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Abstract

The use of natural-based polymer is currently limited due to its hydrophilic properties. This study investigates durian seed
gum for applying a drug delivery system with the combination of chitosan as complex coacervate. The successful syn-
thesis of durian seed gum—chitosan polyelectrolyte complex (PEC) occurred through the electrostatic interaction between
gum and chitosan, confirmed by the FTIR spectra and H' NMR of PEC. The analysis of Zeta Potential also showed the
behavior of pH-responsive material, 3.42 mV in pH 2.0 and —28.8 in pH 7.4. Other characterizations, such as SEM, TGA,
DSC, and particle size analysis, were conducted to understand PEC’s characteristics further. The entrapment efficiency of
dexamethasone using PEC was greater than 90%, with a high loading content of around 4 mg/gram PEC. The drug release
profile from PEC follows the mechanism of polymer swelling and non-Fickian diffusion. The combination of durian seed
gum and chitosan as a coacervate greatly enhances the controlled release of hydrophobic drugs. This suggests that durian
seed gum—chitosan PEC has promising potential for use in pharmacokinetic research.
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1 Introduction

>4 Jindrayani Nyoo Putro Gum is a complex heteropolysaccharide with more than one
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type of monosaccharide in its structure; it is also considered
a biodegradable and biocompatible material, which makes
it suitable for use as a drug excipient in the pharmaceutical
industry or as a controlled release media for biostimulants
and antimicrobial agents for agrochemical applications [1,
2]. Because of their nature as rheological modifiers, several
seed gums (guar gum, basil seed gum, durian seed gum,
and tamarind seed gum) have been extensively studied by
researchers for various applications, such as emulsifiers,
stabilizers, and ingredient improvement, in the food indus-
try [3—6]. Indonesia is an agricultural country with a tropical
climate, so various kinds of fruit and agricultural products
can thrive. One of the most well-known agricultural prod-
ucts is durian, which produced around 1.13 million tons in
2020 [7]. Durian fruit (D. zibethinus Murr) consists of fruit,
shell, and seed; only 1/3 of the durian can be consumed.
The shell and seed are discarded after consumption as solid
waste; seeds contribute about 20-25% of the total fruit
weight.
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Durian seed gum mainly consists of monosaccharides,
fatty acids, protein, and prebiotics [8—10]. Most studies
have focused on extraction methods and other applications
in the food industry, such as emulsifiers in mayonnaise and
encapsulating agents for probiotic bacteria [5, 11]. No study
has utilized gum from durian seeds for application in oral
drug delivery systems. The limitation of using natural poly-
mers like durian seed gum is the hydrophilic nature since
the major functional groups in the material are hydroxyl
groups. Apart from that, there are several advantages to
utilizing durian seed gum as a drug carrier, including its
competitive economic value compared with commercially
available gum (e.g., xanthan gum, alginate, or guar gum),
lack of competition with the food supply chain, nutraceuti-
cal value, and low glycemic index, which are beneficial for
individuals with type II diabetes mellitus [12]. Considering
these values, durian seed gum is a promising feedstock in
the drug delivery system. However, a modification of durian
seed gum is needed to overcome the limitation of its hydro-
philicity. The combination of gum-chitosan has been stud-
ied as a drug carrier in various drug delivery systems, which
was known as polyelectrolyte complex (PEC).

PEC or complex coacervates have been extensively
studied in the pharmaceutical industry as coating materi-
als, dissolution rate enhancers, and binding agents in drug
formulations [13]. PEC is formed by dropping a polyan-
ion solution on a chitosan solution or vice versa, generally
leading to the system dissociation of ionic groups or elec-
trostatic interactions. Chitosan is widely used in drug deliv-
ery because of its natural origin and biocompatibility; for
example, the combination of various types of gum and chi-
tosan PEC has been investigated as a carrier for triamcino-
lone [14], metformin hydrochlorite [15], ofloxacin [16—18],
secnidazole [19], curcumin [20], ibuprofen [21], tamoxifen
citrate [22], and naproxen [23].

Li et al. investigated various anionic polysaccharides,
such as carboxymethyl cellulose, sodium alginate, car-
rageenan, and xanthan gum, with chitosan as a complex
coacervate for the release of theophylline and metoprolol
succinate. Their results showed that the amount of theoph-
ylline released from the xanthan gum—chitosan coacervate
was slower than that released from other anionic polysac-
charides (up to 50% cumulative release within 10 h) [24].
The slightly soluble drug (theophylline) is more strongly
associated with the xanthan gum—chitosan complex. Minkal
et al. (2018) studied the hydrophobic drug ofloxacin, which
was entrapped using carboxymethyl gum katira—chito-
san for controlled drug release. The cumulative release of
ofloxacin was maintained at 20% for 2 h at pH 2.0, and the
sustained release reached 84% within 24 h at pH 6.8. Com-
bining anionic and cationic polysaccharide PEC is a promis-
ing approach for controlled hydrophobic drug release.

