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Gymnema sylvestre-Fortified Spheres and Beads from Waste Biomass: A Circulars .5 075
Bioeconomy Approach for Functional Food Delivery

In this work, two waste streams—chicken eggshells and brown seaweed (Sargassum
cinctum)—are transformed into high-value functional food delivery platforms using circular
bioeconomy concepts. Ionic gelation was used to extract and integrate calcium chloride
(89.14% recovery) and sodium alginate (25% yield) to create Gymnema sylvestre-fortified
spheres with pH-responsive release kinetics. The method demonstrated antidiabetic potential
and generated 80.53% phenolic release at stomach pH by inhibiting a-amylase (30.1%) and a-
glucosidase (31.1%). This trash-to-value approach offers biodegradable alternatives to
petroleum-based packaging while addressing the 380 million tons of plastic waste generated
yearly.
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Gymnema sylvestre-Fortified Spheres and Beads from Waste Biomass: A Circulars .5 075
Bioeconomy Approach for Functional Food Delivery

Abstract

Novel circular bioeconomy approach for formulating functional food delivery
platforms with antidiabetic potential by combining brown seaweed, Sargassum cinctum, avian
eggshell waste, and Gymnema sylvestre extract. S. cinctum yielded a 25% of sodium alginate,
whereas calcium chloride recovered from eggshells demonstrated 89.14% efficiency. FTIR
spectroscopy confirmed structural integrity with characteristic carboxylate peaks (1600, 1400
cm™) for alginate and Ca-Cl stretching (689.66, 516.92 cm™) for calcium chloride. According
to thermogravimetric analysis calcium chloride exhibited heat stability upto 700°C and alginate
breakdown at 220-230°C. G. sylvestre-fortified spheres (3.87+0.31 cm) and beads (0.54+0.06
cm) were made by ionic gelation at an optimal sodium alginate concentration of 4%. The
spheres had a total phenolic content of 27.77+1.29 mg GAE/g, a flavonoid content of
19.16+0.56 mg QE/g, and a nitric oxide scavenging activity of 72.66% at 10 mg/mL. At 100
pug/mL, enzyme inhibition tests showed o-amylase (30.1%) and oa-glucosidase (31.1%)
inhibition, which was much less than acarbose (>90%). Studies on pH-dependent release
showed that phenol was released more quickly at pH 1.2 (80.53+0.87% by 120 min) and more
slowly at pH 6.8 (59.13+£0.83% by 180 min). Korsmeyer-Peppas investigation revealed
anomalous transport mechanisms (n=0.94-0.98), and kinetic modelling revealed the Higuchi
model as the best relevant descriptor (R>>0.97). Despite lower taste scores (6.38-6.87), sensory
analysis revealed acceptable consumer perception (total acceptability of 8.07-8.5 on a 9-point
scale). This integrated approach effectively turns multiple waste streams into biodegradable
functional carriers with pH-responsive release characteristics, even if bioactive loading
adjustment is still required for commercial viability.

Keywords — Sodium alginate, Calcium chloride, Gymnema sylvestre, Spheres and beads,
Circular economy, Waste valorisation
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1 Introduction

The extensive use of plastic packaging has led to several environmental and
economic problems, including resource depletion and ecosystem harm, with approximately
380 million tons of plastic packaging manufactured annually worldwide'. Economic studies
indicate that cleaning up the world's plastic pollution by 2040 will cost between $18.3 and
$158.4 trillion, including a notable 47% reduction in plastic production capacity?. Polyethene
terephthalate (PET) accounts for 67% of the beverage packaging market because of its
favourable physical properties, which include translucency, impact resistance, and barrier
protection®®. However, the environmental persistence of PET packaging has caused waste
generation rates to rise from 12.84 to 1519.38 g/capita/year’. Beyond environmental concerns,
PET packaging threatens people's health at risk by allowing toxins, including formaldehyde,
acetaldehyde, bisphenol A, and antimony, into consumables®!0. To address these complicated
difficulties, a paradigm shift from petroleum-based products to bio-based alternatives that are
both commercially and environmentally viable is required. A practical strategy that reduces
plastic pollution and adds value to underutilised waste streams is the production of
biodegradable packaging materials from renewable biomass.

Biorefinery methods based on renewable biomass present intriguing opportunities for
sustainable industrial systems. Biomass conversion technologies allow marine biomass,
agricultural and animal waste to be converted into high-value goods through integrated
processing systems that maximise resource utilisation while decreasing waste output!!. Marine
biomass, particularly derived from the seaweed industry, presents a significant possibility for
the use of biorefineries. Approximately 600,000 tons of dried algal biomass are consumed
annually by the seaweed industry, but only 15-30% of it is used effectively; the remaining 70—
85% is discarded as waste!?. Brown algae species like Sargassum cinctum are an
underappreciated source of sodium alginate, a naturally occurring linear polysaccharide with
significant potential for biomaterial applications'3-!°. Because of its unique functional
properties, such as biodegradability, biocompatibility, and the ability to form gels through
cross-linking with calcium ions, sodium alginate is highly beneficial for pharmaceutical and
food packaging applications!'®!7.

Similarly, avian waste, including eggshells, produces approximately one million tons of
calcium-rich waste annually'®, an untapped resource for the production of sustainable calcium
chloride!'??0. Eggshell-derived calcium chloride offers an environmentally benign alternative
to mined limestone?! with predicted conversion yields of 94-97% and the potential to be scaled
up to commercial production. Because of their unique properties, such as biocompatibility, a
high surface-to-volume ratio, and the ability to exist in a range of morphologies and
polymorphs, calcium chloride-based materials are great options for both industrial and
biomedical applications??.

A new possibility for the development of biorefineries, particularly for packaging
applications, was presented by integrating two complementary biomass streams. The
production of biodegradable spherical structures with adjustable characteristics is made
possible by spherification, which is an innovative technique that involves crosslinking of
alginate gels and calcium ions?324. Functional additions such as G. sylvestre extract, a
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absorption, could be added to this process to improve it further 2. Despite the fact that G.
sylvestre has historically been taken as an aqueous herbal infusion, there are two inherent
drawbacks to this format. When ingested in an untreated liquid form, gymnemic acids'
complicated molecular architecture and lower lipid solubility limit intestinal absorption?®.
Furthermore, the delivery potential of a liquid infusion is limited because it cannot be integrated
into commercial food matrices. Edible spheres and beads can be used for controlled intestinal
release and bitterness masking to achieve acceptable palatability and to facilitate their
incorporation into a variety of food products. Encapsulation with the extracted alginate,
calcium chloride and G. sylvestre infusion of spheres and beads addresses the above-mentioned
limitations and expands the functional reach of G. sylvestre beyond a traditional beverage?’.

Table 1 provides a comparative summary of recent studies cited using calcium alginate
crosslinked delivery systems for functional ingredients, highlighting the alginate source,
calcium source, encapsulated ingredient, and key findings to place the novelty of the current
study in relation to existing literature.

