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This is the first report on utilizing hydrolyzed karaya gum (HKG) as a novel polyanion material for complex coacervation with
gelatin A. With negative zeta potentials at pH > 2.5, HKG formed the complex coacervate with a maximum yield at pH 3.75and 1:
1 HKG:gelatin ratio. The optimal complex coacervates were used to encapsulate soybean oil containing curcumin using different
shell:core ratios, homogenization speeds, concentrations of emulsifier, and drying techniques. Optical microscopy showed that
increasing homogenization speed and Tween 80 concentration produced smaller and more uniform coacervate particles. In-
creasing the shell:core mass ratio from 1 to 4 resulted in a linear increase in encapsulation efficiencies for both soybean oil and
curcumin. Accelerated peroxidation tests on the microcapsules showed enhanced protective effects against oil peroxidation when
increasing shell:core ratios and using freeze-drying instead of oven-drying at 50 °C. In vitro release of curcumin in simulated
gastric and intestinal fluids was faster when using freeze-drying and decreasing shell:core ratio. This study shows perspective novel

applications of HKG in microencapsulating active ingredients for food and pharmaceutical industries.

1. Introduction

Karaya gum (KG) is the dried exudate from Sterculia urens
of the family Sterculiaceae. It is a branched, acidic, and
partially acetylated polysaccharide with high molecular mass
(9-16 MDa) composed of neutral monosaccharides (13-26%
galactose and 15-30% rhamnose) and sugar acids (30-43%
galacturonic with less than 6% glucuronic). The main chain
is composed of 0-4 units of a-D-galacturonic acid and 0-2
units of L-rhamnose. The side chains are linked to the main
chain by (1—2)-B-D-galactose and a small content of
(1—>3)--D-glucuronic acid bounded to galacturonic acid
units [1]. KG occurs naturally as a salt of Ca®* and Mg** [2].

Due to the water/moisture absorbing, gel- and film-
forming, and adhesive properties, KG is used in hair-
dressing lotions and finger wave lotions in cosmetics, as an
emulsifier, stabilizer, or thickener in the food industry, as a
bulk laxative and dental adhesive in medicine [3]. Native
KG can be used as a polymer substrate in packaging films

containing antibacterial components to improve food
shelf-life [4-6]. Drugs can be loaded on KG-based blends
[1, 7-10], or KG-based hydrogels grafted with other
polymers [11-13]. Responsive hydrogels based on KG
grafted with organic and inorganic polymers are widely
studied for dye adsorption applications [14-19].

The main barrier of KG to wider applications in the food
industry is its low solubility caused by the presence of acetyl
groups (=8%) and divalent cations as crosslinkers (Ca*",
Mg**) [20]. Therefore, deacetylation by alkaline hydrolysis is
a simple chemical modification of KG to increase its solu-
bility and widen its application range. To the best of our
knowledge, although having many useful properties in-
cluding high viscosity, high molecular mass, and emulsifying
and stabilizing ability, hydrolyzed karaya gum (HKG) is not
widely studied and utilized. We found only reports about
further esterification of HKG with dodecenyl succinic or
maleic anhydride to produce antibacterial modified KG
[21, 22].
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Containing galacturonic acid residues, HKG can exist as a
polyanion and interact with other polycations to form
polyelectrolyte complexes called complex coacervates. The
formation of these coacervates, known as complex coacer-
vation, is usually used to encapsulate, protect, and con-
trollably release unstable and active ingredients in foods and
drugs [23, 24]. Gelatin is one of the most popular polycations
studied for complex coacervation due to its non-toxicity, high
emulsifying and stabilizing capacities, high crosslinking
ability through amino groups, abundance, and low price [25].
Gelatin is manufactured by hydrolysis of collagen under
acidic (gelatin A) or basic (gelatin B) conditions. Gelatin A has
an isoelectric point (pI) of nearly 9.2, while pI of gelatin B is
approximately 5. At pH < pl, gelatin has net positive charges
and can interact and form complex coacervates with poly-
anions, such as gum arabic [26, 27], pectin [28], sodium
alginate [29], agar [30], sodium carboxymethyl cellulose [31],
chia mucilage [32], and seed gums [33]. Edible oils are a
common object for microencapsulation in the food industry
because they are sensitive to oxidation due to a high content of
C=C bonds in their molecules [34]. Curcumin is a bioactive
ingredient isolated from turmeric powder. Despite its wide
range of biological activity, including antioxidant, antimi-
crobial, antiviral, anti-inflammatory, antidiabetic, and anti-
cancer properties, curcumin suffers from low solubility in
water, low bioavailability, and poor pharmacokinetic profiles
[35]. To overcome these disadvantages, curcumin was
microencapsulated using spray-drying [36], freeze-drying
[37], isoelectric precipitation [38], or complex coacervation
[39, 40].

In this study, we investigated the complex coacervation
between HKG and gelatin A and then used the complex
coacervate to encapsulate soybean oil and curcumin. We
studied the influences of pH and biopolymer ratios on the
formation of the complex coacervate to find optimal con-
ditions. We then further studied the influences of homog-
enization speed, emulsifier concentration, shell:core ratios,
and drying techniques on properties of microcapsules, in-
cluding size and morphology, encapsulation efficiency,
oxidative stability of soybean oil, and release of curcumin in
simulated gastric and intestinal fluids.

2. Materials and Methods

2.1. Chemicals. KG (Xuan Hong brand) and soybean oil
were purchased in a local supermarket in Ho Chi Minh city.
Absolute ethanol, HCI (35-38%), NaOH, CH3;COONa,
KH,PO,, KSCN, Mohr salt, NaCl, Tween 80, ethyl acetate,
petroleum ether, and gelatin A (bloom 150) were purchased
with analytical grades from Xilong Scientific (China), pepsin
1:3000 from Titan Biotech (India), and pancreatin from
Now (USA). Curcumin was synthesized according to a
patent and purified by thrice recrystallization in ethanol [41].

2.2. Methods

2.2.1. Alkaline Hydrolysis of KG. KG was hydrolyzed
according to a published method [42]. KG (2 g) was ground
to powder, added to 100 mL of water, and left for hydration
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at room temperature under stirring (200rpm) in 24h. A
solution of 1M NaOH (33 mL) was added to the KG sus-
pension. The mixture was stirred for 30 min at 200 rpm, then
neutralized with 1 M HCI, and left under stirring for 30 min
at room temperature. Absolute ethanol (90 mL) was added
to precipitate the hydrolyzed gum. The precipitated HKG
was collected and washed twice with 75% v/v ethanol, cut
into small pieces, dried at 50°C for 24 h, ground into powder,
and stored in a polyethylene bag in a refrigerator at 4°C for
further uses.

