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Abstract

Background Pectin from Taiwan Citrus depressa Hayata's peels (CDH pectin) and sodium alginate (Na alginate) were
mixed in neutral acidity to produce microhydrogel beads or microspheres. The potential use of the microspheres such
as encapsulation materials for quercetin and nobiletin, DPPH (2,2-diphenyl-1-picrylhydrazyl) scavenging activity, toxic
elements absorption ability, and thermal characteristics were explored.

Results Different ratios of CDH pectin and Na alginate produced microspheres of varying sizes and shapes. The high-
est yield (47.59%) with the broadest diameter was obtained at a Na alginate—CDH pectin ratio of 2:1, while the small-
est yield was obtained from Na alginate—CDH pectin ratio of 1:3 (24.13%). Increasing the amount of Na alginate
resulted in more spherical microspheres, higher heavy metals (cobalt and nickel) removal rates, yet a lower swelling
ratio. A high pectin concentration also increased the encapsulation efficiency of quercetin and nobiletin, reaching
91.5% and 86.74%, respectively. Quercetin and nobiletin release analysis (in vitro) showed a slow release of drugs
from the microspheres. Less than 20% quercetin and nobiletin were released from the microspheres in SGF (simu-
lated gastric fluid) pH 1.2 solution after 2 h and more than 40% of the encapsulated drug was released in SIF (simu-
lated intestinal fluid) pH 6.8 after 4 h. The strong DPPH scavenging activity of quercetin (99%) was not hindered

by encapsulation materials. ICP-OES (inductively coupled plasma-optical emission spectrometry) analysis dem-
onstrated that the biopolymer can absorb cobalt and nickel from water. Thermogravimetric analysis (TGA) result
showed that the combination of CDH pectin and Na alginate produced a biopolymer that exhibited a weight loss

of only 1.86-4.33% at 100 °C.

Conclusions These findings suggest that microspheres produced from CDH pectin cross-linked with sodium alginate
had potential in nobiletin and quercetin encapsulation. Moreover, the polymer could absorb heavy metals and exhibit
an important characteristic for hot food and beverage packaging applications.
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1 Background

Citrus depressa Hayata (CDH) originally grew in the
southwestern part of the Japanese archipelago and the
mountains of Taiwan [1, 2]. Due to its sour taste, the
fruit is eaten fresh, used as a garnish, or transformed
into flavor enhancers, snacks, and drinks. Additionally,
the juice is applied in the garment industry as a bleach-
ing agent [3-7]. Pingtung is the main cultivation area
in Taiwan, where more than 100 hectares have been
planted, whereas it is also distributed in several cities
and counties across Taiwan. Since 2019, the policy of
the Council of Agriculture in Taiwan has urged to con-
vert abandoned betel nut orchards into lemons, and the
production area has increased from 280 to 312 hectares
[8]. However, CDH food and non-food product deriva-
tives led to a huge amount of waste, where almost 50%
of the fruit mass contains approximately 40—-55% peels,
30-35% pulps, and 10% seeds. Untreated citrus wastes
that were directly disposed could affect the essential
species in the soil and aquatic ecosystem [9-11]. Citrus
wastes still contain extractable commercial bioactive
compounds, including functional polysaccharides such
as pectin [12, 13].

Pectin accounts for approximately 4—30% of citrus by-
products, including in the endocarp and peels of CDH [6,
14-16]. Pectin is a complex hetero-polysaccharide con-
sisting of both linear and branched mixture of sugars,
which is mainly a chain of a-1,4-glycosidic poly-(D-galac-
turonic acid). As a biopolymer, pectin could be recov-
ered from fruit by-products. Pectin is mostly utilized as
a stabilizer or thickener in the food and pharmaceutical
industry. Moreover, pectin is also a potential ingredient
in the formulation of micro- and nano-capsules [17]. Dif-
ferent hydrophobicity of pectin plays a key role in the
interaction with hydrophobic molecules. High methoxyl
pectin such as CDH pectin is highly hydrophobic and
has the potential to provide a controlled release profile
of hydrophobic compounds such as flavonoids in the
human body [18].

Flavonoids are plant secondary metabolites that are
known to have antioxidant, anti-inflammatory, antiviral,
anti-bacterial, and anti-carcinogenic properties. Despite
these health-promoting activities, due to the unique mol-
ecule and chemical structure, flavonoids are known to
be highly sensitive to environmental conditions, includ-
ing light, heat, acidity, oxidation, hydrophobic, and have
limited applications for health benefits because of the low
bioavailability after oral intake. In this regard, several fla-
vonoid encapsulation experiments have been conducted
to preserve the stability and bioactivities and to cover
unpleasant flavors at high concentrations [19-21].

Several encapsulation methods have been reported
as potential approaches, where some plant polyphenols
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have been successfully encapsulated and utilized in the
food industry [22]. Microencapsulation is an effective
tool to improve the delivery of bioactive compounds,
including minerals, vitamins, and antioxidants [23].

Due to the food-grade formulation and the firmness of
formed capsules, the hydrogel encapsulation method has
been widely exploited for food applications [24]. How-
ever, despite the single use of biopolymer as the standard
hydrogel carrier, there are ongoing studies on two or more
polymers to form mixed gels to improve product quality
[25]. Sodium alginate (Na alginate) extracted from the
cell walls of brown algae is known as a negatively charged
polyelectrolyte and natural gelling agent. Under acidic
conditions, the combination of sodium alginate and pec-
tin have been reported to show strong synergy and bet-
ter capsular stability. Therefore, as a result of the higher
incorporation and concentration of cross-linked poly-
mers within the matrix, the microcapsules produced were
anticipated to preserve encapsulation efficiency [23].

Moreover, apart from being utilized as micro- and
nano-capsules [15, 26, 27]. Pectin-alginate combination is
also a potential food packaging material and toxic com-
pound absorbent due to the ability to chelate metals [15,
17, 18]. In addition, pectin also exhibits healing proper-
ties such as preventing atherosclerosis by lowering blood
cholesterol levels and high antioxidant effect by scaveng-
ing free radicals, intensifying endogenous antioxidant
enzymes, and enhancing flavonoid absorption in the
body [17, 27]. Potential exploration of pectin from Cit-
rus depressa H. as the material for encapsulation, heavy
metal adsorption, and packaging material has never
been done before. Therefore, the present work aimed to
initially analyze the ability of Na alginate—CDH pectin
microspheres in nickel and cobalt sorption and also as
microencapsulation material for quercetin and nobiletin.
The combination of pectin from CDH and Na alginate is
anticipated to produce microspheres that are effective for
microencapsulation of bioactive compounds, exhibit sig-
nificant antioxidant properties, and demonstrate efficient
sorption of heavy metals such as nickel and cobalt, mak-
ing them valuable for applications in food, pharmaceuti-
cal, and environmental industries.

