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Purpose: Peptide-based therapeutics have gained widespread attention for their high specificity and efficacy. However, their oral
delivery remains challenging owing to their poor stability and bioavailability in the gastrointestinal environment and limited membrane
permeability. To address these barriers, we have designed a novel mini-container system with unidirectional drug release and enhanced
mucoadhesion capacities.

Methods: Mini-containers composed of ethyl cellulose shells of varying degrees of viscosity were fabricated using a simple molding
process and integrated with catechol-conjugated chitosan (CC) to improve their mucosal adhesion capacity and structural stability.
Results: The catechol substitution levels were optimized (CC-A, CC-B, and CC-C), with the CC-C formulation exhibiting the highest
degree of substitution (20.93%) and superior adhesion capacity, maintaining 80% attachment on porcine small intestinal mucosa after
72 h. Insulin, a model peptide drug, was successfully loaded into the CC-C mini-containers, and circular dichroism spectroscopy
analysis confirmed that its secondary structure remained intact. The insulin content in the mini-containers, as determined by HPLC-UV
analysis, demonstrated consistency across formulations: 101.1 £ 2.4% for 1% CC-C, 95.4 £+ 3.8% for 2% CC-C, and 100.0 + 1.8% for
3% CC-C, while in-vitro dissolution and Franz diffusion cell studies demonstrated its sustained and unidirectional release. After
12 hours of dissolution, the 3% CC-C formulation showed a release rate of 26.22 +2.23%, while the 1% CC-C formulation exhibited
a release rate of 53.11 +0.25%. Catechol-mediated crosslinking significantly slowed the release rate relative to that of controls. The
robust structure of the mini-containers fabricated with high-viscosity ethyl cellulose exhibited a mechanical strength of 13.21+ 0.50 N,
comparable to that of commercial enteric capsules (10 N), ensuring durability under gastrointestinal conditions.

Conclusion: This study shows the potential of mini-container technology for the stable and prolonged oral delivery of macromole-
cular therapeutics. However, further investigation is required to confirm its effectiveness in-vivo.
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Introduction

Peptide-based therapeutics have gained significant attention for their high specificity and efficacy, addressing disease
targets that small-molecule drugs cannot.'? In particular, the specificity of peptides enables them to act on diverse
enzymes and receptors, expanding therapeutic possibilities across a range of diseases.”” Moreover, their metabolic
degradation into amino acids ensures biocompatibility and minimal toxicity.* Despite these advantages, the oral delivery
of peptides still faces significant barriers, and most peptide drugs are currently formulated as injectable products.? This
reliance on invasive administration methods that could meet resistance from patients afraid of needles underscores the
pressing need for effective oral delivery solutions to improve patient compliance.” The major challenges associated with
the oral delivery of peptides are their poor stability in the gastrointestinal (GI) environment, large molecular size, and
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hydrophilic nature, all of which limit their membrane permeability.® To address these limitations, researchers have
developed various approaches, including lipid-based nanocarriers such as liposomes and cell-penetrating and micro-
needle technologies.”® Although these strategies show promise in protecting peptides from degradation and improving
their absorption, they are often hindered by complex fabrication processes and stability concerns, limiting their
commercial viability. Recent innovations have included spatially targeted drug delivery systems to enhance peptide
absorption. For example, in the oral semaglutide product “Rybelsus”, approved in 2019, sodium
N-[8-(2-hydroxybenzoyl) amino] caprylate is used to enhance adsorption to the gastric mucosa, thereby facilitating
local uptake of the drug.'®'" However, this approach requires a large amount of excipients to protect the drug in areas not
adhered to the mucosa, increasing the complexity of the formulations.'® To address these challenges, research has shifted
toward micro-container technologies that offer unidirectional drug release while shielding the drug from external

environmental degradation.'®'*!3
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Micro-containers, which are typically a few micrometers to several hundred micrometers in size, have emerged as
promising vehicles for the oral delivery of macromolecules.'®'*!*> These unidirectional drug carriers protect the active
pharmaceutical ingredient from external degradation while providing a large surface area for efficient absorption
capability. Micro-containers improve the bioavailability of drug molecules by focusing their release at the target
absorption site, as demonstrated in studies involving insulin and other macromolecular drugs.'®'® However, the
fabrication of micro-containers presents challenges, as advanced techniques (eg, 3D printing) are often required to
achieve precise control over the container size and shape, which are parameters that significantly affect performance.'”
Moreover, micro-containers have inherent limitations, including a low drug-loading capacity due to their small size and
susceptibility to damage in the harsh GI environment.'®

To overcome these limitations, a mini-container system inspired by micro-container technologies was explored in this
study. Mini-containers, with dimensions in the millimeter range, offer increased drug-loading capacity and enhanced structural
stability compared with micro-containers. Fabricated by means of a simple molding process, the mini-container shells of this
study were designed to withstand the mechanical stress of the GI tract while ensuring unidirectional drug release. Additionally,
inspired by mussel adhesive proteins, we incorporated catechol-conjugated chitosan (CC) into the mini-containers to enhance
their adhesion to the mucosal surface. Catechol groups form strong covalent and non-covalent bonds with mucosal tissue,
providing superior adhesion even under challenging conditions, and their inherent cross-linking properties also enable
controlled drug release. In addition, catechol-conjugated chitosan has been approved by the FDA as a medical device
component in the InnoSEAL Hemostatic Pad, demonstrating high safety and biocompatibility.'® The development of mini-
containers using such pre-approved excipients may facilitate accelerated regulatory approval of pharmaceutical products.