Table 1 - Comparative overview of calcium alginate crosslinked delivery systems

Source of Source of Functional Delivery Remarkable Reference
alginate calcium Ingredient format Result
Encapsulated
Extracted Commercial  Quercetin Alginate- EE 80.13%; pH- 28
from brown CaCl, (ionic (polyphenol) coated responsive
seaweed crosslinking  loaded into nanoparticles release for
Sargassum of mesoporous (~415 nm) colonic delivery;
polycystum nanohybrid  silica Sargassum
(Malaysia); coating) nanoparticles alginate
alkaline (MSN)  coated enhanced
extraction; with  extracted antioxidant
yield 30.17% alginate stability of
quercetin
Commercial ~Commercial Thyme (Thymus Alginate gel EE 50-80%; 29
o sodium CaCl, serpyllum) beads (~730 FTIR confirmed
ol alginate (electrostatic aqueous pum) via no chemical
(Sigma- extrusion polyphenol electrostatic ~ reaction
Aldrich) gelation) extract extrusion between alginate
and
polyphenols;
intact bioactivity
post-
encapsulation
Commercial ~Commercial Curcumin CA/PVA pH-sensitive 30
sodium CaCl, + (Curcuma longa hydrogel release; minimal
alginate freeze-thaw  bioactive beads via release at pH
blended with crosslinking compound) ionic gelation 1.2;  enhanced
commercial  cycles intestinal
polyvinyl release; EE
alcohol ~90%;

(PVA)

antibacterial and
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activity
confirmed
Commercial Commercial Fennel Calcium Optimal EE 3
sodium CaCl, (Foeniculum alginate 51.95% with
alginate (1— (electrostatic vulgare) essential microbeads 1.5% alginate +
2% w/v) extrusion) oil (electrostatic  0.75% whey
blended with extrusion + protein; whey
whey protein freeze- protein
drying) improved  EE;
freeze-drying
superior to air-
drying; pH-
sensitive
swelling
confirmed
Commercial ~Commercial Lactobacillus Hydrocolloid- Alginate+gelatin 32
sodium CaCl, (5% rhamnosus GG reinforced beads showed
alginate w/V) (probiotic) + alginate beads the best LGG
(1.5% w/v) black goji berry survival during
combined (Lycium GI digestion; co-
with ruthenicum) digestion  with
carrageenan, polyphenols — milk enhanced
agar, or co-encapsulation TPC retention;
gelatin hydrocolloid
hydrocolloids addition was
critical for
probiotic
protection
Commercial ~Commercial Fucoxanthin Two-step pH-responsive: 33
sodium CaCl, (mild (marine nanoparticle- <3.78% release
alginate ionic carotenoid from in-hydrogel at gastric pH 1.2;
(forming crosslinking) brown algae) pre- bead system  >99% at
outer loaded into intestinal ~ pH;
hydrogel fucoidan/chitosan double-
bead) nanoparticles, protection
then embedded in enhanced
alginate beads fucoxanthin
water solubility
and GI stability

EE - Encapsulation Efficiency

Despite the research on calcium alginate-based encapsulation systems, three critical
gaps persist. G. sylvestre has not been encapsulated in a food-grade alginate delivery system
for functional food applications, nor has any study concurrently combined waste-derived
calcium chloride and sodium alginate inside a single encapsulation platform. Furthermore, the
impact of delivery geometry, bead versus spherical morphology, on pH-dependent release
kinetics has not yet been thoroughly studied. By creating G. sylvestre-fortified spheres and
beads from seaweed-extracted sodium alginate and eggshell-recovered calcium chloride within
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a circular bioeconomy framework and assessing the impact of morphology on release behd§iots ;. ox
through mathematical kinetic modeling, the current study fills all three gaps.

This study aims to (i) optimize extraction parameters and yields for sodium alginate
from Sargassum cinctum and calcium chloride from eggshells, (ii) characterize the
physicochemical properties of extracted materials, and (iii) develop an integrated spherification
process for creating edible spheres with functional enhancement through G. sylvestre extract
incorporation. This approach offers eco-friendly alternatives to traditional plastic packaging
while addressing waste management concerns in a range of industries. By creatively combining
two distinct waste streams into a single biorefinery architecture, low-value biowaste is
converted into high-value functional materials for food and pharmaceutical packaging
applications. This strategy aligns with the principles of the circular bioeconomy by promoting
resource efficiency and waste valorisation.

2 Materials and methods
2.1. Raw material

Sargassum cinctum was collected from Indian coastal regions that surround the Gulf of
Mannar, a region known for its profusion of marine life. This seaweed species was chosen
because of its high sodium alginate content, which is necessary for the production of
biodegradable films. Hen eggshells, another crucial raw material, were sourced from household
waste. G. sylvestre, widely known for its antidiabetic properties, was obtained from farmland
in Tiruchirappalli, Tamil Nadu. Sodium carbonate and HCI were acquired from Sigma Aldrich.
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Fig.1 Collection of Sargassum cinctum seaweed, harvested from the coastal waters of the Gulf
of Mannar in India

2.2 Extraction of sodium alginate

The brown seaweed Sargassum cinctum was rinsed with tap water, allowed to dry in
the shade, and then cut into pieces that were between 0.1 and 0.5 cm long®*. The extraction
procedure was altered as follows: 20 g of the sample was meticulously cleaned with distilled
water and acidified for 24 hours using a 0.2 M HCI. The samples were then cleaned with
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five hours while stirring at 150 RPM. The supernatants collected after different extraction times
were removed by centrifugation (Model: Kemi laboratory centrifuge, C8C). Sodium alginate
was precipitated using ethanol. In the end, sodium alginate was purified twice using ethanol
before being left to dry at room temperature.

g
Sargassum cinctum
Washing & Agitation for 5 h Centrifugation Fincipiate wilh
Drying at 60°C with a 2% sodium ethanol

carhonate solution

Fig.2 Sodium alginate extraction from Sargassum cinctum

2.3.Extraction of calcium chloride

Eggshells underwent a multi-step disinfection procedure before calcium chloride extraction
to guarantee the product's microbiological safety for use in food-grade applications. After
washing the shells under running water to remove any of the organic debris on the surface, they
were submerged in 70% (v/v) ethanol for 15 minutes at room temperature and then cleaned
three times with sterile distilled water. In accordance with procedures described for
pharmacopeial-grade eggshell calcium carbonate isolation, eggshells were then oven-dried for
two hours at 200°C to accomplish thermal inactivation of any remaining bacteria 3. Ten g of
crushed eggshells with 50 mL of 2M HCI solution. The mixture was then periodically stirred
until no gas bubbles were visible, which took three hours. The mixture was centrifuged at 1774
x g for 10 minutes to produce calcium chloride crystals or eggshell calcium chloride. The
supernatant was then separated and heated to 110—115°C until it dried 3°.

2.4.Preparation of G. sylvestre infusion

G. sylvestre infusion was extracted by heating 1 g of powdered plant sample in 10 mL
of distilled water for 30 min at 80°C. The infusion was filtered using Whatman filter paper
(Grade 40, ashless) and centrifuged at 6000 rpm for 5 min, and the supernatant was used for
spherification 37.