2 Material and methods

2.1 Chemicals

Chemicals utilized in this research including acetic acid,
hydrochloric acid, quercetin and analytical pectin were
purchased from Sigma-Aldrich (St. Louis, MD, USA).
Sodium alginate (NaC,H,Og), sodium citrate, sodium
acetate, sodium chloride (NaCl), calcium chloride
anhydrous (CaCl,), cobalt chloride (CoCl,-6H,0), nickel
chloride (NiCl,-6H,0), sodium hydroxide (NaOH),
and 95% ethanol were obtained from local supplier,
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Choneye pure chemicals, Shimakyu’s Pure Chemicals,
and Echo Chemical, Taiwan. Nobiletin (purity 98%) and
2,2-diphenyl-1-picrylhydrazyl (DPPH) were purchased
from Toronto Research Chemicals (Canada). Potassium
phosphate monobasic was obtained from J.T Baker
(Avantor Performance Materials, USA), and sodium
dodecyl sulphate (SDS) was purchased from Cambridge
isotope Laboratories, Inc. (USA).

2.2 Methods

2.2.1 CDH pectin extraction

The dried CDH peel powder was combined with distilled
water and treated with ultrasonication according to
the specified parameters. After extraction, the solids
were removed from the extraction solution through
centrifugation at 6000 rpm for 10 min. Pectin was
precipitated by adding 98% ethanol to the solution at a
1:2 ethanol-to-solution ratio. The mixture was left to
precipitate overnight at 4 °C. The precipitated pectin was
then collected via centrifugation at 6000 rpm for 10 min,
and the resulting pellets were dried at 40 °C [16].

2.2.2 Phenolic-pectin interaction

Spectroscopy measurements were applied to qualitatively
detect the interaction between pectin and phenolic
compounds (quercetin and nobiletin). The shift of UV—
Vis absorbance of quercetin (Q) and nobiletin (N) in
the presence of pectin was observed. Quercetin and
nobiletin standards (10 mM) were added to 0.1% CDH
pectin solution in acetic buffer (AB) pH 4.5 and mixed
thoroughly. Hereinafter, UV—Vis absorbance in the range
of 300-500 nm was recorded for a certain period (0, 4
and 24 h) [28].

2.2.3 Encapsulation of quercetin and nobiletin in Na
alginate—CDH pectin microspheres

2.2.3.1 Na alginate—-CDH pectin microspheres produc-
tion [29] The specific amount of sodium alginate (Na
alginate) and CDH pectin was dissolved in distilled water
to get a 3.5% (w/v) solution with Na alginate: CDH pec-
tin (AP) weight ratios 1:1 (AP11), 1:2 (AP12), 1:3 (AP13),
2:1 (AP21), and 3:1 (AP31). The solution then mixed thor-
oughly for 1 h and ultrasonicated at ambient temperature
for 25 min. Uniform-size microspheres were produced by
dropping the Na alginate:CDH pectin solution into 0.25 M
CaCl, [30] using a 1-mL syringe and then hardened in the
CaCl, solutions for 1 h. The microspheres were filtered
from the solution and washed with distilled water 3—4
times to remove the remaining CaCl,.

2.2.3.2 Quercetin and nobiletin-loaded microspheres pro-
duction A similar microspheres production method was
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applied; only 2 mg of pure quercetin or nobiletin was dis-
solved into the freshly Na alginate solution before mixing
with pectin and cross-linking by CaCl, [31].

2.2.4 Determination of sphericity coefficient (SC) of Na
alginate-CDH pectin microspheres

Approximately, 10 Na alginate—CDH pectin microspheres
were randomly selected for surface morphology analysis
using a light microscope at 40X magnification (micro-
scope Olympus UTV1x-2, Tokyo, Japan). The diameter of
the microspheres was measured by a digital caliper. The
sphericity coefficient of alginate-pectin microspheres was
calculated by the following formula:

dmin

dmax

SC =

where d,;, and d,,, are the minimum and maximum Fer-
ret’s diameters of the microspheres. Microspheres with SC
value close to 1 were considered ideal and spherical [25].

2.2.5 Swelling ratio

Briefly, 0.05 g microspheres were soaked in 5 mL distilled
water at room temperature for 3 days. The microspheres
were removed and gently tapped with filter paper to
absorb any excess water. The swollen microspheres were
then weighed, and the swelling ratio was determined
using the following formula:

(Ws - Wd)

swelling ratio (g/ g) = W
d

where W, is the weight of swollen microspheres and W,
is the dry weight of the microspheres [32].

2.2.6 Determination of flavonoids entrapment efficiency (EE

(%)) into the microspheres
The efficiency of quercetin and nobiletin encapsulation
by the microspheres was determined by UV-Vis spectra
observation. Calibration curves were built by plotting the
spectra of pure quercetin and nobiletin concentration
series dissolved in 5% sodium citrate.

Briefly, 0.025 g of loaded microspheres was soaked in

1 mL of 5% sodium citrate (Na;CzH;O,) solution and
stirred constantly for 6 h. Furthermore, the mixture
was then centrifuged for 15 min at 12,000 rpm, and the
supernatant was collected. The supernatant was then
analyzed by observing the UV-Vis absorbance at 321 nm
for quercetin and 334 nm for nobiletin. Entrapment
efficiency was calculated using the equation:

EE(%) = PUNe | 100

Ciq/Ne
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where:
Cpon e=practical concentration of encapsulated
quercetin/nobiletin, C,\ .= theoretical concentration of

encapsulated quercetin/nobiletin.

2.2.7 Quercetin/nobiletin release (in vitro)

Simulated gastric fluid (SGF) was prepared by dissolving
3 g NaCl in 1.45 L distilled water, and then pH was
adjusted to 1.2+0.1 by using 0.1 M HCl. Meanwhile,
simulated intestinal fluid (SIF) was prepared by dissolving
10.2 g potassium phosphate monobasic and 3.75 g SDS
in 1 L distilled water, and then the pH was adjusted to
6.8+0.1 by using 1 N NaOH. The volume of both fluids
was adjusted to 1.5 L with distilled water [33].

For the quercetin/nobiletin release study, quercetin and
nobiletin solutions in SIF pH 6.8 and SGF pH 1.2 were
observed for a wide range of wavelengths, and several
wavelengths were selected to calibrate the absorbances
to quercetin or nobiletin concentrations (nobiletin in
SGF: 334 nm; SIF: 335 nm. Quercetin in SGF: 367 nm;
SIF: 369 nm). Calibration curves were built by plotting
the spectra of pure quercetin and nobiletin concentration
series dissolved in SGF and SIF.

Briefly, 0.03 g loaded microspheres were soaked in SGF
pH 1.2 and SIF pH 6.8, incubated at 37 °C, and observed
at specific time intervals (0, 2, 4, 6, 8, 10, 24 h). An aliquot
from each sample was analyzed by using a UV-Vis
spectrophotometer to determine the released quercetin
and nobiletin [34].

