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ABSTRACT 
Diabetes mellitus represents one of the most significant global health 

challenges of the 21st century, affecting hundreds of millions of individuals 

worldwide and imposing substantial burdens on healthcare systems, 

economies, and quality of life. This comprehensive review examines the 

multifaceted nature of diabetes, encompassing its epidemiology, 

pathophysiology, classification, complications, and therapeutic strategies. 

Particular emphasis is placed on pharmacological interventions, including 

the role of sulfonylureas such as gliclazide in managing type 2 diabetes 

mellitus (Palmer & Brogden, 1993; Patel, 2024). The review explores 

emerging pharmaceutical technologies, including nanotechnology-based 

drug delivery systems that aim to enhance therapeutic efficacy, 

bioavailability, and patient compliance (Patel et al., 2019; Sampathi et al., 

2022; Mazyed & El-Masry, 2025). Understanding the complex mechanisms 

underlying diabetes and the continuous evolution of treatment modalities 

is essential for healthcare professionals striving to optimize patient 

outcomes and mitigate the devastating complications associated with this 

chronic metabolic disorder. 
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1. INTRODUCTION: 
Diabetes mellitus encompasses a group of metabolic 

disorders characterized by chronic hyperglycemia 

resulting from defects in insulin secretion, insulin 

action, or both. The condition has reached epidemic 

proportions globally, with prevalence rates 

continuing to rise at alarming rates across all 

demographic groups and geographic regions. The 

pathophysiological complexity of diabetes 

necessitates comprehensive therapeutic approaches 

that address multiple aspects of the disease process 

(Uddin et al., 2013). 

 

The clinical significance of diabetes extends far 

beyond elevated blood glucose levels. Chronic 

hyperglycemia leads to numerous microvascular and 

macrovascular complications affecting multiple 

organ systems, including the cardiovascular system, 

kidneys, eyes, and peripheral nerves. The 

management of diabetes requires evidence-based 

interventions that can effectively control blood 

glucose levels while minimizing adverse effects and 

improving patient quality of life (Patel, 2024). 

 

Effective management of diabetes requires a 

comprehensive, multifaceted approach integrating 

lifestyle modifications, patient education, regular 

monitoring, and pharmacological interventions 

tailored to individual patient needs. The landscape 

of diabetes therapeutics has evolved dramatically 

over recent decades, with numerous novel agents 

and drug delivery systems emerging to complement 

traditional treatment approaches (Uddin et al., 2013; 

Patel et al., 2019).  

 

Understanding the pathophysiological mechanisms 

underlying different forms of diabetes, recognizing 

the diverse clinical presentations, and implementing 

evidence-based therapeutic strategies are 

fundamental to achieving optimal glycemic control 

and preventing or delaying the onset of debilitating 

complications. Advanced pharmaceutical 
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formulations have shown promise in enhancing drug 

delivery and therapeutic outcomes, particularly 

through nanotechnology-based approaches 

(Sampathi et al., 2022; Padmnabh & Bhatt, 2023). 

 

2. Pathophysiology of Diabetes Mellitus 

2.1 Type 1 Diabetes: Autoimmune Beta-Cell 

Destruction 

Type 1 diabetes mellitus results from autoimmune 

destruction of pancreatic beta cells, leading to 

absolute insulin deficiency. The autoimmune 

process involves T-cell mediated destruction of 

insulin-producing beta cells in the pancreatic islets 

of Langerhans, resulting in progressive loss of 

insulin secretion capacity. The ability to visualize 

and quantify pancreatic beta-cell mass has become 

increasingly important for understanding disease 

progression and evaluating therapeutic interventions 

(El-Kawy et al., 2023). 

 

The pathogenesis of type 1 diabetes involves a 

complex interplay between genetic susceptibility 

and environmental triggers. Environmental factors 

that may trigger or accelerate the autoimmune 

process include viral infections, dietary factors, and 

early childhood exposures.  

 

Individuals with type 1 diabetes require lifelong 

insulin replacement therapy for survival, as their 

pancreatic beta cells are unable to produce sufficient 

insulin to maintain glucose homeostasis. The loss of 

endogenous insulin secretion disrupts the normal 

physiological regulation of glucose metabolism, 

leading to hyperglycemia in the absence of 

exogenous insulin administration. The management 

of type 1 diabetes is complicated by the need to 

match insulin doses to fluctuating glucose levels 

influenced by food intake, physical activity, stress, 

and other factors. Understanding pancreatic beta-

cell mass and function remains crucial for 

developing novel therapeutic strategies (El-Kawy et 

al., 2023). 

 

2.2 Type 2 Diabetes: Insulin Resistance and Beta-

Cell Dysfunction 

Type 2 diabetes mellitus, which accounts for 

approximately 90-95% of all diabetes cases, is 

characterized by insulin resistance in peripheral 

tissues combined with progressive beta-cell 

dysfunction and relative insulin deficiency. The 

pathophysiology of type 2 diabetes is complex and 

multifactorial, involving genetic predisposition, 

environmental factors, obesity, physical inactivity, 

and aging. The disease typically develops gradually 

over years, with an extended period of impaired 

glucose tolerance preceding the diagnosis of overt 

diabetes (Patel, 2024). 

 

Insulin resistance represents a fundamental defect in 

type 2 diabetes, characterized by impaired insulin-

mediated glucose uptake in skeletal muscle and 

adipose tissue, along with inadequate suppression of 

hepatic glucose production. Adipose tissue 

dysfunction plays a central role in the development 

of insulin resistance through altered secretion of 

adipokines, increased free fatty acid release, and 

promotion of systemic inflammation. 

 

However, over time, beta cells become unable to 

sustain the increased insulin output required to 

overcome peripheral insulin resistance. The 

mechanisms underlying beta-cell failure include 

glucotoxicity, lipotoxicity, oxidative stress, 

endoplasmic reticulum stress, amyloid deposition, 

and genetic factors affecting beta-cell function. The 

progressive nature of beta-cell dysfunction in type 2 

diabetes means that many patients eventually require 

intensification of therapy, including insulin 

treatment (Couturier, 1985; Patel, 2024). 

 

2.3 Glucose Metabolism and Hormonal 

Regulation 

Normal glucose homeostasis depends on the 

coordinated actions of multiple hormones, with 

insulin playing the central role in promoting glucose 

uptake, utilization, and storage. Insulin, secreted by 

pancreatic beta cells in response to elevated blood 

glucose levels, facilitates glucose transport into 

skeletal muscle and adipose tissue through 

translocation of glucose transporter 4 

to the cell membrane.  

 

Counter-regulatory hormones including glucagon, 

cortisol, growth hormone, and epinephrine oppose 

the actions of insulin and promote glucose release 

into the bloodstream. Glucagon, secreted by 

pancreatic alpha cells during fasting states, 

stimulates hepatic glucose production through 

enhanced gluconeogenesis and glycogenolysis. The 

balance between insulin and counter-regulatory 

hormones maintains blood glucose within a narrow 

physiological range under normal circumstances. In 

diabetes, this delicate balance is disrupted, leading 

to chronic hyperglycemia and metabolic dysfunction 

(Palmer & Brogden, 1993). 

 

The incretin system also plays an important role in 

glucose regulation. Glucagon-like peptide- 1 and 

glucose-dependent insulinotropic polypeptide are 

intestinal hormones secreted in response to nutrient 

ingestion that enhance glucose-stimulated insulin 

secretion, suppress glucagon release, slow gastric 

emptying, and promote satiety. The incretin effect is 

diminished in individuals with type 2 diabetes, 

contributing to impaired postprandial glucose 

control. Therapeutic agents targeting the incretin 

system have emerged as valuable additions to the 

diabetes treatment armamentarium, though 
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traditional agents like sulfonylureas remain 

important therapeutic options (Couturier, 1985; 

Patel, 2024). 

 

3. Clinical Manifestations and Complications 

3.1 Acute Metabolic Complications 

Acute metabolic complications of diabetes include 

diabetic ketoacidosis and hyperosmolar 

hyperglycemic state, both representing medical 

emergencies requiring immediate intervention. 

Diabetic ketoacidosis occurs primarily in type 1 

diabetes when severe insulin deficiency leads to 

increased lipolysis, excessive free fatty acid 

oxidation, and ketone body production. The 

accumulation of ketoacids causes metabolic 

acidosis, while hyperglycemia leads to osmotic 

diuresis, dehydration, and electrolyte disturbances. 

Precipitating factors for diabetic ketoacidosis 

include infections, inadequate insulin 

administration, myocardial infarction, and other 

physiological stresses. 

