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Abstract

Oil-in-water (O/W) emulsions are widely utilized as a carrier for a
lipophilic bioactive compound. However, destabilization of emulsion occurs
during digestion, affecting on bioaccessibility of the lipophilic compound.
Recently, delivery systems have been developed to improve the stability of
emulsion within gastrointestinal (GI) tract and enhance the bioaccessibility
of bioactive compounds. In this study, emulsion-filled hydrogel (EFH) was
prepared through cold-set gelation under acidic conditions without any
chemical agents. Chitosan and pectin were used as a hydrogel matrix and
sodium caseinate as an emulsifier. The oscillation frequency sweep test
showed that the elasticity (G') increased as pectin concentration increased
(0.75-1.50%, wi/v). Moreover, all EFH exhibited weak gel properties.
Scanning electron microscope was used to observe the changes in the
structure of EFH with different pectin concentrations. The microstructure of
EFH showed that pore size decreased as the pectin concentration increased,
indicating that the hydrogel networks of EFH became more compact as
pectin concentration increased. FT-IR analysis was used to verify the
interaction between chitosan and pectin in EFH. The hydrogen bond and
electrostatic interaction between chitosan and pectin are assigned to 3,326

cm™ and 1,500-1,600 cm™, respectively. There was no significant difference



depending on the presence or absence of the emulsion in the range from
1,500 to 1,800 cm™, suggesting that the addition of emulsion did not affect
the interaction between the polymers, which constitutes the hydrogel matrix.
Release profile of emulsion indicated that the hydrogel matrix prevented the
release of emulsion at pH 2.0. On the other hand, the emulsion was released
at pH 7.4. Moreover, release rate and release amount of emulsion were
influenced by the pectin concentration. The release of emulsion reduced as
pectin concentration increased. During in vitro digestion, the free fatty acid
release in EFH was 58.67, 55.88, 48.87, and 43.76% at pectin concentrations
of 0.75, 1.00, 1.25, and 1.50%, respectively. The amount of free fatty acids
was decreased as the pectin concentration increased. Compared with
emulsion, the free fatty acid release in EFH with 0.75% pectin was
significantly higher than that of emulsion (p < 0.05). Confocal laser scanning
microscopy images showed that the hydrogel matrix protected the emulsion
from destabilization within the oral and gastric stages. The bioaccessibility
of curcumin, a model lipophilic compound, decreased as the pectin
concentration increased, and the bioaccessibility in EFH with 0.75% pectin
(23.95 + 0.8%) was 1.38 fold higher than that in emulsion (17.25 £ 2.1%).
Therefore, this study demonstrated that EFH improves emulsion stability in

Gl tract and enhances the bioaccessibility of lipophilic compound. Therefore,



EFH is a potential carrier system for lipophilic bioactive compounds in the

food industry.
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1. Introduction

Oil-in-water (O/W) emulsions are widely used for encapsulating
lipophilic bioactive compounds such as carotenoids, phytosterols, and
curcuminoids (Araiza-Calahorra, Akhtar, & Sarkar, 2018; McClements,
Decker, & Weiss, 2007; Raikos & Ranawana, 2017). Sodium caseinate,
well-known as a food-grade dairy protein, has been utilized in food industry
as an emulsifier. Compared with other protein emulsifiers, it has heat-
resistant properties because the relatively flexible casein molecules are less
susceptible to heat-induced conformational changes (Ma & Chatterton,
2021; Perugini, Cinelli, Cofelice, Ceglie, Lopez, & Cuomo, 2018; Salminen,
Bischoff, & Weiss, 2019). Nevertheless, destabilization of sodium caseinate
emulsion can be occurred during digestion, which is caused by protease
presented in gastric fluid. The interfacial protein layer of emulsion is broken
down and converted into peptides which are not strong enough to offer
emulsion stability during the gastric digestion, changing the size and
microstructure of the emulsion (J. Li, Ye, Lee, & Singh, 2012). The changes
in droplet size reduce the access of lipase to the oil-water interface,
resulting in low bioaccessibility of lipophilic bioactive compounds (Yi, Li,

Zhong, & Yokoyama, 2014).



