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ABSTRACT: The utilization of layer-by-layer composite ) s 4
nanoparticles fabricated from zein and hyaluronic acid (HA) QM HA Anti light degradation
for the codelivery of curcumin and quercetagetin was | | %
investigated. A combination of hydrophobic effects and ASP

Zein

[}

Anti thermal degradation

hydrogen bonding was responsible for the interaction of
zein with both curcumin and quercetagetin inside the
nanoparticles. Electrostatic attraction and hydrogen bonding  cur
were mainly responsible for the layer-by-layer deposition of
hyaluronic acid on the surfaces of the nanoparticles. The
secondary structure of zein was altered by the presence of the two nutraceuticals and HA. The optimized nanoparticle
formulation contained relatively small particles (d = 231.2 nm) that were anionic ({ = —30.5 mV). The entrapment efficiency
and loading capacity were 69.8 and 2.5% for curcumin and 90.3 and 3.5% for quercetagetin, respectively. Interestingly, the
morphology of the nanoparticles depended on their composition. In particular, they changed from coated nanoparticles to
nanoparticle-filled microgels as the level of HA increased. The nanoparticles were effective at reducing light and thermal
degradation of the two encapsulated nutraceuticals and remained physically stable throughout 6 months of long-term storage. In
addition, the nanoparticles were shown to slowly release the nutraceuticals under simulated gastrointestinal tract conditions,
which may help improve their oral bioavailability. In summary, we have shown that layer-by-layer composite nanoparticles based
on zein and HA are an effective codelivery system for two bioactive compounds.

Cur: curcumin; ASP: anti-solvent precipitation;
LBL: layer-by-layer; HA: hyaluronic acid

\- Control release
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1. INTRODUCTION

Layer-by-layer (L-B-L) assembly is a promising technology for
the development of structured delivery systems to encapsulate,
protect, and release bioactive compounds. Positively and
negatively charged biopolymers can be sequentially deposited
around colloidal particle templates to modulate their interfacial
properties, such as thickness, charge, rheology, and perme-
ability, as well as to endow the characteristics of organizational
modularity, diversity, and heterogeneity of composition to the
delivery system.'" For most applications, layer-by-layer
assembly is driven by electrostatic attraction between
oppositely charged biopolymers, but hydrophobic interactions,
hydrogen bonding, and specific recognition can also be used.”

hydrophilic multilayer shell coating them. The layer-by-layer
deposition method allows structured delivery vehicles with
novel encapsulation and release properties to be developed.™
For example, poly-L-lactic/glycolic acid particles can be coated
by polyallylamine hydrochloride/poly(styrenesulfonate) or
poly-L-lysine hydrobromide/dextran sulfate layers using the
L-B-L technique, which delays the release of encapsulated
bioactive compounds and extends their release time under
physiological conditions.” Pluronic nanoparticles have been
embedded within liposome vesicles to form layer-by-layer
structures, which enhanced the permeation and retention time
of an anticancer drug (docetaxel) in tumor-bearing mice.” The
surfaces of bovine serum albumin nanoparticles have been

Bioactive compounds with different polarities can be
encapsulated within different locations in structured delivery
vehicles. For instance, hydrophobic bioactives can be located
within the hydrophobic core of lipid or protein nanoparticles,
whereas more hydrophilic bioactives can be located in the
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modified with hyaluronic acid (HA) using the L-B-L technique

Received: February 9, 2019
Accepted: April 15, 2019
Published: April 15, 2019

16922 DOI: 10.1021/acsami.9b02529

ACS Appl. Mater. Interfaces 2019, 11, 16922—16933


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b02529
http://dx.doi.org/10.1021/acsami.9b02529

ACS Applied Materials & Interfaces

Research Article

(A) (B)

Cur Zein nanoparticle

Que HA

Figure 1. (A) Cur—zein (ASP) nanoparticle (before washing), (B) Cur—zein nanoparticle (after washing), (C) Cur—zein—Que nanoparticle, (D)
Cur—zein—Que—HA nanoparticle, and (E) Cur—Que—zein—HA nanoparticle.

to deliver anticancer agents (doxorubicin) into cancer cells in a
customized amount and a targeted manner.’

Proteins and polysaccharides are usually utilized as the host
material for layer-by-layer assembly in food and drug products
due to their biodegradable, biocompatible, and nontoxic
properties. Zein is a hydrophobic protein that is commonly
used to assemble structured delivery systems in food and
industrial applications, for example, biodegradable films,”
coatings,7 nanofibers,® inks,” and colloidal delivery vehicles.'”
In particular, zein has been widely used to create protein
nanoparticles that are able to incorporate and deliver nonpolar
bioactive molecules, such as nutraceuticals, vitamins, and
supplements. However, the widespread application of zein
nanoparticles is often limited by their poor physical stability,
such as their tendency to aggregate and precipitate when
exposed to acid, base, metal ions, and high temperatures.
Previous studies have shown that their stability can be
improved by coating them with polysaccharides.'’ Hyaluronic
acid (HA) is a polysaccharide made up of multiple
disaccharide units of N-acetyl-p-glucosamine and D-glucuronic
acid."" The incorporation of HA into colloidal delivery systems
has previously been shown to improve their drug retention and
delivery profiles.”'> HA may also be a useful building block for
fabricating delivery vehicles for drugs and nutraceuticals."
Moreover, it also has many useful biological activities, such as
its ability to modulate inflammation, aging, angiogenesis, and
embryonic development.'*"®