2.2.8 Potentially toxic element absorption property of dried
microspheres

Potentially toxic element (PTE) sorption was assessed
by the method of Ju et al. [32]. Stock solutions were
prepared by dissolving a certain amount of nickel and
cobalt chloride in distilled water to obtain a 1 ppm
concentration. Briefly, 0.03 g dried microspheres were
added to nickel and cobalt stock solution and stirred
constantly at ambient temperature for 24 h. The solution
was separated from the microsphere and then filtered
with a 0.45-um PVDF (polyvinylidene difluoride) syringe
filter. Remained nickel and cobalt concentrations were
detected and measured by using Inductively Coupled
Plasma—Optical Emission Spectrometry (ICP-OES -
iCAP 6000, Thermo Scientific). The metal absorption
capacity was calculated using the equation:

v
absorption capacity(mg/g) =(Cy— Co)—
m

where C, is the initial concentration of metals in the

solution, C, is the final (equilibrium) concentration of
metals in the solution (mg L"), m (g) is the dry weight of

Page 4 of 19

the microspheres, and V (L) is the volume of the copper
ion solution.

Metal removal rate (%) was calculated by following
formula [35]:

(Co — Co)

Removal rate(%) =
Co

2.2.9 DPPH scavenging activity

The DPPH scavenging activity of microspheres made
from CDH pectin-alginate loaded with nobiletin and
quercetin was evaluated following the method of
Mokhtar et al. [36]. The shift of maximum absorbance
from deep violet to colorless DPPH was measured using
a UV-Vis spectrometer at 517 nm. The analysis was car-
ried out by reacting 100 puL samples with 1 mL DPPH
and incubated for 30 min in the dark. DPPH scavenging
activity (%) was determined by the following equation:

Ag_A
M % 100
Ao

DPPH scavenging activity (%) =
where A, is the absorbance of methanol (blank) and A, is
the absorbance of the sample.

2.2.10 Thermogravimetry analysis (TGA)

TGA Q-500 analyzer, Perkin-Elmer, Billerica, MA, USA,
was used to determine Na alginate—CDH pectin ther-
mal. Approximately 50 mg of dried microspheres was
measured in the furnace atmosphere with the presence
of nitrogen and 10 °C/min heating rate in the range of
25-600 °C [17].

2.2.11 ATR-FTIR spectroscopy analysis

Fourier transform infrared (FTIR) spectra were analyzed
by Perkin-Elmer FTIR spectrometer with diamond crys-
tal cell for attenuated total reflection (ATR) function. The
spectra were collected at 4 cm™! resolution with 32 scans
per sample in the wavenumber range of 4000-600 cm™.
The background spectrum of air was utilized to correct
the spectra. Dried microsphere samples were positioned
on the ATR crystal surface for measurement at room
temperature. After each analysis and before collect-
ing a spectrum from different samples, ATR crystal was
cleaned thoroughly and checked spectrally.

2.2.12 Statistical analysis

Data means of three replicates were presented with
standard deviation (SD), and statistical analysis was
performed by SPSS for Windows version 16.0 (SPSS
Inc., Chicago, IL). The differences between groups
were calculated by analysis of variance (ANOVA) and
Duncan’s multiple comparison post-test. Statistical
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significance was considered when the p value was less
than 0.05 (p <0.05).

3 Results
3.1 Microspheres characterization

a. Sphericity coefficient (SC)

All Na alginate-CDH pectin ratio variation (1:1, 1:2,
1:3, 2:1, 3:1) was successfully produced microspheres.
Among all ratios (Table 1), the Na alginate—CDH
pectin ratio 2:1 produced the highest yield (47.59%)
and broadest diameter (6.8 +0.83 mm). Meanwhile,

Table 1 Sphericity coefficient of microspheres from alginate and
pectin solution

Microspheres Sphericity
coefficient
(SQ)

Na alginate-CDH pectin (1:1) 0.87+0.05
Na alginate—CDH pectin (1:2) 0.88+0.08
Na alginate—CDH pectin (1:3) 0.78+0.14
Na alginate—CDH pectin (2:1) 0.89+0.10
Na alginate—CDH pectin (3:1) 0.82+0.13

Na alginate-CDH pectin—quercetin (1:1) 0.89+0.08
Na alginate-CDH pectin—quercetin (1:2) 0.50+0.18
Na alginate-CDH pectin—quercetin (1:3) 0.25+0.03
Na alginate-CDH pectin—quercetin (2:1) 0.84+0.11
Na alginate—-CDH pectin—quercetin (3:1) 0.73+0.03
Na alginate-CDH pectin-nobiletin (1:1) 0.65+0.05
Na alginate-CDH pectin—nobiletin (1:2) 0.39+0.11
Na alginate—-CDH pectin—nobiletin (1:3) 048+0.19
Na alginate-CDH pectin—nobiletin (2:1) 0.83+0.07
Na alginate-CDH pectin—nobiletin (3:1) 0.39+0.11
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the lowest yield was obtained from the Na algi-
nate—CDH pectin ratio of 1:3 (24.13%) also with the
smallest diameter (3.06+0.94 mm). The shape of the
microspheres was observed by the sphericity coef-
ficient (SC), which showed the ratio between the
minimum and maximum Ferret’s diameters of the
microspheres. SC value closer to 1 signifies a more
spherical shape (Fig. 1).

The results showed that more spherical
microspheres, with a sphericity coefficient close to 1
(0.8-0.9), were produced with higher amounts of Na
alginate. Meanwhile, more pectin and the addition of
other compounds (quercetin and nobiletin) caused
the decrease in SC value (0.25-0.4).

. Swelling ratio

Hydrogel microspheres’ interaction with aqueous
solutions leads to swelling to a certain equilibrium
that retains a significant amount of water within its
structure [37]. Polyelectrolytes, alginate and pectin
are prone to swelling and are sensitive to changes in
acidity.

The swelling ratio was determined by recording the
weight difference of the microspheres before and
after they were immersed in distilled water for 3 days
(Fig. 2). Compared to the study by Singh et al. [38],
where the average swelling index of all citrus pec-
tin-alginate capsule reached 0.91-0.96, the swelling
index in this research is relatively low. The highest
swelling value was only 0.75 in the AP12 treatment,
both with or without the encapsulated material.
Sasina Sai et al. [39] stated that amidated pectin does
indeed swell more easily, which facilitates the pro-
longed release of salicylic acid at the pH level of the
colon.