Insulin, a 5.8 kDa peptide hormone widely used in diabetes management, was selected as the model drug for this
study to evaluate peptide stability in this delivery system.”’ Diabetes is a chronic medical condition that requires
continuous management, which typically involves multiple daily subcutaneous injections of insulin. However, the
complications (eg, tissue necrosis) that can occur as a result of repeated injections underscore the urgent need for
effective oral insulin delivery systems.?'

The aim of this study was to fabricate durable mini-container shells using a straightforward molding technique, with
CC integrated to enhance both adhesion and stability. By demonstrating the feasibility of this approach, we seek to
establish mini-container technology as a promising platform for the oral delivery of macromolecular therapeutics.

Materials and Methods

Materials

Polylactic acid (PLA) filament (Raise3D Premium 3D Printing filament) was purchased from Raise3D Technologies
(Irvine, CA, USA). Ethyl cellulose (EC) standards with viscosity values ranging from 4 to 100 cP (Ethocel Standard 4, 10,
20, 45, and 100) were obtained from Dow Chemical Company (Midland, MI, USA). 3,4-Dihydroxycinnamic acid (HCA)
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were supplied by Tokyo Chemical Industry (Tokyo, Japan).
Insulin, chitosan (deacetylation degree of 80% and 50—-190 kDa molecular weight), and UV curable resin (CPS 1020 UV)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetone (extrapure grade) and ethanol (high-performance
liquid chromatography (HPLC) grade) were purchased from SAMCHUN Chemicals (Seoul, Republic of Korea).
Acetonitrile (HPLC grade) was purchased from Honeywell Burdick & Jackson Ltd. (Muskegon, MI, USA). All other
chemicals were of analytical grade and used as received. All experiments were carried out using Milli-Q distilled water.

Fabrication of the Polylactic Acid Template and Silicone Mold

A PLA template was fabricated using 3D printing technology and used to prepare the silicone mold, as illustrated in
Figure 1. The PLA template was designed using Rhino 6 software (Robert McNeel & Associates, Seattle, WA, USA),
with the container size set to 5x2 mm. Each mold was designed to produce 25 containers, arranged in a 5x5 grids. The
designed template was then processed using IdeaMaker software (Raise3D Technologies) and printed with a Raise3D Pro
2 printer under the following conditions: layer height, 0.25 mm; extrusion width and nozzle size, 0.4 mm; heated bed
temperature, 60°C; extruder temperature, 205°C; and printing speed, 20 mm/s. The printed PLA template was cleaned
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Figure | Mini-container shell fabrication schematic diagram and photos PLA template, silicon mold, and mini-container.

with isopropanol, and UV curable resin was applied with a brush to remove stack lines. Then, the templates were cured
for 10 min under a UV lamp at a wavelength of 365 nm and power of 48W.

Silicone base with a hardness value of 5 and viscosity of 3000 cP (Xinus Silicone SH2115; XinusLab, Seoul, Korea) was
used to prepare the silicone mold. The silicone base was mixed with a curing agent (1:1 ratio) for 5 min, following which the
mixture was degassed under vacuum to remove air bubbles. The mixture was then poured into the PLA template and
degassed again under vacuum. After 24 h of curing at ambient temperature, the mold was detached from the template.

Unidirectional Mini-Container Shells

Mini-container shells were prepared using ECs with different viscosity values (4, 10, 20, 45, and 100 cP). Each type of EC
was first dissolved in acetone (5%, w/v) overnight and then sonicated (Branson Bransonic CPX; Emerson, St. Louis, MO,
USA) prior to degassing. Subsequently, 40 uL of each solution was dispensed into the fabricated silicone molds. These were
then placed in Petri dishes, covered, and dried at 25°C. These conditions were established through preliminary experiments.

Evaluation of the Mini-Container Shells

Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of the EC-based container shells were obtained using a GEMINI LEO 1530
microscope (Zeiss Ltd., Jena, Germany). In brief, samples were mounted on an aluminum plate using carbon tape, then
placed inside a Hummer VI sputtering device (Anatech, Sparks, NV, USA), and subsequently coated with platinum to
discharge the particles with 200 A coating thickness. The SEM imaging parameters were set at a Signal A of SE2 and an
accelerating voltage of 3 kV.
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Texture Analysis

The hardness of the EC-based container shells, which was measured using a texture analyzer (TA.XTPlus; Texture
Technologies Corp., South Hamilton, MA, USA), was determined from the absolute positive force measured during the
compression and return phases.?” The test mode was set to “return to start”, and the pre-test speed was set to 1 mmy/s. In brief,
a cylindrical probe of 32 mm diameter was lowered until it contacted the container, reaching a trigger force of 0.049 N. From
this point, the probe was further lowered at a test speed of 0.1 mm/s until it reached 50% of the container height, corresponding
to a 1 mm distance. Upon reaching this point, the probe was retracted to the starting position at a post-test speed of 10 mm/s.
The absolute positive force during this process was used to evaluate the shell hardness. All tests were repeated three times.

