated thrice.

Measurement of pH

The pH value of NEs was measured using a pH meter (Sys-
tronics, model 335, Gujarat, India) and immersing the elec-
trode into 1% aqueous solution of the formulated product
at 25+ 1 °C. Before the readings were recorded, pH meter
was calibrated using buffer solutions viz., pH 7, 4 and 9.2
(Merck, India).

Determination of foam persistency

Persistency of foam is a measure of the amount of foam
likely to be present in a spray tank after dilution of the
product with water. Formulated product (2 mL) was taken
in graduated cylinder (100 mL) containing hard water and
made up the volume to 100 mL mark. The cylinder was
stoppered, inverted 30 times at 180° and kept undisturbed at
32 °C for 1 min. The volume of foam formed at the top was
measured (CIPAC MT 47.2 1995).

Determination of emulsion stability

Emulsion stability is a measure of uniformity of the disper-
sion throughout the solution in a spray tank after dilution of
the product with water. After foam test, the emulsion was
kept undisturbed at 32 °C for one hour to check the forma-
tion of any creamed layer at the top and deposition of any
sediment at the bottom (CIPAC MT 36.3 2003).

Observation on phase separation
after centrifugation

Each formulation was centrifuged at 5000 rpm for 30 min
at room temperature (32 °C) and observed for phase separa-
tion, if any.

Determination of storage stability

The formulations which were stable on centrifugation and
passed the emulsion stability tests were further tested for
storage stability as per the described protocol of CIPAC
MT 46.3 (2000). The formulations were stored at three dif-
ferent temperatures (4, 25 and 54 °C) for 14 days, which
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is equivalent to 2 years shelf-life at ambient temperature
(27+2 °C) (CIPAC MT 46.3 2000). After 14 days the for-
mulations were checked for the formation of phase separa-
tion or any change in appearance (Table 1). The test was
performed in triplicate at three different temperatures for all
the formulations developed.

Testing of thermodynamic stability

The formulated NE was subjected to the following different
thermodynamic stress tests.

Heating-cooling cycle

This was carried out by keeping the NE for 48 h at 4 °C fol-
lowed by 48 h at 40 °C temperature. The cycle was repeated
thrice.

Freezing-thawing stress

This was performed by keeping the formulated NE alterna-
tively at 25 °C for 48 h and at — 18 °C for 48 h. The cycle
was repeated thrice.

Pseudo-ternary phase diagram

The combination of mustard oil (MO), emulsifiers and co-
surfactant and water which produced stable NE formulation
is presented using the pseudo-ternary phase diagram (Azeem
et al. 2009). Every corner of the diagram corresponds to
100% of oil, emulsifier blends and water. The formulations
were prepared using a fixed percent of MO (5% w/w), vari-
able percentage of emulsifiers and co-surfactant (24-34%
w/w) and the rest part was filled with de-ionized water. In
the ternary phase diagram, co-surfactant was assumed in the
water part. The phase diagram was drawn using MS Excel.

Droplet size distribution, polydispersity index (PDI)
and Zeta-potential

Mean droplet size and size distribution (polydispersity
index) of developed formulation were determined by
dynamic light scattering (DLS) at 90° using a Zetasizer
(NanoS90, Malvern Instruments, UK). Measurements were
performed in quintuplicate and average droplet size was
expressed as the mean diameter.

The zeta potential was determined by Electrophoretic
Light Scattering (ELS), using a Zetasizer (Nano-ZS, Mal-
vern Instruments, UK). This equipment measures the veloc-
ity and direction of charged particles when an electrical field
is applied (electrophoretic mobility). The formulation was
diluted with ultra-pure Milli-Q water (1:25) prior analysis
to minimize the multiple scattering effects caused due to the

viscosity of formulated product (Riquelme et al. 2019). All
experiments were performed in triplicates and the average
values were accepted.

In-vitro bioassay against Colletotrichum musae
and Colletotrichum capsici

Isolation and maintenance of pure culture

The banana anthracnose pathogen C. musae was isolated
from ripe infected banana (cv. Martaman) following single
spore isolation technique and was identified based on the
colony morphology, morphometric characteristic of acervuli,
seta, conidia and conidiophores according to the method
described by Prittesh et al. (2016). C. capsici infected chilli
fruits (cv. Beldanga) were cut from the margin of lesions
into small pieces (5 mm diameter). The pieces were surface
sterilized in an aqueous solution of 0.1% mercuric chloride
(w/v), washed five—six times, dipped in streptocyclin and
transferred on potato dextrose agar (PDA) culture plate.
Mycelial bids from culture plates were transferred later onto
PDA slants and allowed 8—10 days for sporulation. The pure
culture of C. capsici was prepared by single spore isola-
tion technique following the same procedures as described
above and was identified based on the colony morphology,
by measuring mycelia, conidia, conidiophores, acervuli as
per standard description given by Booth and Sutton (1984).

