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Abstract In the present investigation D-limonene oil (4-

isopropenyl-1-methylcyclohexene) was encapsulated by

ultra-sonication method using whey protein (WP)–mal-

todextrin (MD) conjugates as coating material and their

characterization was done with respect to physico-chemical

and antimicrobial properties. Antimicrobial activity of

limonene oil (LO) nanoemulsion and bulk LO dissolved in

dimethyl sulphoxide (DMSO) were assessed by agar well

diffusion method. Stable formulation of D-limonene oil

nanoemulsion [5.0% LO ? 9.0% WP–MD (1:2 w/w)

conjugate] had shown mean particle size, zeta potential and

poly dispersity index of 116.60 ± 5.30 nm,

- 19.64 ± 0.23 mV and 0.205 ± 0.02 respectively. LO

nanoemulsion were stable to different food processing

conditions like heat treatments, ionic strength (0.1–1.0 M)

and pH (3.0–7.0). LO nanoemulsion was stable for 15 days

at 25 �C and it had shown particle size of

332.20 ± 5.40 nm at 15th day. It was observed that min-

imum inhibitory concentration (MIC) of both LO

nanoemulsion and bulk LO dissolved in DMSO were at

12.50 ll/ml against Bacillus cereus (ATCC 14459),

Escherichia coli (ATCC 25922), Enterococcus faecalis

(NCDC 115) and Salmonella typhi (NCDC 6017). Since D-

limonene has been considered to be a safer alternative

compared to synthetic antimicrobial food additives, the

present investigation will be helpful in developing a more

effective antimicrobial system for the production and

preservation of foods.

Keywords Whey protein–maltodextrin conjugate � D-

Limonene oil � Nanoemulsion � Antimicrobial activity �
Essential oils

Introduction

Now a days, the foodborne illness is a serious problem

threatening public health around the world. A total of 37

outbreaks involving 3485 persons who have been affected

due to food poisoning have been reported in India (Rao

Vemula et al. 2012). As per the aggregate analysis of the

Integrated Disease Surveillance Programme (IDSP) data

between 2011 and 2015, food-borne outbreaks, together

with acute diarrhoeal disease, constitute nearly half of all

reported outbreaks under IDSP for the period between 2011

and 2016. The essential oils (EOs), considered as natural

antimicrobials and of plant origin have received increasing

attention because of their efficacy against a broad spectrum

of pathogens (Burt 2004) and to meet the consumer’s

requirements in terms of food quality and safety. EOs are

natural concentrated aromatic hydrophobic liquid products
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obtained from plants by steam distillation or hydro-distil-

lation, expression or solvent extraction (Edris 2007). EOs

and their extracts have been classified by the USFDA

(Food and Drug Administration) as ‘‘Generally Recognized

as Safe’’ (GRAS) status (CFR 2009). From thousands of

years various EOs find their applications for wide variety

of purposes including perfumes, cosmetics, medicines,

foods and drinks. Some of the EOs exert an antimicrobial

and antifungal activity that formed the basis of their

applications as a natural antimicrobial additive in food

manufacturing and preservation to extend the shelf life of

food products (Cimanga et al. 2002). It is a best option to

decrease the use of synthetic and semisynthetic antimi-

crobial compounds.

D-Limonene (4-isopropenyl-1-methylcyclohexene), a

natural and functional monoterpene is the major compo-

nent of all citrus EOs. Because of its pleasant citrus-like

flavor, limonene is widely used in food, cosmetics and

consumer products. It is listed in the code of federal reg-

ulation as GRAS for flavoring agent and food preservative.

Limonene has been found to possess antifungal, antimi-

crobial, antioxidant, anticarcinogen, Chemo-preventive and

antidiabetic properties. Therefore, its use as a food

preservative has also been proposed.

