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Abstract Sodium caseinate (SC)/dextran conjugates were

prepared via Maillard reaction under controlled dry-heating

conditions. Moreover, the nanoparticles of phytosterols

(PS) encapsulated by SC or SC/dextran were produced

using the emulsion evaporation method. The encapsulation

efficiency (78.81 ± 5.22%) of PS in SC/dextran nanopar-

ticles was higher than that (73.5 ± 2.78%) in SC

nanoparticles. Compared with the compact and dense

structure of SC nanoparticles, SC/dextran nanoparticles

existed as relatively loose aggregates. The result of dif-

ferential scanning calorimetry demonstrated that the

encapsulation of PS greatly decreased its crystallinity. The

released rates of PS from SC and SC/dextran nanoparticles

under acidic gastric conditions were 8.59% and 4.73%,

respectively. After 7 h of intestinal digestion, the released

rate (52.19%) of PS from SC/dextran nanoparticles was

significantly higher than that from SC (32.67%) nanopar-

ticles. Therefore, SC/dextran conjugates prepared by the

Maillard reaction are more suitable to be used as wall

material for the nano-encapsulation of PS.

Keywords Phytosterol � Sodium caseinate � Dextran �
Glycosylation � Nanoparticle

Abbreviations

PS Phytosterol

SC Sodium caseinate

DG The degree of glycosylation

FTIR Fourier transform infrared spectroscopy

SGF Simulated gastric fluid

SIF Simulated intestinal fluids

Introduction

Phytosterols, also called plant sterols (PS), resemble

cholesterol in structural and biological functions (Maqsood

et al., 2020; Mohammadi et al., 2020). Unlike cholesterol,

PS cannot be synthesized de novo in the human body and

must be obtained from the diets. The composition and

content of PS differ in different plants, with the principal

molecular species being b-sitosterol, stigmasterol, cam-

pesterol and brassicasterol (Moreau et al., 2002). Nuts,

seeds, vegetable oils, cereals, and legumes are rich in PS

(Flores and Ruiz Del Castillo, 2016). The cholesterol-

lowering ability has been considered as the main function

of PS (Nguyen, 1999). It is generally recognized that a

daily intake of 2–3 g of PS can reduce LDL-cholesterol

level by 10–15% (Katan et al., 2003; Normén et al., 2002).

However, poor solubility in water or oil and low

bioaccessibility restrain the application of PS in food

industry (Nguyen, 1999; Yang et al., 2016). Although the

esterification of PS remarkably improves its solubility in

the oil phase, excessive oil intake might cause health

hazards. In the past decades, researchers tried to enhance

the water solubility of PS through encapsulation technol-

ogy. Furthermore, several kinds of delivery systems have

been applied to load PS, including liposomes (Bagherpour

et al., 2017), emulsions (Acevedo-Estupiñan et al., 2019),
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nanoparticles (Cao et al., 2016). Among these delivery

systems, protein-based nanoparticles have aroused exten-

sive attention in recent years due to their easy preparation,

high bioaccessibility, and acceptable compatibility (Cao

et al., 2016). Some food-grade proteins, such as sodium

caseinate (SC), soybean protein isolate (SPI), and whey

protein isolate (WPI), have been used to prepare PS-loaded

nanoparticles (Cao et al., 2016). However, the sensitivity of

these proteins to pH variation and pepsin proteolysis hinder

the further application of protein-based PS nanoparticles in

food systems.

Although some physical and chemical modification

methods can improve protein stability (Shen et al., 2017),

most modified food proteins have potential health risks. By

comparison, protein glycosylation is carried out under safe

conditions, and obtained protein-polysaccharide conjugates

effectively protect proteins from degradation due to steric

hindrance of polysaccharide molecules (Zhang et al.,

2015). Dextran is a neutral polysaccharide extensively used

in the glycosylation of proteins. The main reason is that its

neutral state inhibits the formation of electrostatic com-

plexing between proteins and polysaccharides (Spotti et al.,

2013). However, limited information is available con-

cerning the properties of PS-loaded nanoparticles with

protein-dextran conjugates and the release of PS in vitro.

