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Abstract: Diabetes mellitus (DM) represents a major and growing global health challenge. Among antidiabetic medications,
sulfonylureas and meglitinides remain clinically relevant insulin secretagogues for the management of type 2 DM (T2DM).
However, many drugs in these classes belong to Biopharmaceutics Classification System (BCS) Class II, which are characterized
by low aqueous solubility and high membrane permeability. These physicochemical constraints result in slow dissolution, variable oral
absorption, suboptimal bioavailability and inadequate glycemic control. Converting drugs into their amorphous form can enhance
solubility and dissolution; however, amorphous drugs are inherently unstable and prone to recrystallization, limiting their practical use.
Amorphous solid dispersion (ASD), which incorporates poorly soluble antidiabetic drugs into a polymeric matrix, offers a promising
strategy to overcome these limitations. The polymeric carrier stabilizes the drug in its high-energy amorphous state, improving
solubility, dissolution, and ultimately, bioavailability. In ASD systems, drug molecules are dispersed within the polymer matrix at the
molecular level, forming extremely fine dispersion domains that may be even smaller than conventional nanoparticle systems, thereby
enhancing apparent solubility and dissolution. This review provides a comprehensive overview of ASD applications in antidiabetic
therapy, discussing the principles of ASD, commonly used polymeric carriers, fabrication methods, and recent in vitro and in vivo
findings. Studies consistently show that ASD formulations of antidiabetic drugs such as glimepiride, repaglinide, gliclazide, gliqui-
done, and glyburide enhance insulin secretion and contribute to more effective glycemic control, showing the potential of ASD in
improving the therapeutic performance of poorly soluble antidiabetic agents. By enhancing solubility, stability, and bioavailability,
ASD technology holds significant promise for developing more potent and effective antidiabetic therapies, ultimately supporting better
patient care and addressing the global burden of diabetes mellitus.
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Introduction

Diabetes presents a rapidly escalating global health challenge, imposing a growing burden on individuals, families, and
healthcare systems worldwide. Globally, 11.1% of the adult population—equating to 1 in 9 adults aged 20—79—is currently
living with Type 2 Diabetes Mellitus (T2DM), in which 4 in 10 of these individuals are undiagnosed and are unaware of their
condition.' Indonesia Also contributes substantially to the global burden of T2DM.? A wide range of anti-diabetic drugs with
diverse mechanisms are available for the treatment of T2DM and this includes sulfonylureas, meglitinides, thiazolidinediones,
biguanides, and a-glucosidase inhibitors. More recently, incretin-based therapies like dipeptidyl peptidase-4 (DPP-4) inhibi-
tors and glucagon-like peptide-1 (GLP-1) receptor agonists have been developed.’* Despite this extensive selection of

medications, sulfonylureas such as glibenclamide, glimepiride, gliclazide, and gliquidone continue to be the most commonly
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used treatment for T2DM due to their proven efficacy in stimulating insulin secretion.” However, the therapeutic effectiveness
of drugs from this group is often hampered by their intrinsic biopharmaceutical properties, in which many of these drugs are
classified Biopharmaceutical Classification System (BCS) Class II, which is characterized by low water solubility despite
having high intestinal absorption.®’

The main limitation arising from this low solubility is the slow dissolution rate in the gastrointestinal tract. This
results in erratic and often incomplete bioavailability of the drug, which can reduce therapeutic effectiveness and require
a higher daily dose.®” In addition to the biopharmaceutical challenges, its clinical use also faces the risk of significant
side effects especially hypoglycaemia, which is often reported to be due to the fluctuations in drug absorption.'® To
address these issues, various formulation approaches have been developed, including lipid-based systems, self-
emulsifying formulations, particle size reduction, cyclodextrin complexation, and amorphous solid dispersion (ASD)
technology. Lipid-based systems, such as lipid nanoemulsions, can improve oral absorption by solubilizing poorly water-
soluble drugs within lipid phases and facilitating their dispersion in gastrointestinal fluids. However, ASD provides
a distinct solid-state strategy that directly modifies the physical state of the drug by converting the crystalline form into
a high-energy amorphous form and stabilizing it within a polymeric matrix. A recent comparative study using a poorly
water-soluble non-antidiabetic model drug showed that ASD and lipid nanoemulsion could both improve oral bioavail-
ability, supporting ASD as a competitive formulation approach among solubility-enhancement technologies.'’ In the
context of sulfonylureas and meglitinides, ASD is particularly relevant because it targets the main biopharmaceutical
limitation of these BCS Class II drugs, namely poor dissolution, through amorphization, molecular-level dispersion,
polymer-mediated stabilization, and supersaturation maintenance.

ASD’s relevance as a solution lies in its ability to change the physical state of a drug from crystalline (which is poorly
soluble) to amorphous (which is more soluble) by dispersing it within a polymer matrix.'*'* Within ASD systems, drug
molecules are distributed throughout the polymer matrix at a molecular scale, resulting in extremely fine dispersion
domains that significantly increase the effective surface area exposed to the dissolution medium. In some cases, this
dispersion scale may even approach or surpass the level of particle size reduction achieved in conventional nanoparticle
systems. This transformation significantly increases the free energy of the drug molecules, resulting in a drastic increase
in solubility and dissolution rate.'*

The performance of ASD systems is largely governed by the interaction between the drug and the polymeric carrier.'
Polymers function as stabilizing matrices that maintain the drug in an amorphous or molecularly dispersed state.'®
Through intermolecular interactions such as hydrogen bonding, dipole—dipole interactions, and hydrophobic interactions,
polymers can reduce drug molecular mobility, increase the glass transition temperature of the system, and inhibit
nucleation and crystal growth during storage and dissolution.'”'® These properties are essential because the amorphous
form has higher free energy than the crystalline form, making it thermodynamically unstable and more susceptible to
recrystallization.'> In addition, appropriate polymers can maintain drug supersaturation in gastrointestinal fluids and

2 https: Drug Design, Development and Therapy 2026:20



Aulifa et al

delay precipitation, thereby increasing the concentration gradient available for absorption and improving oral
bioavailability.'>*°