Emulsion-filled hydrogel (EFH) consisting of one or more hydrophilic
polymers is a three-dimensional network, in which emulsions are trapped
inside the hydrogel matrix (Araiza-Calahorra et al., 2018; Farjami &
Madadlou, 2019; Lu, Zhang, Yuan, Gao, & Mao, 2021). Lipid digestion and
release of encapsulated compounds in emulsion can be controlled by
hydrogel matrix in the gastrointestinal tract (McClements & Li, 2010).
Moreover, the hydrogel matrix prevent the emulsion destabilization during
the digestion, resulting in improving bioaccessibility of the compounds (Lu
et al., 2021; Matalanis & McClements, 2012; Mun, Kim, Shin, &
McClements, 2015). lonically cross-linked hydrogel has been widely used in
food industries as drug delivery systems (Jain, Winuprasith, & Suphantharika,
2020; Y. Li, Hu, Du, Xiao, & McClements, 2011; Silva, Bourbon, Pastrana,
& Sato, 2020). However, the cross-linked hydrogels have low stability in the
presence of monovalent ions and calcium-sequestering agents (Lee &
Mooney, 2012; Sarker et al., 2014). The other cross-linkers such as
glutaraldehyde and carbodiimide, used for preparing hydrogel, have
cytotoxic properties to humans (Ulubayram, Aksu, Gurhan, Serbetci, &

Hasirci, 2002).

Chitosan and pectin have been commonly used for hydrogel preparation in



food and biomedical fields, due to their biocompatible, biodegradable, and
non-toxic characteristics. Chitosan/pectin hydrogel-based carrier systems,
allowing to control release of bioactive compounds, has been proposed in
several studies (Maciel, Yoshida, & Franco, 2015; Neufeld & Bianco-Peled,
2017). Moreover, chitosan/pectin hydrogels can be prepared without any
chemical agents for cross-linking between the polymers, which has little
safety concerns. This hydrogel can be prepared via physical interaction (i.e.
hydrogen bond) between polymers by lowering the pH below pK, of chitosan

and pectin (Marianne H. Nordby, 2003; Ventura & Bianco-Peled, 2015).

The objective of this study is to prepare EFH using chitosan and pectin to
enhance emulsion stability in gastrointestinal tract, thereby improving
bioaccessibility of lipophilic bioactive compounds. EFH containing sodium
caseinate emulsion was fabricated based on cold-set gelation method without
any chemical agents. To evaluate the physicochemical properties of EFH, its
rheological properties and microstructure were determined. The
gastrointestinal behaviors of EFH, including free fatty acid release and
bioaccessibility of curcumin as a model lipophilic bioactive compound, were

investigated using in vitro digestion model.



2. Material and methods

2.1. Material

Chitosan from shrimp shells with low viscosity, pectin from citrus peel,
casein sodium salt from bovine milk, pepsin from porcine gastric mucosa
powder (> 250 units/mg solid), bile extract porcine, mucin from porcine
stomach (Type |IlI), pancreatin from porcine pancreas (8 X USP
specifications), and curcumin from Curcuma longa were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Soybean oil was purchased from
Daejung Chemicals (Siheung, Republic of Korea). All other chemicals were

of analytical grade.

2.2. Preparation of emulsion-filled hydrogel

2.2.1. Emulsion

Sodium caseinate solution was prepared by dissolving 1.0% (w/v) of
sodium caseinate in deionized water. Then, soybean oil of 1.0 g was added
into 9.0 g of the sodium caseinate solution. Coarse emulsion was prepared by
using a homogenizer (ULTRA-TURRAX IKA T18 Basic with S25N-10 G,
IKA Works Inc., Wilmington, NC, USA) at 11,000 rpm for 1 min. After the

homogenization, the coarse emulsion was sonicated to make fine emulsions
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for 5 min (5 s on and 5 s off) at 30% power by ultrasonicator (Sonomasher,
S&T Science, Seoul, Republic of Korea). Curcumin loaded emulsion was

prepared by dissolving curcumin in oil at 0.1% (w/w) with the same manners.

2.2.2. Emulsion-filled hydrogel

EFH was prepared by cold-set gelation at low pH conditions. Chitosan was
dissolved at concentration of 2.0% (w/v) in 0.1 M HCI by magnetic stirring
at 500 rpm for 12 h, and then mixed with emulsion at 1:1 (v/v) ratio. Pectin
solutions were prepared by dissolving 1.5, 2.0, 2.5, and 3.0% (w/v) of pectin
in 0.05 M HCI by magnetic stirring at 500 rpm for 6 h at 60°C, respectively.
After that, the mixture of chitosan and emulsion was heated at 60°C for 1 h,
and mixed with pectin solution at 1:1 (v/v) ratio using a magnetic stirrer at
500 rpm for 1 h at 60°C. After that, the mixture were poured into a silicone

square mould (3.0 cm X 3.0 cm) and stored at 4°C until use.

