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ABSTRACT

The central aim pursued in this work was to investigate and assess the capacity of designated excipients to yield
efficacious sustained-release omeprazole platforms. Toward this end, six distinct excipients were chosen (lactose
monohydrate, medium-viscosity alginic acid, Avicel® PH-101, Avicel® PH-102, PVP K-30, and magnesium
stearate). Selection was guided by criteria grounded in the physicochemical attributes of these materials (e.g.,
minimal toxicity) and their economic accessibility. Two excipient combinations were employed for tablet
preparation, applying distinct methodologies characterized by practicality, modest expense (straightforward
blending, compaction, and wet granulation), and limited time demands. The experimental outcomes revealed that
the fabricated systems responded favorably, both in terms of tablet properties (hardness, dimensions,
compositional uniformity) and in their ability to liberate omeprazole in a delayed fashion post-administration.
Notably, one formulation (F7) exhibited a release pace comparable to that of the marketed product omeprazole
Losec® (80% liberated within a two-hour window), whereas formulation F3 demonstrated a slower yet relatively
consistent release extending over a longer span (no less than four hours) and may therefore be regarded as a
promising foundation for the development of prolonged, stable-release delivery constructs (e.g., 24 h release) for
pharmaceutical agents. The remaining preparations displayed analogous, intermediate-duration release profiles.
Every release curve was additionally interpreted through the lens of interactions between excipients themselves
and/or between excipients and OME, as probed via thermal analysis methodologies. In summation, the systems
explored herein are characterized by comparatively low production costs, elevated performance, and a range of
omeprazole release rates. Accordingly, they can be considered promising for future application with other active
compounds, subject to suitable adjustments.
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Introduction

Bearing the molecular formula C17H19N303S and a mass of 345.42 g/mol, omeprazole (OME) constitutes a 5-
methoxy-2-[(4-methoxy-3,5-dimethylpyridin-2-yl)methanesulfinyl]-1H-benzimidazole. Its architecture
incorporates a substituted pyridine moiety, bridged to a substituted benzimidazole via a -CH2S(=0)- linker.
Possessing tri-coordinated sulfonyl sulfur in a pyramidal arrangement, the molecule can manifest as an (R)- or
(S)-enantiomer. That said, omeprazole exists as a racemic mixture; within the acidic interior of gastric parietal
cells, both enantiomeric forms undergo conversion to achiral sulfenic acid and/or sulfenamide intermediates.
These subsequently interact with H+/K+-ATPase, thereby blocking the acid-secreting function of parietal cells.
Hence, from a therapeutic standpoint, it falls into the category of proton pump inhibitors (PPIs) [1-3]. Beyond
this, OME is used to manage peptic ulcer disease (PUD), Zollinger—Ellison syndrome, and other conditions [2,
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4]. PPIs are characterized as membrane-permeable weak bases, with pKal values between 3.8 and 4.9 [5-8]. Each
PPI variant forms disulfide linkages with specific cysteine residues on ATPases. In omeprazole’s case, the linkage
sites are cysteines 813 and 822 [6]. The original synthesis of omeprazole dates to 1979, when it was labeled
compound H168/68 by Astra AB, an entity now merged into AstraZeneca, and subsequently marketed under the
brand Losec®. To avoid confusion with the established diuretic Lasix®, the US Food and Drug Administration
(FDA) mandated that Prilosec® be renamed for that market [9, 10].

For an encapsulated pharmaceutical agent to become fully active and achieve its maximal therapeutic effect, it
must escape the capsule shell and enter the systemic circulation. Two principal delivery platforms govern this
process: the Immediate-Release Drug Delivery System (IRDDS) and the Modified-Release Drug Delivery System
(MRDDS) [11, 12]. Formulations classified within the IRDDS category possess the ability to undergo rapid
dissolution upon oral intake, consequently discharging the active ingredient without delay. This yields swift
compound absorption and a prompt therapeutic onset [11-13]. Nonetheless, despite a range of advantages—
spanning economic viability, substantial drug-loading capacity, adaptability in tablet manufacturing and
packaging, and superior stability, bioavailability, and solubility of the medicinal formulation—this system falters
when tasked with delivering agents formulated as prodrugs or those exhibiting lipophilic characteristics [12, 14].
For these two groupings, the Modified-Release System is judged to be a better fit.

