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SUMMARY
Research background. Various approaches have been used to present functional lipids 

including lycopene in a palatable food form to consumers. However, being highly hydro-
phobic, lycopene is insoluble in aqueous systems and has a limited bioavailability in the 
body. Lycopene nanodispersion is expected to improve the properties of lycopene, but 
its stability and bioaccessibility are also affected by emulsifier type and environmental 
conditions such as pH, ionic strength and temperature. 

Experimental approach. The influence of soy lecithin, sodium caseinate and soy leci-
thin/sodium caseinate at 1:1 ratio on the physicochemical properties and stability of lyco-
pene nanodispersion prepared using the emulsification-evaporation methods before and 
after treatment at different pH, ionic strength and temperature were investigated. The in 
vitro bioaccessibility of the nanodispersions was also studied.

Results and conclusion. Under neutral pH conditions, nanodispersion stabilized with 
soy lecithin had the highest physical stability and the smallest particle size (78 nm), the 
lowest polydispersity index (PDI) value (0.180) and highest zeta potential (–64 mV) but the 
lowest lycopene concentration (1.826 mg/100 mL). Conversely, nanodispersion stabilized 
with sodium caseinate had the lowest physical stability. Combining the soy lecithin with 
sodium caseinate at 1:1 ratio resulted in a physically stable lycopene nanodispersion with 
the highest lycopene concentration (2.656 mg/100 mL). The lycopene nanodispersion pro-
duced by soy lecithin also had high physical stability under different pH range (pH=2–8) 
where the particle size, PDI and zeta potential remained fairly consistent. The nanodisper-
sion containing sodium caseinate was unstable and droplet aggregation occurred when 
the pH was reduced close to the isoelectric point of sodium caseinate (pH=4–5). The par-
ticle size and PDI value of nanodispersion stabilized with soy lecithin and sodium casein-
ate mixture increased sharply when the NaCl concentration increased above 100 mM, 
while the soy lecithin and sodium caseinate counterparts were more stable. All of the na-
nodispersions showed good stability with respect to temperature changes (30–100 °C) 
except for the one stabilized by sodium caseinate, which exhibited an increased particle 
size when heated to above 60 °C. The combination of soy lecithin and sodium caseinate 
was found to increase the bioaccessibility of the lycopene nanodispersion. The physico-
chemical properties, stability and extent of the lycopene nanodispersion digestion high-
ly depend on the emulsifier type.

Novelty and scientific contribution. Producing a nanodispersion is considered one of the 
best ways to overcome the poor water solubility, stability and bioavailability issues of ly-
copene. Currently, studies related to lycopene-fortified delivery systems, particularly in 
the form of nanodispersion, are still limited. The information obtained on the physico-
chemical properties, stability and bioaccessibility of lycopene nanodispersion is useful for 
the development of an effective delivery system for various functional lipids. 
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INTRODUCTION
An emulsifier has a major role in the food industry, especially in the production of dairy 

products, baked goods and beverages. In recent years, in-depth studies of the use of 
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various emulsifiers in the production of nanoemulsions or 
nanodispersions as a delivery system for poorly water-soluble 
compounds (such as carotenoids, antioxidants and flavour 
compounds) for food application have been extensively con-
ducted. Many studies have shown that nanoemulsions can 
improve the solubility of hydrophobic compounds, increase 
the absorption rates, enhance the bioavailability and improve 
physical stability against destabilization processes (i.e. floc-
culation, creaming, coalescence, and Ostwald ripening) and 
environmental stresses (1–3). However, the characteristics 
and stability of the resulting nanoemulsion also depend on 
the type of emulsifier used. 

Soy lecithin and sodium caseinate are examples of food-
-grade emulsifying agents that are widely used in the food 
industry. The sodium caseinate molecules are able to adsorb, 
unfold and spread at the droplet surface to form a thick coat-
ing layer that generates strong steric stabilization. Soy leci-
thin is a phospholipid containing up to 29–46 % phosphati-
dylcholine, 21–34 % phosphatidylethanolamine and 13–21 % 
phosphatidylinositol (4). It also contains minor amounts of 
phosphatidic acid, phosphatidylserine, and non-phospholip-
ids components such as triglycerides, free fatty acids, and car-
bohydrates. Soy lecithin contributes to a good stability of an 
emulsion by adsorbing rapidly onto the droplet surface, effi-
ciently reducing the interfacial tension between the oil and 
water phases, and imparting a high negative net charge to 
the emulsion, which results in high repulsive force interac-
tions against the destabilization processes. One of the most 
common approaches to produce an emulsion with the de-
sired characteristics is by combining different types of emul-
sifier to stabilize the emulsion such as chitosan (5); starch (6), 
protein (7), sodium caseinate and soy lecithin (8).

The use of various processing methods and conditions as 
well as numerous ingredients in food processing may expose 
foods to various environmental conditions such as pH, ionic 
strengths and temperature, thus affecting the emulsifying 
properties of food emulsifiers. 

Bioaccessibility should also be taken into consideration 
when designing food products as it is affected by the struc-
ture and particle size of the compounds, the nature of the 
food matrix, and its interaction with other food constituents 
(9). An evaluation of bioaccessibility is sufficient to estimate 
the bioavailability of carotenoids such as in vitro digestion, 
which is considered rapid, inexpensive, reproducible and re-
liable method (10). Many different in vitro models have been 
developed based on the studied food or carotenoids, but the 
general steps are largely similar, i.e. simulation of the diges-
tion conditions in the gastrointestinal tract followed by quan-
tification of the carotenoid fraction released from the food 
matrix and incorporated into the bile salt micelles via 
high-performance liquid chromatography (HPLC) (11,12).

