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Abstract 
Conventional oral dosage forms such as immediate-release tablets and capsules have 
long been the cornerstone of pharmaceutical therapy due to their ease of 
administration, patient compliance, and cost-effectiveness. However, these traditional 
formulations face significant limitations including poor bioavailability of lipophilic 
compounds, rapid hepatic metabolism, narrow absorption windows, dose-dependent 
toxicity, and the inability to maintain therapeutic drug concentrations over extended 
periods. This article aims to comprehensively review recent innovations in oral drug 
delivery systems that address these challenges through advanced formulation 
strategies and materials science. Key technological advancements include controlled 
and modified release platforms utilizing biodegradable polymers, gastroretentive 
systems that prolong residence time in the upper gastrointestinal tract, mucoadhesive 
formulations, lipid-based delivery systems including self-emulsifying formulations 
that enhance solubility of poorly water-soluble drugs, amorphous solid dispersions that 
improve dissolution kinetics, co-crystals with enhanced physicochemical properties, 
nanoparticulate carriers for targeted delivery, and permeability enhancement strategies 
employing novel excipients and absorption enhancers. These innovations have 
demonstrated substantial improvements in oral bioavailability, reduced dosing 
frequency, minimized adverse effects, and enhanced patient adherence to therapeutic 
regimens. The integration of patient-centric design principles with advanced materials 
has accelerated clinical translation of these technologies. Future directions encompass 
personalized oral delivery systems guided by pharmacogenomics and artificial 
intelligence, stimuli-responsive smart polymers, three-dimensional printed dosage 
forms with tailored release profiles, and next-generation biomaterials that enable oral 
delivery of biologics and macromolecules previously restricted to parenteral 
administration. 
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Introduction 

The oral route of drug administration remains the most preferred and widely utilized method for systemic drug delivery, 

accounting for approximately sixty percent of all marketed pharmaceutical formulations worldwide [1]. This predominance is 

attributable to several inherent advantages including non-invasive administration, excellent patient acceptance and compliance, 

ease of manufacturing and scale-up, cost-effectiveness compared to parenteral routes, and the ability to achieve sustained 

therapeutic effects through controlled release mechanisms [2]. Despite these benefits, oral drug delivery presents formidable 

challenges rooted in the complex physiological environment of the gastrointestinal tract, the physicochemical properties of 
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active pharmaceutical ingredients, and the need to achieve 

predictable and reproducible pharmacokinetic profiles across 

diverse patient populations [3]. 

The journey of an orally administered drug from the site of 

administration to systemic circulation involves multiple 

sequential processes including disintegration of the dosage 

form, dissolution of the drug in gastrointestinal fluids, 

permeation across the intestinal epithelium, and evasion of 

first-pass hepatic metabolism [4]. Each of these steps presents 

distinct barriers that can significantly compromise drug 

bioavailability. The Biopharmaceutics Classification System, 

introduced by Amidon and colleagues, categorizes drugs 

based on their aqueous solubility and intestinal permeability, 

providing a framework for understanding and predicting oral 

absorption challenges [5]. Approximately forty percent of 

marketed drugs and up to seventy percent of compounds in 

pharmaceutical development pipelines exhibit poor aqueous 

solubility, limiting their dissolution and subsequent 

absorption [6]. Furthermore, many therapeutic agents 

demonstrate low intestinal permeability due to their 

physicochemical characteristics or are substrates for efflux 

transporters such as P-glycoprotein, which actively pumps 

drugs back into the intestinal lumen [7]. 

Conventional immediate-release oral formulations are 

designed to release their entire drug payload rapidly upon 

administration, resulting in high peak plasma concentrations 

followed by rapid decline as the drug is eliminated from the 

body [8]. This pharmacokinetic profile necessitates frequent 

dosing to maintain therapeutic concentrations, which 

adversely affects patient adherence, particularly in chronic 

disease management where long-term therapy is required [9]. 

Moreover, the pronounced fluctuations between peak and 

trough concentrations increase the risk of dose-related 

adverse effects during peak levels and therapeutic failure 

during trough periods [10]. These limitations have driven 

extensive research and development efforts toward advanced 

oral drug delivery systems that can modulate drug release 

kinetics, enhance bioavailability of poorly soluble 

compounds, protect labile drugs from degradation in the 

harsh gastrointestinal environment, and improve overall 

therapeutic outcomes [11]. 

The evolution of oral drug delivery technologies has been 

marked by several paradigm shifts over the past five decades. 

The development of hydrophilic and hydrophobic matrix 

systems in the 1970s enabled sustained drug release through 

controlled erosion and diffusion mechanisms [12]. The 

introduction of enteric coatings provided pH-dependent 

release and protected acid-labile drugs from gastric 

degradation [13]. Advances in polymer science led to the 

development of sophisticated controlled release systems 

utilizing biodegradable polymers, responsive materials, and 

multi-particulate formulations [14]. More recently, the 

convergence of nanotechnology, materials science, and 

pharmaceutical formulation has yielded innovative platforms 

including nanoparticulate carriers, lipid-based systems, 

amorphous solid dispersions, and gastroretentive 

formulations that address previously intractable delivery 

challenges [15]. 

Contemporary oral drug delivery research increasingly 

emphasizes patient-centric design principles that consider not 

only pharmacokinetic and pharmacodynamic requirements 

but also factors affecting patient experience and adherence 

including dosage form size, palatability, ease of swallowing, 

and dosing convenience [16]. The integration of quality by 

design principles and advanced manufacturing technologies 

such as hot melt extrusion, spray drying, and three-

dimensional printing has accelerated the translation of 

innovative formulation concepts from laboratory-scale 

investigation to commercial production [17]. Furthermore, the 

emergence of precision medicine paradigms has created 

demand for oral delivery systems that can be tailored to 

individual patient characteristics including genetic 

polymorphisms affecting drug metabolism and transport, 

disease state, and concomitant medications [18]. 

This comprehensive review examines the current state of 

innovation in oral drug delivery systems, encompassing the 

fundamental physiological and biopharmaceutical challenges 

that must be addressed, established and emerging 

technologies for controlled drug release and bioavailability 

enhancement, novel formulation strategies leveraging lipids, 

polymers, and nanomaterials, considerations for clinical 

translation and commercialization, regulatory and safety 

aspects, and future directions that promise to further expand 

the therapeutic applications of oral drug delivery. By 

synthesizing recent advances across these domains, this 

article aims to provide researchers, formulation scientists, 

and clinicians with a thorough understanding of how modern 

oral delivery systems overcome traditional limitations and 

enable improved therapeutic outcomes. 

 

Physiological Barriers and Biopharmaceutical 

Challenges in Oral Delivery 

The gastrointestinal tract presents a complex and dynamic 

environment that poses multiple barriers to effective oral 

drug absorption [19]. Understanding these physiological 

obstacles is essential for rational design of advanced delivery 

systems that can navigate or circumvent these challenges. 

The stomach, characterized by its highly acidic environment 

with pH values ranging from 1.5 to 3.5, serves as the first 

major barrier where acid-labile drugs may undergo 

degradation before reaching their absorption site [20]. Gastric 

emptying, which can vary substantially between individuals 

and is influenced by fed or fasted state, meal composition, 

and physiological factors, determines the transit of dosage 

forms from the stomach to the small intestine and 

consequently affects both the rate and extent of drug 

absorption [21]. 

The small intestine, comprising the duodenum, jejunum, and 

ileum, represents the primary site of drug absorption due to 

its extensive surface area created by villi and microvilli, 

prolonged transit time of approximately three to four hours, 

and rich blood supply [22]. However, the intestinal epithelium 

functions as a selective barrier that restricts the passage of 

molecules based on their physicochemical properties. The 

epithelial barrier comprises a single layer of enterocytes 

connected by tight junctions that regulate paracellular 

permeability, with transcellular absorption requiring drugs to 

partition into and diffuse through the lipophilic cell 

membrane [23]. Hydrophilic compounds and large molecules 

face particular difficulty in crossing this barrier through 

passive diffusion, while the presence of efflux transporters, 

particularly P-glycoprotein and breast cancer resistance 

protein, actively extrudes many xenobiotics back into the 

intestinal lumen, further limiting bioavailability [24]. 

The intestinal mucus layer, a viscoelastic gel comprising 

mucin glycoproteins, water, lipids, and other components, 

covers the epithelial surface and serves both protective and 

barrier functions [25]. While this mucus layer defends the 
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epithelium against pathogens and mechanical damage, it also 

presents a diffusional barrier that drugs must traverse before 

reaching enterocytes. The thickness and composition of the 

mucus layer vary along the gastrointestinal tract, with the 

colon exhibiting a particularly thick mucus barrier that 

impedes drug permeation [26]. Furthermore, the intestinal 

microbiota, comprising trillions of microorganisms, can 

metabolize drugs through reduction, hydrolysis, and other 

biotransformations, potentially inactivating therapeutic 

agents or generating toxic metabolites before systemic 

absorption occurs [27]. 

Intestinal metabolism mediated by cytochrome P450 

enzymes, particularly CYP3A4 which is abundantly 

expressed in enterocytes, represents another significant 

barrier that reduces oral bioavailability through first-pass 

metabolism [28]. Drugs absorbed from the intestine enter the 

portal circulation and pass through the liver before reaching 

systemic circulation, where hepatic metabolism may further 

reduce the fraction of administered dose that reaches the site 

of action [29]. This combined intestinal and hepatic first-pass 

effect can result in bioavailability values below ten percent 

for some compounds, necessitating high oral doses or 

alternative delivery strategies [30]. 

