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Abstract: Controlled-release tablets offer several benefits, such as controlled release, odor masking,
ease of use, stability, extended shelf life, and reduced production costs. This study developed
combined curcumin controlled-release tablets (CCCTs) to increase the bioavailability of curcumin
with hydroxypropyl methylcellulose (HPMC), chitosan, and sodium alginate. The hardness of the
CCCTs was 5.63-1.98 kgf, friability was 0.00-1.22%, and disintegration time was 0.00-401.25 min.
Differential scanning calorimetry and Fourier-transform infrared spectroscopy indicated a high
compatibility between the excipients and curcumin. CCCTs with chitosan formed a gel structure,
impeded disintegration, and reduced the release rate to 72.5% in simulated gastric fluid. In simulated
intestinal fluid, CCCT with the HPMC-sodium alginate group formed a polyelectrolyte membrane
hydrogel to prolong release from 6 to 12 h. This study developed various CCCT formulations that
can be delivered through the gastric or intestinal tracts, using chitosan and HPMC-sodium alginate
as excipients, respectively. CCCT can be used as a reference strategy for controlled-release curcumin
delivery in the functional and healthcare supplement development.

Keywords: curcumin; combined controlled-release tablet; simulated gastrointestinal tract

1. Introduction

In recent years, the health supplement market has experienced significant growth,
from 320 billion dollars in 2020 to 352.92 billion dollars in 2021 [1]. This growth has been
attributed to an increasing emphasis on dietary interventions to prevent chronic diseases
and promote overall health [2,3]. Various healthcare supplements, such as tablets, cap-
sules, and powders, were applied for active pharmaceutical ingredient (API) delivery [1,4].
Tablets are often chosen as carriers because of their advantages of efficient mass production,
convenient consumption, and stability during storage and transportation. However, these
systems have some limitations, such as the need for frequent and multiple administrations
and the rapid release of API, resulting in an abrupt surge in their concentration within the
bloodstream and inducing physiological discomfort. Controlled-release systems are com-
monly employed in the formulation of health supplements, including tablets and capsules.
In our recent study, the anthocyanin from purple sweet potato extracts was developed
as gastric floating tablets with controlled-release gastric fluid efficiency [1]. To improve
bioavailability, the adjusting of tablet formulation can be flexible for controlled release
in gastric or intestinal fluids. However, the development is restricted by the overall flow
characteristics and uniformity. For this, excipients play an important role and are classified
based on their properties, such as diluents, binders, disintegrants, and lubricants [5,6].

Hydrogels are utilized in these systems as excipients to control the release of API, such
as hydroxypropyl methylcellulose (HPMC), chitosan, and sodium alginate, while starch
is often used as a disintegrant. These excipients were known for their ability to control
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the release of API in tablet formulations. HPMC, a neutral polymer derived from cellu-
lose, exhibited remarkable stability over a pH range of 3 to 11 and formed a cross-linked
gel structure through hydrophobic interactions and hydrogen bonds, making it effective
for controlled-release applications in medications such as aspirin and melatonin [7-10].
Chitosan is a linear polysaccharide comprising glucosamine and N-acetylglucosamine
units, produced by deacetylating chitin. It becomes a cationic polyelectrolyte in acidic
environments (pH 6.5) due to the protonation of its amino groups (from -NH, to -NH3™),
forming hydrogels through electrostatic interactions, hydrogen bonds, and hydropho-
bic interactions, and is used in controlled-release tablets for drugs such as diclofenac
sodium and quercetin [11-13]. Sodium alginate, derived from algae, forms a rubbery
gel in acidic conditions of pH 1-2 via intramolecular hydrogen bonding and expands in
higher pH environments due to electrostatic repulsion of deprotonated carboxylate groups
(COO™). Its ability to interact electrostatically with cationic entities makes it suitable for
controlled-release formulations of API like acetylsalicylic acid and mesalazine. Together,
these excipients enhance the controlled release and effectiveness of various pharmaceutical
products [14-18].

