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Abstract:

The aim of this study was to modulate the physicochemical properties, molecular
interactions and microstructure of zein-propylene glycol alginate (PGA) complex
nanoparticles for delivery of curcumin with the aid of high pressure microfluidization
(HPM) (50-150 MPa) and thermal treatment (45-85 °C). The size of zein-PGA complex
nanoparticles was decreased to around 300 nm. It was confirmed that the pressure of
100 MPa and temperature of 75 °C were the optimum parameters to provide a better
protection of entrapped curcumin against environmental stresses. The electrostatic
interaction, hydrogen bonding and hydrophobic attraction were the dominant driving
forces in the formation of the complex nanoparticles. Field emission scanning electron
microscopy (FE-SEM) revealed that HPM and thermal treatment facilitated the
complex nanoparticles to form a more uniform size and spherical shape. During in vitro
gastrointestinal digestion, zein-PGA complex nanoparticles showed excellent gastric
stability and sustained-release of curcumin in the small intestine. HPM and thermal
treatment showed a synergistic effect on enhancing the bioaccessibility of curcumin
entrapped in zein-PGA complex nanoparticles. The findings revealed the influence of
HPM and thermal treatment on functional attributes of the complex nanoparticles,
which could be utilized to design food grade nanoparticles with desirable stability and

digestive properties.

Key words: Zein-PGA complex nanoparticles; Curcumin; High-pressure

microfluidization; Thermal treatment; Physicochemical stability; In vitro digestion
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1. Introduction

Food nanoparticles have gained considerable attention due to their benefical
characteristics including biocompatibility, biodegradability, and mucoadhesive ability,
which can be utilized to deliver bioactives through improving water solubility, chemical
stability and bioavailability (Semenova, 2017). Proteins are the most important
biomaterials to produce food nanoparticles, which are regarded as environmentally
sustainable with high nutritional values. Nevertheless, the protein-based colloids
usually lose their structural stability when the physiological pH is close to isoelectric
point (pI) or under extreme stresses (heat, high pressure or salts). Most of proteins can
be digested by proteases in the stomach and the bioactives entrapped would be released
(McClements & Gumus, 2016). To improve the stability of nanocarriers,
polysaccharides are usually introduced to coat the protein particles as a shell or interact
with proteins to fabricate stable hybrid nanoparticles (Huang et al., 2017; Joye,
Davidov-Pardo, & McClements, 2015). The presence of polysaccharides provides the
steric and electrostatic repulsion among the colloidal particles, preventing aggregation
and sedimentation and modulating the release and adsorption of nutraceuticals loaded
during gastrointestinal digestion.

The modification of proteins to broaden their application has been widely reported,
such as induction of heat, high pressure, enzymes and ionic gelation. High pressure
processing and thermal treatment are the most important strategies to modulate the

properties of biopolymers, which are widely utilized in industrial applications. High
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pressure microfluidization (HPM) has been utilized to modulate the functional
attributes of various water-soluble proteins, including whey protein (Dissanayake &
Vasiljevic, 2009), peanut protein (Hu, Zhao, Sun, Zhao, & Ren, 2011), and soy protein
(Song, Zhou, Fu, Chen, & Wu, 2013). Besides, researchers reported that thermal
processing was utilized to modify structural properties of alcohol-soluble proteins
(zein). Zein is a plant protein extracted from corn, which is a promising biomaterial for
several industrial applications (Paliwal & Palakurthi, 2014). As reported by previous
researchers, zein can be well dissolved in 50%-90% (v/v) aqueous ethanol solutions
(Shukla & Cheryan, 2001). It can be self-assembled into films, fibers, microspheres and
nanoparticles due to its highly hydrophobic amino acid proportion (Momany et al.,
2006; Shukla & Cheryan, 2001; Wei, Sun, Dai, Zhan, & Gao, 2018; Wei, Yu, et al.,
2020). Propylene glycol alginate (PGA) is a kind of polysaccharide with surface-
activity attributed to its propylene glycol groups, which can interact with zein to form
the stable complexes for delivery of bioactives (Wei, Yu, et al., 2019).

Most of the previous efforts on adjusting the molecular structure of zein to improve
its functional properties focused on adjusting the degree of protein aggregation,
structure, and rheological properties through adjusting the ethanol concentration and
pH of the solvent where the prolamin was dissolved (Kim & Xu, 2008; Selling,
Hamaker, & Sessa, 2007; Zhang, Luo, & Wang, 2011). Additionally, they investigated
the influence of temperature on the conformation of zein and found that the alteration
of zein structure mainly occurred at 70 °C(Selling et al., 2007). Microfluidization could

also be incorporated into the protein modification, which influenced the hydrogen
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bonding and hydrophobic interactions among the protein-protein or protein-
polysaccharide complexes through high pressure, shear stress, turbulence and
cavitation (Ye & Harte, 2014). Based on a previous work, the combined thermal
treatment with HPM was confirmed to alter the physicochemical and conformational
properties of zein (Sun, Dai, Liu, & Gao, 2016). Nevertheless, there is no information
available about the influence of the coupled treatments of heating and HPM on the
functional attributes, environmental stability and in vitro digestion of protein-
polysaccharide binary complex nanoparticles for delivery of nutraceuticals. The
objective of this study was to investigate the potential of heating and HPM applied in
the development of nanoparticle-based delivery vehicles.

In this study, curcumin was chosen as a model polyphenolic compound to be
encapsulated into the zein-PGA complex nanoparticles through the emulsification-
evaporation method. Different microfluidization pressures (50-150 MPa) and heating
temperatures (45-85 °C) were utilized to modulate the physicochemical, conformational
and morphological properties of the complex nanoparticles. The stability of complex
nanoparticles was assessed systematically under various environmental stresses (light,
heat, pH and salts). The conformational alteration, secondary structure of zein,
intermolecular interactions and thermal behavior were analyzed to reveal the formation
mechanism of the complex nanoparticles. The release percentage and bioaccessibility
of curcumin loaded in complex nanoparticles were appraised during the simulated

gastrointestinal (GI) tract.
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2. Materials and methods

2.1. Materials

Zein (CAS: 9010-66-6) with a protein content of 91.3%, pepsin (pack size: P7012),
pancreatin (pack size: P1750) and bile salts (pack size: 48305) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). It has been reported that pepsin activity was
greater than 2500 units/mg protein. The bile salts were composed of 50% deoxycholic
acid sodium salt and 50% cholic acid sodium salt. Propylene glycol alginate (PGA)
(CAS: 9005-37-2) (esterification: 87.9%) was kindly provided by Hanjun Sugar
Industry Co. Ltd. (Shanghai, China). Curcumin (>98%) (CAS: 458-37-7) was obtained
from Adamas-Beta (Shanghai, China). Absolute ethanol (99.99%), solid sodium
hydroxide and liquid hydrochloric acid (36%, w/w) were acquired from Eshowbokoo

Biological Technology Co., Ltd. (Beijing, China).