The variable and limited absorption window for certain drugs 

adds another dimension of complexity to oral delivery. Some 

drugs are absorbed preferentially or exclusively in specific 

regions of the gastrointestinal tract due to regional 

differences in pH, transporter expression, or enzymatic 

activity [31]. For instance, drugs requiring acidic pH for 

optimal solubility may dissolve in the stomach but precipitate 

in the neutral to slightly alkaline environment of the small 

intestine, while compounds absorbed via specific nutrient 

transporters expressed predominantly in the proximal small 

intestine have a narrow absorption window [32]. The relatively 

rapid transit time through the small intestine, combined with 

limited colonic absorption for most drugs, means that 

compounds with slow dissolution or permeation kinetics may 

pass through their absorption site before complete absorption 

occurs [33]. 

Food effects represent a major source of variability in oral 

drug absorption, with concomitant meals potentially 

increasing, decreasing, or having no effect on bioavailability 

depending on the drug and formulation characteristics [34]. 

High-fat meals can enhance absorption of lipophilic drugs by 

increasing bile secretion and solubilization capacity, delaying 

gastric emptying to allow more complete dissolution, and 

stimulating lymphatic transport that bypasses hepatic first-

pass metabolism [35]. Conversely, food may reduce absorption 

through physical interactions such as adsorption onto dietary 

components, chemical interactions including chelation with 

divalent cations, or by altering gastrointestinal pH and 

motility patterns [36]. 

Inter-individual variability in oral drug absorption arises from 

multiple sources including genetic polymorphisms affecting 

drug metabolizing enzymes and transporters, age-related 

changes in gastrointestinal physiology, disease states that 

alter gastrointestinal function, and drug-drug interactions 

when multiple medications are co-administered [37]. Pediatric 

and geriatric populations exhibit distinct physiological 

characteristics that affect oral drug absorption, including 

differences in gastric pH, gastric emptying rate, intestinal 

transit time, and expression levels of metabolic enzymes and 

transporters [38]. Diseases affecting the gastrointestinal tract 

such as inflammatory bowel disease, celiac disease, and 

gastric achlorhydria can substantially alter the absorption 

environment and compromise bioavailability [39]. 

The physicochemical properties of drug molecules 

themselves impose fundamental constraints on oral delivery. 

The Lipinski Rule of Five, widely used in drug discovery, 

identifies molecular weight above 500 Daltons, high 

lipophilicity with log P greater than 5, and more than five 

hydrogen bond donors or ten hydrogen bond acceptors as 

unfavorable characteristics for oral absorption [40]. Drugs 

violating multiple parameters of this rule, including many 

biologics and macromolecules, typically exhibit poor oral 

bioavailability [41]. Furthermore, crystalline drugs with high 

melting points often demonstrate poor aqueous solubility due 

to strong intermolecular forces in the crystal lattice that must 

be overcome during dissolution [42]. 

Ionizable drugs present pH-dependent solubility challenges, 

with weak acids exhibiting greater solubility at higher pH 

values and weak bases showing enhanced solubility under 

acidic conditions. As these compounds traverse the 

gastrointestinal tract and encounter varying pH 

environments, their solubility and degree of ionization 

change, affecting both dissolution and permeation across the 

intestinal epithelium according to the pH-partition 

hypothesis. The interplay between solubility and 

permeability creates a complex optimization problem, as 

modifications to enhance one property may adversely affect 

the other. 

These multifaceted physiological barriers and 

biopharmaceutical challenges necessitate innovative 

formulation approaches that can enhance drug solubility and 

dissolution, protect drugs from degradation and metabolism, 

prolong residence time at absorption sites, facilitate 

permeation across intestinal barriers, and minimize inter-

individual variability. The following sections examine the 

diverse technological solutions that have been developed to 

address these challenges and expand the therapeutic 

applications of oral drug delivery. 

 

Controlled Release and Modified Release Technologies 

Controlled release and modified release oral formulations 

represent a major advancement in drug delivery technology, 

designed to modulate drug release kinetics and achieve 

therapeutic objectives that cannot be accomplished with 

conventional immediate-release dosage forms. These 

systems enable prolonged duration of action, reduced dosing 

frequency, minimized peak-to-trough fluctuations in plasma 

concentrations, targeted delivery to specific regions of the 

gastrointestinal tract, and protection of drugs from 

degradation or premature release. The fundamental 

mechanisms underlying controlled release systems include 

diffusion through rate-controlling membranes or matrices, 

erosion or dissolution of polymer barriers, osmotic pressure-

driven release, and ion exchange processes. 

Matrix systems constitute the most widely utilized approach 

for controlled drug release, wherein the active 

pharmaceutical ingredient is uniformly dispersed within a 

polymer matrix that controls the rate of drug release through 

diffusion and erosion mechanisms. Hydrophilic matrix 

systems employ water-soluble polymers such as 

hydroxypropyl methylcellulose, hydroxypropyl cellulose, 

polyethylene oxide, and various cellulose derivatives that 

undergo rapid hydration upon contact with aqueous media to 

form a gel layer on the tablet surface. Drug release from these 

systems occurs through a combination of diffusion through 
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the swollen gel layer and erosion of the outer gel boundary, 

with the relative contribution of each mechanism depending 

on polymer properties, drug solubility, and matrix 

composition. The swollen gel layer acts as a viscous barrier 

that retards water ingress and drug egress, maintaining 

relatively constant release rates over extended periods. 

Mathematical modeling of drug release from hydrophilic 

matrices has revealed complex kinetics influenced by 

polymer hydration rate, gel layer thickness, drug diffusivity 

through the gel, and matrix erosion rate. The Korsmeyer-

Peppas model and Peppas-Sahlin model provide frameworks 

for characterizing these release mechanisms and 

distinguishing between diffusion-controlled, erosion-

controlled, and coupled diffusion-erosion release processes. 

Optimization of hydrophilic matrix formulations involves 

careful selection of polymer type and molecular weight, 

polymer concentration, and incorporation of additional 

excipients such as diluents, disintegrants, and osmotic agents 

to achieve desired release profiles. 

Hydrophobic matrix systems utilize water-insoluble 

polymers including ethylcellulose, polyvinyl chloride 

copolymers, polymethacrylates, and waxes to control drug 

release through diffusion of dissolved drug through a tortuous 

network of pores and channels within the polymer matrix. 

The release mechanism is predominantly diffusion-

controlled, with the polymer matrix remaining intact 

throughout the release process rather than eroding or 

dissolving. The rate of drug release depends on drug 

solubility, drug loading, polymer characteristics including 

hydrophobicity and density, and the porosity of the matrix 

which can be modulated by incorporating water-soluble pore 

formers that dissolve to create channels for drug diffusion. 

Reservoir systems, also termed membrane-controlled 

systems, consist of a drug core surrounded by a rate-

controlling polymer membrane of defined thickness and 

permeability. These systems can achieve zero-order release 

kinetics, wherein drug is released at a constant rate 

independent of time, provided the drug concentration within 

the core remains in excess of its solubility limit and the 

membrane properties remain constant. Reservoir systems are 

typically prepared as coated pellets or tablets, with the 

coating polymer selected based on its permeability 

characteristics and stability in gastrointestinal fluids. The 

release rate can be precisely controlled by adjusting coating 

thickness, selecting polymers with appropriate permeability, 

or creating pore formers in the coating membrane. 

Osmotic pump systems represent a sophisticated approach to 

controlled release that utilizes osmotic pressure as the driving 

force for drug delivery. The elementary osmotic pump 

consists of a tablet core containing drug and osmotic agent 

enclosed within a semipermeable membrane with a laser-

drilled orifice. Upon exposure to aqueous media, water 

permeates through the membrane driven by the osmotic 

pressure gradient, dissolving the osmotic agent and drug, and 

forcing the solution through the orifice at a controlled rate 

determined by the osmotic pressure, membrane permeability, 

and orifice size. Advanced osmotic systems including push-

pull osmotic pumps separate the drug compartment from the 

osmotic compartment with an expandable layer, enabling 

delivery of poorly soluble drugs in suspension form. 

The advantages of osmotic systems include pH-independent 

release kinetics, minimal influence of gastrointestinal 

motility and food, and the ability to achieve precise zero-

order delivery over extended periods exceeding 24 hours. 

However, these systems require sophisticated manufacturing 

processes including laser drilling to create delivery orifices, 

and the rigid semipermeable membrane may cause concerns 

regarding gastrointestinal irritation or lack of disintegration 

after drug release is complete. 

Multi-particulate systems comprising pellets, granules, or 

mini-tablets offer advantages over single-unit systems 

including reduced risk of dose dumping, more predictable 

gastric emptying independent of fed or fasted state, reduced 

local irritation, and flexibility in formulation and 

manufacturing. These multi-unit systems can be filled into 

capsules or compressed into tablets, and individual units can 

be coated with functional polymers to achieve controlled 

release, enteric protection, or targeted delivery. The coating 

of pellets using aqueous or organic polymer dispersions in 

fluidized bed processes has become a standard 

pharmaceutical manufacturing technique enabling precise 

control over coating thickness and consequently release 

kinetics. 

Enteric-coated systems utilize pH-sensitive polymers that 

remain intact in the acidic gastric environment but dissolve 

rapidly upon reaching the higher pH of the small intestine. 