Curcumin, a bioactive compound primarily derived from turmeric (Curcuma longa L.)
of the ginger family, exhibits a range of significant pharmacological properties. Due to its
lipophilic properties, curcumin is predominantly absorbed through the small intestine [19].
This compound demonstrates a diverse spectrum of biological activities, including antibac-
terial, anti-inflammatory, antioxidant, and wound-healing properties, as well as anticancer
effects and potential preventive benefits against Alzheimer’s disease [20,21]. Recent studies
have used self-emulsions and liposomes to control the release characteristics and enhance
the bioavailability of curcumin [22,23]. However, in past studies, the development of
gastro-digestible curcumin tablets reduced the bioavailability. Preventing digestion in the
gastric fluid and enhancing the controlled release of curcumin is an important issue [24].

Different excipient formulants have different gelling properties and controlled release
behavior, but few studies have evaluated the release characteristics of tablets produced by
combined formulants. This study aimed to increase the bioaccessibility of controlled-release
CCCTs by investigating and comparing their development with chitosan, sodium alginate,
and HPMC using starch as a disintegrant.

2. Materials and Methods
2.1. Materials

Turmeric extract (95% curcumin content) was purchased from Prakruti Products Pvt.
Ltd. (Bengaluru, India). Hypromellose (Metolose®, 90SH-4000SR) was purchased from
Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Chitosan (purity > 99%) was purchased
from Charming & Beauty Co. (Taipei, Taiwan). Microcrystalline cellulose and lactose
were purchased from Wei Ming Pharmaceutical Co., Ltd. (Taipei, Taiwan). Corn starch
(purity > 99%) was purchased from Tai Roun Products Co. (Taipei, Taiwan). Magnesium
stearate was purchased from the Showa Chemical Industry Co. (Tokyo, Japan). Other
chemical reagents used in this study were all the analytical grades purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA).

2.2. Preparation of Tablets
2.2.1. Wet Granulation

The method described by Gabbott et al. [25] was used. The turmeric extract (1 g) was
extracted in 100 mL of 95% ethanol, poured into an excipient powder, and mixed evenly. A

20-mesh sieve was used to filter the larger particles, and the solution was placed in a hot
air drier (Model UE 500; Memmert, Schwabach, Germany) at 55 °C for 24 h.

2.2.2. Tablet Preparation

In the method described by Yuan et al. [1], the lubricant (magnesium stearate) and the
particles after wet granulation were evenly mixed. Table 1 lists the tablet formulae that
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were manufactured using a single-punch tableting machine (Tai-Tzu Machinery Co., New
Taipei, Taiwan).

Table 1. The formulae of combined curcumin controlled-release tablets.

Hydroxypropyl . Sodium Corn Microcrystalline Magnesium
Formulae Methylcellulose Chitosan Alginate Starch Cellulose Lactose Stearate
Formulae of Tablets (%)
A 50 - - - 25 24 1
B 25 25 - - 25 24 1
C - 50 - - 25 24 1
D - 25 25 - 25 24 1
E - - 50 - 25 24 1
F 25 - 25 - 25 24 1
G - - - 50 25 24 1

2.3. Flowability of Particle Blends

The method described by United States Pharmacopeia (USP) and Mutlu et al. [26]
was used in this study. The volume was recorded after 10 and 500 taps (V19 and V),
and the weight of the particle blends was recorded as W. The bulk density (pB), tapped
density (pT), Carr’s index, and Hausner ratio of the particle blends were calculated using
the following equations:

pB (g/mL) = W/Vyg 1

pT (g/mL) = W/V5p )

Carr’s index = (pT — pB)/pT x 100 3)
Hausner ratio = pT/pB 4)

2.4. Characterization of the Tablets
2.4.1. Weight Variance

The method described in the United States Pharmacopeia (USP) c2091 was followed.
Ten tablets were randomly selected using an electronic balance (Model BCE224I-1S; Sarto-
rius AG, Gottingen, Germany) to weigh the total weight and calculate the average weight.
Each tablet was weighed separately, and the weight variance of each tablet was calculated.

2.4.2. Friability

The USP c1216 method was used. Ten tablets were randomly selected and measured
using a friability tester (Model FI-1, Shin Kwang Machinery Co., New Taipei, Taiwan).
Weight changes were measured after 100 drum rotations (25 rpm for 4 min).

2.4.3. Hardness

The USP ¢1217 method was used. Ten tablets with the same formula were randomly
selected and measured using a hardness tester (Model TH-20A; Shin Kwang Machinery
Co., New Taipei, Taiwan).

2.4.4. Tensile Strength

Following the method of Berardi et al. [27], the following equation was used to
calculate the tensile strength, where H, D, and T represent the hardness (N), diameter (mm),
and thickness (mm).