Curcumin (Cur) is a natural polyphenol with many
physiological functions. Due to its wide applications in the
prevention and treatment of many chronic diseases, such as
Parkinson’s disease, Alzheimer’s disease, and multiple sclerosis,
curcumin is regarded as a “next-generation multipurpose
drug”.16’17 Quercetagetin (Que) is also a bioactive compound
found in some natural plants. It could be used as an
antioxidant, antimicrobial, and anti-inflammatory agent,18 and
it reduces the risk of cancer, cardiovascular disease, and other
chronic diseases.'””" However, both curcumin and querceta-
getin are chemically unstable, have low water solubility, and
poor bioavailability, which greatly limit their applications in the
food, supplement, and drug industries. For this reason,
researchers are examining the application of various types of
nanoparticles to overcome these problems. This is often
challenging because differences in the molecular structure and
polarity of these two nutraceuticals makes it difficult to
encapsulate them in a single nanoparticle. In previous studies,

no single delivery system has been designed to deliver both
curcumin and quercetagetin.

Recently, the development of codelivery systems has become
an area of active research because of their potential to deliver
several beneficial bioactive agents simultaneously. This
approach has many advantages, such as the ability to formulate
the proportion and dosage of different bioactive agents, control
the release time and release rate of each drug independently,
and achieve synergistic effects.””” Therefore, a codelivery
system for curcumin and quercetagetin was developed in this
study. These systems were made up of a hydrophobic protein
core (zein) and a hydrophilic polysaccharide shell (HA) using
an L-B-L electrostatic deposition method.”> Curcumin, which
is a highly hydrophobic molecule,”* was encapsulated within
the hydrophobic core of the zein nanoparticles, whereas
quercetagetin, which is more polar, was adsorbed to their
hydrophilic surfaces. The present work might contribute to the
development of more effective codelivery systems for multiple
bioactive agents, which may be useful for benefiting from
synergistic interactions between bioactives.

2. MATERIALS AND METHODS

2.1. Materials. Zein (95%) was obtained from Sigma-Aldrich.
Hyaluronic acid (HA, 99%) was provided by the Xi'an Baichuan
Group (Xi’an, China). Quercetagetin (Que, 95%) was extracted from
Tagetes erecta using the procedure described in our previous report.'®
Curcumin (Cur, 98%) was provided by the China National Medicine
Group (Shanghai, China). Ethanol (99.9%) was purchased from the
Beijing Chemical Group (Beijing, China).

2.2. Fabrication of Layer-by-Layer Composite Nanopar-
ticles. L-B-L assembly methods were used to fabricate the structured
nanoparticles developed in this study. First, zein (2.4 g) and curcumin
(120.0 mg) were dissolved in a 240.0 mL aqueous ethanol (70%, v/v)
solution. The resulting mixture was then injected (20.0 mL/min) into
720.0 mL of distilled water and stirred for 20 min at 600 rpm, which
led to the formation of curcumin-loaded zein nanoparticles due to
antisolvent precipitation (ASP). Ethanol was removed at 40 °C under
—0.1 MPa from the resulting colloidal suspension using a rotary
evaporator. The samples prepared using the ASP method are referred
to as Cur—zein (5:100, ASP) nanoparticles (Figure 1A).

Second, a mixture (v/v, 1:1) of n-hexane and ethyl acetate was used
to wash the residual curcumin from the surfaces of the Cur—zein
(5:100, ASP) nanoparticles. The organic phase and aqueous phase
were mixed together in a closed separation funnel and then shaken for
a short time. The mixture was then left to stand for 10 min. The lower
aqueous phase was then poured into a flask and any residual organic
reagents within it were removed using a rotary evaporator (40 °C,
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—0.1 MPa). The effect of the number of washing steps on the
retention of the curcumin by the particles was studied, and it was
found that one wash was optimum. The washed sample is referred to
as Cur—zein (5:100) nanoparticles (Figure 1B).

Third, different quantities of quercetagetin (10.0, 20.0, 30.0, and
40.0 mg) were dissolved in aqueous ethanol solutions (70%, v/v, 10.0
mL). The resulting mixtures were then injected into four equal
volumes (66.0 mL) of Cur—zein (5:100) nanoparticle dispersions at
20.0 mL/min, respectively. The samples were stirred (600 rpm) for
20 min to allow quercetagetin to adsorb as much as possible onto the
surfaces of the Cur—zein (5:100) nanoparticles. The resulting samples
were referred to as Cur—zein—Que (5:100:5, 5:100:10, 5:100:15, and
5:100:20) nanoparticles (Figure 1C). These nanoparticles were
injected (20.0 mL/min) into a HA (40.0 mg) aqueous solution
with stirring at 600 rpm for 20 min. The resulting samples were
referred to as Cur—zein—Que—HA (5:100:5:20, 5:100:10:20,
5:100:15:20, and $:100:20:20) nanoparticles (Figure 1D).

Fourth, Cur—zein—Que (5:100:5) nanoparticle dispersions were
injected into an equal volume of HA (20.0, 30.0, 40.0, 50.0, and 60.0
mg) aqueous solution at 20.0 mL/min with continuous stirring at 600
rpm for 20 min. The resulting samples were referred to as Cur—zein—
Que—HA (5:100:5:10, 5:100:5:15, S5:100:5:20, 5:100:5:25, and
5:100:5:30) nanoparticles (Figure 1D).