However, the technological limitations limits the use of

D-limonene in food system. Properties like low water sol-

ubility, high volatility, and strong odor of D-limonene limit

their applications in foods and beverages. It’s hydrophobic

nature limits the use in hydrophilic rich surfaces or solid–

liquid interfaces (Soottitantawat et al. 2003). It undergoes

oxidative degradation under normal storage condition

which leads to loss of lemon like flavor (Li and Chiang

2012). Therefore, it is challenging phenomenon to use D-

limonene in food system. Hence, there is a need to

encapsulate lipophilic bioactive compounds. Probably,

nanoemulsion lipid delivery system is the good alternative

to encapsulate lipophilic compounds.

Nanoemulsions are oil-in-water or water in oil type

emulsions in which the average globule size of the range

100–500 nm that are isotopically clear dispersion stabi-

lized by interfacial layer of surfactant molecule (Lovelyn

and Attama 2012). Smaller particle size and narrow parti-

cle size distribution of nanoemulsions leads to distinct

physicochemical properties like optical transparency, bulk

viscosity and physical stability and that contributes to

superiority of nanoemulsions over conventional emulsions

(Donsi et al. 2012). There is a need of emulsifiers to reduce

surface tension and stabilize globular interfaces in emul-

sions. Milk proteins, particularly whey proteins, have been

widely used as emulsifiers in foods (Lee and McClements

2010) due to their amphipathic nature (Shah et al. 2012).

But, the functional properties of whey proteins can become

poor under certain conditions due to aggregation or

precipitation of protein particularly around at pH close to

the isoelectric point of the proteins. It has been speculated

that the chemical modification of proteins via conjugation

with polysaccharides may improve emulsifying properties,

especially at low pH as the isoelectric point and solubility

will be altered and molecular integrity maintained (Song

et al. 2002). Hence, there is a huge scope for protein-

polysaccharide conjugate to replace the usage of protein

alone.

In the present investigation, D-limonene oil nanoemul-

sion was prepared by Ultrasonication method using natural

food grade emulsifier (whey protein–maltodextrin conju-

gates). Attempt was made to find the efficacy of prepared

whey protein–maltodextrin conjugates to use as coating

material for the preparation of nanoemulsion. The prepared

D-limonene oil nanoemulsion was characterized with

respect to physical and antimicrobial properties.

Materials and methods

Materials

Whey protein concentrate (WPC-70) was procured from

Modern Dairy Pvt. Ltd. Karnal, Haryana. Maltodextrin

(MD), Brain Heart Infusion Broth, Nutrient Agar and Agar

was procured from Hi Media Laboratories Pvt. Ltd.,

Mumbai. D-limonene oil was purchased from Siva aro-

matics Pvt. Ltd., Delhi. All the microbial cultures are

obtained from National Collection of Dairy Cultures

(NCDC) and American Type Culture Collection (ATCC)

of Dairy Microbiology, NDRI, Karnal.

Preparation of whey protein–maltodextrin

conjugate

WPC (70) and MD were separately dissolved in distilled

water at a mass ratio of 1:2 (WPC:MD). After hydration of

8 h, whey protein and maltodextrin solutions were mixed

and pH was adjusted to 7.0 using 0.1 N HCl and 0.1 N

NaOH. The samples were then freeze dried to remove

water, and were ground to make powder. The powder was

subjected for dry heat treatment at 90 �C for 2 h at 80%

relative humidity (RH). The Maillard reaction can take

place in solutions (Li et al. 2012) and powder (Akhtar and

Dickinson 2003). In aqueous solutions, the glycation rate is

low because water inhibits the initial Amadori reaction and

subsequent reactions (Li and Chiang 2012). Hence, we

have selected dry condition for the preparation of whey

protein–maltodextrin conjugates. 80% RH was maintained

by using preheated desiccator containing saturated solution

of KCl.
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Preparation of D-limonene oil nanoemulsion

Emulsions were prepared by using method described by

Jafari et al. (2007) with slight modifications. The two

stages involved were: (a) pre-emulsions were obtained by

using high speed magnetic stirrer, and (b) these coarse

emulsions were further emulsified using an ultrasonicator.

