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ARTICLE INFO ABSTRACT

Keywords: Ultrasound is effective to fabricate nanocomplex. Soymilk is a natural nanocarrier with good compatibility.
Bioavailability _ However, information about soymilk-nutraceuticals nanocomplex is limited. In this work, soymilk was used to
Hydrophobic interaction encapsulate icariin, a well known nutraceutical with poor bioavailability. The effect of ultrasound on the quality
Microstructure £ icarii ik 1 . . d. Ul d 1d red h icle si .

NMR of icariin-soymilk nanocomplexes (ISNCs) was investigated. Ultrasound could reduce the particle size, improve
Cryo-SEM the surface hydrophobicity and change the microstructure of soymilk. With increasing ultrasound treatment

time, an increased surface hydrophobicity was observed. The highest encapsulation efficiency (89.67 %) and
loading capacity (28.92 ug/mg) were found for USI-20, whereas the smallest particle size (132.47 nm) was
observed for USI-120. USI-60 showed the lowest {-potential (-31.33 mV) and the highest bioaccessibility (76.08
%). Ultrasound could enhance the storage stability of ISNCs. The data of NMR and fluorescence indicated that
ISNCs were mainly stabilized by hydrophobic interaction.

1. Introduction

Epimedium is a vital traditional Chinese medicinal herb, which is a
well-known botanical supplement widely used in diversified traditional
Chinese formulations, modern proprietary Chinese medicine products
and functional foods due to the efficacy on cardiovascular disease,
osteoporosis and immunoregulation [1]. Icariin is a characteristic
bioactive compounds in Epimedium. Recently, icariin has gained popu-
larity due to a range of health-promoting properties, including pre-
venting osteoporosis, osteoarthritis, erectile dysfunction, cancer and
depression, modulating the immune and nervous system and improving
cardiovascular function, as well as its safety to human being [1,2].
Icariin shows promising potential for acting as nutraceutical in func-
tional foods [3]. However, the utilization of icariin is limited due to its
high hydrophobicity and poor oral bioavailability [4]. Several strate-
gies, including pharmaceutical technologies (complex formation with
phospholipids, cyclodextrins, nanotechnologies (formation of micelles,

nano-carrier, nanogels, nano-crystals, and microspheres), structural
transformation and absorption enhancement have been developed to
improve the bioavailability of icariin [3]. However, the low solubility in
aqueous matrix and poor bioavailability of icariin in these systems have
not been solved. Therefore, more efficient delivery systems are required
to be developed.

Soymilk is a stable emulsion composed of proteins, carbohydrates,
fats, vitamins and minerals. Soymilk has reported to be an effective
emulsifier that possessed encapsulating effect on bioactive substances
[5]. Additionally, previous study indicated that curcumin could be
successfully loaded into bovine milk and the storage stability and in vitro
bioavailability of curcumin were improved [6]. As a dairy milk, the
components of soymilk are similar to bovine milk, suggesting that soy-
milk may develop as nano-carrier for bioactive substances.

Ultrasound can modify food proteins and improve their functional
properties in the food industry. Previous study showed that ultrasound
could change the emulsification, solubility and thermal gelation of soy
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protein isolate (SPI) [7]. Previous study also indicated that ultrasound
could improve functional properties of soymilk [8]. Additionally, sec-
ondary structures changes were observed in ultrasound treated-soymilk
[9]. More hydrophobic groups of soybean proteins could be exposed to
the interface after ultrasound treatment since ultrasound can change the
tertiary structure of proteins [10]. These improvements may favor the
nano-complexation. Previous study also pointed out that ultrasound
could improve the encapsulation efficiency of bioactive substances in a
protein-base nano-complex [11]. Ultrasound have been proven to be
positive in proteins, which act as emulsion stabilizers, nano-carriers or
bulk gel matrix of bioactive compounds. However, the effect of ultra-
sound treatment on soymilk as a nano-carrier has not been elucidated.

Therefore, this study aimed to analyze the effects of ultrasound
treatment on physicochemical properties, chemical compositions,
microstructure and secondary structure of soymilk. Furthermore, the
influences of ultrasound on the formation and properties of icariin-
soymilk nanocomplexes (ISNCs), including particle size distribution,
{-potential, microstructure, stability and bioavailability were charac-
terized. Furthermore, the interaction force involved in ISNCs were
investigated by nuclear magnetic resonance (NMR) and fluorescent
spectrometry. This study could supply useful information to construct
icariin nanocomplexes using soymilk as a natural carrier.

2. Materials and methods
2.1. Materials

Sodium chloride (99.5 %) and icariin (96 %) were provided by
Shanghai Aladdin Biochemical Technology Co., Itd (Shanghai, China).
The soybeans were purchased from Wuchang Caigiao Rice Industry Co.,
Itd. (Harbin, China). 8-Anilino-1-naphthalenesulfonicate (ANS-Na) was
obtained from Shanghai Macklin Biochemical Co., 1td (Shanghai,
China). Bovine serum albumin and Folin-Ciocalteau reagents were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydroxide
(>96.0 %), hydrochloric acid (36.0-38.0 %), disodium hydrogen
phosphate dodecahydrate (>99.0 %) and sodium dihydrogen phosphate
dihydrate (>99.0 %) were provided by Guangzhou chemical reagent
factory (Guangzhou, China). All the other chemical reagents were of
analytical grade.

2.2. Preparation of soymilk

A total of 100-g soybeans were washed with deionized water and
were ground with 1300 mL of deionized water using a cell wall breaker
(L18-Y933, Joyoung Household Electrical Appliances Co., Ltd., Jinan,
China) for 39 min. The slurry was quickly cooled to room temperature
using an iced water bath. The supernatant was collected for subsequent
analysis after centrifugation at 5000 g for 30 min at 25 °C.