The primary advantage of ASD systems lies in their ability to create and stabilize a state of drug supersaturation in the
gastrointestinal tract.?' This promotes faster and more consistent drug absorption, ultimately improving overall
bioavailability.”* This increased bioavailability potentially allows for lower drug doses, which can reduce the risk of
dose-related adverse events such as hypoglycemia.”® Therefore, the purpose of this review article is to comprehensively
examine the application of ASD technology for antidiabetic drugs in the sulfonylurea and meglitinide classes, which act
by increasing insulin secretion.”* This review will focus on improving biopharmaceutical properties, specifically
analyzing how ASD formulations can improve the solubility profile, dissolution rate, and ultimately, oral bioavailability
of these drugs, as an effort to optimize therapeutic outcomes in patients with T2DM.?>*

Diabetes Mellitus

Diabetes mellitus (DM) is a metabolic disease characterized by hyperglycaemia due to impaired insulin secretion or
action, or both.?” Symptoms include polyuria, polydipsia, weight loss, and loss of consciousness.”® Individuals without
diabetes typically have an HbAlc level between 4.0% and 5.6%. Levels between 5.7% and 6.4% indicate prediabetes,
and a reading of 6.5% or higher indicate that the patients may suffer from DM. Due to the numerous health complications
associated with the disease, it is recommended that people with diabetes adopt a healthy diet and exercise regimen to
maintain their HbA 1c below 7.0%.>° This goal could be achieved by ensuring proper insulin function, a peptide hormone
produced by pancreatic B-cells, that is responsible for regulating blood glucose levels.*

Insulin itself is a peptide hormone produced by pancreatic B-cells, which plays an important role in regulating energy
storage and release during feeding and fasting conditions, thereby controlling blood glucose levels.>' This hormone functions
to increase glucose uptake by muscle cells and adipose tissue through the Glucose Transporter Type 4 (GLUT4) mechanism.
This glucose transport takes place following a concentration gradient through facilitated diffusion without the need for ATP.*?
Insulin receptors recognize the insulin hormone and facilitate the movement of glucose across the cell membrane.

Diabetes has several subclassifications, with the two main types being the Type 1 Diabetes Mellitus (TIDM) and T2DM.
T1DM is a chronic autoimmune disorder characterized by insufficient insulin production leading to hyperglycemia.**> TIDM
results from autoimmune damage to pancreatic beta cells, leading to complete insulin deficiency.’* The main therapy for
T1DM is insulin therapy, in which synthetic insulin is administered into the body, although this method is often unable to
achieve optimal blood glucose control in many individuals.*

T2DM on the other hand develops when pancreatic B-cells fail to compensate for insulin resistance in peripheral
tissues, particularly in skeletal muscle and liver.*® Current therapeutic approaches emphasize the importance of achieving
early glycaemic control to preserve B-cell function and improve long-term clinical outcomes in the affected patients.’’
T2DM is associated with various risk factors such as high blood glucose levels, obesity, hypertriglyceridemia, poor diet,
lack of physical activity, advanced age, family history, stress, anxiety, and depression.*® Insulin therapy, combined with
oral glucose-lowering agents, is essential in the treatment and management of T2DM.>’

However, T2DM pathogenesis extends far beyond B-cell dysfunction. The “egregious eleven” include a-cell dysregulation
(causing hyperglucagonemia), insulin resistance in adipose tissue, muscle, and liver, CNS-mediated appetite dysregulation,
gut microbiota alterations, incretin hormone deficiency, and heightened renal glucose reabsorption.*” To address these
multiple pathological mechanisms, current management strategies employs multiple drugs to achieve targeted therapeutic
outcomes. Medications from sulfonylureas, meglitinides, and GLP-1 agonist groups act by enhancing the B-cell function;
GLP-1 receptor agonists, DPP-4 inhibitors, and amylin suppress glucagon secretion; and thiazolidinediones mitigate insulin
resistance in adipose and muscle tissues.*'** In addition, metformin specifically acts by suppressing gluconeogenesis in the
liver and enhancing insulin sensitivity in muscle tissues.*’ Additional pharmacological agents, including bromocriptine
address insulin resistance within the central nervous system, whereas acarbose functions by inhibiting the enzyme o-
glucosidase in the gastrointestinal tract. SGLT-2 inhibitors on the other hand decrease glucose reabsorption from the renal
system, whilst probiotics and prebiotics enhance microbiota composition and managing systemic inflammation, which is
integral to the long-term therapeutic strategy.*” Among these strategies, insulin secretagogues—particularly sulfonylureas

remain clinically vital for addressing the pancreatic B-cell dysfunction (Figure 1).*
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Figure | Mechanism of Sulfonylurea/Meglitinides. Sulfonylureas and meglitinides, represented by green circles, bind to sulfonylurea receptor-1 (SUR-1) on the ATP-sensitive
potassium (KATP) channel. The red cross symbol indicates inhibition or closure of the KATP channel, thereby blocking K+ efflux from the beta cell. This inhibition leads to
membrane depolarization, represented by the zig-zag membrane signal and the black directional arrow. Membrane depolarization subsequently opens voltage-dependent
Ca2+ channels, shown as the blue channel on the right side of the cell, allowing Ca2+ influx into the cytoplasm. The increased intracellular Ca2+ concentration promotes
the movement of insulin-containing secretory granules toward the plasma membrane and triggers insulin exocytosis, shown by the small vesicles, Orange dots, and
directional arrows near the cell membrane.

Sulfonylureas and meglitinides are known to demonstrate poor aqueous solubility (Table 1). These limitations have an
impact on therapeutic variability, such as low bioavailability, high dose requirements, and the potential for increased side
effects. This inherent physicochemical deficiency of the drug molecules themselves creates a compelling rationale for
formulating them as ASDs. The high-dose requirements are a direct consequence of poor dissolution; a significant
portion of each administered dose remains undissolved and is never absorbed, necessitating a higher initial dose to

Table | Oral Hypoglycemic Agents from the Sulfonylurea and Meglitinide Classes

Class Drug Structure Solubility (In Water, 37°C) | BCS Class | Ref
Sulfonylure | Glibenclamide 0o 18.00 pg/mL Il [7]
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Table | (Continued).

