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Fig. 1. Chemical structure of the curcuminoid pigments. Adapted
from Peret-Almeida et al. (1).

ABSTRACT: Curcumin is a flavonoid found in the rhizome of the turmeric plant (Curcuma longa L.) and has recently at-

tracted interest because it has numerous biological functions and therapeutic properties. In the present study, we at-

tempted to incorporate curcumin into medium-chain triglyceride (MCT) nanoemulsions (0.15 wt% curcumin, 10 wt% 

MCT oil, and 10 wt% emulsifiers) with various emulsifiers [polyoxyethylene (20) sorbitan monolaurate (Tween-20), sor-

bitan monooleate (SM), and soy lecithin (SL)]. The physicochemical properties of the nanoemulsions including the 

Ostwald ripening stability were investigated. The initial droplet size was found to be 89.08 nm for the nanoemulsion 

with 10 wt% Tween-20 (control), and when Tween-20 was partially replaced with SM and SL, the size decreased: 73.43 

nm with 4 wt% SM+6 wt% Tween-20 and 67.68 nm with 4 wt% SL+6 wt% Tween-20 (prepared at 15,000 psi). When the 

nanoemulsions were stored for 28 days at room temperature, the droplet size increased as the storage time increased. 

The largest increase was observed for the control nanoemulsion, followed by the 4 wt% SL+6 wt% Tween-20 and 4 wt% 

SM+6 wt% Tween-20 systems. The Turbiscan dispersion stability results strongly supported the relationship between 

droplet size and storage time. The time-dependent increase in droplet size was attributed to the Ostwald ripening phe-

nomenon. Thus, the Ostwald ripening stability of curcumin-loaded MCT nanoemulsions with Tween-20 was considerably 

improved by partially replacing the Tween-20 with SM or SL. In addition, curcumin may have acted as an Ostwald ripen-

ing inhibitor.
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INTRODUCTION

Curcumin [(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)- 

1,6-heptadiene-3,5-dione] is a flavonoid found in the rhi-

zome of the turmeric plant (Curcuma longa L.), which is a 

member of the Zingiberaceae family. Three curcuminoid 

pigments contribute to the yellow color and pharmacolo-

gical activities of turmeric: curcumin, demethoxycurcu-

min [1-(4-hydroxyphenyl)-7-(4-hydroxy-3-methoxyphe-

nyl)-1,6-heptadiene-3,5-dione], and bisdemethoxycurcu-

min [1,7-bis(4-hydroxyphenyl)-1,6-heptadiene-3,5-dione] 

(1,2). The chemical structure of curcumin is shown in 

Fig. 1. Because curcumin is yellow in color, turmeric has 

been widely used in the food industry as a coloring agent 

and spice for several hundred years. Additionally, this 

compound has been studied because of its considerable 

biological and pharmaceutical activities, including anti- 

oxidative (3-5), anti-carcinogenic (6,7), anti-inflammato-

ry (8-11), and anti-microbial activities (12). Because of 

these beneficial activities, curcumin may be a potential 

cure for various diseases, such as Alzheimer’s disease (13, 

14), Parkinson’s disease (15,16), arthritis (17), and dia-

betes (18,19). However, curcumin is neither water-solu-

ble nor oil-soluble (20), and when orally administered, it 

exhibits poor absorption (21). After oral administration 
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of curcumin, approximately 75% of curcumin was elimi-

nated in the feces and low levels were found in the urine 

(22).

Because of the low bioavailability of functional ingredi-

ents such as curcumin, researchers have attempted to find 

new methods to improve water-solubility, which could 

enhance curcumin absorption (10). As a result, a few 

strategies (e.g., nanocrystals, nanosuspensions, and nan-

oemulsions) to improve the absorption and bioavailabil-

ity of curcumin have been investigated, and the use of 

these systems has become popular in the functional food 

and nutraceutical industries over the past several years 

(23-25). We selected and studied nanoemulsion systems 

to find a stable emulsification system (e.g., conditions of 

emulsifiers and homogenization).

Nanoemulsions are emulsions with mean droplet sizes 

of 10∼100 nm (26-28). Although nanoemulsions are 

relatively stable against physicochemical destabilization 

events, such as gravitational separation, flocculation, and 

coalescence, they become unstable over time, mainly via 

an Ostwald ripening phenomenon (26,29-31).