2.2.2. Zeta Potential of HKG and Gelatin. Zeta potentials of
0.1% w/v HKG and gelatin solutions were measured at 25°C
with a Zetasizer Nano ZS90 at various pH adjusted by using
0.1M HCI or 0.1 M NaOH.

2.2.3. Influence of pH and HKG:Gelatin Ratio on Complex
Coacervation. To study the influences of pH and HKG:
gelatin mass ratio on the complex coacervation, we adapted
the experimental setups from another paper [43]. Each
biopolymer (0.5 g) was dissolved in 100 mL of distilled water
to obtain a stock 0.5% w/v solution. These solutions were
mixed with volume ratios of 4:1, 2:1, 1:1, 1:2, and 1:4
(HKG:gelatin) and stirred for 5 min. Because the initial w/v
concentrations of both biopolymers are equal, the volume
ratio of their solutions is also the mass ratio of polymers. The
pH of each mixture was adjusted under stirring with 0.1 M
HCI or 0.1 M NaOH. The absorbance at 600 nm of each
mixture at each pH was measured using a spectropho-
tometer (UH5300, Hitachi, Japan). The pH with maximum
absorbance for each HKG:gelatin ratio was considered
optimal for the complex coacervation.

Because a high absorbance does not necessarily associate
with ease in solid recovery by centrifugation, we further
studied the influence of HKG:gelatin ratios on the recovery
percentages of the complex coacervates. The mixtures above
with different HKG:gelatin ratios were adjusted to their
optimal pH, then left for 24 h for complete coacervation, and
centrifuged at 4500 rpm for 10min to recover the solid
coacervates. The solids were dried at 105°C until unchanged
mass. The recovery of HKG-gelatin complex coacervates was
calculated using

m
Recovery (%) = ———— - 100, (1)

where m, is the mass of the dried HKG-gelatin coacervate
and mg and mygg are the initial masses of gelatin and HKG
used in each stock solution.

2.2.4. Encapsulation of Soybean Oil Containing Curcumin
Using HKG-Gelatin Complex Coacervates. Microcapsules
with shell:core ratios of 1:1, 2:1, and 4:1 were prepared
based on another method with slight modifications [44]. The
complex coacervate shell was composed of HKG and gelatin
with a fixed ratio of 1:1. HKG and gelatin were dissolved
separately to obtain 0.5% w/v solutions. Due to the basic
nature of HKG solution, its pH was pre-adjusted to 7 to
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prevent the degradation of curcumin in basic media. Ethyl
acetate (1 mL) was used to dissolve 25 mg of curcumin and
then mixed with 25mL of soybean oil. After vortex, the
mixture was added to the gelatin solution. Tween 80 was
then added with different mass ratios compared to the oil
core (0%, 0.5%, or 1.0%). The mixture was homogenized
(Ultra-Turrax 25, IKA, Germany) for 5min at different
speeds (3000, 6000, or 9000 rpm). The neutralized HKG
solution was added to the mixture under homogenization
with the same speed used above. After homogenization, the
pH was adjusted to 3.75 using 1 M HCl. The mixture was
then stirred for 3 h at 10 + 1°C for the formation of complex
coacervates and then centrifuged at 4500 rpm for 10 min to
obtain the solid microcapsules.

The wet microcapsules were then dried using two methods:
(i) prefreezing at —30°C for 8h and then freeze-drying (FD)
under vacuum (0.05 mbar) at —5°C for 24 h and then at 25°C
for 24 h using a Stellar Iyophilizer (Millrock Technology, USA);
(ii) forced-draft oven-drying (OD) at 50°C for 24h using a
Memmert SF55 oven (Germany).

The composition of 1L of final mixture for each shell:
core ratio is given in Table 1.

2.2.5. Optical Microscopy. Before drying, the dispersions of
soybean oil-curcumin encapsulated in HKG-gelatin coac-
ervate were diluted 10-fold and observed at 1000X magni-
fication using an optical microscope (CX33, Olympus)
connected with a computer.

2.2.6. Determination of Encapsulation Efficiencies (EE) of
Soybean Oil and Curcumin. The encapsulation yields of
soybean oil and curcumin were determined by measuring
the amount of oil and curcumin on the surface and inside the
dried microcapsules [45].

To quantify the oil and curcumin on the surface of
microcapsules, 0.5g of microcapsules was dispersed in
20 mL of petroleum ether and stirred for 10 min. The solid
was filtered on a filter paper and washed with 3 x10 mL of
petroleum ether. The filtrate and washing ether were
combined and evaporated at room temperature, and then at
105°C for 1h, and weighed.

The remaining solid was left in the air to remove the
petroleum ether residue, then mixed, and shaken with 5 mL
of absolute ethanol for exactly 3 min to dissolve curcumin on
the surface of microcapsules. The mixture was then filtered,
and the solid was washed with 3x2mL of ethanol. The
filtrate and washing ethanol portions were combined and
made up to 25 mL with ethanol in a volumetric flask. The
absorbance at 424 nm of the solution was measured and used
to calculate the amount of the surface curcumin using a
curcumin standard curve in ethanol (equation 2):

Absorbance = 0.1514 C (ug/mL) + 0.0639 (with R = 0.9989).
(2)

The solid remaining after surface curcumin determi-
nation was left in the air for drying for 1 h. Then, 10 mL of
4M HCI was added and the mixture was stirred for 2h to

TaBLE 1: Amounts of components used in 1L of final solution for
microencapsulation of soybean oil and curcumin.

Shell:core HKG  Gelatin Curcumin Soybean oil
ratio (g) (g) (mg) (g)
1:1 2.50 2.50 5.0 5.00
2:1 2.50 2.50 2.5 2.5
4:1 2.50 2.50 1.25 1.25

break the shell of microcapsules and release the oil and
curcumin. After that, 10 mL of petroleum ether was added
and the mixture was shaken vigorously for 10 min to extract
the released oil. The mixture was then centrifuged at
2500 rpm for 30 min. The upper ether layer was taken out
and dried to determine the amount of released oil. The
extraction with petroleum ether was repeated one more time
to ensure complete oil extraction.