 

Hyperosmolar hyperglycemic state typically occurs 

in type 2 diabetes and is characterized by severe 

hyperglycemia, hyperosmolarity, and dehydration 

without significant ketoacidosis. The extreme 

hyperglycemia results from inadequate insulin 

action combined with increased counter-regulatory 

hormones, while the absence of significant ketosis 

reflects sufficient insulin to suppress lipolysis. The 

profound dehydration results from sustained 

osmotic diuresis and inadequate fluid replacement. 

Both diabetic ketoacidosis and hyperosmolar 

hyperglycemic state carry significant morbidity and 

mortality risks, emphasizing the importance of 

effective glucose management strategies (Patel, 

2024). 

 

Hypoglycemia represents another important acute 

complication, particularly in patients treated with 

insulin or insulin secretagogues. Hypoglycemia 

occurs when blood glucose falls below normal 

levels, triggering counter-regulatory hormone 

responses and autonomic symptoms including 

tremor, palpitations, anxiety, and sweating. Severe 

hypoglycemia can progress to neuroglycopenic 

symptoms including confusion, seizures, loss of 

consciousness, and potentially death. The risk of 

hypoglycemia must be balanced against the benefits 

of intensive glycemic control when selecting and 

adjusting diabetes medications (Palmer & Brogden, 

1993; Patel, 2024). 

 

3.2 Chronic Microvascular Complications 

Diabetic retinopathy represents the most common 

microvascular complication and is a leading cause of 

blindness in working-age adults. Chronic 

hyperglycemia damages retinal capillaries through 

multiple mechanisms including increased oxidative 

stress, accumulation of advanced glycation end 

products, activation of protein kinase C, and 

increased polyol pathway flux. The progression 

from nonproliferative to proliferative retinopathy 

involves progressive vascular damage, capillary 

occlusion, retinal ischemia, and pathological 

neovascularization. Macular edema can occur at any 

stage and represents an important cause of vision 

loss. Regular ophthalmologic screening and optimal 

glycemic control are essential for preventing or 

delaying the onset and progression of diabetic 

retinopathy. 

 

Diabetic nephropathy affects a substantial 

proportion of individuals with diabetes and 

represents a leading cause of end-stage renal disease 

requiring dialysis or transplantation. The 

pathogenesis involves glomerular hyperfiltration, 

increased intraglomerular pressure, thickening of the 

glomerular basement membrane, mesangial 

expansion, and progressive glomerulosclerosis. 

Microalbuminuria represents the earliest clinical 

manifestation, progressing to overt proteinuria and 

declining renal function if left untreated. Risk 

factors for diabetic nephropathy include poor 

glycemic control, hypertension, genetic 

susceptibility, and duration of diabetes. 

Interventions targeting both glucose and blood 

pressure control are essential for preventing or 

slowing the progression of diabetic kidney disease. 

 

Diabetic neuropathy encompasses a variety of nerve 

disorders affecting both peripheral and autonomic 

nervous systems. Distal symmetric polyneuropathy 

represents the most common presentation, 

characterized by numbness, tingling, burning pain, 

and loss of protective sensation in a stocking-glove 

distribution. The loss of protective sensation 

increases the risk of foot ulcers and amputations. 

Autonomic neuropathy can affect multiple organ 

systems, causing gastroparesis, neurogenic bladder, 

erectile dysfunction, orthostatic hypotension, and 

cardiac autonomic dysfunction. The pathogenesis of 

diabetic neuropathy involves multiple metabolic and 

vascular mechanisms including polyol pathway 

activation, oxidative stress, advanced glycation end 

products, and microvascular ischemia (Patel, 2024). 

 

3.3 Chronic Macrovascular Complications 

Cardiovascular disease represents the leading cause 

of morbidity and mortality in individuals with 

diabetes. Diabetes accelerates atherosclerosis 

through multiple mechanisms including endothelial 

dysfunction, increased oxidative stress, 

inflammation, platelet hyperreactivity, and 

dyslipidemia. Individuals with diabetes face 

substantially increased risks for coronary artery 

disease, myocardial infarction, stroke, and 

peripheral arterial disease. The metabolic 
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abnormalities associated with diabetes, including 

hyperglycemia, insulin resistance, dyslipidemia, and 

hypertension, collectively contribute to accelerated 

vascular damage and increased cardiovascular risk 

(Patel, 2024). 

 

Coronary artery disease manifests more frequently 

and at younger ages in individuals with diabetes 

compared to the general population. Diabetes is 

associated with more diffuse and severe coronary 

atherosclerosis, increased likelihood of multivessel 

disease, and worse outcomes following myocardial 

infarction. The presentation of cardiac ischemia may 

be atypical in diabetes, particularly in individuals 

with autonomic neuropathy, leading to delayed 

diagnosis and treatment. Comprehensive 

cardiovascular risk reduction strategies including 

glycemic control, blood pressure management, 

lipid-lowering therapy, antiplatelet agents, and 

lifestyle modifications are essential components of 

diabetes care. 

 

Cerebrovascular disease occurs more frequently in 

individuals with diabetes, with substantially 

elevated risks for both ischemic and hemorrhagic 

strokes. Diabetes affects both large vessel 

atherosclerosis and small vessel disease, 

contributing to increased stroke incidence and worse 

outcomes. Peripheral arterial disease is also 

markedly increased in diabetes, often coexisting 

with diabetic neuropathy to increase the risk of foot 

ulcers, infections, and amputations. The 

combination of vascular disease and neuropathy 

creates a particularly high-risk situation requiring 

vigilant foot care and regular screening (Patel, 

2024). 

 

4. Pharmacological Management of Type 2 

Diabetes 

4.1 Sulfonylureas and Insulin Secretagogues 

Sulfonylureas represent one of the oldest classes of 

oral antidiabetic medications and continue to play an 

important role in the management of type 2 diabetes. 

These agents stimulate insulin secretion from 

pancreatic beta cells by binding to sulfonylurea 

receptors on the beta-cell membrane, leading to 

closure of ATP-sensitive potassium channels, 

membrane depolarization, calcium influx, and 

insulin granule exocytosis. The glucose-lowering 

efficacy of sulfonylureas is well established, though 

their use is associated with risks of hypoglycemia 

and weight gain (Palmer & Brogden, 1993; 

Couturier, 1985). 

 

Gliclazide represents a second-generation 

sulfonylurea with distinct pharmacological 

properties that may offer advantages over other 

agents in this class. Beyond its primary mechanism 

of stimulating insulin secretion, gliclazide 

demonstrates additional beneficial effects including 

antioxidant properties, improvement of endothelial 

function, and potential cardiovascular protective 

effects. The drug has been shown to enhance insulin 

response to glucose in patients with type 2 diabetes 

during long-term therapy, suggesting potential 

benefits on beta-cell function beyond acute insulin 

secretion (Couturier, 1985; Palmer & Brogden, 

1993). 

 

The safety and effectiveness of gliclazide in 

managing type 2 diabetes have been extensively 

evaluated in clinical practice. The agent 

demonstrates favorable pharmacokinetic properties 

including reliable absorption, appropriate duration 

of action, and hepatic metabolism. The risk of severe 

hypoglycemia with gliclazide appears to be lower 

compared to some other sulfonylureas, though 

appropriate dosing and patient monitoring remain 

essential. The drug continues to be widely used 

globally, particularly in resource-limited settings 

where newer, more expensive agents may not be 

accessible (Palmer & Brogden, 1993; Patel, 2024). 

 

4.2 Limitations of Conventional Formulations 

Despite the proven efficacy of gliclazide and other 

oral antidiabetic agents, conventional formulations 

face several limitations that may compromise 

therapeutic outcomes. Poor aqueous solubility 

represents a significant challenge for gliclazide, 

classified as a Biopharmaceutics Classification 

System Class II drug with low solubility and high 

permeability. This poor solubility limits dissolution 

rates, leading to variable and often incomplete 

absorption from the gastrointestinal tract, resulting 

in suboptimal bioavailability and unpredictable 

plasma concentrations (Uddin et al., 2013; 

Wankhade et al., 2010). 

 

The dissolution rate of poorly water-soluble drugs 

like gliclazide often represents the rate- limiting step 

in absorption, particularly when administered in 

conventional tablet formulations. Slow dissolution 

can lead to delayed onset of action, reduced peak 

plasma concentrations, and increased intra- and 

inter-subject variability in drug exposure. These 

pharmacokinetic limitations may necessitate higher 

doses to achieve therapeutic effects, potentially 

increasing the risk of adverse effects while failing to 

optimize glycemic control (Padmnabh & Bhatt, 

2023; Reichal & Pius, 2021). 