Lycopene is a natural carotenoid pigment consisting of a 
straight hydrocarbon chain with 11 conjugated double bonds 
and 2 non-conjugated double bonds that are susceptible to 
degradation, oxidation and/or trans-cis isomerization under 
light, oxygen, heat and acidic or alkaline conditions (13). The 

presence of unsaturated double bonds in the lycopene 
demonstrated several biological activities such as antioxidant 
(14), immunoregulation (15) and anticancer (16) as preventive 
effects against nerval degenerative diseases (17), breast can-
cer (18) and cardiovascular diseases (19).

In this study, lycopene nanodispersions were prepared by 
using different emulsifier types, namely soy lecithin, sodium 
caseinate, and a combination of soy lecithin and sodium ca-
seinate at 1:1 ratio, using emulsification and evaporation 
method. The effects of emulsifier types and environmental 
conditions (pH, ionic strength and temperature) on the par-
ticle size, polydispersity index, zeta potential and lycopene 
concentration of the nanodispersions were determined. The 
in vitro bioaccessibility of the lycopene nanodispersions was 
also investigated using a 2-phase static in vitro gastrointesti-
nal digestion model. 

MATERIALS AND METHODS

Materials

Lycopene (95 %) was purchased from Shaanxi Jinjiankang 
Biological Technology Co., Ltd. (Xi’an, PR China). Sodium ca-
seinate, soy lecithin, sodium chloride and sodium hydroxide 
were purchased from Fisher Scientific (Leicester, UK). Ascor-
bic acid solution, pancreatin from porcine pancreas, bile ex-
tract, pyrogallol, dl-α-tocopherol, potassium chloride, calci-
um chloride dihydrate, potassium dihydrogenphosphate, 
magnesium chloride hexahydrate and sodium hydrogencar-
bonate were purchased from Sigma-Aldrich, Merck (St. Louis, 
MO, USA). The deionized water for nanodispersion prepara-
tion was produced using a Sartorius Stedim Biotech Arium 
611DI system (Göttingen, Germany).

 

Preparing a lycopene nanodispersion

Different types of emulsifiers, namely soy lecithin, sodi-
um caseinate, and a combination of soy lecithin and sodium 
caseinate in the ratio of 1:1 were used to prepare lycopene 
nanodispersions. All samples were prepared at neutral pH. 
For the mixture of soy lecithin and sodium caseinate, both 
emulsifiers were mixed before the emulsification process. 
Their 1:1 ratio was chosen as it showed the best synergistic 
effects on the lycopene nanodispersion with the smallest 
particle size and the highest zeta potential during our prelim-
inary study.

 

Pre-emulsification step

Lycopene powder extract was dissolved in dichlorometh-
ane using a magnetic stirrer (MR Hei-Tec; Heidolph, Schwa
bach, Germany) at room temperature (25 °C) to form an or-
ganic phase. The aqueous phase consisting of an emulsifier 
dissolved in deionized water was also prepared using mag-
netic stirring. Coarse oil-in-water emulsion was obtained by 
mixing the organic phase with the aqueous phase at a ratio 
of φ=1:9 in a rotor-stator homogenizer (model L4R; Silverson, 
Chesham, UK) at 523.5 rad/s for 5 min. 
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Emulsification in a high-pressure homogenizer

The resulting coarse pre-emulsion was passed through a 
high-pressure homogenizer (Panda Plus 2000; GEA Niro Soa-
vi, Parma, Italy) for 2 homogenization stages at 30 MPa for 2 
cycles. The dichloromethane in the fine emulsion was re-
moved by using a rotary evaporator (Eyela NE-1001; Tokya Ri-
kakikai Co. Ltd, Tokyo, Japan) under a reduced pressure of 25 
kPa for 20 min at 40 °C and 10.5 rad/s. 

 

Effect of environmental changes

pH

The influence of pH (pH=2–8) on the characteristics of ly-
copene nanodispersions were measured using a Zetasizer 
Nano-ZS instrument (Malvern Instruments Ltd., Malvern, UK) 
coupled with an automatic titrator unit (autotitrator MPT-2). 
The titrations were done automatically in a plastic sample 
container, which was connected through a capillary system 
and a peristaltic pump with a folded capillary zeta potential 
cell (DTS 1060; Malvern Instruments Ltd). 

 

Ionic strength

The effects of ionic strength on the characteristics of ly-
copene nanodispersion were measured by adding appropri-
ate amounts of 1 M NaCl solution into the freshly prepared 
samples to obtain final NaCl concentrations of 0, 100, 200, 
300, 400 and 500 mM. The diluted samples were stored in 
glass amber bottles at ambient temperature (25 °C) for 24 h 
prior to analysis. The experiments were carried out under low 
light conditions.

 

Temperature

The effects of temperature on the stability of lycopene 
nanodispersions were studied by incubating the freshly pre-
pared samples stored in amber bottles in a water bath (WBU 
45; Waterbath, Memmert, Schwabach, Germany) set at 30, 40, 
60, 80 and 100 °C for 1 h. Then, the samples were kept in a dark 
place at ambient temperature (25 °C) for 24 h prior to analysis. 
The experiments were carried out under low light conditions.

 

In vitro bioaccessibility 

The bioaccessibility of the lycopene nanodispersion sta-
bilized by different emulsifier types was measured by the 
2-phase static in vitro model simulating the digestion process 
in the stomach (gastric phase) and upper part of the small in-
testine (duodenum) as described by Ha et al. (20) with minor 
modifications. The oral phase was not included in the model 
because it does not have a significant impact on the bioac-
cessibility of the lycopene nanodispersion, as the main diges-
tive process that occurs in the mouth is starch digestion by 
amylase, and the lycopene nanodispersions do not contain 
starch. Furthermore, lycopene is categorized as a lipid com-
pound, and lipid digestion occurs in the stomach and small 
intestine (21). Digestion in the large intestine was not studied 

because most of the chemical digestion and nutrient absorp-
tion takes place in the small intestine (22). The bioaccessibil-
ity of the prepared lycopene nanodispersion was evaluated 
by measuring the lycopene concentration released from the 
food matrix (lycopene in the digesta supernatant) and the ly-
copene concentration incorporated into micelles.