@ Springer

Dexamethasone (DEX) is a synthetic corticosteroid com-
pound used as a multipurpose drug for its anti-inflammatory
and immune suppressive effects. It is used for acute COVID-
19 patients, reducing the mortality rate of patients requiring
oxygen or ventilator support [25, 26]. Several studies have
investigated the controlled release of hydrophobic DEX
using B-cyclodextrin, montmorillonite-polylactic-co-gly-
colic acid, poly(ethylene glycol) methyl ether — poly(lactic
acid) — acryloyl chloride hydrogel, polyvinyl alcohol hydro-
gel, and hybrid hydrogel [27-31]. These methods use com-
plex steps of material synthesis compared to PEC. It is also
one of the most effective micro/nanoencapsulation methods
in the food and pharmaceutical industries [32]. Polysac-
charide complex coacervate is nontoxic, well-tolerated, and
biocompatible compared to chemical synthetic materials,
which often involve toxic or hazardous chemicals in their
synthesis [33].

This research aimed to extract gum from durian seeds and
analyze the application of durian seed gum to deliver hydro-
phobic drugs using PEC. Using a simple coacervate com-
plex procedure, this study entrapped DEX among anionic
and cationic polysaccharides. The optimum conditions for
the separation of gum from durian seeds were investigated.
This gum was further utilized as a microparticle coacervate
with chitosan as the carrier of hydrophobic DEX. The effect
of the durian seed gum and chitosan ratio was examined
to determine the highest production yield of the microparti-
cles. Afterward, drug incorporation and release experiments
were performed to understand better the influence of the
durian seed gum-chitosan complex coacervate.

2 Materials and methods

2.1 Materials

Tapanuli durian seed (Durio zibethinus Murr.) was obtained
from Pargarutan, South Tapanuli district, North Sumatera
province, Indonesia. Low molecular weight (MW) chitosan
(Sigma Aldrich, Lot BCCD9854) with a degree of acety-
lation>75% and a viscosity of 20-300 cps in 1% wt. of
acetic acid solution (concentration of 1% wt.) was used as
one of the raw materials for PEC synthesis. Dexamethasone
(Sigma Aldrich, D4902, > 98% HPLC), ethanol (Merck,
Lot 11153783, ACS spectrophotometric grade>95%),
glacial acetic acid (Merck, Lot K53509263, > 99%), HCI
(Honeywell Fluka, Lot H2400, ACS reagent, > 37%),
NaOH (Supelco, Lot MB2032798, ACS reagent, > 97%),
NaCl (Merck, Lot K45005604, ACS reagent, > 99%), KC1
(Merck, Lot K51302936, ACS reagent, 99.0-100.5%),
KH,PO, (Supelco, Lot AM1605873, ACS reagent, >

s =

99%), and Na,HPO, (Sigma Aldrich, Lot SLCK8884, ACS
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Table 1 Setting levels of the aqueous extract of durian seed gum

Table 2 Regression coefficients of aqueous extraction variables

Parameters Range Outside Range Units
Low High -1 +1

Time 20 40 10 50 min

w: s 30:1 50:1 20:1 60:1 wiw

pH 11 13 10 14 -

Temperature 60 80 50 90 °C

*W: S indicates the ratio of water to durian seed

reagent, > 99%) were used without further purification.
Deionized water was used throughout this study.

2.2 Methods
2.2.1 Extraction of gum from durian seed

The durian seeds were rinsed thoroughly with deionized
water to remove dirt and dust and then partially dried using
a heating oven at 60 °C to reduce the moisture content. The
hull and embryo of the dried durian seed were removed,
leaving only the endosperm. The endosperm was ground
and passed through an 80-mesh sieve to obtain a homoge-
neous particle size of around 170 pm. The durian seed pow-
der was then stored and sealed in a dry place for further use.

Durian seed powder was extracted using an aqueous solu-
tion under different conditions [8]. The parameters used for
this extraction were time, water: seed ratio (W: S), pH, and
temperature, as shown in Table 1. For pH adjustment, 0.1 M
NaOH was used to control the pH of the aqueous extract.
These various conditions involved 54 sets of extraction con-
ditions in duplicate; these parameter sets were based on the
statistical model of central composite design (CCD) using
product yield as the determinant. The seed-water slurry was
stirred using a heating mantle with a condenser to mini-
mize water loss. The slurry was centrifuged at 1200 rpm
for 10 min to collect the supernatant. The supernatant was
mixed with 95% ethanol three times to separate the precipi-
tate. The precipitate was collected and oven-dried at 60 °C.
All the experiments were performed using deionized water.
The yield of durian seed gum was determined using Eq. (1).

M,
Y =— x 100
T 0C (1)

where Y represents the extraction yield (%), M, is the mass
of extracted gum (g), and M, is the initial mass of the durian
seed (g). The masses of the extracted gum and durian seeds
were both dry.

Response surface methodology (RSM) was used to pre-
dict the effect of four variables of gum extraction (x, as
extraction time, X, as water-to-seed ratio, X as aqueous pH,
and x, as extraction temperature) on the extraction yield

Source Regression Coefficient
Model b, 13.72
Main Effects b, 0.26
b, -0.52
b, 16.28
b, -3.62
Quadratic Effects b, 0.27
by, 0.65
bss 5.63
byy 1.17
Interaction Effects b, -1.25
b3 -0.008
by, 0.98
bys -0.29
by, -2.75
by -6.77
R? 0.94
Adjusted-R? 0.92

*Significant at p <0.05; by, b, b,, b;, and b, represent the intercept,
main effect of time, W:S ratio, pH, and temperature, respectively. b,
by,, b3, and by, represent the quadratic effects of time, W:S ratio,
pH, and temperature, respectively. b;,, b;3, by, bys, byy, and by, repre-
sent the interaction effects of time and W: S ratio, time and pH, time
and temperature, W:S ratio and pH, W:S ratio and temperature, and
between pH and temperature, respectively