In this study, the glycosylated SC with dextran was

prepared by the Maillard reaction, and the obtained SC/

dextran conjugates were characterized. And PS-loaded

nanoparticles with SC or SC/dextran conjugates were

produced by the emulsification-evaporation method,

respectively. The physicochemical properties of the two

nanoparticles, and the release kinetics of PS from the two

nanoparticles, were compared, respectively. This experi-

ment provided a basis for the application of SC/dextran

conjugates in the encapsulation of PS.

Material and methods

Materials

Sodium caseinate (food grade) with 86.4% of protein

content was obtained from New Zealand Fonterra Com-

pany (Auckland, New Zealand). Dextran with an average

molecular weight of 40 kDa was purchased from Macklin

Biochemical Technology Co., Ltd. (Shanghai, China). The

mixture of PS, containing campesterol (24.8% of mass

ratio), brassicasterol (1.0% of mass ratio), stigmasterol

(26.6% of mass ratio), and b-sitosterol (43.4% of mass

ratio), was purchased from Vita-Solar Biotechnology Co.,

Ltd. (Xian, China). Methyl-N-trimethyl silyl heptafluo-

robutylamide (MSHFBA) with 5% of 1-methylimidazole

(1-MIN) were purchased from Sigma Chemical Co., Ltd.

(Sintra, Portugal). Water purified by a Millipore purifica-

tion system (Millipore, Milford, MS, USA) was used

throughout the experiments. PS standards, including cam-

pesterol (65% purity), brassicasterol (95% purity), stig-

masterol (95% purity), and beta-sitosterol (95% purity)

were all purchased from Sigma-Aldrich Chemical Co., Ltd.

(St. Louis, MO, USA). The reagents for quantity analysis

of PS were of chromatographic grade, and other reagents

were of analytical grade.

Preparation of SC/dextran conjugates

According to the previous method, SC/dextran conjugates

were prepared by the Millard reaction with minor modifi-

cations (Corzo-Martı́nez et al., 2010). SC and dextran at a

mass ratio of 1:5 were dissolved in Milli-Q water with

constant agitation, and then the pH value was adjusted to

7.0 with 0.1 M NaOH. The sample was freeze-dried, and

the obtained lyophilized powders were incubated in a

desiccator over a saturated KBr solution (79% relative

humidity) for 6, 12, 24, 36, 48, and 60 h at 60 �C,
respectively. The samples were separately collected at 6,

12, 24, 36, 48, and 60 h and stored at - 20 �C for further

use.

Characterization of SC/dextran conjugates

The free amino groups were measured by the OPA method

to evaluate the extent of the Maillard reaction (de Oliveira

et al., 2016). 200 lL of the samples were mixed with 4 mL

OPA reagent and then incubated at 25 �C for 5 min. The

absorbance was measured at 340 nm using a Microplate

reader (Varioskan Flash, Thermo Electron, USA). The

degree of glycosylation (DG) was calculated according to

the following formula:

DG ¼ A0 � At

A0

ð1Þ

where A0 is the absorbance value before heating and At is

the absorbance value after heating for t min.

The SC/dextran conjugates were confirmed by SDS-

PAGE using 5% stacking gel and 12% separating gel

(Mohamed et al., 2007). After electrophoresis, the gel was

stained with the Coomassie Brilliant Blue R-250, and then

faded with 10% acetic acid and 10% ethanol.

The conformations of SC, SC/dextran, and dextran were

measured by the Fourier transform spectrophotometer

(Spectrum 100, Perkin-Elmer, Warrington, UK). 2.0 mg of

the samples were mixed with 200 mg of potassium bro-

mide (KBr), and then the mixtures were pressed into the

pellet and placed in the sample holder. The spectra were

scanned from 4000 to 400 cm-1 wavenumbers in 32 scans

with a 4 cm-1 resolution. The data were analyzed using
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OMNIC 8.2 software (Thermo Fisher Scientific Inc.,

Waltham, MS, USA).