To simulate the first half of the stomach phase, 5 mL of 
NaCl/ascorbic acid solution (0.9 % (m/V) NaCl and 0.1 % (m/V) 
ascorbic acid) and 5 mL of electrolyte solution (in g/L: NaCl 3, 
KCl 1.062, CaCl2·2H2O 1.468, KH2PO4 0.470 and MgCl2·6H2O 
0.740) were added to the sample solution (10 mL). The pH was 
adjusted to pH=4 by adding 1 M HCl. Then, 5 mL of pepsin 
solution were added to the mixture to prepare the simulated 
stomach conditions. The second half of the preparation of the 
simulated stomach conditions included reducing the pH to 
pH=2 by adding 1 M HCl. The mixtures were incubated in a 
water bath shaken at 26.175 rad/s for 30 min at 37 °C.

To simulate the small intestinal phase, the pH of the di-
gesta from the previous simulated stomach phase was in-
creased to pH=6.9 by adding NaHCO3. Then, 3 mL of pancre-
atin/bile extract solution (0.4 % (m/V ) pancreatin from 
porcine pancreas, 2.5 % (m/V) bile extract, 0.5 % (m/V) py-
rogallol and 1 % (m/V) dl-α-tocopherol) was added, and the 
mixture was incubated in a water bath shaken at 26.175 rad/s 
for 2 h at 37 °C.

To measure the lycopene concentration released from the 
food matrix, the in vitro digesta solution was centrifuged 
(centrifuge model 4000; Kubota Corporation, Osaka, Japan) 
at 5000×g for 15 min. The supernatant was vacuum-filtered, 
and the lycopene concentration in the supernatant was 
measured using HPLC. The concentration of lycopene incor-
porated in the bile salt micelles was measured by extracting 
the lycopene from the solution of the in vitro digesta as fol-
lows: 2 mL of the solution of the in vitro digesta was added to 
4 mL of φ(hexane, acetone, ethanol)=2:1:1 mixture containing 
0.1 % butylated hydroxytoluene (BHT). Hexane (non-polar) 
was used to dissolve the lycopene, whereas acetone and eth-
anol (polar solvents) were used to remove water-soluble com-
pounds from the samples and to obtain phase separation. 
The mixture of hexane, acetone and ethanol had previously 
been used to optimize lycopene extraction, particularly from 
tomato products (9). BHT was added as an antioxidant. NaCl 
solution (1 mL of w=25 %) was added, and the mixture was 
vortexed for 10 min. The added NaCl was responsible for in-
creasing the polarity of the polar phase and improving the 
separation between the polar and non-polar phases. The 
mixture was centrifuged at 5000×g for 10 min, and the organ-
ic phase in the upper layer was collected. The lycopene con-
centration in the organic phase was measured by HPLC. 

The  in vitro  bioaccessibility was calculated using the 
following formula:

	 Bioaccessibility=[(γr+γm)/γi]·100	 /1/

where γr is the concentration of lycopene released from the 
food matrix (mg/mL), γm is the concentration of lycopene in 
micelles (mg/mL), and γi is the initial lycopene concentration 
(mg/mL).
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Characterizing the lycopene nanodispersion

Particle size and polydispersity index

The particle size and polydispersity index (PDI) of lyco-
pene nanodispersions were determined using a dynamic 
light scattering device (Zetasizer Nano-ZS; Malvern Instru-
ments). The particle size and PDI were measured at 25 °C  
under low light conditions. The mean particle diameters are  
reported as Z-average diameters (the scattering intensity- 
-weighted mean diameter) in nm. 

 

Zeta potential

The stability of the nanodispersions was analyzed by de-
termining the net electrical charge using Zetasizer Nano-ZS 
(Malvern). A volume of 1 mL of freshly prepared lycopene na-
nodispersion was injected into disposable folded capillary 
cells (DTS 1060) and placed in the cell holder. The sample was 
then equilibrated at 25 °C for 120 s before measurement. The 
analysis was performed under low light conditions.

 

Determining the lycopene concentration

An aliquot of lycopene nanodispersion (1 mL) was mixed 
with 2 mL of V(hexane):V(acetone)= 2:1 and vortexed at 104.7 
rad/s for 5 min. Then, the sample was centrifuged at 800×g 
for 10 min. The hexane upper layer containing lycopene was 
collected and the extraction method was repeated once 
again. The lycopene in the hexane layer was collected and an 
aliquot of 1 mL was then filtered through a 0.45-µm pore 
membrane filter. A volume of 20 µL of the filtrate were inject-
ed into an HPLC system (Waters e2695 HPLC separation mod-
ules equipped with a Waters 2489 UV-Vis detector; Waters, 
Milford, MA, USA). HPLC analysis was performed with a Wa-
ters liquid chromatography system equipped with a diode 
array detector and a Nova-Pak C18 (3.9 mm×300 mm) Waters 
HPLC column with an isocratic mobile phase consisting of 15 
% tetrahydrofuran, 30 % acetonitrile and 55 % methanol at 1 
mL/min and temperature of 30 °C. Detection was performed 
at 472 nm. All steps were performed under subdued light.