(%) of durian seed gum. These experimental data are then
processed using a central composite design (CCD) with one
central point and six-star points to obtain points outside
the range (-1 and + 1) with the possibility of unexpected
response changes that may occur outside that range. The
response function (Y), which is the extraction yield, was
generalized with a second-order polynomial model to pre-
dict the variation in the response variables given below:

Y = b() + b].’l?[ + szz + bg.??g + 64?1?4 + b]].??% + bQQI% + b;;;;;](?g
+ [),1,1.73?1 + blg X1ZTo + b13 X1ZT3 + bn X124

+b23><2><3+b24><21‘4+b34><31‘4

This model was represented by b, as a constant coefficient;
b,, b,, by, and b, as linear coefficients; b}, by,, by, and by,
as quadratic coefficients; and b5, b3, b4, by, by, and by, as
interaction coefficients, as shown in Table 2. R? and adjusted
R? represented the adequacy of the model.

2.2.2 Preparation of DEX dispersion in the gum solution

A total of 0.5 g of gum was dissolved in 100 mL sodium
hydroxide solution (pH 13.2). The gum was stirred for 2 h
at 70 °C. DEX was dissolved in ethanol at a predetermined
concentration. The DEX solution was further dispersed
into a gum solution that was cooled before adding DEX.
The dispersion of DEX solution in gum is called DEX@

@ Springer
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gum, which was mixed until a homogeneous dispersion was
obtained.

2.2.3 Preparation of complex coacervate chitosan and
DEX@gum

The DEX@gum solution was slowly added to the chitosan
and prepared in advance. Two grams of 100 mL of chitosan
was dissolved in 2% acetic acid solution (pH 3.9). The coac-
ervate was subsequently centrifuged for 30 min at 4,900 rpm.
The supernatant was collected to measure unloaded DEX in
the aqueous system, while the solid was kept at -20 °C and
freeze-dried. The entrapment of DEX in PEC was labeled
DEX@PEC, and the amount of DEX entrapped in the PEC
was measured using a UV-Vis spectrophotometer at a
wavelength of 240 nm. The amount of entrapped drug and
the entrapment efficiency were calculated using Egs. (2) and
(3), respectively. Blank PEC was prepared using a similar
method without the addition of DEX.
DEXiTIiti,al —
m

DEXfiIm[)V

o= )

DE Xiitia — DEXj
EE — initial final
DE Xinitial

x 100 (3)

where LC is the loading content (mg/g), EE is the entrap-
ment efficiency (%), V is the volume of solution (L), m is
the mass of PEC (g), and DEX,,;,;,, and DEXj, ,, are defined
as the initial and final concentrations of DEX (mg/L),
respectively.

2.2.4 Kineticrelease of DEX@PEC

An in vitro drug release study of DEX@PEC was conducted
in simulated gastric and intestinal fluid. First, 0.5 g of
DEX@PEC was immersed in 500 mL of simulated gastric
fluid (SGF) with a pH of 2.0; SGF was prepared by dissolv-
ing NaCl and HCI without pepsin. Simultaneously, 0.5 g of
DEX@PEC was added to 500 mL of simulated intestinal
fluid (SIF) prepared using 10 mM phosphate-buffered saline
(PBS) (pH 7.4). The solution was then heated to 37 °C and
stirred at 100 rpm. At the specified time, 2 mL of the solu-
tion was removed, and 2 mL of the new medium was added
to the system. The release of free drugs was also studied by
dissolving DEX in ethanol and placing it in SGF and SIF due
to the limited solubility of DEX in aqueous media. Before
analysis with a UV/Vis spectrophotometer at a wavelength
of 240 nm, the sample was first separated between the solu-
tion and the solid by centrifugation. The release profile was
calculated using the following equation:

@ Springer

M,
Release profile (%) = ]V—[t x 100 4)

o

where M, and M, are the released and initial drug-loaded
concentrations in the PEC, respectively, and the release pro-
file was plotted as a function of the concentration versus
time.

2.2.5 Swelling studies

The PEC blanks’ swelling degree (SD) was determined
simultaneously in SGF and SIF solutions at 37 °C. This
test was conducted to determine the swelling ability of PEC
blanks at pH 2.0 (SGF) and pH 7.4 (SIF) for 48 h. The swell-
ing experiment was carried out in duplicate, and the degree
of swelling was calculated using Eq. (5). The swollen and
dried PEC masses are Ms (g) and Md (g).

M [s - ]\/Id

SD(%) = ==
d

% 100 (5)

2.2.6 Analysis of the sugar content of durian seed gum

250 mg of durian seed gum was hydrolyzed in 50 mL of 1
M H,S0, at 80 °C for 24 h. Hydrolyzed gum was placed
under a rotary evaporator for 4 h at 40 °C under vacuum,
and then 25 mL of deionized water was added to the solu-
tion and passed through a nylon membrane filter of 0.22 um
for further analysis. The sugar composition was determined
using a high-performance liquid chromatography (HPLC:
Shimadzu LC-2030 C 3D) instrument equipped with a
refractive index (RI) detector and an oven. Sulfuric acid (5
mM) was used as the mobile phase with a flow rate of 0.6
mL/min and a temperature of 80 °C. The analytical column
was a Coregel 87H3 (ID 7.8 mm X length 300 mm, particle
size 9 um).