In general, the designation Modified-Release Drug Delivery System covers pharmaceutical products that
modulate the timing and/or rate of drug release. Such items are sorted into three overarching types: (1) extended-
release preparations, (2) delayed-release preparations, and (3) targeted-release preparations [11, 12, 15]. With
respect to these classifications, delayed release characterizes items wherein a distinct fraction or fractions of the
drug are discharged at a juncture distinct from immediately post-dosing. However, an initial fraction may be
released immediately. This strategy proves exceptionally valuable for drug types prone to inducing gastric
mucosal irritation (e.g., NSAIDS), those highly vulnerable to swift decomposition within the diverse acids of the
gastrointestinal tract, or those requiring availability in the lower intestinal segments to address localized disorders
such as inflammatory bowel diseases. Moreover, delayed-release formulations are used when a significant lag is
required between administration and the onset of the therapeutic response, as in individuals with rheumatic
arthritis. Usually, this temporal offset is achieved by applying an enteric film to dosage forms such as tablets and
capsules, thereby safeguarding the active ingredient from the harsh acidic environment of the mucosa and enabling
its liberation in the comparatively neutral surroundings of the small intestine [11, 12, 15, 16].

As stated earlier, omeprazole, a representative of the proton-pump inhibitor class, is highly susceptible to rapid
decomposition in the highly acidic gastric secretions characteristic of the upper gastrointestinal tract. For this
reason, systemic absorption and subsequent activation necessitate that omeprazole avoid prompt release upon
entry into the body or the stomach; rather, its release must be delayed until the formulation reaches the lower
gastrointestinal tract (the small intestine), where a virtually neutral environment prevails (pH = 6.8). A range of
delayed-release preparations accomplishes this feat, chiefly consisting of tablets and capsules encased in various
gastroresistant coating materials [3, 4, 17, 18]. A particularly widespread coating agent is Eudragit®. The
proprietary designation Eudragit® encompasses a broad family of highly thermoplastic copolymers based on
polymethacrylate chemistry, available in anionic, cationic, and neutral configurations. Among these, the anionic
variants are widely used in delayed-release delivery technologies, a status owed to their non-biodegradable, non-
absorbable, and non-toxic profile, combined with dissolution behavior at pH levels above 6, which ensures the
secure delivery of acid-labile therapeutic agents to the distal parts of the gastrointestinal tract [19-21].

Within the scope of the present work, omeprazole-bearing tablets incorporating suitable excipients were newly
synthesized at a laboratory scale and subsequently enveloped in an Eudragit® layer. Their endurance in acidic
buffer solution (pH 4.5) and dissolution rate under conditions simulating the small intestinal environment (pH
6.8) were then assessed. Outcomes were set alongside data from a widely marketed reference product with an
analogous architecture and indication (Losec®), and a discussion of the respective strengths and weaknesses of
the novel drug formats is presented. In addition, the release kinetic profiles of the varied dosage forms were
analyzed, and interpretive explanations are offered here, resting upon excipient interaction data derived from
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) investigations.

Materials and Methods

Materials
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Tablet and capsule manufacturing employed omeprazole pellets (Cipla Ltd., Mumbai, India), prepared in
accordance with the British Pharmacopeia monograph and graciously supplied by Pharma Data SA (Lavrion,
Greece). The pellet composition contained 8.5% w/w omeprazole, along with a mixture of excipients (Batch No.
YXX4086, CIPLA). The additional excipients utilized comprised: No 0 hard gelatin capsules (Syndesmos,
Athens, Greece), sodium alginate of medium viscosity (Alfa Aesar GmbH & Co KG, Schwerte, Germany),
Avicel® PH-101 (Alfa Aesar GmbH & Co KG, Schwerte, Germany), Avicel® PH-102 (Sigma-Aldrich,
Darmstadt, Germany), lactose monohydrate (Merck, Darmstadt, Germany), magnesium stearate (Riedel-De Haen,
Seelze, Germany), and PVP K-30 (Sigma-Aldrich, Darmstadt, Germany). Every excipient conformed to
pharmaceutical-grade specifications.

Buffer solutions for dissolution experiments were formulated using analytical-grade reagents (KH2PO4 and
NaOH), both sourced from Sigma-Aldrich (Darmstadt, Germany).

The experimental setup made use of the following laboratory instrumentation: ATX224® high-precision
analytical balance (Shimadzu, Kyoto, Japan), Turbula® T2F blender mixer (WAB, Nidderau, Germany), AR®
402 twin screw mixer (ERWEKA GmbH, Langen, Germany), Binder® F115 oven (Carbolite Gero GmbH & Co
KG, Derbyshire, UK), AR® 400 cubic mixer (ERWEKA GmbH, Langen, Germany), IKA® RCT standard
magnetic stirrer (LLG Labware, Meckenheim, Germany), 10 mm tableting die (Maassen GmbH, Moglingen,
Germany), dry granulator (ERWEKA GmbH, Langen, Germany), THB 28 hardness tester (ERWEKA GmbH,
Langen, Germany), PT-DT7 dissolution apparatus (Pharma Test, Hainburg, Germany), Multi 3410 Set | pH meter
(Wissenschaftlich-Technische Werkstitten GmbH, Weilheim, Germany), MP 150 hydraulic press (Maasen
GmbH, Moglingen, Germany), uniSPEC 2 UV-Vis Spectrophotometer (LLG Labware, Meckenheim, Germany),
Titan3™ (.45 pm regenerated cellulose syringe filters (Thermo Fisher Scientific Inc. Rockwood, TN, USA), and
Q500IW Image Analysis system (Leica Microsystems, Wetzlar, Germany).