2.2. Preparation of curcumin loaded zein-PGA complex nanoparticles

Briefly, 0.60 g of zein, 0.30 g of PGA and 0.10 g of curcumin were added into 160
mL 70% (v/v) aqueous ethanol solution in sequence to form the mixed solution with
magnetic stirring under 600 rpm at 25 °Cuntil their complete dissolution.

To investigate the influence of HPM pressure on the attributes of curcumin loaded
zein-PGA binary complexes, the mixed solutions were subjected to microfluidization
at 50, 75, 100, 125 and 150 MPa for 2 cycles at 25 °Cby a Microfluidizer® processor
model M-110EH (Microfluidics, Newton, MA, USA) (Sun, Dai, Liu, et al., 2016). All

the solutions were then evaporated at 45 °C for 40 min to remove the ethanol and the

6



O Joy b WN

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

remaining volume was set to around 40 mL, which was then diluted with distilled water
(pH 4.0) to 100 mL. The particle suspensions were centrifuged (Sigma 3k15, DJB
labcare, Buckinghamshire, UK) at 725 x g for 10 min to remove large particle
aggregates and unentrapped curcumin. The supernatants were collected. Thereafter,
part of samples was placed at 5 °C for further analysis and the other part was freeze-
dried for 48 h to obtain powder samples. The samples were termed as ZP-50MPa, ZP-
75MPa, ZP-100MPa, ZP-125MPa and ZP-150MPa, respectively.

To investigate the influence of thermal treatment and HPM pressure on the
properties of curcumin loaded zein-PGA binary complexes, the mixed solutions (0.60
g of zein, 0.30 g of PGA and 0.10 g of curcumin in 160 mL 70% (v/v) aqueous ethanol)
were placed in a thermostatic water bath for 30 min at 45, 55, 65, 75 and 85 °C
Thereafter, the solutions were subjected to microfluidization at 100 MPa for 2 cycles
immediately. The following procedure of the nanoparticle dispersions was performed
as the aforementioned process. The samples were termed as ZP-45°C, 100MPa, ZP-55°C,
100MPa, ZP-65°C, 100MPa, ZP-75°C, 100MPa and ZP-85°C, 100MPa.

As the controls, zein nanoparticles, zein nanoparticles with the combined
microfluidization and thermal treatment, curcumin loaded zein nanoparticles, curcumin
loaded zein nanoparticles with the combined microfluidization and thermal treatment
and curcumin loaded zein-PGA complex nanoparticles without any processing were
prepared by following the same procedure as aforementioned, which were termed as Z,
Z-75°C100MPa, Z-cur, Z-cur-75°C 100MPa and ZP, respectively. Besides, the samples

with individual heating (75 °C, OMPa) and HPM (25 °C, 100 MPa) processing were
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prepared and named as ZP-75°Cand ZP-100MPa.

2.3. Particle size distribution and zeta-potential

Particle size and zeta-potential of the particle dispersions were determined by using
a Nano-ZS90 (Zetasizer, Malvern Instruments Ltd., Worcestershire, UK). Stokes-
Einstein equation and Smoluchowski model were used in the calculation of particle size
and zeta potential, respectively. The samples were diluted 10 times with pH-adjusted
distilled water (pH 4.0) to avoid multiple light-scattering effect. The type of cuvette
used was DTS1060 and the scattering angle was 90°. The refractive index (RI) of water
was set as 1.45 and the RI of the complex nanoparticles was set as 1.52. All the

measurements were carried out at 25 °Cin triplicate.

2.4. Encapsulation efficiency and loading capacity

The content of curcumin entrapped in the complex nanoparticles was determined
by following our previous method (Dai, Wei, et al., 2018a). Briefly, 1 mL of freshly
prepared particle dispersions was mixed with 4 mL ethanol through vortex oscillation
for 2 min. Each sample was centrifuged at a speed of 10,000 x g for 30 min and the
supernatant was collected. Thereafter, the curcumin in the supernatant was diluted to
an appropriate concentration (0-6 pg/mL) with 80% aqueous ethanol solution (v/v).
Absorbance was measured with a UV-1800 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) at 426 nm. The concentration of curcumin was obtained by referring to
a standard curve (R?=0.999) of curcumin prepared under the same condition.

Encapsulation efficiency (EE) and loading capacity (LC) were calculated by
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following equations 1 and 2 below:

EE (%) _ entrapped curcumin (mg) % 100 (1)

total curcumin input (mg)

entrapped curcumin (mg)

LC (%) = x 100 (2)

total weight of zein,PGA, TS and curcumin input (mg)
Entrapped curcumin means the total content of curcumin encapsulated into the

complex nanoparticles. Total curcumin input means the total content of curcumin used

during preparation of the nanoparticles.

2.5. Physicochemical stability
2.5.1. Physical stability

The physical stability of all the particle dispersions was estimated with the
LUMiSizer (LUM GmbH, Berlin, Germany) based on the principle that the
centrifugation accelerates the instability phenomenon (Sobisch & Lerche, 2008). The
parameters used in the measurement were adapted as follows: 1.8 mL of colloidal
dispersion; rotational speed, 3000 rpm; performed time, 3600 s; time interval, 20 s;
temperature, 25 °C.
2.5.2. Photostability

The photostability of curcumin in the complex particles against UV photolysis was
tested. Briefly, 20 mL of freshly prepared complex particles was placed into transparent
glass vial. Then samples were put into a controlled light cabinet (Q-Sun, Q-Lab
Corporation, Ohio, USA) for up to 2 h under the exposing light condition (40 °C 0.35
W/m?) (Wei, Yu, et al., 2019). The remaining curcumin was determined as described in

section 2.4. The retention rate of curcumin was plotted against time.
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2.5.3. Thermal stability

Briefly, 5 mL of freshly prepared curcumin loaded complex particles was placed
into transparent glass vial and incubated in water bath at 85 °C for 30 min and then
cooled down to 25 °C (Wei et al., 2018). The retention rate of curcumin was measured
as described in section 2.4.
2.5.4. pH stability

Freshly prepared particle dispersions were adjusted to pH 2, 6 and 9 using 1 M
NaOH or HCI (Wel, Yu, et al., 2019). After stored for 24 h at 25 °C the particle size and
zeta-potential were measured as described in section 2.3.
2.5.5. lonic stability

Freshly prepared particle dispersions were mixed with different quantities of

NaCl powder for 2 h to ensure full interaction between the complex nanoparticles and
different ions. The NaCl concentration in different samples was adjusted to 10, 50, and
100 mM, respectively (Dai, Wei, et al., 2018a). After storage for 24 h, the particle size

and zeta-potential were measured as described in section 2.3.