Common enteric polymers including cellulose acetate 

phthalate, hydroxypropyl methylcellulose phthalate, 

polyvinyl acetate phthalate, and methacrylic acid copolymers 

contain ionizable carboxylic acid groups that remain 

protonated and insoluble at low pH but ionize and dissolve 

when pH exceeds their dissolution threshold, typically 

between pH 5.0 and 7.0. Enteric coatings serve multiple 

purposes including protection of acid-labile drugs such as 

proton pump inhibitors and certain antibiotics, prevention of 

gastric irritation by drugs such as nonsteroidal anti-

inflammatory agents, and targeted delivery to the small 

intestine or colon. 

Time-controlled release systems are designed to release drug 

after a predetermined lag time, regardless of pH or other 

environmental factors. These systems find application in 

chronotherapy, where drug release is timed to coincide with 

circadian rhythms of disease symptoms, and in achieving 

sequential drug delivery. Press-coated tablets represent a 

common approach wherein a drug-containing core is 

surrounded by an outer layer of hydrophilic polymer that 

swells and erodes over time before allowing drug release to 

commence. The lag time can be adjusted by varying the 

thickness and composition of the outer barrier layer. 

Site-specific delivery systems aim to release drugs at 

particular locations within the gastrointestinal tract, 

exploiting regional differences in pH, transit time, 

microbiota, or enzyme activity. Colonic delivery systems are 

of particular interest for treatment of inflammatory bowel 

diseases, delivery of proteins and peptides which may be less 

susceptible to enzymatic degradation in the colon, and 

chronotherapy of conditions exhibiting nocturnal 

exacerbation. Approaches to colonic targeting include time-

dependent systems that exploit the relatively consistent small 

intestinal transit time, pH-dependent systems using polymers 

that dissolve at pH values above 6.5 to 7.0 encountered in the 

terminal ileum and colon, and systems utilizing substrates for 

bacterial enzymes present in colonic microbiota. 

Prodrug approaches can be combined with controlled release 

formulations to further optimize pharmacokinetic profiles 

and therapeutic outcomes. Esterification, amidation, and 

phosphorylation of drugs create prodrugs that are 

enzymatically converted to active drug after absorption, 
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potentially reducing first-pass metabolism, improving 

permeability, or enabling targeted delivery. The combination 

of prodrug chemistry with controlled release technology 

allows independent optimization of release kinetics and 

conversion kinetics to achieve desired plasma concentration-

time profiles. 

The clinical success of controlled release formulations has 

been demonstrated across diverse therapeutic areas including 

cardiovascular drugs, analgesics, psychotropic agents, and 

drugs for chronic diseases requiring long-term therapy. 

Extended-release formulations of methylphenidate, 

venlafaxine, metformin, nifedipine, and numerous other 

drugs have achieved commercial success and improved 

patient outcomes through reduced dosing frequency and 

better tolerability compared to immediate-release 

formulations. However, controlled release systems also 

present challenges including higher manufacturing 

complexity and cost, potential for dose dumping if the 

controlled release mechanism fails, difficulty in dose 

adjustment, and reduced flexibility in dosing regimens. 

 

Gastroretentive and Mucoadhesive Oral Delivery 

Systems 

Gastroretentive drug delivery systems represent an 

innovative approach to prolonging residence time in the 

stomach, thereby extending the duration of drug release in the 

upper gastrointestinal tract and improving bioavailability of 

drugs with narrow absorption windows in the proximal small 

intestine. These systems are particularly valuable for drugs 

exhibiting site-specific absorption, poor solubility at higher 

pH values encountered in the distal intestine, local 

therapeutic action in the stomach, or stability problems in the 

alkaline environment. The fundamental strategies for 

achieving gastric retention include floating systems that 

remain buoyant on gastric contents, mucoadhesive systems 

that adhere to the gastric mucosa, high-density systems that 

sink in gastric fluid and resist emptying, expandable systems 

that increase in size to prevent passage through the pylorus, 

and magnetic systems that are retained by an external magnet. 

Floating drug delivery systems, also known as 

hydrodynamically balanced systems, exhibit bulk density 

lower than gastric fluid density of approximately 1.004 to 

1.010 grams per cubic centimeter, enabling them to float on 

the gastric contents and resist emptying for extended periods. 

Single-unit floating systems are typically designed as tablets 

or capsules containing gas-generating agents such as sodium 

bicarbonate or citric acid that react with gastric acid to 

liberate carbon dioxide, which becomes trapped within a gel-

forming polymer matrix causing the system to float. The 

polymer matrix, commonly comprising hydroxypropyl 

methylcellulose, sodium alginate, or other hydrocolloids, 

swells upon hydration to form a barrier that retains the 

generated gas and controls drug release. 

Multiple-unit floating systems offer advantages over single-

unit systems including more predictable gastric emptying 

behavior, reduced risk of dose dumping, and potential for 

combination of units with different release kinetics. Hollow 

microspheres prepared by emulsion solvent diffusion or 

solvent evaporation methods encapsulate drug within a 

polymer shell, with the hollow interior providing buoyancy. 

Gas-generating microspheres incorporate effervescent agents 

that generate gas upon contact with gastric fluid, causing the 

particles to float while simultaneously initiating drug release. 

Raft-forming systems, used clinically for treatment of 

gastroesophageal reflux disease, form a floating gel barrier 

on gastric contents through gelation of alginate in the 

presence of gastric acid and calcium ions. 

The gastric retention capability of floating systems depends 

critically on maintenance of the floating mechanism 

throughout the intended residence period and the presence of 

sufficient gastric fluid to enable flotation. Administration in 

the fasted state with adequate fluid intake enhances floating 

and retention, while the unpredictable nature of gastric 

emptying and the transition from fed to fasted state present 

challenges for reliable gastric retention. Clinical studies have 

demonstrated that floating systems can achieve gastric 

residence times exceeding six to eight hours in the fed state, 

substantially longer than conventional tablets which typically 

empty from the stomach within one to two hours. 

Mucoadhesive drug delivery systems utilize polymers 

capable of forming strong adhesive bonds with mucin 

glycoproteins present in the mucus layer coating the gastric 

epithelium. The mucoadhesive interaction involves multiple 

stages including wetting and swelling of the polymer, 

interpenetration of polymer chains into the mucus layer, and 

formation of chemical or physical bonds. Polymers 

exhibiting strong mucoadhesive properties include 

carbomers, polycarbophil, sodium alginate, chitosan and its 

derivatives, thiolated polymers, and cellulose derivatives. 

The strength and duration of mucoadhesion depend on 

polymer molecular weight, chain flexibility, degree of cross-

linking, functional groups available for bonding, and 

hydration state. 

Thiolated polymers, also termed thiomers, represent an 

advanced class of mucoadhesive materials incorporating 

cysteine or other thiol-bearing moieties that can form 

disulfide bonds with cysteine-rich subdomains of mucus 

glycoproteins. These covalent interactions provide 

substantially stronger and more durable adhesion compared 

to non-thiolated polymers that rely solely on physical 

entanglement and secondary forces. Furthermore, thiomers 

exhibit permeation-enhancing properties through reversible 

opening of tight junctions between epithelial cells and 

inhibition of efflux transporters, potentially improving 

absorption of poorly permeable drugs. 

Expandable gastroretentive systems are designed to undergo 

substantial size increase after administration, preventing 

passage through the pyloric sphincter and promoting gastric 

retention. These systems typically consist of a polymer 

matrix that swells rapidly upon contact with gastric fluid to 

dimensions exceeding the pyloric diameter, or incorporate 

mechanical expandable frameworks that unfold. The 

expanded system gradually erodes or disintegrates to allow 

eventual gastric emptying after drug release is complete. 

Safety considerations including the risk of gastric obstruction 

and the need for reliable degradation mechanisms have 

limited clinical adoption of highly expandable systems. 

High-density systems utilize materials with density 

significantly greater than gastric fluid, typically exceeding 

1.4 to 2.5 grams per cubic centimeter, enabling them to settle 

in the antrum region of the stomach where they resist the 

propulsive waves that empty lighter particles. Incorporation 

of heavy excipients such as iron powder, barium sulfate, zinc 

oxide, or titanium dioxide increases overall system density. 

However, the clinical effectiveness of high-density systems 

has been questioned, as gastric emptying patterns can vary 

substantially between individuals and the antrum may not 

retain heavy particles as reliably as initially hypothesized. 
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Magnetic gastroretentive systems incorporate magnetic 

materials within the dosage form that interact with an external 

magnet positioned on the abdomen to provide retention force. 

While this approach offers theoretical advantages in terms of 

controllable retention, practical limitations including patient 

compliance with wearing an external magnet, interference 

with magnetic resonance imaging, and uncertain retention 

force under physiological conditions have prevented 

widespread development. 

The therapeutic applications of gastroretentive systems have 

been demonstrated for numerous drugs including narrow 

absorption window drugs such as riboflavin, levodopa, and 

certain antibiotics, drugs acting locally in the stomach such 

as antacids and Helicobacter pylori eradication regimens, and 

drugs with pH-dependent solubility including weak bases that 

dissolve preferentially in acidic gastric fluid. Clinical studies 

of gastroretentive formulations of ciprofloxacin for 

eradication of Helicobacter pylori, gabapentin for 

bioavailability enhancement, and metformin for improved 

glycemic control have shown promising results. 