2.5.Physicochemical analysis for extracted sodium alginate and calcium chloride

The moisture and ash content of the extracted sodium alginate and calcium chloride
samples were measured in triplicate, with results as mean+SD 38. The functional groups in the
extracted sodium alginate and calcium chloride were identified using FTIR spectroscopy.
Shimadzu FTIR equipment was used for the analysis, and scans were made at a resolution of 4
cm™! between 400 and 4000 cm™. The mannuronic to guluronic acid (M/G) ratio of the
extracted sodium alginate was estimated from the FTIR spectrum using the baseline absorbance
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method?®. The absorbance values at the characteristic wavenumbers of 1033 cm™ (manpupGHics s ohox
acid, M) and 1080 cm™ (guluronic acid, G) were calculated using the following expression:

A = log(T_baseline / T_peak)

T baseline represents the transmittance at the reference baseline at 1200 cm™, and
T peak represents the transmittance at the respective characteristic wavenumber. The M/G
ratio was subsequently determined as:

M/Gratio = A(M) / A(G)

A Thermogravimetric Analyser (TG/DTA, EXSTAR/6300) was used to assess the
thermal characteristics of the extracted sodium alginate and calcium chloride. TGA determines
the weight loss of a material as it is heated, revealing the details of its moisture loss, breakdown
temperature, and thermal stability*®. The physicochemical properties of the extracted sodium
alginate and calcium chloride were evaluated against internationally accepted standards: the
United States Pharmacopeia-National Formulary (USP-NF), the European Pharmacopoeia (EP
7.0, Sodium Alginate Monograph No. 0625), and the Food Chemicals Codex (FCC 13, Sodium
Alginate INS 401; Calcium Chloride Monograph), which represent the primary purity and
safety benchmarks for food-grade and pharmaceutical excipient applications 41-44,

2.6.Standardisation of G. sylvestre edible spheres and beads

Two distinct methodologies and different concentrations were employed for
formulating edible spheres and beads. Sodium alginate was taken in various concentrations,
and the solution (1,2,3,4, and 5 %w/v) was made by carefully stirring for 15 mins and then
letting it sit for 30 mins to release trapped air. For the cross-linking bath, 1% calcium chloride
solution (5 g in 500 mL of water) was created concurrently. 20 mL of G. sylvestre infusion was
evenly distributed throughout the alginate matrix for the preparation of the G. sylvestre edible
sphere and beads. Preparation of water and G. sylvestre spheres, the alginate solution was

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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dropped with the help of a curved spoon into a calcium chloride solution and continuously

(cc)

stirred until the formation of spheres. For the uniform G. sylvestre bead production, the syringe
was used to drop into the alginate solution. Upon contact with the Ca?rich environment,
instantaneous interfacial gelation occurred through the formation of "egg-box" structures, with
the nascent matrices maintained in the gelation medium for 5 minutes to ensure complete cross-
linking throughout the polymeric network 446, The spheres and beads' diameters were
measured using a vernier calliper.
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2% Sodi Igi 1% calcium chloride G. Sylvestre Spheres
solution solution

2% Sodi Igi 1% calcium chloride
solution solution

G. Sylvestre Beads

Fig.3 Preparation of G. sylvestre spheres and beads using spherification
2.7.Soxhlet Extraction

The edible sphere and bead sample was extracted from methanol using a Soxhlet
apparatus (250 ml capacity, Sl. No.122). 5 g of the sample material was extracted with
methanol using a Soxhlet thimble (Model: 64840-U) for 12 hours, and the concentrated residue
was obtained by evaporating the methanol under reduced pressure. The residue was then
reconstituted in methanol to the required concentration to obtain the crude extract for further
analysis 7.

2.8.Total Phenol Compounds (TPC)

The Folin-Ciocalteu method was used to determine the total phenol content of the G.
sylvestre sphere and beads. Briefly, 100 pl of extract was mixed with 400 pl of water and 150
ul of Folin-Ciocalteu reagent. The content was mixed thoroughly, and after 3 min, 500 pl of
sodium carbonate solution was added. After 2 h at room temperature in the dark, the absorbance
was measured at 750nm using a UV-Vis spectrophotometer ( Shimadzu UV-1900). The results
were expressed as mg GAE (gallic acid equivalents)/g extract 8.
2.9.Total Flavonoid Content (TFC)

The total flavonoid content was assessed using the aluminium chloride method as
described in a previous reference. Briefly, 100 ul of extract was mixed with 400 ul of methanol
and 100 pl of 10% AICl; and 100 pl of NaOH (1M) was added. The solution was mixed and
measured at 450 nm. The findings were expressed as mg quercetin equivalents (QE)/g of
extract 4.

2.10. Antioxidant Activity

The nitric oxide radical scavenging activity of the sphere and beads was determined
according to the method described by sodium nitroprusside (5 mM) in standard phosphate
buffer saline solution (0.025 M, pH 7.4), which was incubated with different concentrations of
the sample and ascorbic acid, and the tubes were incubated at 25 °C for 5 hr. After 5 h, 0.5 ml
of the incubation mixture was removed and diluted with 0.5 ml of Griess reagent. The
absorbance of the chromophore formed during diazotization of nitrite with sulphanilamide and
its subsequent coupling with naphthyl ethylene diamine was read at 546 nm, and the percentage
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inhibition was calculated as follows, TR Lyt

% scavenging activity = Ac — As/Ac X 100
Where Ac is the absorbance of the control, and As is the absorbance of the sample*.

2.11. a-Amylase inhibition assay

This study evaluated the a-amylase and a-glucosidase inhibitory capabilities of the sphere
and bead formulations at doses ranging from 10 to 100 pg/mL using acarbose as a reference
standard. The mixture was preincubated for 10 mins at 25°C after different concentrations of
the sample extract were added to 100 pl of 0.02 M sodium phosphate buffer (pH 6.9) and 100
ul of a-amylase solution (4.5 Units/mL/min). 1.0 mL of dinitrosalicylic acid reagent was added
to stop the reaction after 30 mins of incubation at 25°C with 100 pl of 1% starch solution. The
test tubes were incubated in a boiling water bath (Model: WB159910-33) for five minutes
before being allowed to cool to room temperature. By comparing the results to the control,
which has a buffer instead of an extract, the percentage of a-amylase enzyme inhibition was
ascertained °!.

2.12. o-glucosidase inhibition assay

Different quantities of the sample extract were prepared and preincubated for five
minutes at 25°C using 100 pl of 0.1 M phosphate buffer (pH 6.9) and 100 pl of a-glucosidase
solution (1 Unit/mL/min). The mixture was incubated at 25°C for 10 minutes after 100 pl of p-
nitrophenyl-a-D-glucopyranoside (5 mM) was added. Absorbance measurements were made
at 405 nm after the incubation period, and the results were calculated and displayed as a
percentage’!.

