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Abstract: In order to expand the application in the medical field and enhance pharmacological effects, casein—myricetin
nanomicelles were prepared by the self-assembly method and characterised by ultraviolet—visible spectroscopy and Fourier
transform infrared spectroscopy. The parameters in self-assembly were optimised according to the factors of particle size,
encapsulation yield, and drug loading. The result showed a pH of 5.5, a casein concentration of 2 mg/ml, a mass ratio of casein
to myricetin of 8:1, ultrasonic power of 300 W, ultrasonic time of 5 min and ethanol volume of 7 ml were the optimal conditions.
The situ cycle intestinal perfusion methods indicated that casein—myricetin nanomicelles can be more easily absorbed by small
intestine than myricetin standard sample. Therefore, casein micelles are effective for improving the water solubility of myricetin.

1 Introduction milk (about 80% of the protein) and represents a family of four

Myricetin is commonly found in the leaves, cortex, and roots of the
waxberry, which also can be detected micro-amounts in tea. The
extensive biological activities of myricentin have been reported,
such as antibacterial, antiviral, hypoglycaemic effect, anti-tumour
[1], neuroprotective [2], anti-inflammatory [3, 4], antioxidation and
liver protection [5]. However, its application in pharmaceutical
industries is limited at present because of its high hydrophobicity,
poor stability in specific environments (temperature, light, and
oxygen) [6], and poorly bioavailable [7]. Therefore, it is very
important to develop a preparation, which can improve
bioavailability and prolong the time of bioactivity. A variety of
delivery vehicles, including liposomes, microemulsions, and
cyclodextrin clathrate compounds have been previously developed.
Landi-Librandi et al. [8] found myricetin liposomes had a
significant improvement in antioxidant activity and membrane
permeability. Myricetin oil/water micro-emulsion prepared by
Zhang et al. [9] has greatly increased the water solubility and
controlled-release effect of the drug properties. Myricetin—
hydroxypropyl-p-cyclodextrin complex was studied by Yao et al.
[10], and the results showed that the water solubility, dissolution
rate, and oral bioavailability of myricetin were greatly enhanced.
However, these methods have some limitations such as poor
stability and toxicity. It has been confirmed that the binding of
flavonoids with proteins may be helpful to the pharmacodynamics
[11]. As a novel method of drug structure modification, self-
assembly can improve drug performance. In particular, some
protein macromolecular compounds have become a research
hotspot in the field of self-assembly due to their non-
immunogenicity, good biodegradability, biocompatibility, safety,
and non-toxicity [12—14].

Molecular self-assembly is the spontaneous organisation of
molecules under thermodynamic equilibrium conditions into the
structurally well-defined and rather stable arrangement through a
number of non-covalent interactions [15, 16]. This self-assembly
process mainly relies on van der Waals forces, hydrogen bonds,
electrostatic forces, and coordination bonds, forming ordered,
stable and intact analytical structure of self-assembly system [17].
The materials used for molecules self-assembly are mostly
amphiphilic materials, of which the protein is the most studied [18,
19].

Casein is a good material for encapsulating nutrients that can
form spherical clusters of several hundred nanometres in diameter
by self-assembly in aqueous solution. Casein is a major protein in

IET Nanobiotechnol., 2020, Vol. 14 Iss. 3, pp. 239-244
© The Institution of Engineering and Technology 2020

gene products (sl-, s2-, a-, and B-casein) [20]. Being a dietary
protein, casein possesses biodegradability and biocompatibility on
oral administration [21]. These four kinds of proteins are chain
amphiphilic proteins with hydrophobic and hydrophilic regions.
The hydrophobic part can self-assemble as micelles and bind
myricetin to increase the solubility in water and improve the
bioavailability, which provides a broad prospect for further
improving the development and utilisation of myricetin. Casein
micelles diameter ranges from 80 to 400 nm, and the average
diameter was 200 nm [22]. Compared with other delivery vehicles,
casein self-assembly has the following advantages: firstly, low
toxicity and high safety; secondly, the prepared nanomicelles have
high stability and targeted delivery of active ingredients in the
inner environment; thirdly, nanomicelles can prolong the residence
time of the carrier and promote the absorption of drugs [23].
Therefore, casein micelles can be exploited as a natural delivery
vehicle for various hydrophobic compounds such as quercetin [24],
eriocitrin [25], curcumin [26, 27], Glimepiride [28], (-)-
epigallocatechin gallate [29].