The remaining solid and liquid layer after centrifugation
was added with 10 mL of ethyl acetate and shaken for 10 min
to extract curcumin. After centrifugation and taking out the
upper layer containing curcumin, the process of curcumin
extraction was repeated two more times to ensure complete
curcumin extraction. The extracted ethyl acetate portions
were combined and made up to 50 mL with ethyl acetate. The
absorbance at 424 nm of the solution was measured and used
to calculate the amount of encapsulated curcumin using a
curcumin standard curved in ethyl acetate (equation 3):

Absorbance = 0.0964C (ug/mL) — 0.018 (with R* = 0.9991).
(3

Encapsulation efficiencies (EE) for oil and curcumin
were calculated using equations (4) and (5):

m
EE,; (%) = —>— x 100,
Oll( 0) My + My, (4)
m
EE_, (%) = ———x 100,
cur( 0) M + Mg (5)

where mg, and m,, are the weights of surface and encap-
sulated fractions of oil, respectively, and m,. and m.. are the
weights of surface and encapsulated fractions of curcumin,
respectively.

2.2.7. Oxidative Stability of Encapsulated Soybean Oil.
Ferric thiocyanate method was used to evaluate the
accelerated oxidation of the encapsulated and the control
soybean oil [46]. The microcapsules and the control oil were
placed in Petri dishes in an oven at 105 C. After every 3 h,
0.1 mL of the control oil was vigorously mixed with 0.1 mL of
Tween 20, 9.7 mL of distilled water. After that, 20 uL of 30%
KSCN and 20 4L of 20 mM Mohr salt (NH,),Fe(SO,), in
HCI 3.5% were added and shaken for 5 min. The absorbance
of the mixture at 500 nm was measured as an indication of
the amount of peroxide formed. Before measuring the ox-
idation extent of encapsulated oil, the microcapsules were
stirred with 5mL of 4 M HCI for 2 h to break the shell and
release the encapsulated oil. Petroleum ether was added to
extract the oil and then evaporated. The extent of



peroxidation of the oil was tested by the procedure used for
the control. The measurements were conducted until the
absorbance of the control reached a maximum.

The percentage of inhibition of peroxidation for en-
capsulated oil was calculated using

A.-A
< e %100, (6)
A

C

peroxidation inhibition (%) =

where A. is the maximum absorbance from the control and
A, is the absorbance from the encapsulated oil when the
control reached maximum absorbance.

2.2.8. In Vitro Release of Curcumin. The release of curcumin
from microcapsules was studied in vitro using simulated
gastric fluid (SGF) and simulated intestinal fluid (SIF) [47].

The total amount of curcumin on the surface and inside
1.0g of microcapsules was determined by sequentially
digesting the microcapsules with 20 mL of 4 M HCI for 2h
under stirring, extracting curcumin with ethyl acetate for
three times (3 x5mL), combining the ethyl acetate layers,
making up to 20 mL, and measuring the absorbance (4,) at
424 nm.

SGF was prepared by dissolving 0.2 g of NaCl, 0.32 g of
pepsin, 0.7mL of 35-38% HCI in water, then making up
100 mL and adjusting to pH 2.0. The microcapsules (1.0 g)
were stirred in the SGF for 2 h at 37°C. Ethyl acetate (15 mL)
was then added and the mixture was vigorously shaken for
5min to extract curcumin and then centrifuged at 3000 rpm
for 5 min. The upper layer was taken out, made up to 20 mL
with ethyl acetate, and the absorbance at 424nm was
measured (Asgg). The percentage of curcumin released in
SGF was calculated as (Aggp/A,) - 100%.

SIF was prepared by dissolving 0.68 g of KH,PO,, 0.62 g
NaOH, and 1.0g of pancreatin in distilled water, then
making up to 100mL and adjusting to pH 7.0. The mi-
crocapsules (1.0 g) were stirred in 50 mL of SGF for 2 h, and
then 50 mL of SIF was added. The mixture was stirred again
for 4 h. The released curcumin was quantified by extracting
with ethyl acetate (3 x5mL), making up to 20mL, and
measuring the absorbance at 424 nm (Agr), as described
above. The percentage of curcumin released in SIF was
calculated as (Agp/A,) - 100%.

To evaluate the effect of pepsin, the same procedures
were carried out without adding pepsin in the SGF.

2.2.9. Statistical Analyses. All experiments were randomized
and triplicated. The results are presented as mean + standard
deviation. Statistical significance of data was analyzed using
Duncan’s multiple range tests with the common criteria
p<0.05.

3. Results and Discussion

3.1. Zeta Potentials of HKG and Gelatin. To determine the
optimal pH for the complex coacervation between HKG and
gelatin, their zeta potentials were measured in solutions with
different pH from 2.5 to 8.5 (Figure 1).
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FIGURE 1: Zeta potentials of 0.1% gelatin and 0.1% HKG aqueous
solutions at different pH.

Zeta potential is the measure of electrical potential and
charges near the hydrodynamic slip plane of a microparticle.
HKG had negative charges in the studied pH range because
37-40% of HKG are galacturonic and glucuronic acids [1].
Even in acidic solutions, the carboxyl groups in these acid
units partially dissociate to carboxylate ions (-COOH —
-COO™ + H"), hence giving HKG the negative charges [48].
When the pH increases, these carboxyl groups of HKG are
deprotonated to a larger extent and hence shift the zeta
potentials to the negative side.

On the other hand, gelatin A has an isoelectric point of
9.2, making its molecules positively charged in the studied
pH range lower than 9.2 [49]. Gelatin A is manufactured by
partial acidic hydrolysis of collagen, so its molecule contains
more free amino groups than free carboxyl groups, thus
making it positively charged in acidic solutions.

The opposite charges of HKG and gelatin ensure the
formation of polyelectrolyte complex between them in a
wide pH range from acidic to weakly basic. When pH > 9.2,
both polymers obtain negative charges and cannot form the
complex. We expected the complex coacervation to be most
effective at pH = 3-4, when the zeta potentials of HKG and
gelatin are approximately equal, leading to a complex with
almost no residue charge. The zero total charges would
eliminate the electrostatic repulsions between the complex
coacervate particles, hence promoting their agglomeration
and recovery.