Preparation of the Mucoadhesive Core

Synthesis of Catechol-Conjugated Chitosan

CC was synthesized by reacting chitosan with HCA in the presence of the catalyst EDC. This method applies carbodiimide
coupling chemistry to graft catechol groups onto chitosan by forming amide bonds between the carboxylic acid groups of
HCA and the primary amine groups of chitosan.?*>2* The molar ratios of chitosan to HCA and EDC were screened at 1:1, 1:2,
and 1:3 (Table 1). Initially, 3.25 mmol of chitosan was dissolved in 45.5 mL of distilled water and the pH was adjusted to 1.6
using hydrochloric acid (HCI). Once the solution turned a clear pale yellow, the pH was gradually increased to 5.5 using 1
N sodium hydroxide, resulting in a cloudy appearance. Subsequently, HCA was added to the chitosan solution at molar ratios
of 1:1, 1:2, and 1:3 (3.25, 6.5, and 9.75 mmol, respectively). The pH of the reaction mixtures initially dropped to
approximately 3, and the solutions were stirred until they returned to a clear pale yellow. Next, EDC at the same molar ratios
as those of HCA (3.25, 6.5, and 9.75 mmol) was dissolved in 50 mL of 50% ethanol and slowly added to the respective
reaction mixtures with vigorous stirring. The pH of the mixtures was maintained in the range of 5.0-5.5. The reaction mixtures
were stirred vigorously under these conditions for 24 h, after which they were transferred to dialysis tubes (Spectra/Por 3 RC
MWCO 3.5 kD; Spectrum Labs, Piraeus, Greece) and dialyzed in 100 mM sodium chloride solution at pH 3.0 for
48 h. Subsequently, additional dialysis was performed in distilled water for 4 h. Following dialysis, the CC solutions were
lyophilized to obtain the pure solid products. The lyophilization process involved preliminary freezing at —40°C for 24 h,
followed by drying at —40°C and 80 mTorr until all moisture was removed.

Proton Nuclear Magnetic Resonance Spectroscopy of Catechol-Conjugated Chitosan

To verify the synthesis of CC and the degree of catechol conjugation (DOC), proton nuclear magnetic resonance
(H-NMR) spectroscopy analysis was performed using an NMR spectrometer (AVANCE III 400MHz; Bruker, Manning
Park Billerica, MA, USA). The samples were dissolved in D,O for analysis. The scan number was set to 16, the spectral
width to 20 ppm, and the probe temperature to 27°C. The acquisition time was set to 4s and the recycle delay (D1) time
to 1s. The spectra were processed using TopSpin software (Bruker), with the chemical shifts referenced to the residual
solvent peak of D,O (4.79 ppm). The DOC was calculated by dividing the peak area of the catechol group (6 6.87, 3H,
aromatic ring proton) by the peak area of the acetyl group on the chitosan backbone (3 1.95, 3H, COCHj3) and
multiplying by 5, which accounts for the 80% degree of deacetylation of the chitosan used:*®

Table | Synthesis of Catechol-Conjugated Chitosan

Component CC-A cC-B CC-C

g mmol | Ratio g mmol | Ratio g mmol | Ratio

Chitosan 0.60 3.25 | 0.60 3.25 | 0.60 3.25 |
HCA 0.59 3.25 | 1.18 6.49 2 1.77 9.74 3
EDC 0.62 3.25 | 1.24 6.49 2 1.87 9.74 3
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B Peak area of catechol group(56.87)
~ Peak area of acetyl groups on the chitosan(51.95) x constant(5)

DOC(%) x 100 (1)

Shear Test of Mucoadhesive Strength

The shear test of the mucoadhesive strength of the CC samples was performed using chitosan as a control and the
synthesized CC-A, CC-B, and CC-C at solid mass concentrations of 1%, 2%, and 3%. Porcine small intestinal mucosa
was used for ex-vivo testing. Porcine intestinal mucosa was sourced from a local slaughterhouse after routine food
processing, and no animals were sacrificed specifically for this study. The use of the tissue complied with institutional
and ethical guidelines. Mucosal tissue samples were washed with phosphate-buffered saline (PBS; pH 7.4) and stored
at —70°C. The tissues were thawed in PBS (pH 7.4) before use. The prepared porcine small intestine was cut into pieces
measuring 5X2 cm, and the opposite side of the villi was attached to a slide glass (25 x 75x1 mm) using cyanoacrylate
adhesive. Ten containers from each fabricated sample were attached to the mucosal tissue. To ensure uniform attachment,
the mini-containers were dropped vertically from a height of 1 cm above the mucosa without applying any additional
force. Then, the tissue with the attached containers was fixed in 100 mL of PBS (pH 7.4) in a 100 mL beaker. The
temperature was maintained at 37°C using a magnetic stirrer with heating function, with stirring performed at 1000 rpm
using a 2 cm magnetic bar. During the experiment, the evaporated PBS was replenished to maintain the buffer volume.
Observations were made every hour for 12 h and additionally at 24, 48, and 72 h, and the number of remaining containers
was recorded by visually inspecting the mucosal surface.

