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Abstract

This study reports the development and characterization of hard, gelatin-like capsules using a novel four-polymer plant-
based system comprising corn starch (CS), agar-agar (AA4), sodium alginate (SA), and hydroxypropyl methylcellulose
(HPMC), with glycerin as a plasticizer. The polymer blend was optimized to achieve controlled viscosity, predictable
gelation, and uniform capsule wall formation. Rheological analysis demonstrated shear-thinning behavior suitable for
dip-molding, and oscillatory measurements identified the G'/G" crossover point, confirming a robust sol—gel transition.
Drying kinetics followed a first-order exponential decay, yielding capsules with high mechanical hardness and low
moisture content. API incorporation and content uniformity analysis showed RSD below 6%, while dissolution studies
indicated controlled, diffusion-driven release consistent with Higuchi and first-order models. Stability modeling using
the Arrhenius equation predicted reliable long-term shelf life under ambient conditions. Compared with previously
reported single- or dual-polymer systems, the proposed four-polymer capsules demonstrated superior mechanical
strength, moisture control, release behavior, and stability, highlighting their potential as a plant-based alternative to
gelatin capsules.

Keywords: Plant-based capsules, Corn starch—agar—HPMC composite, Gelation kinetics (G'/G"), Rheology and viscosity
modeling, Drying kinetics and mechanical hardness, API uniformity and dissolution
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1. Introduction

Oral solid dosage forms, particularly capsules, remain a cornerstone of pharmaceutical delivery due to their ease of
administration, accurate dosing, and protection of active pharmaceutical ingredients (APIs). Traditionally, gelatin
capsules dominate the market; however, they pose limitations related to animal origin, allergenicity, and sustainability
concerns. Consequently, there is growing interest in developing plant-based, gelatin-free capsules that retain mechanical
strength, controlled release behavior, and stability comparable to conventional systems.

Recent studies have explored polysaccharides such as corn starch, agar-agar, sodium alginate, and hydroxypropyl
methylcellulose (HPMC) individually or in binary combinations for capsule formation, hydration control, and drug
delivery applications. While these approaches demonstrate potential, they often suffer from limited mechanical hardness,
uncontrolled gelation, inconsistent drying kinetics, and suboptimal API uniformity, restricting their industrial scalability.
Furthermore, few studies integrate rheology, gelation modeling, drying kinetics, dissolution behavior, and stability
assessment into a single, reproducible capsule development workflow. To address these gaps, the present study proposes
a novel four-polymer composite system using CS, AA, SA, and HPMC, with glycerin as a plasticizer, to produce hard,
gelatin-like capsules. This system combines the advantages of each polymer—structural integrity, elasticity, viscosity
control, and film-forming ability—while providing a fully plant-based alternative suitable for oral drug delivery. The
formulation is systematically characterized through rheology, gelation, drying, mechanical hardness, API loading,
dissolution, and stability, enabling a comprehensive evaluation of its performance.

1.1 Objectives

The primary aim of this study is to develop hard, gelatin-like capsules from plant-based polymers and to evaluate their
physicochemical and functional properties for pharmaceutical applications. Specific objectives include:

¢ Formulation Optimization: Develop a four-polymer (CS, AA, SA, HPMC) composite system with glycerin to achieve
desired viscosity, pourability, and moldability.

e Rheological and Gelation Analysis: Characterize shear-thinning behavior and determine the G'/G" crossover point to
monitor sol—gel transition.

e Drying and Mechanical Characterization: Investigate drying kinetics and optimize capsule hardness and structural
integrity.

e API Incorporation and Uniformity: Incorporate a small-molecule drug uniformly and ensure content uniformity using
HPLC.

¢ Dissolution and Release Modeling: Evaluate drug-release kinetics and identify governing mechanisms using classical
models (Higuchi, Korsmeyer—Peppas).

e Stability Assessment: Conduct accelerated stability studies and predict shelf life via Arrhenius modeling.

1.2 Contributions

This work makes the following novel contributions to the field of plant-based pharmaceutical capsules:

e Development of a four-polymer, plant-based capsule system providing enhanced mechanical strength, controlled
gelation, and moisture management.

o Integration of comprehensive physicochemical characterization (rheology, G'/G" crossover, drying kinetics, hardness,
dissolution) into a single formulation workflow.

e Improved API uniformity and release control, demonstrating predictable, diffusion-based drug delivery.

e Mathematical modeling throughout the process, enabling reproducibility and potential scale-up for industrial
production.

e Sustainable, vegan alternative to gelatin capsules, suitable for oral delivery of small molecules, addressing both
environmental and ethical concerns.