3.2. Influence of pH on HKG-Gelatin Complex Coacervation.
The extent of HKG-gelatin complex coacervation was
evaluated by the absorbance of the dispersion at 600 nm
(turbidity) measured at different pH and HKG:gelatin ratios
(Figure 2).

When pH of the dispersion decreased from 4.5 to 3.8, the
turbidity of all HKG-gelatin dispersions increased. The reason
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FiGure 2: Turbidity of the complex coacervate dispersions at
different pH and HKG:gelatin ratios.

for this trend is that when the dispersion became more acidic,
the zeta potential of gelatin became more positive, while the
zeta potential of HKG also increased but still in the negative
region. The result was the total charge of the complex co-
acervates became less negative and thus reduced electrostatic
repulsions between particles and the stability of HKG-gelatin
dispersions. Zero-charged complex particles were formed at
pH 3.7-3.8 and easily precipitated out of the solution,
resulting in the maximum turbidities. This was the optimum
pH region for the formation of HKG-gelatin complex co-
acervates, which is very close to the optimum pH for complex
coacervation between gelatin and other polyanion biopoly-
mers at 1:1 ratio, including acacia gum (3.75) [50], pectin
(3.8) [51], sodium alginate (3.8-4.0) [29, 52], and cashew gum
(4.1) [53].

However, when pH was lower than 3.7, the turbidity
decreased (Figure 2), indicating the dissolution of the
formed HKG-gelatin complex. When the medium is highly
acidic, the HKG-gelatin complex becomes positively charged
and this charge triggers the electrostatic repulsions between
the complex particles, making them colloidally stable.

Figure 3 shows that the maximum turbidity and the
amount of solid complex coacervates obtained after cen-
trifugation were highest at the HKG:gelatin ratio of 1:1.

When gelatin was used at higher ratios (HKG:gelatin
ratios of 1:2 and 1:4), the turbidity and complex recovery
slightly decreased because some of the excessive gelatin
would absorb onto the surface of HKG-gelatin complex and
impart the complex a positive charge. Complex particles
with positive charges repulse each other, keeping their sizes
small and stable against centrifugation. Notably, when HKG
was used at higher ratios (HKG:gelatin ratios of 2:1 and 4:
1), the turbidity significantly decreased and even no solid
was obtained after centrifugation. We found that the dis-
persions with high HKG contents are highly viscous, which
might be the additional reason preventing HKG-gelatin
complex particles to agglomerate and settle under centri-
fugation. In summary, we chose pH 3.75 and HKG:gelatin

5
1.5 ~ 100
+ 80
1.0 s
g -60 =
2 3
2 g
e F40 3
0.5 =)
w
- 20
0.0 ¢ T T T T T 0
4:1 2:1 1:1 1:2 1:4
HKG : gelatin

FIGURE 3: Maximum absorbance and solid recovery from the
dispersions with different HKG:gelatin ratios.

mass ratio 1:1 as the optimal conditions for the maximum
formation and recovery of HKG-gelatin complex.

3.3. Microscopy Analysis. Technologically, it is desired that
the HKG-gelatin complex particles are small and homo-
geneous. Therefore, homogenization and emulsifier Tween
80 were used to reduce the particle size and stabilize the
formed particles, respectively. The dispersions of HKG-
gelatin microcapsules containing soybean oil and curcumin
were 10-fold diluted and observed at 1000x magnification.
The inset in Figure 4 shows that the HKG-gelatin complex
coacervates were liquid-like spherical because HKG is a
weak polyanion [54]. Although the droplets were in contact
with each other, they did not unite into larger units, indi-
cating a good encapsulating and protecting effect of the
HKG-gelatin coacervate shell.

Increasing the homogenization speed from 3000 to
6000 rpm resulted in decreases in the mean and standard
deviation of particle sizes (n=500), indicating that the
microcapsules were torn into smaller and more mono-
dispersed particles. However, when the homogenization
speed increased from 6000 to 9000 rpm, the mean of particle
sizes decreased not significantly, and their standard devia-
tion was almost unchanged. Therefore, 6000 rpm is an ap-
propriate homogenization speed for the
microencapsulation.

The concentration of emulsifier is another important
factor regulating the particle sizes. When no emulsifier was
used, the microcapsules were large with approximately 85%
of their sizes ranging from 25 to 45 ym (Figure 5).

Although homogenization effectively reduced the sizes
of oil droplets and the complex coacervates, the absence of
an emulsifier resulted in their quick aggregation and larger
particle sizes. The presence of Tween 80 decreased the
surface tension between the particles and the aqueous
medium, thus facilitating the breakup of the particles and
preventing their coalescence [55, 56]. Increasing the con-
centration of Tween 80 also decreased the standard deviation
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FIGURE 4: Influence of homogenization speed on the size distribution of HKG-gelatin coacervates. Inset: an example of optical microscopic

images used for size analyses.
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FiGure 5: Influence of Tween 80 concentration on the size dis-
tribution of HKG-gelatin complex particles.

(SD) of the coacervate sizes, indicating a more narrow size
distribution.

3.4. Encapsulation Efficiencies for Soybean Oil and Curcumin.
Figure 6 shows no significant differences (p > 0.05) between
EE of soybean and curcumin at the same shell:core ratio.
This indicates that curcumin was well contained in soybean
oil and did not leak out to the aqueous medium due to the
extremely low solubility of curcumin in water.

80 -

Encapsulation efficiency (%)

Curcumin

Soybean oil

m 1:1
m 2:1
w 4:1

F1GURE 6: Encapsulation efficiencies of soybean oil and curcumin in
microcapsules with different shell:core ratios.

Increasing the shell:core ratio resulted in an increase in
EE, which was in accordance with other studies on several
complex coacervate shell:core systems, such as gelatin-acacia:
vitamin A palmitate [26], gelatin-alginate:black pepper es-
sential oil [29], and gelatin-chia mucilage:oregano essential oil
[32]. Detailed calculations show that increasing one part of
the shell (from 1:1 to 2:1) improved EE by approximately 8%
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while increasing two parts of the shell (from 2:1 to 4:1)
improved EE by 20%. This means that, in the studied shell:
core range, every part of shell encapsulated approximately
8-10% of soybean oil and curcumin, indicating the oil was still
in excess, the shell encapsulated at its maximum capacity, and
there was still room for significantly higher EE by further
increasing the shell:core ratio [57].