Methods

Granules’ production
Lactose monohydrate and microcrystalline cellulose (Avicel® PH-101) were initially passed across a No. 20 mesh
sieve before being mixed within a cubical mixer over 15 min. The blend was then introduced into the high-shear
mixer granulator, where the binder solution (0.135% w/w PVP K30 in distilled water) was incorporated. The
dampened mass obtained was spread onto furnace trays and held at 55 °C for 12 h. After drying, the granules were
forced through a standard No. 12 sieve [22].

Formulation Production (capsule filling and tablet production)

An equal mass (235 mg) of omeprazole pellets was used throughout all formulations, and within formulations 2
through 7, a consistent amount (4.70 mg) of magnesium stearate was added. A conventional sieve was used to
achieve homogeneous content by co-mixing the omeprazole pellets with the excipient during tablet formation.
Moreover, the pellets exhibited excellent uniformity, a property indispensable for the ensuing stages of
formulation development. The relative proportions of the remaining excipients for every formulation are detailed
in the tabulated summary below (Table 1). The design logic behind the OME formulations centers on assessing
how distinct excipient choices modulate interactions with the AP, its dissolution behavior, and its liberation
profile from the finished tablets.

Table 1. Composition of OME formulations.

Constituents (mg) 7Tabs 6Tabs STabs 4Tabs 3Tabs 2Tabs 1 Caps
Omeprazole pellets (8.5% w/w) 1 235 235 235 235 235 235 235

Lactose monohydrate 143 - 117.5 117.5 117.5 235 -

Sodium alginate (medium viscosity) - - - - 117.5 - -

MCC (Avicel® PH-102) - - - 117.5 - - -

MCC (Avicel® PH-101) 85 - 117.5 - - - -

Granules (36.3% Avicel® PH-101, 60.7% ) 235 ) ) ) ) )
Lactose, 3% PVP K-30)

PVP K-30 7 - - - - - -

Magnesium stearate 4.70 4.70 4.70 4.70 4.70 4.70 -

e
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Total 474770 47470 47470 474770 474770  474.70 235

1 granule composition.

Direct compression was used as the fabrication method for all formulations, except formulation F6, which was
manufactured by wet granulation. In preparing the capsules (formulation 1), omeprazole was encapsulated within
the gelatin shell. For every other formulation, the steps outlined next were performed; the solitary point of
divergence pertained to formulation 6, wherein the three foundational excipients (Avicel® PH-101, lactose
monohydrate, and PVP K-30) were subjected to dry granulation before incorporation.

First, the requisite excipient masses were determined using an ATX224® high-precision analytical balance and
placed inside a small, sterile glass vessel. The vessel was then mounted in a Turbula® T2F blender mixer and
blended for 10 min. Next, the omeprazole pellets were added to the excipient admixture, and blending continued
for an additional 5 min. The omeprazole—excipient blend was then transferred to a 10 mm tableting die and
compressed using an MP 150 hydraulic press. This sequence yielded homogenous tablets free from fissures or
other apparent signs of mechanical weakness.

Tablet characterization (tablets’ weight, thickness, and crushing strength uniformity)
Ahead of the dissolution trials, tablets from each of the formulations 2 through 7 were used to determine two
fundamental physical properties (mass and dimensional specifications) per batch, along with hardness appraisal.
An ATX224® high-precision analytical balance and a THB 28 hardness meter were deployed to quantify mass
and crushing strength, respectively, whilst a vernier caliper captured geometric measurements (diameter and
thickness).

Image analysis
Discrepancies in tablet attributes (including granule-based and physically mixed preparations) were assessed via
image analysis. Image capture and manipulation were performed within a Leica Q500IW Image Analysis system,
equipped with a JVCTK-C 1381 color camera and a Century Precision Optics C15838 (+7) lens for superior
magnification. A fluorescent tube encircling the microscope glass served as the light source, with shielding to
block extraneous ambient illumination.