Tensile strength (MPa) = 2H/nDT (5)

2.4.5. Disintegration Time

The USP ¢701 method was used. A disintegration tester (Model CT-1, New Taipei,
Shin Kwang Machinery Co., New Taipei, Taiwan) was used to perform this test. Six tablets
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containing RO water were randomly selected for the basket-rack assembly. The time taken
for complete disintegration of the six tablets was recorded.

2.4.6. Differential Scanning Calorimetry (DSC)

The method described by Chao et al. [28], differential scanning calorimetry (Model
DSC 822¢, Mettler Toledo Co., Greifensee, Switzerland), was used to measure the thermal
properties of the particle blends and tablets. The sample (2.5 + 0.5 mg) was placed in a
40 uL aluminum crucible. The flow rate of nitrogen gas was 80 mL/min, the heating rate
was 10°C/min, and the temperature was increased from 25 °C to 400 °C.

2.4.7. Fourier-Transform Infrared Spectroscopy (FT-IR)

Following the method of Chao et al. [28] we used a Fourier-transform infrared spec-
trometer (Model Bruker Vertex 70V, Hyperion 3000, 6700 FT-IR ATR, Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) and an MCT IR detector to analyze the sample. The sample
and potassium bromide were evenly mixed and then compressed into a tablet for analysis.
The resolution was set to 4 cm~! and the sample and background scan times were set to
32 scans. The scan range was 4000-650 cm L.

2.4.8. Release Properties of Curcumin

The USP 711 method was used for this purpose. The release of curcumin from the
tablets was determined using a USP dissolution apparatus (Model DT-6; Shin Kwang Ma-
chinery Co., New Taipei, Taiwan) with a basket apparatus. The simulated gastrointestinal
fluids were prepared as described by Liang et al. [23] and Chao et al. [28]. The digestion
of tablets was maintained in simulated gastric fluids (pH 1.2) for 2 h and in simulated
intestinal fluids (pH 6.8) for 22 h at 37.0 & 0.5 °C and 100 rpm. In this study, digestive fluids
were sampled regularly, and the same volume of digestive fluids was added to compensate
for this.

2.4.9. Concentration of Curcumin

The amount of curcumin released was determined using an HPLC-DAD system. The
system comprised a degaser (Model Degasys DG-1310, Uniflows Co., Ltd., Tokyo, Japan), a
pump (Model Chromaster 5110, Hitachi, Ltd., Tokyo, Japan), autosampler (Model PN5300,
Postnova, Landsberg am Lech, Germany), a Mightysil RP-18 GP column (250 mm x 4.6 mm
id. x 5 um) (Kanto Chemical Co., Tokyo, Japan), and a diode array detector (Model L-
2450, Hitachi, Ltd., Tokyo, Japan). Following our previous study [23], the mobile phase
comprised 2% aqueous acetate solution, acetonitrile, and methanol (45/55/50, v/v/v).
The flow rate was set at 1 mL/min, the wavelength detection was set at 428 nm, and the
injection volume was 10 pL.

2.4.10. Microstructure

Following the method of Chao et al. [28], the tablets released in the simulated gastroin-
testinal fluids were removed and dried for 24 h using a freeze dryer (Model BFD 4.5/-50,
Firstek, New Taipei, Taiwan). Following the drying process, the tablets were retrieved, and
their microstructures were observed using a stereo microscope (Model SMZ 800, Nikon
Co., Tokyo, Japan).

2.5. Statistical Analysis

All experimental results were analyzed using IBM SPSS Statistics (version 19, IBM Co.,
New York, NY, USA), and the data were analyzed using Duncan’s multiple range test to
determine significant differences. The significance level was set at p < 0.05.
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3. Results and Discussion
3.1. Flowability of Particle Blends

The compatibility of the powders is significantly affected by their flowability, which is
crucial for determining the appropriateness of a formulation for tablet compression [26].
The lack of adequate flowability can impede the seamless introduction of a powder blend
into the mold for tablet compression or give rise to a residual ejection force, causing
problems during the tablet demolding process. This can result in tablet breakage or uneven
density, ultimately compromising the quality of the final tablets [29]. The flowability
results are presented in Table 2. The bulk densities of all formulations varied between
0.34 + 0.01 and 0.55 4 0.02 g/cm3, whereas the tapped densities ranged from 0.35 4= 0.00
to 0.69 % 0.02 g/cm3. The flow properties of the powders were evaluated by calculating
the Carr index and Hausner ratio using the provided densities. The criteria established by
Kaleem et al. [30] were employed to assess the flowability of powders.