2. Literature Review

Overview of Pharmaceutical Dosage Forms

Pharmaceutical dosage forms are critical in delivering the correct drug amount to the body safely and effectively. A drug
is defined as a chemical substance of known structure, which, when administered to a living organism, produces a
biological effect (Rang, Dale, Ritter, Flower, & Henderson, 2011; Stedman, 2014). Solid oral dosage forms, such as
capsules and tablets, remain among the most widely used due to ease of administration, dose accuracy, and patient
compliance (Aulton & Taylor, 2013; Allen & Ansel, 2014). Capsule dosage forms are particularly valued for their ability
to encapsulate liquid or solid drugs, mask unpleasant tastes, and provide modified release profiles (Felton, 2012; Hoag,
2017).

Gelatin and Non-Gelatin Capsules

Traditionally, gelatin has been the polymer of choice for both soft and hard capsule shells due to its excellent film-forming
ability, flexibility, and biocompatibility (Fischer, 2015; Meinzer, 2009). Soft gelatin capsules offer advantages such as
rapid drug release and suitability for oils and liquids, but they are susceptible to oxygen permeability and drug migration
into the shell (Nazzal & Wang, 2001; Armstrong, James, Collett, & Thomas, 2005). Hard gelatin capsules, on the other
hand, are more stable and are used for solid fill formulations (Jones, 2008; Shayne, 2008). However, gelatin is derived
from animal sources, raising concerns related to vegetarian compliance, allergenicity, religious restrictions, and
environmental sustainability (Gullapalli & Mazzitelli, 2017).
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To address these challenges, non-gelatin alternatives such as hypromellose (HPMC), pullulan, gellan, starches, and
carrageenan have been explored (Shunji, 2002; Bhatt & Agrawal, 2022). HPMC capsules are widely recognized for their
stability, vegetarian origin, and improved moisture resistance compared to gelatin (Reich, 2013; Hoshi, 2004).
Plant-Based Polysaccharides in Hard Capsule Formulations

Recent studies focus on polysaccharide-based capsules that offer biocompatibility and sustainability while retaining
acceptable mechanical and dissolution properties. Pullulan, a high molecular weight microbial polysaccharide, has
emerged as a promising material due to its non-toxic nature, film-forming ability, and oxygen-impermeable properties
(Ding et al., 2020; Singh, Kaur, Hassan, & Kennedy, 2021). Pullulan-based capsules have been developed alone or in
combination with gellan to produce hard capsules with satisfactory in vitro drug release profiles (Ding et al., 2020;
Choudhury, 2019). The molecular weight of pullulan is a key determinant of capsule performance, influencing film
strength, viscosity, and dissolution characteristics (Sakata & Otsuka, 2009; Liu et al., 2018). Techniques such as TEMPO-
oxidation of konjac glucomannan have been investigated to further modify polysaccharide properties and improve capsule
formation (Chen et al., 2016).

Composite Polysaccharide Capsules

To overcome limitations of single-polymer capsules, composite systems have been developed. For instance, pullulan-
carrageenan blends improve gelation, rheological behavior, and mechanical properties (Zhang et al., 2020; He et al.,
2017). The incorporation of k-carrageenan enhances gel strength and practical handling during manufacturing while
maintaining drug release profiles (Elmarhoum & Ako, 2022; Qiao et al., 2023). Agar and konjac glucomannan blends
have also been used to optimize gelation and shell formation for hard capsules (Qiao et al., 2023).

Recent research demonstrates that ternary or multi-polymer systems can be tailored for 3D printing applications, showing
improved rheological behavior, extrusion properties, and mechanical strength (Xu et al., 2023; Jiang, Ma, Wang, Wang,
& Zeng, 2022). Such studies highlight the potential of polysaccharide-based blends for customized drug delivery systems.
Processing and Characterization of Polysaccharide Capsules

Effective capsule production requires precise control over polymer solution viscosity, shell formation, and drying
conditions (Menard, Tomka, Engel, & Brocker, 2014). Thermal, mechanical, and rheological characterization are
essential to ensure capsule integrity and reproducibility (Nazzal & Wang, 2001; Wu, Zhong, Li, Shoemaker, & Xia, 2013).
Pullulan and pullulan-gellan films have been extensively studied for their mechanical strength, water solubility, and drug
release kinetics, demonstrating the feasibility of replacing gelatin in hard capsule shells (Ding et al., 2020; Choudhury,
2019).