2.6. Storage stability

Freshly prepared particle dispersions were incubated in temperature-controlled
chambers (4, 37 and 55 °C) for one week (Wei, Yang, et al., 2020). The particle size and
retention rate of curcumin in the complex nanoparticles were measured after 7 days as

described in section 2.3 and 2.4.
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2.7. Fluorescence spectroscopy

Fluorescence of the particle dispersions was determined through a fluorescence
spectrophotometer (F-7000, Hitachi, Tokyo, Japan). The excitation wavelength was set
at 280 nm, and the emission spectra were collected between 290 and 450 nm with a
scanning speed of 100 nm/min (Sun, Wei, Li, Dai, & Gao, 2017a). Intrinsic
fluorescence of the protein was measured at a constant concentration of 0.2 mg/mL. All

data were collected at 25 °C, and each emission spectrum was the average of three runs.

2.8. Circular dichroism (CD) spectroscopy

The far-UV CD spectra (190-250 nm) were recorded using a CD
spectropolarimeter (Pistar n-180, Applied Photophysics Ltd., Surrey, UK) (Wei et al.,
2018). After a proper dilution of samples, the protein concentration was 0.2 mg/mL and
path length was 0.1 cm with constant nitrogen flush during data acquisition. Ellipticity
was recorded at a rate of 100 nm/min, 0.2 nm resolution, 20 accumulations, and 2.0 nm

bandwidth.

2.9. Fourier transform infrared spectroscopy (FTIR)

FTIR was applied to characterize the vibration of functional groups of zein, PGA,
curcumin and curcumin loaded binary complexes. Infrared spectra of freeze-dried
powders were recorded using a Spectrum 100 Fourier transform spectrophotometer
(PerkinElmer, Waltham, MA, USA). The spectra were acquired after 64 scans at a

wavenumber range from 4000 to 400 cm ! with a 4 cm™! resolution (Wei et al., 2018).
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2.10. X-ray diffraction (XRD)

The molecular arrangement of samples was measured by an X-ray diffractometer
(Brucker D8, Odelzhausen, Germany) with a Cu anode, 40 kV voltage and current of
40 mA. The 26 scan was fixed at 3 ° to 40 ° with a step size of 0.02 °and step time of 5

s (Huang et al., 2017).

2.11. Field emission scanning electron microscopy (FE-SEM)

The morphology of samples was observed using a field emission scanning electron
microscopy (FE-SEM, SU8010, Hitachi, Tokyo, Japan). The samples were put on a
double-sided adhesive coated with a thin layer of gold and measured under 20.0 kV

acceleration voltage (Weli, Yu, et al., 2019).

2.12. In vitro gastrointestinal digestion and bioaccessibility of curcumin

All samples were digested with simulated gastric fluids (SGF) and simulated
intestinal fluids (SIF) according to the international digestion protocol (Minekus et al.,
2014). The pH value of SGF was adjusted to 2.0 using 1 M HCI and 30 mL of the
particle dispersion was incubated at 37 °Cfor 1 h with 60 mL of SGF. The pH value of
gastric digesta and SIF was adjusted to pH 7.0 using 1 M NaOH. After the digestion in
stomach phase, 40 mL of gastric digesta was mixed with 40 mL of SIF and incubated
for 2 h at 37 °C.

Determinations of particle size, curcumin release percentage and microstructure
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were carried out after samples were exposed to each stage. The curcumin release
percentage was determined after each phase of digestion (Fan, Liu, Gao, Zhang, & Yi,
2018). An aliquot of raw digesta was centrifuged at 10000 rpm for 30 min at 10 °C, and
the supernatant was filtered with a 0.45 pm filter. Thereafter, the amount of curcumin
released from each sample was determined as described in section 2.4. The curcumin

release percentage (%) was calculated by following equation 3:

released curcumin (mg)

Release percentage (%) = x 100 3)

entrapped curcumin (mg)

The bioaccessibility of curcumin was determined after the intestinal digestion. Part
of the digesta was processed using a high-speed centrifuge at 15,000 rpm for 60 min at
4 °C and the micelle phase containing the solubilized curcumin was collected. The
bioaccessibility of curcumin was defined as the fraction of curcumin released from the
food matrix and solubilized within mixed micelles present in the small intestine before
it could be absorbed (Yao, Xiao, & McClements, 2014). The curcumin contents
extracted from the initial nanoparticles and micelle fraction were determined according

to the method described in section 2.4. The bioaccessibility (%) of curcumin was

calculated by following equation 4:

. e Crni
Bioaccessibility (%) = i x 100 4)
initial nanoparticle
where Chicelle represented the concentration of curcumin in the micelle fraction and

Cinitial nanoparticle Tepresented the total concentration of curcumin encapsulated into the

complex nanoparticles.

2.13. Statistical analysis

13
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All the data obtained were average values of triplicate determinations and
subjected to statistical analysis of variance using SPSS 18.0 for Windows (SPSS Inc.,
Chicago, USA). Statistical differences were determined by one-way analysis of
variance (ANOVA) with Duncan’s post hoc test and least significant difference (p<0.05)

was accepted among the treatments.

3. Results and discussion
3.1. Particle size and zeta-potential

The effects of HPM, heating and the combined treatments on the size and charge
properties of zein-PGA complex nanoparticles were evaluated. As shown in Fig. 1A,
the largest size (580.7 £ 12.2 nm) was observed in ZP without any external processing.
With the aid of HPM, the particle size was significantly (p<0.05) reduced in ZP-50MPa
(320.6 £ 5.1 nm). With the rise in pressure level, the particle size was slightly decreased
and the smallest size was obtained in ZP-125MPa (299.3 + 7.8 nm), which
demonstrated that HPM induced a reduction in the size of the complex nanoparticles.
As reported previously, the appropriate pressure might dissociate the aggregates of zein
molecules into smaller fragments, but higher pressure could result in the aggregation of
zein molecules (Sun, Yang, et al., 2016). A similar phenomenon was found in several
water soluble proteins, such as B-lactoglobulin (Zhong et al., 2014), soy protein (Song
et al., 2013) and peanut protein (Hu et al., 2011). In our study, HPM showed a more
significant effect on the formation process of the complex nanoparticles through the

emulsification-evaporation method. At the higher pressure, the protein molecules were
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partially unfolded and exposed more active sites, which fully interacted with and bound
to the polysaccharide to form the compact and stable complexes. Therefore, compared
to zein nanoparticles, there was a more noticeable reduction in the size of zein-PGA
complex nanoparticles. However, irregular fluctuation occurred in the zeta-potential of
the complex nanoparticles as the pressure was elevated.