When increasing shell:core ratio from 1:1 to 2:1 and
4:1, the recovery of initial materials (gelatin, HKG, and
oil) significantly (p <0.05) increased from 48.5% to 55.6%
and 68.1%, respectively. This increase was also linear with
the increase in the shell amount in the encapsulating
system, indicating that further increasing shell:core ratio
may enhance solid recovery, beside EE. However, too high
shell:core ratio would result in a very low release of
curcumin in the intestinal fluid, as would be shown below
in Section 3.6.

3.5. Oxidative Stability of Encapsulated Soybean Oil. One of
the most important properties of edible oils is their oxidation
to a series of products their causing off-flavours and ran-
cidity. Peroxides are the products of the first steps in oil
rancidity. We studied the protective effect of the HKG-
gelatin shell against soybean oil peroxidation in an
accelerated oxidative test using ferric thiocyanate method to
evaluate the extent of oil peroxidation. The original soybean
oil was used as the control. Figure 7 shows that, in the
beginning, the OD microcapsules had higher degrees of
oxidation than FD microcapsules. This is because, during
OD at high temperature (50°C), the oil on the surface of
microcapsules was oxidized at a higher extent than during
FD under low temperature and in vacuum.

After an induction period, the degree of peroxidation of
oils in all samples sped up and reached a maximum. After
this maximum, the peroxides were further oxidized to
secondary products such as aldehydes, ketones, and acids
with off-flavours, thus resulting in the decline of absorbance
(Figure 7). The kinetic pattern in our study was typical for
edible oil peroxidation [58]. Table 2 shows that, compared to
the control, all microcapsules had longer induction periods,
and longer time to reach maximum peroxidation, and higher
percent of inhibition of peroxidation. These results dem-
onstrate the protecting effect of the coacervate shell against
oil oxidation. The coacervate shell plays the role of a physical
barrier to the diffusion of oxygen, heat, and light, hence
retarding the oil oxidation [59].

For both drying methods, increasing the shell:core ratio
resulted in higher stability (longer induction and perox-
idation times) possibly due to the decrease in surface oil
portion and increase in the shell thickness, which prevents
the diffusion of oxygen into microcapsules.

For every shell:core ratio, the oil in FD microcapsules
was oxidized slower than in OD microcapsules (higher
percent of inhibition). This result is in accordance with
another study, in which methyl linoleate encapsulated with
gum arabic by FD showed higher oxidative stability than by
OD [60]. However, this result seems contradictory to an-
other study, in which oils in FD microcapsules are less stable
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FIGURE 7: Kinetics of soybean oil peroxidation in OD and FD
microcapsules with shell: core ratios of 1, 2, and 4.

than oils in spray-dried microcapsules due to the porous
structure of FD microcapsules, which facilitates oxygen
diffusion and oil oxidation [61]. The reason for this con-
tradiction can be that the high temperature and long drying
time during OD produced minor components, such as free
fatty acids due to partial hydrolysis, and thermally oxidized
compounds, which accelerated the autoxidation of soybean
oil. These compounds contain both hydrophilic and hy-
drophobic groups and thus can act as an emulsifier, lower
the surface tension, increase the introduction of oxygen into
the oil, and accelerate the oil oxidation [62].

3.6. In Vitro Release of Curcumin in Simulated Gastric and
Intestinal Fluids. The release of bioactive ingredients from
coacervate microcapsules in the digestive tract is a com-
plicated process and plays an important role in the uptake,
distribution, and bioavailability of these bioactive compo-
nents. In the gastric digestion, the simultaneous effects of
enzymes and acidic pH 1-2 often destroy some of the
bioactive compounds, normally in emulsions [63, 64]. A low
release of encapsulated ingredients in the gastric fluid and a
high release in the intestinal fluid are desired properties of
microcapsules [65]. The percent of curcumin release at
various conditions is shown in Table 3.

Freeze-drying (instead of oven-drying), using pepsin,
adding SIF after SGF, and decreasing the shell:core ratio
significantly (p < 0.001) increased curcumin release from the
microcapsules. The enhancing effect of freeze-drying com-
pared to oven-drying is due to the porous structure of
microcapsules that facilitates their contact with acids and
enzymes in the simulated fluids. In SGF, pepsin partially
digests gelatin and acids partially hydrolyze HKG in the
shell, thus releasing a part of curcumin in oil droplets. In SIF,
pancreatin (a mixture of amylase, lipase, and protease)
further digests gelatin in the shell and the oil droplet in the
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TaBLE 2: Kinetics characteristics of peroxidation of soybean oil in microcapsules with different drying methods and shell: core ratios.

Control oDl 0oD2 OD4 FDI FD2 FD4
Induction (h) 9 15 18 21 21 24 27
Maximum peroxidation (h) 18 21 24 27 27 30 36
Inhibition of peroxidation (%) 0 250+04"  492+02° 55.3+0.2¢ 69.5+0.5° 71.5+0.9° 78.9+0.1°

Results are expressed as mean + standard deviation (n = 3). Means in the same row with different letters are significantly different based on Duncan multiple

range test.

TaBLE 3: Percent of curcumin released in different simulated di-
gestive fluids.

Without pepsin With pepsin

SGF (%) SGF+SIF (%) SGF (%) SGF+SIF (%)
OD1 105+01°  51.9+0.1¢ 263+02% 72.7+04¢
OD2 99+05°  485+03°  21.7+0.5° 66.4+0.1°
OD4 89+0.1% 31.1+0.5° 150404  41.2+0.7°
FDI 246+05 687406  311+036°  89.2+03f
FD2 201+0.1°  621+02°  27.6+02°  79.9+04°
FD4 121+0.1%  463+09° 18.0+0.2° 64.1+0.6°

Results are expressed as mean + standard deviation (n=3). Means in the
same column with different letters are significantly different based on
Duncan multiple range test.

core, thus facilitating the release of curcumin. It should be
noted that HKG is a soluble dietary fibre and cannot be
digested by the enzymes. Increasing the shell:core ratio
thickens the shell, thus requiring more time for the enzymes
to digest and resulting in a slower release of curcumin.