2.3. Rheological properties of emulsion-filled hydrogel

2.3.1. Oscillation frequency sweep test

The rheological properties of EFH were carried out by using a dynamic
shear rheometer (Rheostress RS 1; HAAKE Instruments, Karlsruhe,

Germany) with a plate-plate geometry (PP20 Ti, diameter 20.0 mm; gap size



4.0 mm). Prior to analysis, samples were loaded between parallel plates and
equilibrated at 20°C for 10 min. The storage modulus (G’) and loss modulus
(G”) were obtained over a frequency range of 0.01-1.00 Hz with stress
amplitude of 1.00 Pa (in linear viscoelastic region). Paraffin oil was used to
prevent water evaporation during the measurement. The oscillation time
sweep test was performed with 1.00 Hz and 1.00 Pa for 3 h. Other conditions

were same to describe above.

2.3.2. Texture profile analysis (TPA)

EFH was analyzed by CT3 Texture analyzer (Brookfiled, USA) equipped
with a measuring cylinder probe (diameter of 50.0 mm). Samples were cut
into small blocks (1.5 cm X 1.5 c¢cm) and compressed twice with 50%
deformation at a constant probe speed of 1.0 mm/s. Data of hardness,
adhesiveness, fracturability, and springiness were collected by the software

provided with the manufacture.



2.4. Scanning electron microscopy (SEM)

To evaluate the effect of pectin concentrations on the microstructure of
EFH, EFH was lyophilized in freeze dryer (FD8512, lishin Co.,
Dongducheon, Republic of Korea) for 2 days to obtain dried samples. The
samples were placed on a copper stub and sputtered with platinum. All
images were obtained by field-emission scanning electron microscope

(SIGMA, Carl Zeiss, UK) at an accelerating voltage of 5.0 kV.
2.5. Fourier-transform infrared spectroscope (FT-IR)

To analyze the chemical interaction of polymers in hydrogel, FT-IR
analysis was carried out by using FT-IR spectrophotometer (Nicolet 6700,
Thermo Scientific, USA) operating in the ATR mode equipped with window
ZnSe/diamond. EFH and hydrogel without emulsion were lyophilized by the
procedure described in section 2.4. Data collection was performed in the
range of 650-4,000 cm™ with a 4 cm™ spectral resolution and number of 64

scans.



2.6. Release profile of emulsion from hydrogel matrix

The release profile of emulsion was carried out according to the previous
method (Lim, Ho, Surjit Singh, Ooi, Tey, & Chan, 2020; Surjit Singh, Lim,
Tey, & Chan, 2021) with slight modification. Neutral medium (100 mM PBS;
pH 7.4) and the acidic medium (100 mM PBS; pH 2.0) were used to evaluate
the release properties depending on pH. EFH sample was suspended in 100.0
mL of the acidic medium for 2 h. After that, samples were removed from the
acidic medium and transferred into 100.0 mL of the neutral medium. The
experiments were carried out with agitation at 100 rpm and 37°C in shaking
incubator. At pre-determined time, 2.0 mL of the medium was collected and
replaced with equal volume of fresh medium to maintain the sink condition.
The turbidity of aliquots was measured by UV-Vis spectrophotometer at 600
nm (Optizen POP-BIO, Mecasys Co., Ltd., Daejeon, Republic of Korea).
The release percentage of emulsion was calculated from turbidity of

emulsion in calibration curve (R* = 0.9985).
2.7. Confocal laser scanning microscopy (CLSM)

EFH in the different digestion stages was observed by confocal laser
scanning microscopy (SPX 8, Leica, Mannheim, Germany) with confocal

scan objectives (HC PL APO 63x/1.4 Oil CS2). The oil phase was dyed by
8



dissolving Nile red 0.01% (w/v) in soybean oil. Initial samples before
digestion and the samples from the digestion stages were placed on slide
glass and coated with cover slip before observation. The white light laser set

at 550 nm to excite the Nile red and emission wavelength was 580 nm.

2.8. In vitro digestion model

The in vitro digestion model was prepared according to the methods
described in previous studies with slight modification (Lei, Zhang, He, Wu,
Li, & Li, 2017; Mun et al., 2015). Emulsion and EFH containing curcumin
were passed through simulated gastrointestinal tract which consists of an oral

phase, a gastric phase, and a small intestine phase in a sequential manner.

Oral phase: simulated saliva fluid consisted of mucin and various salts was
prepared according to previous study (Sarkar, Goh, & Singh, 2009). EFH
was cut into small blocks to simulate oral break down (5.0 mm X 5.0 mm)
and emulsion was diluted 4-fold with distilled water before digestion, and
then 7.5 g samples containing 187.5 mg oil were put into saliva fluid. The
volume ratio of saliva and sample was 1:1 and the total volume was 15.0 mL.
The pH of the mixture was adjusted to 6.8 using 1 M NaOH and then
incubated in shaking incubator (37°C) for 5 min with 100 rpm (VS-8480SF,

Vision Co. Republic of Korea).