 

Additionally, conventional formulations may not 

provide optimal drug release profiles for 

maintaining stable plasma concentrations 

throughout the dosing interval. Immediate-release 

formulations can produce sharp peaks in drug 

concentration followed by rapid declines, potentially 

contributing to glucose fluctuations and suboptimal 
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glycemic control. Extended- release formulations 

address some of these concerns but may still face 

challenges related to the fundamental solubility 

limitations of the active pharmaceutical ingredient 

(Wankhade et al., 

2010; Uddin et al., 2013). 

 

5. Nanotechnology-Based Drug Delivery Systems 

5.1 Rationale for Nanoscale Formulations 

Nanotechnology has emerged as a promising 

approach for addressing the formulation challenges 

associated with poorly water-soluble drugs like 

gliclazide. Nanoscale drug delivery systems offer 

multiple potential advantages including enhanced 

dissolution rates, improved bioavailability, sustained 

drug release, targeted delivery, and reduced dosing 

frequency. By reducing particle size to the 

nanometer range, the surface area available for 

dissolution increases dramatically, potentially 

overcoming the solubility-limited absorption that 

characterizes conventional formulations (Patel et al., 

2019; Sampathi et al., 2022). 

 

The principles underlying enhanced dissolution of 

nanoformulations include increased surface area-to-

volume ratios, reduced diffusion layer thickness, and 

increased saturation solubility according to the 

Ostwald-Freundlich equation. These factors 

collectively contribute to more rapid and complete 

dissolution of the drug substance, facilitating 

absorption and potentially improving both the rate 

and extent of systemic drug exposure. Enhanced 

bioavailability through nanoformulation approaches 

could enable dose reduction while maintaining or 

improving therapeutic efficacy (Padmnabh & Bhatt, 

2023; Mazyed & El-Masry, 2025). 

 

Beyond addressing solubility and bioavailability 

challenges, nanotechnology-based delivery systems 

offer opportunities for controlled and sustained drug 

release. Polymer-based nanocarriers can be 

engineered to provide prolonged drug release, 

maintaining therapeutic plasma concentrations over 

extended periods and potentially reducing dosing 

frequency. This sustained release characteristic may 

contribute to improved glycemic control by 

minimizing fluctuations in drug concentrations and 

providing more consistent insulin secretagogue 

effects throughout the day (Panda et al., 2019; Panda 

et al., 2020). 

 

5.2 Nanosuspensions 

Nanosuspensions represent one of the simplest and 

most versatile nanotechnology-based approaches for 

improving the delivery of poorly water-soluble 

drugs. This approach maintains the crystalline 

nature of the drug while dramatically increasing the 

surface area available for dissolution, leading to 

enhanced dissolution rates and improved oral 

bioavailability (Sampathi et al., 2022; Padmnabh & 

Bhatt, 2023). 

 

Various methods have been employed for preparing 

gliclazide nanosuspensions, including precipitation 

techniques, high-pressure homogenization, and wet 

milling. Precipitation methods involve dissolving 

the drug in a water-miscible organic solvent 

followed by rapid addition to an aqueous phase 

containing stabilizers, resulting in rapid 

supersaturation and formation of nanosized drug 

particles. The optimization of formulation variables 

including drug concentration, stabilizer type and 

concentration, precipitation conditions, and 

processing parameters is critical for achieving 

nanosuspensions with desirable characteristics 

(Saran et al., 2020; Reichal & Pius, 2021). 

 

The evaluation of gliclazide nanosuspensions has 

demonstrated significant improvements in 

dissolution rate compared to conventional 

formulations. Enhanced dissolution translates to 

improved pharmacokinetic profiles characterized by 

higher maximum plasma concentrations, shorter 

time to reach maximum concentration, and 

increased area under the concentration-time curve. 

The stabilization of nanosuspensions represents a 

critical challenge, requiring careful selection of 

surfactants and polymers to prevent particle 

aggregation and maintain long-term physical 

stability (Sampathi et al., 2022; Padmnabh & Bhatt, 

2023). 

 

Pharmacokinetic and anti-diabetic studies of 

gliclazide nanosuspensions have provided 

compelling evidence for the benefits of this 

nanotechnology-based approach.. The enhanced 

bioavailability has translated to superior glycemic 

control in preclinical diabetes models, with 

nanosuspension-treated animals showing greater 

reductions in blood glucose levels compared to those 

receiving conventional formulations (Sampathi et 

al., 2022). 

 

5.3 Polymeric Nanoparticles 

Polymeric nanoparticles represent another important 

class of nanoscale drug delivery system offering 

unique advantages for diabetes therapeutics. 

Poly(lactic-co-glycolide) has emerged as one of the 

most widely used polymers for nanoparticle 

preparation due to its excellent biocompatibility, 

biodegradability, and approval for pharmaceutical 

applications (Tummala et al., 2014; Panda et al., 

2019). 

The preparation and characterization of gliclazide-

loaded polymeric nanoparticles have been 

extensively investigated using various fabrication 

techniques. The selection of preparation method, 

polymer type, drug- to-polymer ratio, and stabilizers 
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significantly influences nanoparticle characteristics 

including size, drug loading, encapsulation 

efficiency, and release kinetics (Tummala et al., 

2014; Panda et al., 2019). 

 

Poly(lactic-co-glycolide)-based nanocrystal carriers 

have been developed as second-generation smarter 

delivery systems for gliclazide, incorporating design 

features aimed at improving drug delivery and 

therapeutic efficacy. The fabrication of these 

nanocrystal carriers involved optimization of 

multiple formulation variables to achieve desired 

particle characteristics and drug release profiles 

(Panda et al., 2019). 

 

Eudragit-based nanoparticles have also been 

investigated as alternative polymeric carriers for 

gliclazide delivery. Both nanoparticle formulations 

demonstrated improvements over conventional 

marketed products in terms of dissolution 

characteristics and potentially bioavailability 

(Tummala et al., 2014). 

 

5.4 Electrospun Nanofibers 

Electrospinning represents an innovative technique 

for fabricating ultrafine fibers with diameters in the 

nanometer to micrometer range. This technology has 

been applied to develop nanofiber-based drug 

delivery systems offering unique advantages 

including high surface area- to-volume ratios, 

porosity, and flexibility in compositional design. 

Electrospun nanofibers can be engineered to provide 

controlled drug release profiles suitable for chronic 

disease management such as diabetes (Panda et al., 

2020). 

 

The design, fabrication, and characterization of 

polyvinyl alcohol/poly(lactic-co-glycolide) 

electrospun nanofiber carriers for gliclazide have 

demonstrated the potential of this approach for 

improving drug delivery in type 2 diabetes. The 

resulting fiber mats exhibit high porosity and large 

surface areas conducive to rapid drug dissolution 

and release (Panda et al., 2020). 

 

The characterization of electrospun nanofiber 

formulations includes assessment of fiber 

morphology, diameter distribution, drug loading, 

encapsulation efficiency, and in vitro drug release 

profiles. Scanning electron microscopy reveals the 

nanofibrous structure and uniformity of fiber 

diameters. Drug release studies demonstrate that 

nanofiber formulations can provide sustained 

release of gliclazide over extended periods, 

potentially offering advantages for maintaining 

stable plasma drug concentrations and improving 

glycemic control. The biocompatibility and 

biodegradability of the polymer components ensure 

safety for pharmaceutical applications (Panda et al., 

2020). 

 

5.5 Self-Nanoemulsifying Drug Delivery Systems 

 

Self-nanoemulsifying drug delivery systems 

represent lipid-based formulations that 

spontaneously form fine oil-in-water nanoemulsions 

upon dilution in aqueous media under gentle 

agitation. The resulting nanoemulsions exhibit very 

small droplet sizes, typically less than 200 

nanometers, providing large interfacial areas for 

drug dissolution and absorption (Wankhade et al., 

2010). 

 

The design and evaluation of self-nanoemulsifying 

drug delivery systems for gliclazide have focused on 

achieving solubility enhancement and pH-

independent drug release. The selection of 

appropriate oil phases, surfactants, and co-

surfactants requires systematic screening and 

optimization using phase diagram studies. Oils with 

good solubilizing capacity for gliclazide are 

identified, while surfactants with appropriate 

hydrophilic-lipophilic balance values are selected to 

ensure efficient emulsification. Co-surfactants 

further reduce interfacial tension and enhance 

system flexibility (Wankhade et al., 2010). 