Preparation of Insulin-Loaded Mini-Containers

Insulin was selected as the peptide model drug, with a target dose of 10 IU per container. Chitosan and CC (synthesized
at molar ratios of 1:1, 1:2, and 1:3) were prepared at solid mass concentrations of 1%, 2%, and 3%. Chitosan was
dissolved in 1% acetic acid, whereas CC was dissolved in an HCI solution (pH 2.0). These solutions were stirred
overnight using a magnetic stirrer, after which they were respectively mixed with the appropriate amount of insulin to
achieve a concentration of 10 IU and further stirred for an additional 6 h. The homogeneous insulin-containing chitosan
and CC solutions were then sonicated for 1 h to remove any air bubbles, and 40 pL of the solution was dispensed into the
prepared EC-based containers. The drug-loaded containers were pre-frozen at —40°C for 24 h and then freeze-dried at —
40°C and 80 mTorr for 24 h (LP03; ilShinBioBase, Dongducheon-si, Korea). The resulting drug-loaded mini-containers
were stored at —20°C until analysis.

Circular Dichroism and Content Analyses of the Insulin-Loaded Mini-Containers

The stability of the insulin molecules within the chitosan and CC matrices, particularly at the manufacturing concentra-
tion, was evaluated using circular dichroism spectroscopy (Chirascan VX; Applied Photophysics, Surrey, UK). Native
insulin, chitosan, and CC-C were analyzed in this experiment, with HCI (pH 2.0) used to dilute all three samples to an
insulin concentration of 0.1 mg/mL. All samples were filtered through a 0.45 um polyvinylidene difluoride (PVDF) filter.
The wavelength range was set as 185-260 nm, with a bandwidth of 1.0 nm. The time-per-point was set to 0.5s, resulting
in an approximate scan time of 69s. The analysis was performed at a controlled temperature of 25°C, using a 0.5 mm
path length cell. Each sample was measured three times, and the average value was calculated. The mean residue
ellipticity (MRE) was calculated according to the following equation (eq).

0% 100

MRE(deg - cm®* - dmol™') = ———
(g on - dnol™) = S5

Where, 0 is observed ellipticity in millidegrees measured by the CD spectropolarimeter, ¢ is concentration in mol/L,
1 is path length of cuvette in centimeters (cm), n is the number of amino acid residues in the protein or peptide.

The contents of the prepared insulin-loaded mini-containers were measured using a validated HPLC-UV method. The
analysis was performed using an UltiMate 3000 system (Thermo Fisher Scientific, Waltham, MA, USA) fitted with
a5 um C;g column ( 100A, 250x4.6 mm; Phenomenex Ltd., Torrance, CA, USA). The mobile phases consisted of 0.1%
(v/v) trifluoroacetic acid (TFA) in water as phase A and 0.1% TFA (v/v) in acetonitrile as phase B. The gradient
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conditions started with a ratio of 75:25 (A) for the first 0-3 min, then a change to 20:80 from 3 to 3.5 min, and finally
a reversion to 75:25 from 3.5 to 4.5 min. The flow rate was set at 0.5 mL/min, and the column oven was maintained at
25°C. The detection wavelength was 214 nm, and the injection volume was 20 pL. Mobile phase A was used as the
sample diluent. The calibration curve was linear in the range of 2-100 pg/mL (r* = 0.999). The mean percentage of
recovery was found to be 99.2% and RSD was 0.5%. The proposed analytical method exhibited good reproducibility,
intermediated precision and repeatability. RSD values were 0.87%. The limit of quantification (LOQ) and limit of
detection (LOD) were calculated to be 1.977 ug/mL and 0.653 pg/mL, respectively.

Dissolution Test

The drug dissolution tests of the insulin-loaded chitosan containers and CC-C containers, each prepared at solid mass
concentrations of 1, 2, 3% (w/v), were performed at 37°C in a water bath set to rotate at 100 rpm. In brief, 10 containers
from each sample were attached to the wall of a 50 mL conical tube using double-sided tape to prevent them from
detaching from the walls during dissolution, thereby ensuring accurate measurement of core dissolution. Each conical
tube was filled with 50 mL of pre-warmed PBS (pH 7.4) at 37°C. The tubes were then placed in the water bath, and
samples were collected at 0.5, 1, 2, 4, 6, 8, 10, and 12 h. At each time point, | mL of the dissolution medium was
sampled using a syringe and replaced with 1 mL of fresh dissolution medium to maintain the volume. The collected
samples were filtered using a 0.45 um PVDF filter, with half of the filtrate discarded and the other half retained for
analysis. The retained samples were analyzed without further dilution using the previously established HPLC-UV method
used to determine the drug content. All tests were performed in triplicate.

To analyze the in-vitro release data various kinetics models were used to describe the release kinetics.?’~®

Zero-Order Model
Zero-order model describes the system where the release rate of drug is independent of its concentration.

0r = Qo + Kot

Where, Q is Amount of drug release or dissolved, Qg is Initial amount of drug in solution, K, is Zero order rate
constant, t is the time.

First-Order Model
This model describes the absorption and removal of some drugs which depends on the concentration of the drug.

K,

2.303

logC =log Cy —
Where, Cy is Initial concentration of drug, K; is First order constant, t is the time.

Higuchi Model
Higuchi described mathematical equation to describe the release of drugs from insoluble matrix as a square root of time
dependent process based on Fickian diffusion equation.””