However, gastroretentive systems face several limitations 

and challenges that must be addressed for successful 

development. The requirement for adequate gastric fluid 

volume means these systems may not function optimally 

under fasted conditions when gastric fluid volume is minimal. 

The high variability in gastric emptying between individuals 

and in response to food, posture, disease states, and 

concomitant medications introduces unpredictability in 

retention time and consequently drug absorption. 

Furthermore, these systems are generally contraindicated in 

patients with gastrointestinal motility disorders, obstruction, 

or stenosis, and require sufficient gastric residence time 

which may not be achieved in all patients. 

The combination of gastroretentive properties with controlled 

release mechanisms offers synergistic advantages, enabling 

both prolonged residence at the absorption site and sustained 

drug release over extended periods. Integration of floating 

and mucoadhesive properties in single systems has been 

explored to provide robust gastric retention through multiple 

complementary mechanisms. Future development of 

gastroretentive systems focuses on improving reliability of 

retention through better understanding of gastric physiology, 

development of responsive materials that adapt to the gastric 

environment, and patient selection strategies based on 

physiological parameters predictive of successful gastric 

retention. 

 

Lipid-Based and Self-Emulsifying Drug Delivery Systems 

Lipid-based drug delivery systems have emerged as a 

powerful strategy for enhancing oral bioavailability of 

lipophilic compounds belonging to Biopharmaceutics 

Classification System class II and IV categories characterized 

by poor aqueous solubility. These formulations exploit the 

natural lipid digestion and absorption pathways to solubilize 

hydrophobic drugs, protect them from degradation, and 

facilitate lymphatic transport that bypasses hepatic first-pass 

metabolism. The spectrum of lipid-based formulations ranges 

from simple solutions of drug in oils to complex self-

emulsifying systems that spontaneously form fine oil-in-

water emulsions or microemulsions upon dilution with 

aqueous media in the gastrointestinal tract. 

The Lipid Formulation Classification System categorizes 

lipid-based formulations into four types based on 

composition and biopharmaceutical properties. Type I 

formulations consist of drug dissolved in natural or synthetic 

oils without surfactants or co-solvents, requiring digestion by 

pancreatic lipase to release drug for absorption. These simple 

oil solutions are suitable for highly lipophilic drugs with log 

P values exceeding 5, but their performance is highly 

dependent on the efficiency of lipid digestion which can vary 

between individuals and is affected by fed or fasted state. 

Type II formulations contain drug dissolved in mixtures of 

oils and water-insoluble surfactants, providing some degree 

of emulsification capacity while still relying primarily on 

digestion for drug release. 

Type III formulations, encompassing self-emulsifying drug 

delivery systems and self-microemulsifying drug delivery 

systems, comprise mixtures of oils, surfactants, and co-

solvents in proportions that spontaneously emulsify upon 

aqueous dilution with gentle agitation mimicking 

gastrointestinal motility. These systems are subdivided into 

Type IIIA with predominantly lipophilic surfactants and high 

oil content, and Type IIIB with increased proportions of 

hydrophilic surfactants and co-solvents and reduced oil 

content. Type IV formulations contain hydrophilic 

surfactants and co-solvents without oils, essentially 

functioning as surfactant-based solubilizers rather than lipid 

delivery systems. 

Self-emulsifying drug delivery systems offer multiple 

advantages including enhanced solubilization capacity that 

maintains drugs in dissolved state throughout transit in the 

gastrointestinal tract, formation of fine emulsion droplets 

with large interfacial area promoting rapid absorption, 

stimulation of bile and pancreatic secretions that further 

enhance solubilization, and protection from hydrolysis and 

oxidation in the aqueous gastrointestinal environment. The 

spontaneous emulsification process is driven by the free 

energy required for emulsion formation being extremely low, 

facilitated by the surfactant lowering interfacial tension and 

the co-solvent reducing the energy barrier. 

Formulation development of self-emulsifying systems 

involves systematic investigation of the phase behavior of oil, 

surfactant, and co-solvent mixtures using pseudo-ternary 

phase diagrams to identify self-emulsifying regions. Critical 

factors influencing self-emulsification include surfactant 

concentration typically ranging from 30 to 60 percent weight 

by weight, surfactant hydrophilic-lipophilic balance with 

optimal values generally between 12 and 16 for oil-in-water 

emulsification, oil type and concentration, co-solvent 

selection and proportion, and drug loading. Common oils 

include long-chain and medium-chain triglycerides, oleic 

acid, and various vegetable oils, while surfactants span 

polyethoxylated castor oil derivatives, polysorbates, and 

lecithins. Co-solvents such as ethanol, propylene glycol, 

polyethylene glycol 400, and transcutol facilitate drug 

solubilization and enhance emulsification kinetics. 

Characterization of self-emulsifying formulations 

encompasses assessment of emulsification efficiency and 

rate, droplet size distribution, zeta potential, stability under 

storage and digestion conditions, and drug release profiles. 

Emulsification efficiency is evaluated by visual observation 

of spontaneous emulsification upon dilution with various 

aqueous media, while droplet size analysis using dynamic 

light scattering or laser diffraction quantifies the fineness of 

the formed emulsion. Self-microemulsifying systems 

typically produce droplets below 200 nanometers, 

approaching microemulsion or nanoemulsion dimensions 

that may enhance lymphatic uptake. 
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The mechanisms by which lipid-based formulations enhance 

oral bioavailability extend beyond simple solubilization and 

include stimulation of intestinal lipoprotein formation and 

lymphatic transport. Lipophilic drugs dissolved in lipid 

vehicles can be incorporated into mixed micelles formed 

during lipid digestion, facilitating transport across the 

unstirred water layer adjacent to the intestinal epithelium. 

Subsequently, drugs may partition into enterocyte 

membranes or be taken up along with digestion products into 

enterocytes, where long-chain fatty acids and 

monoglycerides are reassembled into triglycerides and 

packaged into chylomicrons and lipoproteins. Highly 

lipophilic drugs with log P exceeding 5 and long-chain 

triglyceride solubility above 50 milligrams per gram 

preferentially associate with intestinal lymphatic transport, 

entering the systemic circulation via the thoracic duct and 

thereby avoiding hepatic first-pass metabolism. 

The extent of lymphatic transport can be substantial for 

certain drugs, with up to 30 to 50 percent of the absorbed dose 

reaching systemic circulation through lymphatic pathways. 

This route is particularly advantageous for drugs extensively 

metabolized during first-pass, and for delivery of certain 

lipophilic prodrugs and antiretroviral agents. Furthermore, 

lymphatic transport may facilitate targeting of drugs to 

immune cells within lymph nodes, offering potential 

advantages for immunomodulatory therapies and treatment 

of metastatic cancer spreading via lymphatic routes. 

In vitro lipolysis models have been developed to simulate the 

digestion of lipid formulations and predict in vivo 

performance. These models incorporate pancreatic lipase, co-

lipase, bile salts, and phospholipids in buffer systems at 

physiological pH and ionic strength, with pH-stat titration 

monitoring the liberation of free fatty acids during digestion. 

Analysis of drug distribution between oil, aqueous, and 

precipitated phases during and after lipolysis provides 

insights into factors affecting absorption and guides 

formulation optimization. 

Clinical translation of lipid-based formulations has yielded 

numerous marketed products across therapeutic areas 

including immunosuppressants such as cyclosporine and 

tacrolimus, antiretroviral agents including ritonavir and 

saquinavir, and anticancer drugs such as paclitaxel 

formulations. These products have demonstrated substantial 

bioavailability improvements compared to conventional solid 

dosage forms, reduced variability, and diminished food 

effects. However, lipid formulations present certain 

challenges including potential for drug precipitation upon 

dilution if solubilization capacity is exceeded, stability 

concerns during storage particularly for formulations 

containing unsaturated lipids susceptible to oxidation, limited 

drug loading capacity for some excipients, and the need for 

specialized capsule shells resistant to lipid-mediated 

softening. 

Solid self-emulsifying drug delivery systems represent an 

evolution addressing some limitations of liquid formulations 

by converting the liquid self-emulsifying mixture into a free-

flowing powder or pellet form through adsorption onto solid 

carriers or spray drying. These solidified systems retain self-

emulsifying properties upon contact with aqueous media 

while offering advantages including improved stability, ease 

of manufacturing into conventional dosage forms such as 

tablets or capsules, and potentially reduced irritation of 

capsule shells. Suitable solid carriers include porous 

materials such as silicon dioxide, microcrystalline cellulose, 

and various grades of calcium silicate that can absorb 

substantial quantities of liquid formulation while maintaining 

acceptable flow properties. 

Emerging developments in lipid-based delivery include 

incorporation of permeation enhancers to facilitate 

absorption, combination with controlled release polymers to 

sustain drug release from the emulsified formulation, and 

utilization of stimuli-responsive lipids that respond to pH or 

enzymatic triggers. The integration of lipid-based 

solubilization with nanotechnology has led to development of 

solid lipid nanoparticles and nanostructured lipid carriers 

discussed in subsequent sections. 