 

Statistical analysis

All measurements taken from freshly prepared samples 
are expressed as mean value±standard deviation (S.D.) of 
triplicate determinations (N=3). The data were analyzed with 
SPSS v. 12.0 software (23). Duncan’s multiple range test was 
used to compare significant differences between sample 
mean values at a 5 % significance level (p<0.05). 

RESULTS AND DISCUSSION

Influence of emulsifier type

In this study, the physical and chemical stability of lyco-
pene nanodispersions stabilized by soy lecithin, sodium ca-
seinate and their mixture was investigated by evaluating the 
particle size, polydispersity index (PDI), zeta potential and ly-
copene concentration of the freshly prepared sample. Based 
on the results shown in Table 1, all three emulsifiers were ca-
pable of producing lycopene nanodispersion at a nanoscale, 
whereby soy lecithin had the smallest mean particle size (78 
nm), followed by the mixture of soy lecithin and sodium ca-
seinate (91 nm) and sodium caseinate (159 nm). The soy leci-
thin-stabilized nanodispersion had the lowest PDI value, in-
dicating the narrowest size distribution. The sodium 
caseinate-stabilized nanodispersion on the other hand ex-
hibited the highest PDI value, demonstrating the broadest 
and less homogenous size distribution. The small particle size 
and low PDI value in a soy lecithin-stabilized nanodispersion 
were attributed to its small molecular mass and the ability to 
adsorb rapidly onto the droplet surface. Soy lecithin is a nat-
urally occurring amphiphilic surfactant that is able to adsorb 
at the oil-water interface and reduce the interfacial tension 
between the oil and water. Its hydrophilic head group com-
prising phosphatidic acid, phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylinositol or phosphatidylser-
ine attached to the phosphate groups is attracted to water, 
while its hydrophobic tail group consisting of two fatty acids 
(24,25) is attracted to the oil phase. During the homogeniza-
tion, soy lecithin is adsorbed rapidly at the oil-water interface 
and it forms a protective layer that prevents droplet aggre-
gation and coalescence. The hydrophilic head group of leci-
thin, which can be anionic (phosphatidylinositol) or zwitter-
ionic (phosphatidylcholine and phosphatidylethanolamine), 
also helps to prevent droplet coalescence by providing a neg-
ative surface charge to the dispersed droplets keeping them 
small in size. 

Sodium caseinate is a high-molecular-mass protein emul-
sifier with good surface activity and is able to unfold, adsorb 
at the oil-water interface and reduce the interfacial tension 
between the phases. The emulsifying ability of proteins is in-
fluenced by the presence of lipophilic amino acids such as 
phenylalanine, leucine and isoleucine (26). During the emul-
sification, the lipophilic groups modify their confirmation 
and penetrate the oil phase, whereas the hydrophilic groups 
protrude into the aqueous phase. Protein such as sodium ca-
seinate produces a loop structure that causes steric hin-
drance to the oil droplets, preventing their flocculation and 

Table 1. Particle size, polydispersity index (PDI), zeta potential and lycopene concentration of lycopene nanodispersion 

Sample d(particle)/nm PDI ζ/mV γ(lycopene/(mg/100 mL)
Soy lecithin (SL) (78.0±0.9)a (0.180±0.008)a (–64.0±0.2)a (1.8±0.1)c

Sodium caseinate (SC) (159.0±1.2)b (0.41±0.01)c (–45.0±0.1)c (2.51±0.02)b

SL/SC (91.0±0.5)c (0.32±0.03)b (–48.0±0.2)b (2.66±0.05)a

The results are expressed as mean value±S.D. (N=3). Different letters in superscript in each column show statistically significant differences 
(p<0.05). SL:SC=1:1 
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coalescence (27). The presence of ionic functional groups in 
protein molecules also provides electrostatic stabilization, 
keeping the nanodispersion physically stable. Sodium casein-
ate reduces the interfacial tension between the oil and water 
phases less efficiently than soy lecithin because it needs to 
undergo a conformational change at the interface while the 
soy lecithin, being a small-molecular-mass emulsifier with a 
clear partitioning of the hydrophobic and hydrophilic parts, 
would adsorb rapidly at the interface (28). Therefore, during 
the emulsification, the lycopene droplets may have enough 
time to merge before being fully coated by the sodium ca-
seinate molecules, resulting in the formation of a single larg-
er entity. Another contributing factor was bridging floccula-
tion, which usually occurs when the sodium caseinate chains 
adsorb to multiple droplets via their extended long loops and 
tails (29). 

The nanodispersion consisting of a mixture of soy lecithin 
and sodium caseinate showed an intermediate particle size 
and PDI value, suggesting that both emulsifiers adsorbed at 
the droplet surface. In the presence of proteins, small mole-
cule surfactants such as phospholipids may interact or com-
pete with the proteins to adsorb at the droplet surface (30). 
During the emulsification, both emulsifiers were expected to 
adsorb at the surface of the newly created droplets and re-
duce the interfacial tension between the oil and water phas-
es, preventing them from coalescing. The absorption of the 
soy lecithin molecules at the droplet surface would affect the 
absorption mode of the sodium caseinate molecules. With a 
more limited surface area available on the droplet surface, 
the adsorbed sodium caseinate molecules would protrude 
into the aqueous phase rather than elastically spread to cov-
er a maximum area (31). This has consequently resulted in 
steric stabilization, which may prevent the lycopene droplets 
from aggregating. The soy lecithin molecules will also com-
pete with the sodium caseinate to adsorb at the oil-water in-
terface (30) and interact with the adsorbed sodium caseinate 
to form a strong and densely packed protective layer around 
the droplet. The adsorption of both emulsifiers on the drop-
let surface resulted in a combination of electrostatic and ster-
ic stabilization, which in turn provided good stability to the 
emulsion. According to Fang and Dalgleish (31), not all the 
adsorbed proteins are displaced by soy lecithin, suggesting 
that the surface of the droplets was occupied by the lecithin 
and sodium caseinate. Small-molecule surfactants, such as 
lecithin, could also influence the nanodispersion properties 
by displacing the adsorbed biopolymers from the interface. 
The ability of the lecithin to displace proteins at the interface 
was attributable to its small molecular mass, manoeuvrabili-
ty and strong affinity towards the interface (32). It has been 
reported that, during emulsification with protein as the main 
emulsifier, the presence of even a small quantity of rapidly 
adsorbing surfactant can facilitate a substantial reduction in 
the mean droplet size (33). This result shows that a natural 
emulsifier such as lecithin and a combination of lecithin and 
sodium caseinate can be used to produce lipid nanodisper-
sion with particle size less than 100 nm, comparable to syn-
thetic surfactants such as Tween 80 and sodium dodecyl 