2.2.7 Characterization of DSG and Chitosan complex
coacervates

2.2.7.1 FTIR The FTIR spectrum of each sample was
obtained using an FTIR Bruker Tensor II instrument
equipped with an ATR platinum accessory; the KBR pellet
method was used, and measurements were carried out in the
wavenumber range of 4000—500 cm™".

2.2.7.2 'H nuclear magnetic resonance (NMR) The sample
of PEC and durian seed gum were dissolved in CDCl;. The
solution was prepared by dissolving 20 mg of the sample in
0.5 mL CDCl; with tetramethylsilane (TMS) as an internal
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standard; it was mixed at 80 °C for 6 h. The mixture was
cooled down and examined by 'H NMR. The spectra were
recorded on a JEOL ECZ400s spectrometer (JEOL, Tokyo,
Japan) at 400 MHz. The monosaccharides of glucose and
galactose were also measured to check the sugar backbone
of the PEC.

2.2.7.3 SEM The material morphology was analyzed using
scanning electron microscopy (SEM JEOL JIB-4610 F)
with an emission gun at 10 kV. The samples were coated
with gold (Au) for 90 s before SEM analysis.

2.2.7.4 Zeta potential and particle size analysis The zeta
potential and particle size were determined by a ZetaSizer
Nano ZS90 (Malvern Panalytical); the samples were pre-
pared in a solution with a concentration of 1% wt and mea-
sured using the dynamic light scattering technique.

2.2.7.5 Differential scanning calorimetry Differential scan-
ning calorimetry (DSC) measurements were performed
using a Perkin Elmer DSC 8000 instrument under an inert
gas (N,) flow rate of 20 mL/min with a constant heating rate
of 10 °C/min.

2.2.7.6 Thermal gravimetry analysis Thermal gravimetric
analysis (TGA) was performed on a LINSEIS L70/2171
thermistor under N, atmosphere conditions at temperatures
ranging from 30 °C to 600 °C using a heating rate of 10 °C/
min.

3 Results and discussions
3.1 Statistical analysis of the extracted DSG

The correlation between the four extraction variables and
the extraction yields as a response function was carried out
using response surface analysis. Table S1 (refer to the sup-
plementary data) shows the matrix design of the yield data
obtained from the four variables. Figure S1 shows the plot of
the predicted vs. actual yield of gum obtained in this study,
a linear regression with an R? of 0.97. Figure S1 shows that
two data sets had negative values. However, the distribution
of the data yield is satisfactory to the regression line, which
shows no significant differences between the predicted and
experimental yields.

RSM analysis can determine the influencing variables
and interactions between variables that occur during the
extraction of durian seed gum. The regression coefficients
obtained can be seen in Table 2. A high 2 V3¢ indicates that
the model can represent the experimental data. However,
a high R? did not mean the regression model was good.
The adjusted R? could be used to evaluate the differences
between R? and adjusted R?. Table 2 shows that R? and
adjusted R? did not differ significantly, implying that the
model did not include significant terms [34]. The interaction
effects of aqueous extraction variables with high R? values
indicate a good fit model with a value of 0.94 (minimum
of 0.80). However, the response of the extraction results
obtained from the regression coefficient data is negatively
related to the ratio of water to solid and pH. Conversely, the
extraction time or temperature is positively proportional to
the linear and quadratic effects.

Thus, the response surface to represent this interaction
is shown in Fig. 1(a-f). The interaction between pH and
other variables shows that the extraction yield increases
with increasing pH and time (b5); this is the opposite of the
increase in the W: S and temperature (b,;) variables, which
decrease the yield.

As shown in Fig. 1, the temperature of this extraction
process significantly influenced the yield. A more concen-
trated alkaline solution provides a more elevated extraction
yield, which agrees with the observation reported by [35,
36]. Therefore, extraction at high pH should be chosen for
higher yields. As shown in the data under the extraction con-
dition of pH 11, the low yield occurs due to the inability
of low alkaline conditions to hydrolyze the mucus in the
endosperm. Interestingly, Table S1 shows that at pH 10, no
gum was found in the extraction. This phenomenon explains
why a high pH is necessary for gum extraction, as excess
hydroxide ions are needed to attack the glycosidic bonds in
polysaccharides [37].

In the durian seed extraction process, temperature has the
opposite effect compared to pH. Increasing the extraction
temperature decreased the yield due to the hydrolysis of
polysaccharides at high temperatures [38]. Thus, as shown
in Fig. 1(a), the interaction effect of pH was more significant
than the temperature effect, with the optimum effect occur-
ring at pH 13 and 60 °C.

The interaction between pH and W: S (Fig. 1(b)) shows
that excess water results in greater extraction yields at high
alkalinity. Excess water is the driving force causing more
liquid-binding water-soluble components in the endosperm
to diffuse out of the seed. This condition results in less sticky
extraction, thus increasing the extraction yield of the muci-
lage. In conclusion, excessive water was chosen to obtain a
high extraction yield, which in this work was 50:1 (Fig. 1b)
[39, 40].