Accordingly, the objective of this study is to prepare casein—
myricetin nanomicelles to improve the bioavailability of myricetin.
The encapsulation capability of the casein particle and the
influence of various factors were studied to determine the optimal
process condition.

2 Materials and methods
2.1 Materials

Casein  (cp, nitrogen content of 14.5-15.5%) and
phenolsulphonphthalein (PSP) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Hydrochloric acid, sodium hydroxide,
and anhydrous ethanol were purchased from Ante Biochem Co.,
Ltd (Anhui, China). 98% myricetin was purchased from Dekang
Biological Co., Ltd (Ningbo, China). Stroke-physiological saline
solution, Krebs—Ringer phosphate (homemade), chloral hydrate
was from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China), and other chemicals were of analytical grade. Sprague—
Dawley (SD) rats (weight 200+20 g) were obtained from the
Animal Center of Zhejiang Academy of Medical Sciences
(Zhejiang, China).
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2.2 Instrumentation

The diameter of particles was measured by nanoparticle size
analyser (Nano-S9, Malvern Instruments Ltd, UK). High
performance liquid chromatography (HPLC; Agilent 1200, Agilent
Technologies Inc.) was used to determine the myricetin
concentration. Sample absorbance was measured by using an
ultraviolet (UV) spectrophotometer (752, Shanghai Spectrum
Instrument). The structure of myricetin—casein serum albumin
nanomicelles was characterised by using an infrared spectrometer
(AVATAR370, Thermo Nicolet Corporation, USA).

2.3 Preparation of myricetin—casein nanomicelles

Myricetin—casein nanomicelles were prepared following the
reported method with some modifications [30]. Briefly, an amount
of casein was dissolved in 50 ml of sodium hydroxide solution,
stirred under 30°C and pH was adjusted. Also, a certain quantity of
myricetin was dissolved in 5 ml ethanol. The above solutions were
mixed and sonicated for 5 min. The obtained solution was
evaporated to remove ethanol and centrifuged at 4000 rpm for 10

min, and then the supernatant was concentrated and freeze-dried to
obtain casein—myricetin nanomicelles.

2.4 Encapsulation yield and drug loading

Casein—myricetin nanomicelles (1 ml) were diluted to 10 ml and
sonicated 5 min so that the myricetin encapsulated in casein is
completely released into the solution, and detected the myricetin
concentration by HPLC. The encapsulation yield and drug loading
are calculated as shown in (1) and (2), respectively

. CxV
E lation = x 100%
ncapsulation X 10° 4 (1)
. CxV
Drug — loading = %X 100%
rug — loading X 10° o )

where C (ug/ml) is the myricetin concentration in the supernatant,
V' (ml) is the volume of the supernatant, m (g) is the total mass of
the added myricetin, M (g) is the total mass of the added myricetin
plus casein.

2.5 Characterisation of casein—myricetin nanomicelles

The UV-visible (vis) absorption spectroscopy experiments were
carried out with UV-752. Absorption spectra were recorded for
casein—myricetin nanomicelles, myricetin solution, and casein
solution over the range of 200-600 nm, respectively. Casein,
myricetin, and casein—myricetin nanomicelles samples were also
identified by Fourier transform infrared (FTIR) spectroscopy. The
microstructure of the casein—myricetin nanomicelles was observed
by transmission electron microscopy (TEM). The samples to be
tested were measured for polydispersity (PDI), particle size, and
zeta by zetasizer Nano S90 (Malvern Instruments Ltd, UK) after
dilution with water.

2.6 Determination of the critical micelle concentration (CMC)
of casein micelles

Aliquots of pyrene solution (10 x 1077 M in acetone) were added to
various concentrations of casein micelles, followed by sonication
for 5min. After evaporated to remove acetone and recorded
fluorescence spectra using an F-2700 spectrofluorophotometer
(HITACHI, Japan). The excitation fluorescence spectrum and
emission fluorescence wavelength were set as 330-374 and 385
nm. The intensity ratio of the peak at 374 nm (I1) and 385 nm (I3)
was calculated and plotted against the logarithm of casein micelles
concentration [31].
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2.7 Optimisation of casein nanoparticles self-assembly
conditions

The influence of different pH (2.5-7.0, interval 0.5) and casein
concentration (1-6 mg/ml of six groups) on the particle size and
dispersion coefficient of nanoparticles were studied under other
fixed conditions.