Water Phase (W) Oil Phase (O)
Selection of Ingredients

Water + WP:MD (1:2) Conjugate (1.0-10%)D-Limonene (1.0-10%) 

Sonicated(20 min@5°C) 

O/W nanoemulsions

Mixed with magnetic stirrer (3 hour)

Emulsion stability was measured by the method of

Dalev and Simeonova (1995) with slight modifications by

two approaches:

Centrifugation of freshly prepared nanoemulsions were

done at 13009g for 30 min to observe their sedimentation

or phase separation behavior.

The freshly prepared nanoemulsions were kept at 80�C
for 30 min followed by an ice bath for 15 min and further

the emulsions were centrifuged at 13009g for 30 min to

observe their sedimentation or phase separation behavior.

Physico-chemical characterization of D-limonene oil

nanoemulsions

In the present study, the prepared nanoemulsions were

studied for their physico-chemical characteristics particle

size and zeta potential which are discussed below.

Particle size and zeta potential

The mean particle size (Z-average), zeta-potential and Poly

Dispersity Index (PDI) of the nanoemulsions were mea-

sured by using Malvern Nanoparticle Analyzer. The

experiments were carried out on the 50 times diluted

(Distilled water was used for dilution purpose) freshly

prepared nanoemulsions. Disposable four-side plain cuv-

ettes were used under an operating temperature of 25 �C

and humidity 85%. The lower and upper size limits for this

instrument is 0.3 nm and 8.0 lm respectively. Droplet size

measurements were carried out in triplicate for each

emulsion.

Determination of effect of different processing

conditions on the stability of D-limonene oil

nanoemulsions

The effect of different processing conditions like heat

treatment [pasteurization (63 �C for 30 min), forewarming

(80 �C for 10 min), boiling (95 �C for 10 min) and auto-

clave (121 �C)], pH (3.0–7.0) and ionic strength

(0.1–1.0 M NaCl) was studied which will be applicable for

their commercial utilization. Freshly prepared nanoemul-

sions were used to serve the purpose. The particle size

distribution and zeta potential were measured after expos-

ing the nanoemulsions to each treatment.

Antimicrobial assay

The D-limonene oil nanoemulsions were examined for their

antimicrobial efficacy against various food borne patho-

gens. The microbial cultures were inoculated in Brain

Heart Infusion (BHI) broth before analysis. Experiments

were carried out on all microbial strains incubated in an

aerated incubator.
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The antimicrobial activity of nanoemulsions was deter-

mined in the form of minimum inhibitory concentration

(MIC). The MIC value was determined as the lowest

concentration of the antimicrobial agent that inhibited the

visible growth of the test microorganism with the help of

agar well-assay method. MIC was assessed for microor-

ganisms like Bacillus cereus (ATCC 14459), E. coli

(ATCC 25922), Enterococcus faecalis (NCDC 115) and

Salmonella typhi (NCDC 6017).