2.13. pH-dependent drug release

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The dissolution medium at pH 1.2 was prepared by dissolving 2.0 g of sodium chloride
in 7.0 mL of concentrated hydrochloric acid, followed by dilution to a final volume of 1000
mL with distilled water. The pH of the prepared solution was verified using a calibrated pH
meter to ensure it remained within the specified range of 1.2 £ 0.1. Sodium phosphate buffer
was prepared, and the pH was adjusted to 6.8 + 0.1 using either dilute hydrochloric acid or
sodium hydroxide solution as required. The pH of the buffer solution was verified using the
calibrated pH meter before use in the dissolution experiments. One gram of the sphere
formulation was added to 100 mL of pH 1.2 HCI solution and pH 6.8 phosphate buffer solution
in a dissolution vessel maintained at 37°C £ 0.5°C. One gram of the bead formulation was
concurrently added to a separate 100 mL aliquot of the same pH 1.2 medium and pH 6.8

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 1:27:50 AM.
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solution at the same temperature. Samples were carefully collected from both vessels at
predetermined intervals of 30, 60, 90, and 120 minutes. At each time point, a 1 mL aliquot was
taken out and replaced with a 1 mL pH solution using a sterile syringe. Through further
examination, the phenol and flavonoid content of the filtered samples was determined. Phenol
content was quantified by UV-Vis spectrophotometry using the Folin-Ciocalteu method with
gallic acid as the standard reference material, following appropriate dilution to ensure
concentrations remained within the linear range of the calibration curve. Flavonoid content was
determined using the aluminium chloride colourimetric method with quantification by UV-Vis
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concentrations were determined by reference to their respective established calibration

curves®?2. The dissolution data were theoretically modelled using four popular kinetic
models>3-4,

Zero-Order Kinetics - Qt = Q¢ + Kot

First-Order Kinetics - log Qt = log Qo + K,t/2.303

Higuchi Model - 0t = KHVt

Korsmeyer-Peppas Model - 2~ Ktn

Moo
2.14. Sensory evaluation

A consumer panel comprising 30 female participants (n=30), aged 20-30 years,
participated in the sensory evaluation. To determine baseline consumer approval, panellists
used a standardised 9-point hedonic scale to evaluate the organoleptic qualities of spheres and
beads (1 = severely disliked and 9 = greatly liked). To avoid positional bias, three-digit random
codes were used to represent each sample in a randomised counterbalanced order. The
participants evaluated the samples based on various parameters.
2.15. Statistical analysis

Statistical analysis of the sensory data was conducted with IBM SPSS software, version
25, and means of the panel member hedonic attribute data were analysed at a 95% confidence
level using one-way analysis of variance (ANOVA) and Duncan's Multiple Range Test
(DMRT).

3 Results and discussion
3.1. Yield of sodium alginate

The extraction process started with 20 g of raw material and produced 5 g of purified
sodium alginate (Fig.4a) with a yield efficiency of 25% (w/w). This yield falls within the
reported range for brown algae species (20-65%), which varies considerably depending on
extraction parameters (temperature, pH, sodium carbonate concentration, and extraction
duration) and algal species. Comparative studies have demonstrated higher yields: Sargassum
polycystum achieved 37.56% extraction efficiency using 7.0% sodium carbonate, while
Lobophora variegata and Cystoseira implexa yielded 29.15% and 27.57%, respectively 336,
The moderate yield obtained in the present study may be attributed to the lower sodium
carbonate concentration employed to minimise chemical usage.

3.2. Yield of calcium chloride

An 89.14% (w/w) conversion efficiency was achieved by the production of 8 g of
calcium chloride (Fig.4b) from 10 g of crushed eggshells, and this result aligns with previous
studies. This high recovery rate demonstrates the effectiveness of the acid-mediated conversion
of calcium carbonate to calcium chloride and indicates that the inorganic calcium component
of the eggshell matrix is almost entirely dissolved. Based on the research, an improved acid-
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dissolving procedure to extract calcium chloride in an outstanding yield of 87.38% (W/W) 2 ccorox

According to Domrongpokkaphan et al. (2022), a conversion efficiency of 86.52% (w/w) was
achieved by extracting 16.07 g of anhydrous CaCl, from 20 g of eggshell waste 8.

Fig.4(a) Extracted sodium alginate from Sargassum cinctum 3(b) extracted calcium chloride
from eggshell

3.2 Moisture content (MC)

Analysis of the moisture content of sodium alginate and calcium chloride revealed
significantly lower values than comparable literature values; sodium alginate moisture content
was 3.15 + 0.43% (Table -2), and that of calcium chloride was 2.82 + 0.17%. The moisture
content obtained was lower than the Codex specification of 15% and comparable to industrial-
grade sodium alginate >°. While earlier research on calcium chloride extracted from eggshells
reported a moisture content of 0.98%, the moisture measurement followed the conventional
AOAC methodology, which involves precise gravimetric analysis through mass loss following
heating at 105 + 1°C for 24 h 70, Moisture content of extracted sodium alginate (3.15 +/-
0.43%) and calcium chloride (2.82 +/- 0.17%) complied with the respective USP-NF, EP, and
FCC specifications of NMT 15.0% and NMT 5.0%.
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3.3 Ash content (AC)
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Relevant data on the mineral composition and extraction efficiency of materials
obtained from biomass were revealed by the ash content analysis of extracted sodium alginate
and calcium chloride. Ash content values of 15.21 £+ 0.32% for sodium alginate and 89.18 +
0.61% for calcium chloride were found in the current investigation; these values are
significantly different from those found in the comparative literature. The observed ash level
for sodium alginate showed a significant variation in the mineral content generated from
seaweed biomass, falling within the wider range of 14.25%-26.57%5!. A study of eggshell
powder revealed a comparatively high ash level of 93.26%, demonstrating the distinct
mineralogical properties of various biomass sources®?. The ash content of sodium alginate
(15.21 /- 0.32%) exceeded the pharmacopeial limit of NMT 4.0% (sulphated ash), attributable
to inherent mineral co-extraction from marine biomass, a well-documented characteristic of
crude seaweed-derived alginate (reported range: 14.25-26.57%) and identifies purification as a
prerequisite for pharmaceutical-grade application.
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Table -2 Physicochemical values for sodium alginate and calcium chloride TR Lyt

Sample Yield % Moisture % Ash %
Sodium alginate 25 3.15+043 15.21+£0.32
Calcium chloride 89.14 2.82+£0.17 89.18 £ 0.61

Results are expressed in Mean + S.D (n=3).

3.4 Fourier Transform Infrared Spectroscopy (FTIR)

Table — 3 and Fig. 5 (a.b) demonstrate the peaks of the functional group of sodium
alginate and calcium chloride. FTIR-confirmed characteristic carboxylate peaks (1600, 1400
cm-1) and absence of free carboxylic acid at 1710-1730 cm-1 satisfy the identification criteria
of all three pharmacopoeias for sodium alginate, while Ca-Cl stretching vibrations (689.66 and
516.92 cm-1) confirm chemical identity of calcium chloride per USP and EP requirements.
Sodium alginate is a linear polysaccharide composed of two uronic acid monomers: B-D-
mannuronic acid (M units) and a-L-guluronic acid (G units), arranged in three distinct block
sequences %3. The unit of sodium alginate has the formula (C¢H,NaOg)[] with an average
monomer molecular weight of 216.12 g/mol. The two constituent sugar monomers share the
same molecular formula (CgH1¢07) and an identical molecular weight of 194.14 g/mol each
(CAS: 6906-37-2 for B-D-mannuronic acid; CAS: 15769-56-9 for a-L-guluronic acid)®.
According to literature reports, the molecular weight (Mw) of sodium alginate isolated from
the genus Sargassum has been reported to range from 4.73 x 10* g/mol to 5.53 x 10° g/mol,
depending on the collection and extraction methods used. The molecular weight of alginate
isolated from Sargassum polycystum was shown to be 4.73 x 10* g/mol using the Mark-
Houwink-Sakurada viscometry technique®. Sodium alginate isolated from S. natans in the
Caribbean was measured at a molecular weight of 3.14 x 10°> g/mol using GPC-NMR®®.
Similarly, the molecular weight of sodium alginate from S. muticum was quantified at 2.02 x
10° g/mol (202 kDa) using SEC-MALLS®". The FTIR-based estimation of the M/G ratio of the
extracted S. cinctum sodium alginate yielded a value of 1.49, indicating a dominance of
mannuronic acid residues over guluronic acid in the polymer chain. This value is consistent
with M/G ratios previously reported for alginates derived from Sargassum species, which
typically range between 1.04 and 4.41. A higher M/G ratio is known to favour the formation of
soft, flexible, and elastic hydrogel matrices, which is particularly advantageous for the
encapsulation and controlled release of bioactive compounds in pharmaceutical and functional
food applications®.