Class Drug Structure Solubility (In Water, 37°C) | BCS Class | Ref
Gliquidone 2.20 pg/mL I [6]
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Meglitinide Repaglinide ) 34.00 pg/mL Il [50]
T o
. P!
i N e
N To)
H
Nateglinide 0o 8.80 pg/mL Il [51]
o ) e “—OH
o HNK

achieve a therapeutic effect. This, in turn, increases the drug load in the gastrointestinal tract, raising the risk of dose-
dependent concentration-related side effects. Furthermore, the erratic and incomplete dissolution leads to high inter- and
intra-patient variability in drug absorption. This unpredictable bioavailability makes it challenging to achieve consistent
glycemic control, as the same dose can produce vastly different blood glucose-lowering effects from one administration
to the next or between different patients. ASD technology directly targets this root cause by fundamentally enhancing the
drug’s dissolution properties, thereby mitigating these critical limitations and enabling more reliable, effective, and
potentially safer therapy.*’

Therefore, the transformation of these crystalline drugs into an amorphous state via ASD is an essential formulation
strategy to overcome their intrinsic pharmacokinetic limitation, ensuring a sufficient fraction of the dose is dissolved and
absorbed to achieve a predictable and potent therapeutic response, while minimizing the risks associated with high and
variable dosing.

Amorphous Solid Dispersion

Definition

ASD is a molecular mixture of poorly water-soluble drugs and hydrophilic carriers. They modulate the drug release
profile and are characterised by the reduction of drug particle size to a molecular level, facilitating the solubilisation or
co-dissolution of the drug within the soluble carriers.’” In this system, the drug is dispersed homogeneously within the
polymer matrix, forming extremely fine dispersion domains approaching the scale of individual molecules. Unlike
nanoparticle-based delivery systems, where drug remains as discrete particles in the nanometer range, ASD systems
distribute drug as molecules uniformly within the carrier matrix. As a result, the effective dispersion scale can be even
smaller than conventional nanoparticles, which contributes to enhanced apparent solubility and dissolution behavior.
Overall, enhanced wettability and dispersibility are achieved as the drug exists in a supersaturated state resulting from
forced solubilisation in hydrophilic carriers.”* >’ Solid dispersions are categorized into first, second, or third generation.’®
First generation involves the creation of crystalline solid dispersions in which a molecule of a crystalline carrier
substitutes for one drug molecule within its crystalline structure. The second generation involves the creation of ASD
utilising polymeric carriers. The third generation consists of ASD formed by a combination of amorphous carriers and,
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ideally, surfactants, which demonstrate improved drug release, long-term stability, and increased bioavailability.’®>° ASD

employs designated carriers to amorphize the drug substance and maintain its stability in the solid state.®® %2

The Mechanism of Amorphous Solid Dispersions

ASD are often employed to formulate drugs with low water solubility and/or bioavailability, particularly those classified
as Biopharmaceutics Classification System (BCS) Class II and IV compounds.®*®> As illustrated in Figure 2, ASD
formation involves the conversion of a crystalline drug into an amorphous form and its incorporation into a hydrophilic
polymer matrix.'*% Within this system, the polymer serves as a carrier that disperses the drug at the molecular level.” In
contrast to nanosuspension or nanoparticle formulations, where the drug remains as discrete particles, ASDs maintain
drug molecules in a molecularly dispersed state within the polymer matrix. This homogeneous dispersion eliminates
particle boundaries and significantly increases the effective surface area available for dissolution, thereby promoting
rapid drug release and supersaturation in aqueous media. Various types of polymers with diverse physicochemical and
thermochemical properties can be used to formulate ASDs. The selection of an appropriate polymer is critical, as it
influences the stability, solubility, dissolution rate, manufacturability, and ultimately the bioavailability of the solid

dispersion.*®¢?

The Impact of Amorphous Solid Dispersions on Dissolution

The fundamental principle of ASD lies in dispersing the drug at a molecular level within a polymer matrix, thereby
maintaining it in a high-energy, non-crystalline amorphous state.?>’® This molecular-level dispersion increases the
apparent solubility and accelerates the dissolution rate.”' The choice of polymer is critical, as it prevents drug
recrystallization - a common challenge in amorphous systems’> ’*’* Consequently, ASD improve dissolution by
enhancing drug wettability, reducing the effective particle size to the molecular level, and facilitating the formation of
a supersaturated solution.”” The successful application of these principles has consistently demonstrated substantial
improvements in the dissolution performance of a wide range of drugs. As illustrated in Figure 2, drug molecules are
molecularly dispersed within the polymer matrix, resulting in enhanced dissolution behavior and supersaturation. This
improved dissolution subsequently contributes to enhanced oral bioavailability. The dissolution-enhancing effect of ASD
has been reported across several poorly water-soluble drugs outside the antidiabetic class, including pimobendan (PIMO),
nintedanib (NIN), and erlotinib (ERL), which showed marked improvements in dissolution after ASD formulation.”®””
These examples provide broader mechanistic evidence that molecular dispersion, amorphization, and polymer-mediated
stabilization can overcome dissolution-limited absorption. However, because the present review focuses on insulin
secretagogues, these non-antidiabetic examples are used only to contextualize the general applicability of ASD

Molecular-level Interaction

’

Hydrogen bond

Poorly Water-Soluble Pol Amorphous Solid Dispersion
Antidiabetic Drug olymer (ASD)-Antidiabetic Drug

Figure 2 Schematic illustration of molecular drug dispersion within a polymeric matrix during ASD formation. The purple circles represent the poorly water-soluble
antidiabetic drug, and the green irregular lines represent the polymer. The black arrow indicates the dispersion process. In the final structure, the dispersed purple circles
within the green polymeric network represent drug molecules distributed in the amorphous solid dispersion systems.
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technology. The following discussion therefore emphasizes ASD applications in sulfonylureas and meglitinides, where
poor aqueous solubility similarly limits dissolution, oral bioavailability, and therapeutic consistency.’’