 

The formulation optimization of self-

nanoemulsifying drug delivery systems involves 

constructing pseudoternary phase diagrams to 

identify compositions that yield stable 

nanoemulsions with desirable characteristics. The 

self-emulsification efficiency, droplet size 

distribution, zeta potential, and drug loading 

capacity represent critical quality attributes 

evaluated during development. In vitro dissolution 

studies demonstrate that self- nanoemulsifying 

formulations provide significantly enhanced 

dissolution rates compared to conventional 

formulations, with the added advantage of pH-

independent release ensuring consistent 

performance across the gastrointestinal pH gradient 

(Wankhade et al., 2010). 

 

5.6 Lipid-Based Nanoformulations 

Lipid-based nanoformulations have gained 

considerable attention as effective approaches for 

improving the oral bioavailability of poorly water-

soluble drugs. These systems leverage the natural 

lipid absorption pathways in the gastrointestinal 

tract, potentially enhancing drug absorption through 

lymphatic transport and bypassing hepatic first-pass 

metabolism. Various types of lipid-based 

formulations including solid lipid nanoparticles, 

nanostructured lipid carriers, and lipid nanocapsules 

have been investigated for pharmaceutical 

applications (Patel et al., 2019). 
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The application of Quality by Design principles to 

develop lipid-based nanoformulations of gliclazide 

represents a systematic, science-based approach to 

pharmaceutical development. Quality by Design 

emphasizes understanding product and process 

characteristics, identifying critical quality attributes, 

and establishing design space through systematic 

experimentation and risk assessment. This approach 

ensures robust formulation development with 

consistent quality attributes and predictable 

performance (Patel et al., 2019). 

 

The development of lipid-based nanoformulations 

for gliclazide involved screening various lipids, 

surfactants, and co-surfactants to identify 

components with optimal characteristics. Solid 

lipids with appropriate melting points and drug 

solubility were evaluated, while surfactants were 

selected based on emulsification efficiency and 

safety profiles. Design of experiments 

methodologies were employed to systematically 

optimize formulation variables and processing 

parameters, identifying the design space where 

critical quality attributes remain within acceptable 

ranges (Patel et al., 2019). 

 

The evaluation of optimized lipid-based 

nanoformulations demonstrated significant 

improvements in oral bioavailability and anti-

diabetic activity. Pharmacokinetic studies revealed 

markedly increased maximum plasma 

concentrations and area under the curve values for 

lipid nanoformulations compared to conventional 

formulations, confirming enhanced bioavailability. 

The improved pharmacokinetic profiles translated to 

superior anti-diabetic efficacy, with lipid 

nanoformulation-treated animals showing greater 

reductions in blood glucose levels and improved 

glucose tolerance compared to conventional 

formulation controls (Patel et al., 2019). 

 

5.7 Spanlastic Nanovesicles: 

Spanlastic nanovesicles represent an emerging class 

of elastic vesicular systems composed of non-ionic 

surfactants and edge activators. These deformable 

vesicles can squeeze through pores much smaller 

than their own diameter, potentially enhancing skin 

penetration for transdermal delivery or improving 

absorption across intestinal epithelium for oral 

delivery. The elastic nature of spanlastics 

distinguishes them from conventional rigid vesicles, 

offering potential advantages for drug delivery 

applications (Mazyed & El-Masry, 2025). 

 

The preparation of gliclazide-loaded spanlastic 

nanovesicles involved selection of appropriate span 

surfactants and edge activators to achieve vesicles 

with optimal characteristics. The thin- film 

hydration method represents a common approach for 

preparing spanlastics, involving dissolution of 

surfactants and edge activators in organic solvent, 

evaporation to form a thin film, and hydration with 

aqueous medium containing the drug. The resulting 

vesicular dispersions are typically subjected to size 

reduction through sonication or extrusion to achieve 

uniform particle size distributions (Mazyed & El-

Masry, 2025). 

 

The characterization of spanlastic nanovesicles 

includes assessment of vesicle size, polydispersity 

index, zeta potential, entrapment efficiency, and 

deformability. Transmission electron microscopy 

confirms the vesicular structure and morphology. 

The elastic properties of spanlastics are evaluated 

through extrusion studies measuring the ability of 

vesicles to pass through filters with pore sizes 

smaller than the vesicle diameter. High 

deformability indices indicate greater elasticity and 

potentially enhanced absorption across biological 

membranes (Mazyed & El-Masry, 2025). 

 

The evaluation of gliclazide-loaded spanlastic 

nanovesicles demonstrated their potential for 

empowering bioavailability and antidiabetic 

efficacy. Pharmacokinetic studies revealed 

significantly enhanced oral bioavailability for 

spanlastic formulations compared to conventional 

formulations and drug suspensions. The improved 

bioavailability was attributed to multiple factors 

including enhanced solubilization, protection from 

degradation, facilitated absorption across intestinal 

epithelium due to vesicle elasticity, and potentially 

lymphatic transport. The enhanced bioavailability 

translated to superior antidiabetic efficacy in animal 

models (Mazyed & El-Masry, 2025). 

 

5.8 pH-Sensitive Nanoparticles 

pH-sensitive nanoparticles represent smart drug 

delivery systems designed to respond to pH 

variations in different physiological environments. 

These systems can be engineered to remain stable in 

the acidic environment of the stomach while 

releasing drug in the neutral to slightly alkaline pH 

of the intestine, protecting acid-labile drugs and 

minimizing gastric side effects while optimizing 

intestinal absorption. The development of pH-

sensitive nanoparticles for oral drug delivery has 

gained increasing attention in pharmaceutical 

research (Al-Kassas et al., 

2021). 

 

The development and optimization of pH-sensitive 

nanoparticles for oral delivery of gliclazide 

employed factorial design approaches to 

systematically evaluate the effects of formulation 

variables on nanoparticle characteristics and 

performance. Factorial designs enable efficient 

exploration of multifactorial design spaces, 
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identifying main effects and interactions between 

variables while minimizing the number of 

experimental runs required. This systematic 

approach ensures robust formulation development 

with well-characterized critical quality attributes 

(Al-Kassas et al., 2021). 

 

The formulation of pH-sensitive nanoparticles for 

gliclazide involved selection of pH-sensitive 

polymers such as methacrylic acid copolymers that 

remain insoluble at acidic pH but dissolve at neutral 

to alkaline pH. The incorporation of gliclazide into 

these polymer matrices was achieved through 

various techniques including emulsification 

followed by solvent evaporation or 

nanoprecipitation. The optimization process focused 

on achieving desirable particle size, drug loading, 

encapsulation efficiency, and pH-dependent release 

characteristics (Al-Kassas et al., 2021). 

 

The evaluation of pH-sensitive nanoparticles 

demonstrated minimal drug release in simulated 

gastric fluid at acidic pH, while exhibiting rapid and 

complete release in simulated intestinal fluid at 

neutral pH. This pH-dependent release behavior 

provides advantages for oral delivery by protecting 

the drug from the harsh gastric environment and 

concentrating drug release in the intestine where 

absorption occurs. The pH-sensitive nanoparticles 

showed potential for improving the therapeutic 

performance of gliclazide through optimized release 

kinetics and intestinal targeting (Al-Kassas et al., 

2021). 

 

5.9 Nanoparticle Preparation by Electrospraying 

Electrospraying represents an alternative technique 

for preparing drug-loaded nanoparticles, sharing 

some similarities with electrospinning but producing 

discrete particles rather than continuous fibers. The 

electrospraying process involves application of high 

voltage to a drug- polymer solution, generating 

charged droplets that solidify into nanoparticles as 

the solvent evaporates during flight. This technique 

offers advantages including mild processing 

conditions, high encapsulation efficiency, and 

precise control over particle size (Ghajar et al., 

2018). 

 

The preparation of gliclazide nanoparticles via 

electrospraying methods involved optimization of 

solution properties including drug and polymer 

concentrationsand solvent composition, as well as 

processing parameters including applied voltage, 

flow rate, and collector distance. The 

electrospraying technique enables production of 

particles with narrow size distributions and spherical 

morphology. The evaluation of physicochemical 

properties demonstrated that electrosprayed 

nanoparticles exhibited desirable characteristics for 

pharmaceutical applications, including appropriate 

particle size, smooth surface morphology, and 

adequate drug loading (Ghajar et al., 2018). 

