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Abstract In this study, cholesterol (CH), b-sitosterol (SI),
and stigmasterol (ST) were explored to improve the sta-

bility of retinol in the liposome bilayer. Retinol was

incorporated into liposomes composed of soybean-derived

L-a-phosphatidylcholine (PC) and 10% sterol (w/w), which

were prepared as multilamellar vesicles. Under all condi-

tions, the efficiency of retinol incorporation into liposomes

was higher than 99%, and the average particle size of

liposomes was similar to that of PC alone. Liposomes were

stored at 4 and 25 �C, with and without light, respectively,

for 10 days. It was found that during the storage, CH and

SI were effective in stabilizing the retinol in liposomes.

These results indicate that an appropriate phytosterol could

improve the stability of retinol in liposomes.
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Introduction

Retinol or vitamin A is necessary for human growth

including bone development, skin improvement, and

visual, reproductive, and immune functions (Kafi et al.,

2007; WHO/FAO, 2005). Generally, fat-soluble vitamins

such as retinol are sensitive to oxygen, heat, metal ions,

and ultraviolet rays, and can be easily destroyed (Combs

2007). Retinol is an isoprenoid which has conjugated

double bonds; thus, it reacts easily with oxygen. This

oxidation is catalyzed by excitation with light.

Liposomes are an effective tool for the protection of

retinol against oxidation by light, and the addition of

sterols into liposomes could delay oxidation. Many studies

have been conducted on microencapsulation for improving

the stability of retinol (Gonçalves et al., 2016). The size of

microcapsules varies from several nanometers to millime-

ters; due to their ability to protect internal substances and

control the rate of release, they are used in the development

of functional foods, cosmetics, and medicines (Moumita

et al., 2018; Whelan, 2001).

There are many methods for the microencapsulation of

retinols, which include liposome conversion, cochleate

formation, spray-drying, spray-cooling, coacervation, solid

lipid nanoparticle development, emulsion, and inclusion

complexation (Gonçalves et al., 2016). The structure of a

liposome contains a phospholipid bilayer; hydrophilic

heads are directed inwards and outwards, while the space

between the phospholipid bilayer is composed of

hydrophobic fatty acids that can incorporate retinol inside

(Singh and Das, 1998). The liposome has been reported to

effectively protect incorporated retinol against light (Lee

et al., 2002).

Cholesterol (CH) is known to contribute to the stability

of the phospholipid double membranes. CH in the phos-

pholipid bilayer induces close presence of fatty acyl chain

and causes liquid ordered state (Veatch and Keller, 2005).

However, since CH is generally known to pose a risk of

developing cardiovascular disease, the effect of liposomes

supplemented with phytosterol, a molecule structurally

similar to CH, has been studied for retinol stability (Lee

et al., 2005a; 2020).
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b-Sitosterol (SI) is a phytosterol that has an additional

ethylene group at the C-24 position of CH, and it reduces

blood cholesterol and prevents the onset of arteriosclerosis

(Brufau et al., 2008). Stigmasterol (ST) is also a phytos-

terol in which a double bond is added to the position C-22

of the SI (Fig. 1). ST acts as a precursor during the

biosynthesis of hormones such as progesterone, estrogen,

and vitamin (Kaur et al., 2011). These phytosterols are not

only structurally similar to CH but also have beneficial

physiological functions in human body. Although the effect

of CH (Lee et al., 2005b) and SI (Lee et al., 2005a) on the

stability of incorporated retinol in liposomes have been

reported, there has been no direct comparison of the effect

of phytosterol and CH at same condition. In the present

study, therefore, we tried to compare the effect of two

phytosterols (SI and ST) and CH on the stability of

incorporated retinol in liposomes.

Materials and methods

Reagents

L-a-Phosphatidylcholine [from soybean, C 30% phos-

phatidyl choline (PC) basis], CH, SI, ST, and retinol were

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

All other chemicals and reagents were of analytical grade

or purer and procured from Daejung Chemicals & Metals

Co. (Kyonggi do, Siheung, KOR) and Sigma-Aldrich Co.

(St. Louis, MO, USA).