Gastric phase: simulated gastric fluid (SGF) was prepared by dissolving
2.0 g of NaCl and 7.0 mL of HCl in 1.0 L distilled water. SGF containing 3.2
g/L pepsin was pre-incubated for 10 min and mixed with samples from the
oral phase at 1:1 (v/v) ratio. Then pH was adjusted to 2.5 using 1 M NaOH
and incubated with shaking (100 rpm) at 37°C for 2 h to mimic the stomach

conditions.

Small intestinal phase: The pH of sample (30.0 mL) from stomach phase
was adjusted to 7.0 immediately using 1 M NaOH. After that, 1.5 mL of salt
solution containing 10 mM calcium chloride and 150 mM sodium chloride
was added into mixture. Then, 3.5 mL of bile extract solution (53.5 mg/mL
in 10 mM sodium phosphate buffer) was added to the reaction vessel.
Pancreatin solution was prepared by dissolving in 75.0 mg/mL in 10 mM
sodium phosphate buffer (pH 7.0). The pancreatin solution of 2.5 mL (pre-
heated at 37°C for 20 min) was added and the pH of reaction vessel was
maintained at pH 7.0 using an automatic titration unit (842 Titrando;
Metrohm AG, Herisau, Switzerland) with 0.05 M NaOH. The free fatty acids
(FFA) release from the digestion was recorded for 2 h and quantified by

following equation.

FFA release (%) = (VnaoH X Myaon X MLipid/WLipid X 2) X 100

10



Where, Vnaon IS the volume of NaOH used to neutralize the FFA produced,
Mnaon IS the molarity of NaOH (0.05 M), Myjpiq is the molecular weight of
soybean oil (920.0 g/mol), and Wyipiq is the weight of the lipid initially added
into reaction vessel (187.5 mg). Vnaon Of blank prepared without oil was
subtracted from that of samples to exclude any pH change due to other

factors.
2.9 Bioaccessibility determination

After small intestinal digestion, the bioaccessibility of curcumin, as a
model lipophilic bioactive compound, was determined by using the method
described previously with slight modification (Pan et al., 2019). Briefly, the
digesta was centrifuged at 110,000 X g for 40 min at 20°C (Himac CP100f
with P40ST rotor, Hitachi, Japan), followed by micelle phase was collected
by using 5.0 mL syringe. Micelle phase (2.0 mL) was mixed with chloroform
at 1:2 (v/v) ratio, and then centrifuged at 3,000 Xg (Labogene 1236R,
Gyrozen Co., Daejeon, Republic of Korea) for 10 min. The bottom layer of
chloroform was aliquoted. The absorbance of chloroform phase was
measured using spectrophotometer (Optizen POP-BIO, Mecasys Co., Ltd.,
Daejeon, Republic of Korea) at 420 nm. The content of curcumin was

determined by standard curve of curcumin in chloroform (R? = 0.9998). The

11



bioaccessibility of curcumin was calculated by the following equation.

Bioaccessibility (%) = (Cmicelte / Cinitiar) X 100

Where, Chicele @and Cinitiar represent a concentration of curcumin in micelle

phases and initial concentration of curcumin before digestion, respectively.

2.10. Statistical analysis

All data were represented as means and standard deviations of triplicate
experiments, and performed by analysis of variance (ANOVA) using SPSS
software version 19 (SPSS, Inc., Chicago, IL, USA). The significance of

differences was determined by using Duncan’s multiple range test (p < 0.05).

12



3. Results and discussions

3.1. Fabrication of chitosan-pectin emulsion filled hydrogel

EFH was prepared by cold-set gelation using chitosan and pectin under the
acidic condition (pH = 1.7). While pectin concentration was fixed at 0.75%
(w/v), EFH with different chitosan concentrations (0-0.75%, wi/v) was
prepared (Fig. 1a). It was found that only the hydrogel with 0.50% chitosan
was in a solid state. On the other hand, at the chitosan concentrations of 0,
0.25, and 0.75%, the hydrogel was in a liquid state. At 0.75% chitosan, it was
expected that chitosan molecules interfere the gel formation by electrostatic
repulsion between chitosan molecules. Chitosan has a positive charge in the
acidic condition (pH = 1.7) due to its pK, ranging from 6.2 to 7.1 (Kumar,
2000; Ventura et al., 2015). Thus, the concentration of chitosan was fixed at

0.50%.