Table -3 FTIR Spectra for sodium alginate and calcium chloride

Sample Wavenumber Functional Vibration Interpretation
(cm™) Group Mode
Sodium  3200-3600 O-H Stretching ~ Extensive hydrogen bonding networks
alginate  (broad) (intra- and intermolecular) characteristic of
69,70 polysaccharides indicate absorbed moisture

and hydroxyl groups
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Ca-Cl

Stretching
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Glycosidic
linkage
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pyranose
ring C-O
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block: ~884
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block: ~939
cm™)
Carbonyl
stretching

Stretching

Stretching
Calcium-
oxygen
stretching
Stretching

Stretching
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Aliphatic C-H from pyranose ring stilictfes,
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low intensity typical for polysaccharides
carboxylate ion indicating
complete neutralisation to the sodium salt
form

Paired with 1600 cm™ peak; ~200 cm™
separation confirms ionic

presence,

sodium salt

character
Characteristic polysaccharide backbone
signal; reflects p-1,4-glycosidic bonds

connecting uronic acid monomers

Mannuronic/guluronic acid-specific bands
would indicate M/G block ratio

Absence confirms no residual alginic acid
(carboxylic acid form); validates complete
alkaline conversion

Sharp,  distinct stretching
vibrations indicate crystalline water or
surface-adsorbed moisture; it differs from

hydroxyl

the broad alginate O-H band due to a more
ordered structure

Weak aliphatic C-H stretching

Critical peak confirming calcium-oxygen
bonding; validates the presence of calcium

Diagnostic peak for calcium chloride;

confirms successful chloride formation

through acid-mediated conversion

Strong Ca-Cl vibration in fingerprint

chemical identity as
intensity  suggests

region; validates

calcium chloride;

substantial CaCl, formation
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Fig.5 FTIR spectra of extracted (a) sodium alginate and (b) calcium chloride
3.5 Thermogravimetric Analysis (TGA)

Its intrinsic hydrophilicity was highlighted by the sodium alginate thermal profile,
which showed a multistage breakdown process with an initial weight loss of 50-120°C to
surface and bound water evaporation. The depolymerisation of alginate chains through
glycosidic bond cleavage and decarboxylation of uronic acid residues was reflected in the most
significant thermal event, which took place between 220 and 230°C and was marked by a
pronounced DTG peak and a steep TG curve decrease (Fig. 6a). The literature demonstrates a
weight loss trend that is comparable to commercial sodium alginate samples, with a noticeable
weight decrease between 250 and 300°C and a slower rate of disintegration between 300 and
750°C71,

The calcium chloride that was extracted from the eggshell, on the other hand, showed a
noticeable breakdown phase at 750-775°C, which was marked by a rapid mass loss of 35-40%
and a progressive weight loss of 10-15% up to 700°C (Fig.6b). Earlier studies showed mass
losses of 21% up to 260°C, a comparatively steady mass of 79% until 800°C, and further
declines during the heating and cooling phases. Complex structural reorganization and phase
transitions are suggested by the endothermic transitions observed in both materials, especially
the numerous tiny changes in the calcium chloride DTA curve between 600 and 700°C. The
existence of inorganic components and the possible creation of stable calcium-based
compounds were indicated by the residual mass of 45-50% for calcium chloride and an entire
mass loss of 75-80% for sodium alginate at 900°C72,
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Fig.6 TGA curve of extracted (a) sodium alginate and (b) calcium chloride
3.6 Optimisation of spheres and beads

The findings show a distinct relationship between the reactant concentrations and the
structural integrity of the resulting products (Table-4). The structural stability and spherical
diameter of the water spheres were directly correlated with sodium alginate content. In
particular, only a thin layer with inadequate structural integrity developed at a concentration of
1 %. When the concentration was increased to 2%, well-formed spheres with a thin layer of
liquid-containing calcium alginate with a measured 3.64+0.10 cm in diameter appeared 6.
Subsequently, further increases to 3%, 4%, and 5% produced progressively larger spheres with
improved structural properties that ranged from well-formed to thick-layered and finally
hardened structures at the highest concentration 73.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

G. sylvestre spheres showed comparable patterns of concentration-dependent formation
patterns. At 1% sodium alginate, no spheres were formed; however, at 2% sodium alginate, a
thin layer was formed. Well-formed spheres measuring 3.26+0.70 cm showed optimal
formation at 3 and 4%. With diameters of 3.87+0.09, thicker layers and firm gel formation
were the outcomes of higher concentration. The G. sylvestre bead trials demonstrated that
successful bead formation required a minimum sodium alginate concentration of 2%, below
which only thin layers formed without a proper bead structure. At 2 and 3%, beads were well-
formed, but increasing concentrations to 4 and 5% produced progressively larger and more
structurally robust beads, with diameters ranging from 0.63+0.02 and 0.67+0.05 cm, ultimately
achieving hard bead formation at the highest concentrations.
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To balance the structural integrity with the desired physical qualities, these results
imply that the ideal sodium alginate concentration for sphere and bead production is between
3% and 4%. While excessive hardening at higher concentrations (5%) may be undesirable for
some applications requiring specific textural features, unsuccessful production at lower
concentrations (1%) indicates inadequate cross-linking with calcium chloride. In contrast,
earlier research revealed spheres that ranged in size from 49.3 to 52.1 mm and had a sphericity
index of 0.98 to 1.00. Furthermore, 1% w/v calcium lactate gluconate, 1% w/v sodium alginate,
and a 10-minute sphere-forming period that produced a sphere thickness of 0.46 mm and
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mechanical strength of 0.94 N/mm? were the justified preparations for encapsulating,ens
beverages by reverse spherification 74,
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Table — 4 Effect of Sodium alginate and calcium chloride concentration on sphere formation

and diameter

Sodium  Calcium G. .
Variation alginate chloride Y Ivestre  Gelling Sphere Sphere
%(y ) (%) infusion time formation Diameter(cm)
° ° (mL)

WS 1 1 0 5 Thin layer i
formed

WS 2 1 0 5 Well formed  2.64+0.10?