@ Springer
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and W: S for 20 min at 60 °C; (¢) Temperature and Time at pH 13 and
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The extraction time did not significantly affect the
increase in yield (Fig. 1(c)). The results show a slight
increase in extraction results in a short time; at long extrac-
tion times, the results tend to be constant. Increasing the
extraction time will change the polysaccharide structure
[40]. Figure 1(c) indicates that the time effect is the least
significant variable for this model. The optimum extraction
time to produce gum with the highest yield was 20 min. The
optimum conditions for extracting gum from durian seeds
were 20 min, a pH of 13, a temperature of 60 °C, a water-
to-solid ratio of 50:1, and a yield of 58%. This result was
greater than that of Amin et al., who reported that crude
durian seed gum yield was 18% [41]. A similar yield of
durian seed gum (56.4%) was reported by [39]; however,
the set of variables differed. A previous study reported that
the optimum parameters were W/S=35.5:1, a temperature
of 85 °C, a pH of ~ 12, and an extraction time of 1 h. This
study showed a significantly shorter extraction time and
relatively lower temperature than the reported study.

3.2 Sugar composition of durian seed gum (DSG)

A dilute alkaline solution was used to extract the gum from
the durian seeds. Durian seed gum has a monosaccharide
sugar profile of 38% glucose, 4.88% galactose, and 1.4%
arabinose (Run 15, the highest yield); the original durian
seed flour has a sugar composition of 52% glucose, 5.1%
galactose, and 0.94% arabinose. As reported in a previous
study, the monosaccharide profile revealed that durian seed
gum is not a galactomannan. The glucose percentage is sim-
ilar to that reported by Amid et al. (2012) (around 40%);
however, this study produced a low content of galactose (a

PEC
-OH -CH
hydroxl
— Chitosan
3
&
[0} .
2 Durian seed gum
]
=
&
C
[ / \/ Durian seed
'_
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig.2 FTIR spectra of durian seed flour, DSG, chitosan, and PEC

previous study had a 58% composition of galactose) and a
higher content of arabinose than a previous study (0.6%)
[9]. Based on this study and previous research, it can be
confirmed that durian seed gum is not galactomannan (no
mannose is detected in durian seed gum) [40, 41].

Previous studies have shown that the yield of polysac-
charides produced using the alkaline method is better than
that produced using acid, water, or enzymatic extraction.
Somboonpanyakul et al. (2006) extracted gum from malva
nuts using sequential water, acid, and alkaline extraction;
based on the results, the highest yield was around 20%,
obtained through alkaline fractionation. Hot water and dilute
acid extraction yielded~ 1% and ~ 6%, respectively [35].
Another study extracted gum from flaxseed using different

Fig.3 '"H NMR of (a) PEC and
(b) DSG
CDCl TMS
a 3
Sugar backbone ’
9{0 8{0 710 6{0 510 410 3!0 210 1D (l)
ppm
b ‘ ‘
|
J Sugar backbone ‘I K’
Y N
9!0 8!0 7{0 6!0 5!0 410 3!0 2].0 1‘.0 (l)
ppm
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Fig.4 SEM images of a) durian seed flour, b) DSG, ¢) chitosan, and d) PEC DSG-chitosan

extraction methods; alkaline extraction generated the high-
est yield of flaxseed gum (13.7%), whereas enzymatic
extraction yielded 4% and enzymatic ultrasonic extraction
2.85% [42]. Moreover, this study revealed a significantly
high yield of gum using the alkaline method, which indi-
cates the compatibility of alkaline hydrolysis with durian
seeds.

The alkaline extraction method is well known for acquir-
ing hemicellulose. Unlike cellulose, hemicellulose has a
lower degree of polymerization (50-200) and is composed
of many sugars (hexoses and pentoses). Combining ethanol
precipitation with alkaline hydrolysis to obtain polysaccha-
rides has also been widely used in many studies, especially
for the raw materials from agricultural feedstocks. Bouaziz
et al. (2016) examined the water-insoluble fraction of
almond gum, which is the residue of almond gum after a
series of treatments using hot water, alkaline, and ethanol
precipitation; the precipitate is called almond gum hemicel-
lulose [43]. The physical appearance of almond gum hemi-
cellulose is very similar to that of durian seed gum (brown);

@ Springer

the sugar profile is also high in glucose and has a low con-
tent of galactose and arabinose.

The alkali concentration also plays a significant role in
the yield of mung bean polysaccharides; it has also been
observed that the glucose content is higher than that of hot
water extraction [44]. Alkali extraction can break the ester
and hydrogen bonds between polysaccharides, enhancing
the yield. Alkaline extraction is also used to extract corn
fiber gum or hemicellulose B precipitates (with the addi-
tion of alcohol), which Kamboj and Rana investigated [6].
Hence, the term hemicellulose, polysaccharide, or gum is
usually used to describe the extract from alkaline extraction.

3.3 Characterization of DSG and Chitosan complex
coacervates

The spectra of durian seed, durian seed gum, chitosan, and
PEC are depicted in Fig. 2, where all have similar trans-
mittance around 3300 cm™ and 2900 cm!, corresponding
to —OH and —CH stretching vibrations, respectively. Based
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on the FTIR spectra of durian seed and durian seed gum,
the wavenumbers of durian gum shifted slightly compared
to those of durian seed due to other compounds in the
durian seed, such as amino acids and fatty acids. The peaks
of the extracted gum at 1590 cm™ and 1370 cm™! indicate

—— DEX
——— DEX@PEC

253°C

Heat flow (Endothermal —>)

150 200 300

Temperature (°C)

Fig. 7 DSC thermograms of pure dexamethasone and DEX@PEC

the asymmetric stretching of C-O and CH bending, respec-
tively [21, 45]. Moreover, durian seed peaks at 1632 cm’l,
corresponding to adsorbed water moieties, and 1338 cm’!
are attributed to CH, bending of carbohydrates [45, 46].