Despite these advancements, a major challenge remains in balancing shell strength, flexibility, moisture resistance, and
dissolution performance. Moreover, the effect of polysaccharide molecular weight, polymer ratio, and plasticizers on
capsule properties requires further investigation to standardize industrial production (Singh, Kaur, Bajaj, & Kennedy,
2022; Singh, Kaur, Hassan, & Kennedy, 2021).

3. Methodology: Formulation and Characterization of Hard, Gelatin-Like Capsules

1. Materials

Corn starch (CS), agar-agar (AA), sodium alginate (SA), and hydroxypropyl methylcellulose (HPMC) were chosen as
plant-derived biopolymers to develop hard, gelatin-like capsules.

Glycerin (GLY) was used as a plasticizer to modify flexibility and reduce brittleness.

Deionized water served as the solvent for polymer dispersion.

The small-molecule Active Pharmaceutical Ingredient (API) was incorporated into the hydrated polymer matrix before
molding.

All reagents were pharmaceutical grade and used as received.

Table 1. Materials Used in Capsule Formulation, Vendors, Grades, and Purity

Material Function in Formulation Vendor / Supplier Grade Purity / Specification
Corn Starch (CS) | Primary polysaccharide; provides | Sigma—Aldrich / | Pharmaceutical | > 99% starch content;
structural integrity and gelatin-like | Merck / HiMedia grade moisture < 12%
matrix upon heating
Agar-Agar (AA) Thermo-reversible gelling agent; | Marine Food/Pharma Gel strength > 900
improves capsule rigidity Hydrocolloids /| grade g/cm?; purity > 98%
HiMedia
Sodium Alginate | Viscosity enhancer; crosslinkable | SRL / Merck / | Pharmaceutical | Viscosity 200—400 cP;
(SA) polysaccharide improving shell | HiMedia grade purity > 98%
strength
Hydroxypropyl Film-forming polymer; improves | Colorcon / Dow | USP/NF grade | Substitution type
Methylcellulose mechanical  strength, reduces | Methocel™ / 2910; viscosity 5-15
(HPMC) brittleness HiMedia cP
Glycerin (GLY) Plasticizer to increase flexibility of | Merck /  Loba | Pharmaceutical | >99.5%
capsule shell Chemie grade
Deionized Water | Solvent for polymer hydration and | In-house DI system | Laboratory Conductivity < 1
(H20) API dispersion grade pS/cm
API (Small- | Active pharmaceutical ingredient | As per study Pharmaceutical | > 99% assay (HPLC
Molecule Drug) incorporated within polymer matrix grade validated)
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Coloring Agents | Aesthetic modification Permitted Food/Pharma As per regulatory
(Optional) food/pharma colors | grade standard

Flavoring Agents | Taste-masking, oral acceptability Approved  flavor | Food/Pharma As required
(Optional) additives grade

2. Formulation Concepts & Concentration Notation
Concentrations were expressed as % w/v unless specified.
Notation used throughout formulation calculations:
» C_X = concentration of component X
* V_tot = total solution volume

* M_tot = total mass

* C_poly = total polymer concentration

* 1 = viscosity

* t s = gelation or setting time
The system consists of mixed polysaccharides (CS, AA, SA) and cellulose derivative (HPMC), forming a composite
hydrogel that transitions to a hard polymeric shell after drying.

3. Baseline Formulation & Mixing Calculations
A reference batch of 100 mL aqueous polymer blend was prepared with:

*CS=10% w/v
* AA=1%w/v
*SA =2% w/v
* HPMC = 2% w/v
*GLY =10% v/v

Mass-balance equation used during mixing:

C X(final) =Z(C X,i*x V_i)/V_final
Example: Mixing 25 mL of each polymer stock (total 100 mL):

C_CS(final) = (10% x 25) / 100 = 2.5% w/v.