The surface morphology of SC/dextran conjugates was

observed by a field emission scanning electron microscope

(FE-SEM, SU8010, Hitachi, Japan) at an accelerating

voltage of 3.0 kV. Prior to the observation, the surfaces of

the samples were sputter-coated with a gold layer to avoid

charging under the electron beam.

Preparation of PS-loaded nanoparticles

PS-loaded nanoparticles were prepared according to the

method described by Leong et al. (2011) with a few

modifications. SC/dextran and SC were dissolved in Milli-

Q water (1.0%, w/v), respectively. The pH values were

then adjusted to 7.0 using 0.1 M NaOH with continuous

stirring for 2 h to ensure complete hydration. At the same

time, PS was dissolved in ethanol at a concentration of 1%

(w/v). The ethanol solution containing PS was added to the

aqueous solution containing SC/dextran or SC in a volume

ratio of 1:10 under vigorous mixing conditions

(11,000 9 g, 2 min) using a high-speed disperser (T100,

PhD Technology LLC, China). The above coarse emulsion

was further emulsified using an ultrasonicator at 250 W for

25 min (SCIENTZ-IID, Ningbo, China). The obtained

emulsion was evaporated by a rotary evaporator at 40 �C to

remove ethanol. Some part of the resultant dispersion

containing PS-loaded nanoparticles was stored at 4 �C. The
other part was freeze-dried and the lyophilized powders

were kept at - 20 �C for further use.

Measurement of particle size and zeta potential

Size, polydispersity index (PDI), and zeta potential of PS-

loaded nanoparticles were determined by dynamic light

scattering using Zetasizer Nano-ZS90 (Malvern Instru-

ments Ltd., UK) (Shen et al., 2017). The nanoparticles

were diluted 100-fold with Milli-Q water before measure-

ment. All the experiments were performed at 25 �C.

Differential scanning calorimetry (DSC)

The thermal transitions of the dried samples including SC/

dextran, free PS and PS-loaded nanoparticles were inves-

tigated using a DSC-60 differential scanning calorimeter

(Shimadzu Corporation, Japan). 5–10 mg of the samples

were sealed in aluminum pans and heated from 30 to

250 �C at a scan rate of 10 �C/min. The nitrogen flow was

set at 25 mL/min. An empty pan was used as the control.

In vitro release of PS-loaded nanoparticles

The release trend of PS from the nanoparticles was

investigated by the simulated gastric fluid (SGF: 3.2 mg/

mL pepsin, 2.0 mg/mL NaCl, pH 2.0) and simulated

intestinal fluids (SIF: 10 mg/mL bile salt, 0.4 mg/mL

lipase, 6.8 mg/mL K2HPO4, 5 mM CaCl2, pH 8.0)

according to Scheuble et al. (2018) with minor

modifications.

Five mL of the PS-loaded nanoparticles were placed into

a dialysis bag (8–14 kDa, Solarbio, China) and immersed

into 150 mL of the SGF. The above system was incubated

at 37 ± 1 �C for 2 h, and then the released content of PS

was measured as described in the section of ‘‘Quantity

analysis of PS’’. Using the same system, the release trend

was measured in SIF conditions by immersing the dialysis

bag into 150 mL of the SIF. Incubation was maintained at

37 ± 1 �C for 7 h, and 2 mL of buffer solution was taken

out as the sample in the time intervals of 1 h. The removed

solution was then replaced with fresh SIF. The PS content

in the collected samples were measured as described in the

section of ‘‘Quantity analysis of PS’’.

The PS release (%) in SGF was calculated as the fol-

lowing equation:

PS release %ð Þ ¼ M1

M0

� 100% ð2Þ

where M1 is the amount of the released PS at the end of

simulated gastric digestion, M0 is the total amount of PS

loaded in the nanoparticles.

The PS release (%) in SIF was calculated as the fol-

lowing equation:

PS release %ð Þ ¼ Mt

M0 �M1

� 100% ð3Þ

where Mt is the amount of the released PS at time t.