The pure culture of fungi was maintained on PDA
medium at 4 °C. Pathogen inocula were prepared by using
the conidia of 10 day old cultures growing on PDA in petri
plates. Conidia were dislodged from the surface of the media
by flooding the plates with sterile distilled water and gentle
scraping with a sterile slide. The suspensions were filtered
through thin layer of absorbent cotton wool to remove the
mycelial fragments and adjusted the spore number in sus-
pension to 10° conidia/mL with a hemocytometer. Such
spore suspension was used for inoculation of banana finger
and chili in in-vitro testing of pathogenicity.

In-vitro bioassay of nanoemulsions (NE)

The in-vitro bioassay of the NE was conducted to evalu-
ate the antifungal activity following poison food technique
based on the inhibition in mycelial radial growth of C. musae
and C. capsici on PDA (Jang and Kulk 2018). The selected
formulation (NF,) with three doses (0.1, 0.5 and 1.0%) was
added to conical flasks containing previously sterilized and
cooled PDA medium. Unamended medium (without formu-
lation) was used as control. After thorough mixing, 15 mL
of medium at a temperature of 40-45 °C was poured into
sterilized petri plates (9 cm diameter). Mycelial discs (7 mm
diameter) from five-day-old C. musae and C. capsici cultures
growing on PDA plates were lifted aseptically and placed
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separately at the centre of PDA plates. All the treatments
and control plates were replicated thrice. The plates were
then incubated at 28 + 1 °C. The test pathogens were allowed
to grow till full growth of the mycelia was attained in con-
trol plates. Final data on mycelial growth of C. musae and
C. capsici were recorded from both the treated and control
plates at 6 and 8 days, respectively after inoculation when
the full mycelial growth (9 cm) of each control plates was
attained. Percentage inhibition of mycelial growth was cal-
culated using the following formula (Dutta et al. 2019);

de —dt
% inhibition of the mycelial growth = (Cd—) x 100,
C

where, dc is the average radial growth (cm) of test fungus in
control; dt is average radial growth (cm) of the test fungus
in treated plates.

Results
Properties of nanoemulsion (NE) formulation

The formulations were prepared using low energy methods
without application of external mechanical force but using
the intrinsic physical properties of the system. Based on the
ratios of emulsifier blends, percent content of emulsifiers
and ratio of oils and emulsifier, fifteen different formula-
tions (NF;-NF,5) were prepared (Table 1). The HLB values
obtained for Tween 20 and SDBS were 16.72 and 10.50
respectively. The value of HLB blend was found constant
(11.39) for a fixed ratio of emulsifiers (1:6). But the values
of HLB blend increased from 11.39 to 13.61 with the change
in the ratio of Tween 20 and SDBS from 1:6 to 1:1 (Table 1).

The pH of the formulations was found in the slightly
acidic range (6.23-6.68). However, the formulations become
almost neutral at application concentration (0.1-1%). Six

formulations (NF; NF;, NF,y, NF;;, NF; and NF,,) were
separated into the oil phase and failed the stability test at
room temperature. Nine formulations (NF, to NF, NFg,
NF,, NF,, and NF,5) passed the stability test (after 1 h) at
room temperature of which four formulations were trans-
parent-faint yellow (NF, NF; NF; and NFy) and rest five
were translucent. Out of the four transparent formulations,
three formulations (NF, NF; and NF) passed all the tests
considered including storage and thermodynamic stability
test (Table 1). There was no flocculation observed and no
creamy layer was separated after 14 days of storage.

With the change in the ratio of oil and emulsifier from
1:4 to 1:6, the properties like, appearance and stability of
formulation at room temperature, stability of emulsion, pH,
centrifugation, cold test, storage and thermodynamic stabil-
ity were changed. There were four types of appearance of
the formulation viz., transparent faint yellow, translucent,
opaque, and phase separation. The ratio of oil and emulsifier
at 1:4 in formulation failed to qualify all the physico-chem-
ical tests conducted. With the increase in emulsifier con-
tent to 1:5 and 1:6 the quality of the formulations improved
and passed all the tests as observed in NF,, NF; and NF
(Table 1). Among the improved formulations, NF, was the
best one as it produced less foam height (< 1 mL) compared
to NF; and NF, (Table 1).