A nanoemulsion system is one of the effective strate-

gies that can be considered to enhance the bioavailability 

and absorption rate in the body. Many researchers have 

studied oil-in-water (O/W) nanoemulsions and nanosus-

pensions containing bioactive or functional compounds, 

such as β-carotene and tocopherol. However, there have 

been few studies that investigated their Ostwald ripen-

ing stability with storage time. For this reason, in this 

study, an attempt was made to confirm whether bioac-

tive or functional compounds such as curcumin are appli-

cable to the emulsification system we previously estab-

lished. Thus, curcumin-loaded nanoemulsions with an 

emulsifier system based on a previous study of Park et al. 

(32) were prepared. Then, we investigated the Ostwald 

ripening stability of the curcumin-loaded nanoemulsions 

during storage.

MATERIALS AND METHODS

Materials

Curcumin and polyoxyethylene (20) sorbitan monolau-

rate (Tween-20) were purchased from Sigma-Aldrich Co. 

(St. Louis, MO, USA). Medium-chain triglyceride (MCT) 

oil, sorbitan monooleate (SM), and soy lecithin (SL) were 

provided by ILSHIN WELLS Co., Ltd. (Seoul, Korea). In 

the present study, Tween-20, SM, and SL were used as 

emulsifiers. Other chemicals used were of analytical 

grade.

Preparation of curcumin-loaded nanoemulsions

Emulsions were prepared using the modified method of 

Ahmed et al. (33). The emulsifier systems used were 

based on the results of Park et al. (32) and were as fol-

lows: 10 wt% Tween-20 (control), 4 wt% SM+6 wt% 

Tween-20, and 4 wt% SL+6 wt% Tween-20. The total 

amount of each emulsifier (Tween-20, SM, and SL) was 

fixed at 10 wt%, and each was dissolved into the appro-

priate phase (aqueous or oil) depending on its polarity. 

An aqueous phase was prepared with 20 mM bis-tris 

buffer (0.02 wt% sodium azide, pH 7.0) and the hydro-

philic emulsifier (Tween-20). Curcumin (0.15 wt% in 

emulsion) was added to the MCT oil and dissolved at 70 
oC with constant stirring and sonication. The lipophilic 

emulsifiers (SM and SL) were added to a curcumin-con-

taining oil phase, which was then stirred at 70oC for 30 

min. The aqueous and oil phases were premixed using a 

L4RT mixer (L4RT, Silverson Machines Ltd., Chesham, 

UK) at 8,000 rpm for 5 min. This premix was homogen-

ized by M-110Y (Microfluidics, Newton, MA, USA) at 

various pressures (5,000, 10,000, and 15,000 psi) for 4 

cycles to prepare the final O/W nanoemulsions (10 wt% 

emulsifier, 10 wt% oil, and 20 mM bis-tris buffer).

Measurements of droplet size in curcumin-loaded nano-

emulsions

The droplet size in the curcumin-loaded nanoemulsions 

was measured by dynamic light scattering using a laser 

particle size analyzer (Zetasizer Nano ZS, Malvern In-

struments Ltd., Malvern, UK). Emulsion samples were 

diluted 1,000-fold with 20 mM bis-tris buffer (0.02 wt% 

sodium azide, pH 7.0) to avoid multiple light scattering. 

The measurements were performed in triplicate at room 

temperature.

Emulsion stability measurements of curcumin-loaded 

nanoemulsions by Turbiscan

The Turbiscan (TurbiscanTM Lab., Formulaction, L’Union, 

France) is an instrument that can evaluate dispersion or 

emulsion stability through multiple light-scattering phe-

nomena without sample dilution. In this system, the 

emulsion stability was analyzed by the following proce-

dure: Near-infrared light of approximately 880 nm is 

scanned through a glass vial containing the emulsion 

sample by moving upward and downward. During this 

scan, variations in the transmittance and backscattering 

intensities induced by the light applied to the dispersed 

phase during the test are measured simultaneously. If 

destabilization occurs, such as particle migration (cream-

ing or sedimentation) or particle size variation (floccula-

tion or coalescence), the flux of the radiation that is trans-

mitted through or backscattered by the droplets changes 

accordingly. Therefore, the dispersion or emulsion stabil-

ity can be estimated (34). The measurement time can be 

arbitrarily determined depending on the stability and phy-

sical properties of the emulsion or dispersion. In the pre-

sent study, the emulsion stability was monitored for 3 
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Table 1. Droplet size and polydispersity of curcumin-loaded nanoemulsions prepared with various emulsifier systems at different 
homogenizing pressures