Finally, Cur—Que—zein—HA (5:5:100:20) nanoparticles (Figure
1E) were prepared as controls. In this case, the two nutraceuticals
were co-encapsulated inside the zein nanoparticles, rather than having
the curcumin inside and the quercetagetin outside. This was achieved
by dissolving zein (200.0 mg), curcumin (10.0 mg), and quercetagetin
(10.0 mg) in 70% (v/v) aqueous ethanol solution (20.0 mL).
Thereafter, 20 mL of this mixed solution was injected into (20.0 mL/
min) 60.0 mL of distilled water and then stirred at 600 rpm (20 min).
Finally, ethanol was removed at 40 °C under —0.1 MPa by a rotary
evaporator. The insoluble substances, such as free curcumin and
quercetagetin, were removed by centrifugation (3000 rpm, 10 min).
The nanoparticle dispersion was then injected into HA aqueous
solution (contain HA 40.0 mg) at 20.0 mL/min to form Cur—Que—
zein—HA (5:5:100:20) nanoparticles (Figure 1E).

2.3. Characterization of Layer-by-Layer Composite Nano-
particles. 2.3.1. Particle Characteristics. Particle size and {-potential
of the nanoparticles were measured by a combined particle
electrophoresis/dynamic light-scattering instrument according to
our previous report.”> The turbidity was determined using a
laboratory turbidimeter (HACH 2100N, Loveland) according to
our previous report.26

The curcumin content of the nanoparticles was measured
according to a method described previously.”” Briefly, the curcumin
was extracted from the nanoparticle dispersion using an 80% (v/v)
aqueous ethanol solution with an ultrasound-assisted method. The
curcumin content in the aqueous ethanol solutions was then analyzed
by a spectrophotometer (UV-1800, Japan) at 426 nm. The
entrapment efficiency (EE) and loading capacity (LC) of the
curcumin were then calculated using the following expressions”’

encapsulated Cur

EE = X 100%

total Cur (1)
encapsulated Cur
LC = X 100%
total mass of nanoparticles (2)

The quercetagetin content of the nanoparticles was measured
according to a previous method.”® Briefly, the samples were
centrifuged at 15000 g for 30 min to separate the particles. The
supernatant was then removed and diluted with 70% (v/v) aqueous
ethanol solution. The quercetagetin content in the aqueous ethanol
solution was then analyzed by a spectrophotometer operating at 360
nm. The EE and LC of the quercetagetin were then calculated using
the following expressions™®

total Que — free Que % 100%
total Que 3)

EE =

total — fi
otal Que — free Que % 100%
total mass of nanoparticles (4)

LC =

2.3.2. Fourier Transform Infrared (FTIR), Circular Dichroism,
Fluorescence Spectra, and Field Emission Scanning Electron
Microscopy (FE-SEM). The FTIR spectra of the nanoparticles were
measured in the wavenumber range from 400 to 4000 cm™" according
to a previous report.”® Sixteen scans were performed for each
measurement at a resolution of 4 cm™'. The operating parameters
used in the circular dichroism instrument were set as follows: 190—
260 nm far-UV wavelength, 2.0 nm band width, 100 nm/min
recorded speed, 0.1 cm path length, 0.2 nm resolution, and 20
accumulations. The secondary structure fractions of the protein in the
nanoparticles were calculated according to a CD website (http:/ /
dichroweb.cryst.bbk.ac.uk).”® It should be noted that zein is actually a
mixture of proteins (19 and 22 kDa) and so the calculated secondary
structure will only be an average for the whole system.

The operating parameters used for the fluorescence spectra
measurements were as follows: the nanoparticle concentration in
dispersions was 0.25 mg/mL; the excitation wavelength was 280 nm;
the scanning rate was 100 nm/min; the spectra range was 290—450
nm; and emission and excitation slit widths were 10 nm.>’

Microtopography of the lyophilized L-B-L nanoparticles was
preformed using a field-emission scanning electron microscope
(SU8010, Hitachi). The dried samples were sputter-coated with a
gold layer before observation to avoid charging under the electron
beam.”

2.4. Simulated Gastrointestinal Digestion. The potential
gastrointestinal fate of the nanoparticle dispersions was tested
according to a method described previously.”” First, 30 mL of L-B-
L nanoparticle dispersions were mixed with 30 mL of simulated
gastric fluid (SGF: includes 3.2 mg/mL pepsin and 2.0 mg/mL NaCl)
in a glass flask. The pH of the mixtures was adjusted to 1.2 using
hydrochloric acid (1.0 M), and then the system was incubated at 37.0
°C in a water bath shaker. Samples were collected at 30 and 60 min.
The gastric digestion mixtures were then adjusted to pH 7.5 using
sodium hydroxide (1.0 M). The mixtures (30 mL) were added into
30 mL of simulated intestinal fluid (SIF: includes 12.0 mg/mL bile
salts, 2.0 mg/mL pancreatin, 6.8 mg/mL KH,PO4, and 8.8 mg/mL
NaCl). The mixtures were incubated at 37 °C in a water bath shaker,
and samples were collected at 30, 60, 90, and 120 min. The curcumin
and quercetagetin contents in the nanoparticles collected at different
digestion stages were measured using the method described in Section
2.3.1.

2.5. Nutraceutical Stability. 2.5.1. Thermal Degradation
Kinetics. The thermal degradation kinetics of curcumin and
quercetagetin in the nanoparticles were estimated according to a
method reported previously.”” Briefly, the nanoparticle dispersions
were placed in transparent sample bottles and then incubated at 80 °C
for 2, 4, 6, 8, and 10 h in a thermostatic water bath. After the test, the
contents of curcumin and quercetagetin were determined by the
methods described previously.