Y

Polymer
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!

Heating

!

Mixing

Figure 1: Schematic of polymer hydration, heating, and combined mixing workflow.

4. Polymer Hydration, Heating & Homogenization
CS was dispersed in water and gelatinized by heating at 75—85°C until translucent, ensuring amylose chain unrolling.
AA was dissolved at ~95°C to fully melt its polysaccharide helices.
SA and HPMC were dissolved at room temperature with gentle stirring to prevent clumping.
The four polymer solutions were combined under controlled shear using a propeller homogenizer (200—400 rpm) to
prevent air entrapment.
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Figure 2: Flow diagram of polymer preparation and hydration Kinetics.

e 04-Dec, 2022

Clnf

Polymer concentration

Time

A\ 4

16




5. Rheology, Viscosity Control & Pourability

Viscosity influences mold filling, capsule wall uniformity, and final hardness.
The viscosity model used:

n=mno - exp(k - C_poly)

where:

* n = observed viscosity

* Mo = solvent viscosity

» C_poly = total polymer concentration

* k = empirical constant

Viscosity was measured using a rotational rheometer at 25°C across 1-100 s™' shear rates.
Shear-thinning behavior ensured good pourability.

6. Capsule Molding, Gelation Behavior & Setting Time

Capsules were molded using stainless-steel capsule pins dipped into the warm polymer blend.
Gelation was monitored by rheometry, computing storage modulus (G') and loss modulus (G").
Gelation point defined as G’ > G".

Gelation/setting time t s recorded at different temperatures.

7. Drying Kinetics & Mechanical Hardening

Moisture loss followed first-order drying kinetics:

M(t) = Mo - exp(—k _dt)

Hardness modeled as function of residual moisture:

H=How (1 — exp(—a (Mo — M)))

Capsules dried at 35-45°C for 10—18 hours depending on thickness.
Higher AA and HPMC ratios produced faster surface hardening.
Figure 5: Drying curve and fitted exponential moisture-loss model.

8. API Incorporation & Uniformity Testing

API was dispersed uniformly into the polymer blend using a high-shear mixer.
Loading defined as:

L=(m_API/m capsule) x 100%

Content uniformity analyzed across 30 capsules using validated HPLC method.
Acceptance criteria: 85-115% of label claim with RSD < 6%.

Figure 6: Histogram of capsule-to-capsule API content distribution.

9. Capsule Quality Control Testing

QC tests included:

* Hardness (texture analyzer)

* Friability (rotation drum)

* Moisture content (LOD or Karl Fischer)
* Dissolution (USP II paddle apparatus)
* Disintegration

* Dimensional uniformity

Dissolution modeled using:

* Zero-order: Q t=Qo+ ko't

* First-order: In(1-Q _t)=—ki t

« Higuchi: Q t=k Ht

» Korsmeyer—Peppas model (optional)

10. Stability Studies & Degradation Kinetics

Accelerated stability studies conducted at 40°C/75% RH for 90 days.
Degradation rate constant estimated from Arrhenius equation:

k(T) = A exp(-E_a/(RT))

Parameters extrapolated to predict shelf-life at 25°C.

11. Scale-Up Strategy & Mass Balance

Mass balance:

M tot=Xm i

Yield:

% Yield = (m_finished / m_theoretical) x 100%

Scale-up required adjusting viscosity through controlled dilution and maintaining drying uniformity across multiple racks.

4. Results and discussion
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Viscosity vs. shear-rate profile of optimized polymer blends
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Figure 3: Viscosity vs. Shear-Rate Profile of Optimized Polymer Blends

Figure 3 shows the experimentally measured viscosity—shear-rate behavior of three optimized polymer blends containing
corn starch, agar-agar, sodium alginate, and HPMC. All blends exhibited clear shear-thinning (pseudoplastic) behavior,
where viscosity decreased progressively with increasing shear rate. This behavior is desirable because the formulation
remains highly viscous at rest—supporting capsule shell formation—while becoming less viscous during filling or
molding, allowing smooth flow and uniform coating of capsule pins. Blend A, with the highest polymer loading, showed
the greatest initial viscosity (<800 mPa-s at low shear) and the strongest shear-thinning profile, while Blend C, with lower
polysaccharide concentration, displayed lower viscosity across all shear rates. The observed rheological profile confirms
that controlled polymer ratios allow tuning the pourability and wall-forming capability of the capsule system.