2.3. Ultrasound treatment

The soymilk was treated with an Ultrasound Cell Disrupter (VCX
750, Sonics & Materials, Inc. New town, USA) equipped with a grade
titanium alloy probe (13 mm high). Briefly, soymilk were treated for 20,
60 and 120 min under ultrasound condition with a titanium alloy probe
dipping (approximately 2.0 cm) into the samples. Soymilk samples with
different treating time represented as US-20, US-60 and US-120,
respectively. The ultrasound conditions were as follows: the on-time
and off-time of the pulsed ultrasound was 3.0 and 2.0 s, respectively.
The ultrasound power, frequency and amplitude were 750 W, 20 kHz
and 40 %, respectively. Untreated soymilk (NS) was used as control.
During the ultrasound process, the temperature was controlled below 25
+ 1 °C using an ice-water bath. After treatment, the soymilk was incu-
bated at 4 °C before further analysis.
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2.4. Determination of protein and total carbohydrates contents

Protein content was measured by Lowry method using bovine serum
albumin as the standard [12]. The final result was calculated as milli-
grams of bovine serum albumin equivalents per gram of soymilk (mg
BSAE/g).

The total carbohydrate contents were measured by phenol-sulfuric
acid protocol [13]. Briefly, 1.0 mL of fresh made soymilk was mixed
thoroughly with 0.5 mL of phenol solution (6 %, w/w) in a test tube.
After the addition of 3.0 mL concentrated sulfuric acid, the test tube was
shook immediately and the mixture was incubated at room temperature
for 30 min. The absorbance was measured at 490 nm using a multi-
functional microplate reader (Spark, Tecan Group Ltd., Mannedorf,
Switzerland). The content of total carbohydrate was finally calculated as
milligram of glucose equivalents per gram soymilk (mg GE/g) using
glucose as the standard.

2.5. Determination of total amino acids

The amino acid composition of treated and untreated soymilk were
measured following the protocol of previous report [14]. In brief, 100
mg of freeze-dried soymilk powder were hydrolyzed by 6 M HCI at
110 °C for 23 h. Notely, methionine and cystine were hydrolyzed after
pre-treating with performic acid oxidation. The contents were deter-
mined by S-433 (D) Automatic Amino Acid Analyzer (Sykam Co. Itd,
Eresing, Germany), which was equipped with an ion exchange column
(LCA K-07/Li 4.6 x 150 mm). The solution was eluted with solvent A
(120 mM lithium citrate, pH 2.9), solvent B (300 mM lithium citrate, pH
8.0) and solvent C (200 mM lithium citrate, pH 4.2). The amino acid
content in tested sample was determined on the basis of the peak area of
the detected amino acid with that of the corresponding standard.

2.6. Surface hydrophobicity (H,)

H, of soymilk was measured by the ANS-Na method. Briefly, freeze-
dried soymilk powder was dissolved in PBS (10 mM, pH 7.0) to obtain a
series sample with concentration ranges of 0.01 to 1 mg/mL. Then the
tested sample (4 mL) were incubated with ANS-Na solution (8.0 mM, 50
uL). ANS-Na in PBS was used as blank control. Soy protein isolate (SPI)
at the same concentrations was analyzed for comparison. After reaction
in the dark for 5 min, the relative fluorescent intensity was determined
by using a multifunctional microplate reader (excitation, 370 nm and
emission, 465 nm). H, was defined as the initial slope of the curve of
relative fluorescence intensity versus soymilk concentrations using the
linear regression analysis.

2.7. Circular dichroism (CD)

Soymilk powder was dissolved in deionized water to a final con-
centration of 0.1 mg/mL. CD scanning was performed with wavelength
range of 190-260 nm, band-width of 1.0 nm, speed of 100 nm/min, and
response time of 1.0 s. The content of secondary structure, including
a-helix, p-turn, B-sheet and random coil was calculated after recording
the CD spectrum at 25 °C. Deionized water was used as the blank
control.

2.8. Nanocomplexes preparation

Icariin (5 mg/mL) was dissolved in 70 % ethanol (v/v). Under stir-
ring at 400 rpm, icariin solution was added dropwisely to soymilk in a
ratio of 1:5 (v/v) under stirring using a magnetic stirrer (RT 5, IKA®,
Werke GmbH & Co., Staufen, Germany). Icariin-soymilk complexes was
obtained after the above mixture was stirred continuously at room
temperature for 1 h. ISNCs were collected after centrifugation (10000 g,
15 min). The final ISNCs were named as NSI, USI-20, USI-60 and USI-
120, respectively, in accordance with the corresponding soymilk.
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2.9. Characterization of ISNCs

2.9.1. Encapsulation efficiency (EE) and loading capacity (LC)

The free icariin was collected after centrifugation (10000 g, 15 min),
and was mixed with anhydrous ethanol. The content of icariin was
determined at 360 nm with an ultrahigh performance liquid chroma-
tography (UHPLC, Agilent technologies, UPLC, 1260, Waldbronn, Ger-
many). A Hypersil GOLD™ threaded column (2.1 x 100 mm, Thermo
Fisher Scientific (China) Co., Itd., Shanghai, China) was used. The in-
jection volume and flow rate were 2.0 uL and 0.4 mL/min, respectively.
The elution gradient of solvent A (H20) and solvent B (acetonitrile) was
set as: 3 % B (0.0-3.0 min); 3 %-95 % B (3.0-15.0 min); 95 % B
(15.0-20.0 min); 95 %-3% B (20.0-20.5 min); 3 % B (20.5-25.0 min).
The standard calibration curve was established using icariin solution in a
0.05-1.0 mg/mL concentration range. The EE and LC values of icariin
were calculated as follows:

EE(%) = m,/m; x 100 (€))

LC (ug/mg) = m,/m x 100 (2)

Where m, and m; are the contents of encapsulated icariin and the
initial icariin used, respectively. In addition, m represents the total mass
of ISNCs.

2.9.2. Particle size, polydispersity index (PDI) and {-potential

The particle size, {-potential and polydispersity index (PDI) of the
soymilk and ISNCs were determined at 25 °C using a Nanosizer ZS in-
strument (Nano-ZS, Malvern Instruments Co. ltd., Worcestershire, UK),
and a He-Ne laser operation at 633 nm was used. After diluting to a
concentration of 1 % (w/v) with deionized water, the prepared samples
were measured in triplicate at 25 °C.