2.5.2. Light Degradation Kinetics. The light degradation kinetics
of curcumin and quercetagetin in the nano&)articles were estimated
referring to a method reported previously.'” For these experiments,
the light intensity and temperature were set at 0.35 W/m?” and 35°C,
respectively, and samples were collected at 20, 40, 60, 80, 120, 240,
and 360 min. The curcumin and quercetagetin contents of the
samples were determined using the methods described earlier. The
degradation rate constant (k) and half-life (t;,,) values were
calculated using the following expressions’

In(C/Cy) = —kt (s)
In2
b= (6)

Here, Cy and C represent the concentrations at time 0 and ft,
respectively.

2.5.3. Long-Term Storage Stability. Nanoparticle dispersions were
stored under refrigerated conditions (4 °C) for an extended time, and

DOI: 10.1021/acsami.9b02529
ACS Appl. Mater. Interfaces 2019, 11, 16922—16933


http://dichroweb.cryst.bbk.ac.uk
http://dichroweb.cryst.bbk.ac.uk
http://dx.doi.org/10.1021/acsami.9b02529

ACS Applied Materials & Interfaces

Research Article

350 350
a a
300 b 300
—_ _
£ 2504 c = 250 b b b b
£ £
2004 2004
@
L 2
w»
o s 4 e . c 7 150
2 f K
=3 <
E 1004 '.E 1004
< <
& 504 A 504
o TS 1) K ey » 1) 1 o ¢
it " o " & \\&\\\0 e v o & \‘ﬁ\@ 0 A
A o o R
A 4
S
Sample
© D)
350 a 409
? 30
300 _I_ 1
£
—~
£ 250 d ¢ > 204
g : g
S 2004 = 104
@ =
2 i =}
5 1 z o]
=
T =
= 1004 2 _104
& =
1
50 s
o -204
0 T T T 2 T N
& & =N P & 230
o et W o R
o o W o o 40
o o o o o
Sample -504
800 -
3 a e 2
700 M & N
¢ <
~ > 804 -
600
=) d 2 F1s X
= f o ~
7 500 5 2z
< g 60 z
Z: 4004 S =
3 g " g
= 4 . 2 J <
z 300 Lo £ % g
= 2004 = =
z ls =
= j HH & 20 E
23
=
x N BN = 0 0
W WO (6 x
X &‘\\ \@'\\ « \Q_\g:"-l\s_\@;\ o :\ W e e e e
Y 8 e S AN 4 AN N W
sy ,xt“mg\\‘ ;\\‘n“ ;\“n“,;ﬁ\° A o ‘\u”( aem“ a°n‘\e a\‘n“( t_\‘,y“ nof"m
o o 1T T o™ o @ @ o o o o
Sample Sample

Figure 2. Particle size (A—C), {-potential (D), and turbidity (E) of Cur—zein—Que—HA L-B-L nanoparticles; entrapment efficiency and loading
capacity of quercetagetin in Cur—zein—Que—HA L-B-L nanoparticles (F).

changes in their properties were measured. The particle diameter and
{-potential were analyzed using the methods described earlier. The
retention rates (%) of the two nutraceuticals after long-term storage
were estimated using the following equations'®

retention rate of Que(%)

the amount of Que after storge

X 100%
the initial amount of Que (7)
retention rate of Cur(%)
the amount of Cur after storge
= X 100%

the initial amount of Cur

(8)

2.6. Statistical Analysis. All experiments were performed three
times, and the mean and standard deviation were calculated from

16925

these data. Data were analyzed using analysis of variance, and p < 0.05
was identified as being significantly different.

3. RESULTS AND DISCUSSION

3.1. Particle Size, ¢-Potential, and Turbidity. The mean
particle diameter of the L-B-L nanoparticles is shown in Figure
2A—C. Pure zein nanoparticles had a mean diameter of 142.7
nm, which was slightly higher than that observed for the Cur—
zein (5:100, ASP) nanoparticles (131.3 nm). This effect may
have occurred because polyphenols bound to the hydrophobic
zein molecules and altered nanoparticle formation during
antisolvent precipitation.’’ After removing the curcumin
adsorbed to the nanoparticle surfaces using organic solvents,
the size of the Cur—zein nanoparticles decreased to around
114.0 nm. When quercetagetin was adsorbed to the outer
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Figure 3. Molecular structures of curcumin (A), quercetagetin (B), and hyaluronic acid (C).

surfaces of the Cur—zein nanoparticles, the mean diameter of
the Cur—zein—Que nanoparticles increased to 133.7 nm.
Similarly, when HA adsorbed on the outer layer of the Cur—
zein—Que nanoparticles, the mean particle diameter increased
further to 231.2 nm. This phenomenon agreed with our
previous research, which showed that the incorporation of
polysaccharides can greatly increase the size of polyphenol—
protein nanoparticles.”®