Fig. 1 CDH pectin-alginate microspheres a empty b loaded with quercetin and c loaded with nobiletin
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Fig. 2 The swelling ratio of Na alginate-CDH pectin (AP) with quercetin (Q) and nobiletin (N) microspheres

3.2 Potential uses of Na alginate-CDH pectin The result in Fig. 3 showed that the spectrum of pec-
microspheres tin was shifted after quercetin and nobiletin addition.
3.2.1 Encapsulation of quercetin and nobiletin The flavonoid-pectin mixture spectrum was likely to
adhere to quercetin and nobiletin. Maximum absorp-
a. Pectin-quercetin, pectin-nobiletin interaction tion of pectin was at 327 nm which shifted to 331 nm
(bathochromic shift) after quercetin and nobiletin
Spectroscopy observations were done to study the addition.

interaction between flavonoid compounds (quercetin b. Flavonoid entrapment efficiency (EE (%)) into the

and nobiletin) with pectin molecules in acetic microspheres
buffer (AB). Quercetin and nobiletin at 10 uM final Quercetin and nobiletin entrapment efficiency (EE
concentration were mixed with 0.1% pectin solution (%)) was determined by UV-Vis spectra observa-
and incubated at room temperature for a certain tion. A calibration curve from the concentration
period (0, 4 and 24 h). Hereinafter, the UV-Vis series of quercetin and nobiletin in 5% sodium cit-
spectra were observed in the wavelength range 300— rate was built. The calibration curve of quercetin
500 nm. is represented by the equation: y=0.352x+0.1542

(a) o7 (b) 71

Absorption

0.2

0.1

300 320 340 360 380 400 420 440 300 320 340 360 380 400 20 440
‘Wavelength (nm) Wavelength (nm)
—PAB PQAB0  --PQAB4 — PQAB24 —QAB ~-~PNAB0 --PNAB4 — -PNAB24 —PAB —NAB

Fig. 3 Absorption spectra of a quercetin (Q), b nobiletin (N) and 0.1% (w/w) pectin (P) in acetic buffer (AB pH 4.5) at 0, 4 and 24 h. *PQ/NABO:
measurement at 0 h; PQ/NAB4: measurement at 4 h; PQ/NAB24: measurement at 24 h
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with regression value 0.989; meanwhile, calibra-

tion curve of nobiletin is represented by the equa-

tion: y=0.0438x+0.0868 with regression value

0.977, where “y” refers to the absorbance of certain
solutions recorded at the maximum wavelength of
quercetin (321 nm) and nobiletin (334 nm) and “x”
refers to the concentration of quercetin and nobiletin
expressed as ppm. Entrapment efficiency (%) was cal-
culated for each sample, and the results are shown in
Fig. 4.
Both nobiletin and quercetin were entrapped the
highest (80-90%) in Na alginate—CDH pectin ratio of
1:3 (AP13). A significant difference in EE between the
alginate-pectin ratio showed that the amount of pec-
tin affects the ability of the microsphere to preserve
nobiletin and quercetin.

. Quercetin and nobiletin release
The current method used in the research can pro-
duce Na alginate—CDH pectin microspheres contain-
ing nobiletin and quercetin, with the bioactive com-

QllercetinEntrapmentEfﬁciency(%)
g8 g & 2 2 2 83

-
15

AP11 AP13 AP21 AP 31

) and nobiletin (b

(b)

Nobiletin Entrapment Efficiency (%)

100 -
90

80

lils.

70

60

50

40

30

20

10

0

) entrapment efficiency in Na alginate—CDH pectin (AP) *AP weight ratios 1:1
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pounds dispersed and insoluble within the matrix
(Fig. 5).

Quercetin and nobiletin pH-dependent release pro-
file was investigated by utilizing simulated gastric
fluid (SGF) pH 1.2 and simulated intestinal fluid
(SIF) pH 6.8 at 37 °C (approximate body tempera-
ture). In general, the release process is driven by
the solvent penetrating the hydrogel through diffu-
sion, causing the polymer to swell, degrade, and ulti-
mately allowing the entrapped chemicals to diffuse
toward the solvent [40]. The result showed that only
less than 20% quercetin and nobiletin were released
from the microspheres in SGF pH 1.2 solution after
2 h (Fig. 6), whereas the microspheres significantly
swelled in SIF pH 6.8, eluting more than 40% of the
entrapped bioactive material after 4 h.

Na alginate—CDH pectin combination has the poten-
tial use to prolong the release pattern in SIF (pH 6.8)
conditions while showing minimum release in SGF
(pH 1.2).

AP 12 AP31

(AP11),1:2 (AP12), 1:3 (AP13), 2:1

Fig.5 Nobiletin (a;) and quercetin (b;) dispersed in alginate-CD pectin microspheres (a & b) Observed by light microscope at 40 x magnification
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Nobiletin in SIF pH 6.8

60

40

20

s

0 2 4 6 8 10 24
Time (hrs)
- APII = AP12 -+ AP13 + AP21 -+ AP31

Quercetin in SIF pH 6.8
66

55
44
33

22

6 8 10 24
Time (hrs)
+ AP13

o
~
IS

< AP11 = API12 + AP21 -+ AP31

Fig. 6 Quercetin (a) and nobiletin (b) release from Na alginate—-CDH pectin (AP) capsules in SGF (simulated gastric fluid) pH 1.2 (a; & b,) and SIF
(simulated intestinal fluid) pH 6.8 (a, & b,)

d.

ATR-FTIR Spectroscopy

CDH pectin, Na alginate, empty microspheres, and
microspheres that contain quercetin and nobiletin
were analyzed by FTIR to observe the bond between
polymer and bioactive compounds (Fig. 7). Moder-
ately intense bands absorption of CDH pectin and Na
alginate was detected at around 3330 cm™! related to
-OH stretching vibrational modes, due to inter- and
intramolecular hydrogen bonding of the galacturonic
acid and the stretching vibrations of —CH bonds of
methyl esters groups or pyranoid ring carbons. Weak
bands between 2938 and 2830 cm™! are ascribed to
stretching and bending vibrations of CH, CH,, and
CH, bonds of methyl esters groups or pyranoid ring
carbons in CDH pectin. Different from other samples
where pectin was blended with Na alginate and other
compounds, CDH pectin showed strong absorption
at 1749 cm™! which was attributed to the stretch-

ing of ester carbonyl (-COCH,) groups of methyl-
esterified carboxyl. Absorption bands occurring at
1602 cm™! attributed to asymmetrical stretching
band of carboxylate ion (COO™), or C=0 stretching
vibration of the non-esterified carboxyl group of pec-
tin. Another moderate peak at 1416 cm™ is ascribed
to methyl scissoring asymmetric bands of acetyls and
methoxyl (-C-O-C-) groups. Strong peaks that
represent polygalacturonic acid as the main polysac-
charide in pectin appeared at 1227, 1088, 1023, and
833 cm™}, which assigned to C=0, C-0O, C-C, C-H
stretching, and C-O bending. Moderate absorption
peaks were found at 1360 and 800 cm™, commonly
referred to as the “fingerprint” region. Specifically,
when carbohydrates are the main compounds, the
main stretching vibrations correspond to C-O-C
and C-C bonds of the carbohydrate ring appeared in
this area [41-45].
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Fig. 7 FTIR spectra of Na alginate-CDH pectin microspheres

Alginate showed bands of asymmetric and sym-
metric stretching peaks of carboxylate salt (COO-)
groups at 1602 and 1416 cm™'. The band around
1027 cm™ is related to C—O-C stretching, which
is the characteristic of sodium alginate structure.
Peaks at 1088 cm ™ are attributed to C—OH stretch-
ing vibrations of secondary cyclic alcohols and the
band near 1023 cm™ indicates a C—O—C stretching,
characteristic of the sodium alginate polysaccharide
structure [44, 46].