 

Solid Dispersions, Co-Crystals, and Supersaturating 

Formulations 

Solid dispersion technology represents one of the most 

successful approaches for enhancing dissolution and oral 

bioavailability of poorly water-soluble drugs through 

conversion of crystalline drug into an amorphous state 

dispersed within a hydrophilic carrier matrix. Amorphous 

drugs lack the long-range molecular order characteristic of 

crystals, resulting in higher free energy states with 

substantially enhanced apparent solubility and dissolution 

rates compared to their crystalline counterparts. However, 

amorphous materials are thermodynamically unstable and 

prone to recrystallization over time, necessitating 

stabilization strategies wherein the drug is dispersed 

molecularly or as nanodomains within a polymer matrix that 

inhibits molecular mobility and crystal nucleation. 

The evolution of solid dispersion technology has progressed 

through multiple generations from early simple eutectic 

mixtures to contemporary amorphous solid dispersions 

utilizing sophisticated polymers and manufacturing 

processes. First-generation solid dispersions employed 

crystalline carriers such as urea and sugars, providing limited 

bioavailability enhancement. Second-generation systems 

introduced amorphous carriers including 

polyvinylpyrrolidone and polyethylene glycols, achieving 

greater solubility enhancement but facing challenges with 

physical stability. Third-generation solid dispersions 

incorporate surfactants alongside polymers to facilitate 

wetting and dissolution while maintaining physical stability 

through multiple stabilization mechanisms. 

The selection of polymer carriers for solid dispersions is 

governed by multiple considerations including miscibility 

with the drug to enable formation of homogeneous 

dispersions, ability to inhibit drug crystallization through 

molecular interactions and reduced molecular mobility, 

adequate solubility and dissolution rate to enable rapid drug 

release, and compatibility with manufacturing processes. 

Common polymers include polyvinylpyrrolidone and its 

copolymer with vinyl acetate, hydroxypropyl 

methylcellulose and its derivative hydroxypropyl 

methylcellulose acetate succinate, polyethylene glycols of 

various molecular weights, polymethacrylate copolymers 

with varying ratios of acidic and neutral moieties, and 

poloxamers. 

Molecular interactions between drug and polymer play a 

critical role in both formation and stabilization of solid 

dispersions. Hydrogen bonding between drug and polymer 

functional groups reduces molecular mobility and increases 

the energy barrier for crystallization. Ionic interactions in 

systems containing ionizable drugs and polymers with 

opposite charges provide additional stabilization. The glass 
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transition temperature of the dispersion, which depends on 

the composition and strength of drug-polymer interactions, 

influences molecular mobility with higher glass transition 

temperatures generally conferring greater stability against 

recrystallization. 

Manufacturing technologies for solid dispersions have 

advanced significantly to enable commercial-scale 

production with reproducible quality. Hot melt extrusion has 

emerged as a preferred continuous manufacturing process 

wherein drug and polymer are fed into a heated extruder 

barrel, mixed and melted through combined heat and shear, 

and extruded through a die to form a homogeneous 

dispersion. The extrudate is subsequently milled to 

appropriate particle size for tableting or capsule filling. Hot 

melt extrusion offers advantages including solvent-free 

processing, continuous operation amenable to quality by 

design principles, and robust process control, though it 

requires thermal stability of both drug and polymer at 

processing temperatures. 

Spray drying represents an alternative manufacturing 

approach wherein drug and polymer are dissolved or 

suspended in a volatile solvent, atomized into fine droplets, 

and rapidly dried in a heated chamber. The rapid solvent 

evaporation kinetics inhibit drug crystallization and facilitate 

formation of homogeneous amorphous dispersions. Spray 

drying accommodates thermolabile compounds and enables 

control over particle size and morphology, but requires 

solvent selection that adequately dissolves both components, 

subsequent solvent removal to acceptable residual levels, and 

management of electrostatic charging that can complicate 

downstream processing. 

Other manufacturing methods include co-precipitation from 

solution, freeze-drying, and use of supercritical fluids, each 

offering distinct advantages and limitations. Electrospinning 

has been explored to create nanofibrous solid dispersions 

with extremely high surface area and rapid dissolution 

characteristics. Three-dimensional printing technologies are 

emerging as platforms for fabricating solid dispersions with 

controlled release properties and personalized dosing. 

Co-crystals represent an alternative solid-state approach 

wherein drug molecules are incorporated into a crystal lattice 

together with a co-former molecule through non-covalent 

interactions including hydrogen bonds, pi-pi stacking, and 

van der Waals forces. Unlike solid dispersions where drug is 

amorphous, co-crystals maintain crystallinity while 

potentially offering improved physicochemical properties 

including enhanced solubility, dissolution rate, stability, and 

mechanical properties. The design of pharmaceutical co-

crystals requires identification of suitable co-formers that can 

form stable multi-component crystals with the drug through 

complementary functional groups. 

Co-crystal screening involves systematic investigation of 

drug-coformer combinations using mechanochemical 

methods such as grinding, solution crystallization, and slurry 

conversion. Characterization techniques including X-ray 

diffraction, differential scanning calorimetry, and 

spectroscopic methods confirm co-crystal formation and 

distinguish co-crystals from physical mixtures or salts.  

The regulatory classification of co-crystals has evolved, with 

current guidance treating them similarly to polymorphs rather  

than new molecular entities in cases where the co-former has 

established use in pharmaceutical products. 

Clinical examples of successful co-crystal development 

include combinations of tramadol with celecoxib, caffeine 

with oxalic acid, and various other drug-coformer pairs 

demonstrating enhanced dissolution and bioavailability. 

However, co-crystal technology faces challenges including 

potential for transformation to less soluble forms upon 

exposure to moisture or during dissolution, limited 

understanding of structure-property relationships to guide 

rational design, and complexities in intellectual property 

landscape. 

Supersaturating formulations exploit the principle that 

dissolved drug concentration transiently exceeding 

equilibrium solubility, termed supersaturation, enhances the 

driving force for absorption across intestinal membranes. 

Amorphous solid dispersions inherently generate 

supersaturated solutions upon dissolution, as the apparent 

solubility of amorphous drug can be 10 to 1000-fold higher 

than crystalline drug. However, supersaturated states are 

thermodynamically unstable and prone to precipitation, 

potentially negating bioavailability advantages if drug 

precipitates before absorption occurs. 

Precipitation inhibitors including polymers and surfactants 

are incorporated into supersaturating formulations to prolong 

the supersaturated state through multiple mechanisms. These 

inhibitors can adsorb onto the surface of drug nuclei 

inhibiting crystal growth, increase the energy barrier for 

nucleation, enhance solubilization capacity, and increase 

solution viscosity reducing molecular diffusion required for 

crystal growth. Polymers effective as precipitation inhibitors 

include hydroxypropyl methylcellulose, hydroxypropyl 

methylcellulose acetate succinate, polyvinylpyrrolidone, and 

various cellulose derivatives. 

The in vitro assessment of supersaturating formulations 

utilizes dissolution testing in biorelevant media simulating 

intestinal fluid composition, combined with methods to 

distinguish dissolved drug from precipitated or colloidal 

species. Two-stage dissolution testing separating gastric and 

intestinal phases, and biphasic dissolution systems 

incorporating an organic phase to simulate absorptive sink 

conditions, provide insights into formulation performance 

under physiologically relevant conditions. 

Clinical translation of amorphous solid dispersion technology 

has achieved considerable success with numerous marketed 

products including itraconazole, lopinavir-ritonavir, 

vemurafenib, and griseofulvin formulations demonstrating 

substantial bioavailability improvements over crystalline 

formulations. These commercial successes have validated the 

technology and stimulated further investment in development 

and manufacturing capabilities. However, challenges remain 

including physical instability of some dispersions during 

storage, limited drug loading capacity for certain polymer 

carriers requiring large dosage form sizes, and the need for 

sophisticated analytical methods to monitor physical form 

throughout product lifecycle. 
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Nanotechnology and Polymer-Based Oral Delivery 

Platforms 

Nanotechnology has revolutionized oral drug delivery 

through development of nanoparticulate carrier systems with 

dimensions typically ranging from 10 to 1000 nanometers  

that can enhance solubility, protect labile drugs, facilitate 

cellular uptake, and enable targeted delivery. These 

nanoscale delivery platforms exploit unique physicochemical 

properties emerging at the nanoscale including high surface 

area to volume ratios, quantum effects influencing optical and 

electronic properties, and dimensions comparable to 

biological structures enabling cellular and subcellular 

interactions. The diverse categories of nanocarriers for oral 

delivery include polymeric nanoparticles, lipid-based 

nanoparticles, inorganic nanoparticles, and hybrid systems 

combining multiple material classes. 

Polymeric nanoparticles are prepared from biodegradable or 

biocompatible polymers and can be classified as nanospheres 

with a matrix structure wherein drug is dispersed throughout 

the polymer matrix, or nanocapsules consisting of a drug-

containing core surrounded by a polymer shell. Natural 

polymers including chitosan, alginate, gelatin, and albumin 

offer excellent biocompatibility and biodegradability, while 

synthetic polymers such as poly lactic-co-glycolic acid, 

polylactic acid, polycaprolactone, and polyacrylates provide 

tunable properties through molecular weight adjustment and 

copolymer composition. Poly lactic-co-glycolic acid has 

been extensively investigated and utilized in clinically 

approved parenteral formulations, with ongoing development 

for oral applications. 

The mechanisms by which polymeric nanoparticles enhance 

oral drug delivery include increased dissolution rate and 

saturation solubility through particle size reduction to 

nanoscale dimensions, protection of drugs from degradation 

in the gastrointestinal environment through encapsulation 

within the polymer matrix, prolonged residence time at 

absorption sites through mucoadhesion, and facilitation of 

cellular uptake through endocytic pathways. Surface 

modification of nanoparticles with mucoadhesive polymers 

such as chitosan or thiolated polymers enhances interaction 

with the intestinal mucus layer, prolonging residence time 

and increasing concentration gradient driving absorption. 

