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Abstract In recent years, food industries have shown

great interest in developing nanoemulsion (NE) using

essential oils (EOs) to prevent food spoilage caused by

microorganisms. The hydrophobic properties of EOs have

lead to reduced solubilization effect of food, which in turn,

created a negative impact on the quality of food and its

antimicrobial efficacy. Focusing this issue, we attempted a

unique NE preparation using orange oil, Tween 80 (organic

phase) and water (aqueous phase) by sonication technique.

Based on thermodynamic stability studies, the effective

diameter was reported to be in the size range from 20 to

30 nm. Saccharomyces cerevisiae was used in testing the

anti-yeast effect. Their activity was studied in both growth

medium and apple juice. The minimum inhibitory con-

centration of this NE was determined using broth dilution

method. At 2 ll/ml, orange oil NE demonstrated inhibition

of tested microorganisms. The kinetics of killing curve,

have shown that the NE treated cells had lost its viability

within 30 min of interaction. Also, SEM image revealed

that the treated cells became distorted in comparison to

their control cells. NE treated apple juice showed complete

loss of viability even on dilution as compared to their

controls.

Keywords Orange oil � Ultrasonication � Nanoemulsion �
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Introduction

Preservation of food quality and assuring consumer safety

is the most significant concern in the food industry. Food

products, especially those that are perishable, are easily

contaminated by spoilage-causing microorganisms during

preparation, storage and distribution. Thus, it must be

protected to avoid sensory deterioration and to extend their

shelf life (Rasooli 2007). However, the most serious con-

cern is focused on the illness-causing foodborne pathogens.

In some food preservation, the pathogen control strategies,

including heating, refrigeration and addition of chemical

antimicrobial compounds are being employed to make food

safe for consumption (Davidson and Harrison 2002). One

such approach involves the use of natural food grade an-

timicrobial compounds such as EOs (Naidu 2000). The

essential oils (EOs) are highly aromatic and volatile liq-

uids, usually extracted from the bark, leaves, stem or leaves

of herbs and spices, with excellent antioxidant and an-

timicrobial properties. Also, they have reported against a

broad spectrum of bacteria and fungi (Weiss et al. 2009;

Burt 2004).

Food antimicrobials could be synthetically derived or

from natural sources such as plants and microbes. These

include phenolic compounds, terpenes, flavonoids, etc.,

which occurs in spices, and herbs. They can be sourced

from over 1,300 plants such as thyme (thymol), oregano

(carvacrol), clove (eugenol), orange (limonene), and cin-

namon (cinnamaldehyde) (Chao et al. 2000; Velluti et al.

2003; Holley and Patel 2005). Phenolic compounds such as

thymol, carvacrol and eugenol are known as EOs pos-

sessing the most potent antibacterial properties (Garcı́a-

Garcı́a et al. 2011). Recent demonstration states that, the

inhibition of a wide range of bacterial species, including,

E. coli O157:H7, Listeria monocytogenes, Staphylococcus
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aureus, Salmonella typhymurium (Oussalah et al. 2007)

and several other fungi by essential oil treatment (De

Martino et al. 2009).

In food industries, EOs are used as natural antimicrobial

compounds, and it serves the best substitution of synthetic

chemical preservatives. The presence of bioactive com-

pounds makes them biodegradable and biocompatible in

nature. The antimicrobial activities of different EOs and

their components have already been reported against var-

ious food pathogenic microorganisms (Sikkema et al. 1995;

Helander et al. 1998; Di Pasqua et al. 2006; Gill and Holley

2006). However, direct incorporation of EOs in food pro-

duces organoleptic properties. It also has technological

limitations such as hydrophobicity, reactivity and volatility

of bioactive molecules constituting EOs (Huang et al.

2010). This problem might be overcome by formulating

EOs into nanoemulsion that is transparent, and thus, could

be applied to food and beverage products, thereby, de-

creasing the amount of the EOs required (Qian et al. 2012).

Emulsions that have droplets in the size range of

20–200 nm are called nanoemulsions (Solans et al. 2005).

The method of preparation determines the stability of the

formulated nanoemulsion. Formulation of nanoemulsion

can be done by two methods—low energy and high energy

emulsification. In low energy emulsification process, the

chemical properties of the emulsion system are exploited,

thereby, converting a microemulsion into a nanoemulsion.

High-pressure homogenization, microfluidization, and ul-

trasonication are the techniques that employ high energy

emulsification. The method that is most widely used is

ultrasonication because it is economical and easy to use

(Tang et al. 2013).