Minimum inhibitory concentration (MIC) by using agar

well diffusion assay

Cultures were screened for their antimicrobial activity

against food borne pathogens using agar well diffusion

assay. To measure the antimicrobial activity, the nutrient

agar was poured in petri plates to solidify and dried for

24 h in incubator at 37 �C. These plates were then overlaid

with 7 ml of nutrient soft agar inoculated with 70 ll of

3.0–4.0 h grown cultures (* 106 CFU/ml) of test

microorganisms in BHI broth. The soft agar was allowed to

solidify and wells were punched out of the agar with sterile

well borer (5.0 mm Dia.). Then different concentrations of

nanoemulsions such as 25–100 ll were added into the

wells. Same concentration of D-limonene oil as in

nanoemulsion was dissolved in dimethyl sulphoxide

(DMSO) and 25–100 ll was added into the wells. This was

taken as positive control to examine the antimicrobial

efficacy of encapsulated (nanoemulsion) and unencapsu-

lated (oil in DMSO) Oil. Sterile saline was taken as neg-

ative control to compare the antimicrobial activity of

prepared nanoemulsions. The plates were then refrigerated

at 4 �C for 10 min to facilitate the diffusion of

nanoemulsions and were incubated at 37 �C for 24 h. The

diameters of zone of inhibition extending laterally around

the wells were measured and clear zones of 3.0 mm or

more (excluding diameters of well) were considered as

positive zone of inhibition. Each measurement was repli-

cated two times.

Statistical analysis

All statistical analysis was performed using MS-EXCEL-

2010 package. Results are presented as mean ± standard

error (SE) of three replicates, and significance was tested

by employing analysis of variance (ANOVA).

Results and discussion

Optimization and characterization of D-limonene oil

nanoemulsion

Different concentration of both core (D-limonene oil) and

coating materials [whey protein–maltodextrin (1:2 w/w)

conjugates] were screened to fabricate stable nanoemul-

sion. The conditions for the preparation of nanoemulsions

were optimized and stable nanoemulsions were obtained by

sonification at 5 �C for 20 min. The most stable formula-

tion of D-limonene oil nanoemulsion [5.0% LO ? 9.0%

WP–MD (1:2 w/w) conjugate] had shown mean particle

size, Zeta potential and poly dispersity index of

116.60 ± 5.30 nm, - 19.64 ± 0.23 mV and 0.205 ± 0.02

respectively (Table 1). The pH of the optimized D-limo-

nene oil nanoemulsion was 6.50 ± 0.15. The relatively

lower value of PDI for nanoemulsion can be correlated

with more stability on storage. The stability of nanoemul-

sion might be due to the improved emulsifying and stabi-

lizing properties of whey proteins after glycation with

maltodextrin. Akhtar and Dickinson (2007) showed that

whey proteins are highly compatible with MD at the 1:2

(w/w) ratio in the formation of conjugates with excellent

emulsifying properties. In emulsion system containing both

proteins and polysaccharides, proteins form an adsorbed

coherent viscoelastic layer at the oil–water interface, while

polysaccharide confer stability through their thickening

and gelation behavior in the aqueous phase. The improved

stability of the conjugate stabilized emulsions in compar-

ison to the whey protein stabilized emulsions is attributed

to the conjugated protein molecule forming a bulky poly-

meric layer than the non-conjugated protein on the droplet

surface, with the MD portion extruding outwards into the

continuous phase providing better steric stabilization, thus

preventing droplet aggregation and coalescence. Akhtar

and Dickinson 2007 reported that the improved emulsify-

ing and stabilizing properties of WPI after glycation with

MD were previously reported for orange oil and triglyc-

eride oils emulsions due to the adsorption of more

hydrophobic protein moiety onto the oil–water interface

and the hydrophilic oligosaccharide protruding in the water

phase providing steric hindrance against aggregation. At a

Table 1 Physico-chemical characterization of 5% D-limonene oil

nanoemulsion stabilized by 9% whey protein–maltodextrin conjugate

Particle size (nm) 116.6 ± 5.3

Zeta potential (mV) - 19.64 ± 0.23

Poly dispersity index 0.205 ± 0.02

pH 6.5 ± 0.15

Values are mean ± standard error (n = 3)
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high concentration of surfactant (S/O = 1.5), D-limonene

nanoemulsions could be obtained. Li and Chiang (2012)