The visual appearance of EFH with different pectin concentrations (0.50-
1.50%, wi/v) was observed (Fig. 1b). EFH with solid-like properties was
formed at pectin concentrations from 0.75 to 1.50%. At 0.50% pectin,
hydrogel was viscous solution, probably due to insufficient amount of pectin

to form a continuous network with chitosan (Ventura et al., 2015).

13



Meanwhile, at a concentration higher than 1.50%, hydrogel was not formed
since pectin was not completely dissolved (data not shown). As a result, for
the preparation of EFH, concentrations of chitosan and pectin were set 0.50%

and 0.75-1.50%, respectively.

The morphology of emulsion in the hydrogel matrix was observed by
CLSM (Fig. 2). It was identified that the lipid droplets were uniformly
distributed in EFH, regardless of pectin concentrations. These results
suggested that the emulsion was embedded in the hydrogel matrix in intact
states, indicating that there was no interaction between sodium caseinate
emulsion and the hydrogel matrix. Since the isoelectric point of sodium
caseinate is pH 4.7, the sodium caseinate emulsion is positively charged at
below pH 4.0 (llyasoglu & El, 2014). Thus, the positively charged sodium
caseinate and chitosan repulse each other, resulting in no phase separation or
precipitation during the preparation. Moreover, the carboxyl groups of pectin
are neutralized due to their pK, value of 3.5, which does not cause
electrostatic interaction with sodium caseinate (Clitor J. F. Souza & Garcia-

Rojas, 2015).

14



0 0.25 0.50 0.75

Chitosan concentration (0-0.75%, w/v)

(b)

0.50 0.75 1.00 1.25 1.50

Pectin concentration (0.50-1.50%, wi/v)

Fig. 1. Effects of pectin and chitosan concentrations on the formation of EFH.
(a) Visual appearance of EFH with different chitosan concentrations at 0.75%
pectin and (b) visual appearance of EFH with different pectin concentrations

at 0.5% chitosan.
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(d)

Fig. 2. CLSM images of sodium caseinate emulsion and EFH with different
pectin concentrations (0.75-1.50%, w/v). (A) Sodium caseinate emulsion, (B)
EFH with 0.75% pectin, (C) EFH with 1.00% pectin, (D) EFH with 1.25%

pectin, and (E) EFH with 1.50% pectin.
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3.2. Rheological properties of emulsion-filled hydrogel

The rheological properties of EFH were evaluated by oscillation
measurements. The frequency sweep test was performed to observe the
changes in viscoelastic behavior. As shown in Fig. 3a and 3b, all the samples
showed that storage modulus (G") was higher than loss modulus (G") and
frequency independent behavior (i.e. a plateau line over the frequency) in the
frequency range (0.01-1.00 Hz). In addition, the storage modulus increased
as the pectin concentration increased, which indicated that the increase in
pectin concentration led to the formation of a more compact hydrogel. It is
regarded that hydrogel has solid-like properties, when the values of loss
angle (tan &) of hydrogel is less than 1.00 (Hesarinejad, Koocheki, & Razavi,
2014). In all frequency ranging from 0.01 to 1.00 Hz, the tan 6 was measured
to be around 0.25, suggesting that EFH exhibits predominantly elastic
behavior regardless of pectin concentrations (Fig. 3c). However, above 1.00
Hz, storage modulus and loss modulus became frequency dependent (data
not shown), showing that EFH has weak gel properties (Tang, Du, Hu, Shi,

& Kennedy, 2007).

In order to verify that EFH had solid-like properties, the time sweep test

was performed (Fig. 4). All EFH exhibited a time-independent storage

18



modulus, and the storage modulus was higher than loss modulus over the
entire shearing time. The tan 6 of EFH were measured below 0.3, which

indicates that the elastic response of EFH is higher than viscous response.

The textural parameters of EFH were analyzed by TPA (Table 1). As
pectin concentration increased, significant increase in springiness were
observed (p < 0.05), which was consistent with the rheological properties,
showing the increase in elasticity with increasing pectin concentration.
However, the hydrogel with different pectin concentrations showed no
significant differences (p < 0.05) on fracturability, resilence, and hardness,
indicating that EFH has poor mechanical properties due to reversible

physical interactions (Parhi, 2017).
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Table 1. Effects of pectin concentration on textural parameters of EFH

Pectin concentration (%, w/v)  Hardness (N) Resilience Fracturability Springiness (mm)
0.75 0.47+0.02" 0.04+0.009" 0.07+0.01° 0.57+0.06°
1.00 0.43+0.06° 0.08+0.012° 0.08+0.02° 1.00+0.10°
1.25 0.42+0.04° 0.05+0.009% 0.07+0.02° 1.45+0.06°
1.50 0.56+0.06% 0.07+0.016° 0.18+0.04% 2.70+0.13?