The fuse of CDH pectin with Na alginate caused
the shift of -OH and asymmetric COO- stretching
vibrations in CDH pectin from 3349 to 3366 cm™*
and from 1603 to 1600 cm™, respectively. Shifts
were also detected in the fingerprint region of
carbohydrates (950-1250 cm™'), especially the
missing spectra at 1227 cm™! of the alginate-pectin,
which suggests the interaction between Na alginate
and CDH pectin [41, 44].

The spectral characteristic peaks of quercetin usually
appeared at 3290, 1669, 1508, 1453, 1313, and
1174 cm™!, which are assigned to -OH stretching,
aromatic ketonic carbonyl stretching, aromatic
bending, C=C stretching of the aromatic ring,
OH phenolic bending, and aromatic stretching.
Meanwhile, characteristic peaks of nobiletin usually
exist at 1646 cm™ for C=O stretching vibration
as well as 1586 and 1519 cm™! assigned to C=C
stretching of aromatic rings [45, 47—49].

e. DPPH scavenging activity of microspheres

The result showed that the DPPH scavenging activ-
ity of entrapped quercetin is higher than empty
microspheres and nobiletin microspheres. Querce-
tin-loaded microspheres showed high DPPH scav-
enging activity, whereas the sample with the highest
entrapment efficiency (AP13Q) exhibited the highest
DPPH scavenging activity. Meanwhile, the empty and
nobiletin-loaded microspheres showed low DPPH
scavenging activity (Fig. 8). Notably, the Na alginate—
CDH pectin ratio microsphere with the highest nobi-
letin entrapment efficiency (AP13N) demonstrated
the lowest DPPH scavenging activity.

3.2.2 Other potential uses of Na alginate—-CDH pectin

a.

microspheres
Toxic element biosorbent

Agricultural waste that contains biopolymers such
as pectin, chitosan, alginate, and cellulose has been
studied to absorb heavy metals from aqueous sus-
pension [50]. The present study showed the ability
of Na alginate—CDH pectin microspheres to absorb
nickel and cobalt (Fig. 9).

Variations in the Na alginate—-CDH pectin ratio
(3:1, 2:1, 1:1, 1:2, 1:3) were expected to affect the
absorption capacity of cobalt and nickel. The result
showed that alginate and pectin exhibit almost simi-
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Fig. 9 Removal rate (a) and absorption capacity (b) of cobalt and nickel by Na alginate-CDH pectin (AP) microspheres for 24 h

lar effects on cobalt and nickel absorption. Exces-
sive concentration of Na alginate or CDH pectin in
the microspheres caused the decrease in removal
rate. However, the best result was shown by the Na
alginate—CDH pectin ratio of 2:1 with 100% absorp-
tion on both cobalt and nickel. A similar tendency
was also presented in sorption capacity, where Na
alginate—CDH pectin ratio 2:1 showed the highest
value which is 5.79.10™ mg metal/g microspheres
for cobalt and 5.45.10~® mg metal/g microspheres for
nickel.

. Potential use as food packaging material (based on

thermal characteristics)

The thermogravimetric analysis (TGA) provides
thermogram and temperature data for weight dif-
ferences that represent the percentage of weight loss
during the escalating temperature [17]. The thermal

stability behavior of Na alginate—CDH pectin was
presented in the TGA curve (Fig. 10).

The TGA curve of Na alginate—CDH pectin
exhibited three stages. The first step was the mass
loss between 100 and 200 °C that was associated with
the loss of surface and inner moisture by evaporation
or depolymerization of a pectin-alginate network [29,
46, 51]. The sharp weight loss started at 222.84 °C
related to the dehydration and depolymerization of
the alginate-pectin network [29, 45]. Second weight
loss occurred at 276.12 °C also associated with
biopolymer pyrolytic decomposition, consisting of
primary and secondary decarboxylation with an
acid side group and carbon in the ring [17, 52]. The
final weight loss occurred at 472.19 °C, related to
the formation of carbon oxide and the complete
thermal degradation of the polysaccharides, which
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10 Thermogravimetric (TG) (a) and Derivative Thermogravimetry (DTG) (b) profile of dried Na alginate—~CDH pectin (AP) microspheres

eventually transformed into inorganic components
(ashes) [29]. Higher concentrations of both pectin
and alginate shifted the degradation temperature.
The first sharp weight loss of microspheres with a Na
alginate—CDH pectin ratio of 1:3 started at 222.42 °C,
while a ratio of 3:1 started at 218.76 °C. Despite the
earlier degradation temperature, the weight loss of
microspheres with higher alginate or pectin was
lower than the Na alginate—CDH pectin ratio 1:1
(derivative thermogravimetry - DTG curve), which
means that the thermal stability is increased.

The thermogravimetric (TG) curve of Na alginate—
CDH pectin 1:1 ratio microspheres showed a low
amount of weight loss at 100 °C (4.33%) and lower
with a higher ratio of alginate or pectin. Na alginate—
CDH pectin 1:3 ratio loss of 2.94% weight, while 3:1
ratio loss of 1.86%. Moreover, 5% weight loss was
achieved when the temperature reached 110.59 °C
for the Na alginate—CDH pectin ratio 1:1, 141.11 °C
for Na alginate—CDH pectin 1:3 and 186.9 °C for Na
alginate—CDH pectin ratio 3:1.

4 Discussion
4.1 Microspheres characterization

a.

Sphericity coefficient

The shape has an important role in chemical
and mechanical stability. Non-spherical ones are
more brittle which leads to the leaching of core
ingredients before ingestion. A less viscous alginate-
pectin mixture was unable to generate a spherical
shape when interacting with a cross-linking
solution (CaCl,) [25]. Due to the controllable size
and spherical shape, bead-shaped hydrogels are
commonly used for absorbent applications, and
bead-shaped hydrogels are more commonly used
than bulk hydrogels [53]. The selection of the Na

alginate—CDH pectin ratio was based on previous
research by Chen and Zhang [29] on the production
of aerogel microspheres for proanthocyanidin
encapsulation. Experiments using ratios of 1:0,
3:1, 1:3, and 0:1 demonstrated that aerogels with
a higher pectin ratio exhibited increased porosity,
flexibility, water solubility, and equilibrium moisture.
In contrast, aerogels with a higher alginate content
exhibited more regular pore structures, greater
mechanical strength, and enhanced hydrophobic
properties. Ratios of 1:2 and 2:1 were added to assess
the results between the 1:1 ratio, 1:3, and 3:1 ratios.