1
Q=Ky -t/2

Korsmeyer-Peppas Model
Korsmeyer derived a simple relationship which describes the release of drug from a polymeric system equation.>* To
explain the mechanism of drug release, first 60% of drug release data was fitted in Korsmeyer-Peppas model.

M,

=K.
My

Where, Mt/Mw is the fraction of drug release at time, K is the rate constant, n is the release exponent. The n value is
used to characterize different release mechanism.
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Unidirectional Release Test Using the Franz Diffusion Cell System

Drug release from the containers through the membrane was evaluated using the Franz diffusion cell system (Phoenix
DB-6 Diffusion Testing System). Samples, including Insulin solution, 3% (w/v) chitosan solution, chitosan mini-
containers (normal and reverse direction), CC-C solution, and CC-C mini-containers (normal and reverse direction),
were prepared with insulin and subjected to testing. Additionally, to verify that the release was unidirectional, the
containers were tested in two configurations: one with the drug-release side facing the membrane and the other with the
bottom side facing the membrane. A 0.45 pm regenerated cellulose membrane (GVS, Bologna, Italy) was used. During
the experiment, the receptor chamber was filled with PBS (pH 7.4), the containers were loaded into the donor chamber,
and the system was set to rotate at 200 rpm. Samples (400 pL) were collected at intervals of 0.5, 1, 2, 4, 8, and 12 h and
replaced with 400 pL of fresh PBS (pH 7.4). The collected samples were filtered through a 0.45 um PVDF filter and
analyzed directly without further dilution using the established HPLC-UV method described above. All tests were
performed in triplicate.

Statistical Analysis
All statistical analyses were conducted using a one-way ANOVA, followed by Tukey’s post-hoc test with GraphPad
Prism 8 (release 8.4.2; San Diego, CA, USA). Statistical significance was considered at p < 0.05 and p < 0.005.

Results and Discussion

Fabrication and Characterization of the Mini-Container Shells

The PLA template was fabricated using the fused deposition modeling 3D printing technique. As shown in Figure 1, the
PLA template had visible stack lines that were created by the layer-by-layer deposition process, which persisted even
after production of the silicone mold. These imperfections were anticipated to affect the hardness and unidirectional
properties of the mini-container shell. To improve this, UV resin was applied to the PLA template to fill the stack lines,
which resulted in silicone molds with improved surface smoothness and no stack lines.

EC-based mini-container shells with varying degrees of viscosity were prepared using the silicone molds. The bottom
and side surfaces of the prepared shells were observed using SEM as shown in Figure 2. The shells made using molds
with unmodified stack lines (EC viscosity values of 10, 25, and 45) showed unfilled areas at the bottom. Although most
of the sides were filled, unfilled areas were observed at the stripe boundaries in the EC 10 and 25 shells. Conversely,
shells produced using molds with UV resin-modified stack lines exhibited fully filled bottoms and sides, presenting
a denser surface structure. Even though faint stripe patterns were visible in some low-viscosity shells (eg, EC 4, 10, and
25), the boundary areas were completely filled. These findings suggest that silicone molds with improved stack lines
facilitate the production of shells with densely packed surfaces, indicating their potential for unidirectional drug release.
Additionally, with increase in the EC viscosity, the impact of surface imperfections diminished. This phenomenon can be
attributed to the lower flowability of highly viscous EC solutions into uneven surfaces.

The effects of the EC viscosity and presence of stack lines on shell strength were evaluated using a texture analyzer as
shown in Figure 3. The properties of these shells are summarized in Table 2. All prepared shells using EC exhibited
a diameter of approximately 5.5 mm and a height of about 2.0 mm. In terms of mass, a statistically significant increase
was observed in EC 100 shells (3.42 = 0.06 mg) compared to EC 4 (3.01 £+ 0.25 mg) and EC 10 shells (3.05 £ 0.05 mg).
This difference is attributed to the density variation caused by viscosity differences, as the solutions were dispensed
based on equal volume using a pipette. The strength of the shells with stack lines was weaker than that of those without
the lines. Shells fabricated with EC 100 exhibited the highest mechanical strength (5.81 + 0.12 N), regardless of the
presence or absence of stack lines, which was statistically significant. At other viscosities (eg, 10, 25, and 45 cP), both
types of shells exhibited comparable strengths of 2.41 + 0.29, 2.27 £ 0.27, and 2.58 + 0.47 N, respectively. EC 4, EC 10,
EC 20, and EC 45 shells without stack lines exhibited mechanical strengths of 4.96 + 0.78, 4.68 £+ 0.75, 4.73 + 0.52, and
547 £ 1.54 N, respectively. EC 100 shells without stack lines were the strongest, with a measured strength of
approximately 13.21 £ 0.50 N, showing statistically significant differences compared to shells made with other EC
viscosities. Commercial soft gel capsules are typically designed to withstand mechanical stress of approximately 10 N,

6626 https: Drug Design, Development and Therapy 2025:19



Han et al

A) EC 4 EC 10 EC 20 EC 40 EC 100
Bottom
x 100 EO pm 100 pm 100 pm
Side
x 1.000
(B) EC 4 EC 10 EC 20 EC 100
Bottom
x 100 100 pm 100 pm
Side
x 1.000
10 pm