Data are expressed as the mean + standard deviation (n = 3). The mean values with different letters in the same
column are significantly different (p < 0.05).
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3.3. Scanning electron microscope (SEM)

SEM was employed to observe the network structure of EFH (Fig. 5). The
microstructure of EFH showed different pore sizes depending on the pectin
concentrations. It was obvious that pore size decreased as the pectin
concentration increased. The pore size in the hydrogel is related to the
density of hydrogel matrix. As hydrogel becomes compact, pore size
becomes smaller (Moayedzadeh, Khosrowshahi asl, Gunasekaran, &
Madadlou, 2018; Voo, Ooi, Islam, Tey, & Chan, 2016). In EFH, it is
acknowledged that the chitosan constitutes junction zones and pectin binds
along the chitosan (Marianne H. Nordby, 2003; Ventura et al., 2015).
Therefore, the increase in pectin concentration seems to have contributed to

the formation of compact structure.
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Fig.5. SEM images of EFH with different pectin concentrations. (a) 0.75%

pectin, (b) 1.00% pectin, (c) 1.25% pectin, and (d) 1.50% pectin (w/v).
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3.4. FT-IR analysis

FT-IR spectroscopy was used to identify the interaction between chitosan
and pectin in EFH. The spectra of chitosan and pectin was measured to
assign the peaks from chitosan and pectin. In the chitosan spectrum (Fig. 6a),
the band at 1,653 cm™ is attributed to amide group of chitosan (i.e. amide 1)
and 1,594 cm™ corresponds to N-H bending of amide Il vibration (Rabelo,
Tavares, Prata, & Hubinger, 2019). In the spectra of pectin (Fig. 6b), the
methyl esterified (COOCHS3) group and asymmetric stretching vibration of
the carboxylate (COO’) are assigned to 1,739 cm™ and 1,608 cm™,
respectively (Coimbra et al., 2011; Long, Etxeberria, Nand, Bunt, Ray, &

Seyfoddin, 2019; Maciel et al., 2015).

As shown in Fig. 6c, the spectra of EFH in the 1,739 cm™ was not
different from that of pectin, indicating that methyl esterified group of pectin
did not participate in the interaction. The broadened and shifted band,
assigned to vibration region from 3,000 cm™ to 3,600 cm™, indicated the
hydrogen bonds between hydroxyl groups in pectin and hydroxyl/amine
groups in chitosan (Kowalonek, 2017; Long et al., 2019). In addition, the
broad peak of range from 1,500 cm™ to 1,600 cm™ was attributed to

polyelectrolyte between amide group of chitosan and carboxyl group of
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pectin (Chen et al., 2010; Lemos, de Souza, & Fajardo, 2021; Rabelo et al.,
2019; Rashidova et al., 2004). These results suggest that hydrogel matrix is
formed through hydrogen bond and electrostatic interaction between chitosan
and pectin. The hydrogen bond between polymers primarily contributed to
formation of hydrogel, while electrostatic interaction slightly contributed

(Ventura et al., 2015).

In addition, the spectra of EFH showed the peaks at 2,853 cm™ and 2,923
cm™, which were assigned to the C-H stretching bands of hydrocarbon
chains of soybean oil. As compared with the spectra of the hydrogel without
emulsion (Fig. 6d), there was no significant difference on the spectra of EFH
in the range from 1,500 cm™ to 1,800 cm™. These results suggest that
incorporating the emulsion had no impact on the polymer interactions

constituting the hydrogel matrix.
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3.5. Release properties of emulsion from hydrogel matrix

The release properties of emulsion were evaluated in the medium pH 2.0
and 7.4. To observe the effect of pH on the release properties, each medium
was prepared under the same condition of salts. EFH with 0.75% (w/v)
pectin remained intact after exposure to acidic medium for 2 h (Fig. 7a). The
similar results were obtained in all the hydrogel with different pectin
concentrations (data not shown). On the other hand, disintegration of EFH
was observed at pH 7.4, causing increase in the turbidity of medium. EFH
with 0.75 and 1.00% (w/v) pectin were completely disrupted, whereas EFH
were partially broken and remained in small pieces at 1.25 and 1.50% (w/v)

pectin concentrations (data not shown).