4. Conclusion

Hydrolyzed karaya gum forms complex coacervates with
gelatin A with a maximum yield at pH of 3.75 and 1:1 mass
ratio. The complex coacervate can microencapsulate, protect
edible oils from oxidation, and controllably release active
ingredients in simulated intestinal fluids. Combinations of
HKG with other polycationic polymers can be further ex-
plored, such as other proteins and chitosan. Although
natural KG is an approved food additive (E 416), HKG has
not been tested for toxicity and cannot be used in foods and
pharmaceuticals in the present and near future. However,
based on their close structures with acetyl groups in KG
replaced by hydrogen, we suggest that HKG has close or even
higher safety and biocompatibility and biodegradability than
natural KG. Therefore, HKG can have other promising
applications in food and pharmaceutical industries, such as
an emulsifier, thickener, stabilizer, and carrier for active
ingredients.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors gratefully thank Ho Chi Minh City University of
Technology and Education for facility and equipment
support.

References

[1] G. A. Lujan-Medina, J. Ventura, A. C. L. Ceniceros,
J. A. Ascacio, D. B.-V. Valdés, and C. N. Aguilar, “Karaya
gum: general topics and applications,” Macromolecules: An
Indian Journal, vol. 9, pp. 111-116, 2013.

[2] P. A. Williams, G. O. Phillips, A. M. Stephen, and
S. C. Churms, “13 gums and mucilages,” Food Polysaccharides
and Their Applications, vol. 455, 2006.

[3] J. N. BeMiller and R. L. Whistler, Industrial Gums: Polysac-
charides and Their Derivatives, Academic Press, Cambridge,
MA, USA, 2012.

[4] T. L. Cao and K. B. Song, “Active gum karaya/Cloisite Na+
nanocomposite films containing cinnamaldehyde,” Food
Hydrocolloids, vol. 89, pp. 453-460, 2019.

[5] T. L. Cao and K. B. Song, “Effects of gum karaya addition on

the characteristics of loquat seed starch films containing

oregano essential oil,” Food Hydrocolloids, vol. 97, Article ID

105198, 2019.

B. Yousuf, S. Wu, and Y. Gao, “Characteristics of karaya gum

based films: amelioration by inclusion of Schisandra chinesis

oil and its oleogel in the film formulation,” Food Chemistry,

vol. 345, p. 128859, 2020.

A. Raizaday, H. K. S. Yadav, S. H. Kumar, S. Kasina, M. Navya,

and C. Tashi, “Development of pH sensitive microparticles of

karaya gum: by response surface methodology,” Carbohydrate

Polymers, vol. 134, pp. 353-363, 2015.

[8] D.L.Munday and P.J. Cox, “Compressed xanthan and karaya
gum matrices: hydration, erosion and drug release mecha-
nisms,” International Journal of Pharmaceutics, vol. 203,
no. 1-2, pp. 179-192, 2000.

[9] H. V. Gangadharappa, M. Rahamath-Ulla, T. M. Pramod-Kumar,
and F. Shakeel, “Floating drug delivery system of verapamil
hydrochloride using karaya gum and HPMC,” Clinical Research
and Regulatory Affairs, vol. 27, no. 1, pp. 13-20, 2010.

[10] H. Bera, S. G. Kandukuri, A. K. Nayak, and S. Boddupalli,
“Alginate-sterculia gum gel-coated oil-entrapped alginate
beads for gastroretentive risperidone delivery,” Carbohydrate
Polymers, vol. 120, pp. 74-84, 2015.

[11] B. Singh and B. Singh, “Radiation induced graft copoly-
merization of graphene oxide and carbopol onto sterculia
gum polysaccharide to develop hydrogels for biomedical
applications,” FlatChem, vol. 19, Article ID 100151, 2020.

[12] B.Singh and B. Singh, “Influence of graphene-oxide nanosheets
impregnation on properties of sterculia gum-polyacrylamide
hydrogel formed by radiation induced polymerization,” In-
ternational Journal of Biological Macromolecules, vol. 99,
pp. 699-712, 2017.

[6

[7



Journal of Food Quality

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

(25]

(26]

B. Singh and N. Sharma, “Development of novel hydrogels by
functionalization of sterculia gum for use in anti-ulcer drug
delivery,” Carbohydrate Polymers, vol. 74, no. 3, pp. 489-497,
2008.

P. Bidarakatte Krishnappa and V. Badalamoole, “Karaya gum-
graft-poly(2-(dimethylamino)ethyl methacrylate) gel: an ef-
ficient adsorbent for removal of ionic dyes from water,” In-
ternational Journal of Biological Macromolecules, vol. 122,
pp. 997-1007, 2019.

B. K. Preetha and V. Badalamoole, “Modification of Karaya
gum by graft copolymerization for effective removal of an-
ionic dyes,” Separation Science and Technology, vol. 54, no. 16,
pp. 2638-2652, 2019.

B. K. Preetha and B. Vishalakshi, “Microwave assisted syn-
thesis of karaya gum based montmorillonite nanocomposite:
characterisation, swelling and dye adsorption studies,” In-
ternational Journal of Biological Macromolecules, vol. 154,
pp. 739-750, 2020.

H. Mittal, A. Maity, and S. S. Ray, “Synthesis of co-polymer-
grafted gum karaya and silica hybrid organic-inorganic hydrogel
nanocomposite for the highly effective removal of methylene
blue,” Chemical Engineering Journal, vol. 279, pp. 166-179, 2015.
B. Preetha and B. Vishalakshi, “Karaya gum-graft-poly (N,
N’-dimethylacrylamide) gel: a pH responsive potential
adsorbent for sequestration of cationic dyes,” Journal of
Environmental Chemical Engineering, vol. 8, no. 2, Article
ID 103608, 2020.

N. Kumar, H. Mittal, V. Parashar, S. S. Ray, and J. C. Ngila,
“Efficient removal of rhodamine 6G dye from aqueous so-
lution using nickel sulphide incorporated polyacrylamide
grafted gum karaya bionanocomposite hydrogel,” RSC Ad-
vances, vol. 6, no. 26, pp. 21929-21939, 2016.

H. Postulkova, I. Chamradova, D. Pavlinak, O. Humpa,
J. Jancar, and L. Vojtova, “Study of effects and conditions on
the solubility of natural polysaccharide gum karaya,” Food
Hydrocolloids, vol. 67, pp. 148-156, 2017.