optimized the process for preparation of D-limonene in

water nanoemulsion using ultrasonic emulsification using

mixed surfactants of sorbitan etrioleate and poly-

oxyethylene (20) oleyl ether and they revealed that 10% D-

limonene nanoemulsion formed at So ratio (D-limonene

concentration to mixed surfactant concentration) 0.6–0.7

and applied power 18 W for 120 s had droplet size below

100 nm. Xue et al. (2013) investigated emulsifying prop-

erties of WPI–MD conjugates at pH 6.4. Up to 1.50% w/v

of thymol can be emulsified by 7.0% w/v conjugates and 10

v/v propylene glycol (PG) without showing turbidity. Shah

et al. (2012) dispersed the thymol in whey protein isolate-

maltodextrin conjugate capsule using the emulsion–evap-

oration technique and they reported that usage of WPI

conjugated with MD improves dispersibility, transparency

and thermal stability of the emulsion compared to the usage

of non-conjugated mixtures of WPI and MD.

Effect of processing conditions on the stability of D-

limonene nanoemulsions

The stability of the prepared nanoemulsions to various

processing conditions were analyzed by changing various

parameters like pH (3.0–7.0); ionic strength (NaCl:

0.1–1.0 M); and heat treatments (pasteurization, fore-

warming, boiling and sterilization). The state of aggrega-

tion of protein in solution is dependent on pH, ionic

strength and temperature. The physical and chemical sta-

bility of nanoemulsions greatly dependent on storage

temperature, pH, and ionic strength.

Effect of pH on the particle size and zeta potential

The particle size distribution of LO nanoemulsion prepared

using whey protein–maltodextrin conjugate were deter-

mined as a function of pH as shown in the Fig. 1a. The

mean particle size of nanoemulsion decreased with

increase in pH from 3.0 to 7.0 with the exception at pH 4.0

(231.30 ± 5.87 nm). i.e., from 127.60 ± 4.34 nm (pH 3.0)

to 118.10 ± 3.42 nm (pH 7.0). The mean particle size of

control nanoemulsion was 116.60 ± 5.30 nm (pH 6.5).

The increase in the particle size at pH 4.0 is mainly due to

the effect of isoelectric point of WP–MD (1:2 w/w) con-

jugate. The magnitude of the zeta potential decreased and

the isoelectric point was shifted towards lower pH after

whey proteins glycated with maltodextrin. The prepared

nanoemulsion was stable to the different pH range

(3.0–7.0) tested. Similar results were shown by Akhtar and

Dickinson (2007) that whey protein–maltodextrin conju-

gate can be used as an effective emulsifier for formulating

food emulsions under acidic conditions. Shah et al. (2012)

reported that thymol nanoemulsion prepared by using whey

protein isolate-maltodextrin complex were stable between

pH 3.0 and 7.0.

The magnitude of zeta potential of LO nanoemulsion

prepared using whey protein–maltodextrin conjugate,

changes with increase in pH from 3.0 (? 5.98 ± 0.49 mV)

to 7.0 (- 20.89 ± 0.26 mV) as shown in Table 2. The

magnitude of zeta potential at pH 4.0 (?0.86 ± 0.39 mV)

was towards slight positive side. But, at pH to 5.0 the

Fig. 1 Effect of processing conditions on particle size and zeta

potential of D-limonene oil nanoemulsion stabilized by 9% whey

protein–maltodextrin (1:2 w/w) conjugate. a Effect of pH on particle

size distribution of 5% D-limonene oil nanoemulsion stabilized by

whey protein–maltodextrin (1:2 w/w) conjugate. b Effect of ionic

strength on particle size distribution of 5% D-limonene oil nanoemul-

sion stabilized by whey protein–maltodextrin (1:2 w/w) conjugate.

c Effect of heat treatments on particle size distribution of 5% D-

limonene oil nanoemulsion stabilized by 9% whey protein–maltodex-

trin (1:2 w/w) conjugate
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magnitude of zeta potential increased towards the negative

side (- 17.21 ± 0.78 mV). This indicates that isoelectric

point of the whey protein shifts towards lower pH after

glycated with maltodextrin as compared to whey protein

alone which provides stability to the droplets at near iso-

electric point of the proteins. The shift of isoelectric point

towards lower values after glycation was shown previously

(Liu and Zhong 2012). Conjugation of whey proteins alters

the distribution of protein surface charge, leading to

decrease of isoelectric point (Achouri et al. 2005). The

decrease of isoelectric point is attributed to the decrease

content of basic lysine on protein surface after glycation

with MD, which is supported by the lower magnitude of

zeta potential of glycated WPC than WPC at pH below

isoelectric point.