Dissolution testing

Dissolution assessments for every formulation were undertaken on a PT-DT7 dissolution apparatus fitted with
baskets (USP, 2007, Apparatus type I). A single standardized procedure was followed across all formulations, and
the thermal conditions remained fixed at 37 £ 0.5 °C throughout the experimental timeframe. To commence, 3
capsules or tablets were individually placed in separate baskets and lowered into glass vessels prefilled with 900
mL of KH2PO4/NaOH buffer (pH 4.5). Sampling entailed drawing 5 mL of medium from each vessel at 15-
minute intervals through the initial 45 minutes, with each withdrawal offset by replenishment using an identical
volume of fresh buffer; absorbance readings were subsequently collected at 295 nm on a uniSPEC 2 UV-Vis
Spectrophotometer. After the 45-minute interval, the baskets were transferred to vessels containing 900 mL of
KH2P0O4/NaOH buffer (pH 6.8). Solution aliquots were pulled every 15 minutes for a maximum duration of 285
minutes measured from the experiment’s onset, and absorbance was determined at 301 nm.

Dissolution profile comparison
To compare the dissolution patterns of the test formulations and Losec®, plots of % omeprazole liberated over
time were prepared. The t20%, t50%, and t90% metrics were also derived for each product, with tx% signifying
the time point at which x% of the active constituent has been discharged from the dosage form.
Supplementing the tx% analysis, mean dissolution time (MDT) figures were computed through the expression
detailed below (Eq. 1) [23]:

MDT—ABC 1
=% M

o)

Where Woo denotes the ultimate quantity of dissolved omeprazole, and ABC captures the region bounded by the
drug dissolution plot and its limiting asymptote.
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Data analysis
To identify and compare dissolution test kinetics, the in vitro release datasets for each formulation were fitted to
the zero-order, first-order, Higuchi square root, and Korsmeyer—Peppas mathematical models.

Model-independent analysis of dissolution profiles
A model-independent profiling of dissolution behaviors across formulations was achieved by calculating both the
difference factor (f1) and the similarity factor (f2). The f1 statistic captures the averaged relative divergence
between a pair of curves evaluated at all recorded time points and obeys the following formulation (Eq. 2) [24]:

(X, IR =T 1]
fi= {E?T} x 100 %)

Where Rt reflects the mean percentage of the reference product dissolved at a given post-initiation time t, Tt
reflects the mean percentage of the test product dissolved at that same post-initiation time t, and n equals the total
count of temporal sampling points.

In contrast to f1, the f2 statistic is used to compare cumulative percentage dissolution trajectories for two samples.
Its computation follows the equation laid out here (Eq. 3) [24]:

f, =50 x log{[l +isr (R Tt)z]—o.s 3 100} 5

Where, mirroring the parameters in fl, Rt stands for the mean percentage of reference drug dissolved at post-
initiation time t, Tt stands for the mean percentage of test drug dissolved at post-initiation time t, and n is the total
count of temporal sampling points.

The 2 metric ranges from 0 to 100. As the mismatch between test and reference release profiles grows more
pronounced, the f2 figure shrinks, inching closer to zero. Conversely, an f2 reading of 100 reflects a perfect
overlap of the two curves. Under conventional interpretive guidelines, two dissolution profiles are accepted as
comparable when 0 < f1 <15 and 50 < 2 < 100.

Thermal analysis techniques
Thermogravimetric analysis (TGA) was run on a TGA 55 Thermogravimetric Analyzer (TA Instruments, New
Castle, DE, USA). The temperature was elevated at 10 °C/min from ambient (26 °C) up to 600 °C, all under a
nitrogen atmosphere flowing at 25 mL/min.
Differential scanning calorimetry (DSC) was performed using a DSC 25 (TA Instruments, New Castle, DE, USA).
Specimens weighing 7-8 mg were crimped into aluminum pans and heated from 40 to 240 °C at a uniform ramp
rate of 10 °C/min, with nitrogen purging at 50 mL/min.

Results and Discussion

Release kinetics of OME from different formulations

The data in Table 2 confirm that all tablets resided within the acceptable boundaries for each tested parameter
(mass, thickness, and fracture force), in line with established international norms [25]. Figure 1 compares the
image analysis of two OME formulations built from identical ingredients; F6 was manufactured by wet
granulation, whereas F7 was manufactured by direct compression. The pellet sizes proved consistent, as portrayed
and quantified in Figure 2. Given the pellet dimensions and the processing routes applied, the pellet distribution
was fairly homogeneous. Even so, we cannot claim that our pellets reached a high level of uniformity. Crucially,
it must be highlighted that tableting succeeded in every instance without any observable surface imperfections—
specifically, capping or lamination phenomena were absent. The final tablet geometry remained stable both
immediately after compaction and throughout the storage interval.
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Figure 2. % Omeprazole release (mean + SD) (n = 3) vs. time (min) for Losec® and formulations 1-7 (pH
4.5 for 45 min and pH 6.8 thereafter).

Table 2. Results of tablets’ weight, thickness, and crushing strength uniformity.