 

The physicochemical characterization of 

electrosprayed gliclazide nanoparticles included 

assessment of particle size and distribution using 

dynamic light scattering, morphological 

examination through scanning electron microscopy, 

determination of drug content and encapsulation 

efficiency, and evaluation of crystallinity using X-

ray diffraction or differential scanning calorimetry. 

The mild processing conditions associated with 

electrospraying help preserve drug stability, 

avoiding the thermal degradation that may occur 

with techniques involving high temperatures or 

harsh conditions (Ghajar et al., 2018). 

 

5.10 Hydrogel Microspheres 

Hydrogel-based drug delivery systems represent 

another promising approach for controlling drug 

release and improving therapeutic outcomes in 

diabetes management. Hydrogels are three-

dimensional polymeric networks capable of 

absorbing large amounts of water while maintaining 

structural integrity. When formulated as 

microspheres, hydrogels can provide sustained drug 

release through diffusion and polymer erosion 

mechanisms, potentially enabling once-daily or less 

frequent dosing (Yadav & Maiti, 2024). 

 

Locust bean gum glutarate nanocomposite hydrogel 

microspheres of gliclazide represent an innovative 

application of natural polysaccharide-based 

materials for controlled drug delivery. Locust bean 

gum, a natural galactomannan polymer derived from 

carob tree seeds, offers advantages including 

biocompatibility, biodegradability, and 

mucoadhesive properties. Chemical modification 

through glutaric acid crosslinking enhances the 

mechanical properties and controls the swelling 

behavior of the hydrogel network (Yadav & Maiti, 

2024). 

 

The development of locust bean gum glutarate 

hydrogel microspheres employed Box-Behnken 

experimental design for systematic optimization of 

formulation variables. This response surface 

methodology enables efficient exploration of the 

design space, identifying optimal combinations of 

independent variables that maximize desirable 

responses while minimizing undesirable attributes. 

Variables optimized included polymer 

concentration, crosslinking density, drug loading, 

and processing conditions affecting microsphere 

size and drug release characteristics (Yadav & Maiti, 

2024). 

 

The preclinical evaluation of anti-diabetic efficacy 
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demonstrated that optimized hydrogel microsphere 

formulations provided superior glycemic control 

compared to conventional formulations. The 

sustained release characteristics of the hydrogel 

system maintained therapeutic drug concentrations 

over extended periods, reducing the frequency of 

blood glucose fluctuations and potentially 

improving overall diabetes management. The 

natural polymer-based composition ensures 

biocompatibility and biodegradability, important 

considerations for chronic disease treatment 

requiring long-term therapy (Yadav & Maiti, 

2024). 

 

5.11 Microemulsion-Based Formulations 

Microemulsions represent thermodynamically 

stable, isotropic dispersions of oil and water 

stabilized by surfactant and co-surfactant systems. 

Unlike conventional emulsions that are kinetically 

stable but thermodynamically unstable, 

microemulsions form spontaneously and remain 

stable indefinitely under appropriate conditions. The 

droplet sizes in microemulsions are typically in the 

range of 10-100 nanometers, providing large 

interfacial areas for drug solubilization and 

facilitating absorption (Kamath & Sivakumar, 

2017). 

 

Microemulsion-based formulations have been 

developed as drug delivery systems for gliclazide, 

aiming to improve solubility, dissolution, and 

absorption characteristics. The formulation 

development process involves screening various 

oils, surfactants, and co- surfactants to identify 

combinations that form microemulsion regions over 

wide composition ranges. Pseudoternary phase 

diagrams are constructed to map the microemulsion 

existence regions and guide formulation selection. 

The incorporation of gliclazide into the 

microemulsion system requires consideration of 

drug solubility in different components and the 

impact of drug loading on system stability (Kamath 

& Sivakumar, 2017). 

 

The evaluation of microemulsion formulations 

includes assessment of droplet size, polydispersity, 

conductivity, viscosity, and stability under various 

storage conditions. In vitro dissolution studies 

demonstrate that microemulsion formulations 

provide rapid and complete drug release, 

overcoming the solubility-limited dissolution 

characteristic of conventional formulations. The 

enhanced dissolution translates to improved 

bioavailability and potentially superior therapeutic 

efficacy. The self-emulsifying properties of some 

microemulsion formulations offer practical 

advantages for pharmaceutical applications 

(Kamath & Sivakumar, 

2017). 

 

5.12 Nanoemulsions for Specialized Applications 

Beyond oral delivery applications, nanoemulsions 

have been explored for parenteral administration and 

specialized diagnostic applications. Parenteral 

nanoemulsions require particularly stringent quality 

standards including sterility, absence of pyrogenic 

contamination, appropriate isotonicity, and stability 

during storage. The development of parenteral 

formulations involves additional challenges 

compared to oral formulations, including the need 

for sterilization without compromising formulation 

stability and ensuring biocompatibility of all 

excipients (El-Kawy et al., 2023). 

 

Radiolabeled gliclazide parenteral nanoemulsions 

have been developed as potential tracers for imaging 

pancreatic beta-cell mass. This innovative 

application leverages the selective uptake of 

sulfonylureas by pancreatic beta cells through 

binding to sulfonylurea receptors. By incorporating 

radioactive labels into gliclazide nanoemulsion 

formulations, it becomes possible to visualize and 

quantify functional beta-cell mass using nuclear 

imaging techniques such as single-photon emission 

computed tomography or positron emission 

tomography (El-Kawy et al., 2023). 

 

The preparation and evaluation of radiolabeled 

gliclazide parenteral nanoemulsions involved 

careful selection of oil phases, surfactants, and 

radiolabeling strategies to ensure stability, 

appropriate biodistribution, and specific beta-cell 

targeting. The nanoemulsion formulation provides 

advantages including improved drug solubilization, 

enhanced stability of the radiolabel, and potentially 

modified biodistribution compared to conventional 

formulations. The evaluation of these specialized 

formulations requires assessment of radiochemical 

purity, stability, particle size, sterility, and in vivo 

biodistribution and beta-cell uptake (El-Kawy et al., 

2023). 

 

The development of radiolabeled nanoemulsion 

tracers for pancreatic beta-cell imaging represents a 

significant advance in diabetes research and 

potentially clinical practice. Non- invasive imaging 

of beta-cell mass could enable earlier detection of 

beta-cell loss in type 1 diabetes, monitoring of 

disease progression, evaluation of therapeutic 

interventions aimed at preserving or restoring beta-

cell function, and potentially personalized treatment 

approaches based on quantitative assessment of 

residual beta-cell mass. This application 

demonstrates the versatility of nanotechnology-

based formulations beyond traditional drug delivery 

applications (El-Kawy et al., 2023). 

 

6. Comparative Evaluation and Clinical 
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Translation 

6.1 In Vitro Characterization Methods 

The comprehensive characterization of 

nanoformulations requires a battery of analytical 

techniques to assess physicochemical properties, 

stability, and in vitro performance. Particle size 

analysis using dynamic light scattering or photon 

correlation spectroscopy provides information about 

mean particle diameter, size distribution, and 

polydispersity index. Smaller particle sizes 

generally correlate with enhanced dissolution rates 

and improved bioavailability, though particle size 

must be balanced against other formulation 

attributes including stability and manufacturing 

feasibility (Tummala et al., 2014; Sampathi et al., 

2022). 

 

Zeta potential measurements provide insights into 

colloidal stability and potential interactions with 

biological membranes. Higher absolute zeta 

potential values indicate greater electrostatic 

repulsion between particles, contributing to physical 

stability by preventing aggregation. However, the 

relationship between zeta potential and biological 

performance is complex, with both charge 

magnitude and sign potentially influencing cellular 

interactions and absorption. Surface charge can be 

modulated through selection of stabilizers and 

adjustment of pH (Patel et al., 2019; Al-Kassas et al., 

2021). 

 

Morphological characterization using scanning 

electron microscopy or transmission electron 

microscopy visualizes particle shape, surface 

characteristics, and structural features. These 

imaging techniques provide valuable qualitative 

information complementing quantitative size 

measurements. Drug content and encapsulation 

efficiency determinations ensure that 

nanoformulations contain the intended drug 

amounts and that manufacturing processes achieve 

acceptable yields. Differential scanning calorimetry 

and X-ray diffraction assess drug crystallinity within 

formulations, with amorphization potentially 

contributing to enhanced dissolution but raising 

concerns about physical stability (Ghajar et al., 

2018; Panda et al., 2019). 

 

In vitro drug release studies represent critical 

evaluations of nanoformulation performance. 