A similar study also explained that the concentration
of alginate solution is a crucial factor during
deformation because CaCl, might disrupt the
conformation of alginate molecules when the
concentration is too low. Since alginate supports an
adequate strength to the membrane surrounding
the microspheres, higher alginate concentration in
the mixture could retain the spherical shape (Fig. 1).
Microspheres’ membrane with better strength could
prevent the penetration of calcium chloride solution
which would interrupt the sphericity of the beads
[25].

The results of the current study are similar to previ-
ous research by Singh et al. [38], where capsules made
with more pectin tended to take on a disk shape, and
the sphericity coefficient increased with higher con-
centrations of sodium alginate. Both low methoxyl
pectin (LMP) and high methoxyl pectins (HMP) can
form gels but with distinctly different gelling condi-
tions and mechanisms. LMP requires calcium (Ca*")
ions for gel formation in a similar mechanism as
alginate’s “egg box” model. Meanwhile, HMP com-
monly requires acidic and high-sugar concentrations
which generate hydrogen bonds and hydrophobic
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interactions between methyl esters to form gels. The
pectin used in this study is the same as used in pre-
vious research and produced using the same method.
This pectin has also been structurally characterized
using FTIR-ATR and NMR instruments, compar-
ing the spectra with those of standard pectin and
galacturonic acid as the main component of pectin.
The comparison revealed that both pectins exhibited
typical polysaccharide distribution signals. However,
CDH pectin exhibited more prominent characteris-
tic signals from the methyl and acetyl groups of the
esterified galacturonic acid than standard pectin, sug-
gesting that pectin from CDH is a high methoxyl pec-
tin [16]. Nevertheless, previous studies also reported
that the gelling speed and strength of HMP are highly
affected by Ca*" ions [54].

. Swelling ratio

Swelling is one of the most essential properties of
hydrogel microsphere. Hydrogels are used in various
applications such as slow-release drug delivery sys-
tems, wound healing, dental implants, injectable poly-
mers, contact lenses, and superabsorbents. Hydrogel
beads’ interaction with aqueous solutions leads to
swelling to a certain equilibrium that retains a signifi-
cant amount of water within its structure [37].
Increased interest in water-based personal care prod-
ucts in the market recently caused the importance of
water resistance character in microspheres. The swell-
ing ratio of Na alginate—CDH pectin microspheres
decreased at the higher alginate concentration. Swell-
ing and dissolution resistance represent water resist-
ance properties. Previous research by Devi et al. [55]
also reported similar results, where the swelling of
silver nanocomposite-based sodium alginate was
decreased at higher Na alginate concentrations. The
low swelling ratio on microspheres containing nobi-
letin was probably because of the hydrophobic meth-
oxyl content in the nobiletin. Nonetheless, the swell-
ing ratio was not affected by the molecular weight.
The high swelling ratio in the aqueous environment
was attributed to the substantial presence of hydro-
philic amine groups in the microspheres [32, 55].
This result suggests that pectin at proper concentra-
tion possibly had a positive effect on the swelling rate
(Fig. 2).

Determination of the swelling behavior of hydrogel
microspheres is a crucial evaluation parameter since
the impact directly on the drug release profile and
kinetics. Previous research on commercial pectin-
alginate beads by Awasthi et al. [26] showed that the
degree of cross-linking and pH affect swelling behav-
jor. The dual cross-linking reaction by CaCl, and

Page 12 of 19

epichlorhydrin which aimed to increase the encap-
sulation efficiency turns out to be the cause of the
decreasing swelling properties.

4.2 Potential uses of Na alginate-CDH pectin

microspheres

4.2.1 Encapsulation of quercetin and nobiletin

a. Pectin-quercetin, pectin-nobiletin interaction

Spectroscopy observations were done to study the
interaction between flavonoid compounds (quercetin
and nobiletin) with pectin molecules. The flavonoid-
pectin mixture spectrum was likely to adhere to querce-
tin and nobiletin. The Bathochromic shift shown in
Fig. 3 indicates the increase of conjugated double bonds
(1 electrons) [56] which is possibly caused by the inter-
action of pectin with quercetin or nobiletin. A similar
interaction of pectin-quercetin was also reported by
Chirug et al. [28] using iron ions as a mediator and Li
et al. [57] between pectin-pea protein quercetin. Wang
et al. [49] stated that the obvious appearance of the
nobiletin spectrum curve at its maximum wavelength
showed that there was no sign of damage to nobiletin
molecules after mixing with pectin.

. Quercetin and nobiletin entrapment efficiency (EE

(%)) into the microspheres

The entrapment efficiency of quercetin and nobiletin
was comparable to previous research using pectin,
alginate, or the combination of both as microsphere
material. Sun et al. [23] demonstrated that the entrap-
ment efficiency of tangeretin in citrus pectin-Na
alginate was 71.05% and 98.92%. Meanwhile, Wang
et al. [46] reported that gallic acid encapsulation effi-
ciency by Na alginate varied in the range of 50—-80%
depending on the encapsulation method. Chan et al.
[58] showed that the encapsulation of herbal extract
by Na alginate was affected by the moisture con-
tent and swelling capability of the microsphere. The
pectin-alginate combination showed less than 50%
encapsulation efficiency of Carica papaya extract.
The low value of entrapment efficiency was caused
by the diffusion of polyphenols during microsphere
hardening [59]. Luque-Alcaraz et al. [47] reported
that chitosan nanoparticles exhibit 69.1% entrapment
efficiency of nobiletin. Pectin-pea protein quercetin
encapsulation was enhanced depending on the cap-
sule material:quercetin ratio and pH of the solution
[57]. Lower EE value in capsules with more alginate
concentration was also reported by Pour et al. [60] in
folic acid encapsulation.
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Pectin is applicable as both a coating and gelling
material. However, high methoxyl pectin required
the presence of alginate to ensure the formation of
capsules, because alginate forms an insoluble cross-
link with calcium chloride (CaCl,). Therefore, a pec-
tin-alginate mixture has been reported to encapsu-
late several bioactive compounds including essential
oils, vitamins, and proteins [23, 59]. This study shows
similar results to the research by Bhattacharya et al.
[40] on the encapsulation of diallyl thiosulfinate using
HMP and LMP combined with sodium alginate,
where the addition of pectin was found to increase
encapsulation efficiency. However, it slightly differs
from the findings of Singh et al. [38], who studied the
encapsulation of tocopherol with HMP and observed
an increase in encapsulation efficiency with higher
alginate concentrations.

. Quercetin and nobiletin release

The morphology of microparticles is distinguished
into microcapsules that have a defined border between
the core and the shell which provide a better encap-
sulation profile, and microspheres with the enclosed
materials are dispersed among the network and visible
at the surface. However, microspheres could protect
the inner compounds, with low-investment process-
ing, and a more simple method. Morphology affects
the performance of the microparticle. Microcapsules
have the potential to hold greater quantities of bioac-
tive compounds compared to microspheres and offer
a rapid release mechanism. On the other hand, micro-
spheres with smaller amounts of core bioactive mate-
rial can deliver a slower release rate, which is crucial
for maintaining the bioavailability of the active com-
pounds after ingestion [61].