At the fixed homogenization pressure, the impact of different heating temperatures
on the size of zein-PGA complex nanoparticles was investigated (Fig. 1B). An obvious
increase in the particle size was observed after thermal processing. All the samples
exhibited a noticeable elevation in the particle size after heating at different
temperatures. After heating at 45 °C for 30 min, the size of zein-PGA complex
nanoparticles was increased from 318.4 + 6.0 nm to 372.4 + 14.9 nm. When the heating
temperature was elevated continuously, the size of zein-PGA complex nanoparticles
was increased slightly. Based on the previous studies, heating was generally used in
combinaton with other treatments to promote the alteration in protein structure and
improvement of functional properties, but the effect of thermal treatment alone was
very limited (Kim & Xu, 2008; Selling et al., 2007; Zhang et al., 2011). In the relevant
article, Sun et al. (2016) explored the influence of different heating temperatures on the
formation of zein colloidal particles. The result showed that the increase in temperature
from 75 to 95 °C had no significant effect on the size and microstructure of zein
nanoparticles. This phenomenon was consistent with the findings of this study:
Although thermal treatment could promote the aggregation and structural

transformation of the complex nanoparticles, the increasing temperature showed a
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limited impact on the complex nanoparticles. Besides, according to our previous
research, the incorporation of PGA could effectively enhance the thermal stability of
zein and form more stable complex nanoparticles, thereby reducing the effect of
elevated temperature (Sun, Wei, Li, Dai, & Gao, 2017c; Wei et al., 2018).

Fig. 1C showed the influence of simultaneous HPM and thermal treatment on the
particle size and zeta-potential of the control group. After the combined treatment, the
size of most of nanoparticles was decreased significantly (p<0.05) except single zein
nanoparticles without curcumin. As aforementioned, HPM induced a reduction in the
particle size, but thermal treatment conversely promoted the particle aggregation. The
phenomenon demonstrated that HPM had a dominant impact on the size of zein-PGA
complex nanoparticles with the combination of HPM and heating. The external
processing exhibited a more significant impact on the size of zein-PGA complex
nanoparticles than that of individual zein, revealing that the combined treatments
exerted a higher magnitude to modify the protein-polysaccharide complexes. It was
noted that the zeta-potential of zein nanoparticles was significantly (p<0.05) decreased
after the encapsulation of curcumin, which was consistent with many previous studies
(Dai, Li, et al., 2018; Patel, Hu, Tiwari, & Velikov, 2010; Patel, Bouwens, & Velikov,
2010). Protein and curcumin mainly complexed through hydrogen bonds and
hydrophobic interaction to form a complex. Therefore, the encapsulation and
adsorption of curcumin may shield the surface charge of some amino acids, thereby
reducing the zeta-potential of the particles. Patel et al. (2010) reported that as the

content of curcumin increased, the zeta-potential of zein nanoparticles loaded with
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curcumin continued to decrease. This result might indicate that the adsorption of excess
curcumin on the surface of the particles increase the attraction between the particles

and promote the aggregation of the particles.

3.2. Encapsulation efficiency and loading capacity

In order to assess the impact of different external treatments on the delivery of
curcumin with the complex nanoparticles, the encapsulation efficiency (EE) and
loading capacity (LC) of curcumin were determined. Among all the zein-PGA binary
complex nanoparticles, ZP exhibited the highest EE of 95.33% with the highest LC of
9.58% (Fig. 2A). After HPM treatment, the EE and LC were significantly (p<0.05)
decreased at 50 MPa, indicating that the extra homogenization process resulted in an
inevitable loss of curcumin. With the rise in HPM pressure, the EE of curcumin in zein-
PGA complex nanoparticles was continuously elevated and reached a maximum
(95.29%) at 100 MPa with the LC of 9.57%. The findings revealed that HPM treatment
with an appropriate pressure level facilitated the intermolecular interactions between
biopolymers and curcumin, which was also reported by other researchers (Chen, Wang,
Feng, Jiang, & Miao, 2019; Guo, Zhao, Chen, Chen, & Zheng, 2019). Nevertheless, the
EE and LC were slightly decreased after being processed over 100 MPa. The higher
pressure homogenization might cause a slight degradation of entrapped curcumin due
to the rise in processing temperature generated by extrusion and friction.

The influence of thermal treatment on the EE and LC was shown in Fig. 2B.

Compared to ZP-100MPa, the EE and LC of curcumin in zein-PGA complex
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nanoparticles were reduced after thermal treatment. With the rise in temperature from
45 to 65 °C, the EE in zein-PGA complex nanoparticles was decreased from 89.72% to
85.09%. Similarly, the LC of curcumin in the nanoparticles was slightly reduced from
9.01% to 8.73%. It is reasonable to assume that thermal treatment accelerated the
oxidation and degradation of curcumin in the complex nanoparticles (Dai, Wei, et al.,
2018a). As the temperature was elevated to 75 °C, the EE of curcumin in zein-PGA
complex nanoparticles was elevated to 92.57%. The combined HPM and thermal
treatment induced the alteration of protein structure and then influenced the molecular
interactions between different compounds, which altered the conformation of zein and
strengthened the molecular interactions between biopolymers and curcumin (Sun, Dai,
He, et al., 2016). With the rise in heating temperature, the side groups of hydrophobic
aromatic amino acids were gradually exposed. During the exposure of hydrophobic
amino acids, the internal structure of the complex nanoparticles was altered (Sun, Dai,
Liu, et al., 2016). This result caused curcumin not only to be embedded inside the
nanoparticles, but also to be adsorbed on the surface of the nanoparticles through the
hydrophobic effects, thereby increasing its embedding rate. When the temperature was
further elevated, an obvious declination of EE was observed in ZP-85°C 100MPa
(88.41%). Therefore, the pressure of 100 MPa and temperature at 75 °Cwere confirmed
to be the optimum parameters in the fabrication of curcumin loaded zein-PGA complex
nanoparticles. These results proved that the coupled microfluidization and thermal
treatment would have the potential to improve the EE and LC of protein-polysaccharide

complex nanoparticles for delivery of nutraceuticals.
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3.3. Physical stability

The physical stability of different nanoparticles was analyzed through imposing
the centrifugal force. The fluctuation amplitude of the curves reflected the physical
stability of the nanoparticles. As shown in Fig. 3A, ZP-50MPa exhibited the best
physical stability among all the zein-PGA complex nanoparticles through HPM at
different pressures. The physical stability of the complex nanoparticles was gradually
reduced with HPM pressure rising. There was no obvious fluctuation in the size and
zeta-potential of zein-PGA complex nanoparticles (Fig. 1). Therefore, the good stability
of ZP-50MPa was mainly due to its lower content of curcumin (Fig. 2A). The
encapsulation of a small quantity of curcumin could promote the molecular interactions
between components (hydrophobic attraction and hydrogen bonding) to form a denser
structure. Nevertheless, at the higher content of curcumin, excessive curcumin could
adsorb on the particle surface and cause the particles to aggregate (A. Patel et al., 2010).