WS 3 1 0 5 Well formed  2.76+0.172

WS 4 1 0 5 Well formed ~ 3.26+0.70°

WS 5 1 0 s Hardlayer 5 00,000
formed

Incomplete
GS 1 1 20 5 gel -
formation

GS 5 1 20 5 Thin layer i
formed

GS 3 1 20 5 Well formed 1.87+0.312

GS 4 1 20 5 Well 2.2+40.19%
formed

GS 5 1 20 5 Hard gel 2.86+0.10°

Incomplete
GB 1 1 20 5 gel -
formation

GB 2 1 20 5 Beads well - 119 040
formed

GB 3 1 20 5 Well formed  0.54+0.06°

GB 4 1 20 5 Hard beads 0.63+0.02°

GB 5 1 20 5 Hard beads 0.67+0.05°¢

Mean + S.D (n=3). The letters a, b, and c in superscript refer to the significant difference values (P < 0.05). WS- Water Sphere, GS — G.

sylvestre Sphere, GB — G. sylvestre Beads

3.7 G. sylvestre spheres and beads

Based on optimal formation parameters, the resultant spheres and beads demonstrated
exceptional morphological characteristics. Ionic gelation has proven to be highly effective in
the synthesis of biomaterials, yielding a range of spherical hydrogels with improved
morphological properties using calcium ions from eggshell-based calcium chloride and sodium
alginate from Sargassum cinctum (Fig.7 a,b,c). As a baseline formulation that demonstrated
the exact control possible in hydrogel matrix synthesis, the experimental series started with a

perfect transparent sphere with perfect spherical symmetry and a smooth, glossy surface.
Cross-linking sodium alginate and calcium ions through intricate molecular interactions

resulted in transparent green hydrogel spheres with a uniform consistency, a sign of a

successful ionic gelation process. A cluster of dark olive-green spherical beads, with surface
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imperfections that strongly implied the effective encapsulation of G. sylvestre, was the, fifalscsox
form.

Fig.7 (a) Water sphere (b) G. sylvestre sphere (c) G. sylvestre beads
3.8 Total Phenol and Flavonoids

The total phenolic content of sphere and bead extracts was 27.77+1.29 and 14.87+0.64
mg GAE/g, respectively, while total flavonoid content was 19.16+0.56 and 6.17+0.17 mg
QE/g. These values are substantially lower than those reported for pure G. sylvestre aqueous
extracts (171.91+1.16 mg GAE/g phenols; 101.07+2.01 mg CE/g flavonoids)’>. This difference
is expected and can be attributed to several factors. The formulations contain sodium alginate
(20-30 mg per sphere) and calcium chloride in addition to G. sylvestre infusion (2 mL per
batch), resulting in a composite matrix where bioactive compounds represent only a fraction of
the total dry weight. When expressed per gram of total formulation, the apparent concentration
is necessarily lower than pure extract.

3.9 Total Antioxidant Activity

Strong nitric oxide scavenging activity, ranging from 80.12% to 90.79% across dosages
of 2—10 mg/mL, demonstrated ascorbic acid's well-known antioxidant potential (Fig.8). Both
encapsulated formulations demonstrated notable dose-dependent nitric oxide scavenging
properties, with spheres outperforming beads at all tested concentrations. At the maximum
concentration of 10 mg/mL, spheres achieved 72.66% scavenging activity, which was 3.02%
higher than beads (69.64%), while the pure G. sylvestre aqueous extract exhibited
comparatively lower activity (52.78%) at the same concentration. Notably, both sphere and
bead formulations demonstrated superior antioxidant activity relative to the unencapsulated
extract across all tested concentrations, which may be attributed to the combined antioxidant
contribution of seaweed-derived sodium alginate. The scavenging percentages for beads
increased progressively from 37.91% to 69.64%, while spheres showed a corresponding
increase from 43.27% to 72.66%, indicating consistent concentration-dependent antioxidant
behaviour in both formulations.
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Fig.8 Nitric oxide scavenging activity of spheres and beads
3.10 a-Amylase and a-glucosidase inhibition

Both the sphere and bead formulations demonstrated dose-dependent inhibition of a-
amylase and a-glucosidase across the tested concentration range (10-100 pg/mL) (Table-5,
Table-6), with statistically significant differences observed between concentration levels (P <
0.05). Acarbose, the standard inhibitor, exhibited the highest inhibitory activity against both
enzymes, achieving ICso values of 51.58 pg/mL and 47.1 pug/mL for a-amylase and o-
glucosidase, respectively. The crude G. sylvestre extract demonstrated moderate inhibitory
activity, with maximum inhibitions of 83.6 £ 0.36% (a-amylase) and 81.0 = 0.79% (o-
glucosidase) at 100 pg/mL, which were notably lower than those of acarbose but substantially
superior to both encapsulated formulations. Among the encapsulated systems, the sphere
formulation outperformed the bead formulation marginally, and the bead formulation exhibited
the lowest inhibitory activity. A previous study found that a 50% ethanol extract of G. sylvestre
leaves had inhibitory effects of 18.12 + 1.05 mg/mL against a-amylase and 20.74 +0.74 mg/mL
against o-glucosidase’®.

Table -5 a-Amylase inhibition for G. sylvestre spheres and beads

Concentration a-Amylase Inhibition (%)
(ng/mL) Acarbose G.Sylvestre  Sphere Beads
10 10.2+0.1020  7.8+0.10°  4.8+0.04*  3.4+0.042
25 27.44+0.10> 17.7£0.10> 9.3+£0.51>  7.2+0.15°
50 42.6+0.15¢ 35.4+0.20° 13.6+0.80¢ 11.7£0.15°¢
75 79.3+0.119  62.8+0.76¢ 22.5+0.059 18.4+0.214
100 92.54£0.20° 83.6+£0.36° 30.1+£0.45¢ 26.7+0.31¢
ICs, value 51.58 61.86 172.09 195.02
F value 180,750.16  19,235.83 103,027.98 359,479.28

Results are expressed as mean+S.D. The letters a, b, and ¢ in superscript refer to the significant difference values (P < 0.05).
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Table -6 a-glucosidase inhibition for G. sylvestre spheres and beads
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Concentration a-glucosidase Inhibition (%)
(ng/mL) Acarbose  G.Sylvestre  Sphere Beads
10 13.1+£0.302  7.06+£0.15  4.1+0.032  2.9+0.012
25 34.6+0.36" 15.6+0.25> 8.9+0.01°  6.1+0.03b
50 59.3£0.25¢  27.4+0.36° 14.2+0.04¢ 10.2+0.04°
75 72.6+0.30¢  49.3+0.309 24.24+0.03¢ 19.3+0.034
100 91.03+0.49¢  81.0+0.79¢ 31.1+£0.02¢ 28.1+0.01¢
1C5, value 47.1 68.76 162.14 180.34
F value 23,077.41  14,080.54 332226.52 336762.50

Results are expressed as mean+S.D. The letters a, b, and ¢ in superscript refer to the significant difference values (P < 0.05).

3.11 Release Profile Characteristics and pH-Dependent Behaviour

The in vitro release profiles of total phenol and total flavonoid from sphere and bead
formulations demonstrated marked pH-dependent behaviour. At pH 1.2, sphere formulations
achieved rapid initial release, with 37.34 + 0.86% phenol released within 30 minutes and 80.53
+ 0.87% by 120 minutes (Table 7). Conversely, bead formulations exhibited longer kinetics,
with a total release of 27.80 + 1.05% at 30 minutes and 58.90 £+ 0.30% at 120 minutes, which
was 21.6% less than spheres. This formulation-dependent behaviour demonstrates how
geometric parameters in matrix-controlled drug delivery systems significantly affect
diffusional channel lengths and surface area exposure>*. At pH 6.8, both formulations exhibited
much slower release rates; spheres only released 59.13 + 0.83% phenol after 180 minutes, while
beads released 41.93 + 0.61% at the same time. When compared to pH 1.2 conditions, this
three to four-fold drop in release rate emphasises how crucial environmental pH is in
controlling drug-polymer interactions, polymer matrix activity, and compound solubility.
Despite being slower, the extended release at pH 6.8 offers substantial physiological
advantages by enabling the transport of polyphenols to colonic regions where substantial gut
microbiota populations can transform parent compounds into bioactive phenolic acids and
metabolites that may have higher bioavailability”’.