2.8 Optimisation of preparation conditions of casein—
myricetin nanomicelles

The encapsulation yield and drug loading were further improved by
optimising the four variables, myricetin dosage (the mass ratio of
casein and myricetin ranges from 4 to 12), ultrasonic power (200—
400 W), ultrasonic time (2—20 min) and the amount of ethanol (5—
11 ml).

2.9 Closed-loop rat intestinal perfusion

The in situ closed-loop intestinal perfusions followed previously
published reports [32]. Male SD rats (180-220 g) were fasted for
12 h with free access to water before the perfusion experiment.
Rats were anesthetised with 10% chloral hydrate (3 ml/kg)
injection and placed on a heated surface to maintain normal body
temperature. A midline abdominal incision was made, and the
small intestine was exposed. Intubation and ligation after incision
at both ends of the upper part of the duodenum and the lower part
of the ileum. Rinsed with 37°C saline and Krebs—Ringer phosphate
buffer solution. The catheters were connected to a constant-flow
pump to form a loop. The test solution was perfused at 37°C
through the intestinal lumen at a constant flow rate of 5 ml/min.
This solution was first perfused for 10 min to ensure a steady state
[33]. After a steady state, then the flow rate adjusted to 3 ml/min.
Samples collected at 0, 15, 30, 60, 80, 100, and 120 min were
analysed by HPLC. Adding an equal volume of 37°C Krebs—
Ringer phosphate buffer solution after each sampling and the cycle
was stopped after sampling seven times. Finally, animals were
sacrificed according to protocols for euthanasia in experimental
animals [34, 35].

2.10 Method validation

Specificity was evaluated by analysing the concentration of
analytes in blank intestinal perfusion solution to investigate the
potential interferences of intestinal perfusate endogenous to the
analytes. Myricetin (2 mg) and 200 mg/l of PSP (6 mL) were
mixed, and diluted to 60 ml with blank intestinal circulation
solution, place in a constant temperature water bath at 37°C for 2 h
and determine myricetin concentration at 0,1, and 2 h.

2.11 Ethics statement

Animal experiments were carried out in strict accordance with the
National Institute of Health Guidelines on the ethical use of
animals. All surgeries were operated under chloral hydrate, and
every effort was made to minimise suffering.

2.12 Statistical analysis

All experiments contained three rats per perfusion group. The
results were presented as mean. Data and graphs are analysed using
origin 9.0 software.

3 Results and discussion
3.1 UV absorption experiment

UV-vis absorption spectra can be used for predicting the drug
molecules—casein complex formation [25]. Fig. 1 shows that
myricetin has characteristic absorption peaks of flavonoids at 254
and 376 nm. Casein has two absorption peaks at 228 and 278 nm.
The casein—myricetin nanomicelles showed two absorption peaks
at 259 and 372 nm. The peak of myricetin is bathochromic shifted,
and the hypochromic shift of casein peak indicates that the
microenvironment of tyrosine residue has changed.
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Fig. 2 Infrared absorption spectrum
(a) Myricetin, (b) Casein, (c¢) Casein—myricetin nanomicelles

3.2 Infrared spectrum

The structural changes in the myricetin and casein were also
examined by FTIR spectroscopy. As shown in Fig. 2, The infrared
spectrum of casein—myricetin is almost identical to that of casein,
however, many of the characteristic peaks of myricetin are
decreased or disappeared. The amino peak at 3301 cm™! in Fig. 2¢
the amides peak at 1648 cm™, the carbonyl peak at 1671 cm™! of
myricetin disappeared, and the stretching vibration of the benzene
ring skeleton at 1450 and 1606 cm™! disappeared. A series of
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Fig. 4 TEM images of nanomicelles
(a) Casein nanomicelles, (h) Casein—myricetin nanomicelles

changes in the FTIR spectrum indicates that myricetin is
encapsulated in casein after self-assembly because FTIR can only
detect the infrared absorption of surface substances.