Preparation of liposomes

Liposomes in this study were prepared by the method of

Lee et al. (2002) with a slight modification. The sterols

(CH, SI, or ST) were added to PC at ratios of 100:0 and

90:10 (w/w, PC:sterol). Retinol was added at a ratio of

0.01:1 (w/w) for PC and sterol. In the 90:10 (w/w,

PC:sterol) group, 30 mg of each sterol was added to a

100 mL round bottom flask containing 270 mg of PC;

3 mg of retinol was then added. PC was added instead of

sterol in the 100:0 (w/w, PC:sterol) group. The mixture was

then dissolved in 30 mL of chloroform/methanol solvent

mixture (2:1, v/v). The solution was evaporated at 30 �C
using a rotary evaporator, forming a dry lipid film on the

flask wall. The solvent that remained in the flask was

removed by treating nitrogen gas for 5 min at 4 �C. Then,
30 mL of 10 mM glycine buffer (pH 9.0, containing

0.115 M NaCl) was added for suspending the lipid film,

and 1.5 g of glass beads were further added to assist the

desorption of the film. The lipid film was suspended in a

buffer to form multilamellar vesicles (MLVs) by rotating

the flask in a rotary evaporator without vacuum. To remove

free retinol, the liposome suspension was centrifuged at

80,000 9 g (Optima XE-100 Ultracentrifuge, Beckman

Coulter Inc., Brea, CA, USA) for 1 h, and the supernatant

was decanted. The pellet was re-suspended in 30 mL of

10 mM potassium phosphate buffer (pH 7.0) and was used

as a sample.

Liposome size measurement

The size of prepared liposome was measured using a par-

ticle size analyzer (Mastersizer 3000, Malvern Instruments,

Malvern, Worcestershire, UK). The mean value was

obtained by the diameter calculated from the volume of the

particle (D4,3), whereas the median was the size value

corresponding to 50% of the measured volume of particles

in order (Dv50).

Stability of incorporated retinol into liposomes

during storage

Liposomes containing retinol were sufficiently homoge-

nized and saturated with oxygen by placing 1 mL aliquots

into 8 mL glass vials and equilibrating to the atmosphere

for 2 h in the dark. The vials were stored with ambient and

fluorescence lights at 4 and 25 �C, respectively. Vials were
wrapped in aluminum foil for storage in the dark. Retinol

was measured at 0, 2, 4, 6, 8, and 10 days of storage.

Analytical method

Retinol in the liposomes was analyzed using colorimetric

analysis (Subramanyam and Parrish, 1976). Liposome

suspension (0.2 mL) containing retinol was mixed with
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Fig. 1 Structure of sterols used in this study
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0.6 mL of chloroform/methanol solvent mixture (2:1, v/v).

The mixture was centrifuged at 4200 9 g for 3 min. Sub-

sequently, 0.1 mL of the organic solvent layer was taken

and reacted with 1 mL of SbCl3 reagent (20 g of SbCl3 in

100 mL of chloroform with 3 g of acetic anhydride), and

immediately measured for color at 620 nm by using a UV–

VIS spectrophotometer (X-ma 1200 V, Human Corpora-

tion, Seoul, Korea). The concentration of retinol was

determined by a standard curve that was prepared using

pure retinol dissolved in chloroform.

Statistical analysis

All measurements were done in triplicate, and data were

presented as mean ± standard deviations. IBM SPSS

software 23.0 (Armonk, NY, USA) was used for statistical

analysis, and significant differences in mean values were

compared with Duncan’s multi-range test (p\ 0.05). The

residual amount of retinol was plotted as an average value

and an error range.

Results and discussion

Incorporation efficacy of retinol into liposome

After preparation of MLV liposomes with a ratio of 0.01:1

(retinol:PC with or without sterol), the incorporation effi-

cacy of retinol into liposome was determined by analyzing

retinol in the supernatant and precipitated liposome after

centrifugation. Retinol was incorporated into liposome in

the range of 99.14 ± 0.08 to 99.47 ± 0.11% (Table 1). In

the composition of liposomes, 10% of sterol did not show a

significant reduction effect on the incorporation of retinol

in a 0.01:1 ratio (retinol:PC and sterol, w/w). Lee et al.

(2005b) reported that the retinol incorporated into lipo-

somes containing PC and CH (0-50%, w/w) at a ratio of

0.01:1 (retinol: lipid, w/w) was over 94.52%. It was also

reported that the addition of SI in PC liposome did not

affect the incorporation of retinol (Lee et al., 2005a).

Liposomes in MLV have enough space for incorporating

hydrophobic retinol as they have a high lipid content and a

low capacity for water-soluble matter (Reineccius, 1995).