@ Springer



Emergent Materials

Several peaks of durian seed and durian gum are similar;
for example, the spectra around 1405 cm™ correspond to
the symmetrical vibrations of carboxylic groups (sym. The
peak at 1150 cm™ corresponds to the C—O—C vibration band
of glycosidic linkages, at 1000 cm™ corresponds to the
C-O-H deformation band, and at 930 cm™ corresponds to
the stretching vibrations of glycosidic bonds [47-50]. The
region below 800 cm™ is known as the skeletal vibration
region of carbohydrates [49]. The peak at 1634 cm-1 cor-
responds to the stretching vibrations of C=0 in the amide I
group, while the neighboring peak at 1589 cm™! corresponds
to the primary amine [51]. The peaks at 1418 cm™ and
1378 cm™ represent the CH, bending group and CH; sym-
metrical deformation bands, respectively, and the spectral
peak at 1318 cm™ is attributed to amide III groups [52]. More
general characteristic peaks of chitosan are at wavenumbers
1152 cm™ and 1019 cm™ corresponding to the C—O—C ring
and C-O stretching, respectively [53]. The spectra of PEC
indicate the combination of chitosan and durian seed gum
at 1637 cm™' (amide I group), 1409 cm™ (carboxyl group),
1373 cm™! (CH, bending group), 1150 cm™ (C-O—C ring in
polysaccharide), 1063 cm™ and 1023 cm™ (C-O stretching).
The new peak at 1558 cm™ in the PEC spectrum was attrib-
uted to amide I (N-H bending), while the peak at 1480 cm™
was attributed to CH, bending of galacturonic acid due to
the interaction between chitosan and DSG, and the peak at
1262 cm™ was attributed to the hydroxyl group of chito-
san [52, 54, 55]. These peaks indicate the ionic interaction
between chitosan and DSG to form PEC.

The chemical shift of PEC occurred in the range of 1.0
to 2.5 ppm; one of these peaks corresponded to the amine
group of chitosan. Note that the peak in DSG (see Fig. 3) at
1.5 ppm disappeared in the PEC, and the broad peak showed
at ~2 ppm. This peak marked the successful addition of chi-
tosan into the PEC network. For reference, D-galactose was
employed as a sugar model (Figure S2). D-galactose exhib-
ited chemical shifts similar to DSG, indicating the pres-
ence of sugar peaks (~3-5.1 ppm). Similar peaks were also
shown in the PEC spectra, signifying the sugar backbone.

The morphological structure of each material is depicted
in Fig. 4. Durian seed flour has a globular structure, indicat-
ing complex polysaccharides, fatty acid, and protein con-
tents in durian seeds. After alkaline extraction, the DSG
consists of a more planar surface and sticks, as shown in
Fig. 4(b). The image of chitosan shows a stacked terrain
with pores, as shown in Fig. 4(c). PEC has a smoother sur-
face than chitosan and DSG, and it is also observed that
chitosan is fully covered by DSG, as shown in Fig. 3(d).
PEC has a sponge-like structure, which was confirmed in
the swelling assay.

The surface charge and particle size of DSG and chito-
san are shown in Fig. 5(a) and (b). Compared with chitosan,
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DSG has a more negative charge due to the carboxyl group
in its backbone structure. The particle size varied for DSG,
with an average size of 1788 nm, while chitosan had an
average particle size of 302.2 nm. A positive PEC value is
expected in SGF because the outside of PEC is chitosan,
which is protonated at low pH because of the amine group
with a pKa value of ~6.5. Furthermore, PEC in SIF has a
negative charge (-28.80 mV) caused by the interaction of
sugar monomers and amine groups in the phosphate buf-
fer solution. The sizes of the PEC particles in SGF and SIF
were 779 nm and 762.1 nm, respectively. However, the par-
ticle distribution is even for PEC in SIF more than in SGF,
which can be observed in Fig. 4(c) and (d). These results
indicate that pH significantly influences the behavior of
PEC in solution.

3.4 TGA and DSC analysis

Based on the thermal analysis, which can be seen in Fig. 6,
there are three stages of degradation. The degradation tem-
peratures of durian seeds and chitosan were similar in the
Ist degradation stage, at approximately 230 °C. Durian seed
and chitosan resulted in 10% and 20% weight loss, respec-
tively. DSG and PEC have similar degradation temperatures
at 200 °C, with 25% weight loss, which is slightly more
significant than the weight loss of durian seed and chitosan.
The second stage of degradation occurs until the tempera-
ture reaches 330 °C. The weight loss for durian seed was
50%, and that for chitosan was 37%. DSG and PEC have
similar % weight loss, around 33%, indicating that PEC’s
thermal stability is more similar to DSG than chitosan.