Thermal treatment showed an obvious effect on the physical stability of the
complex nanoparticles (Fig. 3B). At lower temperatures, ZP-55°C,100MPa exhibited
the best physical stability due to the smaller size and lower content of curcumin
encapsulated. According to Brownian motion and Stokes’ law, the smaller size
diminished the sedimentation frequency of the nanoparticles and made them more
stable (Joye et al., 2015). Additionally, the lower content of encapsulated curcumin
enhanced the physical stability of the nanoparticles and contributed to the formation of

compact structure with reduced interparticle hydrophobic attraction (Fig. 2B) (Dai, Li,
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et al., 2018; A. R. Patel et al., 2010; Wei et al., 2018).

Fig. 3C exhibits the physical stability of different control groups. Among all the
samples, Z and Z-cur were the most unstable due to their large size and strong
hydrophobicity. With the external HPM and thermal treatment, the physical stability of
Z-75°C, 100MPa and Z-cur-75°C, 100MPa was greatly improved. After the
complexation of zein with PGA, the stability of zein-PGA complex nanoparticles
became much better than that of zein nanoparticles due to the appropriate
amphiphilicity and enhanced repulsion (Wei et al., 2018). Moreover, ZP-75°C, 100MPa
exhibited a much better physical stability, which suggested that both HPM and thermal
treatment indeed improved the physical stability of zein-PGA complexes through
reducing the particle size (Fig. 1C), which was advantageous to expand their potential

applications in the commercial products.

3.4. Physicochemical stability of curcumin loaded zein-PGA complex nanoparticles
under environmental stresses
3.4.1. Photo stability

The photo stability of curcumin loaded in zein-PGA complex nanoparticles against
UV radiation was comprehensively evaluated. Among all the samples, the curcumin
encapsulated in ZP without external treatments exhibited the best chemical stability,
which remained more than 50% after the exposure to UV light for 2 h (Fig. 4A).
Nevertheless, the photo stability of curcumin in complex nanoparticles gradually

decreased with increasing homogenization pressure. The result interpreted that the
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external homogenization might alter the microstructure of the complex nanoparticles
and molecular interactions between the components, thereby diminishing the chemical
stability of curcumin against UV radiation.

On the contrary, thermal treatment had the opposite influence on the photo stability
of curcumin entrapped in zein-PGA complex nanoparticles compared to HPM (Fig. 4B).
The photo stability of curcumin in ZP-45°C, 100MPa was slightly reduced compared to
that in ZP-100MPa. With the heating temperature rising, the photo stability of curcumin
in zein-PGA complex nanoparticles was slightly elevated along with thermal treatment.
The highest retention rate of curcumin was achieved in ZP-75°C, 100MPa after 120 min
of exposure to UV light. It was noted that thermal treatment at higher temperatures
could provide the complex nanoparticles with a better physical stability, which was
consistent with the improved chemical stability of curcumin. It was assumed that
thermal treatment influenced the microstructure of the complex nanoparticles and
molecular interactions, which provided a better protection for curcumin (Dissanayake
& Vasiljevic, 2009).

3.4.2. Thermal stability

The curcumin encapsulated in zein-PGA complex nanoparticles exhibited good
stability after heating at 85 °C for 30 min with the retention rate of curcumin over 90%
(Fig. 4C). Although individual thermal treatment and HPM improved thermal stability
of curcumin in the complex nanoparticles, a significant decrease in the retention rate of
curcumin was observed in ZP-75°C, 100MPa, showing a lack of synergistic effect

between HPM and thermal treatment on enhancing the thermal stability of curcumin
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loaded in zein-PGA complex nanoparticles.

The influence of thermal processing on the size (Fig. 5A) and zeta-potential (Fig.
5B) of the complex nanoparticles was investigated. A slight increase was observed in
the size of zein-PGA complex nanoparticles without any external treatment, verifying
that the aggregation and sedimentation occurred due to thermal processing. It was
observed that HPM and thermal treatment could effectively enhance the physical
stability of zein-PGA complex nanoparticles. Besides, an obvious increase appeared in
the zeta-potential of all the complex nanoparticles, manifesting that the thermal
processing influenced the microstructure of the nanoparticles and altered their surface
properties. The enhanced thermal stability of the complex nanoparticles unraveled that
HPM and heating strengthened the resistance of the nanoparticles against thermal
treatment during industrial applications.

3.4.3. pH stability

The colloidal delivery systems would experience the pH fluctuation for their
applications in food products. As shown in Fig. 5C and D, the size and zeta-potential
of different complex nanoparticles were measured in distinct pH values. Compared to
the original state (pH 4), there was a slight increase in the size of zein-PGA complex
nanoparticles at pH 2. The particle size of ZP was increased from 648.3+49.8 to
707.6+54.7 nm as pH was decreased from 4 to 2, which was mainly attributed to the
reduced electrostatic repulsion between the nanoparticles with a reduced absolute zeta-
potential value (Wei, Yang, et al., 2020). With the coupled treatments of HPM and

heating, zein-PGA complex nanoparticles remained stable under acidic condition.
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When the pH was moved to 6 and 9, the size of zein-PGA complex nanoparticles was
decreased significantly (p<0.05) with the rise in zeta-potential. For instance, the size of
ZP was decreased to 450.2+39.8 and 372.7+21.7 nm at pH 6 and 9, respectively. The
enhanced electrostatic repulsion kept the nanoparticles apart and prevented the
aggregation of the nanoparticles. Compared with ZP, the associated heating and
microfluidization processed complex nanoparticles kept more stable in response to pH
fluctuation. As the pH was elevated from 4 to 6 and 9, the size of ZP-75°C, 100MPa
was decreased from 432.849.6 to 388.4+11.8 and 326.2+3.6 nm.
3.4.4. lonic strength stability

The physical stability of different complex nanoparticles was investigated under
various 1onic strengths (10, 50 and 100 mM). The largest increase was observed in the
size of ZP with the ionic strength rising (Fig. SE). With the external HPM and thermal
treatment, the physical stability of zein-PGA complex nanoparticles was visibly
improved under various ionic strengths. Meanwhile, the absolute zeta-potential value
of the complex nanoparticles was gradually reduced as the ionic strength was increased
through electrostatic screening (Fig. SF). Although the electrostatic repulsion was
limited, the size of zein-PGA complex nanoparticles still kept relatively stable with
HPM and thermal treatment, indicating that the external processing could enhance

physical stability of the nanoparticles at distinct ionic strengths.

3.5. Storage stability

To ascertain the storage stability of curcumin loaded zein-PGA complex
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nanoparticles, different samples were stored for one week at 4, 37, and 55 °C. After
storage, the size of zein-PGA complex nanoparticles was increased to different
magnitudes (Fig. 6A). Interestingly, the largest increase in the particle size was
observed in the complex nanoparticles stored at 4 °C, which was larger than those stored
at 37 °Cand 55 °C Besides, it was noticed that the absolute zeta-potential value of the
nanoparticles was increased with the storage temperature rising, thereby providing the
sufficient electrostatic repulsion to keep the nanoparticles apart during storage period
(Fig. 6B), which might be attributed to the thermal degradation of curcumin (Dai, Wei,
et al., 2018b).