Taken together, these findings present a compelling case for ASD as a robust and versatile platform for addressing the
solubility limitations of crystalline drugs.”® The remarkable success of ASDs can be attributed to their foundational
mechanisms: maintaining the drug in a high-energy amorphous state, inhibiting recrystallization through strong drug-
polymer interactions, and sustaining supersaturation in the dissolution medium.”® Consequently, ASD technology has
emerged as a cornerstone of modern pharmaceutical formulation science, enabling the effective delivery of promising yet
poorly soluble therapeutic agents.”®

The Impact of ASDs on Bioavailability and Pharmacological Activity

ASD are formulation systems that stabilize an active pharmaceutical ingredient (API) by incorporating it in the form of
amorphous within a solid polymer matrix.*® This strategy is specifically designed to overcome the challenge of poor
aqueous solubility, thereby enhancing the in vivo bioavailability of orally administered drugs. By maintaining the drug in
a high-energy amorphous state - which has higher apparent solubility than its crystalline counterpart — an initial
supersaturation can be achieved.®' The polymer component then plays a crucial role in stabilizing this supersaturated
state, extending the duration that the molecule is available for absorption. This improvement in dissolution and
absorption ultimately translates to increased bioavailability and, consequently, enhanced pharmacological activity.?**?
The bioavailability-enhancing effect of ASD has been reported in several poorly water-soluble drugs outside the
antidiabetic class, including paliperidone, itraconazole, oxyberberine, and honokiol.®'# 8¢ These examples provide
general proof-of-concept that amorphization, polymer-mediated stabilization, and supersaturation maintenance can
improve systemic exposure and pharmacological performance.?’"”® Furthermore, these examples support the broader
applicability of ASD technology as a formulation strategy for poorly water-soluble drug and provide a mechanistic
rationale for its application to sulfonylureas and meglitinides.®’

ASDs of Antidiabetic Compound

According to the Biopharmaceutics Classification System (BCS), approximately 40% of marketed antidiabetic drugs
suffer from low aqueous solubility, which limits their dissolution in gastrointestinal fluids and, consequently, their
absorption.”® Class II drugs, such as glibenclamide, gliclazide, and repaglinide, are characterized by high membrane
permeability but poor water solubility, resulting in reduced systemic availability and low bioavailability.(DEMIRTURK
and ONER, 2004) For example, the solubility of glibenclamide in water is only 4 mg/L.*® Improving its solubility is
therefore essential in enhancing drug absorption, and several formulation strategies such as complexation, salt formation,
particle size reduction, cocrystallization, and solid dispersion have been developed to address this challenge. Among
these, solid dispersion techniques have proven particularly effective in increasing the dissolution rate of antidiabetic
drugs, as illustrated in Table 2 ¥

The studies summarized in Table 2 indicate that ASD formulations generally improved the dissolution performance of
sulfonylureas and meglitinides compared with their crystalline or pure drug forms. Several formulations achieved marked
improvements, including substantially higher cumulative drug release, increased Cmax and AUC, and stronger glucose-
lowering effects compared with pure drug or marketed formulations. The most frequently investigated compounds
include glibenclamide/glyburide, glimepiride, gliclazide, repaglinide, and gliquidone, with polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG), Poloxamer, Soluplus, hydroxypropyl methylcellulose (HPMC) derivatives, Eudragit,
Pluronic, and related polymeric carriers commonly used to enhance drug dispersion and stabilization. Across these
studies, the improvement in dissolution was mainly associated with reduced crystallinity, enhanced wettability, mole-
cular-level dispersion, supersaturation maintenance, and possible drug—polymer interactions, including hydrogen bond-
ing. However, the extent of improvement varied depending on the drug, polymer type, drug—polymer ratio, preparation
method, and dissolution conditions, indicating that ASD performance cannot be generalized across all insulin secreta-
gogues without formulation-specific evaluation. More detailed case-by-case discussions of dissolution performance, oral
bioavailability, and antidiabetic activity are provided in the following subsections.
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Table 2 The Impact of ASD System on in vitro and in vivo of Antidiabetic Compound

No | Antidiabetic Polymer Preparation Interaction Drug- In vitro Study In vivo Study Ref
Compound Method Polymer
1. Glimepiride Gelucire 50/13, PEG 4000 By kneading and | The interaction between | The ASD form of GLM - [90]
(GLM) and PEG 6000 Spray Drying glimepiride and the exhibits superior solubility at
carrier causes a shift in 1612 pg/mL compared to
the melting endothermic | pure GLM at 3.98 pg/mL. It
peak to a lower also achieves a cumulative
temperature drug release of 93.73%.
Furthermore, ASD tablets
demonstrate a higher
cumulative release (97.61%)
than the marketed
formulation (90.23%).
2. Gliclazide Crosslinked Physical - The ASD form of GLZ - [91]
(GLZ) polyvinylpyrrolidone mixtures (PM), achieves approximately 90%
(PVPC), sodium starch co-milled (CM) drug dissolution at the 30-
glycolate (SSG), crosslinked minute mark, significantly
carboxymethyl cellulose surpassing the pure GLZ,
(CMCC), amorphous silica which dissolves around 40%
(AS), mannitol (M), within the initial 5 minutes of
polyoxyethylene the study.
polyoxypropylene tri-block
copolymer Poloxamer (PO)
3. Repaglinide Eudragit EI00 (RE), Spray Drying The melting point shift in | The ASD showed higher In normal rats, the ASD form | [23]
(RG) Hydroxypropyl Cellulose spray-dried dispersions solubility (2370.40+£80.80 pg/ of RG (£45.00 pg/mL)
Mw 80000 (HPC) and occurs due to strong mL) than the pure RG (21.80 | lowered glucose level at | hr
Polyvinylpyrrolidone K30 hydrogen bonds +2.10 pg/mlL) more quickly than pure RG
(PVP) between different atoms | The drug release profiles (£65.00 pg/mL).
in Repaglinide and after 5 min of ASD (100.00 In diabetic rats, the ASD form
Eudragit E-100. +6.32%) is higher than RG of RG (+240.00 pg/mL)
(10.30+4.31%) lowered glucose level at 3 hr
more quickly than pure RG
(£275.00 pg/mlL).
4. Repaglinide Hypromellose Acetate Spray Drying - The ASD form of RG Blood glucose level at 90 min | [92]
(RG) Succinate (HPMCAS) achieves a drug release of 80— | of ASD (£70.00 ug/mlL) is
90%, markedly exceeding that | lower than RG (£90.00 pg/
of the pure RG (20-30%) and | mL) and the marketed
the marketed RG formulation | (+£80.00 pg/mL).
(60-70%) at the |5-minute
dissolution interval
5. Glimepiride Mannitol, Polyethylene Solvent - The ASD form of GLM The ASD form of GLM lowers | [93]
(GLM) Glycol 6000, B-cyclodextrin Evaporation releases about 90% of the blood glucose levels to
Technique drug within 5 minutes, which 45 +2.65% at | hour, which is
is significantly higher than the | significantly lower than the
pure GM, releasing only level observed with pure GM
around 5% in the same (approximately 85%)
period.
6. Glimepiride Soluplus-PEG 4000 hybrid Solvent - The ASD form of GLM The ASD form of GLM [94]
(GLM) Evaporation releases approximately 85% reduces blood glucose levels
Method of the drug at 30 minutes in to 8.97% at 3 hours,
simulated intestinal fluid (SIF) | substantially lower than the
at pH 7.4, significantly level observed with pure GM,
exceeding the 10% release which is approximately 65%.
observed with pure GM
under the same conditions.
(Continued)
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Table 2 (Continued).