Encapsulation of EOs with the help of a food grade

emulsifier at the nanoscale represents a feasible technology

to increase the physical and chemical stability of the

bioactive compounds. Also, this process protects from in-

teractions with the food components. Due to nano-sized

droplets present in encapsulation, increasing their bioac-

tivity through the activation of passive mechanisms of cell

absorption (Weiss et al. 2009). Recently, there has been

growing interest in utilizing nanoemulsions to encapsulate

bioactive components for applications in food and bever-

age products (McClements 2011). Saccharomyces cere-

visiae and Schizosaccharomyces pombe are listed among

the most significant spoilage yeasts for fruit juices and soft

drinks (Stratford 2006). The present study demonstrates a

commercially feasible nanoemulsion technology to pro-

duce nanoscale system to deliver the antimicrobial com-

ponents in food. The orange oil nanoemulsion was

formulated and tested against the food spoilage yeast,

S. cerevisiae. Further, the anti-yeast activities of the orange

oil nanoemulsion in growth medium and apple juice were

investigated.

Materials and methods

Materials

Chemicals

Orange oil (Citrus sinensis), potato dextrose broth and

potato dextrose agar were purchased from Himedia, India.

Tween 80, Bioxtra (Polyoxyethylene (20) sorbitan mono-

laurate) were purchased from Sigma-Aldrich, India. Ul-

trapure water was obtained from CascadaTM Biowater

System, Pall Corporation, USA, with a resistivity of not

less than 18.2 MX cm was used in the preparation of all

solutions. All other chemicals used were of analytical

reagent grade.

Microorganism

The yeast strain, S. cerevisiae (MTCC 171), was purchased

from National Chemical Laboratory (Pune, India). The

strain was cultured in a 50 ml potato dextrose agar at 37 �C
for 2 days. 1 ml of this grown culture was reinoculated

again into a 50 ml potato dextrose broth, and the growth

was adjusted to 1 9 108 colony-forming units (CFU)/ml at

600 nm using phosphate buffered saline (PBS).

Method

Preparation of nanoemulsion

Nanoemulsion was prepared to use orange oil, non ionic

surfactant, and water. It was mixed at ratios of 1:4, 1:3, 1:2

and 1:1. The coarse emulsion was initially mixed with a

magnetic stirrer at 140 rpm under room temperature. This

solution was further mixed using high energy method, ul-

trasonic horn processor. The system maintains a frequency

of 20 kHz with maximum output of 750 W that could be

delivered with the flexible control of amplitude 40 %

(Sonics & Materials, Inc., Newtown, USA). The tip was

primarily made up of titanium alloy Ti-6Al-4 V and di-

ameter of 13 mm. It is used to amplify and radiate the

ultrasonic energy into the sample. Emulsions were

sonicated at ambient temperature for 10 min, where, each

cycle consisted of 30 s pulses on and 1 s pulses off.

Particle size distribution and its polydispersity index

The droplet size and size distribution of the selected orange

oil nanoemulsion was determined using dynamic light

scattering. The hydrodynamic size was measured using a

particle size analyzer (90 plus Particle Size Analyzer,

Brookhaven Instruments Corporations, USA). The na-

noemulsion formed was diluted with double distilled water
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to avoid multiple scattering effects. The droplet size was

described in terms of nm and the polydispersity index

(PDI) was measured.

Anti yeast activity

Well diffusion method

A single isolated yeast colony was streaked onto the

potato dextrose agar medium for 48 h prior to testing. A

few colonies were inoculated into potato dextrose broth

and it was adjusted to 108 CFU/ml using PBS. Wells were

made using sterile cork borer on the surface of agar plates

of potato dextrose agar (Himedia) that was previously

seeded by spreading 100 ll of 0.1 OD adjusted culture.

Orange oil nanoemulsion was stored at different tem-

peratures such as 25, 37, 4 and -20 �C; and was studied

for different time interval of 0, 24 h, 7, 14, 21 and

28 days, respectively. A 100 ll of sample was added to

wells and the plates were incubated for 48 h at 28 �C; and
the diameter of the resulting zone of inhibition was

measured in millimetres.

Time kill analysis curve

To study the anti-yeast activity of orange oil nanoemul-

sion on different time interval, standard plate count

method was employed. Different concentrations of na-

noemulsion ranging from 10-, 100- to 1,000-fold dilutions

were made with 0.1 OD cells (108 CFU/ml). The inter-

acted samples were taken after 30 min, 4 and 24 h of

incubation at room temperature. In brief, 0.1 ml of each

sample was used to prepare serial dilutions that were

spread in duplicates on potato dextrose agar plates. The

plates were incubated at room temperature for 48 h. The

colonies were counted and calculated by dilution times.