Interestingly, the size of the Cur—zein—Que—HA
(5:100:5:20) nanoparticles was smaller than that of the
Cur—zein—HA (5:100:20) nanoparticles (Figure 2B). Presum-
ably, the quercetagetin interacted with the HA molecules in the
outer layer of the nanoparticles, thereby causing them to pack
more closely. In our previous report, we found that the
dimensions of zein—propylene glycol alginate (PGA) nano-
particles also decreased when they were combined with
quercetagetin.”® However, there was no obvious difference
among the sizes of Cur—zein—Que—HA (5:100:5:20,
5:100:10:20, 5:100:15:20, and 5:100:20:20) nanoparticles
with different levels of quercetagetin. It is possible that the
quercetagetin in the outer layer of the Cur—zein—Que
nanoparticles was close to its saturation level when the mass
ratio of Cur—zein—Que—HA was 5:100:5:20. Consequently,
any additional quercetagetin could not adsorb to the Cur—
zein—Que nanoparticles. Instead, it was insoluble and formed
visible sediments at the bottom of the sample bottles. The
effect of the HA level on the mean size of the nanoparticles is
illustrated in Figure 2C. The nanoparticles gradually became
larger as the HA level was increased. A similar trend was
reported for zein—chitosan nanoparticles, where the particle
size increased as the chitosan level was raised.”

The {-potential values of the nanoparticles are shown in
Figure 2D. Zein, Cur—zein (5:100, ASP), Cur—zein (5:100),
and Cur—zein—Que (5:100:5) nanoparticles were positively
charged, which can be attributed to the pH of the solution
being below the isoelectric point of zein. However, all of the
nanoparticles became strongly negatively charged when they
were coated with HA, which can be attributed to the high
negative charge (—49.3 mV) associated with this polymer. This
result suggests that electrostatic attraction was the main driving
force for the adsorption of HA on to the outer layer of the
Cur—zein—Que (5:100:5) nanoparticles. A similar phenom-
enon has also been reported for lactoferrin—pectin nano-
particles” and for lactoferrin—high methoxyl pectin nano-

particles.”® At a constant HA level, the {-potential values for
the Cur—zein—Que—HA (5:100:5:20, $:100:10:20,
5:100:15:20, and 5:100:20:20) nanoparticles were all similar,
suggesting that quercetagetin did not have an obvious impact
on the net charge of the nanoparticles. With increasing HA
concentration, the {-potential values of the Cur—zein—Que—
HA L-B-L nanoparticles (5:100:5:10 to 5:100:5:30) decreased
from —28.3 to —43.8 mV.

As shown in Figure 2E, the turbidity (217.3 NTU) of the
Cur—zein (5:100, ASP) nanoparticles was appreciably higher
than the turbidity (106.8 NTU) of the zein nanoparticles. This
phenomenon may have been because the curcumin absorbed
some of the light, thereby leading to a reduction in the amount
detected. In the presence of HA, the turbidity of the
nanoparticles increased significantly (p < 0.0S), which may
have been because the increase in particle size led to more light
scattering.

3.2. Entrapment Efficiency and Loading Capacity. As
shown in Figure 2F, the entrapment efficiency of quercetagetin
in the Cur—zein—Que—HA (5:100:5:20) nanoparticles was
around 90.3%. However, this value reduced significantly (p <
0.05) as the total level of quercetagetin in the system increased
to 55.4, 47.1, and 46.7% for 5:100:10:20, 5:100:15:20, and
5:100:20:20 Cur—zein—Que—HA nanoparticles, respectively.
This result suggests that quercetagetin adsorbed to the surfaces
of the Cur—zein—Que—HA nanoparticles until saturation
occurred. After this point, any additional quercetagetin
aggregated and sedimented at the bottom of the samples.
The hypothesis was supported by the fact that increasing the
quercetagetin level had no significant impact on the size, -
potential, or turbidity of the Cur—zein—Que—HA nano-
particles (5:100:10:20, 5:100:15:20, and 5:100:20:20).

When the level of quercetagetin was held constant and the
concentration of HA was increased, the entrapment efficiency
of quercetagetin gradually increased from 75.0% (Cur—zein—
Que—HA, 5:100:5:10) to 92.7% (Cur—zein—Que—HA,
5:100:5:30). This result indicated that the presence of HA
greatly enhanced the entrapment efficiency of quercetagetin in
the Cur—zein—Que—HA nanoparticles. A similar finding has
been reported for guercetagetin-loaded zein nanoparticles
combined with PGA.™

For quercetagetin, the EE (90.3%) and LC (3.5%) values for
the Cur—zein—Que—HA (5:100:5:20) nanoparticles were
appreciably higher than the EE (69.8%) and LC (2.5%) values
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Figure 4. FTIR spectra (A, B), fluorescence spectra (C—E), and circular dichroism spectra (F, G) of Cur—zein—Que—HA nanoparticles.

for the Cur—zein—Que—HA (5:5:100:20) nanoparticles.
Conversely, for curcumin, the Cur—zein—Que—HA
(5:100:5:20) nanoparticles (EE 51.8% and LC 2.0%) exhibited
better EE and LC than the Cur—Que—zein—HA (5:5:100:20)
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nanoparticles (EE 31.3% and LC 1.2%). The result was
attributed to the fact that that both quercetagetin and
curcumin competed for hydrogen bonding and for hydro-
phobic binding sites on the zein molecules during the
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preparation of the Cur—Que—zein—HA (5:5:100:20) nano-
particles. However, in the case of the Cur—zein—Que—HA
(5:100:5:20) nanoparticles, there was no competition between
the two nutraceuticals because they were in different locations
(curcumin inside and quercetagetin outside).