Formulation Fracture resistance Average tablet thickness (mm) (+ Mass (mg) (+ Diameter
code (N) SD) SD) (mm)
F2 50 4.3+0.00 4752+ 1.3 10
F3 55 4.3+0.00 4743+ 1.1 10
F4 53 4.3+0.00 475.5+0.8 10
F5 51 4.3+0.00 4752+1.2 10
Fé 81 4.3+0.00 474.7+1.9 10
F7 62 4.3+0.00 475.1+1.3 10

The dissolution traces for Losec® and the manufactured formulations are presented in Figure 2. A summary of
the dissolution experimental findings is organized across Tables 3-5. Specifically, Table 3 records the t20%,
t50%, t90%, and MDT values for every formulation. To unravel the kinetic characteristics, the in vitro release
data from the formulations were correlated with zero-order, first-order, Higuchi square root, and Korsmeyer—
Peppas kinetic models (Table 4).

Table 3. Kinetic release properties of the OME formulations.

Formulation MDT t90% ts50% t20%
Losec® 64.96 165 62 52
F1 93.73 * 105 72
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F2 89.89 * 102 62
F3 112.59 * 202 129
F4 92.41 * 105 72
F5 92.33 * 108 68
Fo 93.11 * 105 72
F7 72.48 155 72 55

OME did not reach 90% release.

Table 4. R?, release rate constants, and n values of the OME formulations.

Formulation Korsmeyer-Peppas Higuchi First order Zero order

R? Kkr n R? Ku R? Y, Ki R? Yo Ko

Losec® 0.86 1.25  0.92 0.57 785 046 5517 -0.003 0.51 46.71  0.32
F1 0.87 1.40 0.77 0.76 521  0.78 2621 —0.005 0.88 5.58 0.37

F2 0.93 0.64 0093 0.75 557 0.84 2437 -0.006 0.93 0.74 0.45

F3 0.98 0.01 1.76 0.57 315 092 7.58 —0.008 099 2225 035

F4 0.91 0.63 0.93 0.74 539 0.80 2442 -0.006 0.90 0.66 0.43

F5 091 0.61 0.93 0.74 527 081 2378 -0.006 091 0.52 0.42

F6 0.91 035 1.04 0.69 521 0.82 2043 -0.007 0.92 -6.17 047

F7 0.85 1.63  0.82 0.73 721 076 3232 —-0.007 0.83 10.12  0.59

Table 5. f1 and 2 index.

Formulation f2 f1

Losec® vs. 7 56.06 18.93
1vs.2 69.75 6.22
1vs. 4 84.48 2.85
1vs.5 82.22 3.28
1vs. 6 87.85 2.32
2vs.4 78.29 4.77
2vs.5 71.53 7.15
2vs.6 68.55 7.80
4vs.5 89.59 2.68
4vs. 6 84.99 3.00
5vs. 6 88.79 2.00

Drawing from Figure 1, one can observe that all formulations completely suppressed drug release at pH 4.5,
indicating that the compaction forces exerted during tableting left the omeprazole pellets and their coating
unharmed. The proportions of the selected excipients for pellet formulation were also appropriate to preserve
pellet wholeness and medicinal content. With respect to Losec®, the commercial product, the active compound
is rapidly released once the environment shifts to pH 6.8, reaching a plateau within 2 hours. The release pattern
yielded by formulation F7 can be placed alongside that of Losec® (note the matching kinetic release parameters
in Table 3 as well as the f1 and f2 indices detailed in Table 4). In parallel, formulation F1 (capsules housing OME
pellets) and F2 (tablets formed from a lactose monohydrate—OME pellet admixture) likewise exhibit closely
aligned drug liberation data (note the matching kinetic release parameters in Table 3 and the f1 and f2 indices in
Table 4). Standing apart, formulation F3, formulated with sodium alginate, exhibits a considerably more drawn-
out release profile compared with the remaining preparations. The interchange of Avicel® PH-101 with Avicel®
PH-102 (as reflected in formulations F5 and F4, respectively) revealed no meaningful differences in drug release
performance. Comparing F6 and F7, which rely on an identical excipient panel, F6 incorporates those excipients
alongside OME pellets in a granulated state. At the same time, F7 introduces them purely as powders—a
distinction that one might conjecture could promote a somewhat quicker release onset. Based on the dissolution
results, every formulation eventually released the entire encapsulated active agent. For this reason, none of the
fabricated formulations suffered from drug content inhomogeneity.

It can therefore be reasoned that formulations F1, F2, F4, F5, and F6 share essentially superimposable drug release
signatures, implying that the pellets themselves govern the liberation process rather than the ancillary excipients

e
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distributed within the tablet matrices, which presumably operate as simple bulking materials. Such a scenario is
hardly unexpected, given that the excipients are basic fillers lacking specialized functional attributes. Once the
Eudragit coat dissolves, the tablets break apart relatively quickly (at a rate dependent on their individual hardness).