According to the method described by Ganje et al.

(2019), different experimental models were used to eval-

uate the effective release mechanism of PS from SC and

SC/dextran nanoparticles in SIF.

Quantity analysis of PS

100 lL of 5a-cholestane (1.0 g/mL) and 5 mL of ethanolic

KOH (1 M) were separately added into 1 mL of the sam-

ple, and the mixture was saponified (Chiou et al. 2009).

The unsaponifiable samples were silylated with 100 lL
of MSHFBA /1-MIN (95:5, v/v) at 75 �C for 20 min and

dissolved into 1 mL of n-hexane. Then they were analyzed

using a 6890 N GC system coupled to a 5973 Mass

Selective Detector (Agilent Technologies, USA). 1.0 lL of

the sample was injected into the GC, equipped with a

capillary column (DB-5MS, 30 m 9 0.25 mm 9 0.25 lm;
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Agilent Technologies, USA) (He et al., 2019). Helium was

used as the carrier gas at a flow rate of 1.2 mL/min. The

chromatographic conditions were as follows: initial oven

temperature was maintained for 1 min at 100 �C and sub-

sequently programmed from 100 to 290 �C at a rate of

10 �C/min and then held for 10 min. The sample was

injected in splitless mode. The ion source temperatures,

and transmission line were set at 250 �C and 290 �C,
respectively. The amount of PS was calculated using the

following formula:

The amount of PS lgð Þ ¼ R
PAi � ms

PAs
ð4Þ

where PAi means the peak area of each PS (including

campesterol, brassicasterol, stigmasterol, and b-sitosterol),
PAs means the peak area of the internal standard, and ms

means the amount (lg) of the internal standard.

Statistical analysis

All the experiments were conducted in triplicate with data

reported as the mean ± standard deviation. Experimental

statistics were analyzed by analysis of variance (ANOVA)

with the SPSS17.0 software (IBM Corporation, USA).

Duncan’s multiple range test was used to determine the

significant differences between mean values. The signifi-

cance was defined at the 95% confidence level.

Results and discussion

Characterization of SC–dextran conjugates

In this study, DG was used to evaluate the degree of the

Millard reaction between SC and dextran. As shown in

Fig. 1A, the DG of SC/dextran conjugates significantly

increased from 6 to 36 h (P\ 0.05), illustrating that free

amines located on the surface of SC could react with the

carbonyl groups of dextran easily at the early stage of the

Millard reaction (Zhang et al., 2015). However, with a

prolonged time, the DG of the conjugates remained stable.

This phenomenon suggested that steric hindrance of the

polysaccharides restrained further glycosylation (Huang

et al., 2020).

SDS-PAGE was performed to confirm the formation of

SC/dextran conjugates, and the results are indicated in

Fig. 1B. Two feature bands in lane 1 (25–35 kDa and

35–40 kDa) were clearly observed, which were respec-

tively identified as a-casein and b-casein (Böttger et al.,

2019). The band distribution in lane 2 was the same as lane

1, demonstrating that the simple blend of SC and dextran

did not lead to the formation of SC/dextran conjugates.

Compared with lane 1 and 2, the native bands for a-casein

and b-casein in lane 3 became slightly lighter, and the

broad diffusive and smeared bands were found in the area

of higher molecular weights, indicating the formation of

SC/dextran conjugates. The similar results were also

reported in other studies (Fechner et al., 2007; Consoli

et al., 2018).