The layer-by-layer structure of the nanoparticles was
designed based on the known molecular characteristics of
the different components. As shown in Figure 3A—C, there
exist 2, 6, and 10 hydroxyl groups in curcumin, quercetagetin,
and hyaluronic acid units, respectively. In general, the more the
number of hydroxyl groups, the more polar the molecule;*®
hence, the polarity of curcumin is lower than that of
quercetagetin. The more nonpolar curcumin molecules were
therefore preferentially encapsulated within the hydrophobic
cavity of the zein nanoparticles. Conversely, quercetagetin with
a higher polarity was absorbed on the hydrophilic outer layer
of the zein nanoparticles and coated by a layer of HA.
Consequently, both the EE and LC of curcumin and
quercetagetin in the Cur—zein—Que—HA L-B-L nanoparticles
(5:100:5:20) were relatively high.

3.3. FTIR. FTIR was used to investigate the nature of the
molecular interactions occurring inside the nanoparticles
(Figure 4A,B). For curcumin, the peak at 3257.10 cm™' was
ascribed to the stretching of the —OH groups on the benzene
ring, and the peak at 1506.33 cm™" was ascribed to vibrations
of the C—C and C—O groups.”” Moreover, the peak at
1581.02 cm™" represented the stretching vibration of aromatic
rings,”® and the peak at 1275.21 cm™" was attributed to enolic
C—O stretching.”

The FTIR spectra from 1028.50 to 1659.64 cm™ of
quercetagetin were similar to those of curcumin, but the —OH
stretching peak (3371.85 cm™") was higher and stronger than
that for curcumin, in agreement with their molecular structures
(Figure 3). The peaks observed from 1000 to 1500 cm™" for
curcumin and quercetagetin scarcely appeared in the spectra of
the Cur—zein—Que—HA nanoparticles, which confirmed that
the two nutraceuticals were successfully encapsulated in the
nanoparticles.

In the spectrum of native zein, the peaks at 3310.27,
1665.16, and 1544.61 cm™ were ascribed to the —OH
stretching,40 C—O stretching (amide I), and C—N stretching
coupled with the N—H bending mode (amide II),
respectively.”" When zein was combined with curcumin, the
peak associated with the amide II groups shifted from 1544.61
to 1551.50 cm™!, which suggests that there were some
hydrophobic interactions between these two components.
The position of the peak associated with the hydroxy groups
moved from 3310.27 to 3314.88 cm™!, which suggested that
there was hydrogen bonding between curcumin and zein
within the nanoparticles. Hydrophobic interactions and
hydrogen bonding also played an important role during the
formation of the Cur—zein—Que and Cur—zein—Que—HA L-
B-L nanoparticles (Figure 4A,B). When the level of HA in the
Cur—zein—Que—HA L-B-L nanoparticles was increased, the
peaks associated with the amide (I and II) groups altered from
1666.18 and 1525.11 cm™" (Cur—zein—Que—HA, 5:100:5:10)
to 1661.13 and 1522.73 cm™ (5:100:5:20). Nevertheless, no
obvious change was found for the peak associated with the
—OH groups, indicating that hydrogen bonding was
considerably weaker than hydrophobic effects. The peaks
associated with the —OH and amide (I and II) groups in the
spectrum of the Cur—zein—Que—HA L-B-L nanoparticles
were altered from 3316.35, 1661.13, and 1522.73 cm™!

(5:100:5:20) to 3318.09, 1665.90, and 1528.11 cm™
(5:100:5:30), respectively. This shift suggests that both
hydrophobic interaction and hydrogen bonding were impor-
tant binding forces in this case (Figure 4B). Luo, Teng, and
Wang* have reported that hydrogen bonding is also an
important binding force within the zein—carboxymethyl
chitosan—vitamin D; composite nanoparticles.

3.4. Fluorescence Spectra. Fluorescence measurements
were carried out to acquire more information about the
structural changes and intermolecular interactions occurring
within the nanoparticles. As shown in Figure 4C, native zein
had a fluorescence excitation peak at 280 nm and an emission
fluorescence peak at 305 nm, which was attributed to its
tyrosine and tryptophan residues.”>*' The incorporation of
curcumin into the zein nanoparticles obviously decreased the
intensity of the emission maximum. Furthermore, the
adsorption of quercetagetin onto the particles further
decreased the fluorescence intensity. These results can be
ascribed to the incorporation of polyphenols, which promote
fluorescence quenching of zein through molecular interactions
such as rearrangement, energy transduction, collisional
quenching, and the formation of a ground state complex.*’
Thus, as the quercetagetin level was increased, the fluorescence
intensity of the Cur—zein—Que—HA nanoparticles
(5:100:5:10 to 5:100:20:20) decreased (Figure 4D). Con-
versely, when HA was incorporated into the outer layer of the
Cur—zein—Que nanoparticles, the fluorescence intensity
increased. This phenomenon may have occurred because HA
induced a conformational change in the zein molecules, which
exposed some of the tryptophan residues originally hidden
within their hydrophobic cores.”” In general, conformational
changes of proteins are known to impact the fluorescence
intensity of the tryptophan residues.** With increasing HA
levels, the fluorescence intensity gradually increased in the
Cur—zein—Que—HA (5:100:5:10 to 5:100:5:30) nanoparticles
(Figure 4E).