3.3 CMC of casein micelles

The pyrene probe fluorescence spectrometry is a recognised
method to determine the CMC value. The emission intensity ratio
of I3/I1 is affected by the polarity of the medium surrounding
pyrene molecules. The relationship of the I3/I1 and the
concentration of casein micelles are shown in Fig. 3. At low
concentration, the intensity ratio of I3/I1 remained nearly
unchanged. As the concentration increases, the intensity ratio of
I3/11 starts to increase dramatically and reaches the characteristic
level of pyrene in completely hydrophobic environments at a
certain concentration of casein micelles. The CMC of the
amphiphilic casein micelles obtained from the curve was 11.99
pg/ml.

3.4 TEM analysis

TEM images provide evidence of casein micelles formation. As
shown in Fig. 4, casein micelles have a spherical structure with a
particle size of 140 nm. There was no significant difference in the
appearances of the muyricetin-free micelles and the myricetin-
loaded micelles.

3.5 Optimisation of self-assembly conditions of casein
nanomicelles

The pH and casein concentration has a great influence on the
particle size and dispersion coefficient. Therefore, these two factors
are selected to optimise the self-assembly conditions of the casein
nanomicelles. The average particle size of the casein micelles in
milk is about 150 nm. The aim of this study was to reduce the size
of the prepared micelles and approach to this value so that the self-
assembly products can play a better role.

Protein solubility is related to system pH. When the pH deviates
from the isoelectric, the casein molecules have more net charge,
and the electrostatic repulsion between the molecules is stronger,
resulting in a loose structure and larger particle size. When the pH
was <3.5, the particle size and PDI decreased with the raise of pH,
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reaching the minimum value of 5.5, which were 181.60+1.10 and

0.207+ 0.010 nm. A gradual increase in the PDI and particle size
was observed with increasing pH when the pH is in the range of

242

5.5-7.0 (Fig. 5). When the pH is changed within the range of 3.5—
5.5, which is close to the isoelectric point (pH=4.7). The
molecules collide with each other and start to precipitate. At this
time, ultrasonication cannot uniformly disperse the insoluble
casein. Therefore, the particle size cannot be measured accurately.
A lower PDI means a higher uniform distribution.

The concentration of casein can affect the state of particle
aggregation. It can be seen from Fig. 6 that the minimum PDI was
observed at 2 mg/ml when the casein concentration varied from 1
to 6 mg/ml. However, the particle size did not change significantly
and floated substantially in the range of 180190 nm. It indicated
that the particle size distribution of the self-assembled
nanoparticles is the narrowest at this concentration, and the
nanoparticles in the system are the most homogeneous and stable.

3.6 Optimisation of preparation conditions of casein—
myricetin nanomicelles

The mass ratio of casein to myricetin has a great impact on the
encapsulation yield and drug loading of self-assembled
nanomicelles. It can be seen from Fig. 7 that as the mass ratio of
casein to myricetin increases, the encapsulation yield increases.
Also, when the mass ratio reaches 8:1, the encapsulation yield
hardly changes, showing a stable trend. However, the drug loading
increased first and then decreased with the increase of casein and
myricetin mass ratio, and the maximum was observed at 8:1.
Within a certain range, an increase of casein and myricetin mass
ratio helps to form a greater number of casein particle aggregates in
the system. At low concentration of casein, casein micelles appear
to behave like solid spheres and the hydrophobic interaction
between the casein and myricetin was utilised for the
encapsulation. However, casein micelles at high concentrations of
casein act as a soft sphere that deforms in the direction of shear
stress. The deformation makes the casein particles less potent to
encapsulate myricetin [36]. Furthermore, the result indicates that
the available attractive sites of casein particles for the
encapsulation got saturated by the casein and myricetin mass ratio
of 8:1.

With the increase of ultrasonic power, the encapsulation yield
and the drug loading both increased first and then decreased. When
the ultrasonic power is 300 W, the encapsulation yield and the drug
loading are maximum, were 81.20£3.41 and 9.00+0.36%,
respectively (Fig. 8). Within a certain range, due to the increase of
power, the shear force and pressure caused by the cavitation effect
will cause the violent collision of particles. Also, the constant
impact destroys the irregular protein structure that initially
scattered on the surface of the particle. Finally, the particle shape is
distributed regularly, the self-assembly system is more uniform,
and both the drug loading and encapsulation yield have improved.