Fig. 6C shows the retention rate of curcumin encapsulated in zein-PGA complex
nanoparticles stored at different temperatures. It was clearly noted that the retention rate
of curcumin in the nanoparticles decreased with the storage temperature rising,
revealing that the higher temperature accelerated the chemical degradation of curcumin.
In terms of the storage stability of different nanoparticles, all the samples exhibited the
excellent protection of curcumin at 4 °C without significant differences. As the
temperature was elevated to 37 °C, ZP-75°C showed the best chemical stability of
curcumin among zein-PGA complex nanoparticles. When the nanoparticles were stored
at 55 °C, no obvious difference was found in zein-PGA complex nanoparticles.
Nevertheless, the coupled treatment of HPM and heating provided a better protection
for curcumin in the complex nanoparticles compared to individual HPM or thermal
treatment. As discussed above, the size and zeta-potential of the complex nanoparticles

seemed to be correlated with the thermal degradation of curcumin. The thermal
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degradation of curcumin promoted the increase in absolute zeta-potential value and the
decrease in particle size (Fig. 6A and B), which was mainly ascribed to alteration of the
particle structure and molecular interactions. The degradation of curcumin caused by
the temperature rise weakened the hydrophobic interaction between the particles and
reduced the interparticle attraction. On the other hand, the rise in zeta-potential
increased the electrostatic repulsion between the particles, causing the particles to
separate from each other. These results testified that the combined HPM and thermal

treatment could extend the shelf-life of nanoparticle-based delivery vehicles.

3.6. Fluorescence property

Fluorescence is utilized to investigate the alteration in the polarity of surrounding
environment of fluorophore (Wei, Yu, et al., 2019), which can be utilized to assess the
molecular interactions between biopolymers and curcumin. As shown in Fig. 7, zein
exhibited a fluorescence emission peak at 304 nm after being excited at 280 nm, which
was attributed to its high proportion of tyrosine residues (Sun et al., 2017c; Wei et al.,
2018). Upon the encapsulation of curcumin, the tyrosine fluorescence got almost
quenched and the fluorescence intensity of Z-cur was greatly reduced, which was
consistent with the complexation of other proteins and polyphenols (Dai, Wei, et al.,
2018a; Joye et al., 2015; Liang, Tajmir-Riahi, & Subirade, 2008). Nevertheless, the
complexation of zein with PGA increased the fluorescence intensity of zein, indicating
a more apolar micro-environment of tyrosine residues (Wei et al., 2018). After HPM at

different pressures, the fluorescence intensity of the protein was decreased greatly,
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which was consistent with the reports from other researchers (Fig. 7A) (Chen et al.,
2019; Sun, Yang, et al., 2016). The decreased fluorescence intensity might be ascribed
to the entanglement and aggregation of molecular chains generated by shear, impact
and vibration at a specific pressure (Dissanayake & Vasiljevic, 2009; O’Sullivan,
Arellano, Pichot, & Norton, 2014). In zein-PGA complex nanoparticles, most of
aromatic amino acids that could produce fluorescence were inside the zein molecule,
and the locally environmental polarity was less than that of the aqueous solution for the
nanoparticles. During the denaturation of zein, the side chain groups of aromatic amino
acid molecules were gradually exposed, and the increased environmental polarity of
amino acid molecules resulted in a decrease in fluorescence intensity (Liang et al.,
2008).

The thermal treatment also decreased the fluorescence intensity of zein slightly
with the rise in the heating temperature (Fig. 7B). During thermal processing, the
conformation of zein underwent some changes, which exposed the amino acid residues
buried inside the native structure, leading to a decrease in the fluorescence intensity
(Sun, Dai, He, et al., 2016). However, in control groups, the external processing of HPM
and heat exhibited much less influence on zein-PGA complex nanoparticles in the
absence of curcumin (Fig. 7C). The fluorescence intensity of zein in Z-P was decreased
slightly during the coupled treatment of HPM and heating. The phenomenon testified
that the structure of the complex nanoparticles was very stable without curcumin. The
incorporation of PGA indeed provided an effective protection for the conformation of

zein during external processing (Sun, Dai, He, et al., 2016; Sun, Yang, et al., 2016).
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3.7. Circular dichroism

The alterations in CD signals are easily assigned to distinct structural features of
proteins. The different types of regular secondary structure found in proteins give rise
to characteristic CD spectra in the far UV (Kelly, Jess, & Price, 2005). The secondary
structure of zein was calculated by CD in the far-UV range (260-190 nm) by SELCON
3 on an online server DICHROWERB (Fig. 8). The secondary structure of zein contained
more than 50% o-helix (Wei et al.,, 2018). It was noted that the process of
emulsification-evaporation decreased the content of a-helix and then increased the
content of B-sheet accordingly (Selling et al., 2007), revealing the disorder-to-order
state of secondary structure (Dyson & Wright, 2005).

The o-helix content of zein was greatly increased from 11.9% (zein colloidal
particles) to 43.7% (ZP), indicating that the a-helix structure in zein-PGA complex
nanoparticles was effectively protected (Fig. 8A). Nevertheless, HPM treatment at the
pressure of 50 MPa led to a dramatic decrease of a-helix fraction from 44.3% to 16.0%
and an increase of P-sheet fraction from 13.1% to 32.5% in zein-PGA complex
nanoparticles. The results revealed that HPM induced the unfolding and aggregation of
proteins, and promoted the transition from a-helix to -sheet in the secondary structure
of zein. The HPM-induced intermolecular B-sheet aggregation enhanced the
microstructural stability of the nanoparticles, which was consistent with the decreased
fluorescence intensity (Sun, Wei, Li, Dai, & Gao, 2017b; Wei, Yu, et al., 2019). With

the increase in the pressure from 50 to 150 MPa, there was a slight increase in a-helix
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fraction of zein-PGA complex nanoparticles (Fig. 8B), manifesting that structural
rearrangement of zein molecules was generated by microfluidization at the higher
pressure (Sun, Dai, Liu, et al., 2016).

Thermal treatment of zein-PGA complex nanoparticles resulted in a slight increase
in o-helix fraction and a decrease in B-sheet fraction (Fig. 8C), which verified the
hypothesis that zein molecular chains were partially unfolded due to thermal treatment.
Compared with single HPM, the coupled treatment of HPM and heating showed
different impacts on modulating the secondary structure of zein, especially at 55 °C. The
results clearly revealed that HPM had a more significant effect on the conformational
change of zein compared to thermal treatment, which was consistent with the

fluorescence intensity of zein.