Further functionalization with targeting ligands including 

lectins, antibodies, or receptor-specific peptides can promote 

selective uptake by specific cell populations. 

Nanoparticle manufacturing methods include emulsion-

based techniques, nanoprecipitation, ionic gelation, and 

microfluidic approaches. Emulsion solvent evaporation and 

emulsion solvent diffusion methods prepare nanoparticles by 

forming an emulsion of polymer solution in an immiscible 

continuous phase, followed by solvent removal to precipitate 

the polymer as nanoparticles. Nanoprecipitation exploits the 

rapid diffusion of a water-miscible organic solvent containing 

dissolved polymer into an aqueous phase, causing 

instantaneous precipitation of polymer as nanoparticles. Ionic 

gelation cross-links polyelectrolytes such as chitosan with 

multivalent counterions such as tripolyphosphate to form 

nanoparticles under mild aqueous conditions suitable for 

encapsulation of sensitive biologics. 

Solid lipid nanoparticles and nanostructured lipid carriers 

represent lipid-based alternatives to polymeric nanoparticles, 

combining advantages of lipid formulations with benefits of 

nanoscale delivery. Solid lipid nanoparticles consist of drug  

dispersed in a solid lipid matrix comprising physiological 

lipids such as triglycerides, fatty acids, or waxes that are solid 

at body temperature.  

These systems offer protection of labile drugs from 

degradation, controlled release as drug must diffuse through 

the solid lipid matrix, and absence of organic solvents in 

many preparation methods. However, limited drug loading 

capacity due to crystalline lipid structure and potential for 

drug expulsion during storage upon lipid recrystallization 

represent challenges. 

Nanostructured lipid carriers address some limitations of 

solid lipid nanoparticles through incorporation of liquid lipids 

alongside solid lipids to create an imperfect crystal structure 

with increased drug loading capacity and reduced drug 

expulsion. The liquid lipid component creates irregularities 

in the solid lipid matrix, providing space for drug 

accommodation and reducing crystallinity. Manufacturing 

methods for lipid nanoparticles include high-pressure 

homogenization, microemulsion dilution, solvent 

emulsification-evaporation, and supercritical fluid 

techniques. 

Inorganic nanoparticles including silica, gold, iron oxide, and 

calcium phosphate nanoparticles have been investigated for 

oral drug delivery applications. Mesoporous silica 

nanoparticles with ordered pore structures and high surface 

areas enable high drug loading and can release cargo in 

response to pH or enzymatic triggers. Surface modification 

with polymers or lipids improves biocompatibility and can 

impart mucoadhesive or targeting properties. However, 

concerns regarding long-term safety and biodegradability of 

inorganic materials require thorough evaluation for chronic 

oral administration. 

Cyclodextrin-based nanoparticles formed through self-

assembly of cyclodextrins and their derivatives represent a 

unique class of organic nanocarriers that can complex 

hydrophobic drugs within their hydrophobic cavities. 

Cyclodextrins are cyclic oligosaccharides with toroidal 

structures comprising hydrophobic interiors and hydrophilic 

exteriors, enabling solubilization of lipophilic drugs. 

Chemical modification of cyclodextrins with various 

substituents alters their physicochemical properties, inclusion 

complex formation constants, and self-assembly behavior. 

Polymer-drug conjugates covalently link drugs to water-

soluble polymers through cleavable or non-cleavable bonds, 

modulating pharmacokinetics, biodistribution, and toxicity 

profiles. For oral delivery, polymer conjugation can protect 

drugs from degradation in the gastrointestinal tract and 

potentially enhance absorption through mechanisms 

including increased molecular weight leading to prolonged 

transit time, and specific interactions of the polymer with 

intestinal epithelium. Cleavable linkers designed to be 

cleaved by intestinal enzymes or under specific pH 

conditions enable controlled drug release after absorption. 

Dendrimers are highly branched, monodisperse polymeric 

nanostructures with precisely defined molecular weight and 

architecture that can encapsulate drugs within their interior 

cavities or conjugate drugs to peripheral functional groups. 

Polyamidoamine dendrimers have been most extensively 

studied for oral delivery, demonstrating permeation 

enhancement properties through reversible opening of tight 

junctions. However, potential toxicity of cationic dendrimers 

through membrane disruption necessitates careful design and 

surface modification to optimize biocompatibility. 
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The challenges of translating nanoparticulate oral delivery 

systems to clinical application include physical instability 

during storage with potential for particle aggregation or drug 

leakage, complex and costly manufacturing processes 

limiting commercial scalability, incomplete understanding of 

nanoparticle fate in the gastrointestinal tract including 

interactions with food, enzymes, and microbiota, and 

regulatory uncertainties regarding characterization 

requirements and safety assessment. The mucus barrier, 

which can trap nanoparticles and prevent epithelial contact, 

represents a significant physiological obstacle that has 

prompted development of mucus-penetrating nanoparticles 

with dense surface coatings of hydrophilic polymers such as 

polyethylene glycol. 

Advanced characterization techniques are essential for 

quality control and regulatory approval of nanoparticle 

formulations. Particle size distribution, surface charge, 

morphology, drug loading and encapsulation efficiency, in 

vitro release kinetics, and stability under various storage and 

physiological conditions must be thoroughly characterized 

using orthogonal analytical methods. Electron microscopy, 

atomic force microscopy, dynamic light scattering, laser 

diffraction, and field flow fractionation provide 

complementary information on particle properties. 

Clinical examples of nanoparticle-based oral formulations 

remain limited compared to parenteral applications, 

reflecting the significant barriers to oral absorption of 

nanoparticles. However, nanocrystal formulations wherein 

the drug itself is reduced to nanocrystalline form without 

encapsulation have achieved commercial success for poorly 

soluble compounds. These drug nanocrystals are prepared 

through wet milling or high-pressure homogenization and 

stabilized with surfactants and polymers, providing 

dissolution rate enhancement while avoiding the complexity 

of encapsulation systems. 

 

Clinical Translation, Patient-Centric Design, and 

Commercial Considerations 

The successful translation of innovative oral drug delivery 

systems from laboratory concepts to marketed products 

requires addressing multifaceted considerations spanning 

formulation science, manufacturing feasibility, regulatory 

compliance, clinical efficacy and safety, patient acceptance, 

and commercial viability. The development pathway for 

novel delivery systems is substantially more complex and 

resource-intensive than conventional formulations, 

necessitating strategic decision-making throughout the 

product lifecycle. 

Patient-centric design principles have gained prominence as 

recognition has grown that technical sophistication alone 

does not ensure therapeutic success if patients cannot or will 

not adhere to prescribed regimens. Key patient-centric 

considerations include dosage form size and ease of 

swallowing, as large tablets or capsules may be difficult for 

pediatric, geriatric, or dysphagic patients to swallow. Taste 

masking is critical for oral formulations, particularly those 

targeting pediatric populations, requiring strategies such as 

coating, complexation, or use of taste-masked granules to 

prevent contact between bitter drugs and taste receptors.  

Dosing frequency substantially affects adherence, with once-

daily regimens demonstrating superior adherence compared 

to multiple daily doses, motivating development of extended-

release formulations. 

The sensory attributes of dosage forms including appearance, 

texture, and mouthfeel influence patient perception and 

acceptance. Aesthetic considerations such as color, shape, 

and embossing can enhance brand recognition and potentially 

reduce medication errors. For elderly patients, considerations 

including arthritis affecting ability to open packaging and 

visual impairment requiring clear labeling become 

paramount. Personalization opportunities enabled by flexible 

manufacturing technologies such as three-dimensional 

printing allow dose adjustment and combination therapy 

tailored to individual patient needs. 

Manufacturing process selection and optimization represent 

critical determinants of commercial feasibility and product 

quality. Continuous manufacturing technologies including 

continuous granulation, tableting, and coating offer 

advantages over traditional batch processing including 

reduced footprint, improved process control, real-time 

quality monitoring, and potentially lower costs. Quality by 

design paradigm emphasizes systematic development based 

on sound science and quality risk management, identifying 

critical quality attributes, critical process parameters, and 

establishing design space within which quality is ensured. 

Process analytical technology tools enable real-time or near-

real-time monitoring of critical parameters during 

manufacturing, facilitating process control and supporting 

quality by design implementation. Spectroscopic techniques 

including near-infrared and Raman spectroscopy provide 

non-destructive analysis of blend uniformity, moisture 

content, and polymorphic form. Implementation of process 

analytical technology and continuous manufacturing requires 

substantial investment in equipment and expertise but can 

improve process robustness and reduce manufacturing costs 

at scale. 

Intellectual property strategy plays a crucial role in 

commercial success of innovative delivery systems, as 

formulation patents can extend market exclusivity beyond the 

expiration of composition of matter patents on the active 

ingredient. Formulation patents may cover specific excipient 

combinations, manufacturing processes, particle size 

distributions, or release profiles. However, the proliferation 

of generic competition following patent expiration and 

regulatory pathways enabling abbreviated approval for 

generic modified-release products based on demonstration of 

bioequivalence create competitive pressures. 

The regulatory pathway for modified-release and novel 

delivery systems varies depending on whether the drug is a 

new molecular entity or a reformulation of an approved drug. 