Droplet size and zeta potential of nanoemulsion
(NE)

A complete picture of droplet size population and distri-
bution in NF, was obtained by analysis of data generated
by DLS. The mustard oil NE appeared transparent and
had an average particle size of 23 nm with polydispersity
index (PDI) of 0.38 as measured by DLS (Fig. 1). From
the figure, it was reflected that thirty percentage of droplet
having sizes ~3 nm. The surface of NE was negatively

Size Distribution by Number
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3Ot 5 ....... .\ ....... , ......
20 - e g ...... b .‘.“. ...... ......

1OF-rrrmmmm e ..... e

100 1000 10000

Size (d.nm)

Fig. 1 Droplet number and size distribution of NF, observed in dynamic light scattering (DLS) instrument
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charged with an average Zeta Potential of — 12 mV as
measured by DLS Zetasizer.

Phase diagram of nanoemulsions (NE)

Behavior of the equilibrium phase of three component
systems in the NE i.e. water/emulsifier/mustard oil is pre-
sented using the pseudo-ternary phase diagram (Fig. 2).
The region of the phase diagram with small circles rep-
resents the compositions of transparent monophasic NE
formulation consisting of mustard oil (5% w/w), emul-
sifier blends and co-surfactant (24-34% w/w) and water
(61-71% wiw).

Emulsifier + co-surfact

Fig.2 Pseudo-ternary phase diagram of nanoemulsions (NE)

GC-MS analysis of mustard oil

Analytical chromatogram of mustard oil obtained by
GC-MS analysis revealed the presence of several phyto-
chemicals (Fig. 3). Five major [2-Decenal, (Z); 2,4-Deca-
dienal, (E,E); 2-Undecanal; trans-13-Octadecenoic acid;
Oleic acid, 3-(octadecyloxy) propyl ester] and thirteen
minor peaks of bioactive constituents [Sitosterol; Campes-
terol; 6-Methyloctadecane; 17-Octadecynoic acid; 8-Hep-
tadecene; 9-Hexadecenoic acid; Octadecane, 6-methyl;
trans-13-Octadecenoic acid, methyl ester; cis-Vaccenic
acid; Olein, 2 mono; cis-13-Octadecenoic acid; Glycidyl
oleate; Ethyl iso-allocholate] were identified by comparing
data with the NIST & Wiley library as listed in Table 2.

Antifungal activity of mustard oil nanoemulsion
(NE)

The effect of mustard oil nanoformulation at three concen-
trations (0.1, 0.5 and 1.0%) was evaluated on radial growth
and percent inhibition of two post harvest plant patho-
gens viz., C. musae and C. capsici as compared to con-
trol. Mean radial growth of the said two fungi decreased
gradually with the increment in concentrations (0.1-1.0%)
of nanoformulation (Table 3). The mean radial growth of
tested fungi at higher concentration (1%) differed signifi-
cantly (p <0.05) over the other treatments (0.1 and 0.5%)
as well as over the control set. The growth inhibition of
C. capsici and C. musae was found to be 0.6-6.2% and
0.3-7.3%, respectively after six and eight days of inocula-
tion (Table 3). Mustard oil NE exhibited maximum growth
inhibition of 7.3% in C. musae and 6.2% in C. capsici at
the highest concentration (1%).
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Fig.3 GC-MS chromatogram of mustard oil
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Table 2 Bioactive chemical constituents identified in mustard oil by GC-MS

SI. no. Compound Formula RT MW % Peak area Biological properties (Pubchem 2019)

I 2-Decenal, (Z) CioH;30 5.61 154 5.29 Antibacterial, fumigant and repellent

1I 2,4-Decadienal, (E,E) CioH,s0 6.14 152 9.87 Antibacterial, nematicidal

1 2-Undecanal C;1Hy,O 6.56 168 5.62 Antibacterial

v 6-Methyloctadecane CioHyo 8.04 268 0.13 Antifungal

v 17-Octadecynoic acid C,sH3,0, 10.58 280 0.07 Antifungal

VI 8-Heptadecene Cy;H;, 10.68 238 0.64 Antifungal

Vil 9-Hexadecenoic acid C,6H300, 10.77 254 0.03 Antifungal

VIII Octadecane, 6-methyl C9Hy 11.01 168 0.13 Antiandrogenic agent

IX trans-13-Octadecenoic acid, methyl ester ~ C;gH340, 17.24 296 1.67 Dermatitigenic, antileukotriene-D4,
hypocholesterolemic