sulfate (SDS) (34). Fig. 1 shows the schematic illustration of 
the lycopene nanodispersions stabilized by soy lecithin, so-
dium caseinate and their mixture. 

The influence of emulsifier types on the stability of lyco-
pene nanodispersion against droplet aggregation was deter-
mined by measuring the droplet surface charge (zeta poten-
tial). Stable lycopene nanodispersion can be produced by 
using soy lecithin and sodium caseinate separately or in com-
bination, as all samples showed a zeta potential of more than 
–30 mV (Table 1). A zeta potential value exceeding ±30 mV 
indicates good stability of a colloidal system. Stabilizing lyco-
pene nanodispersion with soy lecithin resulted in a stable 
system with a high negative charge (–64 mV). This was due 
to the presence of negatively-charged phospholipid compo-
nents, i.e. phosphatidylinositol, phosphatidic acid and lys-
ophosphatides. Moreover, the small particle size of the leci-
thin-stabilized nanodispersion resulted in Brownian effects 
dominating the gravitational force and thus keeping it stable 
against aggregation. Although the zeta potential value of the 
sodium caseinate-stabilized nanodispersion was considera-
bly high, it was the lowest among all samples, presumably 
due to its tendency to form a network structure. The combi-
nation of soy lecithin and sodium caseinate resulted in a sig-
nificantly lower droplet charge (i.e. –48 mV) than soy lecithin 
alone. The zeta potential was reduced probably due to the 
depletion flocculation by non-adsorbing sodium caseinate 
and soy lecithin in the continuous phase. The nanodispersion 
stabilized with the mixture of soy lecithin and sodium casein-
ate had a higher zeta potential value than the one stabilized 
with sodium caseinate alone (i.e. –45 mV). Fang and Dalgleish 
(31) found that lecithin can increase the stability of emulsions 
made from protein. 

The lycopene concentration in the nanodispersions was 
quantified using HPLC analysis. Fig. 2 shows the HPLC chro-
matograms of lycopene in the lycopene nanodispersions pre-
pared in this study. Quantification of the lycopene concen-
tration using HPLC showed that the nanodispersion stabilized 
with the mixture of soy lecithin and sodium caseinate had the 
highest lycopene concentration followed by sodium casein-
ate and finally lecithin (Table 1). It can be postulated that the 
combination of soy lecithin and sodium caseinate at neutral 
pH provides better protection to the lycopene against deg-
radation than the soy lecithin and sodium caseinate alone. 
The enhanced stability of the mixture was ascribed to the in-
teraction between the soy lecithin and sodium caseinate at 

Fig. 1. The schematic illustration of lycopene nanodispersion stabi-
lized by: a) soy lecithin, b) sodium caseinate, and c) mixture of soy 
lecithin and sodium caseinate at 1:1 ratio 
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the interface, as well as the formation of a strong and thick 
interfacial layer around the droplets (30) that prevented lyco-
pene from chemical degradation. The interaction between 
phospholipids such as lecithin and protein would affect the 
surface activity, protein structure and net charge of the emul-
sion (35). The sodium caseinate-stabilized nanodispersion 
had a relatively high lycopene concentration. The sodium ca-
seinate coating layer and extended protein chains from the 
adsorbed sodium caseinate at the interface generated a 
strong steric hindrance that protects the droplets against ox-
idative degradation (36). The high stability of lycopene in the 
nanodispersions stabilized with sodium caseinate and the 
mixture of soy lecithin and sodium caseinate was also due to 
the phosphorylated casein peptides that can chelate metal 
ions (37). The sodium caseinate has also been reported to ex-
hibit antioxidative properties, thus minimizing the lycopene 
loss in the nanodispersion sample (34). 

 

Effect of pH

The effects of pH on the particle size, PDI and zeta poten-
tial of all lycopene nanodispersions are shown in Fig. 3. Fig. 
3a and Fig. 3b show that the soy lecithin-stabilized nanodis-
persion was highly stable over a wide pH range (pH=2–8), in-
dicating that the soy lecithin layer on the droplet surface was 
resistant to pH changes and was able to protect the lycopene 
droplets from aggregating. This is presumably due to the 
high negative charge carried by phosphatidic acid, phos-
phatidylinositol and anionic components in soy lecithin that 
cause the droplets to repulse each other. Other contributing 
factors are stabilization via electrostatic and hydration forces 
by phosphatidic acid and phosphatidylserine, as well as the 
high content of surface-active impurities other than phos-
pholipids in lecithin (38). 