Homogenizing 
pressure (psi)

Ratio of surfactants
1)
 

(wt %)
Droplet size (nm) 

after 1 day
PdI

2) Droplet size (nm) 
after 28 days

PdI

5,000 Tween-20 (10) 106.97±0.90
a

0.139±0.012
a

121.80±1.36
a

0.096±0.013
b

Tween-20 : SM (6:4) 89.13±0.34
c

0.097±0.004
b

94.71±0.44
c

0.110±0.005
ab

Tween-20 : SL (6:4) 105.50±0.33
b

0.135±0.004
a

109.30±0.51
b

0.124±0.009
a

10,000 Tween-20 (10) 85.85±0.60
a

0.160±0.005
a

111.37±0.45
a

0.104±0.004
a

Tween-20 : SM (6:4) 77.44±0.39
b

0.098±0.002
c

82.24±0.29
c

0.106±0.017
a

Tween-20 : SL (6:4) 77.21±0.35
b

0.146±0.007
b

86.33±0.39
b

0.131±0.008
a

15,000 Tween-20 (10) 89.08±0.85
a

0.137±0.013
a

109.23±0.42
a

0.114±0.010
b

Tween-20 : SM (6:4) 73.43±0.48
b

0.081±0.017
b

77.38±0.11
b

0.084±0.011
c

Tween-20 : SL (6:4) 67.68±0.32
c

0.143±0.014
a

77.88±0.14
b

0.141±0.005
a

Values represent mean±SD (n=3).
Means with the different letters (a-c) within same column of each homogenizing pressure are significantly different (P<0.01) 
according to Duncan’s multiple range test.
1)
Tween-20, polyoxyethylene (20) sorbitan monolaurate; SM, sorbitan monooleate; SL, soy lecithin.

2)
PdI, polydispersity index.

Fig. 2. Curcumin-loaded nanoemulsions prepared with various 
emulsifiers under high-pressure homogenization conditions of 
15,000 psi and 4 cycles. (left: Tween-20 only, middle: Tween-20+ 
SM, and right: Tween-20+SL). Tween-20, polyoxyethylene (20) 
sorbitan monolaurate; SM, sorbitan monooleate; SL, soy lecithin.

days to give enough time for the stability measurements.

Statistical analysis

The measurements in this study were performed in du-

plicate or triplicate. Experimental data were treated by 

analysis of variance (ANOVA) using SAS 9.4 for Win-

dows (SAS Inc., Cary, NC, USA) and the results were ex-

pressed as the mean values and the standard deviation. 

Significant differences between the means were deter-

mined by Duncan’s multiple range test.

RESULTS AND DISCUSSION

Initial droplet size in curcumin-loaded nanoemulsions

Curcumin-loaded nanoemulsions with various emulsifi-

ers prepared with various emulsifiers under high-pressure 

homogenization conditions of 15,000 psi and 4 cycles are 

shown in Fig. 2 and the initial (after 1 day) droplet sizes 

of curcumin-loaded nanoemulsions with various emulsi-

fiers are shown in Table 1. In all of the curcumin-loaded 

nanoemulsions, the initial droplet size tended to decrease 

as the homogenizing pressure increased from 5,000 to 

15,000 psi. In addition, a smaller initial droplet size was 

observed when Tween-20 was partially replaced with SM 

or SL: 89.08 nm with 10 wt% Tween-20, 73.43 nm with 

4 wt% SM+6 wt% Tween-20, and 67.68 nm with 4 wt% 

SL+6 wt% Tween-20 when prepared at 15,000 psi. Ac-

cording to Kolmogorov’s theory (35), the key factor that 

controls efficient homogenization is the high power input 

(i.e., the homogenizing pressure). Furthermore, the ho-

mogenizing pressure has been shown to affect the drop-

let radius; thus, a relationship exists between the homog-

enizing pressure and the droplet radius (36-38). This re-

lationship explains why applying higher homogenizing 

pressures produces nanoemulsions with smaller droplet 

sizes. It is generally accepted that emulsion stability is 

enhanced when a hydrophilic emulsifier is used in com-

bination with a hydrophobic one (38), possibly because 

doing so reinforces the interfacial layer. This reinforced 

interfacial layer contributes to the prevention of coales-

cence between droplets in the emulsions (39). In the pre-

sent study, therefore, smaller droplet sizes in the emul-

sions with Tween-20+SM or SL can be expected.