X trans-13-Octadecenoic acid C,3H5,0, 18.45 282 37.26 Antifungal

XI cis-Vaccenic acid C,3H5,0, 19.32 282 6.75 Antifungal, Antibacterial

XII Olein, 2 mono C,H,00,4 21.15 356 0.04 Antibacterial

XII cis-13-Octadecenoic acid C,3H5,0, 21.86 282 0.47 Antifungal

XIV Ethyl iso-allocholate C,gHy,O5 22.67 436 223 Antifungal

XV Oleic acid, 3-(octadecyloxy) propyl ester C;39H760; 23.37 592 3.80 Antifungal

XVI Glycidyl oleate C,H330; 24.85 338 0.26 Carcinogenic

XVII Campesterol CygHygO 26.85 400 1.32 Antifungal

XVIII Sitosterol C,oH5,0 2798 413 2.12 Antifungal

Table 3 Effect of mustard oil nanoemulsion (NF,) on the growth of
C. musae and C. capsici

Fungi Concentration ~ Mean radial % of growth
of NF, (%) growth (cm)? inhibition
C. musae T, (0.1) 8.97 0.33%
T, (0.5) 8.84 1.78%
T; (1.0) 8.34 7.33%
C. capsici T, (0.1) 8.95 0.56%
T5 (0.5) 8.92 0.88%
Te (1.0) 8.44 6.22%
Control (without T, 9.0 -
formulation)
SEm () - 0.06 -
CD (p<0.05) - 0.19 -

#Colony diameter of C. musae and C. capsici were recorded from
both the treated and control plates at 6 and 8 days, respectively after
inoculation when the full mycelial growth (9 cm) of each control
plates was attained

Discussion

NE droplets with diameter in the order of 100 nm and
transparent or translucent appearance are generally pre-
pared using high and low energy methods. In the present
investigation we used low energy method for the prepa-
ration of NE of mustard oil. Out of fifteen formulations
(NF, to NF,5) prepared, two formulations (NF; and NF)
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using oil and emulsifier blend in the ratio of 1:6 and one
formulation (NF,) using 1:5 ratio passed all the physico-
chemical parameters considered. Out of the three short
listed formulations, NF, was selected as the best as it pro-
duced low foam height (<1 mL) compared to NF; and
NFg. The formation of less foam which might be due to
its low emulsifier content is most desirable attribute in
terms of persistency and stability during the intended shelf
life (Chang et al. 2012) and low phyto-toxicity (Galvez
et al. 2018; Lechuga et al. 2016). Emulsifiers used in the
low energy emulsification system lowered the interfacial
tension between aqueous and oil phase and executed the
formation of oil droplets in nano-scale (Hu et al. 2016).
The HLB value (11.39) of the finally selected formulation
(NF,) falls within the acceptable range of 8—18 for the
stable oil-in-water NE (Mohamed et al. 2017).

DLS study confirmed the formation of nano droplets of
mustard oil in NF, formulation with average droplet size of
23 nm was better than the previously reported droplet size
of 430 nm (Ghosh et al. 2012). The extremely small size of
the nano-droplets will resist gravity separation, flocculation,
coalescence and creaming due to Brownian motion making
the formulation kinetically stable for at least 1 year at room
temperature (Roy and Guha 2018). The PDI value (range:
0.08-0.70; average: 0.38) of the droplet ensures homogene-
ous distribution of droplets size and also confirms transpar-
ent or translucent nature of NE. A PDI value greater than
0.7 indicates a very broad and heterogeneous distribution of
droplet size (Danaei et al. 2018).
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The magnitude of zeta potential can predict the stabil-
ity of emulsion. Emulsion with higher magnitude of zeta
potential exhibits increased stability due to large electro-
static repulsion between particles. The zeta potential of + 10
is considered critical because of its instability and the values
higher than the critical range makes the formulation stable
(Luesakul et al. 2019). Therefore, the mustard oil NE (NF,)
was stable due to its measured zeta potential of — 12 mV.
The negative charge of mustard oil NE might have been
originated from the free fatty acids and other polar constitu-
ents present in the oil phase (Table 2) which may adsorb on
to the surface of the emulsion (Bhargava et al. 2015). To the
best of our knowledge, this is the first report showing mus-
tard oil NE with a reduced droplet diameter by low energy
emulsification method.