The FTIR spectra of SC, dextran and SC/dextran con-

jugates are shown in Fig. 1C. In the region between 3500

and 3000 cm-1, O–H stretching vibration caused the broad

absorption peaks of the three samples. Additionally, the

absorption peaks at 3000–2800 cm-1 corresponded to the

C–H stretching vibration of the three samples. In com-

parison with the spectrum of SC, the peak positions of the

two stretching vibrations (O–H and C–H) in SC/dextran

were varied, accompanied by the increasing absorbance of

hydroxyl and saturated C–H groups, demonstrating the

formation of covalent complexation between SC and dex-

tran (Hadidi et al., 2020). The other two characteristic

peaks of SC were observed at 1659.5 and 1516.3 cm-1,

which were attributed to amide I band (1700–1600 cm-1)

and amide II band (1600–1500 cm-1), respectively (Miller

et al., 2013). After glycosylation, the transmittance of

amide I band was strengthened, and the peak of amide II

band was shifted from 1659 to 1657 cm-1. This phe-

nomenon implied the introduction of dextran and Maillard

reaction led to the variation of the secondary structure of

SC (Liu et al., 2014; Vergne et al., 2017).The absorption

peaks at 904 cm-1 and 757 cm-1 in SC/dextran were

considered as the characteristic of glucose residues (Zhu

et al., 2016).

As shown in Fig. 1D, SC particles exhibited a spherical-

like shape with a smooth surface. However, the conjugates

had an irregular broken lamellar structure, which might be

due to the destruction of SC structure caused by the

covalent binding of dextran to SC. Additionally, the sur-

face structure of the conjugates became loose and porous,

indicating the covalent combination of SC and dextran

molecules led to the formation of inhomogeneous and

accumulated structure (Gupta et al., 2018).

Characterization of PS nanoparticles-based SC

and SC/dextran

As shown in Table 1 and Fig. 2A, the PDI values of PS-

loaded nanoparticles based on SC and SC/dextran conju-

gates are around 0.2, indicating that both nanoparticles

exhibited unimodal particle diameter distributions.

The particle diameter of PS-loaded nanoparticles based

on SC/dextran is obviously larger than that of PS

nanoparticles based on SC, which might be due to the

addition of dextran. In addition, SC-based nanoparticles

had negative zeta potential (- 19.6 ± 0.23 mV), which

was attributed to SC carrying a negative charge at pH
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higher than its isoelectric point (approximately 4.6) (Con-

soli et al., 2018). Although SC/dextran conjugates encap-

sulating nanoparticles also showed a negative charge, the

absolute value of zeta potential was significantly higher

than that of SC-based nanoparticles. This phenomenon

suggested that the decrease in the number of NH2 amino

groups led to higher negative charge density and higher

electrostatic repulsion (Huang et al., 2020). The encapsu-

lation efficiency of PS was 73.5 ± 2.78% and

78.81 ± 5.22% in native SC and SC/dextran nanoparticles,

respectively. The higher encapsulation efficiency in SC/

dextran nanoparticles might be attributed to the exposure of

hydrophobic patches on protein surface during the glyco-

sylation, increasing the binding ability of the glycosylated

protein to hydrophobic PS (Morgan et al., 2001).

SEM of PS nanoparticles based on SC and SC/dextran

conjugates are shown in Fig. 2B, C. Both SC and SC/

dextran nanoparticles appeared to be spherically shaped.

SC nanoparticles exhibited a compact and dense structure.

However, SC/dextran nanoparticles existed as relatively

loose aggregates, and the obvious pores among the aggre-

gates were observed, suggesting that the steric barriers

caused by glycosylation partly limited the formation of

protein aggregation.

The thermal properties of free PS and freeze-dried PS

nanoparticles over a broad temperature range (25–250 �C)
are shown in Fig. 3. The free PS separately exhibited a

broad endothermic peak at 123.3 �C and a sharp

endothermic peak at 144.2 �C, indicating that the PS

molecules existed in different crystal forms (Christiansen

et al., 2002). However, no endothermic peaks were

observed in the PS nanoparticles based on SC and SC/

dextran, demonstrating that the encapsulation of PS into

Fig. 1 Characterization of SC/dextran conjugates. (A) DG of SC/

dextran conjugates (n = 3). (B) SDS-PAGE of protein marker (M),

SC (1), the mixture of SC and dextran (2), SC/dextran conjugates (3).