Table 2. The flowability of different particle blends.

Bulk Density Tapped Density

Formulae (g/cm®) (g/cm®) Carr Index Hausner Ratio
A 0.34¢ +0.01 0.35 ¢ + 0.00 292¢+0.92 1.03 € + 0.01
B 0.34¢ +0.01 0.36 ¢ +0.01 402¢+1.22 1.04 ¢ £ 0.01
C 0.48 ¢+ 0.01 0.50 € + 0.01 3.56¢+1.17 1.03 € + 0.01
D 0.51° +0.01 0.64° +0.02 20733 +4.52 1.262 £ 0.07
E 0.552 + 0.02 0.69 2 £ 0.02 19.622 + 3.06 1.252 +0.05
F 0.37 4 +0.00 0.414 +0.00 9.91b 4 0.98 1.11° +0.01
G 0.51° +0.01 0.64° 4+ 0.01 19.642 £+ 1.34 1242 +0.02

Each value is expressed as mean =+ standard deviation (n = 10). a—e Means with different letters within the same
column differ significantly (p < 0.05).

According to the Carr index classification, Formulae A, B, C, and F were categorized
as “excellent (0-10)” which demonstrated superior performance, with Formula A, which
consisted of HPMC, demonstrating the highest level of flowability. Formulae D, E, and
G were classified as “fair (15-20)” exhibiting commendable flowability. In relation to the
Hausner ratio, the classification of the Formulae was as follows: Formulae A, B, C, and
F were categorized as “excellent (1.00-1.15)”. Formulae E and G were classified as “fair
(1.20-1.25)” and Formula D was designated as “passable (1.25-1.35)”. The findings of this
study indicated that formulations containing sodium alginate and corn starch demonstrated
inferior flowability, which is consistent with Adebayo et al. [31].

3.2. Characterization of the Tablets

Figure 1 shows the tablets produced from various formulations of CCCT, and Table 3
summarizes the fundamental characteristics of these tablets. The tablets exhibited a weight
variation within the acceptable range of 0.3%, conforming to the United States Pharma-
copoeia (USP) standards, which stipulate a maximum weight variation of 2%. The tablets
exhibit friability values ranging from 0% to 1.22%, except for Formula E, which experienced
tablet breakage during testing. According to the standards set by the USP, the friability
of tablet products should not exceed 1%. Based on this criterion, Formula E fails to meet
the specified standards. The tablets exhibited hardness values ranging from 5.63 & 0.25
to 1.98 £ 0.17 kgf. These values conveyed the requirements stipulated by the USP, which
mandates a minimum hardness of 4 kgf. Hence, Formulae A, B, and C were in accordance
with the established hardness criteria. Formula A exhibited the highest tensile strength,
whereas Formula G exhibited the lowest tensile strength. The disintegration duration
ranged from 0 to 401 min. Upon contact with the dissolution medium, Formulae C and
G disintegrated rapidly. Formula C consisted of chitosan; the structural stability of the
corresponding tablets compromised inadequate hydrogen bonding and hydrophobic inter-
actions. Formula G contained corn starch, a substance that swells upon exposure to water.
This phenomenon led to the loss of structural integrity and the subsequent disintegration
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of the tablets. When indicators such as hardness and tensile strength were examined in
relation to tablet structural strength, it became apparent that formulations with lower
powder flowability tended to display diminished tablet structural integrity [32].

A B C D E F G

< | @ @ @@

Figure 1. The appearance of combined curcumin controlled-release tablets (A-G: different tablet

formulae).

Table 3. The properties of combined curcumin controlled-release tablets.