Flavonoid release patterns followed similar pH-dependent trends but with
notably lower cumulative values across all conditions. At pH 1.2, spheres released 33.47 +
0.31% flavonoids by 120 minutes, while beads achieved 26.33 + 0.55% (Table 8). At pH 6.8,
release was further attenuated to 42.33 + 0.57% (spheres) and 36.63 £+ 0.45% (beads) by 180
minutes.
Table — 7 Cumulative Release of Phenolic Compounds (ug GAE/100g)

Time (min) Sphere pH 1.2 Beads pH 1.2 Sphere pH 6.8 Beads pH 6.8

0 0.37+0.15 0.17+0.06 0.6+0.10 0.37+0.06
30 37.34+0.86 27.8+1.05 29.7+0.95 27.67+0.86
60 64.4+0.62 39.5+0.66 37.87+0.81 33.43+0.42
90 75.67+£0.71 49.7+£0.98 37.67+0.71 32.9+0.44
120 80.53+0.87 58.9+0.30 44.3+0.60 40.53+0.87
150 - - 47.63%+0.74 44.17+0.65
180 - - 59.13+0.83 41.93+0.61

Results are expressed as mean+S.D.
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Table - 8 Cumulative Release of Flavonoid Compounds (ug QE/100g) DOl 10 1058 Der RO ok

Time (min) Sphere pH 1.2 Beads pH 1.2 Sphere pH 6.8 Beads pH 6.8

0 0.26+0.05 0.20+0.01 0.47+0.04 0.3+0.02
30 3.66+0.06 3.58+0.02 3.90+0.02 3.4+0.03
60 11.37+0.15 6.17+0.11 16.07+0.81 15.7+0.10
90 26.77+0.25 13.53+0.31 23.07+0.35 19.53+0.35
120 33.47+0.31 26.33+0.55 25.8+0.26 23.3+0.46
150 - - 33.1+0.46 31.234+0.35
180 - - 42.33+0.57 36.63+0.45

Results are expressed as mean+S.D.

The release profile and antidiabetic activity of the G. sylvestre encapsulated
formulations were compared with other plant-based encapsulated systems reported in the
literature. lonic gelation-based encapsulation of edible flower extract from Phlogacanthus
thyrsiflorus using sodium alginate and calcium chloride, optimized via central composite
design, achieved an encapsulation efficiency of 72.19 + 5.19%, with the alginate matrix
effectively protecting phenolic compounds from degradation in the acidic gastric phase while
facilitating their sustained release under intestinal conditions’®. This protection pattern is
consistent with the release behavior observed in the present study, where both sphere and bead
formulations demonstrated progressive phenolic and flavonoid release at pH 6.8 up to 180
minutes. Similarly, Stevia rebaudiana aqueous crude extract encapsulated within sodium
alginate blends via ionic gelation achieved encapsulation efficiencies ranging from 62.7 to
101.0%, with flavonoids identified as predominant bioactive compounds in the encapsulated
fraction and crosslinking conditions significantly influencing phenolic uptake and retention’.
The considerably higher encapsulation efficiencies reported in both of these studies compared
to the present work highlight the importance of systematic bioactive loading optimisation,
which is acknowledged as a limitation of this study and proposed for future investigation.

3.12 Mathematical Modelling and Kinetic Analysis

Table - 9 Complete kinetic parameters for spheres and beads

Kors
Formul | Compou | Zero- First- Higuc ineyer Best
ation nd Order Order hi Mod-!
Peppa
s - =
Ko R K, R KH |R K n R? Mechg
nism |
Sphere Anom.!
I})I 12 Phenol 0.6933 | 0.9651 | 0.0338 | 0.9998 | 7.396 0.9944 | 0.765 | 0.9944 | 0.9998 | ous/Hiz
P L uchi
Beads Anomal
Phenol 0.4922 | 0.9959 | 0.0171 | 0.9711 | 5.223 0.9822 | 0.621 | 0.9822 | 09711 | ous/Ze
pH 1.2
o-order
Sphere | b nol | 0.1878 | 0.8598 | 0.0046 | 0.7892 | 3.456 | 0.9734 | 0383 | 0.9734 | 0.7892 | Fickian/
pH 6.8 Higuchi
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Eflagsg Phenol | 0.1156 | 0.7234 | 0.0039 | 0.6789 | 2.845 | 0.8426 |0.298 0.8@6101@)%.%?8@0“?%1‘““/
Super
Sphere | plavonoid | 03323 | 0.9644 | 0.0256 | 0.9883 |3.126 | 0.9792 | 1.635 | 0.9792 | 0.9883 | €3¢
pH 1.2 II/Hig .
chi
Beads Case
oH 1, | Flavonoid | 02577 [ 0.9723 | 0.0189 | 0.8954 | 2.876 | 0.9856 | 0.894 | 0.9856 | 0.8954 | I/Hig
) chi
Super
Sphere . Case
oH6g | Flavonoid 02456 | 0.9623 | 0.0092 | 09815 | 3.080 | 09712 | 1485 | 09712 | 09815 |
FI
Anorzi
Flavonoid | 0.2145 | 0.9456 | 0.0093 | 0.8889 |3.012 | 0.9734 | 0.623 |0.9734 | 0.8889 | ous/Hig
uchi

Units: Ky (ug/100 g'min™?); K; (min™!); KH (ug/100 g-min~2); K and n (dimensionless)
3.14.1. Zero-Order Kinetics

For phenol release from spheres at pH 1.2, the zero-order rate constant Ky was 0.6933
png/100 g'min™ with R? = 0.9651, indicating a rather good linear fit(Table 9). Bead
formulations displayed Ko = 0.4922 ng/100 g'min™" (R* = 0.9959), a 29% decrease attributed
to the reduced surface area and enhanced tortuosity of diffusion channels in the bead
morphology®’.

At pH 6.8, zero-order rate constants drastically decreased to 0.1878 ng/100 g-min™
(spheres) and 0.1156 pg/100 g-min™" (beads), suggesting 3.7-fold and 4.3-fold decreases,
respectively, demonstrating the substantial influence of pH on release kinetics. Flavonoid
release had similar pH sensitivity, but generally lower K, values (0.2145-0.3323 ng/100
g-min™"), verifying their more persistent release properties. Even though zero-order kinetics
provided appropriate fits in some situations, the different R2 values (0.7234-0.9959) show that
concentration-independent release does not fully represent the intricacy of polyphenol transport
from these matrix systems. Zero-order kinetics, which preserve pseudo-steady-state conditions
throughout release, are frequently observed in matrix systems where drug concentration much
surpasses solubility or in reservoir systems with rate-controlling membranes. The deviations of
our systems from ideal zero-order behaviour indicate that matrix structural alterations and
concentration gradients have an impact on the overall release mechanism®!.

3.14.2. First-Order Kinetics

The first-order model, which explains concentration-dependent release where the rate
is proportionate to remaining drug content, showed exceptional applicability, especially at pH
1.2 conditions. At pH 1.2, the first-order rate constant for phenol release from spheres was K4
= 0.0338 min™" with an excellent R* = 0.9998, demonstrating nearly perfect alignment with
experimental data (Table 9). Under the rapidly hydrating, highly swollen matrix conditions
typical of the gastric environment, this exceptional fit suggests that the release mechanism
changes to one where concentration gradients serve as the primary driving force, with the rate
of drug release directly proportional to the amount remaining in the matrix at any given time®?.