Time-kill curves were plotted by monitoring the viability

of cells in samples after 30 min, 4 and 24 h of incubation

at room temperature.

Effects of orange oil nanoemulsion on growth of yeast

in PDB

The MICs and MFCs of the orange oil nanoemulsion were

determined by macro dilution assay. Orange oil na-

noemulsion were added directly to Erlenmeyer flasks

containing PDB medium (40 ml) resulting in final con-

centrations of 0.0625–2 ll/ml in twofold increments

(2.5–80 ll). The flasks were inoculated with approximately

107 CFU/ml yeast and 1 ml of that was added to each flask,

and then incubated at 30 �C for 24 or 48 h. The MICs were

taken as the lowest concentration at which no visible

growth occurred in plate count assay.

Microbial adhesion to hydrocarbon (MATH) assay

The surface hydrophobicity of yeast cells with or without

treatment of nanoemulsion was evaluated by MATH assay

(Ly et al. 2008). In this experiment, 1.5 ml of freshly

grown S. cerevisiae cells that contain approximately

1 9 107 CFU/ml cells in PDB medium was collected by

centrifugation and then resuspended in 1 ml of orange oil

nanoemulsion or PBS (pH 7.4). After 2 h of treatment at

room temperature, the yeast cells were centrifuged and

then washed twice with PBS to remove the remaining

treatment solutions. The yeast cells were then resuspended

in PBS to achieve an initial absorbance (A1) at 600 nm

using UV–Visible Spectrophotometer (Shimadzhu, India).

A 0.4 ml of hexadecane (Sigma, purity g 99 %) was added

to 2.4 ml of yeast suspension. The sample was vortexed for

2 min and left for 15 min to separate the hexadecane

phase. Next, the yeast suspension was collected and

transferred to a cuvette for the final absorbance measure-

ment (A0) at 600 nm. Adhesion of yeast cells to the hy-

drocarbons was evaluated as a percentage and it was

calculated as 1 - A1/A0 9 100.

Scanning electron microscopy

The yeast cells with and without NE was harvested by

centrifugation for 10 min at 5,000 rpm. Then, the pellet

was coated onto the glass slide by dipping it into 2.5 %

glutaraldehyde for 2 h to fix the cells. Further, the slide

containing the cells was dehydrated with water/alcohol

solutions at various alcohol concentrations (30, 50, and

70 %) for 10 min each. The samples were then coated with

gold by sputtering under vacuum in argon atmosphere. The

surface morphology of the coated sample was observed by

a scanning electron microscope (FEI Quanta FEG 200).

Anti yeast activity in real food system-apple juice

The effect of nanoemulsion treated and untreated fruit juice

was evaluated against food spoilage yeast, S. cerevisiae.

The yeast culture was adjusted to 107 CFU/ml at 600 nm

using PBS. Fresh juice was collected and transferred to

sterile bottles and inoculated with the adjusted yeast sus-

pension. In test sample, the undiluted and tenfold diluted

nanoemulsion was added to the yeast suspension. The

suspension was diluted with sodium benzoate at a con-

centration of 0.3 % and was considered as a negative

control. The suspension diluted with PBS was used as

negative control. Inhibition of yeast was studied in apple

juice using time kill analysis method. The mixture was

incubated at 4 �C. At regular intervals (4, 12, 24 and 48 h),

the juice was serially diluted in PBS, plated in duplicates

using a PDA, incubated for 48 h at optimum growth
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temperatures, and then enumerated for the viable count as

CFU/ml. The growth medium with and without yeast cul-

ture was used as positive and negative controls in all

treatments.

Results and discussion

Some EOs is applied as natural antimicrobial additives in

the manufacturing and preservation of food to prolong the

shelf life of various food products. The fact behind in these

EOs possesses both antifungal and antimicrobial activity

(Lis Balchin and Deans 1997; Cimanga et al. 2002). The

application of synthetic and semi-synthetic antimicrobial

compound can be reduced along with foodborne pathogens

using EOs (Liang et al. 2012).

Selection of nanoemulsion based on thermodynamic

stability study

Proper selection of nanoemulsion depends upon particle

size distribution, oil type and emulsifier type that determine

long kinetic stabilities. The nanoemulsion was formulated

by adding water to the organic phase containing orange oil

and Tween 80 as a surfactant (1:1, 1:2 and 1:3 v/v). Fur-

ther, this was subjected to ultrasonic emulsification, re-

sulted in the formation of nanoemulsion. Using an

emulsifier or surfactant for emulsification, that generates a

strong repulsive force between the droplets which prevents

flocculation and coalescence. To distinguish a nanoemul-

sion from microemulsion is difficult because nanoemulsion

possess high kinetic stability in comparison to a mi-

croemulsion that is thermodynamically stable (McCle-

ments 2011).