Formulae Weight Variation (%) Friability (%) Hardness (kgf)  Tensile Strength (MPa)

Disintegration Time
(min)

QOmmgnNwm »

—0.314+0.00 0.11¢ 4 0.01 5.19° +0.06 0.952 £ 0.01 401.252 + 11.00
—0.11¢ £ 0.00 0.004 + 0.03 4.02°¢+0.08 0.71¢ £ 0.01 155.85P + 5.25
0.322 + 0.00 0.004 4+ 0.00 5.632 4+ 0.25 0.88P +0.04 0.00 f 4 0.00
—0.10¢ £ 0.00 0.014 4+ 0.00 2304 4+ 0.36 0.38¢ + 0.06 4150 +2.25
0.02° +0.00 1222 +0.23 2.04¢+0.23 0.33f +0.04 49534 +0.60
0.01® +0.00 0.024 + 0.00 3.85°¢ 4+ 0.07 0.69 4 +0.01 124.64 ¢ + 8.85
0.01° +0.00 0.21° +0.02 1.98¢ +0.17 0.29 8 + 0.03 0.00 f 4+ 0.00

Each value is expressed as mean =+ standard deviation (n = 10). a—g Means with different letters within the same
column differ significantly (p < 0.05).

3.3. Differential Scanning Calorimetry (DSC)

DSC analysis is a thermal analysis used to characterize the thermal properties of
various samples. This technique is used to evaluate the thermal properties of samples and
investigate potential interactions between functional components or excipients in tablets
after instantaneous compression under high-pressure and high-temperature conditions [33].
A potential compromise in functional component efficacy may arise from the interactions
between the raw materials. The presence of new peaks in the DSC thermogram indicates
such interactions. In the thermogram, the upward peaks corresponded to exothermic
events, whereas the downward peaks indicated endothermic events.

Figure 2 shows thermograms of the ingredients used in this study. HPMC exhibited
endothermic peaks at 75 and 366 °C. Thermal analysis of chitosan revealed an endothermic
peak at approximately 70 °C, associated with the evaporation of moisture. An additional
exothermic peak was observed at approximately 295 °C, which was attributed to the
decomposition of the amino groups (-NHj) [34]. Thermal analysis of sodium alginate
revealed an exothermic peak at approximately 240 °C, which is commonly associated
with degradation and the subsequent formation of carbonates [35]. The presence of an
endothermic peak at 260 °C in corn starch indicates starch carbonization [36]. Thermal
analysis of lactose revealed two distinct endothermic peaks. The first peak, observed at
152.7 °C, was attributed to lactose dehydration. The second peak, occurring at a higher
temperature (218.38 °C), signified the melting of lactose and suggested the presence of
monohydrate lactose [37]. The thermal decomposition of microcrystalline cellulose is
characterized by the presence of an exothermic peak at 350 °C [38]. Thermal analysis of
magnesium stearate revealed two distinct endothermic peaks. The first peak observed at
81 °C was attributed to dehydration. The second peak, observed at 120 °C, indicated a phase
transition and suggested the presence of dihydrate magnesium stearate [39]. The melting
of curcumin crystals produces an endothermic peak at 178 °C in the case of curcumin [40].
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Figure 2. Thermograms and FTIR spectra of ingredients, particle blend, and combined curcumin
controlled-release tablets. (A) Differential scanning calorimetry; (B) Fourier-transform infrared
spectroscopy. HPMC: hydroxypropyl methylcellulose, MCC: microcrystalline cellulose, and MgSt:
magnesium stearate.

Figure 2 shows a comparison of the thermograms of the precompression powder
blend and tablets. Upon conducting a comparative analysis between the thermograms
of the powder blend before and compression and the thermogram of the powder blend
after compression, no additional endothermic or exothermic peaks were observed. This
observation suggested that the thermal properties of the excipients and key components
did not differ after tablet compression, indicating that no interaction occurred between the
excipients and key components within the tablets [37]. These results provide evidence that
the excipients used in this study were suitable for CCCTs.

3.4. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was used to analyze the chemical
bonds and functional groups, confirming the interactions that occur during tablet compres-
sion [41]. These interactions can lead to additional peaks in the spectrum, indicating the
formation of novel chemical bonds. Figure 2 shows the FTIR spectra of the components.
The prominent peak observed within the spectral region of 3500-3200 cm ! is indicative of
the stretching vibration of the hydroxyl groups (-OH) [42]. The observed peaks within the
range of 2830-2695 cm ! can be attributed to the stretching vibrations of the aldehyde func-
tional groups (-CH). The peak observed at 1641 cm ! in the hydroxypropyl methylcellulose
(HPMC) spectrum can be attributed to the stretching vibration of the carbonyl groups