Among the 18 phytochemicals identified in mustard oil
using GC-MS followed by comparison with NIST and Wil-
ley library, 11 compounds have been reported to possess
antifungal properties (Table 2; Fig. 4). However, allyl iso-
thiocyanate (AIC) could not be detected in the crude oil as
it was not listed in the NIST & Wiley library. Among the
antifungal compounds, trans-13-octadecenoic acid (X) with
the highest relative abundance (peak area: 37.26%, Fig. 3)

has also been reported earlier for antifungal activity (Mohy
El-Din et al. 2018; Parera-Valadez et al. 2019). Occurrence
of other antifungal compounds viz., Campesterol (XVII) and
Sitosterol (XVIII) have also been reported in mustard oil by
GC-MS analysis (Khan et al. 2016). The fatty acids alkyl
ester (XII) has been reported for prominent antimicrobial
activity against different plant pathogens viz., Penicillium
digitatum, Botrytis cinerea and powdery mildew fungi (Sav-
age et al. 1991; Jumina et al. 2019; Pinto 2017) and also
exhibited a potent synergy with fungicides (Coleman 2002).
Moreover, the fatty acids with prominent insecticidal activi-
ties have also been reported (Aider et al. 2016). Therefore,
the presence of at least some or all the above mentioned phy-
tochemicals may be instrumental for the observed antifungal
activity of the mustard oil nanoformulation.

The antimicrobial activities of mustard oil have mostly
been reported against animal pathogenic bacteria and
animal pathogenic fungi (Peng et al. 2014; Reyes-Jurado
et al. 2019). A few plant pathogenic fungi viz., Aspergillus
niger, Penicillium expansum, Rhizopus stolonifer, Botryo-
tinia fuckeliana, etc. (Clemente et al. 2019) and a plant
pathogenic bacteria (viz., Pectobacterium carotovorum)
showed sensitivity to antimicrobial compounds present in

6-Methyloctadecane (IV)

H 0 \[ __,a""‘\\.‘__/‘«\'___z"‘\__h‘._.-o’\___/,f‘\_._‘ s 1,’-_-;‘, H
1 \

cis-13- octadecenoic acid (XIII)

Campesterol (XVII)

W HOWWC'
0 "y H

17-Octadecynoic acid (V)

H 0 H [
- °WW H n»wm/\/\w%w s
0 H 0 A [
9-Hexadecenoic acid (VII) trans- 13- octadecenoic acid (X) ! ]CT, R \\f‘l !

Sitosterol (XVIII)

Oleic acid, 3- (octadecyloxy)
propyl ester (XV)

Fig.4 Chemical structure of antifungal compounds identified in mustard oil using GC-MS (Pubchem 2019)
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mustard oil (Clemente et al. 2016). The observed myce-
lial growth inhibition of two plant pathogenic fungi C.
musae and C. capsici by mustard oil NE @ 1.0% was low
(6.2-7.3%) but significant (< 0.05) as compared to control
and the lower doses (0.1-0.5%). Different species of fungi
or even the isolates of the same fungal species may differ
in their sensitivity against fungicides (Panja et al. 2013).
Therefore, it is not unusual to observe such low level of
sensitivity of the two Colletotrichum spp. to antifungal
properties of mustard oil NE. Till date little information is
available regarding the sensitivity of Colletotrichum spp.
to mustard oil formulation and nano-formulation. There-
fore, scope remains to explore the application of NE of
mustard oil for protection of crops against pre- and post-
harvest plant pathogens.

Conclusions

In the present study, development and use of environmen-
tally compatible, non-phytotoxic mustard oil-based nanoe-
mulsions in the control of food borne pathogen fungi C.
musae and C. capsici was green concept. Generally, use
of mustard oil in water nanoemulsions as a nanofungicide
has great potential for the replacement of the traditional
emulsified oil. Mustard oil nanoemulsion is highly a stable
product for long duration, improvement of the biological
efficacy. Chemical characterization showed a significant
variety of antifungal compounds are present in mustard
oil. In the earlier several research works, crude mustard
oil exhibited prominent antifungal efficacy was reported.
In the present bioassay studies of mustard oil nanoemul-
sion against C. musae and C. capsici, percent inhibitions
were marginal or less but it was significant at 5.0% label.
This study can be useful in understanding the potential
of mustard oil nanoemulsion in food processing against
pre and post harvest plant pathogens. Industries also may
have a great commercial value for the uses of edible oil
based biofungicide as a green preservative agent in broad
spectrum in near future.
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