Changes of droplet size in curcumin-loaded nanoemul-

sions during storage time

Changes in droplet size in curcumin-loaded nanoemul-

sions prepared under various conditions (i.e., different 

homogenizing pressures and emulsifier systems) versus 

storage time are shown in Fig. 3 and Table 1. When the 

nanoemulsions were stored at room temperature for 28 
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Table 2. Ostwald ripening rates (ω) of curcumin-loaded nano-
emulsions prepared with various emulsifier systems at differ-
ent homogenizing pressures

Homogenizi
ng pressure 

(psi)

Ratio of surfactants
1)
 

(wt %)
ω [×10

4
 

(nm)
3
/h]

R
2

5,000 Tween-20 (10) 9.07 0.9808

Tween-20 : SM (6:4) 2.54 0.8446

Tween-20 : SL (6:4) 1.91 0.8292

10,000 Tween-20 (10) 11.65 0.9953

Tween-20 : SM (6:4) 1.72 0.8457

Tween-20 : SL (6:4) 3.16 0.8972

15,000 Tween-20 (10) 9.68 0.9876

Tween-20 : SM (6:4) 1.32 0.7879

Tween-20 : SL (6:4) 2.76 0.9022

1)
Tween-20, polyoxyethylene (20) sorbitan monolaurate; SM, 
sorbitan monooleate; SL, soy lecithin.

Fig. 3. Changes in droplet size in curcumin-loaded nanoemulsions (10 wt% emulsifier, 10 wt% oil, and 20-mM bis-tris buffer) 
with storage time. The emulsions were prepared at various pressure [(A) 5,000 psi, (B) 10,000 psi, and (C) 15,000 psi]. Tween-20, 
polyoxyethylene (20) sorbitan monolaurate; SM, sorbitan monooleate; SL, soy lecithin.

days, droplet size gradually increased with storage time, 

possibly because of Ostwald ripening (32). The largest 

increase at 15,000 psi was observed for the control nan-

oemulsion, followed by the 4 wt% SL+6 wt% Tween-20 

system and the 4 wt% SM+6 wt% Tween-20 system 

(Table 1). A similar tendency was observed by Park et al. 

(32).

Ostwald ripening rate

Ostwald ripening in O/W emulsions is primarily attrib-

utable to the solubility of the dispersed phase (oil phase) 

in the continuous phase (aqueous phase) (40). The Ost-

wald ripening rate can be derived from the Lifshitz-Slyo-

zov-Wagner (LSW) theory (41).

d(t)3−d(0)3=ωt= 32
αS∞Dt9

where d(t) is the mean droplet size at time (t), d(0) is 

the initial droplet size, ω is the Ostwald ripening rate, D 

is the translation diffusion coefficient of the dispersed 

phase, S∞ is the bulk solubility of the dispersed phase in 

the continuous phase, and α is the characteristic length 

scale (α=2γVm/RT). According to this equation, the cube 

of droplet size [d(t)3] exhibits a linear relation with t, 

and thus ω of the nanoemulsions is the slope of the 

straight line of the linear regression. ω of the curcumin- 

loaded nanoemulsions calculated using the above equa-

tion are presented in Table 2. This table shows that the 

control nanoemulsion had the fastest Ostwald ripening 

rate (i.e., highest ω), and partially replacing Tween-20 

with SM or SL resulted in the nanoemulsion with lower 

ω compared to the control. This finding is attributable to 

the emulsifying properties of SM, which is a lipophilic 

emulsifier with a hydrophile-lipophile balance (HLB) val-

ue of 4.30. Apparently, SM retarded the diffusion of the 

relatively highly water-soluble MCT oil toward the con-

tinuous phase by forming an interfacial layer, possibly 

from inside the droplets, during the emulsification pro-

cess (42). In addition, the nanoemulsion with only Tween- 

20 produced at 5,000 psi generally exhibited a lower ω 

than those prepared at 10,000 and 15,000 psi. This dif-

ference can be attributed to the droplet size in the nano-

emulsions because Ostwald ripening proceeds more rap-

idly when the initial droplet size is smaller (43).