V. V. T. Padil, C. Senan, and M. Cernik, “Dodecenylsuccinic
anhydride derivatives of gum karaya (Sterculia urens):
preparation, characterization, and their antibacterial prop-
erties,” Journal of Agricultural and Food Chemistry, vol. 63,
no. 14, pp. 3757-3765, 2015.

S. C. C. C. Silva, E. M. d. Araujo Braz, F. A. d. Amorim
Carvalho et al., “Antibacterial and cytotoxic properties from
esterified Sterculia gum,” International Journal of Biological
Macromolecules, vol. 164, pp. 606615, 2020.

Y. P. Timilsena, T. O. Akanbi, N. Khalid, B. Adhikari, and
C.J. Barrow, “Complex coacervation: principles, mechanisms
and applications in microencapsulation,” International
Journal of Biological Macromolecules, vol. 121, pp. 1276-1286,
2019.

N. Devi, M. Sarmah, B. Khatun, and T. K. Maji, “Encapsu-
lation of active ingredients in polysaccharide-protein complex
coacervates,” Advances in Colloid and Interface Science,
vol. 239, pp. 136-145, 2017.

D. FE. Silva, C. S. Favaro-trindade, G. A. Rocha, and
M. Thomazini, “Microencapsulation of lycopene by gelatin-
pectin complex coacervation,” Journal of Food Processing and
Preservation, vol. 36, no. 2, pp. 185-190, 2012.

V. B. Junyaprasert, A. Mitrevej, N. Sinchaipanid, P. Boonme,
and D. E. Wurster, “Effect of process variables on the mi-
croencapsulation of vitamin A palmitate by gelatin-acacia
coacervation,” Drug Development and Industrial Pharmacy,
vol. 27, no. 6, pp. 561-566, 2001.

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

R. Shaddel, J. Hesari, S. Azadmard-Damirchi,
H. Hamishehkar, B. Fathi-Achachlouei, and Q. Huang, “Use
of gelatin and gum Arabic for encapsulation of black rasp-
berry anthocyanins by complex coacervation,” International
Journal of Biological Macromolecules, vol. 107, pp. 1800-1810,
2018.

B. Muhoza, S. Xia, J. Cai, X. Zhang, E. Duhoranimana, and
J. Su, “Gelatin and pectin complex coacervates as carriers for
cinnamaldehyde: effect of pectin esterification degree on
coacervate formation, and enhanced thermal stability,” Food
Hydrocolloids, vol. 87, pp. 712-722, 2019.

L. P. H. Bastos, J. Vicente, C. H. C. dos Santos,
M. G. de Carvalho, and E. E. Garcia-Rojas, “Encapsulation of
black pepper (Piper nigrum L.) essential oil with gelatin and
sodium alginate by complex coacervation,” Food Hydrocol-
loids, vol. 102, p. 105605, 2020.

S.S. Singh, V. K. Aswal, and H. B. Bohidar, “Structural studies
of agar-gelatin complex coacervates by small angle neutron
scattering, rheology and differential scanning calorimetry,”
International Journal of Biological Macromolecules, vol. 41,
no. 3, pp. 301-307, 2007.

E. Duhoranimana, E. Karangwa, L. Lai et al., “Effect of sodium
carboxymethyl cellulose on complex coacervates formation
with gelatin: coacervates characterization, stabilization and
formation mechanism,” Food Hydrocolloids, vol. 69,
pp. 111-120, 2017.

R. Herndndez-Nava, A. Lopez-Malo, E. Palou, N. Ramirez-
Corona, and M. T. Jiménez-Munguia, “Encapsulation of
oregano essential oil (Origanum vulgare) by complex coac-
ervation between gelatin and chia mucilage and its properties
after spray drying,” Food Hydrocolloids, vol. 109, Article ID
106077, 2020.

H. Gharanjig, K. Gharanjig, M. Hosseinnezhad, and
S. M. Jafari, “Development and optimization of complex
coacervates based on zedo gum, cress seed gum and gelatin,”
International Journal of Biological Macromolecules, vol. 148,
pp. 31-40, 2020.

S. S. Sagiri, A. Anis, and K. Pal, “Review on encapsulation of
vegetable oils: strategies, preparation methods, and applica-
tions,” Polymer-plastics Technology and Engineering, vol. 55,
no. 3, pp. 291-311, 2016.

R. R. Kotha and D. L. Luthria, “Curcumin: biological,
pharmaceutical, nutraceutical, and analytical aspects,” Mol-
ecules, vol. 24, no. 16, p. 2930, 2019.

A. Bucurescu, A. C. Blaga, B. N. Estevinho, and F. Rocha,
“Microencapsulation of curcumin by a spray-drying tech-
nique using gum Arabic as encapsulating agent and release
studies,” Food and Bioprocess Technology, vol. 11, no. 10,
pp. 1795-1806, 2018.

M. Sousdaleff, M. L. Baesso, A. M. Neto, A. C. Nogueira,
V. A. Marcolino, and G. Matioli, “Microencapsulation by
freeze-drying of potassium norbixinate and curcumin with
maltodextrin: stability, solubility, and food application,”
Journal of Agricultural and Food Chemistry, vol. 61, no. 4,
pp. 955-965, 2013.

I. R. Ariyarathna and D. N. Karunaratne, “Microencapsula-
tion stabilizes curcumin for efficient delivery in food appli-
cations,” Food Packaging and Shelf Life, vol. 10, pp. 79-86,
2016.

N. Shahgholian and G. Rajabzadeh, “Fabrication and char-
acterization of curcumin-loaded albumin/gum Arabic coac-
ervate,” Food Hydrocolloids, vol. 59, pp. 17-25, 2016.

L. Maldonado, R. Sadeghi, and J. Kokini, “Nanoparticulation
of bovine serum albumin and poly-d-lysine through complex



10

(41]

(42]

[43

(44]

(45]

(46]

[47

(48]

(49]

(50]

(51]

(52]

[53

(54]

(55]

(56]

coacervation and encapsulation of curcumin,” Colloids and
Surfaces B: Biointerfaces, vol. 159, pp. 759-769, 2017.

M. H. Krackov and H. E. Bellis, “Process for the synthesis of
curcumin-related compounds,” Google Patents, 1997.

H. Postulkova, E. Nedomova, V. Hearnden, C. Holland, and
L. Vojtova, “Hybrid hydrogels based on polysaccharide gum
karaya, poly (vinyl alcohol) and silk fibroin,” Materials Re-
search Express, vol. 6, no. 3, Article ID 035304, 2018.