Thermotropic behavior of OME formulations

The thermal behavior of OME has attracted considerable attention within the published literature [26-28]. In our
investigation, emphasis was placed on the thermal response and robustness of omeprazole under conditions in
which none of the fabrication stages introduced thermal manipulation of the API. This choice was informed by
the well-documented notion that compression processes modify the thermotropic fingerprints of active compounds
through molecular-level interactions among formulation ingredients and the mechanical stresses inherent to tablet
or granule production. Furthermore, establishing the thermal benchmark of pristine omeprazole holds considerable
value for comparative evaluation. Prior studies have sought to determine the most stable form of OME across
diverse physical presentations (granules versus loose powders), temperature ranges, and acidity levels employing
DSC. TGA work further demonstrated that degradation sets in at 135 °C and that both the heating rate and the
eutectic character of thermal breakdown products influence the process, causing a progressive depression of
omeprazole’s melting point under incremental temperature elevation [26-28]. The present study set out to
characterize the thermal endurance and response of OME distributed among varying formulations via TGA and
DSC, respectively. Corresponding analyses of the excipient blends were likewise undertaken using the same
instrumental techniques for benchmarking purposes. DSC and TGA results acquired for the pellets appear within
Figure 1 (corresponding to F1). Given that F1 represents OME pellets enclosed in capsules, the thermal analyses
were directly conducted on the encapsulated contents—i.e., the pellets.

Turning to the TGA data (Figure 3), all excipient formulations exhibited an early degradation phase that initiated
at roughly 139 °C, which can be assigned to the expulsion of moisture from the excipient admixtures. This was
trailed by the principal breakdown stage commencing near 199 °C for LMSA and roughly 219 °C for the
remaining excipient blends. Regarding LMSA, the decomposition process terminated at 249 °C. The incorporation
of Avicel® PH-101 or Avicel® PH-102 shifted the completion of degradation to 338 °C and 339 °C, respectively.
Conversely, the inclusion of PVP extended the final decomposition boundary to 343 °C. This central degradation
step is tied to the release of water molecules retained in the excipient formulations. The primary factor
distinguishing Avicel® PH-101 from Avicel® PH-102—both falling under the microcrystalline cellulose
umbrella—is the extent of particle clustering, which is more pronounced in the latter [29]. Owing to this, no
noteworthy differences were registered at the ultimate stage of the decomposition trajectory.
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Figure 3. TGA curves of (a) excipients and (b) formulations of OME (LMSA: lactose monohydrate/sodium
alginate; LMAv101: lactose monohydrate/Avicel 101; LMAv102: lactose monohydrate/Avicel 102;
LMAvV101PVP: granules).
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Regarding the OME preparations, the capsule form showed a notably different decomposition pathway compared
to the other dosage forms. To elaborate, F1 underwent breakdown commencing at 190 °C and concluding at 336
°C, without any discernible dehydration stage. In contrast, formulations F2 through F7 exhibited primary
decomposition onset between 191 and 196 °C, preceded by an early phase at 138—140 °C, ascribed to the
previously discussed dehydration step.

Among the compressed tablet formulations, the temperature range over which degradation occurred proved
markedly dependent on the excipients used. In the case of F2, which relies exclusively on lactose monohydrate,
the principal decomposition reached completion at 323 °C. By comparison, the addition of sodium alginate,
Avicel® PH-101, or Avicel® PH-102 prolonged the endpoint by roughly 20 °C (Figure 3b).

Consistent with our previously published findings, sodium alginate exhibits a distinctive endothermic band
spanning 120-190 °C, with a midpoint around 163 °C [30]. Concurrently, lactose monohydrate exhibits two
signature endotherms at 147 °C and 210 °C (Figure 4a). When these two materials were combined, an
endothermic signal emerged near 150 °C, shifted closer to the characteristic transition of lactose monohydrate—
an observation we attribute to the interplay of simultaneous thermal events from both components. In our
interpretation, these observations are intimately connected to the dehydration phenomenon affecting sodium
alginate and the hydrophilic functional groups arrayed along its polymeric chain [31, 32]. Stated another way, the
blended excipients exhibited a cooperative superimposition of the thermal signatures of each ingredient,
manifesting as a broad endotherm extending up to 140 °C, derived from sodium alginate dehydration, immediately
followed by a sharp endothermic peak centered around 150 °C, which aligns with the diagnostic dehydration
signal of lactose monohydrate.

F1 \ M\
LMSA
LMAMO‘\—”_T//—\/\

LMAV101PVP
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T T T
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.
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a) b)
Figure 4. DSC curves of (a) excipients and (b) formulations of OME (LMSA: lactose monohydrate/sodium
alginate; LMAv101: lactose monohydrate/Avicel 101; LMAv102: lactose monohydrate/Avicel 102;
LMAvV101PVP: granules).