Size of liposomes

The particle size of liposomes affects various properties

such as encapsulation efficiency, stability, drug release, and

cell absorption, and thus becomes one of the very impor-

tant factors when applied to food and pharmaceutical fields.

For example, useful ingredients such as vitamins and

micronutrients, including Retinol, can negatively affect

sensory properties such as color, taste, and aroma when

added to food, but this can be overcome by including them

inside the liposome. In this case, since the liposome has

transparency at the nano-scale, it is possible to minimize

undesirable sensory properties while including various

useful ingredients without impairing the color of the bev-

erage (Danaei et al., 2018). As shown at Table 1, the mean

and median sizes of PCL (PC liposomes), CHL (liposomes

containing CH), SIL (liposomes containing SI), and STL

(liposomes containing ST) were 10.6 ± 0.2 and 9.8 ± 0.8,

12.3 ± 3.1 and 11.0 ± 2.7, 10.1 ± 0.6 and 9.8 ± 0.4, and

13.7 ± 0.2 and 10.1 ± 0.6 lm, respectively. Lee et al.

(2005b) indicated that at pH 7.0, the mean size of CHL

decreased slightly from 4.54 to 4.49 lm at 0–10% sterol

concentration and increased by 85.04 lm when increased

to 10–50%. On the other hand, at pH 5.0 and 9.0, the size

of liposomes increased with increasing sterol concentration

from 0 to 50%. Zhao et al. (2015) reported that the mean

size of SIL decreased when the molar concentration of SI

increased from 0 to 10%, and increased from 146.9 ± 8.72

to 245.5 ± 7.14 nm when it increased from 10 to 50%. Lee

et al. (2020) measured the average size of the STL as 7.28,

Table 1 The effect of sterol

content of liposomes on retinol

incorporation efficiency and

liposome size

Liposome Ratio1 Incorporation efficiency (%)2 Average size of liposome (lm)2

Mean Median

PCL 100:0 99.47 ± 0.11a 10.6 ± 0.2b 9.8 ± 0.8a

CHL 90:10 99.41 ± 0.11a 12.3 ± 3.1ab 11.0 ± 2.7a

SIL 90:10 99.14 ± 0.08b 10.1 ± 0.6b 9.8 ± 0.4a

STL 90:10 99.23 ± 0.03b 13.7 ± 0.2a 10.1 ± 0.6a

Retinol: (PC ? sterol) = 0.01:1 (w/w)

PCL PC liposomes, CHL liposomes containing CH, SIL liposomes containing SI, STL liposomes containing

ST

Different letters (a through b) indicate significant difference (p\ 0.05); n = 3
1Weight ratio of phosphatidylcholine to sterol
2Mean ± standard deviation of triplicate measurements
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6.00, and 10.86 lm at 100:0, 90:10, and 70:30 (PC:ST)

ratios, respectively. Sterols are inserted between the acyl

chain tails close to the phospholipid head group. At low

concentrations, it separates the hydrophobic acyl tail,

increases the fluidity inside the membrane and promotes

the formation of small vesicles. Above a certain concen-

tration, it limits the movement of the hydrophobic acyl tail

and reduces its fluidity, resulting in a larger vesicle size

(Zhao et al., 2015). The liposome prepared in this experi-

ment has a sterol content of about 17.2 mol%, and these

results show that the liposome containing 10% (w/w) sterol

has a size larger or smaller than PCL depending on various

environmental conditions. At higher concentrations, it

indicates an increase in liposome size as the concentration

of sterol increases.

Stability of incorporated retinol into liposome

Retinol was incorporated into the liposomes containing

CH, SI, or ST, and the liposomes were then suspended in a

10 mM potassium phosphate buffer (pH 7.0). The solutions

of liposomes with retinol or free retinol solutions in dis-

tilled water containing 1% ethanol were stored at 4 and

25 �C, either in the dark or exposed to ambient room light

with fluorescent light. The retinol degradation was moni-

tored for 10 days, and the results were plotted as a per-

centage of the remaining retinol versus time (Fig. 2). The

retinol incorporated in the liposomes prepared in this study

was found to be more stable than free retinol. In most

cases, the addition of CH, SI, and ST into liposomes

increased the stability of the incorporated retinol.