2.9.3. Cryo-scanning electron microscopy (Cryo-SEM)

The morphology of icariin, soymilk and ISNCs were observed by
Cryo-SEM (Hitachi Regulus 8100, Japan). Before transferring to the
preparation chamber by vacuum transfer system for fracture and sub-
limation, 10 pL of sample solutions were quickly cooled in liquid ni-
trogen. Then the samples were coated with Pt, and were transferred to
the SEM chamber for observation at an acceleration voltage of 10 kV.

2.10. Formation mechanism of ISNCs

2.10.1. NMR analysis

An NMR spectrometer (DRX-500, Bruker, Rheinstetten, Germany)
was used to determine the interaction between icariin and soymilk [15].
The heteronuclear single quantum coherence spectroscopy (HSQC) and
'H and spectra of icariin in DMSO-ds, soymilk and ISNCs in both
DMSO-dg and D,O were recorded at 25 °C, respectively. In D20, acetone
(8 'H 2.22 ppm and '3C 30.89 ppm) was used as internal standard.

2.10.2. Fluorescent spectrometry analysis

ISNCs were freshly prepared with the final concentrations of icariin
were 0, 10, 20, 30, 40 and 50 pM, respectively. After incubation in a
constant-temperature water bath for 30 min, at 298, 303 and 308 K,
respectively, the fluorescence intensity of the mixture was measured by
a fluorescence spectrophotometer (F-7000, Hitachi, Tokyo, Japan) with
an excitation wavelength of 280 nm and emission wavelengths of
300-450 nm.

The following Stern-Volmer equation was used for calculation to
reflect the parameters correlated with the quenching mechanism of
soymilk.

Fo/F = 1 +K,70[0] = 14 Ksw[Q] 3

lg [(Fo — —F)/F] = 1gK, +nlg[Q] @

In which F and Fy are the fluorescence intensity in the presence and
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absence of icariin, respectively; to refers to the average fluorescence
lifetime without quencher and equals = 107 s; Ky refers to the
quenching constant (M’ls’l); [Q] refers to the concentration of icariin;
K, refers to the binding constant; Kgy refers to the Stern-Volmer
quenching constant, M~!; n is the number of binding sites.

Van’t Hoff equation and thermodynamic equation were used to
calculate the thermodynamic parameters involved in binding mecha-
nism between soymilk and icariin.

InK, = — (AH/RT) + AS/R (5)

AG = AH — — TAS (6)

In which AS, AH and AG refer to the change of entropy, enthalpy and
Gibbs free energy, respectively; T refers to experimental temperature;
and R (8.314 J mol LK™ 1) refers to ideal gas constant.

2.11. Nanocomplexes stability

2.11.1. Ionic strength and pH stability

NaCl was added into freshly prepared ISNCs to obtain final salt
concentrations of 0-1000 mM. Additionally, the pH of the freshly pre-
pared ISNCs were adjusted to 2.0-12.0 using 0.1 M HCl or 0.1 M NaOH.
Then the stability was evaluated by measuring the {-potential and par-
ticle size after keeping at 4 °C for 24 h.

2.11.2. Storage stability
The freshly prepared ISNCs were stored at 25 or 4 °C for 28 days,
followed by the particle size and {-potential determination every 7 days.

2.11.3. Thermal stability

The freshly prepared ISNCs were incubated in an HWS-26 water bath
(Yiheng Scientific Instrument Co., 1td, Shanghai, China) at 25, 60 and
90 °C, respectively, for 120 min. After cooling to room temperature with
ice water, the mixture was centrifuged (10000 g, 15 min, 25 °C) and the
supernatants were collected. The content of icariin in the supernatant
was determined as described above by UHPLC. The remaining rate (%)
of icariin was calculated as following:

Remaining rate (%) = my/my x 100 @

Where m, is the content of icariin in the supernatant after thermal
treatment and mry is the total content of icariin in the whole system
before thermal treatment.

2.12. In vitro gastrointestinal digestion

The simulated gastrointestinal tract (GIT) model used in the present
work was described previously [16], with some modifications. First, all
the samples were placed in Erlenmeyer flasks and then kept at 37 °Cina
shaker (HZQ-F160A, Yiheng Scientific Instrument Co., ltd, Shanghai,
China) for 10 min at a shaking rate of 100 rpm for preheating treatment.
Free icariin in water was used as a control.

Stomach phase: Briefly, 20 mL of samples were adjusted to pH 2.0
using HCI (1.0 M). The solution was then mixed with pepsin (4 % w/w,
on dry matter base) and reacted at in a shaker (100 rpm/min, 37 °C) for
60 min.

Intestine phase: The pH of the mixture from the stomach phase was
adjusted back to pH 7.0 by using NaOH (2.0 M). Subsequently, trypsin
(4 % w/w, on dry matter base) and bile salts (0.5 %, w/v) were added.
Then the mixture was stirred (37 °C, 100 rpm/min) for 120 min for
intestinal digestion.

The particle size distribution of ISNCs and free icariin throughout the
simulated GIT were measured. The bioaccessibility of icariin after the
small intestinal phase was measured as described by Chen et al. [15].
The bioaccessibility of icariin were calculated using the following
equation:
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Bioaccessibility(%) = my/mg x 100 ®

Where, mg and mg refers to the contents of icariin in the centrifuged
samples after digestion and the initial mass of icariin in ISNCs.

2.13. Statistical analyses

All the data were expressed as mean =+ standard deviation (SD). The
statistical significance of the data was determined using One-way
analysis of variance (ANOVA) followed by T-test to determine the sta-
tistical differences between independent samples. And p < 0.05 indi-
cated a significant difference.