The particle size of sodium caseinate-stabilized nanodis-
persion decreased with decreasing pH value from pH=8 to 
pH=6. However, at pH=5, a sharp increase in the particle size 
was observed, indicating the occurrence of extensive droplet 
aggregation. Reducing the pH value close to the isoelectric 
point of sodium caseinate (pH=4–5) resulted in a loss of net 
charge close to zero. The loss in the surface charge caused 
the droplets to attract each other because the repulsive force 
between them was insufficient to overcome the attractive 

force. When the pH of the nanodispersion was reduced fur-
ther to pH=2, a significant decrease in the particle size was 
observed. The reduction in the pH value towards a highly 
acidic condition resulted in the increased surface charge of 
sodium caseinate molecules, thus increasing the repulsive 
force among the coated droplets, preventing droplet aggre-
gation.

Based on the graphs in Fig. 3a and Fig. 3b, the particle size 
and PDI of the nanodispersion stabilized with the mixture of 
soy lecithin and sodium caseinate remained small when the 
pH was reduced from pH=8 to pH=6. At high pH values 
(pH=6–8), the droplets were highly negatively charged due 
to the absorption of both sodium caseinate and soy lecithin 
molecules on the droplet surface. Consequently, the droplets 
tended to repel each other. In addition, the soy lecithin and 
sodium caseinate molecules can also interact with each oth-
er via attraction interaction between the positive patches in 
the sodium caseinate with the negatively charged soy leci-
thin components and vice versa, thus forming a strong soy 
lecithin-sodium caseinate complex around the droplet sur-
face that prevents them from aggregating. However, under 
more acidic conditions (≤pH=5), the nanodispersion became 
highly unstable, especially at pH=4 and pH=5, which were 
near the isoelectric point of sodium caseinate. When the pH 
was reduced further to pH=3 and pH=2, a significant size re-
duction and reduced PDI value were observed. The sodium 
caseinate molecules became increasingly positive with in-
creasing acidity. Thus, they were able to interact with nega-
tively charged soy lecithin, which led to an increased repul-
sion force between the droplets, thus preventing them from 
aggregating. 

The effects of pH on the zeta potential of all nanodisper-
sions are shown in Fig. 3c. Generally, the soy lecithin-stabi-
lized nanodispersion was stable over a wide pH range by ex-
hibiting a high negative net charge exceeding –30 mV at 
every pH value except at pH=2 (–29 mV). The zeta potential 
value decreased gradually from pH=8 to pH=2. The reduced 
negative net charge of the nanodispersion was related to the 
protonation of the phosphate group of the soy lecithin mol-
ecules (39). 

Nanodispersion made from sodium caseinate and soy lec-
ithin and sodium caseinate showed significant changes in 
droplet charge (i.e., from highly negative to highly positive 

Fig. 2. The HPLC chromatograms of lycopene nanodispersions showing peaks of all-trans- and cis-isomers of lycopene detected at 472 nm 
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when the pH was reduced from pH=8 to pH=2) with a similar 
trend. This result suggests that sodium caseinate molecules 
have also been adsorbed on the droplet surface and that not 
all the adsorbed casein had been displaced by soy lecithin 
molecules. At pH below the isoelectric point of sodium ca-
seinate, the zeta potential value of soy lecithin and sodium 
caseinate was slightly lower than that of the sodium casein-
ate-stabilized nanodispersion, indicating lower stability. The 
presence of non-adsorbing sodium caseinate in the soy leci-
thin and sodium caseinate-stabilized nanodispersion (which 
resulted from the competitive adsorption of soy lecithin mol-
ecules and displacement by soy lecithin molecules at the 
droplet surface) may have resulted in depletion flocculation, 
hence promoting droplet aggregation (40). 

 

Effect of ionic strength

The particle size and PDI of soy lecithin and sodium ca-
seinate nanodispersions were less severely affected by ionic 

strength than their combination (Fig. 4). The particle size of 
the soy lecithin-stabilized nanodispersion was small (82 nm) 
at low NaCl concentrations (≤100 mM), but increased to 108 
nm with further increase in the NaCl concentration. An in-
crease in the NaCl concentration beyond 100 mM resulted in 
the reduction of droplet surface charge due to the electro-
static screening effect (41). The increase in the NaCl concen-
tration caused the ionic strength to increase, resulting in re-
duced droplet charges, hence causing the droplets to enlarge. 
The reduced curvature of the phospholipid membranes by 
salt may also promote droplet aggregation (42). 

The particle size of sodium caseinate-stabilized nanodis-
persion decreased significantly from 148 nm (without NaCl) 
to 71 nm (at 100 mM), and it decreased slightly to 66 nm with 
a further increase in NaCl concentration up to 500 mM. Srin-
ivasan et al. (43) found that adsorption of α-casein at the drop-
let surface was enhanced by the addition of NaCl solution up 
to 40 mM; when 200 mM of NaCl was added, reduced droplet 
flocculation and improved creaming stability were observed. 
Dalgleish (44) reported that the change in the ionic strength 
would change casein conformation at the interface, which 
would in turn affect the steric stabilization. 

The particle size of the nanodispersion stabilized with the 
mixture of soy lecithin and sodium caseinate increased dras-
tically from 91 nm (at 100 mM) to 265 nm (at 200 mM), and it 
continued to increase up to almost 4 µm (at 500 mM NaCl) 
(Fig. 4a). The same trend was observed in the PDI result, 
where the value increased drastically up to 1 when the NaCl 
concentration exceeded 100 mM, indicating a broad and in-
homogeneous size distribution. At low NaCl concentration 
(≤100 mM), the electrostatic repulsive force was strong 
enough to overcome the attractive forces between droplets, 
thus keeping them away from one another. However, beyond 
100 mM, the loss in the surface charge of the droplets weak-
ened their repulsive force, thus causing them to be attracted 
to each other.