Food spends 2 to 4 h in the gastric before being
transferred to small intestines and spends up to 5 h
to be processed through the small intestines for
nutrition absorption [62, 63]. The present result is
in accordance with previous research by Mukhopad-
hyay et al. [34] where an average of 16—27% quercetin
was released in the gastric pH 1.2 after 2 h. Abun-
dant H" ions in simulated gastric fluid (SGF) pH 1.2
ions could replace the Ca*" ions within the hydro-
gel’s interchain. This protonation of the carboxylic
acid groups in the polymer results in the formation
of insoluble alginic acid on the surface of the beads,
which limits water penetration. As a result, the swell-
ing of the beads is suspended, and the polymeric net-
work structure remains intact [40].

However, the results showed a slow release of drugs
from the microspheres, likely because the condi-
tions did not fully replicate the intestinal environ-
ment, where digestive enzymes are present. Car-
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boxyl groups (-COOH) on hydrogen bonds between
COOH and OH groups of alginates inhibit the swell-
ing at low pH. Nonetheless, electrostatic repulsion
between the ionized acid groups (-COO-) of the pol-
ymers caused a moderate bioactive material release
at SIE pH 6.8 [31, 34].

Less than 100% entrapped compound release was
also reported by Maier et al. [57] where pancreatin
was added in SGF as the digestive enzyme to mimic
the human digestive system. The result showed that
quercetin entrapped in the mixture of pectin and iso-
lated pea protein released approximately 40-70% of
SIF and SGF. Garcia-Castillo et al. [59] also reported
better capsule stability of the alginate-pectin complex
that caused a 30% release of gallic acid in acidic con-
ditions, and 40-70% release at basic conditions. The
encapsulated ingredient could be released after 4 h
which is close to the human digestion process. This
release pattern is also consistent with the findings by
Bhattacharya et al. [40] and Néjera-Martinez et al.
[64], who also used pectin from citrus peels combined
with sodium alginate for the encapsulation of bioac-
tive compounds from garlic [40] and gallic acid [64].
However, it differs from the study by Norcino et al.
[65], which also utilized citrus peel pectin and algi-
nate for the encapsulation of grape skin extract, where
the encapsulated material was released more quickly
in an acidic SGF solution.

The prolonged-release pattern of quercetin and nobi-
letin in simulated intestinal fluid (SIF) pH 6.8 condi-
tions and minimum release in SGF (pH 1.2) could
determine the maximum absorption of the encap-
sulated bioactive compounds in the small intestine
(pH 6.8), minimalize the release in the gastric (pH
1.2), and avoid unabsorbed bioactive release in the
large intestine [60]. Pectin is resistant to digestive
enzymes such as proteases and amylases. However,
pectin is degradable by intestinal microflora, which
makes it applicable for colon medications, proteins,
or polypeptide administration. Since pectin gels
swell in aqueous media that could release a particu-
lar amount of drug compounds into the gastroin-
testinal tract, divalent ions including Ca**, Zn**, or
other polymers such as ethylcellulose, chitosan, and
hydroxypropylmethylcellulose, have been utilized to
form high strength pectin gels [66].

Pectin-based microcapsules are beneficial for colon
delivery but the swelling and increasing pore sizes
may reduce the effectiveness of low molecular weight
compounds. The hydrophilic nature of pectin limits
both the quantity and distribution of hydrophobic
molecules within the gel. Furthermore, phase
separation between the hydrophobic cargo and the
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pectin gel may undermine the hydrogel’s stability and
structural integrity [67].

. ATR-FTIR Spectroscopy

The spectra of the microspheres loaded with querce-
tin or nobiletin were similar to those of the empty Na
alginate-pectin microspheres, suggesting that there is
no chemical interaction between the entrapped com-
pounds and the microsphere materials. No chemi-
cal interaction between encapsulation materials and
the bioactive compounds also occurred in previous
research by Awasthi et al. [26] on the encapsulation
of repaglinide using pectin-alginate, Vallejo-Cas-
tillo et al. [44] on the encapsulation of polyphenols
from Carica papaya L. also using pectin-alginate as
the encapsulation materials, Stojanovic et al. [46] on
encapsulation of thyme extract, and Chan et al. [58]
on encapsulation of herbal aqueous extract using Ca-
alginate. This means that the entrapment process and
material did not directly affect the entrapped com-
pounds and that the bioactivity of the compounds
remains unchanged.

. DPPH scavenging activity of microspheres

Quercetin is one of the most abundant flavonoid com-
pounds present in fruits, vegetables, and derivative
products. The antioxidant activity of quercetin plays
an essential role in the prevention and treatment of
several diseases. Quercetin also acts as an antioxidant
in the body by influencing signal transduction path-
ways, enzymatic activity, glutathione, and reactive
oxygen species (ROS) that are caused by the environ-
ment. Quercetin exhibits strong antioxidant activity
which was not hindered by encapsulation materials
[68]. This result is aligned with earlier research by
Sun et al. [69], where the phenolic compound carvac-
rol maintained its high antioxidant activity following
encapsulation in a citrus pectin-alginate polymer.
Metal ions could enhance the antioxidant activity by
enabling free radicals to oxidize quercetin. Therefore,
quercetin interaction with metal ions resulted in high
antioxidant activity. The DPPH scavenging activity
of quercetin is higher compared to pure quercetin
when combined with iron, copper, calcium, magne-
sium, ruthenium, vanadium, cobalt, cadmium, and
rare earth elements [68]. This result conforms with
previous research by Rizfa et al. and Sellimi et al.
[70, 71]. Moreover, these results are consistent with
the findings in the "Flavonoid Entrapment Efficiency"
subsection, where AP13, which entrapped the high-
est amount of quercetin, exhibited the highest DPPH
scavenging activity, while AP13 with the highest
nobiletin entrapment showed the lowest DPPH scav-
enging activity. Nobiletin is a type of polymethoxy-
flavone that has multiple methoxy groups on its fla-
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vonoid structure. Several studies have demonstrated
that an increase in polymethoxyflavone concentra-
tion can lead to the reduction of DPPH scavenging
activity [72-74].