3. Results and discussions

3.1. Effect of ultrasound treatment on the chemical composition of
soymilk

Proteins, carbohydrates and amino acids are the major chemicals in
soymilk. The protein level of NS was 25.24 mg/g, which were 25.19,
25.00 and 23.97 mg/g in US-20, US-60 and US-120, respectively.
Similarly, the total carbohydrate contents of NS, US-20, US-60 and US-
120 were 86.73, 86.49, 86.36 and 86.32 mg/g, respectively (Fig. 1A).
No significant differences were observed in the protein and total car-
bohydrate contents of all the tested soymilks (p > 0.05). Similar phe-
nomenon was observed in the total amino acids contents of the tested
soymilks (Table S1). All these results indicated that no obvious effects on
the chemical compositions were induced by ultrasound treatment.
Among the 17 amino acids analyzed, glutamic acid was the predominant
amino acid in soymilk, with the contents ranging from 3.33 to 3.54 mg/
g, followed by aspartic acid and arginine. It was worth noting that
soymilk was rich in hydrophobic amino acids, which had the ability to
bind to other hydrophobic molecules to form stable complex by non-
covalent interactions [17]. The hydrophobic amino acids like methio-
nine, leucine, isoleucine, valine, phenylalanine, alanine and proline
accounted for 34.02, 33.91, 34.05 and 34.70 % of the total amino acids

50
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in NS, US-20, US-60 and US-120, respectively. It suggested that soymilk
was potent as delivery system of bioactive compounds.

3.2. Effect of ultrasound treatment on H,

H, was applied to monitor the effect of ultrasound on the tertiary
structure of soymilk. The H, values of ultrasound-treated soymilk for
different time are shown in Fig. 1B. Compared to NS, the H, value of
ultrasound-treated soymilk increased along with increased time. The H,
values of NS, US-20, US-60 and US-120 were 7106.43, 7141.80, 7638.20
and 9902.57, respectively. Similar phenomenon has been observed in
wheat gluten and myosin [18]. However, there were no significant (p >
0.05) differences among NS, US-20 and US-60. The above results implied
that some of the hydrophobic regions of soybean proteins could be
exposed to the surface due to the cavitation phenomenon induced by
ultrasound treatment. In addition, the H, value of US-120 was signifi-
cantly higher (p < 0.05) than that of SPI (7725.03), which was a well-
known nano-carrier of bioactive phenolics [19]. It suggested the po-
tential of soymilk as a nano-carrier for phenolics.

Increase of H, suggested that the cavitation effect induced by ultra-
sound could weaken the hydrogen bonds and intermolecular force, ul-
timately resulting in the unfolding of protein molecules and exposure of
hydrophobic amino acids, which were initially buried within the protein
structure [18]. Additionally, protein unfolding might cause by the shear
stress induced by ultrasound, thereby increasing the exposure of hy-
drophobic groups in the proteins [20]. The increased H, of soymilk
suggested that ultrasound treatment could alter their tertiary structure.

3.3. Effect of ultrasound treatment on the secondary structure

As shown in Table 1, ultrasound could affect the secondary structure
of soymilk. With ultrasound time increasing, the percentage of p-sheet
decreased from 42.41 % to 36.60 %, while the percentage of random coil
increased gradually from 28.31 % to 32.83 %, both in a time-dependent
manner. Additionally, the percentage of a-helix and p-turn increased
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Fig. 1. Effects of ultrasound treatment on the physicochemical properties and structural characteristics of soymilk. (A) Protein and total polysaccharides contents;
(B) Surface hydrophobicity (H,); (C) Z-average diameter (D,) and PDI; (D) {-potential. Values with different letters indicate significantly different at p < 0.05.
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Table 1

Secondary structural content of soymilk after ultrasound treatment.

NS Us-20 US-60 US-120

a-Helix (%) 13.36 15.75 15.63 14.78
B-Sheet (%) 42.41 37.72 37.48 36.60
B-Turn (%) 15.92 16.31 16.19 15.79
Random coil (%) 28.31 30.22 30.70 32.83

after treatment for a shorter time (20 min) whereas decreased for a
longer treating time (60-120 min). The same trend for the percentages
of a-helix and random coil was found in ultrasound-treated soybean
proteins [21]. However, previous studies showed an increase in p-sheet
and a decrease in random coils, o-helix and p-turn of soymilk after ul-
trasound treatment (25 kHz, 400 W, 16 min) [9]. These secondary
structure changes induced by ultrasound differentiated from our present
results. The contradictory results might be due to different treatment
conditions, such as ultrasonic power. Previous report revealed that an
increase in the B-sheet, but a reduction in the random coils and o-helix
was observed when a low power (200-400 W) was used, whereas a
reversal result was found when the ultrasonic power increased to 600 W
[9,10], which was consistent with present results.

These conformational changes of soymilk may result from the me-
chanical vibration generated by ultrasound, leading to the collision of
protein molecules and the destruction of interactions between molecules
[10]. An increase in proportion of a-helix indicated a more compact
structure in ultrasound-treated soymilk, as a-helix was regarded as the
most tightly integrated structure in proteins [21]. This phenomenon was
consistent with the observation of Cryo-SEM. Additionally, hydrophobic
interactions of proteins was highly related to the p-sheet proportion. In
this way, the decrease in the p-sheet percentage implied that the hy-
drophobicity was increased due to the exposure of hydrophobic sites
inside the molecule [22]. This phenomenon was consistent with the
results of H,. Moreover, the secondary structures of protein is affected by
various factors, which included the amino acids sequence, protein
property, the interactions between different parts of molecule, aggre-
gation state, degree of denaturation and ultrasound condition. The
above results indicated that ultrasound treatment could disrupt some
conditions, resulting in secondary structure changes.

3.4. Effects of ultrasound treatment on particle size distribution,
{-potential and PDI of soymilk

The effects of ultrasound time on the z-average diameter (D,), PDI
and ¢-potential of soymilk was studied. As displayed in Fig. 1C, the D, of
US-20, US-60 and US-120 was 203.83, 159.23 and 165.63 nm, respec-
tively, which were significantly (p < 0.05) lower than that of NS (219.47
nm), indicating that ultrasound can significantly reduce the D, of soy-
milk. In addition, PDI firstly decreased and then increased as the ul-
trasound time increased (Fig. 1C). While no significant (p > 0.05)
differences were observed between NS and US-120. The (-potential
might act as an indication, which reflected the potential stability of an
emulsion system [23]. As shown in Fig. 1D, the {-potential (absolute
value) of NS was 27.13 mV. This value increased after ultrasound as the
repulsion between the particles increased [22]. However, a decrease was
observed between the absolute {-potential value of US-120 and US-60.