Stability of the nanoemulsion was studied by centrifu-

gation, heating–cooling cycle and freeze–thaw cycle for

1 month. The ratio of 1:1 (6, 6, and 82 %) was found to

be highly stable without any phase separation. Other for-

mulations such as 1:2 and 1:3 were unstable during

heating–cooling cycle and freeze thaw cycle. Samples

containing relatively low amount of surfactant concen-

trations appeared milky and opaque initially. The emul-

sion after blending with sonicator, the turbidity was

changed to bluish transparent. After sonication, the ob-

tained nanoemulsion was more stable in size and ap-

pearance even after being diluted with water.

Nanoemulsion containing relatively high surfactant con-

centrations showed evidence of particle growth after di-

lution (as demonstrated by an increase in sample turbidity

a few min after dilution) (Rao and McClements 2011). It

also got phase separated during thermodynamic stability

study. Selected nanoemulsion was subjected to size dis-

tribution analysis by DLS.

Droplet size distribution

The Z-average diameter of the selected nanoemulsion was

found to be 16 nm, and it is shown in Fig. 1. Based on the

thermodynamic stability study, 1:1 ratio was found to be

highly stable without any phase separation. Prior to particle

size analysis, dilute the sample with water to prevent

multiple scattering effects. Particle size less than 90 nm in

radius should be effectively prevented from creaming in

the prepared nanoemulsion. Tween 80 is unsaturated fatty

acid containing double bonds in the non-polar chains. The

adsorption of surfactant molecules at the oil–water inter-

face leads to decreased interfacial tension that favors the

formation of ultrafine particles (Dai et al. 1997; Wang et al.

2009; Saberi et al. 2013).

Ultrasonic emulsification yields nanoemulsion with

minimized droplet diameter with low polydispersity index.

The droplet diameter was found in the range between 20

and 30 nm in diameter versus volume distribution. The

polydispersity index (PI) of nanoemulsion was below 0.2

indicating very narrow distribution. PI gives an indication

of the width of the size distribution. It also provides a

measure of the homogeneity and stability of the droplet

size in the emulsion.

Anti yeast activity: well diffusion study

Results from Fig. 2 showed that the formulated na-

noemulsion at different temperatures and different time

interval possessed anti-yeast activity against S. cerevisiae.

When the orange oil nanoemulsion was assayed against the

yeast by agar well diffusion method, the mean zones of

inhibition obtained were between 40 and 45 mm. These

results indicate that the nanoemulsion retained its anti-

yeast activity for 1 month at different time interval and also

at varying temperatures. Orange oil dissolved in DMSO

showed reduced zone of inhibition (20 mm) against the

tested yeast. This result indicates that the nanoemulsion

formulation of orange oil has antimicrobial activity due to

Fig. 1 Mean droplet size distribution of orange oil nanoemulsion by

DLS
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its nano-sized droplets. The results shown for antimicrobial

activity by well diffusion method, the inhibition of yeast

growth is noticeable due to any environmental stress were

reported (different pH and temperature) and it is well

correlated with the previous reports (Mert-Türk 2002). In

addition to these effects, we have described here for the

first time that antimicrobial activity of orange oil na-

noemulsion against S. cerevisiae at different temperatures

and time intervals for a period of 1 month.

Effect of orange oil nanoemulsion on yeast

growth—MIC

The MIC of yeast is shown in Fig. 3. The lag phase is

significantly increased when the nanoemulsion concentra-

tions are being reduced especially at concentrations\1 ll/

ml. No growth was observed for higher concentration of

nanoemulsion (2–8 ll/ml) during 24 and 48 h of incuba-

tion. The cell count assay was done indicating no or

moderate changes compared to control. All of the orange-

based products (characterized by high concentrations of

limonene, a-thujene, a-myrcene, and linalool) tested in this

research showed a lower inhibiting effect against the target

yeast. On a wide screening of the antifungal activity of

citrus based EOs, reduced antifungal activity was observed.

Among, orange oil was shown to possess antifungal ac-

tivity against Penicillium digitatum and P. italicum with

respect to other citrus based oils. The different headspace

composition can explain the reduced antimicrobial action.

In fact, they have found a significant correlation between

antimicrobial effects of citrus oil and the amount of some

minor monoterpenes hydrocarbon, total monoterpenes and

sesquiterpenes (Caccioni et al. 1998).