No | Antidiabetic Polymer Preparation Interaction Drug- In vitro Study In vivo Study Ref
Compound Method Polymer
7. Glibenclamide Poloxamer-188 (P-188) Solvent Intermolecular hydrogen | The ASD form of GLB The ASD form of GLB [47]
(GLB) Evaporation bonds between the N-H | demonstrates a cumulative significantly improved the
Method groups of Glibenclamide drug release of 93.35% at oral bioavailability of

and the terminal O-H 120 minutes in buffer glibenclamide, showing nearly

groups of Poloxamer- (pH 7.2), significantly higher a 2-fold increase in AUC,—

188 than the 43.34% release 4h (5.64 vs. 3.75 pg h/mL) and
observed with the physical Cmax (0.61 vs. 2.87 pg/mL),
mixture. along with a shorter Tmax

(I hvs. 3 h), compared to the
marketed formulation.
8. Glibenclamide Hydroxypropyl Cellulose Spray Drying - The ASD form of GLB - [95]
(GLB) (HPC) showed significantly better
dissolution performance
(concentrations between 100
and 300 pg/mL), compared to
the reference crystalline drug
(= | pg/mlL).
9. Gliclazide Mannitol, Sodium Lauryl Lyophilization Hydrogen bonding The ASD form of GLZ The ASD form of GLZ [96]
(GLZ) Sulfate (SLS), Polyvinyl between the N-H exhibited a rapid and demonstrated a lower blood
Pyrrolidone (PVP-k-30) groups of the drug and complete drug release glucose level at 12 hours

the SO;3-group of SLS*® profile, reaching 100% (20 mg/dL) compared to pure

or between CH,—O of dissolution within 60 minutes, | GLZ (60 mg/dL). Additionally,

SLS and SO; or the in contrast to pure GLZ, ASD exhibited higher

carbonyl group of GLZ which demonstrated only pharmacokinetic parameters,

50% drug release over the with a Cmax of

same period. 13.60 +0.22 ug/mL and an
AUCj—3¢0 of
70.4£0.15 pg min/mL,
surpassing those of pure GLZ
(Cmax: 3.50 + 0.35 pg/mL;
AUCo—3¢0:
20.28 + |.12 ug min/mL)

10. Gliquidone Pluronic F-68 Solvent - The ASD form of GLI The ASD form of GLI [97]

(GLI) Evaporation exhibited a progressive drug showed superior
Method release profile, with pharmacokinetic parameters,

cumulative dissolution with higher Cmax

increasing to 56.12% and (0.19£0.01 pg/mL),

93.58% within 30 minutes, in prolonged T/, (1.63 hr), and

contrast to pure GLI, which greater AUCq—3¢0

released only 10.82% of the (1.19£0.10 yg mL™")

drug in the same period. compared to commercial
tablets. The relative
bioavailability of ASD tablets
was approximately |.8-fold
higher than that of the
commercial formulation.

. Glibenclamide- | Silicon Dioxide Spray Drying Hydrogen bonding The ASD form of GBM The ASD form of GBM [98]
Polyglycolized between GBM and increased the dissolution rate | demonstrated greater
glycerides carriers from x10% (pure GBM) to glycemic control, with blood
(GBM) +75% (ASD) drug dissolved glucose levels at 120 minutes

within 30 min recorded at 88.85 + .69 mg/
dL, significantly lower than
those observed for pure
GBM (136.43 £5.23 mg/dL).
(Continued)
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Table 2 (Continued).

No | Antidiabetic Polymer Preparation Interaction Drug- In vitro Study In vivo Study Ref
Compound Method Polymer
12 Gliclazide Polyethylene glycol (PEG) Melting-Solvent Hydrogen bonds occur The ASD form of GLZ - [99]
(GLZ) 6000 Method and between the hydrogen achieved a significantly higher
Solvent atoms of the NH group cumulative drug release of
Evaporation of gliclazide and one of 85.95% within 10 minutes,
Method the ion pairs of oxygen compared to only 18.46%
atoms in PEG 6000. released by GLZ over the
same duration.
13. Glimepiride Hybrane S1200 and Hybrane | Solvent Method | Between the proton of The ASD form of GLM shows | — [100]
(GLM) HA1690 the NH group in GLM an approximately 84% greater
and the carbonyl groups drug release than pure GLM
of the amide and ester after 120 minutes of
bonds within the dissolution.
polymers.
14. Glimepiride Meglumine (MU) Lyophilization A hydrogen bond The ASD form of GLM The ASD solution exhibits [1oi]
(GLM) between GLM and MU in | releases up to 95% of the a Cmax of 5.93 pg/mL, which
the ASD was formed drug within 2 hours, whereas is more than 6.8 times
pure GLM exhibits no greater than that of GLM
measurable release under the | suspensions. Additionally, its
same conditions. AUCy—4g h reaches
3384.2 ug min/mL, about four
times higher than the GLM
suspensions.
15. Glibenclamide Soluplus, Poloxamer 407, Solvent The hydrogen bonding The ASD exhibits a solubility | The ASD form achieves [102]
(GLB) PEG 6000, HPMC E5 Evaporation between GLB and of 2,300 pg/mL at pH7.4, a Cmax of 10.25 + 4.1 pg/mL,
Method polymers substantially higher than the which is considerably higher
80 pg/mL observed with GLB. | than that of the marketed
After 90 minutes in pH 7.4, product (4.4 + 1.2 pg/mL) and
ASD achieves a drug release GLB (3.2 % I.1| pug/mL). lts
of 75%, markedly exceeding AUCy— value is
GLPB’s 15.8%. Furthermore, 56.88 pg min/mL, exceeding
ASD demonstrates an in vitro | those of the marketed
permeation flux of 0.94 pg/ product (33.22 + 3.54 pg min/
cm*/min, outperforming GLB, | mL) and GLB
which shows a flux of (28.39 £ 4.59 pg min/mL). At
0.56 pg/cmzlmin. the 2-hour mark, ASD
demonstrates a blood
glucose level of
approximately 80 mg/dL,
significantly lower than the
levels observed with GLB
(120 25 mg/dL) and the
marketed product
(110 £25 mg/dL).
l6. Gliclazide Eudragit RS100 and PEG Electrospraying Physical interactions The ASD dissolved drug % - [103]
(GLZ) 6000 Method (hydrogen bonding) for 30 min shows (75.20 +
between glimepiride 1.37%) higher than GLC
(GLC) and polymers. (49.47 + 2.59%)
17. Repaglinide Polyvinylpyrrolidone K30 Solvent Method | Hydrogen bonding The ASD dissolution profile The ASD Cmax (pg/mL) and [104]
(RG) (PVP K30) interaction between at 60 min showed that AUC, gh(ug/mL.h) was found
repaglinide and PVP K30 | (~100%) is higher than RG to be higher 0.39+0.08 and
(~10%) 0.83+ 0.44 than pure R 0.17
+0.05 and 0.40+ 0.11
(Continued)
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Table 2 (Continued).