The characteristic endothermic feature of lactose monohydrate remains essentially unchanged in the company of
other excipients, yet the melting enthalpy is augmented (Figure 4a; Table 6). The addition of either Avicel® PH-
101 or Avicel® PH-102 promotes the development of a new endothermic signal located at 218 °C (Figure 4a).
The enthalpy magnitude recorded for the 218 °C peak is greater for Avicel® PH-102 than for Avicel® PH-101,
suggesting that the more extensively agglomerated state requires a larger energy input to undergo melting (Figure
4a; Table 6).

Table 6. DSC calorimetric values of excipients and formulations of OME.
Sample AH:2 (J/g) T2 (°C) AH: (J/g) Ti (°C)
LMSA - - 49.4 150.0
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LMAv101 57.7 218.0 57.1 148.0

LMAv102 83.9 218.2 773 146.6

LMAv101PVP 78.9 217.9 71.2 146.8
F1 65.2 181.6 - -

F2 34.9 183.7 27.8 148.3

F3 335 183.2 13.5 149.2

F4 52.5 182.3 3.8 149.1

FS 45.1 181.8 8.5 148.9

F6 19.4 181.0 49.7 150.4

F7 39.0 181.8 213 149.0

With the sole exception of F1, every formulation yielded an endothermic transition falling between 148.3 °C and
150.4 °C. The enthalpy associated with this transition varied substantially across formulations (Figure 4b; Table
6). Beyond this, a second endothermic event was observed across all formulations near 180 °C, with negligible
enthalpy variation across the set (Figure 4b; Table 6). These observations are further explored in the subsequent
section, yielding an interpretation that sheds light on OME’s release behavior.

The multi-unit pellet tablet, in which coated pellets serve as the vehicle for modified drug delivery, is an effective
therapeutic alternative to immediate-release dosage forms. Three primary advantages include ease of ingestion,
the ability to subdivide without compromising the release behavior of individual units, and a predictable dispersal
pattern of the multiparticulates along the gastrointestinal tract. From a manufacturing standpoint, multi-unit pellet
system tablets can be fabricated at a substantially lower cost than pellet-filled capsules, given the considerably
higher tableting throughput. Notwithstanding these benefits, production-related hurdles—such as compromised
pellet integrity and content nonuniformity—have historically hindered their broader adoption [33-35].

Several excipients were required to facilitate compaction and protect the pellet coating from damage throughout
the tableting sequence. As noted earlier, the optimal materials for pellet tableting should prevent pellet-to-pellet
contact, thereby acting as a protective buffer during compression [36, 37]. It has been reported that 29% of the
excipient is necessary to occupy the void spaces among tightly packed spheres. Yet, tablet variations remain
acceptable at pellet loadings approaching approximately 50%, even when using non-granulated excipients [37].
In the present case, nearly 50% excipient content was employed to generate a separating layer between coated
pellets, preventing adhesion and yielding mechanically robust tablets at modest compression pressures, all while
exerting either negligible or, in certain instances, some influence on drug liberation. The excellent cooperativity
among our excipients is further corroborated by DSC investigations performed on both the neat excipient blends
and the OME-loaded formulations (Figure 4; Table 6). Cooperativity, a thermal parameter that reflects the degree
of uniformity of a transition and is quantified as half the width at half the peak height, is relevant here. This
thermal index bears a direct relationship to compaction performance, since the formulation process hinges
critically on intermolecular interactions between the various constituents. Beyond their compaction-related role,
the excipients also had to ensure a homogenous pellet—excipient blend, circumventing segregation and the
associated tablet weight variability; toward this end, coarser granules were additionally trialed for comparative
assessment.

Sodium alginate is a linear, hydrophilic, colloidal polyuronic acid composed of guluronic and mannuronic acid
residues, capable of forming gels with differing architectures at acidic versus neutral pH. At low pH (pH = 3),
hydrogen bonding forms among the sodium alginate strands, swiftly transforming the material into alginic acid,
which swells and becomes insoluble. Under these circumstances, drug release is entirely governed by diffusion
through the polymer network. By contrast, at neutral pH, the alginic acid strands form a gel matrix via cross-links
formed between their carboxyl groups and assorted cations, notably calcium ions. The selectivity with which
alginic acid associates with various cations scales with the fraction of guluronic acid monomers present in the
polymer. It has been shown that a higher guluronic acid content results in stronger cation binding and,
correspondingly, enhanced mechanical rigidity of the resultant gel [38-45]. Hence, the emergence of a viscous gel
phase exerted a pronounced effect on drug liberation, extending the OME release duration at neutral pH, as
evidenced in F3.