3.5. Circular Dichroism Analysis. The circular dichroism
spectrum of native zein nanoparticles showed two character-
istic troughs at 209 and 223 nm (Figure 4F).* The secondary
structure of zein was determined from this spectrum (Table
S1). After curcumin was incorporated into the zein nano-
particles (Cur: zein, 5:100), the a-helix content decreased
from 32.5 to 26.5% and the f-sheet content increased from
17.9 to 22.9%. The adsorption of quercetagetin onto the Cur—
zein—Que nanoparticles led to a decrease in the a-helix
content and an increase in the f-sheet content. These results
were in line with the study of Sun et al.*® The origin of this
effect may be that there was hydrogen bonding (between the
amino of zein and the hydroxyl of Cur) and hydrophobic
interactions (hydrocarbyl) between curcumin and zein as well
as hydrogen bonding between quercetagetin and zein. These
driving forces could lead to the unfolding and reorganization of
the zein molecules, which would lead to a change in their
secondary structure. When Cur—zein—Que nanoparticles were
coated with HA, the a-helix content of zein decreased from
23.6% (Cur—zein—Que, 5:100:5) to 19.4% (Cur—zein—Que—
HA, 5:100:5:10), whereas the fS-sheet content increased from
26.5 to 29.3%. Hydrogen bonding and electrostatic attraction
were considered to be the main binding forces among
curcumin, zein, quercetagetin, and HA, which was consistent
with the FTIR analysis. When the amount of HA in the Cur—
zein—Que—HA L-B-L nanoparticles was altered from
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Figure 6. Light degradation kinetics (A, B) and thermal degradation kinetics (C, D) of curcumin and quercetagetin in Cur—zein—Que—HA

nanoparticles.

5:100:5:10 to 5:100:5:30, the a-helix content increased,
whereas the f-sheet content decreased.

3.6. Microstructure and Simulated Gastrointestinal
Digestion. The microstructure of all of the samples was
acquired using FE-SEM (Figure 5A,B). Native zein nano-
particles had a spherical shape,*' whereas native HA exhibited
a three-dimensional network structure (Figure SA). The Cur—
zein nanoparticles also had a spherical shape (Figure SB), with
a diameter larger than that of the zein nanoparticles, which
suggests that the HA formed a coating. Cur—zein—Que
(5:100:5), Cur—zein—HA (5:100:20), Cur—Que—zein—HA
(5:5:100:20), and Cur—zein—Que—HA L-B-L nanoparticles
(5:100:5:10, 5:100:5:15, and 5:100:5:20) were also spherical
(Figure SB). However, the Cur—zein—Que—HA nanoparticles
(5:100:5:25 and 5:100:5:30) formed clusters. This structure
may have been formed because HA promoted nanoparticle
aggregation through a depletion or bridging mechanism or
because the HA formed a microgel due to extensive hydrogen
bonding among —OH, —COOH, and -NHCOCH; groups.47
The HA microgel might then have trapped the zein
nanoparticles inside.
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After these samples were incubated within simulated gastric
fluids (SGF), their microstructures were changed considerably
(Figure SB). After gastric digestion, Cur—zein (5:100)
nanoparticles exhibited extensive aggregation, which may had
occurred because pepsin and HCI hydrolyzed some of the zein
molecules. Moreover, the particles were exposed to consid-
erable changes in their pH and ionic strength, which will
influence the electrostatic repulsion between them. Similarly,
Zou et al."® also found that Cur—zein nanoparticles aggregate
extensively in gastric digestion. After gastric digestion, Cur—
zein—Que (5:100:5) nanoparticles also aggregated. When the
nanoparticles were coated with a layer of HA, all of the samples
tended to come together and form large clumps, particularly at
higher HA levels. Other researchers have reported that HA can
form aggregates under acidic conditions similar to those found
in the gastric fluids."

After digestion in simulated intestinal fluids (SIF), the
microstructures of all of the samples indicated that they were
highly aggregated, forming large clumps. This phenomenon is
probably because the nanoparticles were partially digested by
pancreatic enzymes (proteases) and were exposed to a change
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in solution conditions, such as ionic strength and EH, which
altered the electrostatic interactions between them.”’

The mean diameter of the nanoparticles increased
substantially after digestion in the SGF (Figure SC), but
then decreased after digestion in the SIF. This effect can be
attributed to particle aggregation in the gastric stage, followed
by aggregate dissociation and disintegration in the intestinal
stage, which is consistent with the FE-SEM images (Figure
5B). During gastrointestinal digestion, the nanoparticles were
gradually broken down and the two nutraceuticals were
released. Figure SD shows that quercetagetin was released
fairly rapidly from the Cur—zein—Que (5:100:S) nanoparticles
during the first 30 min of digestion in the gastric stage.
Subsequently, it was released more slowly, reaching a plateau
value after about 90 min. These findings agreed with those of
previous reports that have monitored the release of this
nutraceutical under gastric conditions.’® For the Cur—zein—
Que—HA nanoparticles, quercetagetin was released more
gradually throughout the simulated gastrointestinal conditions.
As the HA concentration was increased, the release rate of
quercetagetin decreased, which suggests that this may be an
effective way to modulate the release profile of this
nutraceutical in the human body. When quercetagetin was
encapsulated in the Cur—Que—zein—HA (5:5:100:20) nano-
particles, its release rate was the slowest. This suggests that
zein and HA had a synergistic effect on controlling its release.*®

The curcumin release profile was also monitored under
simulated gastrointestinal conditions (Figure SE). Curcumin
was released rapidly during 0—30 min and then more slowly
during 30—60 min in the SGF stage. The release profiles were
fairly similar for the Cur—zein and Cur—zein—Que nano-
particles, which suggests that quercetagetin did not interfere
with curcumin release. During the first 90 min of digestion, the
release of curcumin from the Cur—zein—Que—HA nano-
particles decreased as the HA level was increased, which
suggests that the polymer coating was able to retard its release.
After 150 min, however, the cumulative release of curcumin
was fairly similar for all of the samples. These results revealed
that the release rate of curcumin could be controlled by
altering the design of the nanoparticles, but that the final extent
is fairly similar for all systems.