No | Antidiabetic Polymer Preparation Interaction Drug- In vitro Study In vivo Study Ref
Compound Method Polymer
18. Glibenclamide Neusilin UFL Solvent - The ASD Cumulative drug - [105]
(GLB) Evaporation release at |5 min showed
Method (~8,000 pg/mL) higher than
GLB (~1,000 pg/mL) in pH
72
19. Glyburide Silica Solvent - The ASD dissolution profile The ASD Cmax (pg/mL) and [106]
(GLR) Evaporation at 20 min (100%) is higher AUC,_(ug.h/mL) was found
Method than micronized and physical to be higher 0.52+0.76 and
mixture tablets released only | 4.24+ 0.85 than micronized
76.6% and 44.4% in 60 min tablet 0.24+0.83 and 2.15%
0.48
20. Glibenclamide EG 1500 and PEG 50 Microwave, The interaction between | The ASD solubility drug - [19]
(GLB) Solvent the drug and the (3,500 pg/mL) is higher than
Evaporation, polymers is GLB (80 pg/mL)
Lyophilization, characterized by The ASD Cumulative drug
and Hot-Melt intermolecular hydrogen release at 90 min (66%) is
Extrusion bonding higher than GLB (16%)
Techniques

Dissolution Study

Several studies have demonstrated that the incorporation of polymers in ASDs can significantly enhance drug dissolution.
Varshosaz et al (2017) reported the formulation of repaglinide (RG) ASDs using Eudragit E100, hydroxypropyl cellulose
(HPC), and polyvinylpyrrolidone K30 (PVP K30), observing a remarkable improvement in solubility. The Eudragit
E100-based formulation achieved complete (100%) drug release within 5 minutes, compared with only 10.3% for the
pure drug.”® Solubility studies confirmed that while physical mixtures provided slight improvements through limited
polymer interactions, the enhancement was substantially greater in ASDs due to molecular-level drug dispersion, which
effectively prevented recrystallization. Moreover, dissolution profiling showed that pure RG required approximately
20 minutes for complete release, whereas ASDs — particularly those containing Eudragit E100, achieved full release
within 5 minutes. This improvement was particularly evident in spray-dried dispersions at a drug-to-polymer ratio of 1:3,
resulting in up to a 100-fold increase in solubility.

Sakure et al (2020) formulated glimepiride (GLM) in ASDs using excipients such as Gelucire 50/13, PEG 4000, and
PEG 6000. The resulting formulations showed a significant increase in drug release, reaching 93.73% compared to only
3.98% for the pure drug.”® This improvement was attributed to the ASD’s ability to increase surface area and apparent
solubility, thereby accelerating drug release in the aqueous environment of the gastrointestinal tract. Additionally,
excipients such as Gelucire and PEGs play a role in enhancing drug solubility by reducing crystallization tendency
and promoting molecular dispersion. This significant enhancement in dissolution performance has the potential to
improve bioavailability and glycemic control in diabetic patients, underscoring the effectiveness of ASD technology in
optimizing drug delivery and therapeutic efficacy.

Bioavailability Study

Improved dissolution enhances therapeutic effectiveness by accelerating the onset of pharmacological action. Due to the
fact that only the dissolved fraction of a drug can be absorbed, increased dissolution results in a higher amount of drug
available for absorption, thereby improving systemic bioavailability. Mir et al (2024) reported that the AUC of
glibenclamide (GLB) formulated with Poloxamer 188 increased by 50% compared to the pure drug, indicating
a significant enhancement in bioavailability.*” This improvements was attributed to Poloxamer 188’s ability to enhance
the wettability and solubilization of the lipophilic GLB, as well as its stabilizing effect on the amorphous form of the
drug, preventing recrystallization during dissolution. The transformation of GLB from a crystalline to an amorphous state
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within the ASD contributed to higher apparent solubility and sustained supersaturation, resulting in improved absorption
and a higher AUC.

Similarly, Mansour and Aly (2015) demonstrated that gliclazide (GLZ) formulated as an ASD with mannitol, sodium
lauryl sulfate (SLS), and polyvinylpyrrolidone K-30 (PVP-K30) achieved an AUC more than 3-fold higher than of its
pure crystalline form, reflecting a significant improvement in oral bioavailability.”® The observed increases in both Cmax
and AUCO0-12 indicate that the ASD formulation enhanced absorption efficiency without altering the rate of absorption
onset. This improvement can be attributed to the conversion of GLZ into its amorphous state and the presence of
hydrophilic excipients such as SLS and PVP K30, which improved drug wettability, solubilization, and maintenance of
supersaturation during dissolution. Collectively, these findings highlight the potential of ASD technology to markedly
enhance systemic exposure and therapeutic efficacy of poorly soluble antidiabetic drugs.

Diabetic Treatment

By improving solubility and dissolution rate, ASD formulations increase drug absorption, as reflected in higher AUC and
Cmax values. This increased systemic exposure enables drugs to reach therapeutic plasma concentrations more effec-
tively, thereby improving their hypoglycemic effect and achieving better blood glucose control. Among the various
strategies available to overcome the poor bioavailability of diabetes drugs, ASD has proven particularly effective. Solid
dispersion systems of repaglinide have demonstrated significant improvements in antidiabetic activity through enhanced
solubility and bioavailability, as evidenced by several in vivo studies. In diabetic animal models, repaglinide formulated
via spray drying or solvent evaporation methods using hydrophilic polymers such as Eudragit E100, hydroxypropyl
cellulose (HPC, MW 80,000), and PVP K30 exhibited superior glucose-lowering effects compared to the pure drug and
commercial formulations. These ASDs not only improved the dissolution rate but also produced markedly greater
reductions in blood glucose levels.