Dissolution testing under appropriate conditions 

provides information about release kinetics and 

mechanisms. Comparisons between 

nanoformulations and conventional formulations 

demonstrate the extent of dissolution enhancement 

achieved through nanotechnology approaches. 

Release kinetics can be analyzed using mathematical 

models to identify predominant release mechanisms 

and predict in vivo performance. The development 

of in vitro-in vivo correlations enables prediction of 

pharmacokinetic outcomes from in vitro data 

(Padmnabh & Bhatt, 2023; Yadav & Maiti, 2024). 

 

6.2 Preclinical Pharmacokinetic Studies 

Pharmacokinetic studies in animal models provide 

essential information about the absorption, 

distribution, metabolism, and elimination of drugs 

from nanoformulations. These studies compare the 

pharmacokinetic profiles of nanoformulations 

against conventional formulations or reference 

products to assess improvements in bioavailability. 

Key pharmacokinetic parameters including 

maximum plasma concentration, time to reach 

maximum concentration, area under the 

concentration-time curve, and elimination half-life 

are determined through serial blood sampling and 

drug analysis (Sampathi et al., 2022; Patel et al., 

2019). 

 

Enhanced bioavailability from nanoformulations is 

typically reflected in increased maximum plasma 

concentrations and area under the curve values 

compared to conventional formulations 

administered at equivalent doses. The magnitude of 

bioavailability enhancement varies depending on 

formulation characteristics, with some 

nanoformulations demonstrating substantial 

improvements. Shortened time to reach maximum 

concentration may indicate more rapid absorption, 

potentially translating to faster onset of therapeutic 

effects. These pharmacokinetic improvements 

support the hypothesis that enhanced dissolution and 

absorption underlie the superior performance of 

nanoformulations (Sampathi et al., 2022; Mazyed & 

El-Masry, 2025). 

 

The relationship between nanoformulation 

characteristics and pharmacokinetic outcomes is 

complex and multifactorial. Particle size, surface 

properties, formulation composition, and release 

kinetics all influence absorption and systemic 

exposure. Understanding these relationships enables 

rational formulation optimization to achieve desired 

pharmacokinetic profiles. Additionally, 

pharmacokinetic studies may reveal differences in 

tissue distribution or elimination that could have 

therapeutic or safety implications. Comprehensive 

pharmacokinetic characterization is essential for 

selecting lead formulations for further development 

(Patel et al., 2019; Sampathi et al., 2022). 

 

6.3 Preclinical Efficacy Studies 

Preclinical efficacy studies in animal models of 

diabetes provide direct evidence of therapeutic 

benefits from nanoformulations. These studies 

typically employ chemically induced diabetes 

models, most commonly using streptozotocin to 

selectively destroy pancreatic beta cells, or genetic 
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models exhibiting spontaneous diabetes 

development. The assessment of anti-diabetic 

efficacy includes monitoring of blood glucose 

levels, oral glucose tolerance tests, insulin 

measurements, and evaluation of secondary 

endpoints such as body weight, food and water 

intake, and biochemical parameters (Panda et al., 

2019; Afifi et al., 2020). 

 

Studies comparing gliclazide nanoformulations with 

conventional formulations or marketed products 

have consistently demonstrated superior glycemic 

control with nanoformulations. The enhanced anti-

diabetic efficacy parallels the improved 

pharmacokinetic profiles, supporting the concept 

that increased drug exposure translates to greater 

therapeutic effects. Some studies have employed 

comparative designs evaluating nanoformulations 

against other anti-diabetic agents, providing insights 

into relative efficacy. For instance, comparisons 

between nanocurcumin and gliclazide have 

demonstrated improvements in glucose metabolism 

with both agents in streptozotocin-induced diabetic 

rats (Afifi et al., 2020). 

 

The duration of preclinical efficacy studies ranges 

from acute single-dose assessments to chronic 

studies extending over weeks or months. Longer-

term studies provide information about sustained 

efficacy, potential tolerance development, and 

chronic safety. The evaluation of disease markers 

beyond glucose control, including lipid profiles, 

oxidative stress markers, inflammatory mediators, 

and histopathological assessments of target organs, 

provides comprehensive understanding of 

therapeutic effects and safety profiles. These 

preclinical studies are essential for justifying 

progression to clinical development (Panda et al., 

2019; Yadav & Maiti, 2024). 

 

6.4 Comparative Evaluations with Marketed 

Products 

Direct comparisons between investigational 

nanoformulations and commercially available 

marketed products provide valuable benchmarking 

information. These comparative evaluations assess 

whether nanoformulations offer meaningful 

improvements over existing therapies in terms of 

dissolution characteristics, pharmacokinetics, or 

therapeutic efficacy. The selection of appropriate 

reference products is important, with both innovator 

brands and generic products potentially serving as 

comparators depending on study objectives 

(Tummala et al., 2014). 

 

In vitro comparative dissolution studies between 

nanoformulations and marketed products typically 

demonstrate substantial improvements in 

dissolution rates and extents for nanoformulations. 

The magnitude of improvement depends on the 

characteristics of both the nanoformulation and the 

marketed comparator product. Marketed immediate-

release products may show relatively rapid 

dissolution that is less dramatically enhanced by 

nanotechnology, while marketed extended-release 

products with intentionally slow dissolution may 

show more pronounced differences (Tummala et al., 

2014; Padmnabh & Bhatt, 2023). 

 

Comparative pharmacokinetic studies provide 

definitive evidence of bioavailability improvements 

relative to marketed products. Regulatory guidance 

documents specify appropriate study designs, 

sample sizes, and statistical analyses for 

bioequivalence and bioavailability studies. While 

nanoformulations typically are not intended to be 

bioequivalent to reference products, comparative 

pharmacokinetic data inform dose selection and 

support claims of improved bioavailability. Higher 

bioavailability may enable dose reduction, 

potentially improving safety profiles while 

maintaining efficacy (Tummala et al., 2014). 

 

6.5 Stability Considerations 

The physical and chemical stability of 

nanoformulations represents a critical consideration 

for successful product development and 

commercialization. Nanoscale drug delivery 

systems face unique stability challenges due to their 

high surface energy and large interfacial areas. 

Physical instability may manifest as particle 

aggregation, Ostwald ripening, phase separation, or 

crystallization of amorphous drug. Chemical 

instability includes drug degradation through 

hydrolysis, oxidation, or other pathways, as well as 

degradation of excipient components (Patel et al., 

2019; Sampathi et al., 2022). 

 

Stability studies evaluate nanoformulations under 

various storage conditions including accelerated 

conditions at elevated temperatures and humidity, 

intermediate conditions, and long-term storage at 

recommended conditions. The monitoring of critical 

quality attributes over time, including particle size, 

drug content, dissolution characteristics, and 

physical appearance, identifies potential stability 

issues. Understanding degradation pathways and 

kinetics enables prediction of shelf life and 

establishment of appropriate storage conditions and 

expiration dating (Al-Kassas et al., 2021; Mazyed & 

El-Masry, 2025). 

 

Strategies for enhancing nanoformulation stability 

include optimization of surfactant and stabilizer 

systems, adjustment of pH, incorporation of 

antioxidants or other stabilizing agents, 

lyophilization to convert liquid formulations into 

solid states, and selection of appropriate packaging 
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systems. The development of stable 

nanoformulations requires balancing multiple 

potentially competing objectives, as modifications 

that improve one aspect of stability may adversely 

affect other characteristics. Comprehensive 

understanding of stability relationships is essential 

for rational formulation design (Patel et al., 2019; 

Sampathi et al., 2022). 

 

6.6 Manufacturing and Scale-Up Considerations 

The translation of laboratory-scale nanoformulation 

development to commercial-scale manufacturing 

presents significant challenges requiring careful 

process development and validation. Manufacturing 

methods must be capable of reproducibly producing 

nanoformulations with consistent quality attributes 

while remaining economically viable and 

environmentally sustainable. The selection of 

manufacturing technologies considers factors 

including scalability, equipment requirements, 

processing time, energy consumption, and 

regulatory acceptability (Patel et al., 2019). 

 

Different nanoformulation types present distinct 

manufacturing challenges. Nanosuspensions 

prepared by wet milling or high-pressure 

homogenization scale relatively well but require 

specialized equipment and may involve lengthy 

processing times. Precipitation methods for 

nanosuspension preparation scale less predictably 

due to challenges in maintaining equivalent mixing 

and supersaturation conditions at larger scales. 

Spray drying offers advantages for converting liquid 

formulations into solid forms but requires 

optimization to prevent thermal degradation and 

maintain particle characteristics (Sampathi et al., 

2022; Padmnabh & Bhatt, 2023). 