The thermal properties of the drug and PEC were
observed by DSC, as depicted in Fig. 7. The interaction
between DEX and PEC was also investigated to understand
the drug characteristics of the coacervates better. The ther-
mogram of pure DEX showed a high-intensity endothermic
peak at 253 °C (AH=136.13 J/g), indicating the melting
peak of DEX. The melting temperature of dexamethasone
is around 260 °C, as reported in previous studies [56, 57].
The DEX@PEC thermogram does not show a peak, which
indicates that the encapsulated drug is in the coacervate of
the DSG and chitosan complex. This phenomenon is also
known as amorphization, a method commonly used in the
pharmaceutical industry, especially for developing poorly
water-soluble active pharmaceutical ingredients (APIs)
[58]. The disappearance of the crystalline peak of dexa-
methasone is affected by the formulation of PEC, which has
a large particle size of around 760—780 nm, and it can be
concluded that dexamethasone is present in the dissolved
state in the complex coacervate of DSG and chitosan [59].
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3.5 Swelling assay

The behavior of PEC at SGF and SIF was investigated to
understand the condition of coacervates in aqueous solution.
The swelling of the material is strongly correlated with the
ability or mechanism of the carrier to release the drug in
SGF and SIF. Figure 8 shows that PEC has opposite swell-
ing effects on SGF and SIF. The PEC in SGF constantly
swelled up to 350% and decreased over time, while it con-
tinuously swelled in SIF. This result indicates that PEC is
pH-responsive and suitable as a controlled drug delivery
carrier, especially for colon-targeted drug delivery. PEC
exhibited a sudden swelling of around 350% in the first hour
and gradually decreased to 150% after 48 h of immersion in
SGF. Chitosan is protonated at lower pH (pH <4), and the
amine groups are ionized to ammonium ions (NH;*), which
causes rapid swelling of PEC under acidic conditions [60].
In addition, chitosan is highly soluble under acidic condi-
tions, which could induce the erosion of PEC [61]. This
is the main reason for the sudden decrease in the swelling
degree of PEC at pH 2.0. The MW of chitosan also influ-
enced the erosion of the matrix PEC, and low-MW chito-
san eroded faster than did high-MW chitosan (200 kDa).
Low-MW chitosan shows a greater percentage of erosion
in acidic than in neutral pH media [62]. Moreover, the DSG
in SGF is stable; there are no large differences in the degree
of swelling after more than 10 h of immersion since the car-
boxyl groups in DSG are in the form of COOH.

Meanwhile, in pH 7.4, the swelling of PEC constantly
increased throughout the immersion in SIF. During the first
hour in SIF, the swelling degree of PEC is almost two times
that in SGF. In a buffer solution, the carboxyl group of DSG
is dissociated into —COQO™ ions [63, 64]. The intermolecular
forces between the amine group and carboxyl anion weaken
and allow the water to slowly penetrate from the surface
of the PEC toward the core, which causes the swelling to
increase exponentially for up to 10 h and expand to 550%
at 48 h [65].

Several reports have shown that a lower gum ratio leads
to more swelling. A lower gum concentration makes the
coacervate complex more porous and increases PEC swell-
ing [66]. A low xanthan gum solution (0.5% (w/v)) has a
50% greater degree of swelling than a 0.7% (w/v) xanthan
solution, with moderate concentrations of chitosan (0.7%
and 1.0% (w/v)) [67]. Excess chitosan in the PEC of gum
kondagogu—chitosan (gum/chitosan = 1:3) also shows maxi-
mal swelling compared with that of gum (5:1 and 3:1) at pH
1.2 and pH 6.8 [68]. The swelling behavior of the hydrogel
mixture of guar gum and chitosan is satisfactory for blends
of guar gum and chitosan at 20% and 60% [69]. A study
of the dynamic swelling behavior of the hydrogel xan-
than—chitosan also revealed a more prolonged equilibrium
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swelling time with 0.7% (w/v) xanthan gum than with 1%
(w/v) xanthan gum and the required time to reach equilib-
rium swelling ratio was 6 h and 2 h, respectively [70]. This
study prepared PECs with a smaller ratio of gum to chitosan
(DSG/chitosan=1:4) for controlled drug release in simu-
lated gastric and intestinal fluid.

3.6 Drugloading and release

The NaOH solution concentration affected the yield of PEC,
as shown in Fig. 9. By increasing the NaOH concentration, it
can be seen that the PEC synthesized was best at 2% NaOH
concentration, which was around 75.53%. The influence of
NaOH on the formation of PECs is driven by the coagulation
of chitosan under alkaline conditions. First, chitosan is solu-
bilized in acetic acid, which causes the protonation of the
amino groups of glucosamine. Afterward, this protonated
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amine reacts with the hydroxyl ions of NaOH. The kinetics
of chitosan coagulation in alkaline media (NaOH or urea)
have been investigated by several researchers [71, 72]. The
coagulation of chitosan is driven by the concentration of
NaOH, which occurs instantaneously and follows Fick’s
second law of diffusion. This parameter is further used for
dexamethasone entrapment in the PEC. Two different con-
centrations of dexamethasone (0.5 mg/mL and 1 mg/mL)
were used to observe the loading and entrapment efficiency
of the drug in PECs. The results are summarized in Table 3,
which shows that the entrapment of the drug was supported
by the bulk concentration of the drug under the initial condi-
tions. The entrapment efficiency was stable for both concen-
trations; more than 90% of the drug was encapsulated in the
gum and chitosan complex. The loading content of the drug
is around 2 and 4 mg/g PEC for initial DEX concentrations
of 0.5 and 1 mg/mL, respectively.

The release profile of the drug is depicted in Fig. 10,
which shows a major difference in the cumulative release
between the free and loaded drugs. The release profile is
plotted against three models; the equations are described
below.