Figure 2 SEM images of the bottom and side surfaces of mini-container shells prepared with EC of different viscosities using stripe and non-stripe molds: (A) Mini-container
shells manufactured using a stripe mold, (B) Mini-container shells manufactured using a non-stripe mold.
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Figure 3 Hardness of mini-container shells with striped and non-striped surfaces prepared using EC of different viscosities (n=3).
Notes: @2ANOVA, p < 0.005 compared with 4, 10, 20, 45 cp.
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Table 2 Comparison of Mini-Container Shell Properties Fabricated Using Different
Viscosity Grades of Ethyl Cellulose Without Stack Lines (n=3)

Properties 4 cP 10 cP 20 cP 45 cP 100 cP

Diameter (mm) | 549 + 0.02 | 546 £ 0.02 | 549 + 0.03 | 5.53 £ 0.05 5.47 £ 0.04

Height (mm) 1.98 £ 0.05 | 1.99 £0.01 | 1.96 +£0.05 | 1.99 = 0.02 1.96 + 0.03

Weight (mg) 3.0l £025 | 3.05+0.05 | 3.08 +£0.08 | 3.15+0.13 3.42 £ 0.06%%

Hardness (N) 496+ 078 | 468+ 075 | 473+ 052 | 547 + 1.54 | 1321 + 0.502@

Notes: *ANOVA, p < 0.05 compared with 4 cp. “ANOVA, p < 0.05 compared with 10 cp. @2ANOVA, p <
0.005 compared with 4, 10, 20, 45 cp.

ensuring their durability in GI environments.>' Accordingly, the EC 100 shell without stack lines is expected to withstand
the physical conditions of the GI tract. This trend indicates that EC of higher viscosity contributes to stronger
intermolecular bonds, enhancing the structural integrity of the containers. Overall, the shells fabricated using high-
viscosity ECs (eg, EC 100) exhibited comparable or superior mechanical strength to that of shells made with low-
viscosity EC, making them well suited to better endure mechanical stress conditions in the GI tract and ensuring stable
unidirectional drug release in the small intestine while providing protection against the harsh gastric environment. In
addition, the EC100 shells fabricated via the molding method exhibited a relative standard deviation (RSD) of less than
5% in size, weight, and hardness. This indicates that the molding process enables the production of uniform shells, and it
is expected that consistent shell quality can be maintained even during scale-up using larger molds.

Catechol-Conjugated Chitosan and Mucoadhesive Strength

CC was synthesized by reacting chitosan with HCA at molar ratios of 1:1, 1:2, and 1:3, yielding CC-A, CC-B, and CC-C,
respectively. The degree of catechol substitution on the chitosan amine groups was analyzed using H-NMR spectroscopy.
Distinct peaks corresponding to catechol groups were observed at 6 6.87, confirming the successful conjugation of
catechol to the chitosan backbone as shown in Figure 4. The degrees of substitution, calculated by comparing the peak
areas of the catechol groups to those of the acetyl groups at & 1.95, were determined to be as follows: CC-A, 8.84%; CC-
B, 14.48%; and CC-C, 20.93%. These results indicate that with increase in the molar ratio of HCA to chitosan, the degree
of catechol substitution also increases. A higher degree of catechol substitution is expected to enhance the mucoadhesive
property of the container owing to the greater availability of catechol groups, which are known to form strong
interactions with mucosal surfaces.*>** This suggests that CC-C, with the highest degree of substitution, would possess
the best mucoadhesive strength among the synthesized formulations.

The mucoadhesive performance of CC-A, CC-B, and CC-C was evaluated by loading each formulation into mini-
containers and testing their adhesion on porcine small intestinal mucosa, as shown in Figure 5. Adhesion was assessed by
counting the number of mini-containers remaining attached over 72 h, as summarized in Table 3. Mini-containers made with
chitosan detached completely within 72 hours at all concentrations. Formulations made with CC-A exhibited 10%, 20%, and
40% residual mini-containers at 1%, 2%, and 3% concentrations, respectively. CC-B showed 20%, 30%, and 60%. CC-C
retained 50%, 80%, and 80% under the same concentration conditions. The number of remaining mini-containers increased
with the degree of catechol conjugation. This trend was shown in Figure 6A. CC-C, with the highest degree of catechol
substitution, showed the strongest mucoadhesive performance. At 3%, only one mini-container detached after 6 hours. At 2%,
detachment occurred after 3 hours. Adhesion improved with increasing CC concentrations (3% > 2% > 1%), as shown in
Figure 6B. Across all concentrations, the duration of adhesion increased with increase in the degree of catechol substitution,
following the order CC-C > CC-B > CC-A > chitosan. These findings confirm that the duration of mucoadhesion is directly
proportional to the number of catechol groups, likely owing to strong catechol-mucosa interactions. According to the results,
CC-C exhibited the most extended mucoadhesion among the formulations tested. Although further in-vivo evaluation using
imaging techniques such as CT is required to assess the gastrointestinal residence time, these findings support the potential
application of CC-C mini-containers for stable and prolonged mucosal drug delivery.
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Figure 4 H-NMR results of CC-A, CC-B, and CC-C with different degrees of substitution: (A) H-NMR spectrum and (B) Degree of catechol substitution.