 

Quality by Design principles applied throughout 

development facilitate successful scale-up and 

technology transfer. Understanding the relationships 

between formulation variables, process parameters, 

and critical quality attributes through systematic 

experimentation enables establishment of design 

spaces within which consistent product quality is 

assured. Process analytical technology applications 

allow real-time monitoring and control of critical 

parameters during manufacturing, enhancing 

process understanding and ensuring quality. Risk 

assessment methodologies identify potential failure 

modes and guide development of control strategies 

(Patel et al., 2019). 

 

7. Safety and Toxicological Considerations 

7.1 Nanotoxicology Principles 

The safety evaluation of nanoformulations requires 

consideration of potential toxicities related 

specifically to nanoscale properties. While many 

excipients used in nanoformulations have 

established safety profiles at conventional scales, 

their behavior and biological interactions may differ 

when formulated at the nanoscale. The high surface 

area-to-volume ratios, potential for cellular uptake, 

and unique biodistribution patterns of nanoparticles 

necessitate comprehensive toxicological assessment 

(Patel et al., 2019). 

 

Potential mechanisms of nanoparticle toxicity 

include oxidative stress generation through reactive 

oxygen species formation, inflammatory responses 

triggered by particle recognition and immune cell 

activation, physical disruption of cellular 

membranes, interference with cellular processes, 

and genotoxicity. The physicochemical properties of 

nanoparticles including size, shape, surface charge, 

and composition influence toxicity profiles. Smaller 

particles may demonstrate greater cellular uptake 

and potential for systemic distribution, while surface 

charge affects interactions with biological 

membranes and proteins (Sampathi et al., 2022). 

 

The selection of generally recognized as safe 

excipients and biodegradable materials for 

nanoformulation development minimizes toxicity 

concerns. Polymers such as poly(lactic-co- 

glycolide) degrade into lactic acid and glycolic acid, 

which are endogenous metabolites readily cleared 

from the body. Natural polysaccharides like locust 

bean gum exhibit excellent biocompatibility. Lipid-

based formulations utilize physiological lipids that 

are metabolized through normal lipid metabolism 

pathways. Nevertheless, comprehensive safety 

testing remains essential for all nanoformulations 

intended for pharmaceutical use (Panda et al., 2019; 

Yadav & Maiti, 2024). 

 

7.2 Preclinical Safety Assessment 

Preclinical safety evaluation encompasses acute 

toxicity studies assessing effects of single high 

doses, repeated-dose toxicity studies examining 

effects of chronic exposure, genotoxicity screening, 

reproductive and developmental toxicity 

assessment, and specialized studies evaluating 

potential immunotoxicity or other organ-specific 

toxicities. The selection and design of toxicology 

studies follow regulatory guidance documents and 

consider the intended route of administration, 

duration of clinical use, and patient population 

(Panda et al., 2019). 

 

Acute toxicity studies in rodents determine the 

maximum tolerated dose and identify target organs 

of toxicity. The observation of clinical signs, body 

weight changes, food and water consumption, 

clinical pathology parameters, and gross and 

microscopic pathology provides comprehensive 

assessment of potential adverse effects. Repeated-

dose toxicity studies extending over weeks to 
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months in at least two species, typically rodent and 

non-rodent, characterize the toxicity profile with 

chronic exposure. These studies inform selection of 

safe clinical starting doses and identify parameters 

requiring monitoring in clinical trials (Sampathi et 

al., 2022). 

 

Genotoxicity assessment through bacterial reverse 

mutation assays, in vitro chromosomal aberration 

tests, and in vivo micronucleus assays screens for 

mutagenic potential. The absence of genotoxicity 

concerns is essential for progression to clinical 

development. Reproductive toxicity studies assess 

effects on fertility, embryo-fetal development, and 

pre- and postnatal development. Local tolerance 

studies evaluate potential irritation or sensitization 

at sites of administration. The comprehensive 

preclinical safety package supports regulatory 

submissions and provides safety information 

guiding clinical trial design (Al-Kassas et al., 2021). 

 

7.3 Clinical Safety Considerations 

The clinical development of gliclazide 

nanoformulations must address safety 

considerations related to both the active 

pharmaceutical ingredient and the novel formulation 

approach. Gliclazide's safety profile is well 

established through decades of clinical use, with 

hypoglycemia representing the primary adverse 

effect of concern. The potential for enhanced 

bioavailability from nanoformulations may increase 

hypoglycemia risk if doses are not appropriately 

adjusted. Initial clinical studies should employ 

conservative dosing strategies with careful glucose 

monitoring (Palmer & Brogden, 1993; Patel, 2024). 

 

The safety evaluation must also address potential 

effects specifically related to nanoformulation 

excipients and characteristics. While most 

excipients used in nanoformulations have 

established safety records, their use in novel 

formulation contexts requires verification of safety. 

Particular attention should be paid to potential 

accumulation of non-biodegradable materials with 

repeated dosing, immunological responses to 

nanoparticle components, and any unexpected 

effects on drug distribution or elimination that could 

alter safety profiles (Patel et al., 2019). 

 

Long-term safety monitoring in clinical trials and 

post-marketing surveillance will be essential for 

comprehensively characterizing the safety profile of 

any marketed nanoformulation products. The 

evaluation should include assessment of adverse 

events, laboratory parameters, and potential 

development of tolerance or tachyphylaxis. 

Comparison with conventional gliclazide 

formulations will help determine whether 

nanoformulations offer improved safety profiles, 

equivalent safety, or require additional precautions. 

The benefit-risk assessment must consider both 

efficacy advantages and any potential safety 

concerns (Patel, 2024). 

 

8. Regulatory Considerations and Pathway to 

Market 

8.1 Regulatory Framework for Nanotechnology 

Products 

The regulatory approval of nanotechnology-based 

pharmaceutical products requires compliance with 

applicable regulations and guidance documents 

addressing quality, safety, and efficacy. Regulatory 

agencies including the United States Food and Drug 

Administration, European Medicines Agency, and 

other national authorities have issued guidance 

documents addressing considerations specific to 

nanomedicines. While nanoformulations are not 

subject to entirely separate regulatory frameworks, 

their unique characteristics require careful attention 

to specific considerations (Patel et al., 2019). 

 

Quality considerations for nanoformulations include 

comprehensive characterization of physicochemical 

properties, demonstration of manufacturing 

consistency and control, establishment of 

appropriate specifications for critical quality 

attributes, and validation of analytical methods. The 

characterization should address particle size 

distribution, surface properties, morphology, 

crystallinity, drug loading, release characteristics, 

and stability. Manufacturing controls must ensure 

batch-to-batch consistency of these attributes within 

acceptable ranges (Patel et al., 2019; Sampathi et al., 

2022). 

 

Safety evaluation requirements may be enhanced for 

nanoformulations compared to conventional 

formulations containing the same active 

pharmaceutical ingredient. Regulatory authorities 

may request additional toxicology studies 

addressing potential nanoparticle-specific effects, 

biodistribution studies characterizing tissue 

accumulation and clearance, and evaluation of 

potential immunological effects. The justification of 

excipient levels and demonstration of excipient 

safety at the proposed usage levels are standard 

requirements applicable to all formulations (Panda 

et al., 2019). 

 

8.2 Clinical Development Strategies 

The clinical development pathway for gliclazide 

nanoformulations typically begins with Phase I 

studies in healthy volunteers or patients assessing 

safety, tolerability, and pharmacokinetics. These 

first-in-human studies establish appropriate dose 

ranges, characterize pharmacokinetic profiles, and 

identify any unexpected safety concerns. The study 

designs may include dose- escalation components, 
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bioavailability comparisons with reference products, 

and evaluation of food effects on absorption (Patel, 

2024). 

 

Phase II studies in patients with type 2 diabetes 

evaluate efficacy, optimal dosing, and safety in the 

target population. These proof-of-concept studies 

assess glycemic control through measurements of 

fasting glucose, postprandial glucose, and 

hemoglobin A1c. Dose-ranging studies identify 

doses providing optimal efficacy with acceptable 

safety profiles. The comparison with conventional 

gliclazide formulations or other antidiabetic agents 

provides evidence of therapeutic benefits. 

Secondary endpoints may include effects on insulin 

secretion, beta-cell function markers, and patient-

reported outcomes (Patel, 2024). 