Microcrystalline cellulose (MCC) ranks among the ubiquitous pharmaceutical excipients, functioning as a binding
agent, disintegrant, bulking material, and anti-adherent. The two most prevalent grades are Avicel® PH-101 and
Avicel® PH-102; the former has a nominal average particle size of 50 pm and is typically used in wet granulation
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workflows, while the latter has a nominal average particle size of 100 pm and is used in direct compression
processes [46]. Avicel® PH-101 represents the archetypal MCC grade, whereas Avicel® PH-102 corresponds to
a partially agglomerated variant exhibiting a broader particle size span and marginally improved flow
characteristics. Both grades displayed largely analogous thermotropic signatures, as evidenced by TGA and DSC
analyses (Figures 3 and 4; Table 6). Investigators who have examined their disparities in packing and flow
behavior attributed these differences to variations in moisture levels, particle morphology, and granulometric
spread. At the same time, neither grade manifests a meaningful divergence in compressibility [29, 47]. Within the
confines of the present study, swapping Avicel® PH-101 for Avicel® PH-102 (formulations F5 and F4,
respectively) failed to yield any notable shift in drug release. In our assessment, such findings are closely tied to
the equivalent interactions that both grades have with the remaining excipients and OME, a conclusion supported
by the DSC data (Table 6) [48].

Polyvinylpyrrolidone (PVP), also referred to as polyvidone or povidone, is a biodegradable, water-soluble
polymer synthesized from its monomeric building block, N-vinylpyrrolidone. Beyond its hydrophilic character,
PVP boasts outstanding dissolution capacity across solvents of widely differing polarities and dependable binding
attributes. The aqueous solubility of the PVP K-30 grade (35,000-51,000 Daltons) selected for this work
contributed favorably to drug dissolution behavior. Moreover, its viscosity exerted a considerable influence on
the liberation of the poorly water-soluble drug OME [49, 50]. Specifically, the low-viscosity gel that formed
during tablet dissolution facilitated the required suspension of OME within the polymeric network, thereby
accounting for the accelerated release rate observed in formulation F7.

Both the wet granulation and direct compression routes proved suitable for fabricating OME tablet compositions.
Consistent with published accounts, the granulated material exhibited superior flow, compressibility, and
compactability compared with the directly compressed formulation [51]. It is recognized that wet granulation
tends to yield tablets of greater hardness than those produced via direct compression, as tablet hardness depends
on compaction force and granule or crystal resilience [51]. The formation of liquid bridges, followed by their
crystallization and the hardening of the binding agents through drying, can also account for the elevated hardness
values typical of wet-granulated compacts [52]. Owing to these factors, the granulation-based formulation (F6)
exhibited a more sustained liberation profile than its directly compressed counterpart (F7). Moreover, the
secondary endothermic transition in F7 demands a larger energy input for melting, which could potentially ease
OME liberation from F7 relative to F6 (Figure 4), considering that dissolution velocity and drug discharge are
phenomena intimately linked to the melting points of excipients and the intermolecular interplay between
excipients and APIs [53].

Furthermore, in addition to the generation of mechanically stronger granules, the particle size distribution differs
significantly from that of the untreated excipients, yielding differing tablet hardness values. We supplied
individual tablet hardness measurements, and those belonging to F6 and F7 are markedly distinct, separated by a
20 N gap. In our view, this observation is closely tied to the hardness profiles of these formulations and
additionally influences the OME release trajectory. As indicated earlier, all formulations were prepared by direct
compression, except F6, which was prepared by wet granulation. The divergent manufacturing pathways may also
exert a decisive influence on the interactions among excipients and OME and/or among the excipients themselves,
as they modify the thermal background of the employed materials. Finally, this thermal background, together with
the presence of the granulating liquid during the wet granulation procedure, could be held responsible for the
OME release behavior observed in the dissolution studies, as the literature suggests [53-55].

Conclusion

The experimental outcomes revealed that the fabricated systems responded favorably, both in terms of tablet
properties (hardness, dimensions, compositional uniformity) and in their ability to liberate omeprazole in a
delayed fashion post-administration. Notably, one formulation (F7) exhibited a release pace comparable to that of
the marketed product omeprazole Losec® (80% liberated within a two-hour window), whereas formulation F3
demonstrated a slower yet relatively consistent release extending over a longer span (no less than four hours) and
may therefore be regarded as a promising foundation for the development of prolonged, stable-release delivery
constructs (e.g., 24 h release) for pharmaceutical agents. The remaining preparations displayed analogous,
intermediate-duration release profiles. Every release curve was additionally interpreted through the lens of
interactions between excipients themselves and/or between excipients and OME, as probed via thermal analysis

e
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methodologies. In summation, the systems explored herein are characterized by comparatively low production
costs, elevated performance, and a range of omeprazole release rates. Accordingly, they can be considered
promising for future application with other active compounds, subject to suitable adjustments. The deployment of
thermal analysis techniques is critical for probing interactions among formulation constituents and is instrumental
for furnishing mechanistic rationales for the release profiles of encapsulated APIs.
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