Mu et al. found that ultrasound (20 kHz at 400 W for 9 min) could
decrease the particle size and instability index, but increase the absolute
value of {-potential of soymilk [8]. However, the reduced particle sizes
reported by Mu et al. were higher than that of present work. Previous
study also found a significant reduction in D, of soy proteins solution
after ultrasound treatment for 15 min [24]. Additionally, the prolonged
ultrasound time would cause extended turbulent flow, which could also
lead to D, reduction, and finally resulted in a serious disruption of
particles [25]. The reduced particle size induced by ultrasound might be
due to the improvement of emulsifying properties resulted from
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turbulent forces, microstreaming and acoustic cavitation [8]. Similar
phenomenon was found for US-20 and US-60. However, significant in-
creases in D, and PDI were observed in US-120, when compared to US-
20 and US-60, implying a possible tendency of reaggregation after
longer treatment. Sui et al. [25] pointed out that the increased absolute
value of the {-potential indicated a high energy barrier between drop-
lets, which could improve the stability of the system as strong electro-
static repulsion occurred. Ultrasound might contribute to the
depolymerization of soymilk, leading to the exposure of more negative
charges to the surface of particulates. Thereby, a strong repulsion leads
to decreased particle size and more stable system [22]. However, a
longer time would affect such depolymerization.

3.5. Characterization of the icariin-soymilk nanocomplexes (ISNCs)

3.5.1. EE and LC

Before centrifugation, icariin was quickly precipitated in pure water
(WI), while ISNCs showed uniformly dispersed suspension. After
centrifugation, the supernatant of WI was transparent and colorless,
while all the ISNCs had a homogenous creamy white appearance with a
slight yellow tinge, indicating that icariin successfully entered the soy-
milk and encapsulated (Fig. 2A). As shown in Fig. 2B, the EEs of icariin
in ISNCs varied from 85.67 % (USI-120) to 89.67 % (USI-20). Moreover,
the LCs of icariin in NSI, USI-20, USI-60 and USI-120 were 28.41, 28.92,
28.22 and 27.64 pg/mg, respectively. These results indicated that ul-
trasound treatment with an appropriate time could significantly
improve EE and LC of icariin (p < 0.05). However, such promotion
would be reversed when a longer time (60 and 120 min) was applied.
Our results indicated that the nanocomplexes could significantly (p <
0.05) enhance the solubility of icariin in water (715-749 vs 39.03 pg/
mL).

Nano delivery systems have been proven to be effective for the
application plant bioactivies [26,27]. Our results indicated that soymilk
was a potent nano-carrier for icariin delivery. UHPLC results showed
that the LC of ISNCs varied from 2.76 to 2.89 %, higher than that of
icariin nanogels (2.03 %) using Span 80 and Tween 80 as nano-carrier
[4]. Generally, a higher H, indicates an improvement of LC in protein,
as a higher H, reflects more hydrophobic binding points at the protein
surface available for the binding [19]. However, the increased H, in US-
120 did not improve its LC for icariin. The reduction of EE might result
from the folding and aggregation of proteins after excessive ultrasound
treatment. Moreover, the opening up protein structures induced by ul-
trasound might result in more amide bonds to bind to hydrogen bonds,
which might affect the encapsulation [28]. However, a higher EE might
attribute to the larger size particles, since more volume to surface ratio
and less compactness might provide more opportunity for icariin to
enter the particle [29].

3.5.2. Particle size distribution and {-potential

In general, incorporation of icariin increased the particle size of
ISNCs. However, our results revealed that significant (p < 0.05) re-
ductions in D, were observed between USIs (USI-20, USI-60 and USI-
120) and corresponding soymilk (Fig. 2C). These results might be due
to a tighter structure was formed after encapsulation. The higher D, of
the WI implied the aggregation of icariin in water, which was further
confirmed by the PDI value (0.98 + 0.03) and appearance (Fig. 2A). In
addition, the ¢-potentials of the USI-20 and USI-60 were more negative
than that of the corresponding soymilk (Fig. 2D). The increase in the
negative charges on the surface of nanocomplexes might provide an
electrostatic repulsion for the system, which assists to maintain the
distance between the particles and leads to a D, reduction [30].

3.5.3. Morphology

As shown in Fig. 3, the rough surface and multilayer sheet structures
were observed on the cross-section of NS. In addition, NS showed a
fragmented morphology in different sizes. By comparing with NS, the
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layered network of ultrasound treated-soymilk seems to be more
obvious and thinner. Additionally, the smoother surface of the layered
network was visible with ultrasound time increasing. However, tear was
observed, especially in US-20. Meanwhile, the structure of US-60 was
more compact, which was in agreement with the particle size (Fig. 1C).
With increasing ultrasound time, the connection between the micro-
pores of soymilk was destroyed, whereas some short rod-like or point-
like structures were visible on the surface, and these structures gradu-
ally became more regular. The impact, shear and cavitation effects
generated by ultrasound might be due to such phenomenon, as these
effects might break down the entanglement between molecules, leading
to disruption of the network structure. In addition, previous study
showed that significant change in the microstructure of the protein in
soy-whey emulsion was induced by ultrasound, thereby assisting to
improve the gelation of emulsion [31]. Therefore, the microstructural
changes induced by ultrasound might be beneficial for the improvement
of functional properties of soymilk.

The icariin exhibited an irregular flocculent structure, connecting by
a large number of fine spherical particles. A little amount of icariin was
dissolved in water, and little flocculent and loose structure was visible in
WL After binding, the surface of ISNCs became rougher. Moreover, the
regular layer and short rod-like or point-like structure in ultrasound-
treated soymilk were absent instead of numerous voids and loose
structure after encapsulation. The different microstructure of ISNCs and
their corresponding soymilk indicated that icariin was well dispersed in

soymilk.