Insulin-Loaded Mini-Containers

Prior to the fabrication of insulin-loaded mini-containers, the stability of the drug’s secondary structure in the catechol-
conjugated chitosan (CC) formulation was evaluated using circular dichroism (CD) spectroscopy. The mean residue
ellipticity (MRE) was subsequently calculated to quantitatively assess structural retention. The spectrum showed a strong
positive peak at 195 nm and negative peaks at 208 and 222 nm, characteristic of the alpha-helix structure of insulin, as
shown in Figure 7. All tested samples displayed MRE consistent with that of native insulin, with comparable ellipticity
values at the characteristic peaks. These results confirm that the alpha-helix structure of insulin had remained unchanged,
suggesting that the drug retains its activity when loaded onto the CC formulations.

To prepare the insulin-loaded mini-containers, CC-C solutions at concentrations of 1%, 2%, and 3% were prepared, and
insulin was dissolved within these solutions. The resulting formulations were dispensed into EC 100 shells at 10 IU insulin per
shell and the mixtures were freeze-dried to obtain the insulin-loaded mini-containers. The insulin content in the mini-
containers was evaluated using a validated HPLC-UV method. The results confirmed successful drug loading, with the
following insulin contents: 1% CC-C (mini-container), 101.1 + 2.4%; 2% CC-C (mini-container), 95.4 + 3.8%; and 3% CC-C
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Figure 5 Ex-vivo attachment duration of mini-containers on porcine small intestine depending on catechol conjugation and polymer concentration: (A) Representative images
from the mucoadhesive shear test; (B) Mini-containers with 1% concentration of chitosan, CC-A, CC-B, and CC-C; (C) with 2% concentration; and (D) with 3% concentration.

(mini-container), 100.0 =+ 1.8%. Further investigation is required to evaluate the long-term stability of the CC-C formulation.
However, it is expected to exhibit high stability due to the inherent biocompatibility and film-forming properties of chitosan,
which can provide a protective barrier against external environmental factors such as moisture, oxygen, and pH fluctuations.**

Dissolution of the Mini-Containers

The dissolution test results demonstrated that insulin release from the CC containers was delayed compared to that from
the chitosan containers, as shown in Figure 8. Additionally, with increase in the solid mass, the release rate further
decreased. Examining the dissolution profiles in detail, the 1% chitosan sample released 16.67% of the drug at 0.5 h and
90.79% after 12 h. By contrast, the 1% CC-C sample released 8.89% of the drug at 0.5 h and 53.11% after 12 h,
indicating that drug release from the catechol-containing samples was significantly delayed. A similar trend was observed
with increasing solid mass. The 3% chitosan sample released 77.03% of the drug after 12 h, whereas the 3% CC-C
sample only released 26.22% after 12 h. This suggests that a higher solid mass leads to stronger crosslinking between
catechol groups, further slowing the drug release rate. These results can be explained by the effect of the catechol groups,

Table 3 Properties of Synthesized Catechol-Conjugated Chitosan

Catechol-Conjugated Chitosan CC-A | CC-B | CC-C
Degrees of substitution 8.84% | 14.48% | 20.93%
Remain containers after 72hrs (Ex-vivo attachment, %) | 1% 10% 20% 50%

2% | 20% 30% 80%

3% | 40% 60% 80%
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Figure 7 The mean residue ellipticity (MRE) spectra calculated from circular dichroism (CD) measurements of insulin in HCl solution (pH 2.0) and in catechol-conjugated chitosan
(CC) solutions. The spectra demonstrate the preservation of insulin’s secondary structure upon interaction with CC formulations, as indicated by comparable MRE profiles.

which form crosslinked matrices through the hydrogen bonding of phenolic groups, thereby delaying dissolution. These
crosslinked matrices regulate the drug release rate, allowing for more sustained and stable drug delivery. With increase in
the solid mass, the molecular interactions within the CC matrix strengthen, resulting in slower drug release.
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Figure 8 Dissolution profiles of mini-container formulations composed of chitosan (CS) and catechol-conjugated chitosan C (CC-C) at polymer concentrations of 1%, 2%,
and 3%, conducted in a water bath at 37 °C with agitation at 100 rpm (n = 3).

To further investigate the drug release behavior, mathematical modeling was performed, and the calculated para-
meters were summarized in Table 4. Drug release profiles of CS 1%, 2%, and 3% formulations showed the highest fitting
with the first-order model, excluding the Korsmeyer—Peppas equation. Analysis of the n value from the Korsmeyer—
Peppas model indicated that CS 1% and CS 2% exhibited values of 0.694 and 0.931, respectively, suggesting that drug
release was governed by a combination of diffusion and polymer swelling. In contrast, the CS 3% formulation exhibited
a release exponent of 1.132, which may be attributed to weak intermolecular interactions between chitosan chains. This
limited cohesion likely led to matrix disintegration during the swelling process, resulting in a steeper initial drug release
profile. The strong correlation with both the first-order and Korsmeyer—Peppas models in CS formulations indicates that
drug release was driven by a swelling induced drug concentration gradient and concentration dependent diffusion within
the polymer matrix.