The increase in the NaCl concentration resulted in de-
creased zeta potential (Fig. 4c). Starting from 100 to 500 mM 
NaCl, all samples showed zeta potential values of less than 
–30 mV, indicating poor physical stability. Among all samples, 
nanodispersion stabilized by soy lecithin showed the highest 
stability at different NaCl concentrations. This may be due to 
its smaller particle size and narrower size distribution, thus 
decreasing the tendency to aggregate. 

 

Effect of temperature

The particle size and PDI of the nanodispersions stabi-
lized with soy lecithin and the mixture of soy lecithin and so-
dium caseinate were remarkably stable over a wide temper-
ature range (Fig. 5). Ozturk et al. (45) reported that good 
thermal stability of lecithin resulted from high electrostatic 
and steric repulsion. In previous research, lecithin was added 
to milk and combined with other emulsifier types such as 
whey protein isolate in the emulsion to enhance their thermal 
stability (30). The displacement of sodium caseinate by 

Fig. 3. The effect of pH on the: a) particle size, b) polydispersity index 
(PDI) and c) zeta potential of lycopene nanodispersion stabilized by 
soy lecithin (SL), sodium caseinate (SC), and soy lecithin and sodium 
caseinate (SL/SC) in the ratio 1:1
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lecithin at the interface, the formation of a complex of soy 
lecithin and sodium caseinate, and the increase in the surface 
charge of casein micelles (46) may have contributed to the 
high thermal stability in the nanodispersion stabilized with 
the mixture of soy lecithin and sodium caseinate. Additional-
ly, it has been reported that the emulsification activity of a 
soybean protein-lecithin complex increased after heat treat-
ment (47). As for the sodium caseinate-stabilized nanodisper-
sion, the particle size was stable when heated at 30 and 40 
°C, but it started to increase gradually with a further increase 
in temperature. The same trend was observed in the PDI re-
sult. The high stability of the sodium caseinate-stabilized na-
nodispersion at a moderate temperature under neutral pH 
was related to the crosslinking between the adsorbed sodi-
um caseinate molecules on the same droplet (48). 

All samples showed good stability at various heating tem-
peratures (30–100 °C) by exhibiting zeta potential values 

exceeding –30 mV. Comparing the nanodispersions stabilized 
with sodium caseinate and the mixture of soy lecithin and 
sodium caseinate, the mixture showed better heat stability 
than the one stabilized with sodium caseinate alone. The 
presence of soy lecithin in the emulsion was associated with 
improved heat stability (30). 

The stability of the lycopene nanodispersions against 
thermal degradation was also investigated by observing the 
colour intensity of the nanodispersions (Fig. S1), as chemical 
degradation of carotenoids can be indicated by colour fading 
(49). In Fig. S1, the colour of the soy lecithin-stabilized nano-
dispersion started to fade at a lower temperature than of the 
sodium caseinate-containing nanodispersion. The colour fad-
ing became more significant at a higher temperature, indi-
cating that the soy lecithin-coated lycopene droplets were 
susceptible to degradation, particularly at high temperatures. 
The degradation of the lycopene in the nanodispersion was 

Fig. 4. The effect of ionic strength on the: a) particle size, b) polydis-
persity index (PDI) and c) zeta potential of lycopene nanodispersion 
stabilized by soy lecithin (SL), sodium caseinate (SC), and soy lecithin 
and sodium caseinate (SL/SC) in the ratio 1:1

Fig. 5. The effect of temperature on the: a) particle size, b) polydis-
persity index (PDI) and c) zeta potential of lycopene nanodispersion 
stabilized by soy lecithin (SL), sodium caseinate (SC), and lecithin and 
sodium caseinate (SL/SC) in the ratio 1:1
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also accelerated by its small particle size. The colour intensity 
of the sodium caseinate-stabilized lycopene nanodispersion 
was higher than of the lecithin-stabilized nanodispersion at 
all temperatures, indicating better lycopene stability against 
degradation. This was attributed to the thick stabilizing layer 
of sodium caseinate at the droplet surface, which hindered 
lycopene degradation. The nanodispersion stabilized with 
the mixture of soy lecithin and sodium caseinate was the 
most stable among all samples. The adsorption of both soy 
lecithin and sodium caseinate molecules at the same droplet 
surface resulted in a combination of electrostatic and steric 
stabilization, thus providing good protection to the lycopene 
droplets from the chemical degradation. 

 

In vitro bioaccessibility of lycopene nanodispersion

The influence of particle size and emulsifier type on the 
bioaccessibility of the lycopene nanodispersion was investi-
gated. The particle size of the lycopene nanodispersion was 
examined just before the samples were subjected to in vitro 
bioaccessibility analysis. Based on the results of particle size 
in Table 2, the particle size of the lycopene nanodispersions 
made from different emulsifier types increased in the follow-
ing order: soy lecithin<mixture of soy lecithin and sodium 
caseinate<sodium caseinate.

For bioaccessibility, the soy lecithin-stabilized nanodis-
persion was less bioaccessible than the other two nanodis-
persions although its initial particle size was smaller (77 nm). 
Theoretically, smaller particles are more bioaccessible due to 
the increased surface area that is available for enzyme ad-
sorption. However, an apparent aggregation was observed 
in the digesta containing the soy lecithin-stabilized nanodis-
persion when the pH was increased to pH=4 during the first 
half of gastric digestion. The aggregation decreased signifi-
cantly when the pH of the digesta was reduced to pH=2 in 
the second half of the gastric digestion and then increased at 
pH=6.9 in the small intestinal digestion. The changes in the 
particle size and structure of the nanodispersion might have 
reduced its bioaccessibility. The changes in the pH of the di-
gesta alter the electrical charge of the emulsifier used to coat 
the lipid and consequently cause the structure, interaction 
and susceptibility to aggregation to change (50,51). Adjusting 
the pH digesta to pH=4 might have reduced the zeta poten-
tial of the soy lecithin-stabilized nanodispersion, thus pro-
moting droplet flocculation by reducing the repulsion force 

between droplets. Aggregation may have prevented the ly-
copene droplets from being easily accessible to the enzymes, 
leaving the lycopene droplets undigested or minimally di-
gested. 