3.6. Interaction between soymilk and icariin in ISNCs

3.6.1. NMr

NMR analysis was used to reveal the possible groups of icariin
involved in interaction with macromolecules in soymilk. NMR spectra
were recorded in both DMSO-dg and D50 solvents. When DMSO-dg was
used as solvent, both bound icariin in ISNCs and free icariin were visible
with obvious signals (Fig. 4). The proton signals of free icariin were 6.64
(6-H), 3.44 (11-H), 3.57 ((11-H), 5.17 (12-H), 1.69 (14-H), 1.60 (15-H),
7.13 (3'-H, 5'-H), 7.90 (2'-H, 6’-H), 3.86 (4'-OCH3s), 0.80 (6’°-H), 3.10
(4”-H), 3.18 (5”’-H), 5.29 (1"-H), 4.00 (2""-H), 3.49 (3"-H), 5.00 (1"-
H), 3.31 (2"’ and 3'"’-H), 3.13 (4""’-H), 3.43 (5""’-H), 3.48 (6/’-H), 3.72
(6'-H) and 12.56 (5-OH) respectively [32]. Most of proton’s signal
remained constantly expect for the signals of 5-OH and hydroxyl groups
in the sugar moieties of icariin, which were absent in the 'H spectra of
ISNCs, when comparing with the 'H spectra of free icariin. Additionally,
the remained constant signals were also observed when compared the
HSQC spectra of bound icariin in ISNCs and free icariin (Fig. 4B). The
changed microenvironment of bound icariin in ISNCs might attribute to
the vanishing proton signals of these hydroxyl groups as they are active
hydrogens. Previous report indicated that a new hydrogen bond was
generated in icaritin-loaded pectin nanoparticle, between hydroxyl in
pectin and 7-OH of icaritin, suggesting the importance of 7-OH of
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Fig. 3. Cryo-SEM images of icariin, soymilk and ISNCs. Icariin and WI refer to icariin dissolved in 70% ethanol and water, respectively.

icaritin for new hydrogen bond generation [15]. However, as shown in indicated that soybean proteins could interact with the hydroxyl groups
Fig. 4A, the 3-OH and 7-OH in icariin were replaced by rhamnoside and in starch through hydrogen bonding interaction [33], and higher con-
glucoside groups, respectively. Additionally, 5-OH of icariin and hy- tent of polysaccharides could promote hydrogen bonds generation [34],
droxyl in proteins or polysaccharides of soymilk might be hard to form a suggesting the importance of hydroxyl groups in sugar moiety. In the

new hydrogen bond due to the steric hindrance. Previous study case of other hydroxyl groups in the sugar moieties of icariin, they might
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interact with soymilk. However, it is hard to determine whether these
hydroxyl groups could interact with soymilk on the basis of vanishing
proton signals as the presence of hydrogen exchange. Further study is
required to elucidate the generation of new intermolecular bond be-
tween hydroxyl groups in the sugar moieties of icariin with soymilk.
When D50 serving as solvent, no signals of icariin could be detected in
both 'H and HSQC spectra (Fig. S1). Only the signals of soymilk were
visible and no differences between soymilk in ISNCs and soymilk. These
results suggested that icariin might be encapsulated in the hydropho-
bicity of soymilk.

3.6.2. Fluorescent spectrometry

In Fig. 5A, the fluorescence quenching of soymilk was used to probe
the interactions between soymilk and icariin. Without the addition of
icariin, soymilk showed the maximum fluorescence intensity at 353 nm.
With the increased concentrations of icariin, the maximum fluorescence
intensity of the samples gradually weakened. This meant that icariin
could interact with soymilk and cause fluorescence quenching. The
possible reason was that icariin could bind to hydrophobic patches of
soymilk, causing fluorescence burst, and reducing the fluorescence in-
tensity of soymilk [28]. Meanwhile, the obvious blue shift (353-346 nm)
suggested that icariin might combine with near the tryptophan residue
of soymilk, which could decrease the micro-environmental polarity
around tryptophan.

As shown in Table 2, the obtained K, values were considerably
higher than 2 x 10'° M~1.S! at all the tested temperatures, indicating a
static quenching constant was involved. With increasing temperatures,
Kgy was increased, suggesting that strong hydrophobic interactions were
involved in the binding of icariin to soymilk. Similarly, K4 increased
with increasing temperatures, suggesting the production of stable ISNCs.
In addition, the K4 of soymilk and icariin was between 10° and 104,
belonging to the moderate binding as similar as other ligand—protein
interactions [35]. The present results of n values implied that only 1
binding site in the proteins of soymilks working for icariin.

The corresponding thermodynamic parameters might be the main
indicators for the main interaction forces involved in the formation of
ISNCs. As shown in Table 2, the AS and AH was above 0, indicating the
binding of soymilk and icariin was mainly attributed to hydrophobic
interactions. The negative value of AG suggested that the binding was a
spontaneous process [36]. Generally, once icariin was entered into the
hydrophobic interior of soymilk, dehydration of the hydrophobic sur-
faces might accelerate the complexes formation. This interaction should
be accompanied by the release of ordered water molecules, resulting in
an unfavorable change in enthalpy (AH > 0) and a favorable change in
entropy (AS > 0), consistent with the classical hydrophobic effect [37].
All these results suggested that ISNCs could be generated through non-
covalent interaction forces, and hydrophobic interactions might be
mainly involved. In soymilk, proteins mainly present in the form of
particles. Icariin might be encapsulated by protein particles through
hydrophobic interactions [19]. The pectin-like structure poly-
saccharides in soymilk might help to improve its encapsulation and
stability [38,39].

3.7. Physicochemical stability of nanocomplexes

The stability of nanocomplexes is an important factor affecting its
application in food system. In the present work, the ionic strength sta-
bility, pH stability, storage stability and thermal stability of nano-
complexes were determined.