Varshosaz et al (2017) reported that in vivo studies on male albino Wistar rats shows significant reduction of the
blood glucose levels in normal rats in the repaglinide (RG) ASD group within 8 hours of sampling compared to the
control group, with notable reductions observed at 30 and 60 minutes. The most pronounced decrease occurred after
2 hours. In both normal and diabetic rats, the ASD formulation reduced blood glucose more rapidly than the pure drug,
with a faster effect at one hour in normal rats — approximately 89.3% greater than the pure drug — and at three hours in
diabetic rats, showing an 85.7% greater reduction compared to RG alone.”

Reginald (2015) also compared a glimepiride (GLM) ASD formulation with the pure drug and a commercially
available product, observing a more pronounced and sustained reduction in glucose levels in rats treated with the ASD.
Effective blood glucose reduction began within one hour after oral administration, reaching a maximum Tmax at three
hours. Blood glucose levels decreased from 100% to 9.81% and 8.97%, respectively. However, blood glucose levels did
not return to the baseline levels after 24 hours of the study. In comparison with pure and commercial formulations, the
GLM ASD formulation maintained normoglycemic levels for 9-12 hours, demonstrating that ASD technology can
effectively and efficiently enhance the pharmacological performance of antidiabetic drugs.”

Similarly for another sulfonylurea compound, glyburide, Guan et al (2014) evaluated the oral exposure of ASD-
formulated glyburide in dogs. The findings revealed significant differences in plasma concentrations and absorption rates
between the test tablets (solid dispersion tablets) and reference commercial tablets. The ASD tablets produced markedly
higher plasma levels after oral administration, with the AUC increased by approximate 97.7% compared to the reference
product, indicating nearly double the oral bioavailability. These results confirm that enhancing solubility and dissolution
through ASD — particularly when prepared by techniques such as the supercritical fluid (SCF) process — can substantially

improve the oral bioavailability and therapeutic efficacy of glyburide.'*®

Discussion

The primary challenge in developing effective oral antidiabetic drugs lies in overcoming the pharmacokinetic limitations
associated with their physicochemical properties. Most oral antidiabetic agents belong to the BCS Class II compounds,
characterized by low solubility and high permeability. This inherent low solubility limits their dissolution in gastro-
intestinal fluids, thereby restricting absorption and reducing overall bioavailability and therapeutic efficacy. To address
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this fundamental challenge, ASD technology has emerged as a pivotal formulation strategy. The core principle of ASD is
to transform the crystalline drug into a high-energy, metastable amorphous form within a polymer matrix. This
transformation disrupts the rigid crystal lattice, drastically lowering the energy barrier for dissolution and thereby
significantly enhancing the drug’s apparent solubility and dissolution rate, which are the key determinants of absorption
for BCS Class II drugs.

The translation of these in vitro advantages into in vivo outcomes is evident in pharmacokinetic studies. Enhanced
dissolution achieved through ASDs facilitates greater and more consistent absorption in the gastrointestinal tract, often
resulting in a 2-fold or greater increase in the AUC compared to the pure drug or conventional formulations. Improved
bioavailability represents the crucial link between formulation design and clinical response, producing a faster onset of
action and a more pronounced reduction in blood glucose levels, with pharmacokinetic parameters such as increased Cmax
and AUC confirm the enhanced absorption and systemic exposure achieved through ASD technology. Collectively, in vivo
evidence consistently demonstrates that ASD formulations of antidiabetic drugs produce superior glucose-lowering effect,
reflecting their ability to optimize pharmacokinetic profiles for both rapid and prolonged therapeutic action.

Pure crystalline drugs generally exhibit low solubility, which leads to slower dissolution, reduced absorption, lower oral
bioavailability. This limitation may reduce systemic drug exposure and consequently lower plasma insulin concentrations.
This in turn limit their therapeutic potential. By converting the active pharmaceutical compound from its crystalline to
amorphous form, ASD technology significantly enhances solubility, dissolution rate, and bioavailability, thereby facilitating
more efficient absorption. As illustrated in Figure 3, ASD formulations demonstrate higher apparent solubility, allowing the
drug to dissolve faster and penetrate the apical membrane into systemic circulations. This improved absorption may result in
greater systemic exposure of the active compound and, in the context of insulin secretagogues, may contribute to enhanced
insulin secretion and more effective glycemic control. These effects are consistent with the in vivo findings summarized in
Table 2. Thus, Figure 3 provides an integrated schematic link between molecular-level ASD performance and its expected
pharmacokinetic and pharmacodynamic consequences in antidiabetic therapy.

The principle mechanism responsible for the improved bioavailability in ASD systems is the generation of a supersaturated
state, which enables higher apparent solubility and faster passive diffusion of the drug into the bloodstream. In addition, the
molecular dispersion of drug molecules within the polymer matrix produces extremely fine dispersion domains approaching
the molecular scale, effectively increasing the surface area exposed to the dissolution medium and facilitating rapid drug
release. This rapid drug dissolution promotes the formation of a supersaturated solution in gastrointestinal fluids, which
increases the thermodynamic driving force for membrane permeation. Additionally, molecular interactions between the drug
and the polymer matrix — such as via hydrogen bonding — stabilize the supersaturated state, prevent recrystallization, and
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Figure 3 Amorphous solid dispersions ASD mechanism in body. The ASD drug is represented by purple drug particles dispersed within green polymeric chains, whereas the
pure drug is represented by aggregated purple particles. The black arrows indicate the sequence from formulation to solubility, intestinal permeation, and antidiabetic
efficacy. The high-solubility panel shows dispersed ASD drug particles in the dissolution medium, while the low-solubility panel shows poorly dispersed pure drug particles.
The apical membrane represents the intestinal absorption barrier, and the arrows toward the blood flow compartment indicate drug permeation. In the efficacy graph, blue
circles represent the pure drug and red squares represent the ASD drug. The lower blood glucose levels observed in the ASD drug group indicate a greater glucose-lowering
effect over time compared with the pure drug in diabetic rats.
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maintain the amorphous form during dissolution. The elevated thermodynamic activity of the amorphous drug further
enhances membrane permeation, collectively resulting in improved in vitro and in vivo performance compared with the
crystalline form. These mechanisms collectively enhance both the physicochemical stability and pharmacological efficacy of
the compound.