Effect of ionic strength on the particle size distribution

and zeta potential

The effect of ionic concentration on the particle size dis-

tribution of LO nanoemulsion was shown in the Fig. 1b.

The prepared nanoemulsion was stable to tested ionic

concentration (NaCl: 0.1–1.0 M). Particle size was rela-

tively increased with increase in ionic concentration from

control i.e. without addition of salt (116.60 ± 5.3 nm) to

the 1.0 M NaCl added nanoemulsion (139.10 ± 3.42 nm).

McClements and Rao (2011) reported similar results that

protein stabilized corn oil in water nanoemulsions were

found to be stable to droplet aggregation and creaming

from 0 to 1000 mM concentration of NaCl. This may be

due to the weaker attractive and repulsive interactions

between the droplets. Shah et al. (2012) found that the

insignificant difference between nanoemulsion samples

containing 0–50 mM concentration of NaCl. Stability at

higher concentration of NaCl indicates the dominance of

steric repulsion, the strength of which is independent on the

ionic environment for non ionizable maltodextrin, over

electrostatic repulsion that is weakened by the addition of

NaCl.

The effect of ionic concentration on the magnitude of

zeta potential of LO nanoemulsion was shown in Table 2.

It was found that as ionic concentration increases, the

magnitude of zeta potential of the nanoemulsion decreases

(i.e. towards zero). This might be due to the decrease in the

electrostatic repulsion between the molecules. The mag-

nitude of the zeta potential reduced from

- 19.64 ± 0.23 mV (control nanoemulsion, i.e. without

addition of salt) to - 13.02 ± 0.78 mV (nanoemulsion

added with 1.0 M NaCl). This results commemorates the

findings of Onsaard et al. (2013). i.e. The magnitude of

zeta-potential of the WPC emulsions containing mal-

todextrin and carrageenan was negative at all ionic

strengths, but the magnitude of zeta-potential decreased

when the ionic strength increased from 0 to 500 mM.

Effect of heat treatments (pasteurization, forewarming,

boiling and sterilization) on the particle size distribution

and zeta potential

The effect of heat treatment on the particle size distribution

of LO nanoemulsion was shown in the Fig. 1c. The pre-

pared nanoemulsion was stable to different heat processing

conditions like pasteurization (63 �C/30 min), forewarm-

ing (80 �C/10 min), boiling (100 �C/10 min) and steril-

ization (121 �C/15 min). This might be due to the

improved emulsifying and stabilizing properties of whey

proteins after glycation with maltodextrin were previously

reported for orange, flavor, and triglyceride oils (Akhtar

and Dickinson 2007) due to the adsorption of more

hydrophobic protein moiety onto the oil–water interface

and the hydrophilic oligosaccharide protruding in the water

phase providing steric hindrance against aggregation.

Likewise, the maltodextrin glycated to whey proteins

effectively prevents the aggregation of whey proteins

during heating at various pH and ionic conditions and

improves heat stability (Liu and Zhong 2012).

The effect of heat treatment on the magnitude of zeta

potential of LO nanoemulsion was shown in Table 2 and it

was found that the different heat treatments did not cause

any significant change in the magnitude of zeta potential of

nanoemulsion. The improved thermal stability can be

attributed to steric effects provided by the glycated MD.