3.7.1. lIonic strength stability

The stability of ISNCs among various concentrations of NaCl were
determined, using D, and {-potential as indicators. As shown in Fig. 6A,
with increasing salt concentration, a significant reduction (p < 0.01) in
the D, of NSI was observed. However, significant enhance (p < 0.01) in
the D, of USIs was found with increasing salt concentration. Among
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them, USI-20 and USI-60 were sensitive to the existence of salt ions, even
at lower NaCl concentration (200 mM). With more salt addition, the
surface charge of all the ISNCs decreased (Fig. 6B). Whereas, no sig-
nificant (p > 0.05) differences were found in the change of the {-po-
tential of USI-120 during salt addition, regardless the concentration.
These results implied that USI-120 might be relatively resistant to NaCl
addition.

The above results indicated that the interactions between ISNCs was
influenced by ionic strength, suggesting that electrostatic interactions
might be involved in stabilizing ISNCs aggregation. In the absence of
salt, the electrostatic repulsion plays a critical role in nanocomplexes
against aggregation. In the presence of salt, the interactions such as
hydrophobic effects and van der Waals became strong enough to over-
come electrostatic interactions [40]. With the increase of salt concen-
trations, the counter ions, like CI~ and Na™ might interfere the surface of
ISNCs, leading to partly neutralization of charges, consequently
reducing of electrostatic repulsion between ISNCs via electrostatic
shielding effect, resulting in the extensive nanocomplexes aggregation
[41], which might attribute to D, increase of USIs. Interestingly, the D,
of USI-120 was consistently lower than that of NSI at all the tested salt
concentrations. The dense structure of USI-120 might attribute to this
phenomenon, as previous studies revealed that the dense structure of
nanoparticles reduced the effects of ionic strength on the interactions
between nanoparticles and prohibited their aggregation [42].

3.7.2. pH stability

As shown in Fig. 6C, no obvious changes were observed in the D, of
ISNCs, at pH 6.0-12.0 and 2.0-3.0. However, at pH 4.0-5.0, a large
increase in the D, (>4000 nm) was induced, leading to the formation of
sedimentation. The larger D, could be due to the low electrostatic
repulsion between the nanocomplexes [29]. As depicted in Fig. 6D, the
changes of {-potential were consistent with the results of D,. The {-po-
tential of the ISNCs changed from highly negative at higher pH to highly
positive at lower pH, with an isoelectric point around pH 4.5. The soy-
bean protein molecules was mostly responsible for the electrical char-
acteristics of ISNCs [41]. The stability of ISNCs was enhanced attributed
to the increase of {-potential (absolute value), which contributed to the
improvement of electrostatic interaction. In addition, the lower {-po-
tential of ISNCs at pH 4.0-5.0 attributed to the weak electrostatic
repulsion among ISNCs. Under this condition, ISNCs was unstable and
easy to aggregate, which was identical to previous studies, in which
curcumin nanoparticles stabilized by proteins aggregated when they
lose their charge at a low pH [43]. Overall, our results implied that
ISNCs had a smaller size and greater anti-aggregation stability in the pH
ranges of 2.0-3.0 and 6.0-12.0, suggesting its promising application in
food products.

3.7.3. Storage stability

The long-term stability of ISNCs was investigated by storing at 4
(Fig. 6 E and F) or 25 °C (Fig. 6 G and H) for 28 days. The effects of
storage time on the D, and {-potential of the ISNCs were measured. No
significant (p > 0.05) difference in D, of USI-60 during 28 days of storage
(4 °C), was observed. The D, of USI-20 and USI-120 decreased within the
14 days and then increased during the last 14 days at 4 °C. On the
contrary, the D, of USIs increased since day 14 when kept at 25 °C. In
addition, during the whole storage period, the D, of NSI was larger than
that of USIs. The results indicated that the ISNCs were more stable on
storage at 4 °C than at 25 °C, suggesting that lower temperature may be
beneficial for extending the storage time of ISNCs.

The {-potential of ISNCs slightly changed both at 4 and 25 °C for 28-
day storage, with a range of 28-32 mV (absolute values). In addition, no
aggregation and flocculation were found during the storage time at both
temperatures in all the USIs. However, a small amount of light-yellow
sediment formed at the bottom of the tube of NSI since 21st day, espe-
cially those at 25 °C (data not shown), indicating that a small amount of
icariin in NSI was precipitated during long term storage. Therefore, the
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Table 2
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Binding parameters and thermodynamic parameters for soymilk and icariin at different temperatures.

Temperature (K) Binding parameters

Thermodynamic parameters

Ksy (x10*M™1) Kq(x102 M8 Ka (x10° M) n AH (KJ-mol™1) AS (J-mol 1k 1) AG (KJ-mol™%)
298 K 6.85 6.85 2.18 0.64 8.9 37.54 —2.29
303K 6.87 6.87 3.78 0.69 —2.48
308 K 7.22 7.22 5.30 0.71 —2.67
Fig. 6. Physicochemical stability of ISNCs. (A)
400 5 B Effects of pH on the z-average diameter (D,) and
(B) C-potential of ISNCs; (C) Effects of NaCl
£ 300 47 addition on the z-average diameter (D,) and (D)
Ea 3 {-potential of ISNCs; (E) Changes in z-average
; 200 & 5 diameter (D,) and (F) {-potential of ISNCs dur-
3 =, —~ 208K ing storage at 4 °C for 28 days; (G) Changes in z-
E — 33K average diameter (D,) and (H) {-potential of
= 1004 1- ISNCs during storage at 25 °C for 28 days; (I)
— 308K Retention rate of icariin in NSI, USI-20, USI-60
0 T T T T T 0 T T T T and USI-120 complex after incubation under
300 350 400 450 10 20 30 40 50 different temperature. The significant differ-
Wavelength (nm) QI (M) ences from the corresponding initiate ISNCs are
indicated by asterisks, where “*” and “**” refer
to significant differences at p < 0.05 and p <
0.01, respectively.
0.0
C
= -02-
g
&
= —— 208K
g -0.4
—— 303K
—— 308K
-0.6 T T T T
-6.2 -6.0 5.8 5.6 5.4 5.2
log[Q] (M)

present results implied that USIs exhibited a good storage stability,
especially USI-60.