Although ASD technology offers clear advantages in improving the dissolution and oral bioavailability of poorly
water-soluble sulfonylureas and meglitinides, several limitations and risks should be acknowledged. The amorphous form
is thermodynamically unstable and may recrystallize during storage or upon exposure to gastrointestinal fluids, thereby
reducing the dissolution and solubility advantages of the formulation. The stabilizing effect of polymers is highly drug-
specific; therefore, a polymer that effectively maintains supersaturation for one compound may not provide the same
benefit for another insulin secretagogue. High polymer content, hygroscopicity, moisture sensitivity, phase separation,
and limited drug loading may also affect dosage form performance, manufacturability, and long-term physical stability.
These issues indicate that ASD development requires careful evaluation of drug—polymer miscibility, glass transition
behavior, storage stability, and precipitation inhibition.

The translation of ASD performance from in vitro dissolution studies to in vivo and clinical outcomes also remains
challenging. Many studies on sulfonylureas and meglitinides are still limited to laboratory-scale formulations, animal
models, or short-term pharmacokinetic evaluations. Therefore, improved dissolution, Cmax, or AUC should be inter-
preted as biopharmaceutical advantages rather than direct evidence of sustained glycemic control, lower hypoglycemia
risk, or superior patient outcomes in clinical settings. Large-scale manufacturing processes, particularly spray drying and
hot-melt extrusion, require strict control of processing parameters to ensure reproducibility and may introduce additional
challenges, including thermal stress, residual solvent control, batch-to-batch variability, and higher production costs
compared with conventional dosage forms. Continued optimization of polymer selection, stability testing, scale-up
processes, and clinical validation is therefore essential before ASD systems can be considered clinically reliable for
oral antidiabetic therapy.

Expert Opinion and Future Perspectives

ASD technology represents a promising formulation strategy for improving the biopharmaceutical performance of
poorly water-soluble insulin secretagogues, particularly sulfonylureas and meglitinides. These drugs remain clinically
relevant in the management of type 2 diabetes because of their ability to stimulate insulin secretion; however, their oral
performance is frequently limited by poor aqueous solubility, slow dissolution, and variable absorption. By converting
the crystalline drug into an amorphous form and stabilizing it within a polymeric matrix, ASD systems may enhance
apparent solubility, dissolution rate, supersaturation, and systemic exposure. Nevertheless, these benefits should be
interpreted with caution, as improved dissolution or bioavailability does not automatically ensure sustained glycemic
control, reduced hypoglycemia risk, or superior clinical outcomes without further pharmacokinetic, pharmacodynamic,
and clinical validation.

Future development of ASD-based sulfonylurea and meglitinide formulations should prioritize rational polymer selection,
long-term physical stability, and reliable maintenance of supersaturation under gastrointestinal conditions. Because the
amorphous form is thermodynamically unstable, recrystallization during storage or dissolution remains one of the major
barriers to successful ASD translation. Therefore, future studies should place greater emphasis on drug—polymer miscibility,
intermolecular interactions, glass transition behavior, moisture sensitivity, phase separation, and precipitation inhibition. The
development of ternary ASD systems containing polymers, surfactants, or precipitation inhibitors may provide additional
advantages for maintaining supersaturation and improving dissolution performance. However, these systems should be
evaluated systematically, as improved in vitro dissolution alone is insufficient to confirm superior in vivo performance.

From a translational perspective, ASD technology may serve as a bridge between formulation science and clinical
application, but stronger evidence is still required. Many available studies on sulfonylureas and meglitinides remain limited
to laboratory-scale formulations, animal models, or short-term pharmacokinetic evaluations. Although several ASD-based
drug products have reached clinical use in other therapeutic areas, the clinical translation of ASD formulations for
sulfonylureas and meglitinides remains limited. At present, no ASD-based formulation of sulfonylureas or meglitinides has
been clearly established for routine clinical use based on the studies reviewed. Therefore, improved dissolution, Cmax, or
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AUC should be interpreted as biopharmaceutical advantages rather than direct evidence of sustained glycemic control,
reduced hypoglycemia risk, or superior long-term clinical outcomes. Future studies should also adopt more standardized
reporting of formulation composition, drug—polymer ratio, dissolution conditions, stability data, and pharmacokinetic end-
points to allow more reliable comparison across sulfonylurea and meglitinide ASD formulations. Future research should
therefore include stability-indicating studies under relevant storage conditions, scalable manufacturing assessment using spray
drying or hot-melt extrusion, and comparative pharmacokinetic/pharmacodynamic studies that link formulation performance
with glycemic outcomes. Clinical validation is particularly important because sulfonylureas and meglitinides require a careful
balance between glucose-lowering efficacy and hypoglycemia risk. Given the increasing burden of type 2 diabetes, including
in countries such as Indonesia, improving existing oral antidiabetic formulations through ASD technology may offer practical
value, provided that stability, manufacturability, cost-effectiveness, regulatory acceptance, and patient-centered clinical
outcomes are adequately addressed. Ultimately, ASD should be regarded not merely as a solubility-enhancement technique,
but as a formulation platform whose clinical relevance depends on rigorous optimization and translational validation.

Conclusion

Current evidence consistently demonstrates that polymer-based amorphous solid dispersion (ASD) systems represent
a promising strategy to overcome the major biopharmaceutical limitations of poorly water-soluble insulin secretagogues,
particularly sulfonylureas and meglitinides. Across the reviewed studies, ASD formulations showed improved dissolution
performance, enhanced oral bioavailability, and more consistent therapeutic outcomes compared with conventional
crystalline formulations. These findings highlight the critical role of polymer selection and supersaturation stabilization
in determining ASD performance and long-term formulation success. Despite these promising advances, several
challenges continue to limit the widespread clinical and industrial application of ASD systems, including physical
instability, recrystallization risk, scale-up complexity, and limited long-term clinical validation. Future progress in ASD
technology will depend on the development of more stable and scalable formulations, deeper understanding of drug—
polymer interactions, and stronger translational studies bridging laboratory findings with clinical applications. Overall,
ASD technology holds strong potential to support the next generation of oral antidiabetic formulations with improved
therapeutic efficiency and patient outcomes.
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