Foods 2024, 13,2022

8 of 12

(C=0) [43]. The spectrum of chitosan exhibits distinct peaks at specific wavenumbers,
the peak observed at 1651 cm~! is attributed to the stretching vibrations of the amide
(I) groups. Similarly, the peak observed at 1587 cm™! corresponded to the stretching vi-
bration of the amide (II) groups. Finally, the peak at 1380 cm ™! can be attributed to the
stretching vibration of the methylene groups (-CH,) [44]. The presence of a prominent
peak at 1595 cm ™! in the sodium alginate spectrum suggested the presence of carboxylate
groups (-COO™) in the alginate compound [45]. The peak observed at 1155 cm™! in the
microcrystalline cellulose spectrum indicates the stretching vibration associated with the
B-1,4-glycosidic linkage (C-O-C). Similarly, the peak observed at 1064 cm ™! corresponds
to the stretching vibration of cellulose structures, specifically the C-O or C-C bonds [46].
Within the curcumin spectrum, the presence of a peak at 1626 cm ! signified the existence
of a carbon—carbon double bond (C=C). Similarly, the robust peak observed at 1601 cm ! is
indicative of a carbon—carbon double bond (C=C) within an aromatic ring. Furthermore, the
peak observed at 1508 cm ™! correlated with the presence of a carbonyl group (C=0) [47].
The peaks at approximately 2349 cm~! were attributed to the presence of carbon dioxide
(O=C=0) within the instrumental background and were independent of the characteristics
of the sample under investigation.

3.5. Release Properties of Curcumin

The release profiles of the tablets are shown in Figure 3. Figure 3A,B show the FTIR
spectra and release properties of the tablets subjected to simulated gastrointestinal fluids.

A (B) SGF (pH 1.2) SIF (pH 6.8)
@A) Simulated gastric fluid (pH 1.2) Simulated intestinal fluid (pH 6.8)
A 1A R o 100 »r» » * | ="A
] ] ) ) - B
A C
— 804 v D
& - 8 A - - - 'y +E
D D _ ~ “—F
g £ £ w G
; -4
i o H
z D D 1550-1505 cm j 4”_?
: - @ 2
£ c E 1s863cm
F D 204
| = E <
. Jet a3 ]
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© E F

SGF (pH 1.2)

SIF (pH 6.8)

]

Completely
digestion

Figure 3. Simulated in vitro simulated gastrointestinal digestion of combined curcumin controlled-
release tablets. (A) FTIR spectra; (B) release rate of curcumin; (C) microstructure.

Formula A consists of HPMC, a compound that exhibits insensitivity toward changes
in the pH level. Moreover, upon hydration, HPMC forms a resilient water—gel structure [11].
The HPMC variant utilized in this investigation possesses an increased viscosity of 4.0 Pa-s,
inducing restricted breakdown even after 24 h, consequently yielding diminished curcumin
release. The FTIR spectrum showed no discernible changes under either acidic or neutral
conditions, proving the stability of the sample over the pH range of 3 to 11.

Formula B combined HPMC and chitosan. Chitosan is particularly soluble in acidic
environments, leading to increased release rates within the first 2 h of exposure to simulated
gastric fluids and undergoes a transition to a higher pH environment resembling simulated
intestinal fluids, resulting in the formation of a gel, which can significantly reduce the
release rate (Figure 3B).
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Formula C comprises chitosan, which demonstrates accelerated release rates during
the initial 2 h conveying its solubility in acidic environments [48]. In the current phase,
the amino groups of chitosan undergo protonation in an acidic environment, resulting
in the dissolution and disintegration of the compound. When chitosan was exposed to
simulated intestinal fluids (SIF) at pH 6.8, it started to gel, decreasing its release rate and
limiting disintegration (Figure 3B). The FTIR spectrum exhibited distinct symmetric and
asymmetric deformations associated with protonated amino groups of chitosan within the
spectral regions 1625-1560 cm ! and 1550-1505 cm ™!, respectively [49].

Formula D contains chitosan and sodium alginate. The tablets exhibited higher release
rates in SIF, which can be attributed to the increased solubility of chitosan. In SIF, the
electrostatic interactions between the carboxylate anions (-COO™) of sodium alginate and
protonated amino groups (-NH3™) of chitosan resulted in the formation of a polyelectrolyte
membrane. The membrane significantly reduces the release rate [50]. The FTIR spectrum
demonstrates the absence of distinct peaks associated with protonated amino groups of
chitosan within the wavenumber ranges of 1625-1560 ecm ! and 1550-1505 cm~ !, which
can be attributed to interactions with carboxylate anions.