As shown in Fig. 7b, the release profiles showed that emulsion was not
fully released from the hydrogel matrix when exposed to pH 2.0 medium,
regardless of pectin concentrations. In contrast, at pH 7.4 medium, the
emulsion was gradually released from the hydrogel matrix, and pectin
concentration significantly affected the rate and the extent of emulsion
release from the hydrogel matrix. The extent of emulsion release in EFH
with 0.75, 1.00, 1.25, and 1.50% pectin was 96.8, 95.6, 87.8, and 65.5%,

respectively. The release rate was reduced as the pectin concentration
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increased. This could be attributed to the formation of more compact
structure as pectin concentration increased, leading to lowering the release

rate and the amount of the drug release (Neufeld et al., 2017).

EFH was kept intact in the acidic medium, in which the pH is similar to
that in the preparation condition. Thus, it was thought that the change of the
functional groups of chitosan and pectin are minimum at the acidic medium,
and the interaction between chitosan and pectin was not altered. Accordingly,
the network structure of EFH could be maintained, preventing the emulsion
release. Meanwhile, at pH 7.4 medium, chitosan is partially neutralized by
deprotonation of amine groups (—NH;), whereas carboxyl group (COOH) of
pectin is negatively charged since the pK, of pectin and chitosan is 3.5 and
6.2-7.1, respectively. Thus, at pH 7.4, the electrostatic interaction between
chitosan and pectin can be induced, which might maintain the hydrogel
network (Martins, de Oliveira, Garcia, Kipper, & Martins, 2018).
Nevertheless, EFH was disintegrated during the incubation under the neutral

condition.

This phenomenon can be explained by effects of salts on electrostatic
interaction between polymers. As shown in Fig. 8, release of emulsion was

not observed at pH 7.4 in absence of salt (0 mM of NaCl), showing that
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hydrogel matrix was maintained. On the other hand, the emulsion was
released in the presence of salt (50-200 mM), indicating that the release of
emulsion increased in proportion to the NaCl concentration (50-100 mM).
There was no difference in the amount of emulsion release at salt
concentrations above 100 mM. It could be attributed that the electrostatic
interaction between cationic and anionic polymers are inhibited by salt,
resulting in dissociation of hydrogel matrix (Rabelo et al., 2019; C. J. F.
Souza, da Costa, Souza, Tosin, & Garcia-Rojas, 2018). These results suggest
that the hydrogel matrix control the emulsion release induced by pH and salts,

and thus EFH can be used as target delivery system on small intestine.
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Fig. 7. Release properties of emulsion from hydrogel matrix. (a) Visual

appearance of EFH with 0.75% (w/v) pectin after exposed to medium at pH
2.0 and 7.4 for 2 h, and (b) the release profiles of emulsion depending on

pectin concentrations (0.75-1.50%, w/v) at pH 2.0 and 7.4.
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7.4 for 2 h.
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3.6. FFA release from emulsion and emulsion-filled hydrogel

In the small intestine, lipid droplets are hydrolyzed by lipase, producing
FFA and monoacylglycerol. The hydrolysis of triacylglycerol occurs under
the adsorption of lipases to the oil/water interfaces (Qian, Decker, Xiao, &
McClements, 2012). The release of free fatty acids from emulsion and EFH
were shown in Fig. 9. The final extent of FFA release in EFH was 58.67,
55.88, 48.87, and 43.76% at pectin concentrations of 0.75, 1.00, 1.25, and
1.50%, respectively. This result indicated that lipid droplets, which can be
hydrolyzed by lipase, decreased as the pectin concentration increased,
resulting in reduction of the amount of FFA. It was clearly demonstrated that
the high pectin concentration of EFH reduced the release rate and amount of
the emulsion (described in section 3.5). Hence, the extent of FFA was
lowered as the amount of emulsion, which can be hydrolyzed, decreased. In
addition, the high-density hydrogel matrix of EFH may affect the reaction
between the lipase and lipid droplets. Diffusion of lipase into EFH could be
hindered by polymer networks, and the hydrogel matrix prevented lipase
from being placed on the interface of lipid droplets, thus interfering FFA that
could be produced. (Corstens et al., 2017; van Leusden, den Hartog, Bast,

Postema, van der Linden, & Sagis, 2018).
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Compared with emulsion, the significant difference (p < 0.05) in the
extent of FFA was observed in EFH with 0.75% pectin concentration. It was
expected that destabilization of emulsion occurred during the digestion.
Destabilization of emulsion is induced by mucin present in gastrointestinal
tract, which causes a bridging or depletion flocculation of emulsion
(Koukoura et al., 2018; Sarkar et al., 2009; Vingerhoeds, Blijdenstein, Zoet,
& van Aken, 2005). In addition, protein hydrolysis occurred on the
interfacial protein layer of emulsion by pepsin, resulting in destabilization of
emulsion (J. Li et al., 2012; Singh & Sarkar, 2011). Accordingly, due to the
destabilization of emulsion, the decrease in the surface area of the lipid
droplet retarded the reaction with the lipase, lowering the amount of FFA
(Golding et al., 2011; Salvia-Trujillo, Qian, Martin-Belloso, & McClements,

2013; Yietal., 2014).