(C) FTIR spectra of SC, dextran and SC/dextran. (D) SEM images of

SC (left) and SC/dextran conjugates (right)

Table 1 Mean particle diameter, PDI, Zeta-potential, and encapsulation efficiency of PS for the nanoparticles with SC and SC/dextran (n = 3)

Sample Mean particle diameter (nm) PDI Zeta –potential (mV) Encapsulation efficiency (%)

SC 252.67 ± 3.60A 0.18 ± 0.03A - 19.6 ± 0.23A 73.50 ± 2.78A

SC/dextran 283.73 ± 14.70B 0.22 ± 0.01A - 24.7 ± 0.16B 78.81 ± 5.22A

The values were expressed as means ± standard derivations. Different letters in the same column represented significant differences between

groups (P\ 0.05)
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Fig. 2 Diameter distribution of PS nanoparticles (A); SEM images of PS nanoparticles with SC (B) and SC/dextran (C), the box indicated

relevant samples in smaller scale

Figure. 3. DSC profiles of PS

and freeze-dried PS

nanoparticles
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nanoparticles remarkably decreased its crystallinity (Cao

et al., 2016).

PS release during in vitro digestion

As shown in Fig. 4A, the total release of PS in SGF was

8.59% for SC-based PS nanoparticles and 4.73% for SC/

dextran-based PS nanoparticles. The lower released rate of

PS from SC/dextran nanoparticles demonstrated that the

glycosylation between SC and dextran might partly protect

SC against acidic and enzymatic hydrolysis. Thus, more PS

was retained inside the SC/dextran nanoparticles and

absorbed in the gut, which led to higher bioavailability of

PS (Flores and Kong, 2017).

The release trend of PS from SC-based and SC/dextran-

based nanoparticles in SIF is shown in Fig. 4B. After 7 h of

digestion, the accumulative amount of released PS from

SC-based and SC/dextran-based nanoparticles was sepa-

rately 32.67% and 52.19%, suggesting PS release was

promoted by glycosylation. One possible explanation is

that the surface structure of PS nanoparticles with SC/

dextran conjugates was loose and porous, increasing con-

tact area between the nanoparticles and digestion fluids,

which made PS encapsulated inside the nanoparticles

easier to be released.

Additionally, the release mechanisms of PS in SIF were

illustrated using the mathematical models in Table 2. For

the coefficients of determination, the release kinetics of PS

from the two kinds of nanoparticles was best described by

Peppas model (R2[ 0.95). The value of n in Peppas model

is below 0.43, indicating the release process was dominated

by the Fickian diffusion in both SC and SC/dextran-based

nanoparticles (Lao et al., 2011). Mostly the ‘‘shell’’

structure consisted of SC or SC/dextran nanoparticles could

not be swelled or deconstructed, thus leading to the con-

tinuous release of PS during digestion. Similar results were

also found in other delivery systems (Flores and Kong,

2017; Ganje et al., 2019).

In this study, SC/dextran conjugates were successfully

prepared by the Maillard reaction. Both SC-based and SC/

dextran-based nanoparticles effectively inhibited the crys-

tallinity of PS. Furthermore, SC/dextran-based nanoparti-

cles showed better properties in the encapsulation of PS,

such as higher encapsulation efficiency, improved gastric

acid resistance and higher release rate in SIF. Therefore,

SC/dextran-based nanoparticles are more suitable to be

used as a controlled-release PS delivery system.

Fig. 4 In vitro release of PS from the nanoparticles in SGF (A) and SIF (B). All experiments were conducted in triplicate

Table 2 Release kinetic models and parameters of PS

Model Equation Parameter SC SC/dextran

Zero order C = Kt ? b K 0.0386 0.0600

b 0.1004 0.1835

R2 0.7686 0.7136

First order C = eKt ? b K 0.0332 0.0480

b - 0.8911 - 0.7966

R2 0.7441 0.6763

Peppas C = Kt0.5 K 0.1803 0.3236

n 0.3133 0.2594

R2 0.9698 0.9762

Higuchi C = Ktn K 0.1362 0.2258

R2 0.7167 0.3602

C: the amount of released phytosterol at the given time t; k and b:
kinetic constant; n: release exponent
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