B R, t 6

t_<t0.5+ta) ()
Ry = kpt" (7
Ry = kyt"? )

Equations (6-8) represent the model fitting of Sigmoidal
Hill, Korsmeyer—Peppas, and Higuchi, respectively [73,
74]. where R, is the cumulative release of the drug at a cer-
tain time (%), " is the time (h), R,, is the maximum release

40

Table 3 The loading content and entrapment efficiency of DEX

The concentration of DEX Entrapment efficiency (%) Loading

(mg/mL) content
(mg/g)
0.5 93.39+2.32 1.90+0.12
1 95.79+1.85 3.90+0.06
Table 4 Fitting parameters for drug release
Solution  Data Higuchi  Kors- Sigmoidal
meyer Hill
Peppas
SGF Free DEX ky = k, = R, = 45.66%
16.36 12.31 tos=191h
R?=0.92 n=0.79 a=1.61
R2=0.98 R2=0.99
DEX@PEC ky = k,=599 R, =3839%
10.10 n=1.02 t,s=298h
R?=0.85 R?=0.98 a=1.68
R2=0.99
SIF Free DEX ky = = R,, = 94.24%
18.14 13.46 tos=6.44h
R?=0.92 n=0.65 a=121
R?’=0.98 R?=0.99
DEX@PEC ky = k,=6.07 R, =5270%
10.85 n=0.78 ts=593h
R?=0.91 R?=098 a=1.59
R?=0.99

of the drug (%), to.5 is the time to reach half of the maximum
cumulative release (h), o is a characteristic sigmoidal factor
that is specific for a certain drug and carrier system, kp is
the Korsmeyer—Peppas constant, n is the release exponent,
and ky is the Higuchi constant.

All models show a high R? value above 0.90 for the fit-
ting results of Korsmeyer Peppas and Hill (see Table 4), cor-
responding to a satisfactory experimental data fit. However,
based on the plotting result in Fig. 10, the best-fitting results
are obtained using the sigmoidal Hill equation in both SGF
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Fig. 10 The release profile of the free drug and loaded drug DEX@PEC in (a) SGF and (b) SIF
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Dexamethasone

DEX@PEC

Fig. 11 Mechanism of drug release from DEX@PEC

and SIF. The Hill equation is categorized as an empirical
sigmoidal model with three parameters, a generalization of
the Michaelis-Menten equation [75]. Hill first introduced
it to describe oxygen binding in hemoglobin in 1910 [76].
The value of o influences the slope of the curve; where o
is greater than 1 the curve has a steeper slope in the central
portion [77]. The Hill equation is useful for describing the
drug concentration-effect relationship in pharmacokinetic
studies [78].

The values of the parameters fitted using Eq. (6) are
listed in Table 4; the values of R,, are 94% and 52% for
free DEX and DEX@PEC in SIF, respectively. This param-
eter indicates that the release of drugs in the system will
eventually reach the maximum release percentage accord-
ing to the R, value, as shown in Table 4. The time required
to reach 50% of the maximum release (R,,) is described by
the parameter ¢ 5. This parameter’s value for free DEX was
around 6.4 h, and that for DEX@PEC was almost 6 h. Note
that Higuchi failed to fit the release of both data points in
SGF and SIF; this behavior implies that DEX’s release did
not follow Fickian diffusion. The fitting result of Kosmeyer-
Peppas further confirmed that both release profiles follow a
non-Fickian model with a value of _ between 0.5 and 1.0
in SIF. Observing the fitting of the experimental shows the
importance of a, which signifies Hill’s compatibility in both
pH conditions. The value of a plays an important role in Hill
equation to have the flexibility to adjust the fitting results.

The purpose of PEC is to form a network between cationic
chitosan and anionic polysaccharide gum, and the interac-
tion of this oppositely charged material results in complex
formation. From the results of the release of DEX@PEC, a
slower cumulative release percentage was achieved at pH
7.4 than at pH 2.0. This indicates that the mechanism of
DEX@PEC drug release was driven by the swelling action
of PEC, which was induced by changing the pH (illustrated

Durian seed gum

in SGF

Chitosan

in SIF

in Fig. 11). As mentioned in the swelling assay, PEC under-
goes sudden swelling, followed by a decrease in the swell-
ing degree, indicating the erosion of chitosan in the network
of PEC. A study of the swelling kinetics of chitosan showed
that at pH 6.8, Fickian diffusion occurred, while at pH 1.2,
the diffusion was close to zero due to the very loose gel
structure of chitosan at low pH, which induced gel ero-
sion [79, 80]. This phenomenon causes a faster cumulative
release in SGF, with a cumulative release of 10% within 2 h.
The fitted model at pH 2.0 also indicated that Higuchi and
Korsmeyer-Peppas could not fully fit the release profile like
Fickian diffusion.

4 Conclusion

The gum extraction from durian seeds was successful, with
a yield of 58%, an extraction time of 20 min, a temperature
of 60 °C, a water-to-solid ratio of 50:1, and a pH of 13.
The extracted durian seed gum contained sugar monomers
such as glucose, galactose, and arabinose, similar to previ-
ous studies. Durian seed gum and chitosan have promising
applications in controlled drug delivery; the predicted maxi-
mum cumulative release is around 51%, with an extended
release time of more than 10 h. The empirical sigmoidal Hill
equation is flexible enough to fit the overall release data in
this study. DEX@PEC has a mechanism of polymer swell-
ing due to pH changes; these data were confirmed through
a swelling assay. The interaction of the opposite charge
between the carboxyl ions in gum and the amine ions in chi-
tosan formed a complex network aggregate since the ratio of
chitosan to gum was 4 to 1.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s42247-
024-00843-6.
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