New drug applications for reformulations require 

demonstration of bioequivalence or, in some cases, bridging 

studies showing comparable efficacy and safety to the 

reference product. For controlled-release formulations, 

multiple-dose pharmacokinetic studies assessing steady-state 

concentrations, food effects, and dose proportionality are 

typically required. Regulatory guidance documents from 

agencies including the Food and Drug Administration and  
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European Medicines Agency provide frameworks for 

development, but novel systems may require early 

engagement with regulators to establish appropriate 

evaluation criteria. 

Biopharmaceutics classification system-based biowaivers 

permit substitution of in vivo bioequivalence studies with in 

vitro dissolution testing for certain drugs, reducing 

development costs and time. However, modified-release 

formulations and narrow therapeutic index drugs generally 

require in vivo studies regardless of classification. The 

development of in vitro-in vivo correlations that relate in 

vitro dissolution profiles to in vivo pharmacokinetic 

parameters can support formulation optimization, quality 

control, and potentially reduce clinical study requirements for 

post-approval changes. 

Pharmacoeconomic considerations influence adoption of 

innovative delivery systems by healthcare providers and 

payers. While novel formulations often command premium 

pricing compared to conventional generics, demonstration of  

value through improved outcomes, reduced healthcare 

utilization, or enhanced quality of life is increasingly required 

for reimbursement. Reduced hospitalization rates due to 

improved disease control, decreased adverse events requiring 

medical intervention, and enhanced productivity due to 

simplified dosing regimens represent potential sources of 

value. 

Life cycle management strategies leverage delivery system 

innovation to maintain competitive advantage and extend 

product lifecycle. Line extensions incorporating controlled 

release, combination products containing multiple active 

ingredients in a single dosage form, and patient-specific 

formulations such as orally disintegrating tablets expand 

market opportunity. Reformulation to address safety 

concerns, improve tolerability, or reduce abuse potential 

demonstrates continued commitment to patient benefit. 

Generic competition presents both challenges and 

opportunities for innovative delivery systems. While generic 

entry of conventional formulations erodes market share, 

sophisticated delivery systems may present higher barriers to 

generic development due to formulation complexity, 

specialized manufacturing requirements, and intellectual 

property protection. Authorized generic agreements and 

settlement of patent litigation shape the competitive 

landscape. 

Pediatric development of oral formulations addresses the 

critical need for age-appropriate dosage forms, as children 

often receive adult formulations at adjusted doses despite 

physiological differences affecting pharmacokinetics and 

challenges with dosage form administration. Regulatory 

incentives including market exclusivity extensions encourage 

pediatric formulation development. Flexible solid 

dispersions, mini-tablets, granules, and oral liquids with 

improved taste and stability represent approaches to pediatric 

formulation. 

Geriatric formulation considerations recognize age-related 

physiological changes including reduced saliva production, 

altered gastric pH and motility, polypharmacy complicating 

drug-drug interactions, and cognitive decline affecting 

adherence. Easy-to-swallow formulations, simplified dosing 

regimens, and packaging accommodating physical 

limitations enhance appropriateness for elderly populations. 

The integration of digital health technologies with oral 

delivery systems represents an emerging frontier in patient-

centric design. Ingestible sensors embedded in tablets that 

transmit signals upon contact with gastric fluid enable 

objective monitoring of medication adherence and potentially 

facilitate personalized dose titration based on real-time 

pharmacokinetic feedback. Smart packaging incorporating 

electronic monitoring and reminder systems addresses 

cognitive barriers to adherence. 

 

Challenges, Safety, and Regulatory Considerations 

The development and commercialization of innovative oral 

drug delivery systems encounter substantial challenges 

spanning scientific, manufacturing, regulatory, and 

commercial domains that must be systematically addressed to 

ensure successful translation. Safety assessment of novel 

excipients, materials, and technologies represents a critical 

concern as regulatory agencies require demonstration that 

delivery systems do not introduce unacceptable risks beyond 

those associated with the active pharmaceutical ingredient 

itself. 

 

Excipient safety evaluation is particularly important for novel 

polymers, lipids, surfactants, and nanomaterials not 

previously used in approved oral formulations. The inactive 

ingredient database maintained by regulatory agencies lists 

excipients with established use in approved products along 

with maximum potency per unit dose, providing guidance on 

acceptable excipient levels. Excipients exceeding these levels 

or entirely novel excipients require toxicological evaluation 

including acute toxicity, repeat-dose toxicity, genotoxicity, 

and potentially carcinogenicity studies depending on 

intended exposure duration. The qualification process for 

novel excipients can require substantial time and resources, 

creating barriers to innovation. 

Nanotechnology-based delivery systems raise unique safety 

considerations due to the potential for altered biodistribution, 

cellular uptake, and toxicity profiles compared to 

conventional materials of the same chemical composition but 

larger particle size. Size-dependent effects on absorption, 

distribution, and clearance necessitate thorough 

characterization of nanoparticle pharmacokinetics and tissue 

accumulation. Potential for inflammatory responses, 

oxidative stress, and genotoxicity requires evaluation through 

appropriate in vitro and in vivo models. The lack of 

standardized protocols for nanoparticle characterization and 

safety assessment complicates regulatory evaluation. 

Polymer-based controlled release systems can raise concerns 

regarding incomplete release of drug from dosage forms, with 

ghost tablets or undissolved remnants potentially visible in 

stool. While this is generally not a safety concern if drug 

release is complete before excretion, patient or physician 

observation of intact-appearing tablets may raise concerns 

about efficacy. Labeling information should address this 

phenomenon when relevant. 

Food-effect variability represents a significant challenge for 

many advanced formulations, as the composition and caloric 

content of meals can substantially alter the pharmacokinetics 

of lipid-based formulations, gastroretentive systems, and 

other technologies. While some formulations exploit food 

effects to enhance bioavailability, excessive variability or  
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unexpected effects can complicate dose recommendations 

and compromise therapeutic outcomes. Thorough 

characterization of food effects under fasting, low-fat meal, 

and high-fat meal conditions is typically required, with 

labeling providing clear administration instructions relative 

to meals. 

Drug-drug interactions may be affected by formulation 

design, particularly for controlled-release systems that alter 

the temporal profile of drug concentrations at sites of 

metabolic enzymes or transporters. Inhibition or induction of 

cytochrome P450 enzymes or transporters by concomitant 

medications may differentially affect modified-release versus 

immediate-release formulations. Clinical studies assessing 

pharmacokinetic interactions with commonly co-

administered drugs inform labeling and clinical use. 

Dose dumping, the unintended rapid release of entire drug 

content from a modified-release formulation, represents a 

serious safety concern as it can result in toxic peak 

concentrations. In vitro testing under various conditions 

including exposure to alcohol, which can disrupt some 

release mechanisms, assesses the robustness of controlled-

release systems. The Food and Drug Administration 

recommends alcohol dose dumping studies using 5, 20, and 

40 percent ethanol for extended-release formulations. 

 

Stability of innovative formulations during storage and under 

conditions patients may encounter presents challenges, 

particularly for amorphous solid dispersions prone to 

recrystallization, lipid formulations susceptible to oxidation, 

and moisture-sensitive materials. Accelerated stability 

studies at elevated temperature and humidity conditions 

predict shelf life and identify potential degradation pathways. 

Packaging selection including moisture barriers, oxygen 

scavengers, and temperature control can mitigate stability 

concerns but increases costs. 

Manufacturing reproducibility and control represent critical 

considerations for complex formulation technologies such as 

hot melt extrusion, spray drying, and nanoparticle 

preparation. Process variability can affect critical quality 

attributes including drug release rate, particle size 

distribution, polymorphic form, and content uniformity. 

Development of robust processes with adequate design space 

and demonstrated control over critical parameters enables 

consistent production of quality products. 

Regulatory requirements for demonstration of 

bioequivalence or comparative bioavailability when 

modifying formulations or manufacturing processes can 

necessitate additional clinical studies adding to development 

timelines and costs. The biopharmaceutics classification 

system-based biowaiver provisions allow substitution of in 

vivo studies with in vitro dissolution comparisons for certain 

drugs and formulation changes, but modified-release 

products generally require clinical assessment. 

The regulatory landscape for combination products 

containing multiple active ingredients in a single dosage form 

requires demonstration that the combination provides 

therapeutic benefit beyond individual components and that 

the formulation enables appropriate dosing of each 

component. Fixed-dose combinations must maintain 

compatibility between components and achieve appropriate 

release profiles for drugs with different pharmacokinetic 

requirements. 

 

Abuse-deterrent formulations designed to prevent misuse of 

opioids and other controlled substances through physical 

barriers, aversive agents, or other mechanisms face unique 

regulatory requirements including demonstration of abuse 

deterrence through in vitro manipulation studies, 

pharmacokinetic studies comparing intact and manipulated 

formulations, and potentially clinical abuse liability studies. 

While these formulations address important public health 

concerns, the additional development requirements and 

potential for circumvention present challenges. 

Post marketing surveillance and pharmacovigilance for 

innovative delivery systems monitor for adverse events that 

may not have been detected in pre-approval clinical trials. 

Rare but serious events, long-term effects of chronic 

exposure to novel excipients, and real-world experience in 

diverse patient populations inform ongoing benefit-risk 

assessment. Medication errors related to confusion between 

modified-release and immediate-release formulations of the 

same drug underscore the importance of clear labeling and 

healthcare provider education. 