In general, the total number of microorganisms during storage
increased rapidly, which might lead to acid-production and an increase
in H" to neutralize the negative charge of soymilk, resulting in a
decrease in the absolute value of {-potential and increase of D,. Previous
study showed that acoustic cavitation induced by ultrasound could
inhibit microorganisms growth, accelerate oil droplet rupture, and
decrease protein aggregation, thus improving the stability of soymilk
[8]. Peng et al. [43] also pointed out that curcumin nanoparticles sta-
bilized by proteins exhibited better storage stability, especially those at
4 °C, and the higher affinity of whey protein to curcumin nanoparticles
was the main contributor. The present results implied that soymilk-base
nanocomplexes was positive in the long term-storage protection for
icariin in water matrix.

3.7.4. Thermal stability

The stability of icariin in ISNCs under different temperature was
investigated using retention rate as an indicator (Fig. 6I). After incu-
bation for 2 h at 25 °C, the retention rate of icariin in the nanocomplexes
was 100 %. After heating at 60 °C for 2 h, the retention rate of icariin in
NSI, USI-20, USI-60 and USI-120 were 97.74, 97.72, 96.88 and 97.74 %,
respectively. While these values slightly decreased to 95.85, 97.31,
95.34 and 97.47 % after incubated at 90 °C for 2 h, respectively. These
results indicated that the ISNCs can provide a better protection of icariin
during thermal treatment, regardless of temperature.

Similarly, zein-caseinate nanoparticles showed better protection

11

effect for encapsulated curcumin against thermal treatment, where
incubating at 180 °C for 40 min resulting in 73.69 % of curcumin
remained in the nanoparticles [17]. A possible explanation for this
phenomenon was that both steric and electrostatic repulsion between
the nanocomplexes were beneficial to enhance the protection of flavo-
noids against thermal treatment through inhibiting the disintegration or
aggregation of nanoparticles [17]. The previous study showed that ul-
trasonic treatment could improve the thermal stability of soymilk as the
smaller particle size and higher {-potential (absolute value) could
reduce the aggregation of soymilk droplets [8]. Such improvement of
thermal stability might contribute to the enhancement for the protective
effect of icariin during heat treatment. In addition, previous reports
revealed that the interactions between protein-polysaccharide complex
could improve the stability of protein-based nanocomplexes under
different environmental stress [38]. Therefore, the polysaccharides in
soymilk might help to improve the stability of ISNCs. Numerous reports
have documented that encapsulation is a promising way to protect
bioactive substances from thermal degradation through building phys-
ical barrier [43,44].

3.8. In vitro gastrointestinal digestion

After simulation in gastric fluids (SGF), the D, of ISNCs increased,
and then decreased after simulated intestinal fluids (SIF) digestion
(Fig. 7A). The present results were in agreement with the study of Wang
etal. [23]. No significant (p > 0.05) change in D, among NSI, USI-20 and
USI-60 in SGF, were observed. Similarly, no significant (p > 0.05)
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change in D, in SIF among all the tested samples were found.

The increase in D, might be due to the electrostatic shielding effect
during SGF, which is influenced by pepsin, pH and high ionic strength in
SGF [16]. In addition, digestive hydrolysis could reduce the thickness of
the protein layer, affect the action of electrostatic repulsion, which
might lead to the nanocomplexes binding with pepsin molecules and
bridge with adjacent nanocomplexes to form aggregation that increased
the D, [45]. The aggregation formed in SGF has been disaggregated in
SIF, resulting from the variation in digestive environment affected the
structural properties of pepsin. Reducing the concentration of pepsin
will weaken the bridging flocculation effect. Meanwhile, the decrease in
D, during SIF may also be due to the changes in pH and ionic strength,
which may alter the electrostatic interactions between ISNCs, collec-
tively exacerbating the disaggregation of nanocomplexes [46].

As displayed in Fig. 7B, free icariin exhibited the lowest bio-
accessibility (11.20 % of 39 pg/ml) after SIF. However, the bio-
accessibility of icariin in the ISNCs was higher than 58 %. Especially for
USI-60, its bioaccessibility reached 76.08 % (of 730 pg/mL), followed by
USI-20 (67.44 %). The lower {-potentials of USI-60 and USI-20 generally
reflects them with relatively higher colloidal stability. The ISNCs might
be rapidly hydrolyzed by trypsin during the SIF digestion, and the hy-
drolysates might be converted into micelles under the cross-linking of
bile salts [47]. The micelles formed by USI-60 and USI-120 still have
high colloidal stability, which may facilitate absorption in the intestinal
tract. The results indicated that the utilization of soymilk to encapsulate
icariin was an effective strategy for delivering icariin to the intestine.

The improved bioaccessibility might be due to proteins promoting
the transfer of icariin to the mixed micelle phase in the digests [44]. The
ISNCs contained some proteins, which could be digested by proteases in
SGF to form peptides, which formed micelles or complexes with bile
salts in SIF that dissolved icariin [47]. The release of icariin in ISNCs
might also be related to the strong ionic strength, enzymes and pH
during gastrointestinal digestion, which promoted the dissociation of
nanocomplexes [45]. The result was consistent with previous study, in
which nanoparticles could significant improve the bioaccessibility of soy
isoflavone [44]. These results indicated that ISNCs could be used as an
effective technique to deliver icariin.

4. Conclusions

The above results indicated that ultrasound treatment was advan-
tageous to the chemical composition, physical properties and structural
characteristics of soymilk. Meanwhile, ISNCs were successfully fabri-
cated and characterized. ISNCs remarkably improved the water solubi-
lity (about 20 folds) and storage stability of icariin (>28 days).
Ultrasound treatment with a shorter time (20 min) could significantly
increase the EE and LC of NSI, leading to the highest EE of 89.67 % and
highest LC of 28.92 ug/mg. In addition, ISNCs exhibited better pH sta-
bility (ranging from 6.0 t012.0 and from 2.0 to 3.0), ionic strength
stability, thermal stability and storage stability. Among them, USI-120
had the smallest particle size (132.47 nm), whereas USI-60 had the
lowest {-potential (-31.33 mV) and the highest bioaccessibility (76.08
%). Therefore, ultrasound treated-soymilk have a great potential to be
utilized as a delivery system for icariin.
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