Bead formulations showed K; =0.0171 min™ (R?=0.9711) for phenol at pH 1.2, which
is 49.7% less than spheres. This large difference quantitatively confirms the geometric
constraints imposed by bead morphology, which diminish the concentration gradient at the
release interface and increase the effective diffusion distance from the matrix core to the
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and 0.0256 min™' at pH 1.2, flavonoids also demonstrated strong model applicability. The
unique exponential approach to complete release observed in various pharmaceutical dose
forms is caused by the first-order mechanism, which states that the driving strength for
diffusion proportionately decreases as the drug gets farther from the matrix interior. With much
lower R2 values (0.6789-0.9815) at pH 6.8, first-order kinetics showed decreased predictive
ability, suggesting that variables other than concentration-dependent diffusion affect the
release process®3.

3.14.3. Higuchi Model: Universal Descriptor of Diffusion-Controlled Release

At pH 1.2, the Higuchi constant for phenol release from spheres was KH = 7.396 ng/100
g'min~'/? with R? = 0.9944, whereas beads showed KH = 5.223 ng/100 g-min~'/* (R?=0.9822)
(Table 9). Because spherical geometry has a bigger surface-to-volume ratio and a shorter radial
diffusion channel length than irregular bead forms, spheres have a 41.6% higher Higuchi
constant, which quantitatively confirms their superior release efficiency.

Notably, even at pH 6.8, the Higuchi model demonstrated good prediction ability,
whereas other models demonstrated less application. At pH 6.8, phenol release from spheres
produced KH = 3.456 pg/100 g-min™'/* (R? = 0.9734), whereas beads displayed KH = 2.845
ug/100 g-min™'/* (R* = 0.8426). The decreased effective diffusion coefficients resulting from
decreased polyphenol solubility, changed matrix characteristics, and possibly stronger drug-
polymer interactions at near-neutral pH are quantitatively captured by the pH-dependent
decrease in KH values (53% decrease for spheres, 46% decrease for beads). Similar Higuchi
kinetics were observed for flavonoid release, with constants ranging from 2.876 to 3.126
ug/100 g-min~!/2 at pH 1.2 and 3.012 to 3.089 pg/100 g-min~!/? at pH 6.8, all with R > (0.97%4.

3.14.4. Korsmeyer-Peppas Model and Transport Mechanism Classification

According to established criteria for spherical matrices, pure Fickian diffusion is
indicated by n < 0.43, anomalous (non-Fickian) transport involving coupled diffusion and
polymer relaxation is represented by 0.43 <n < 0.85, Case II transport (relaxation-controlled)
is represented by n = 0.85, and Super Case II transport, where drug release kinetics exceed
polymer relaxation rates, is suggested by n > 0.85%>,

Super Case II transport was clearly established by the measurement of phenol release
from spheres at pH 1.2, withn=0.9944 (K =0.765, R*=0.9998) (Table 8). This extraordinarily
high exponent value suggests that matrix degradation and polymer chain relaxation, which
happen simultaneously with and may even exceed fundamental diffusional transport, have a
major impact on the release process®. Bead formulations for phenol at pH 1.2 revealed
anomalous transport at the junction of anomalous and Case II processes, with n = 0.9822 (K =
0.621, R = 0.9711). With n values of 0.9734 (spheres) and 0.8426 (beads), phenol release
shifted toward more conventional transport methods at pH 6.8. A slightly larger diffusional
contribution in relation to polymer relaxation is suggested by the slightly lower exponent when
compared to spheres, which may be caused by structural variation in bead matrices that produce
areas with varying water penetration and swelling kinetics®’.

Flavonoid release consistently displayed high n values (0.9712—0.9856) under all
conditions, indicating Case II or near-Case II transport pathways (Table 9). These higher
exponents reflect the complex interplay between the properties of the polymer matrix and the
molecular structure of flavonoids. The K values (0.623—1.635) varied considerably between
formulations, with higher values at pH 1.2 and for spheres, reflecting both the rate of drug
release and the connection between drug transport and polymer structural reorganisation®®.
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3.13 Sensory evaluation

In terms of flavour (7.184+0.69) and taste (7.5+0.77), the control formulation, water
spheres, fared better than both G. sylvestre spheres and beads (Table-10). A novel method for
reducing the bitter taste of G. sylvestre without compromising its beneficial properties is
demonstrated by the sensory examination of spheres and beads infused with the plant. Excellent
encapsulation techniques that effectively lessen the herb's characteristic bitterness are
demonstrated by the high overall acceptability ratings (8.07-8.5) that counterbalance the
relatively lower flavour and taste scores (6.38—7.18). Strong findings for appearance (8.12-
8.52), colour (7.95-8.53), and consistency (8.15-8.6) demonstrate that the ionic gelation
technique not only decreases sensory problems but also creates spheres that are both visually
appealing.

Table -10 Sensory evaluation of Water sphere, G. sylvestre sphere, and beads

Parameter Water Sphere G. sylvestre G. sylvestre F value
Spheres Beads

Colour 7.68+0.40? 8.53+0.63P 7.95+0.592 18.69
Flavour 7.18+0.69° 6.38+0.74? 6.87+0.52° 11.28
Taste 7.5+0.77° 6.6+0.58* 6.95+0.63? 13.99
Consistency/Texture 8.33+0.622 8.6+0.61° 8.15+0.622 4.06
Appearance 8.47+0.822 8.52+0.692 8.12+0.55% 2.95
Overall 8.38+0.74° 6.92+0.662 7.03£0.762 38.25
acceptability

Mean + S.D (n=3). The letters a, b, and ¢ in superscript refer to the significant difference values (P < 0.05). One-way ANOVA confirmed
statistically significant differences (p < 0.05).

4 Conclusion

This study successfully illustrated an integrated circular bioeconomy framework for
converting agricultural and marine biowaste into practical food delivery systems. A multi-stage
extraction method produced high-purity calcium chloride (89.14% recovery) from chicken
eggshells and sodium alginate (25% efficiency) from Sargassum cinctum. Thermogravimetric
analysis and FTIR structural characterisation verified their suitability for culinary applications.
Ionic gelation facilitated Gymnema sylvestre-fortified spheres with pH-responsive release
kinetics regulated by Higuchi diffusion mechanisms and Super Case II transport dynamics;
phenolic liberation was 80.53% at pH 1.2 and 59.13% at pH 6.8. The formulations exhibited
good organoleptic qualities (overall acceptability: 8.07-8.5) and moderate antidiabetic action
(30.1% oa-amylase, 31.1% a-glucosidase inhibition), despite unresolved bitterness concerns.
Optimising bioactive loading through response surface techniques, with food-grade
alternatives, carrying out extensive stability and in vivo efficacy studies, and carrying out
comprehensive life cycle assessments to assess environmental benefits are priorities for critical
advancement. This proof-of-concept not only tackles plastic pollution and produces value
cascades from underutilised biomass streams, but it also establishes a promising basis for the
creation of sustainable, waste-derived functional food carriers that greatly aid in the circular
bioeconomy transitions in food systems.
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