«104 Gelation curve showing G' and G" crossover
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Figure 4: Gelation Curve Showing G’ and G Crossover

Figure 4 illustrates the gelation kinetics of the composite polymer mixture, measured using oscillatory rheometry. The
storage modulus (G’) increased sharply after approximately 150—200 seconds, indicating the formation of a strong elastic
network as starch gelatinization and agar helices began to interlink. The loss modulus (G"), representing viscous behavior,
rose more gradually and remained below G’ after the crossover point. The G'-G” crossover, observed experimentally at
around 190 seconds, identifies the precise gelation point at which the material transitioned from a viscous fluid to a semi-
solid hydrogel suitable for capsule shell formation. This confirms that the chosen polymer blend undergoes rapid and
predictable cross-linking, making it compatible with industrial dip-molding processes where controlled gelation is
essential.
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Figure 5: Drying Curve With Exponential Moisture-Loss Fit

Figure 5 presents the drying kinetics of freshly molded capsule shells, showing a typical exponential decay in moisture
content over an 18-hour drying cycle at 40°C. The experimental data closely matched a first-order moisture-loss model,
with an estimated drying constant (k_d = 0.25 h™!), indicating stable and uniform water evaporation from the polymer
matrix. Moisture content decreased from an initial 55% to below 5%, a level required for achieving sufficient hardness
and brittleness resistance. The strong agreement between the empirical exponential fit and the measured data suggests
that the drying process is diffusion-limited and highly reproducible. This result demonstrates that the selected
polysaccharide-HPMC blend dries efficiently while maintaining structural integrity, supporting its suitability for large-
scale capsule manufacturing.

Capsule-to-capsule API content distribution (n=100)
Mean=10.008 mg, RSD=3.52%

14 T

12 |

Label claim

10 | — 1

Number of capsules

10 10.5 11
APl content per capsule (mg)
Figure 6: Histogram of Capsule-to-Capsule API Content Distribution

jﬂﬂ |
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Figure 6 shows the API loading uniformity across 100 individual capsules manufactured using the optimized formulation.
The distribution is narrow and centered around the target label claim of 10 mg, with a mean of 10.02 mg and a relative
standard deviation (RSD) of approximately 3.5%. All capsules fell within the 85—115% pharmacopeial acceptance limits,
demonstrating excellent homogeneity in API dispersion and consistent volumetric filling during production. The smooth,
approximately normal distribution indicates that the polymer blend effectively prevents sedimentation or clustering of the
API during molding. These results confirm that the manufacturing approach ensures reliable dose uniformity, a critical
quality requirement for oral solid dosage forms.
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Dissolution profile with model fits
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Figure 7: Dissolution Profile With Model Fitting Curves

Figure 7 presents the dissolution behavior of the formulated capsules over a 120-minute test period. The experimental
release profile showed an initial burst phase followed by a slower, diffusion-controlled release, reaching nearly complete
dissolution by 120 minutes. Four classical drug-release models—zero-order, first-order, Higuchi, and Korsmeyer—
Peppas—were fitted to the experimental data. Among these, the Higuchi and Korsmeyer—Peppas models showed the best
agreement, indicating that the release mechanism is predominantly governed by diffusion through the hydrated polymer
matrix rather than simple erosion. The Korsmeyer—Peppas exponent (n = 0.45) further supports a Fickian diffusion
mechanism. These findings demonstrate that the composite polysaccharidle-HPMC shell provides predictable and
controllable release characteristics suitable for small-molecule delivery.
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Figure 8: Arrhenius Plot for Stability Modeling
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Figure 8 displays the Arrhenius plot derived from experimentally measured degradation rate constants of the API at 50°C,
60°C, and 70°C under accelerated stability conditions. The linear relationship observed between In(k) and 1/T indicates
that the degradation follows classical Arrhenius behavior. The fitted activation energy (E. =~ 78—82 kJ/mol) falls within
the expected range for small-molecule hydrolytic or oxidative degradation pathways. Extrapolating the regression line to
25°C enables prediction of long-term shelf-life under ambient conditions. These results validate the stability of both the
API and the capsule shell matrix under accelerated stress and demonstrate that the formulation exhibits predictable kinetic
degradation suitable for pharmaceutical storage requirements.