4.2.2 Other potential uses of Na alginate—-CDH pectin

microspheres

a. Toxic element absorbent

The increasing industrialization in the past dec-
ades has been the main reason for the pollution and
decreasing water quality. One of the major environ-
mental issues is water contamination which is caused
by the release of untreated industrial wastes into the
water systems. This wastewater contains highly var-
ied heavy metal ions including copper, arsenic, lead,
nickel, chromium, and cobalt. These heavy metal
ions are undegradable, indecomposable, and toxic to
human beings through the food chain. Biosorption is
one of the applicable methods to solve this problem,
due to its eco-friendliness, simplicity, lower expense,
and high removal rate. Various materials have been
investigated as potential biosorbents. Biopolymer
hydrogels with a three-dimensional polymer network
have been shown to effectively absorb dyes, heavy-
metal ions, and other organic pollutants. Biopolymers
such as chitosan, cellulose, pectin, and alginate are
also suitable due to their high reabsorbability, adsorp-
tion capacity, biocompatibility, and versatility. Pectin
and pectin-rich wastes have demonstrated a strong
affinity for metal ions, making them promising candi-
dates for biosorption. Micronization, which increases
surface area, is a method used to enhance sorption
capacity [50, 75-77].

Heavy metals are chemical elements which are known
to be toxic at very low concentrations and have a spe-
cific gravity at least five times higher than water [78,
79]. Among several heavy metal pollutants, cobalt
and nickel are considered to cause occupational and
industrial health risks. Dissolving nickel from the
water tanks and pipes could contaminate soft drinking
water and acid beverages. Corrosion and leaching of
nickel significantly contribute to more than 1 mg/day
oral intake. Several sources of pollutant nickel include
orthopedic implants, imitation jewellery, stainless
steel kitchen utensils, and tobacco [78]. Moreover,
cobalt contamination could come from mobile bat-
teries, liquid crystal display T'Vs, computer monitors,
cosmetic products, and several traditional medicinal
practices to treat anemia and postmenopausal symp-
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toms in women [79]. Furthermore, environmental
pollution may be caused by mining activities [80].
However, nickel and cobalt are essential minerals that
have vital roles in a wide range of biochemical, mor-
phological, and physiological functions in the growth
of plants, including seed germination and productiv-
ity. Cobalt is also known as a component of vitamin
B12 where one molecule of vitamin B12 contains 4%
by weight of one atom of cobalt [79, 81]. The approxi-
mate consumption of cobalt by humans is 5-40 pg/
day and the tolerable limit in the soil is 0.2-0.5 ppm.
Higher concentrations of threshold levels could cause
toxicity to plants and humans. Nickel can cause a
variety of health problems including dermatitis, car-
diovascular disease, lung fibrosis, asthma, and respira-
tory tract cancer. Meanwhile, cobalt could generate
reactive oxygen species, lipid peroxidation, alternate
calcium (Ca) and iron (Fe) homeostasis, interrupt
mitochondrial function, and interact with body feed-
back systems that would trigger erythropoiesis, induct
genotoxic effects, interrupt thyroid iodine uptake, and
perturbation of DNA repair processes [80—82].

Variations in Na alginate—CDH pectin ratio (3:1, 2:1,
1:1, 1:2, 1:3) were expected to affect the absorption
capacity of cobalt and nickel. The result showed that
alginate and pectin exhibit almost similar effects on
cobalt and nickel sorption. Excessive concentration
of Na alginate or CDH pectin in the microspheres
caused the decrease in removal rate.

A previous study by Zhao et al. [83] also reported
that alginate showed higher heavy metal-binding
ability than lignin, activated charcoal, and pectin.
Pectin absorbs heavy metals by forming specific
binding regions which is defined as “egg box,” where
several free carboxyl groups from the galacturonic
acid chain serve as the binding sites for the heavy
metals [50]. Meanwhile, Na alginate which is
seaweed biomass, contains many light metal ions
such as K*, Na™, Ca*, Mg?™, etc. that could undergo
ion exchange and tend to bind stronger when in
contact with solutions containing heavy metal ions
[83, 84]. The sorption character was determined by
the physicochemical properties of the sorbent and
the effect of the external environment, including
acidity and pollutants. The acidity of the solution
can significantly affect the adsorption mechanism
[84]. Pectin and the derivatives were analyzed to
absorb heavy metals and toxic synthetic dyes from
polluted areas [50, 76, 85]. Citrus pectin had a high
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affinity for Ni**, beet pectin for Pb>* and Cu**, as
well as apple pectin for Co®* [50]. Meanwhile, the
ability of alginate from several seaweed families was
already analyzed to absorb heavy metals such as
Pb?t, Cu?t, Cd**, Zn?*, Co?*, Cr**, and Ni?* [83].
A case study by Koziol et al. [86] on a family living
in a high uranium area who’s given a pectin-alginate
supplement for detoxification. The result showed that
the supplement increases fecal excretion of low-level
ingested heavy metal.

. Potential use as food packaging material (based on

thermal characteristics)

Several stages of polysaccharides’ thermal decom-
position including desorption of physically absorbed
water, structural water removal (dehydration), and
rupture of C-O and C-C bonds in the ring units
caused the evolution of carbon monoxide, carbon
dioxide, and water, followed by depolymerization, and
polynuclear aromatic and graphitic carbon structures
formation [46].

TGA analysis is important to observe material
changes during the heating process. In this study,
it was observed that this biopolymer experienced
only on averaged 2% weight loss when heated
above 100 °C, which is lower compared to previous
research by Makaremi et al. [52] and Junior et al. [87]
on citrus pectin-alginate film cross-linked by CaCl,,
sodium citrate and SiO, which showed 7.5-20.2%
weight loss at 100 °C. Moreover, 5% weight loss was
achieved at 100-180 °C which is also higher than
previous study of cross-linked pectin and alginate
by Singh et al. [88]. These are important characters
for hot food and beverage packaging applications.
Apart from the potential use for microencapsulation
and hot food packaging, the present study showed
that dried Na alginate—CDH pectin is potentially a
toxic element absorbent. An absorbent should be
able to endure high temperatures, especially min-
ing wastewater which contains several heavy metals.
Research by Wang et al. [35] on pectin-based aero-
gels that are used to absorb Pb*" showed approxi-
mately 20-40% remaining matter at 500 °C which
is similar to the current result where the remaining
matter was 36.59% for AP ratio 1:1, 45.34% for 1:3 AP
ratio and 53.64% for AP ratio 3:1. A notable strength
of this study is the use of Citrus depressa Hayata peel
as the primary material, which is rare and therefore
unique. However, this also represents a limitation of
the study, as this citrus is cultivated only in East Asia,
making its potential applications challenging in other
countries.
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5 Conclusion

This study investigated the potential use of pectin from
Citrus depressa Hayata peels, combined with sodium
alginate. The concentration ratio was used as the factor
that affected the encapsulation and metal sorption ability.
The result showed that more Na alginate ratio (AP21 and
AP31) formed more spherical microspheres and higher
cobalt and nickel absorption ability than samples with
more pectin. However, a higher pectin concentration in
the ratio exhibits greater efficiency in the entrapment of
quercetin and nobiletin. The encapsulation of querce-
tin within CDH pectin and Na alginate matrix did not
impair its antioxidant activity. Thermal stability analysis
showed that the combination also has potential for hot
food and beverage packaging material. Further research
on the potential of Na alginate—CDH pectin as a bioab-
sorbent and biodegradable packaging material needs to
be conducted.
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