D. Eratte, B. Wang, K. Dowling, C. J. Barrow, and
B. P. Adhikari, “Complex coacervation with whey protein
isolate and gum Arabic for the microencapsulation of omega-
3 rich tuna oil,” Food & Function, vol. 5, no. 11,
pp. 2743-2750, 2014.

G. F. Palmieri, S. Martell, D. Lauri, and P. Wehrle, “Gelatin-
acacia complex coacervation as a method for ketoprofen
microencapsulation,” Drug Development and Industrial
Pharmacy, vol. 22, no. 9-10, pp. 951-957, 1996.

L. A. C. Zuanon, C. R. Malacrida, and V. R. N. Telis, “Pro-
duction of turmeric oleoresin microcapsules by complex
coacervation with gelatin-gum Arabic,” Journal of Food
Process Engineering, vol. 36, no. 3, pp. 364-373, 2013.

T. Ak and I. Giilgin, “Antioxidant and radical scavenging
properties of curcumin,” Chemico-Biological Interactions,
vol. 174, no. 1, pp. 27-37, 2008.

J. Li, G. H. Shin, I. W. Lee, X. Chen, and H. J. Park, “Soluble
starch formulated nanocomposite increases water solubility
and stability of curcumin,” Food Hydrocolloids, vol. 56,
pp. 41-49, 2016.

M. Jefferies, G. Pass, and G. O. Phillips, “The potentiometric
titration of gum karaya aud some other tree-exudate gums,”
Journal of Biochemical Toxicology, vol. 27, no. 6, pp. 625-630,
1977.

N. Joshi, K. Rawat, and H. B. Bohidar, “pH and ionic strength
induced complex coacervation of Pectin and Gelatin A,” Food
Hydrocolloids, vol. 74, pp. 132-138, 2018.

D. J. Burgess and J. E. Carless, “Microelectrophoretic studies
of gelatin and acacia for the prediction of complex coacer-
vation,” Journal of Colloid and Interface Science, vol. 98, no. 1,
pp. 1-8, 1984.

M. Saravanan and K. P. Rao, “Pectin-gelatin and alginate-
gelatin complex coacervation for controlled drug delivery:
influence of anionic polysaccharides and drugs being en-
capsulated on physicochemical properties of microcapsules,”
Carbohydrate Polymers, vol. 80, no. 3, pp. 808-816, 2010.
U. A. Shinde and M. S. Nagarsenker, “Characterization of
gelatin-sodium alginate complex coacervation system,” In-
dian Journal of Pharmaceutical Sciences, vol. 71, no. 3, p. 313,
2009.

J. Gomez-Estaca, T. A. Comunian, P. Montero, R. Ferro-
Furtado, and C. S. Favaro-Trindade, “Encapsulation of an
astaxanthin-containing lipid extract from shrimp waste by
complex coacervation using a novel gelatin-cashew gum
complex,” Food Hydrocolloids, vol. 61, pp. 155-162, 2016.

C. G. De Kruif, F. Weinbreck, and R. de Vries, “Complex
coacervation of proteins and anionic polysaccharides,” Cur-
rent Opinion in Colloid & Interface Science, vol. 9, no. 5,
pp. 340-349, 2004.

H. Guo and X. Zhao, “Preparation of microcapsules with
narrow-size distribution by complex coacervation: effect of
sodium dodecyl sulphate concentration and agitation rate,”
Journal of Microencapsulation, vol. 25, no. 4, pp. 221-227,
2008.

M.-T. Celis, B. Contreras, A. Forgiarini, P. Rosenzweig L., and
L. H. Garcia-Rubio, “Effect of emulsifier type on the

(57]

(58]

(59]

[60]

(61]

(62]

(63]

(64]

(65]

Journal of Food Quality

characterization of O/W emulsions using a spectroscopy
technique,” Journal of Dispersion Science and Technology,
vol. 37, no. 4, pp. 512-518, 2016.

H. Turasan, S. Sahin, and G. Sumnu, “Encapsulation of
rosemary essential oil,” LWT-Food Science and Technology,
vol. 64, no. 1, pp. 112-119, 2015.

M.-Y. Baik, E. L. Suhendro, W. W. Nawar, D. J. McClements,
E. A. Decker, and P. Chinachoti, “Effects of antioxidants and
humidity on the oxidative stability of microencapsulated fish
oil,” Journal of the American Oil Chemists” Society, vol. 81,
no. 4, pp. 355-360, 2004.

M. L. Martinez, M. L. Curti, P. Roccia et al., “Oxidative sta-
bility of walnut (Juglans regia L.) and chia (Salvia hispanica L.)
oils microencapsulated by spray drying,” Powder Technology,
vol. 270, pp. 271-277, 2015.

Y. Minemoto, S. Adachi, and R. Matsuno, “Comparison of
oxidation of methyl linoleate encapsulated with gum Arabic
by hot-air-drying and freeze-drying,” Journal of Agricultural
and Food Chemistry, vol. 45, no. 12, pp. 4530-4534, 1997.
S. H. Anwar and B. Kunz, “The influence of drying methods
on the stabilization of fish oil microcapsules: comparison of
spray granulation, spray drying, and freeze drying,” Journal of
Food Engineering, vol. 105, no. 2, pp. 367-378, 2011.

E. Choe and D. B. Min, “Mechanisms and factors for edible oil
oxidation,” Comprehensive Reviews in Food Science and Food
Safety, vol. 5, no. 4, pp. 169-186, 2006.

T. P. Sari, B. Mann, R. Kumar et al, “Preparation and
characterization of nanoemulsion encapsulating curcumin,”
Food Hydrocolloids, vol. 43, pp. 540-546, 2015.

A. Sarkar, K. K. T. Goh, R. P. Singh, and H. Singh, “Behaviour
of an oil-in-water emulsion stabilized by 5-lactoglobulin in an
in vitro gastric model,” Food Hydrocolloids, vol. 23, no. 6,
pp. 1563-1569, 2009.

R. V. Tikekar, Y. Pan, and N. Nitin, “Fate of curcumin en-
capsulated in silica nanoparticle stabilized Pickering emulsion
during storage and simulated digestion,” Food Research In-
ternational, vol. 51, no. 1, pp. 370-377, 2013.