 

Phase III pivotal studies provide definitive evidence 

of efficacy and safety supporting regulatory 

approval. These large, randomized, controlled trials 

typically compare the investigational 

nanoformulation against active comparators or 

placebo, depending on ethical considerations. The 

primary efficacy endpoint is usually change in 

hemoglobin A1c from baseline to a specified time 

point, with secondary endpoints including glucose 

parameters, rates of hypoglycemia, effects on body 

weight, and cardiovascular outcomes. Safety 

monitoring includes adverse event reporting, 

laboratory assessments, and evaluation of specific 

safety concerns identified in earlier development 

phases (Patel, 2024). 

 

8.3 Post-Market Surveillance and Real-World 

Evidence 

Following regulatory approval and market launch, 

post-marketing surveillance and collection of real-

world evidence provide ongoing assessment of 

product safety and effectiveness in clinical practice. 

Phase IV commitment studies may address specific 

questions identified during regulatory review, 

evaluate use in special populations not adequately 

represented in pre- approval trials, or assess long-

term safety outcomes. Real-world evidence derived 

from electronic health records, insurance claims 

databases, and patient registries complements 

randomized trial data (Patel, 2024). 

 

The monitoring of adverse events through 

spontaneous reporting systems, periodic safety 

update reports, and risk management plans enables 

detection of rare adverse effects or safety signals not 

apparent in pre-approval studies. The evaluation of 

medication utilization patterns, prescribing 

practices, and patient adherence provides insights 

into real-world product performance. Comparative 

effectiveness research examining outcomes with 

nanoformulations versus conventional therapies in 

clinical practice settings informs treatment decisions 

and healthcare policy (Patel, 2024). 

 

9. Future Directions and Emerging Technologies 

9.1 Personalized Medicine Approaches 

The future of diabetes management is increasingly 

moving toward personalized medicine approaches 

that tailor treatments to individual patient 

characteristics, needs, and preferences. 

Pharmacogenomic considerations may identify 

genetic variants affecting drug metabolism, 

transport, or pharmacodynamic responses, enabling 

selection of optimal therapies and doses for 

individual patients. Nanoformulation technologies 

could potentially be adapted to deliver personalized 

drug combinations or doses optimized for specific 

patient populations (Patel, 2024). 

 

The integration of continuous glucose monitoring, 

insulin pumps, and artificial pancreas systems with 

oral antidiabetic therapies represents another 

frontier in diabetes management. 

 

Nanoformulation approaches providing more 

predictable pharmacokinetics and dose-response 

relationships may facilitate integration with these 

technologies. The development of glucose- 

responsive drug delivery systems that automatically 

adjust drug release rates in response to ambient 

glucose concentrations represents an ambitious goal 

requiring sophisticated materials and engineering 

approaches (El-Kawy et al., 2023). 

 

9.2 Combination Therapies and Multi-Drug 

Delivery 

The progressive nature of type 2 diabetes often 

necessitates combination therapy with multiple 

agents targeting different pathophysiological 

mechanisms. Nanoformulation platforms could 

potentially deliver multiple drugs within single 

dosage forms, improving patient convenience and 

adherence while ensuring appropriate 

pharmacokinetic profiles for each component. The 

co-delivery of antidiabetic agents with drugs 

addressing common comorbidities such as 

hypertension or dyslipidemia could further 

streamline complex medication regimens (Patel, 

2024). 

 

The incorporation of adjunctive agents addressing 

diabetes complications represents another potential 

application of multi-drug nanoformulation 

approaches. Antioxidants, anti- inflammatory 

agents, or agents targeting specific complication 

pathways could be co-delivered with glucose-

lowering drugs, potentially providing 

comprehensive disease management. The 

challenges of formulating multiple drugs with 

diverse physicochemical properties within single 
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nanoformulations require sophisticated formulation 

strategies (Afifi et al., 2020). 

 

9.3 Advanced Manufacturing Technologies 

Emerging manufacturing technologies including 

continuous manufacturing, three-dimensional 

printing, and microfluidic synthesis offer potential 

advantages for nanoformulation production. 

Continuous manufacturing replaces traditional batch 

processing with continuous flow processes, 

potentially improving consistency, reducing 

production time and costs, and enabling real-time 

quality control. The application of process analytical 

technology and advanced process control enables 

maintenance of critical parameters within optimal 

ranges throughout production (Patel et al., 2019). 

 

Three-dimensional printing technologies enable 

fabrication of complex drug delivery systems with 

precise control over composition, geometry, and 

release characteristics. While currently most 

applications focus on conventional formulations, the 

extension to nanoformulation manufacturing 

represents a potential future direction. Microfluidic 

platforms provide precise control over mixing, 

reaction conditions, and droplet formation, enabling 

reproducible synthesis of nanoparticles with narrow 

size distributions and well-defined properties 

(Ghajar et al., 2018). 

 

9.4 Theranostic Applications 

The convergence of therapeutic and diagnostic 

functions within single nanoformulation platforms, 

termed theranostics, represents an exciting frontier 

in nanomedicine. The development of radiolabeled 

gliclazide nanoemulsions for imaging pancreatic 

beta-cell mass exemplifies this approach, combining 

drug delivery with diagnostic imaging capabilities. 

 

Future developments could expand theranostic 

applications to enable real-time monitoring of drug 

delivery, assessment of therapeutic responses, and 

personalized treatment optimization (El-Kawy et al., 

2023). 

 

The incorporation of molecular imaging agents, 

biosensors, or other diagnostic modalities within 

drug-loaded nanocarriers could provide 

unprecedented insights into drug biodistribution, 

target engagement, and therapeutic effects. These 

capabilities could inform dose optimization, predict 

therapeutic responses, and identify patients most 

likely to benefit from specific therapies. The 

technical challenges of developing theranostic 

systems balancing therapeutic drug loading with 

diagnostic functionality while maintaining 

appropriate pharmacokinetics and safety profiles are 

substantial but potentially surmountable (El-Kawy 

et al., 2023). 

 

10. CONCLUSION: 
Diabetes mellitus represents a complex, 

multifaceted disease requiring comprehensive 

therapeutic approaches addressing the underlying 

pathophysiology while preventing or managing 

complications. Pharmacological interventions 

remain central to diabetes management, with agents 

like gliclazide continuing to play important roles 

despite the emergence of newer drug classes. The 

safety and effectiveness of gliclazide in managing 

type 2 diabetes mellitus are well established, though 

conventional formulations face limitations related to 

poor aqueous solubility and variable bioavailability 

(Palmer & Brogden, 1993; Patel, 2024). 

 

Nanotechnology-based drug delivery systems offer 

promising approaches for addressing the 

formulation challenges associated with poorly 

water-soluble drugs like gliclazide. Multiple 

nanoformulation strategies including 

nanosuspensions, polymeric nanoparticles, 

electrospun nanofibers, self-nanoemulsifying 

systems, lipid-based formulations, spanlastic 

nanovesicles, pH-sensitive nanoparticles, hydrogel 

microspheres, and microemulsions have 

demonstrated potential for enhancing dissolution, 

bioavailability, and therapeutic efficacy (Wankhade 

et al., 2010; Patel et al., 2019; Sampathi et al., 2022; 

Mazyed & El-Masry, 2025). 

 

Preclinical studies have consistently demonstrated 

that gliclazide nanoformulations achieve superior 

pharmacokinetic profiles and enhanced anti-diabetic 

efficacy compared to conventional formulations. 

The improvements in bioavailability and therapeutic 

outcomes support the potential value of these 

advanced formulation approaches for diabetes 

management. However, successful translation from 

preclinical development to clinical application 

requires comprehensive characterization, stability 

assurance, scalable manufacturing, thorough safety 

evaluation, and navigation of regulatory pathways 

(Panda et al., 2019; Sampathi et al., 2022; Yadav & 

Maiti, 2024). 

 

The future of diabetes therapeutics will likely 

involve integration of multiple technological 

advances including nanotechnology-based drug 

delivery, personalized medicine approaches, 

combination therapies, advanced manufacturing, 

and theranostic applications. These innovations hold 

promise for improving therapeutic outcomes, 

reducing complications, enhancing patient quality of 

life, and ultimately reducing the global burden of 

diabetes. 

 

Continued research, development, and clinical 

translation of nanoformulation technologies 



 Journal of Molecular Science 

Volume 35 Issue 4, Year of Publication 2025, Page   1731-1747  

   DoI-10.004687/1000-9035.2025.235 

 

1746 
 

represent important priorities for advancing diabetes 

care and achieving better outcomes for the hundreds 

of millions of individuals affected by this chronic 

disease worldwide. 
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