Time-kill analysis

The yeast, S. cerevisiae was tested to investigate the dy-

namic time kill analysis of orange oil nanoemulsions. As

shown in Fig. 4, no viable cells were observed after 30 min

treatment with tenfold diluted nanoemulsion. For 100-fold

dilution, 10 % viable cells were observed at 30 min treat-

ment, whereas, complete loss of viability was observed

after 4 h treatment with the nanoemulsion. In 1,000-fold

dilution, 80 % viable cells were observed after 24 h. A

complete loss of viability was observed after 48 h treat-

ment with 1,000-fold dilution (data not shown). This result

proves that nanoemulsion showed anti-yeast activity even

on dilutions. According to kinetics of killing experiment,

the undiluted form showed complete loss of viability

within a min (data not shown) and these results are in

Fig. 2 Agar well diffusion of

nanoemulsion stored at different

temperature and different time

interval for 1 month

Fig. 3 Minimal inhibitory concentration (MIC) of orange oil na-

noemulsion against Saccharomyces cerevisiae in growth medium
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agreement with those previous reports (Al-Adham et al.

2003), whereas, oil-in-water microemulsion was effective

against S. aureus or P. aeruginosa in only 45 s. (Teixeira

et al. 2007) From the previous investigations, it was found

that the O/W microemulsion was active against bacterial

pathogens in 5 min for fungal pathogens and 2 min for

Candida sp respectively. This is comparable to previous

works (Zhang et al. 2008, 2009), and proved that the GML-

loaded microemulsions have effective antibacterial activity

within a min and antifungal systems with sporicidal ac-

tivities against A. niger.

MATH assay

Hydrophobicity of treated cells and untreated cells with

nanoemulsion was evaluated by MATH test. It is a measure

of the tendency of cells attached to a surface. Yeast cell

surface hydrophobicity after nanoemulsion treatment was

expressed in terms of percentage. Control cells showed

2.5 %, and nanoemulsion treated cells showed 4.2 %.

Nanoemulsion treated cells resulted in a greater increase in

cell surface hydrophobicity when compared to yeast cells

alone. The MATH result is considered as a measure of the

hydrophobicity of microbial cell surface, which is

evaluated by the partition of cells between water and

hexadecane (Rosenberg and Rosenberg 1980). In this

study, the adhesion of bacteria was evaluated with and

without nanoemulsion of yeast cells in the context of food

protection. This could be due to modification in the cell

surface composition, as well as in the adsorption of an oil

phase to the outer surface of bacteria.

Cell damage study by SEM

The anti-yeast activity of nanoemulsion was confirmed by

scanning electron microscopy technique as shown in

Fig. 5. Untreated yeast cells showed intact cells without

any distortion in the morphology (Fig. 5a). Whereas, na-

noemulsion treated (15 min) yeast cells were found to be

distorted on the surface and also convoluted (Fig. 5b). This

is in agreement with the results obtained (Karthikeyan et al.

2011). There were significant morphological changes were

observed in S. mutans on treatment with nanoemulsion.

Anti yeast activity in real food system-apple juice

Inhibition of yeast was studied in apple juice by using

time-kill analysis and is shown in Fig. 6. Very few viable

cells were observed after 4, 12 and 24 h and no viable

Fig. 4 Time kill analysis curve of orange oil nanoemulsion in growth

medium

Fig. 5 Scanning electron microscopic image of Saccharomyces cerevisiae a yeast cells without nanoemulsion treatment; b orange oil

nanoemulsion exposed yeast cells
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cells were observed after 48 h with undiluted orange oil

nanoemulsion. For tenfold dilutions, 67 % viable cells

were observed after 4 h and 10 % viable cells were ob-

served after 12 h. After 24 h, extremely few viable cells

were observed, whereas, complete loss of viability was

observed after 48 h of treatment with nanoemulsion. This

proves that nanoemulsion showed anti-yeast activity even

after being diluted in real food system. Recently, the ef-

fects of EOs on growth parameters of yeast in apple juice

shows that in the clear apple juice, the growth rate was

significantly lowered by EOs in the case of S. cerevisiae

and S. pombe as reported in literatures (Tserennadmid

et al. 2011). Also recent report from Ghosh et al. 2014

with a use of eugenol loaded nanoemulsion was studied

for shelf life of orange juice which preserves fruit juice

against the native bacteria.

Conclusion

In conclusion, orange oil nanoemulsion possesses anti-

yeast activity, thus, making it a safer alternative to syn-

thetic and semi-synthetic compounds. This nanoemulsion

ensures physical and chemical stability of food in which it

is applied. From this study, it can be concluded that orange

oil nanoemulsion can be used for the preservation of food

and beverage products.
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