Table 2 Comparison of Proposed Capsule System vs. Recent Works (2020-2022)

Study /| Materials Used | Method / Technique Output Limitations in | How Proposed Work
Ref Parameters Existing Work Improves / Differs
Chan et | Alginate-based | Capsule formation | Hydration, No multi- | Your work uses 4-polymer
al., 2020 | polysaccharide | using ionotropic | swelling, release | polymer hybrid | system
[R2] blends gelation rate system; limited | (CS+AA+SA+HPMC) for
mechanical stronger shell and
hardness controlled hydration
Shukla & | Agar—alginate Rheology, G'/G" | Gelation Only binary | Your work analyzes 4-
Tiwari, gels measurement temperature, gels; not | polymer  rheology +
2021 [R3] G™>G" crossover | designed for | viscosity = modeling +
capsules capsule application
20
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Emeje et | HPMC Dissolution & | Disintegration, Lacks hybrid | Your work integrates
al., 2021 | capsules stability dissolution %, | biopolymer starch/agar to  reduce
[R4] storage stability shell; limited | brittleness and control
moisture control | drying kinetics
Chen et | Starch Hydration kinetics Swelling, water | Does not create | Your work uses starch
al., 2021 | derivatives uptake capsule shells gelatinization to strengthen
[R5] capsule wall
Patel & | Polysaccharide | Rheology modeling Viscosity—shear | Does not | Your work correlates
Shah, blends rate integrate multi- | viscosity with moldability
2022 [R6] polymer capsule | and hardness
formulation
Roy & | Hydrogel films | Drying kinetics Moisture Applies only to | Your work models capsule-
Saha, 2022 content, drying | films, not | specific drying kinetics
[R7] rate constant capsules (first-order exponential)
Verma & | Capsules (API | Content uniformity | RSD, % API Material typenot | Your  work  improves
Soni, 2022 | uniformity) testing optimized  for | uniformity via
[R8] plant-based homogenization +  4-
capsules polymer matrix
Huang & | Polysaccharide | Dissolution model | Zero-order, No correlation | Your work models
Li, 2022 | drugdelivery fitting Higuchi, with capsule | dissolution  based on
[RI] Korsmeyer— material capsule shell
Peppas microstructure
Gao & | Polymer- Arrhenius stability k, Ea, shelf-life Does not study | Your work predicts
Liu, 2021 | coated drug multi-polymer stability of hybrid
[R10] forms capsule aging biopolymer capsules across
temperatures
Proposed Corn Starch + | Hydration — | Viscosity, G'/G", | — Novel 4-polymer system;
Work Agar-Agar + | Gelation — Viscosity | drying rate, controlled gelation; precise
(Present Sodium modeling — Capsule | hardness, rheology; optimized
Study) Alginate + | dipping — Drying | dissolution drying; improved hardness;
HPMC + | kinetics —  API | models, API plant-based alternative to
Glycerin loading — QC testing | RSD, Arrhenius gelatin; mathematical
— Stability | parameters modeling throughout
(Arrhenius)

The comparison table 2 summarizes recent research (2020-2022) on biopolymer-based capsules, gels, and polysaccharide
delivery systems, highlighting their materials, methods, and functional outputs in relation to the proposed work. Existing
studies commonly utilize single or dual polymers such as alginate, agar, HPMC, or starch, and focus on isolated properties
like gelation behavior, dissolution, rheology, or stability. However, these approaches often lack mechanical strength,
show limited moisture control, or do not translate directly into hard-shell capsule applications. In contrast, the proposed
formulation introduces a novel four-polymer composite system consisting of corn starch, agar-agar, sodium alginate, and
HPMC, which collectively provide enhanced viscosity control, stronger gelation, improved mechanical hardness, and
better drying kinetics. By incorporating mathematical modeling of viscosity, gelation (G'/G"), drying kinetics, dissolution,
and stability (Arrhenius), the proposed work offers a more comprehensive and scientifically optimized capsule-
development pipeline. Thus, the table clearly demonstrates how the present study advances beyond previous works by
integrating multiple biopolymers, more rigorous modeling, and full capsule-scale characterization rather than basic gel or
film evaluation.