3.8. FTIR

FTIR technique is a versatile tool to monitor change in the functional groups of
biopolymers and analyze the intermolecular interactions between zein, PGA and
curcumin during the formation of the complex nanoparticles (Fig. 9A). Two major
characteristic peaks of zein were observed at around 1658.1 and 1540.7 cm™!, which
were indicatives of the amide I band (1750-1600 cm™') and amide II band (1550-1510
cm™!). An absorption band of O-H stretching was found at 3311.2 cm™. The curcumin
spectrum showed characteristics peaks at 1602.0, 1583.1, 1512.1, 1455.7, 1375.2, and
963.4 cm’!, probably due to aromatic -C=C- stretching, olefinic -C-C- stretching,

aromatic ring C=C- stretching, aromatic ring -C=C- stretching, -C-O- stretching
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vibration, and trans olefinic -C=C- stretching, respectively (Dai, Wei, et al., 2018b; Fan
et al., 2018). After the complexation of zein with PGA, the intensity of absorption peak
corresponding to hydrogen bonds and amide II band was obviously increased. This was
attributed to the intermolecular hydrogen bonding and electrostatic interaction, which
mainly contributed to the formation of zein-PGA complex nanoparticles.

The influence of HPM pressure on the structure and molecular interactions of zein-
PGA complex nanoparticles was demonstrated in Fig. 9B. With the homogenizing
pressure increasing, the intensity of absorbance peaks at around 1660 and 3310 cm
was continuously elevated due to the formation of P-sheet aggregates through
intermolecular hydrogen bonding. The conformational change of the protein has been
confirmed by the fluorescence intensity and circular dichroism. During thermal
treatment, the intensity of absorption peaks corresponding to amide band I and
hydrogen bonding was slightly decreased with the rise in heating temperature, which
meant that thermal treatment promoted the transition from B-sheet into a-helix and
interrupted the intermolecular hydrogen bonding (Fig. 9C). Besides, the reduction of -
sheet regions at the interface of proteins was related to the conformational freedom in
the protein structure and aggregation of the particles (Lefevre, Subirade, & Pézolet,

2005; Mangavel, Barbot, Popineau, & Guéguen, 2001).

3.9. X-ray diffraction
Fig. 10 showed the crystalline diffraction patterns of pure curcumin, zein, PGA,

and zein-PGA complex particles. For individual biopolymers, zein and PGA had

29



O Joy b WN

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

relatively flat peaks, which interpreted the amorphous nature of biopolymers (Fig. 10A).
On the contrary, pure curcumin was highly crystallized with characteristic sharp
diffraction peaks. Nevertheless, there were no obvious diffraction peaks belonging to
curcumin after its encapsulation into zein-PGA binary complex nanoparticles with an
amorphous state. Compared to individual zein and PGA, the diffraction peaks of zein-
PGA complex nanoparticles at previous angles further decreased and even disappeared,
interpreting that the intermolecular interactions among individual components altered
the physical state in the formation of the complex nanoparticles (Sun et al., 2017b).
The different homogenization pressures could scarcely exhibit the obvious
influence on the XRD spectra of zein-PGA complex nanoparticles in an amorphous
state (Fig. 10B). The thermal treatment showed different effects on the molecular
structure of the complex nanoparticles. Among zein-PGA complex nanoparticles, the
diffraction intensity of the nanoparticles was increased firstly and then decreased with
the heating temperature rising (Fig. 10B). The findings were attributed to distinct
microstructures of the complex nanoparticles induced by different heating temperatures
(Dai, Wei, et al., 2018b; Wei, Zhang, et al., 2019). As evidenced by circular dichroism,
in the secondary structure of zein, the proportion of a-helix was reduced and the fraction
of B-helix was increased progressively when the temperature was elevated from 65 to

85 °C.

3.10. Morphology

The morphological features of the complex nanoparticles were observed with the
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aid of FE-SEM. As shown in Fig. 11, ZP without curcumin entrapped exhibited a
regular shape with the rough surface, which was difficult to distinguish individual
nanoparticles. The connection among the nanoparticles was provided by excessive PGA
adsorbed on the surface of complex nanoparticles as interparticle bridges (Wei et al.,
2018). After the coupled treatments of HPM and heating, the long molecular chains of
PGA could fold and interact fully with zein molecules, thereby forming spherical
complex nanoparticles. Interestingly, after the encapsulation of curcumin, ZP exhibited
a more uniform size distribution, which might be because the curcumin entrapped
enhanced the hydrophobic effect inside the nanoparticles, thus forming a denser
structure. With the combined HPM and heating, the size of ZP-75°C100MPa was
visibly reduced, but partial aggregation of the nanoparticles occurred (Sun, Dai, Liu, et
al., 2016). The phenomenon was reasonably attributable to the enhanced hydrophobic

attraction between the nanoparticles due to the external treatment.

3.11. In vitro gastrointestinal digestion

The digestion behavior of curcumin loaded complex nanoparticles was
investigated in the simulated GI tract. The size of the nanoparticles during in vitro
digestion was dependent on the digestion time in the simulated GI tract. As shown in
Fig. 12A, the particle size kept stable or even decreased slightly after exposure to the
gastric phase. The phenomenon was consistent with our previous study, which reported
the digestion fate of B-carotene loaded zein-PGA nanoparticles (Wei et al., 2018). The

result implied that zein-PGA complex nanoparticles exhibited a better stability in the
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stomach phase against pepsin. There was a stepwise increase in the size of curcumin
loaded complex nanoparticles after exposure to the small intestine phase, revealing that
the structure of the complex nanoparticles was gradually broken down in the small
intestine.

The release percentages of curcumin in the complex nanoparticles at 30, 60, 90,
120, 150- and 180-min during GIT are shown in Fig. 12B. The lowest release
percentage (11.43 £ 0.97%) of curcumin in the gastric phase was obtained in zein-PGA
complex nanoparticles without any external processing. After HPM processing at
different pressures, the shear, impact and vibration within microfluidization caused the
entanglement and aggregation of molecular chains in zein. In zein-PGA complex
nanoparticles, the side chain groups of aromatic amino acid molecules were gradually
exposed, the internal structure of the complex nanoparticles was altered, and the
hydrophobic interaction between curcumin and zein was destroyed, promoting the
release of curcumin from the nanoparticles in the gastric phase. After thermal treatment,
the conformation of zein underwent an obvious alteration, which also exposed the
amino acid residues buried inside the native structure, thus slightly facilitating the
release of curcumin from zein-PGA complex nanoparticles.

After being digested for 180 min, most of curcumin in the complex nanoparticles
was released in the intestine, especially at initial 30 min. Among zein-PGA complex
nanoparticles, ZP-75°C showed the highest release percentage of curcumin (98.95 +
0.24%) in the intestine phase. Additionally, ZP-75°C, 100MPa exhibited the lowest

release percentage (81.93 + 0.74%) after the coupled treatments of HPM and heating.
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The results revealed that zein-PGA complex nanoparticles without any external
processing showed the highest release percentage of curcumin due to their looser
structure, thereby accelerating the release of curcumin in the gastric phase.