NaCN–MD mixture, crude conjugate and purified

Table 2 Effect of processing conditions (pH, ionic strength and heat

treatment) on zeta potential and poly dispersity index (PDI) of 5% D-

limonene oil nanoemulsion stabilized by whey protein–maltodextrin

(1:2 w/w) conjugate

Treatments Zeta potential (mV) PDI

Control - 19.64 ± 0.23 0.205 ± 0.02

Pasteurization (63 �C/30 min) - 17.29 ± 0.38 0.287 ± 0.01

Forewarming (80 �C/10 min) - 18.13 ± 0.59 0.273 ± 0.03

Boiling (95 �C/10 min) - 17.92 ± 0.43 0.297 ± 0.02

Autoclave (121 �C/15 min) - 17.60 ± 0.36 0.279 ± 0.01

0.1 M NaCl - 16.19 ± 0.64 0.237 ± 0.05

0.5 M NaCl - 14.29 ± 0.53 0.265 ± 0.02

1.0 M NaCl - 13.02 ± 0.78 0.279 ± 0.04

pH 3.0 ?5.98 ± 0.49 0.255 ± 0.01

pH 4.0 ?0.86 ± 0.39 0.289 ± 0.04

pH 5.0 - 17.21 ± 0.78 0.255 ± 0.03

pH 6.0 - 19.12 ± 0.32 0.225 ± 0.03

pH 7.0 - 20.89 ± 0.26 0.237 ± 0.02

Values are mean ± standard error (n = 3)
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conjugate stabilized o/w emulsions were as thermally

stable as NaCN stabilized emulsions on heating for up to

2.5 min at 140 �C, as minimal changes in the fat globule

size distributions and mean fat globule size were observed

on heating for up to this time. Extending the heating time to

between 5.0 and 20 min progressively shifted the fat

globule size distribution and mean fat globule size to larger

distribution/sizes for all of the emulsions (O’Regan and

Mulvihill 2010).

Effect of storage time on the particle size

distribution of nanoemulsion

The storage study of LO nanoemulsion was done for

15 days. The effect of storage time on particle size distri-

bution was shown in the Fig. 2. The nanoemulsion was

found to be stable for studied storage period. It was found

that there was a progressive increase in particle size of the

nanoemulsion with increase in storage time from 0th day

(116.60 ± 5.30 nm) to 15th day (332.20 ± 5.40 nm). The

increase in the average size was may be due to the

movement of the dispersed droplet pervaded the dispersing

phase, then the chances of droplet collisions increased

(Zahi et al. 2015). The mean particle size of the droplets in

an emulsion/nanoemulsion increases over time due to dif-

fusion of oil molecules from small to large droplets through

the intervening fluid. Li and Lu (2016) reported that D-

limonene nanoemulsion was seemed to be stable against

flocculation and coalescence during storage at 25 �C as

compared with 4 �C and 50 �C. NaCN–MD conjugate

stabilized o/w emulsions showed improved stability in

comparison to NaCN stabilized emulsions after storage for

20 days under accelerated shelf life testing conditions

(O’Regan and Mulvihill 2010).

Antimicrobial activity of 5% D-limonene oil

nanoemulsion stabilized by 9% whey protein–

maltodextrin (1:2 w/w) conjugate

The antimicrobial activity of 5% LO nanoemulsion and

bulk LO (5%) dissolved in dimethyl sulphoxide (DMSO)

was evaluated against different microorganisms like B.

cereus (ATCC 14459), E. coli (ATCC 25922), E. faecalis

(NCDC 115) and Salmonella typhi (NCDC 6017) by agar

well diffusion method.