In the case of CC-C 1%, 2%, and 3% formulations, the release profiles were best fitted to the Higuchi model. This
implies that catechol-mediated crosslinking reinforced the polymer network, resulting in a more pronounced diffusion
mechanism compared to the CS formulations. The n values for CC-C 1%, 2%, and 3% were 0.719, 0.945, and 0.911,

Table 4 Release Kinetics Parameters of Mini-Container Formulations Prepared with
Chitosan and CC-C at %, 2%, and 3% Concentrations

Parameters CS1% | CS2% | CS3% | CC-C 1% | CC-C2% | CC-C 3%
Zero-order r? 0.950 0.979 0.993 0.902 0.922 0.937

k | 14761 13.593 | 11.512 8.760 5.854 4.607
First-order r? | 0997 0.997 0.997 0.933 0.924 0.940

k 0.074 0.052 0.036 0.023 0.013 0.010
Higuchi r? | 098I 0.946 0.922 0.971 0.944 0.954

kn | 39.134 | 34.869 | 28952 23716 15.456 12.126
Korsmeyer-Peppas | r? 0.994 0.993 0.989 0.961 0.957 0.967

n 0.694 0.931 1.132 0.719 0.945 0911

k | 27.858 | 16.501 9.906 17.014 7.658 6.283
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respectively. Notably, none of the CC-C formulations exhibited a value greater than 1.0, in contrast to CS 3%. All CC-C
formulations exhibited release exponent values between 0.45 and 1.0, indicating a non-Fickian transport mechanism
involving both diffusion and matrix swelling. The high correlation with both Higuchi and Korsmeyer—Peppas models
further suggests that drug release from CC-C formulations was governed by diffusion through a swelling polymer matrix.
These results suggest that catechol modification of chitosan enhances matrix integrity via crosslinking, contributing to
sustained release behavior predominantly governed by diffusion.

Unidirectional Release

Unidirectional release behavior was assessed using a Franz diffusion cell with samples comprising Insulin solution, 3%
(w/v) chitosan solution, chitosan mini-containers (normal and reverse direction), CC-C solution, and CC-C mini-
containers (normal and reverse direction), were prepared with insulin, as shown in Figure 9. The insulin solution
exhibited the fastest release rate, with almost all the drug molecules released within 0.5 h and over 100% released
after 12 h. Both the 3% chitosan and 3% CC-C solutions showed more sustained release patterns compared with the
insulin solution. The 3% chitosan solution exhibited an initial insulin release of approximately 39% at 0.5 h and reached
104% at 12 h, while the 3% CC-C solution showed a higher initial release of approximately 49% at 0.5 h and reached
102% at 12 h. The chitosan mini-container showed no drug release after 0.5 h, and released approximately 70% after
12 h. By contrast, the CC-C mini-container also showed no drug release after 0.5 h but only released approximately 26%
after 12 h. While the CS and CC-C formulations exhibited similar release behavior in solution form, the mini-container
form of CC-C showed a slower release rate compared to CS. Although CS and CC-C solutions exhibited similar release
behavior, the CC-C mini-containers showed a slower release rate compared to those made with CS. This suggests that the
difference in drug diffusion is not due to the polymer type itself, but rather to the slower diffusion of the drug through the
swollen CC-C core compared to the CS core. Consistent with previous dissolution results, this slower release is likely
attributed to the formation of crosslinked matrices induced by the catechol moieties in CC-C. Notably, both the chitosan
container (reverse) and CC-C container (reverse) did not release any drug during the experimental period, confirming that
the containers possess unidirectional release properties and ensuring that the drug is released only in the intended
direction. The mini-container fabricated via the molding method demonstrated unidirectional drug release. When
combined with a mucoadhesive core, this unidirectionality is expected to reduce exposure to intestinal fluids containing
enzymes by adhering to the mucosal surface, thereby enhancing the stability and bioavailability of peptides and proteins
such as insulin. Further studies, including confirmation of mucosal adhesion and in-vivo evaluation, are warranted.
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Figure 9 Evaluation of unidirectional release of mini-container using the Franz diffusion cell: (A) Insulin-containing solutions of distilled water (DW), 3% chitosan (CS), and 3%
catechol-conjugated chitosan C (CC-C) and (B) Mini-containers prepared with 3% CS (normal and reverse direction) and 3% CC-C (normal and reverse direction) (n = 3).
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Conclusion

A mini-container shell capable of unidirectional drug release was successfully fabricated using a molding technique. CC
was screened at varying ratios, and its adhesion performance was evaluated using a porcine small intestinal mucosa
model. The CC-C formulation maintained an 80% adhesion rate over 72 h. Insulin was successfully loaded onto the CC-
C formulation, and subsequent analyses confirmed no degradation or alteration of the content or secondary structure of
the drug. Additionally, sustained drug release was demonstrated through dissolution testing, and unidirectional release
was validated using the Franz diffusion cell system. The mucoadhesive mini-containers exhibited unidirectional drug
release and mucoadhesive potential, highlighting their high applicability as carriers for macromolecular drug delivery by
protecting the drug from external environments. However, further investigation is needed to confirm in-vivo whether the
formulation adheres to the mucosal surface and contributes to improved absorption. In addition, storage stability should
be evaluated to ensure that the formulation maintains its structural integrity and drug content over time.
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