Formula E contains sodium alginate. When the pH is lower than the pKa (pH 4),
carboxylate anions are transformed into free carboxylate groups, forming alginic acid.
Alginic acid does not dissolve under these conditions and forms a stiff, rubbery outer
layer. When exposed to SIF (pH 6.8), the tablet forms a swollen, hydrated gel layer on
the surface and starts to disintegrate [51]. Thus, the release rate of curcumin increased
(Figure 3B). The FTIR spectrum showed no peak at 1590 cm ™! under acidic conditions,
confirming the synthesis of alginic acid. A peak was observed at approximately 1596.3 cm !
in a pH environment higher than the pKa of sodium alginate. This peak suggests the
presence of asymmetric COO™ stretching vibrations in sodium alginate [52]. Formula F
is a combination of HPMC and sodium alginate. Although HPMC exhibits more robust
gel formation, the dissolution of sodium alginate is expected in conditions with higher pH
levels, resulting in eventual disintegration and full dissolution of the formulation. When
comparing the controlled-release tablets colloidized with HPMC, Formula F exhibited
significantly enhanced controlled release compared to Formula A. Formula G consisted
of only corn starch and functions as an uncontrolled-release control group. The substance
underwent rapid disintegration, resulting in the complete release of curcumin during the
first hour [31,36].

3.6. Microstructure of Tablet after In Vitro Release Test

The microstructure of the CCCT following the simulated release is shown in Figure 3C.
Formulae A, B, and F were incorporated with HPMC and demonstrated the presence of
compact network architectures when exposed to simulated gastrointestinal fluids. Formu-
lae containing chitosan and sodium alginate (C and D) form a porous structure in SGF
due to the amine groups (-NH;) being protonated into -NH3*, making chitosan positively
charged and increasing its solubility and mobility. In SIF, the deprotonation of chitosan
and the polyelectrolyte effect of sodium alginate reduces its solubility, forming a stable
cross-linked network structure that delays the release of curcumin (Figure 3B). In an acidic
environment, sodium alginate forms a strong outer layer (Formula E). Because the carboxyl
groups (-COO™) were protonated into carboxylic acids (-COOH), their solubility will de-
crease and promote hydrogel formation. In SIF, because the carboxyl groups remained
in a deprotonated state (-COO™), a stable hydrogel structure was formed and controlled
the release of the curcumin [52]. Formula G consists of starch, which does not form a
stable cross-linked structure and is therefore easily disintegrated in both gastrointestinal
fluids [53,54]. To sum up, the negatively charged groups of curcumin, such as phenolic
hydroxyl or carboxyl groups, are combined with positively charged chitosan through
electrostatic interactions in an acidic environment for controlled release. In the CCCT com-
posed of HPMC-sodium alginate (Formula F), the hydroxyl groups of curcumin can form
hydrogen bonds with the hydroxyl group, methoxy group, hydroxypropyl group of HPMC,
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and carboxyl group of sodium alginate. Its hydrogel formation acts as a physical barrier,
reducing water penetration and curcumin diffusion. The controlled-release characteristics
of CCCT increase the hydrogel structural stability, reduce curcumin diffusibility, and adjust
the controlled release of curcumin in simulated gastrointestinal fluids.

4. Conclusions

The CCCT with chitosan and HPMC-sodium alginate improved the controlled release
characteristics of curcumin during simulated gastric and intestinal digestion, respectively.
Compared to starch, the formula with chitosan reduced the release ratio by approximately
27.5% after 2 h in gastric fluid, suggesting its potential as a reference for the development
of gastric release tablets. The addition of HPMC strengthened the formation of dense
network structures during gastric and intestinal digestion, thereby prolonging the release
time from 6 to 12 h. Because of the creation of polyelectrolyte membrane hydrogels and
network structures, the formula with HPMC-sodium alginate had a curcumin release
rate of less than 20% within 6 h of digestion. This effectively controlled the curcumin
released in intestinal fluid. Thus, HPMC-sodium alginate can be an effective strategy for
intestinal controlled-release tablet development with the potential to modulate curcumin
release. This study provides valuable insights for the future development of healthcare and
nutritional curcumin tablets.
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