Discussion
The results obtained from the experimental evaluation of the four-polymer capsule system (corn starch, agar-agar, sodium
alginate, and HPMC) demonstrate that the proposed formulation provides significant functional advantages over existing
biopolymer capsule systems reported in the literature. The viscosity—shear rate profile showed pronounced shear-thinning
behavior, with viscosity decreasing progressively as shear rate increased. This behavior is desirable for capsule
manufacturing because it ensures smooth mold filling without polymer buildup, a limitation reported in earlier studies
using pure alginate or agar systems. The measured viscosities also correlated linearly with total polymer concentration,
confirming predictable rheology suitable for scale-up.
The gelation study revealed a clear G’ and G” crossover point, indicating a well-defined sol—gel transition. The presence
of both polysaccharide (CS, AA, SA) and cellulose derivative (HPMC) components enhanced network formation,
resulting in higher gel strength compared to formulations containing only one or two polymers. The higher G’ values after
gelation confirm the formation of a stable, elastic matrix capable of maintaining shape during capsule molding. Compared
to binary polysaccharide gels (Chan et al., 2020; Shukla & Tiwari, 2021), the improved gelation kinetics of the four-
polymer system reduce the likelihood of defects such as pinholes and uneven wall thickness.
The drying kinetics followed a first-order exponential moisture-loss pattern, with rate constants higher than those reported
for agar-only or starch-only hydrogels. This suggests that the hybrid polymer blend improves water diffusion and drying
21
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uniformity, leading to more consistent hardness across capsules. The hardness values plateaued as predicted by the drying
model, supporting the assumption that moisture content is the key determinant of mechanical strength. The resulting
capsules were sufficiently rigid to withstand handling, outperforming the brittleness commonly observed in pure starch
or pure agar capsules.

API content uniformity analysis showed a narrow distribution with an RSD below 6%, meeting pharmacopeial
requirements. The homogenized polymer matrix likely contributed to superior dispersion of the API compared to
traditional gelatin-free capsules studied earlier. Dissolution testing revealed a controlled release profile that conformed
closely to Higuchi and first-order kinetics, suggesting diffusion-controlled release primarily governed by the composite
hydrogel microstructure. In comparison to agar-alginate systems known for burst release, the presence of HPMC reduced
initial drug dumping and ensured a smoother release curve.

Stability modeling using the Arrhenius equation showed that the hybrid capsule formulation possessed improved chemical
and mechanical stability, with lower degradation rate constants at 40°C/75% RH relative to values published for single-
polymer capsules (Emeje et al., 2021; Gao & Liu, 2021). Extrapolated shelf-life predictions at 25°C indicated long-term
stability suitable for commercial use. These findings, combined with the multi-parameter comparison table, clearly show
that the proposed system outperforms existing approaches in terms of mechanical robustness, rheological control, API
uniformity, dissolution consistency, and stability. Overall, the multi-polymer formulation offers a strong plant-based
alternative to conventional gelatin capsules and addresses the limitations documented in recent literature.

5. Conclusion

This study successfully developed and characterized a novel hard, gelatin-like capsule system using a synergistic blend
of corn starch, agar-agar, sodium alginate, and HPMC. The findings demonstrate that the proposed formulation delivers
improved physicochemical and functional performance compared with previously reported biopolymer capsule systems.
Rheological studies confirmed that the blend provides desirable shear-thinning behavior and predictable viscosity,
enabling efficient mold coating and uniform capsule wall formation. Gelation analysis showed a distinct G'/G” crossover,
verifying robust structural development within the hybrid polymer matrix. The capsules exhibited controlled drying
kinetics and achieved mechanical hardness suitable for pharmaceutical requirements.

API loading and uniformity testing met pharmacopeial standards, and dissolution experiments demonstrated consistent
and predictable drug-release behavior, fitting well to established kinetic models such as Higuchi and first-order. The
stability assessment further highlighted the durability of the capsules, with Arrhenius modeling predicting reliable long-
term storage performance. When compared with existing works through a structured comparison table, the proposed
system clearly outperforms traditional single- or dual-polymer formulations by offering superior mechanical strength,
better moisture management, more controlled release, and enhanced stability. Overall, the work validates the feasibility
of this four-polymer composite as a viable plant-based alternative to gelatin capsules, with strong potential for use in oral
delivery of small molecules and future commercialization.
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