It was observed that all EFH were stable during the digestion (i.e. no
flocculation or coalescence), whereas the emulsion was unstable within the
oral digestion and gastric digestion (Fig. 10). This results suggests that the
hydrogel matrix prevent emulsion from coalescence and flocculation in the
gastric regime, allowing emulsion to reach the small intestine intact (Mun et

al., 2015; Torres, Murray, & Sarkar, 2019).
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(0.75, 1.00, 1.25, and 1.50%, w/v) and sodium caseinate emulsion measured using
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Fig. 10. CLSM images of EFH with different pectin concentrations (0.75-
1.50%, w/v) and sodium caseinate emulsion after digestion at oral and

gastric stage. (a) Sodium caseinate emulsion, (b) EFH with 0.75% pectin, (c)
EFH with 1.00% pectin, (d) EFH with 1.25% pectin, and (e) EFH with 1.50%

pectin. The scale bar is 5.0 um.



3.7. Bioaccessibility of curcumin

The bioaccessilbility is the amount of lipophilic bioactive compounds
present in the mixed micelles, which can be absorbed by the epithelial cells
(Zheng, Zhang, Peng, & Julian McClements, 2019). In the presence of lipid
digestion products, mixed micelles were formed, with bile salts,
phospholipids, FFA, and monoglycerides (Porter, Trevaskis, & Charman,
2007; Schwebel, van Hoogevest, Leigh, & Kuentz, 2011; Yao, Xiao, &
McClements, 2014). The high digestion of lipid results in formation of large
amount of mixed micelle, leading to improve bioaccessibility of the

lipophilic bioactive compounds.

As shown in Fig. 11, the bioaccessibility of curcumin incorporated within
EFH with different concentrations of pectin was examined after in vitro
digestion. The bioaccessibility of curcumin in EFH was as follows: 0.75%
pectin (23.95 + 0.8%), 1.00% pectin (21.27 + 1.6), 1.25% pectin (18.69 +
0.7), 1.50% pectin (17.38 = 0.4%). In EFH, the curcumin bioaccessibiliy was
decreased as the pectin concentration increased. These results were attributed
to result from FFA release test. The decrease of FFA release led to lowering
bioaccessibility of curcumin, since there was a few of the curcumin

remaining in the lipid and the number of micelles to dissolve curcumin was
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decreased. Hence, the amount of curcumin in the micelle fraction of digesta

decreased, resulting in reduction of bioaccessibility.

In terms of comparing with emulsion, the bioaccessibility of curcumin was
significantly higher in EFH with 0.75% and 1.00% (p < 0.05) than that of
emulsion (17.25 + 2.1%). However, there was no significant increase of
curcumin bioaccessibility in EFH with pectin concentration (1.25% and
1.50%) compared to emulsion. In EFH, the pectin concentration is
significant factor affecting bioaccessibility. Although the stability of
emulsion was improved during the digestion in all EFH (0.75-1.50% pectin),
the amount of emulsion released in the small intestine decreased as the pectin
concentration increased, resulting in reducing the bioaccessibility of
curcumin. Therefore, controlling the concentration of pectin is important for

developing an effective delivery system.
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Fig. 11. Bioaccessibility of curcumin in sodium caseinate emulsion and EFH

with different pectin concentrations (0.75, 1.00, 1.25, and 1.50%, w/v).
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4. Conclusion

In the present study, EFH containing sodium caseinate emulsion was
successfully prepared using chitosan and pectin without any chemical agents
under the acidic condition. The release of the emulsion occurred at pH 7.4,
but did not at pH 2.0. Moreover, the change in the pectin concentration of
EFH affected the release property of the emulsion from hydrogel matrix. The
increase in pectin concentration resulted in the reduction of the free fatty acid
release and bioaccessibility of curcumin in EFH. The curcumin
bioaccessibility and lipid digestion in EFH were higher than that in emulsion.
It was expected that hydrogel matrix prevent the emulsion from
destabilization during the oral and gastric digestion, resulting in increase of
bioaccessibility and free fatty acid. EFH could be used as a delivery system

of the lipophilic bioactive compounds.
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