3.7. Light and Thermal Degradation Kinetics.
Nutraceuticals are often degraded during storage due to
exposure to light or elevated temperatures. For this reason, the
impact of light irradiation and heat treatment on the
degradation kinetics of curcumin and quercetagetin in the
nanoparticles were investigated (Figure 6). The half-life (¢,,),
rate constant (k), and correlation coefficient (R?) calculated
from the degradation curves are summarized in Tables S2 and
S3. The halfife values indicated that both the light and
thermal stabilities of curcumin increased in the following
order: free Cur < Cur—zein < Cur—zein—Que < Cur—zein—
Que—HA nanoparticles. The light stability of quercetagetin
followed the same trend, free Que < Cur—zein—Que < Cur—
zein—Que—HA nanoparticles, whereas its thermal stability was
in the following order: free Que ~ Cur—zein—Que < Cur—
zein—Que—HA nanoparticles. Overall, these results show that
encapsulation of the two nutraceuticals improved their light
and thermal stabilities, with the effectiveness of protection
depending on the particle design.

In terms of the light stability, the half-life of curcumin (30.9
min) was far lesser than that of quercetagetin (247.6 min).
Similarly, in terms of thermal stability, the half-life of curcumin
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(1.04 h) was much lesser than that of quercetagetin (9.03 h).
This result clearly indicates that curcumin is much less stable
than quercetagetin under the conditions used.

In general, the Cur—zein—Que—HA nanoparticles were the
most effective formulation for preventing both curcumin and
quercetagetin from light and thermal degradation. This may
have been because the chemically reactive groups in the C ring
of the curcumin and quercetagetin were protected by being
encapsulated in the nanoparticles through strong binding
interactions.'® Moreover, zein and HA may have been able to
absorb some of the light waves that normally cause
photodegradation, thereby protecting the nutraceuticals.

3.8. Long-Term Storage Stability. Finally, we inves-
tigated the stability of the Cur—zein—Que—HA nanoparticles
during long-term storage so as to predict their potential shelf
life in food products. These nanoparticle dispersions had a
homogeneous cloudy yellow appearance (Figure S1), which
can be ascribed to the presence of nanoparticles large enough
to scatter light as well as to the selective light absorption by
curcumin. The appearance of these samples did not change
appreciably when they were stored for several months under
refrigerated conditions, with no evidence of extensive color
fading or sedimentation. As listed in Table S4, the mean sizes
of the Cur—zein—Que—HA nanoparticles stored for 6 months
were somewhat larger than those of the freshly prepared
samples, which suggested that some aggregation had occurred.
The result is in accord with a previous report that the diameter
of zein—pectin—caseinate nanoparticles increased after 2
months of storage.”’ This observed increase in the particle
diameter might be related to the reduction of charge on the
nanoparticles during storage, which reduced the electrostatic
repulsion between them. The absolute values of the {-potential
of the nanoparticles decreased after 6 months of storage, which
revealed that there was some change in their interfacial
composition or structure.>”

The retention of quercetagetin and curcumin in the
nanoparticles was measured after 6 months of storage (Table
SS). The retention of quercetagetin (31.8%) was slightly lower
than that of curcumin (35.5%), which may have been because
quercetagetin was located in the outer layer of the nano-
particles and therefore more exposed to the external environ-
ment. Conversely, curcumin was encapsulated into the
hydrophobic core of the nanoparticles and therefore more
protected from the surroundings.

When the nanoparticles were coated with HA, there was a
reduction in quercetagetin and curcumin degradation. This
protective effect increased as the level of HA within the
nanoparticles increased. Based on our evaluation of the
appearance, particle diameter, {-potential, and nutraceutical
retention of the nanoparticles, it appears that they are a
suitable delivery vehicle for both quercetagetin and curcumin.

4. CONCLUSIONS

In summary, a novel layer-by-layer composite nanoparticle has
been fabricated that consists of a zein core and a HA shell.
Curcumin was encapsulated inside the hydrophobic core of the
zein nanoparticles, whereas quercetagetin was adsorbed onto
their surfaces. The nanoparticles were then coated with a layer
of HA molecules using electrostatic deposition. Both curcumin
and quercetagetin were protected from photodegradation and
thermal degradation by encapsulation, with the efficacy of the
nanoparticles depending on their composition. For photo-
degradation, the half times of curcumin and quercetagetin in
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Cur—zein—Que—HA nanoparticles were 3- and 2-fold longer
than those of free nutraceuticals, whereas for thermal
degradation, they were 2.9-fold and 1.5-fold longer, respec-
tively. Moreover, encapsulation of curcumin and quercetagetin
was able to delay their release under simulated gastrointestinal
conditions. We also showed that the optimized nanoparticles
remained physically stable during storage, which is important
for the development of commercial food products that utilize
them. In conclusion, the nanoparticles developed in this study
are a new form of codelivery system that might be useful for
application in foods, supplements, and drugs. Nevertheless,
further work is required to test their efficacy using animal and
human studies.
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