At 4 �C in dark conditions (Fig. 2A), the incorporated

retinol degraded very slowly during 10 days of storage,
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Fig. 2 Effect of sterol in liposomes on the stability of incorporated

retinol: multilamellar liposomes containing retinol were suspended in

10 mM phosphate buffer (pH 7.0) and stored at 4 �C A without light

and B with light; at 25 �C C without light and D with light.

Liposomes were composed of PC 100% (s), PC:CH (90:10, �), PC:SI
(90:10, 4), PC:ST (90:10, h). Retinol was dissolved in distilled

water containing 1% ethanol as a control (9)

123

392 D.-U. Lee et al.



with 89.2, 96.4, 92.9, and 94.5% remaining at PCL, CHL,

SIL, and STL, respectively. Free retinol in distilled water

that contained 1% ethanol rapidly degraded with only

28.7% remaining after 10 days of storage in the same

conditions. As shown at Fig. 2B, light increased the

kinetics of retinol degradation at 4 �C; however, liposomes

also increased the stability of incorporated retinol. After

10 days of storage, the retinol incorporated into PCL, CHL,

SIL, and STL remained at 38.0, 49.0, 43.3, and 36.7%,

respectively.

At 25 �C in dark conditions (Fig. 2C), liposomes also

effectively protected incorporated retinol. After 6 days of

storage, the retinol in PCL, CHL, SIL, and STL remained

only 58.4, 70.2, 66.3, and 58.9%, respectively. At 25 �C in

light (the most severe conditions in this study), the

degradation of retinol was dramatically fast. After 6 days

of storage, retinol in PCL, CHL, SIL, and STL remained

only at 16.2, 21.9, 27.6, and 22.2%, respectively (Fig. 2D),

while free retinol remained at 0.5% in the same conditions.

Temperature is a very important factor in the physical state

and structure of liposomes. The acyl chain of phospholipids

in the liposome can escape from the gel and sol state to a

disordered and fluid state. The transition temperature of

soybean PC was reported as 26.5 �C (Brody, 1982). PC in

liposomes are primarily in the solid gel state at 4 �C, and
oxygen and water permeability might be lower than at

25 �C. Therefore, increasing temperature increased the

degradation of incorporated retinol.

In Fig. 2B and C, the addition of ST was not very

effective for the protecting incorporated retinol. There are

two possible explanations for the relatively lower protec-

tive effects of ST in liposomes. Firstly, ST has a lower

solubility in phospholipids than in CH and SI. Schuler et al.

(1990) reported that the solubility limit of CH, SI, and ST

into soybean PC liposome was 23, 30, and 15 mol%,

respectively, and that the relatively lower solubility of ST

was mainly due to the introduction of a double bond in the

side chain of C-22. In this experiment, the 10% (w/w)

content of CH, SI, and ST can be converted as 17.89,

16.88, and 16.95 mol%, respectively. This means that the

ST content in this study exceeded the limit of solubility of

PC. Secondly, ST shows a lower inhibition on water per-

meability in liposomes than in CH and SI. CH and SI in

liposomes effectively lead to a decrease in water perme-

ability, however, ST exhibited no ability in regulating

membrane permeability even at 15 mol% (Schuler et al.,

1991). Retinol, a hydrophobic compound, can easily be

isomerized and photo-oxidized in a hydrophilic environ-

ment, resulting in loss of activity or decomposition (Se-

menova et al., 2002). Therefore, CH and SI are effective in

improving the stability of incorporated retinol into the

liposome bilayer, while ST is relatively less effective.

In the aspect on molecular structure, SI and ST have an

additional ethyl group at the C-24 position of CH. ST has

double bond at C-22 and C-23, while CH and SI did not

have. The presence of additional ethyl group reduces the

flexibility and bulk of the overall packing, and double

bonds in ST lead to repulsion against additional adjacent

hydrocarbon chains compared to SI, resulting in less

effective PC/sterol interactions (Hac-Wydro et al., 2007;

Hodzic et al., 2008). Our results suggested that double

bond on ST is more critical on relatively inferior effect on

the protection of retinol than CH.

It is well-known that CH stabilizes the phospholipid

bilayer in liposomes, which is effective in stabilizing

incorporated and/or encapsulated bioactive materials in

them. However, the negative impact of CH on the human

body has limited its use in liposomes. In this study, SI and

ST, typical phytosterols with positive physiological activ-

ities, showed similar protective effects on the stabilization

of incorporated retinol in liposomes, which might support

the broad application of phytosterols in liposomes.
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