Based on visual observation, no significant aggregation 
was observed in the digesta containing the nanodispersions 
stabilized with sodium caseinate or the mixture of soy lecithin 
and sodium caseinate. Therefore, the initial particle size value 
of these samples was considered when justifying the bioac-
cessibility. The lycopene nanodispersion made from the mix-
ture of soy lecithin and sodium caseinate showed the greatest 
bioaccessibility. This result was ascribed to its smaller particle 
size. As previously noted, a lycopene nanodispersion with a 
small particle size provides more surface area for enzyme ad-
sorption, thus enhancing enzyme access to the lycopene 
droplet or accelerating any chemical reactions occurring at 
the oil-water interface (50). Smaller particle size has been as-
sociated with higher solubility, higher micellization rates (in-
creased transfer rate into the bile salt micelles) (52), and high-
er diffusivity rates (enhanced release from the food matrix). 
Kipp (53) claimed that a significant improvement in the bio-
availability of a nanoparticle can be expected when the size 
of the particle is below 100 nm. Additionally, the bioaccessi-
bility of the lycopene nanodispersion was also influenced by 
the soy lecithin and sodium caseinate molecules at the drop-
let surface. In the gastric digestion phase, the sodium casein-
ate molecules might have been extensively digested by pep-
sin, while the soy lecithin molecules left at the lycopene 
droplet surface may protect it from chemical degradation 
and aggregation (via electrostatic repulsion). In the subse-
quent small intestinal phase, the lycopene nanodispersion 
was continually digested by pancreatin in the presence of bile 
salts. The sodium caseinate molecules were preferentially di-
gested by proteases, and soy lecithin by phospholipase. This 
consequently facilitated the release of lycopene into the di-
gesta and increased the amount of lycopene incorporated 
into the bile salt micelles. 

The lower bioaccessibility of the sodium caseinate-stabi-
lized nanodispersion than of the nanodispersion stabilized 
with the mixture of soy lecithin and sodium caseinate was 
particularly related to its larger particle size. Although the so-
dium caseinate molecules at the droplet surface might have 
been degraded extensively by pepsin and proteases, the di-
gestion process might have been less effective due to the 
smaller surface area available for adsorption.

Table 2. Particle size and in vitro bioaccessibility of lycopene nanodispersion 

Sample d(particle)/nm
γ(lycopene/(mg/100 mL)

Bioaccessibility/%
Initial sample Food matrix Micelles

Soy lecithin (SL) (77.0±1.2)a (4.6±0.3)c (0.28±0.06)a (0.72±0.01)c (21.9±0.3)c

Sodium caseinate (SC) (156.1±2.4)b (8.2±0.2)a (0.25±0.01)a (1.77±0.01)b (24.7±0.3)b

SL/SC (95.0±0.9)c (7.0±0.4)b (0.26±0.09)a (1.93±0.02)a (31.5±0.1)a

The results are expressed as mean value±S.D. (N=3). Different letters in superscript in each column show statistically significant differences 
(p<0.05) 
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CONCLUSIONS
This study showed that lycopene nanodispersion with na-

no-sized particles (d<200 nm), good distribution (polydisper-
sity index (PDI)<1), and physically stable (zeta potential ≥30 
mV) can be produced with soy lecithin and sodium caseinate, 
either as the sole stabilizer or in combination at 1:1 ratio, us-
ing the emulsification-evaporation method. Under neutral 
pH conditions, the nanodispersion stabilized by soy lecithin 
was the most physically stable with the smallest particle size, 
the lowest PDI and the highest zeta potential value, but it was 
the least stable against lycopene degradation. To overcome 
the lycopene degradation issue in the soy lecithin-based na-
nodispersion, combining it with sodium caseinate at 1:1 ratio 
was not only able to produce lycopene nanodispersion with 
small particle size but also to enhance the lycopene stability 
against degradation. Under different environmental condi-
tions, the soy lecithin-stabilized nanodispersion was not ap-
preciably affected by the changes in the pH, ionic strength 
and temperature, enhancing its potential to be used in various 
food systems at wide pH, ionic strength and temperature rang-
es. Although combining the soy lecithin with sodium casein-
ate enabled the obtaining of stable lycopene nanodispersion, 
its application in the food systems with high ionic strength 
may cause physical destabilization leading to droplet coales-
cence. The particle size of sodium caseinate-stabilized nano-
dispersion on the other hand decreased with increasing ion-
ic strength, but changing the pH of the nanodispersion near 
the isoelectric point of sodium caseinate (pH=4–5) and heat-
ing above 60 °C caused the particle size to increase. The pres-
ence of sodium caseinate seemed to contribute to the phys-
ical instability of the nanodispersion stabilized with the 
mixture of soy lecithin and sodium caseinate at pH=4–5 but 
enhanced the in vitro bioaccessibility of the lycopene nano-
dispersion. The lycopene nanodispersion bioaccessibility was 
not only affected by the particle size, but also the emulsifier 
types used to prepare the samples. The in vitro bioaccessibil-
ity of lycopene nanodispersion increased in the following or-
der: soy lecithin<sodium caseinate<mixture of soy lecithin 
and sodium caseinate. The information obtained from this 
study not only provides a better understanding of lycopene 
nanodispersion physicochemical properties, stability and bi-
oaccessibility in response to various factors, but also the po-
tential emulsifiers for fabricating a delivery system for poorly 
water-soluble functional lipids. 
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