The encapsulation yield and drug loading of nanomicelles under
different ultrasound times are shown in Fig. 9. With the extension
of ultrasound time, the encapsulation yield and drug loading both
showed a trend of increasing first and then decreasing. It reaches
the maximum at 5 min. The prolonging of the ultrasonic time
accelerates the self-assembly between the molecules in a short
time; however, the ultrasonic time is too long that destroys the self-
assembled nanomicelles, resulting in the re-release of myricetin
embedded in the complex.

As can be seen from Fig. 10, the encapsulation yield and drug
loading reach the maximum at 7 ml of ethanol. With the increase of
ethanol amount, the dispersion and solubility of myricetin in the
ethanol-water system increased, and the probability of self-
assembly of myricetin and casein solution increased, so the
encapsulation yield and the drug loading increased too. However,
the excessive amount of ethanol will change the spatial structure of
casein and expose the hydrophobic groups that were originally
buried inside. The water solubility of the casein protein
nanoparticle is affected and the self-assembly process is further
carried out, resulting in the decrease of the encapsulation yield and
drug loading.
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3.7 Determination of particle size and zeta

The casein—myricetin nanomicelles were prepared under the
optimum conditions (casein concentration 2 mg/ml, pH 5.5, the
mass ratio of casein to myricetin 8:1, ultrasonic power 300 W,
ultrasonic time 5 min, ethanol addition 7 ml) for self-assembly. The
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Table 1 Absorption results of myricetin standards and
casein—myricetin nanomicelles in rat small intestine during 2
h

Sample Absorption rate Absorption rate,
constant, K %

myricetin standard 8.0x1074 10.90

sample

casein—myricetin 4.4x1073 .60

nanomicelles

size and dispersion coefficient were determined. The results were
232.6 nm and 0.192, respectively (Fig. 11). The particle size
measured by dynamic light scattering (DLS) was larger than those
estimated by TEM, and this phenomenon can be attributed to the
aggregation of micelles or higher-order assemblies. Furthermore,
the sample had been diluted during the staining process, and most
of the aggregates of micelles or higher-order assemblies may
dissociate and may not be observed by TEM [37]. The casein—
myricetin nanomicelles have a zeta potential 0f—6.65+0.11 mV.

3.8 Method validation

Blank intestinal circulation with myricetin was placed in a water
bath at 37°C. The concentration of myricetin increased by (0.36 +
0.27)% after 1 h, and increased by (0.45 +0.33)% at 2 h compared
with 0 h, which may be due to the increase of myricetin solubility
over time. Therefore, it is considered that myricetin can stably exist
for 2 h in the blank intestinal circulatory fluid and will not interfere
with the measurement results of intestinal absorption experiments.

3.9 Closed-loop rat intestinal perfusion

The standard curves of PSP and myricetin were drawn and
corrected the volume of the test solution by the PSP. Finally, the
residual amount of myricetin in the test solution was calculated.
The absorption of casein—myricetin nanomicelles in the small
intestine is significantly better than myricetin (Fig. 12). The
absorption rates of nanomicelles are significantly higher than that
of myricetin (Table 1).

In conclusion, self-assembly using amphiphilic materials as
carriers is widely used in the pharmaceutical, food, and chemical
industries and is capable of trapping hydrophobic pharmaceuticals
and active ingredients in the core. This characteristic increases the
stability, solubility, and bioavailability of such trapped ingredients
[38—40]. Amphiphilic materials can also be used as carriers for
sustained release agents to prolong the action time of drugs in the
body. In this study, casein—myricetin nanomicelles were
successfully prepared by self-assembly, and the optimal conditions
for preparation of casein—myricetin nanomicelles were
investigated. The casein concentration was 2 mg/ml, pH 5.5, and
casein and myricetin. The ratio of 8:1, ultrasound power 300 W,
ultrasound time 5 min, the amount of ethanol added 7 ml. The
absorption of casein—myricetin nanomicelles in rats was detected
by intestine perfusion in rats. The absorption rate of prepared
nanomicelles was four times that of myricetin standards. The
results of this study provide the possibility of preparing myricetin
in oral preparations.
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