Minimum inhibitory concentration (MIC) of 5% D-

limonene oil nanoemulsion stabilized by 9% whey protein–

maltodextrin (1:2 w/w) conjugate and bulk D-limonene oil

dissolved in DMSO against above mentioned organisms

Zone of inhibition of different concentration of5% LO

nanoemulsion and bulk LO (5%) dissolved in dimethyl

sulphoxide (DMSO) against different microorganisms like

B. cereus (ATCC 14459), E. faecalis (NCDC 115), E. coli

(ATCC 25922) and Salmonella typhi (NCDC 6017) were

shown in the Fig. 3a–d. It was found that there was no

significant difference in the antimicrobial activity of LO

nanoemulsion and bulk LO dissolved in DMSO against the

tested organisms. Both LO nanoemulsion (5.0% oil phase)

and bulk LO dissolved in DMSO (5.0% oil phase) were

exhibited MIC of 12.50 ll/ml (Fig. 3) against the above

mentioned organisms. Zhang et al. (2014) reported that D-

limonene nanoemulsions with nisin exhibit excellent

antimicrobial activity against Staphylococcus aureus,

Bacillus subtilis, Escherichia coli and S. cerevisiae (yeast).

Donsi et al. (2011) reported a reduction in E. coli popu-

lation after being in contact during 24 h incubation with a

D-limonene-loaded nanoemulsion stabilized with soy leci-

thin or sugar esters processed by high pressure homoge-

nization. Wu et al. (2014) reported that there was no

difference in inactivation of L. monocytogenes by thyme oil

emulsion and thyme oil pre-dissolved in ethanol, while the

emulsion was initially more effective than the pre-dis-

solved thyme oil when treating E. coli O157:H7 and S.

enteritidis. Zahi et al. (2015) reported that there was an

improvement in the antimicrobial activity of D-limonene

after its incorporation into the organogel-based

nanoemulsion as compared to free D-limonene, the

improvement may be attributed due to the small droplet

size of the D-limonene organogel-based nanoemulsion

which may easily fuse with the bacterial cells and cause the

death of the microorganisms due to the increase in its water

solubility. However, the antimicrobial mechanism of EOs

is not fully understood. It was proposed to involve mem-

brane disruption by the lipophilic compounds (Tajkarimi

et al. 2010). It has been demonstrated that the level of

hydrophobicity of EOs affects the toxicity to bacteria (Goni

Fig. 2 Effect of storage time on particle size distribution of 5% D-

limonene oil nanoemulsion stabilized by 9% whey protein–maltodex-

trin (1:2 w/w) conjugate
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et al. 2009). However, after being incorporated into oil-in-

water (O/W) emulsions, the antimicrobial activity of EOs

would be affected by the composition of the whole system.

Conclusion

In the present study, D-limonene oil nanoemulsion were

prepared by Ultrasonication method using whey protein–

maltodextrin conjugate as coating material. The stable for-

mulation of limonene oil nanoemulsion (5.0% oil ? 9.0%

conjugate) had a mean particle size of 116.6.0 ± 5.30 nm,

zeta potential of - 19.64 ± 0.23 mV and poly dispersity

index of 0.205 ± 0.02 and stable for 15 days at 25 �C with

an increase in particle size to 332.20 ± 5.40 nm at 15th

day. The stable formulation of limonene oil nanoemulsion

(5.0% oil ? 9.0% conjugate) was stable to different pro-

cessing conditions like different pH (3.0–7.0), ionic con-

centrations (0.1–1.0 M) and different heat treatments like

pasteurization (63 �C/30 min), forewarming (80 �C/

10 min), boiling (95 �C/10 min) and sterilization (121 �C/

15 min). The antimicrobial activity of stable formulation of

limonene oil nanoemulsion (5.0% oil ? 9.0% conjugate)

was evaluated by agar well diffusion method. It has shown

minimum inhibitory concentration (MIC) of 12.50 ll/ml

against B. cereus (ATCC 14459), E. coli (ATCC 25922), E.

faecalis (NCDC 115) and Salmonella typhi (NCDC 6017).

Since D-limonene has been considered to be a safer alter-

native compared to synthetic antimicrobial food additives,

the present investigation will be helpful in developing a

more effective antimicrobial system for the production and

preservation of foods. WP–MD conjugates can be used as a

novel emulsifier to produce limonene nanoemulsions suit-

able for use as preservatives in food applications.
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