Different from the release percentage of curcumin, ZP exhibited the lowest
bioaccessibility (12.31 £ 0.64%) (Fig. 12C). With individual HPM or thermal treatment,
the bioaccessibility of curcumin was slightly improved compared to ZP. After the
coupled treatments of HPM and heating, the curcumin bioaccessibility was
significantly (p<0.05) elevated to a higher level (52.35 + 1.58%) in ZP-75°C 100MPa.
Although individual HPM or thermal treatment could enhance the bioaccessibility of
curcumin during in vitro digestion, the HPM and thermal treatment exhibited a greater
effect on enhancing the bioaccessibility of curcumin, and even its bioaccessibility was
higher than the sum of bioaccessibility of curcumin loaded in the nanoparticles with
two individual treatments. Therefore, HPM and heat treatment showed not only a
simple additive effect, but a synergistic effect on enhancing the bioaccessibility of
curcumin. The more uniform size and compact structure promoted to elevate
significantly (p <0.05) the bioaccessibility of curcumin in the small intestine phase
from zein-PGA complex nanoparticles, which might increase the adsorption of bile salts
and digestive enzyme onto the nanoparticle surface. The strengthened interactions
between the complex nanoparticles and SIF enhanced the release of curcumin and
formation of mixed micelles (Fan et al., 2018).

The FE-SEM images revealed that the morphology of the complex nanoparticles

almost kept stable after simulated gastric digestion (Fig. 12D), which was dominantly
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ascribed to the resistance of zein against pepsin in the gastric phase (A. R. Patel &
Velikov, 2014; Penalva et al., 2015; Wei et al., 2018). After exposure to the small
intestine phase for 120 min, zein-PGA complex nanoparticles were collapsed in shape
and agglomerated. The digestion of zein by pancreatin led to a distorted shape and more
release of curcumin. The aggregation of zein-PGA complex nanoparticles obviously
occurred in the intestinal phase, thereby limiting the release percentage and

bioaccessibility of curcumin in the nanoparticles during the intestinal digestion.

4. Conclusion

In the present study, the microfluidization pressure at 100 MPa and heating
temperature at 75 °C were the optimum parameters for providing a better protection of
curcumin entrapped in zein-PGA complex nanoparticles. With the treatment of HPM,
the complex nanoparticles exhibited a better stability under various environmental
stresses (pH, ionic strength, light and heat) and storage conditions (37 and 55 °C).
Nevertheless, compared with single HPM treatment, the combined HPM and thermal
treatment did not show a significant advantage in improving the stability and functional
properties of the complex nanoparticles. Through the observation of FE-SEM, HPM
and thermal treatment facilitated the formation of zein-PGA complex nanoparticles
with a more uniform size and spherical shape. In vitro digestion model revealed that
the complex nanoparticles exhibited the excellent gastric stability and sustained-release
of curcumin in the small intestine phase. Notablely, the bioaccessibility of curcumin

was enhanced after the coupled treatment of HPM and heating. The findings from this
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study confirmed that HPM alone could effectively enhance the functional attributes,
environmental stability, and sustained-release of curcumin-loaded protein-
polysaccharide complex nanoparticles. A new insight into the potential application of
HPM and heating is provided in the design and development of nanoparticle-based

delivery vehicles.
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Figure

Figure captions

Fig. 1 Effects of individual microfludization pressure (A) and heating temperature (B)

on the size and zeta-potential of curcumin loaded zein-PGA complex nanoparticles;

effects of combined heating temperature and microfludization pressure on the size and

zeta-potential of individual and complex nanoparticles in the control group (C).

(Different superscript letters (A, B, C...and a,b,c...) in the figure indicate significant

differences (p < 0.05) in the particle size and zeta-potential)

Fig. 2 Impact of microfludization pressure on the EE and LC of curcumin loaded in

zein-PGA complex nanoparticles (A); impact of heating temperature on the EE and

LC of curcumin loaded in zein-PGA complex nanoparticles (B); (Different superscript

letters (A, B, C...) in the figure indicate significant differences (p < 0.05))

Fig. 3 Influence of microfludization pressure on the physical stability of curcumin

loaded zein-PGA complex nanoparticles (A); influence of heating temperature on the

physical stability of curcumin loaded zein-PGA complex nanoparticles (B); the

physical stability of the nanoparticles in the control group (C);

Fig. 4 Influence of microfludization pressure (A) and heating temperature (B) on the
photo stability of curcumin loaded in zein-PGA complex nanoparticles; the thermal
stability of curcumin loaded in zein-PGA complex nanoparticles (C);

Fig. 5 Effects of thermal treatment, pH and ionic strength on the particle size (A, C
and E) and zeta-potential (B, D and F) of curcumin loaded zein-PGA complex

nanoparticles; (Different superscript letters (A, B, C...) in the figure indicate



significant differences (p < 0.05))

Fig. 6 Effect of different storage temperatures on the size (A) and zeta-potential (B) of
curcumin loaded zein-PGA complex nanoparticles; the retention rate of curcumin
loaded in zein-PGA complex nanoparticles at different storage temperatures (C);
(Difterent superscript letters (A, B, C...) in the figure indicate significant differences
(p <0.05))

Fig. 7 Effects of microfludization pressure (A) and heating temperature (B) on the
fluorescence property of curcumin loaded zein-PGA complex nanoparticles; the
fluorescence property of the nanoparticles in the control group (C);

Fig. 8 Circular dichroism of individual and complex nanoparticles in the control
group (A); effects of microfludization pressure (B) and heating temperature (C) on the
circular dichroism of curcumin loaded zein-PGA complex nanoparticles;

Fig. 9 FTIR spectra of individual and complex nanoparticles in the control group (A);
effects of microfludization pressure (B) and heating temperature (C) on the FTIR
spectra of zein-PGA complex nanoparticles;

Fig. 10 XRD spectra of individual component and nanoparticles in the control group
(A); effects of microfludization pressures (B) and heating temperatures (C) on the

XRD spectra of zein-PGA complex nanoparticles;

Fig. 11 SEM images of curcumin loaded zein-PGA complex nanoparticles with and

without individual microfludization and heating or their combined treatments;

Fig. 12 The fluctuation in the mean size of curcumin loaded zein-PGA complex

nanoparticles (A) and release percentage of curcumin in zein-PGA complex

nanoparticles (B) during in vitro digestion; the bioaccessibility of curcumin loaded in

different complex nanoparticles (C) and the morphology of different complex



nanoparticles during in vitro digestion (D). (Different superscript letters (A, B, C...)

in the figure indicate significant differences (p < 0.05))
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Graphical abstract:

Microfludization

Zein, PGA, and Cur were dissolved in

70% aqueous ethanol solution.
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