In general, the Ostwald ripening rates we observed 

were lower than those reported by Park et al. (32) for 

systems of nanoemulsions that were not loaded with cur-

cumin. This difference can be explained by a phenomen-

on that is discussed below. When an O/W emulsion con-

tains droplets composed of two components with differ-

ent water-solubilities (i.e., water-insoluble and appreci-

able water-soluble), one component with an appreciable 

high water-solubility will diffuse from small droplets to 

large droplets due to Ostwald ripening (39). Consequen-

tly, this leads to differences in droplet composition－ 

higher concentration of water-insoluble component in the 
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Fig. 4. Changes in the backscattering profiles of the curcumin-loaded nanoemulsions measured using a Turbiscan system for 
3 days. (A) 5,000 psi, (B) 10,000 psi, and (C) 15,000 psi. ∆BS=BSt−BS0. BSt, backscattering intensity at time=t; BS0, backscattering
intensity at time=0. Tween-20, polyoxyethylene (20) sorbitan monolaurate; SM, sorbitan monooleate; SL, soy lecithin.

smaller droplets than in the large ones. However, this 

difference is thermodynamically unfavorable because of 

the entropy of mixing generated by a component with wa-

ter-insoluble one. Therefore, the Ostwald ripening rates 

would be reduced.

In other words, by mixing a substance with low water- 

solubility (e.g., curcumin) with an oil that has an appre-

ciable water-solubility (e.g., MCT) at a certain ratio, the 

Ostwald ripening rate can be reduced by the thermody-

namic driving force (entropy of mixing effect); this phe-

nomenon is usually referred to as compositional ripening 

(40). Lim et al. (44) reported that the increase in mean 

droplet size of O/W emulsions containing orange oil 

(high water-solubility component) due to Ostwald rip-

ening was retarded during storage time by adding ester 

gum (low water-solubility component). This is because 

the ester gum acts as a ripening inhibitor, effectively re-

tarding Ostwald ripening, and the droplet growth was 

completely inhibited when ester gum concentration in 

the oil phase exceeds 10%. Walstra (43) also reported 
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that Ostwald ripening stability could be similarly im-

proved in water-in-oil (W/O) emulsions by introducing 

water-soluble components (i.e., salts) with low lipid-sol-

ubility into the continuous phase (42). In the present 

study, curcumin might have also acted as an Ostwald rip-

ening inhibitor (low water-solubility component), there-

by retarding Ostwald ripening.

Stability evaluation of curcumin-loaded nanoemulsions by 

Turbiscan

The stability of curcumin-loaded nanoemulsions was 

evaluated using a Turbiscan system for 3 days, as shown 

in Fig. 4. The changes in the backscattering intensity 

(∆BS) were expressed as a function of time. The ∆BS (%) 

values of the nanoemulsions with Tween-20 only, Tween- 

20 partially replaced with SL, and Tween-20 partially re-

placed with SM were approximately 1.75, 0.60, and 0.30 

at 5,000 psi; 2.10, 0.90, and 0.30 at 10,000 psi; and 1.30, 

0.89 and 0.30 at 15,000 psi, respectively. These values 

generally coincided with the increasing tendencies of 

droplet size and Ostwald ripening rate. Therefore, these 

differences in ∆BS likely resulted from Ostwald ripening, 

which may be especially problematic in nanoemulsions 

containing short-chain triglyceride or MCT oils (38).

CONCLUSION

This study was performed to evaluate the Ostwald ripen-

ing stability of curcumin-loaded nanoemulsions prepared 

using various emulsifier systems established by Park et al. 

(32). Ostwald ripening has been shown to be influenced 

by several factors, such as droplet size and its distribu-

tion, solubility of the dispersed phase, interfacial tension, 

interfacial diffusion, and droplet composition (40). Addi-

tionally, the emulsion stability of O/W emulsions has 

been empirically shown to be maximized by the use of 

surfactants with HLB values in the range of 10∼12 (45). 

Similarly, in this study, an emulsifier system (4 wt% SM 

+6 wt% Tween-20) with an emulsifier with a HLB value 

of 11.74 exhibited the best stability against Ostwald rip-

ening, followed by those of the 4 wt% SL+6 wt% Tween- 

20 system and the 10 wt% Tween-20 system (HLB value 

of 16.70). The results from this study clearly demonstrate 

that using the emulsifier systems of Park et al. (32) could 

produce nanoemulsions exhibiting similar trends in Ost-

wald ripening stability. Moreover, ω of curcumin-loaded 

nanoemulsion was lower than that of nanoemulsions 

without curcumin. Thus, curcumin may have retarded 

Ostwald ripening by acting as an Ostwald ripening inhib-

itor (i.e., a low water-solubility substance). The results 

from the present study will significantly contribute to 

controlling the Ostwald ripening phenomenon in nano-

emulsions containing bioactive and functional compounds.
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