Environmental impact of pharmaceutical excipients and 

delivery systems has gained attention as poorly 

biodegradable polymers and persistent chemicals may 

accumulate in the environment following excretion. Green 

chemistry principles emphasizing use of biodegradable 

materials, minimization of organic solvents, and sustainable 

manufacturing processes are increasingly integrated into 

formulation development. 

 

Future Directions in Oral Drug Delivery Innovation 

The trajectory of oral drug delivery innovation points toward 

increasingly sophisticated, personalized, and intelligent 

systems leveraging advances in materials science, 

biotechnology, manufacturing technologies, and digital 

health integration. Precision medicine paradigms recognizing 

the influence of genetic, environmental, and lifestyle factors 

on drug response motivate development of delivery systems 

that can be tailored to individual patient characteristics. 

Pharmacogenomics-guided formulation selection represents 

an emerging opportunity wherein genetic polymorphisms 

affecting drug metabolizing enzymes, transporters, or targets 

inform choice of formulation and dosing regimen. Patients 

identified as poor metabolizers of drugs cleared by specific 

cytochrome P450 enzymes may benefit from controlled-

release formulations that modulate input rate and reduce peak 

concentrations, while extensive metabolizers may require 

higher doses or more frequent administration. Integration of 

pharmacogenomic information with formulation design 

could optimize therapeutic outcomes while minimizing 

adverse effects. 

Three-dimensional printing technologies enable on-demand 

fabrication of personalized oral dosage forms with precise 

control over drug loading, release kinetics, shape, and size. 

Fused deposition modeling, selective laser sintering, 

stereolithography, and inkjet printing offer complementary 

capabilities for creating complex multi-drug, multi-layer, or 

multi-compartment dosage forms. Point-of-care printing 

could enable pharmacies or clinics to prepare customized 

medications based on individual patient prescriptions, though 

regulatory frameworks for such distributed manufacturing 

are still evolving. 
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The potential for printing multiple drugs with different 

release profiles into single dosage forms addresses 

polypharmacy challenges in elderly patients, potentially 

improving adherence through simplified regimens. 

Incorporation of immediate-release and controlled-release 

compartments within printed tablets enables chronotherapy 

applications delivering drugs at specific times to match 

circadian rhythms of disease processes. 

Stimuli-responsive or smart delivery systems that release 

drugs in response to specific physiological triggers represent 

an advanced frontier in controlled release. pH-responsive 

polymers exhibiting solubility changes at specific pH 

thresholds enable targeted delivery to different 

gastrointestinal regions. Enzyme-responsive systems 

incorporating substrates for colonic bacterial enzymes 

achieve colon-specific delivery. Temperature-responsive 

polymers undergoing phase transitions near physiological 

temperature can modulate release in response to fever or 

localized inflammation. 

Redox-responsive systems exploiting the reducing 

environment within enterocytes created by glutathione enable 

intracellular drug release following cellular uptake. Glucose-

responsive systems under development for diabetes 

management would release insulin in proportion to blood 

glucose levels, though oral delivery of insulin presents 

formidable challenges discussed subsequently. 

The oral delivery of biologics including peptides, proteins, 

antibodies, and nucleic acids remains one of the grand  

challenges in drug delivery due to their large molecular size, 

hydrophilicity, susceptibility to enzymatic degradation, and 

poor membrane permeability. However, recent advances 

have renewed optimism, with the approval of oral 

formulations of semaglutide for diabetes demonstrating 

clinical feasibility. This formulation combines the peptide 

with sodium N-8-caproyl-4-hydroxybenzoate, a permeation 

enhancer that facilitates absorption through transcellular 

pathways and protects against enzymatic degradation. 

Emerging strategies for oral protein delivery include 

encapsulation in protective nanoparticles with surface 

modifications promoting mucus penetration and cellular 

uptake, chemical modification with polyethylene glycol or 

other polymers to enhance stability and permeability, 

utilization of cell-penetrating peptides as absorption 

enhancers, and co-administration of enzyme inhibitors. 

Intestinal patches that adhere to mucosa and release protein 

cargo directly to epithelium show promise in preclinical 

studies. 

The development of ingestible electronic devices for drug 

delivery and diagnostic monitoring represents convergence 

of delivery systems with digital health technologies. Devices 

triggered by gastric acid or wirelessly activated from external 

controllers can deliver drugs at programmed times or in 

response to biomarker measurements. Integration of 

biosensors detecting disease markers in gastrointestinal fluid 

with drug reservoirs enables closed-loop feedback control. 

Artificial intelligence and machine learning applications in 

formulation development accelerate identification of optimal 

compositions and process parameters through analysis of 

large datasets relating formulation variables to performance 

outcomes. Neural networks trained on physicochemical 

properties can predict drug-excipient compatibility, 

dissolution profiles, and bioavailability, potentially reducing 

experimental iterations required during development. 

Machine learning algorithms analyzing patient data including 

genomics, proteomics, clinical parameters, and medication 

history could guide personalized formulation selection. 

Microbiome-targeting delivery systems recognize the 

profound influence of intestinal microbiota on health and 

disease, aiming to modulate microbial composition or deliver 

therapeutics to specific bacterial populations. Encapsulation 

systems protecting probiotics from gastric acid and releasing 

them in the colon maintain viability. Bacteriophage-loaded 

formulations targeting pathogenic bacteria offer precision 

antibacterial effects. Drugs metabolized by specific bacterial 

enzymes can be formulated as prodrugs activated selectively 

in the presence of relevant microbiota. 

Self-propelling microdevices powered by chemical reactions 

or biological motors navigate the gastrointestinal tract to 

reach target sites, potentially overcoming limitations of 

passive delivery systems dependent on peristalsis. Magnetic 

guidance using external magnetic fields steers drug-loaded 

particles to specific locations. While these technologies 

remain largely experimental, they exemplify creative 

approaches to addressing delivery challenges. 

Organoid and organ-on-chip models recapitulating human 

intestinal physiology provide advanced in vitro platforms for 

evaluating formulation performance with greater 

physiological relevance than traditional cell culture models. 

These models incorporating multiple cell types, three-

dimensional architecture, and fluid flow enable assessment of 

drug absorption, metabolism, and transport under near-

physiological conditions. Integration into high-throughput 

screening cascades could accelerate formulation optimization 

and reduce animal experimentation. 

Continuous manufacturing technologies are transitioning 

from development to commercial implementation, promising 

improved process control, reduced manufacturing footprint 

and costs, and enhanced quality consistency. Real-time 

release testing enabled by process analytical technology 

integration could eliminate traditional batch testing delays. 

Modular manufacturing facilities that can be rapidly 

reconfigured for different products enhance flexibility and 

responsiveness to market demands. 

Sustainability considerations are increasingly influencing 

formulation and packaging design, with emphasis on 

biodegradable polymers derived from renewable sources, 

reduction of energy and water consumption in 

manufacturing, and minimization of packaging waste. Life 

cycle assessment quantifying environmental impacts from 

raw material sourcing through end-of-life disposal informs 

greener formulation choices. 

Regulatory science evolution aims to keep pace with 

technological innovation, developing appropriate 

frameworks for evaluating novel delivery systems while 

encouraging innovation. Collaboration between industry, 

academia, and regulatory agencies through initiatives such as 

critical path programs identifies scientific and technical 

challenges impeding development of innovative medical 

products. Adaptive regulatory pathways accommodating 

iterative development and post-market evidence generation 

may better suit personalized and digital therapeutics. 

The convergence of these diverse technological trends 

promises to expand the therapeutic applications of oral drug 

delivery, enabling effective oral administration of 

increasingly complex molecules, personalization of therapy 

to individual patient needs, and seamless integration with 

digital health ecosystems supporting improved outcomes and 

quality of life. 
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Conclusion 

Oral drug delivery has evolved from simple tablets and 

capsules into a sophisticated field encompassing diverse 

advanced technologies that address fundamental 

physiological barriers and enable optimized therapeutic 

outcomes. The innovations reviewed in this article, including 

controlled and modified release systems, gastroretentive 

platforms, lipid-based formulations, solid dispersions, 

nanotechnology-enabled carriers, and permeation 

enhancement strategies, have substantially expanded the 

range of drugs amenable to oral administration and improved 

treatment of numerous diseases. These advances have 

translated into tangible clinical benefits including enhanced 

bioavailability enabling lower doses and reduced adverse 

effects, sustained therapeutic concentrations minimizing 

peak-to-trough fluctuations, decreased dosing frequency 

improving patient adherence, and protection of labile drugs 

from degradation. 

The integration of patient-centric design principles ensures 

that technical sophistication translates into products that 

patients can and will use as prescribed, recognizing that the 

most elegant formulation provides no benefit if adherence is 

poor. Manufacturing advances including continuous 

processing, quality by design implementation, and 

sophisticated analytical technologies enable reproducible 

production of complex formulations at commercial scale 

while maintaining stringent quality standards. Regulatory 

frameworks continue to evolve to accommodate innovation 

while ensuring safety and efficacy. 

Looking forward, the field stands at an inflection point where 

convergence of multiple technological domains including 

materials science, nanotechnology, biotechnology, digital 

health, and artificial intelligence promises transformative 

advances. The prospect of truly personalized oral delivery 

systems tailored to individual genetic profiles, disease states, 

and lifestyle factors moves closer to reality. The oral delivery 

of biologics, long considered impossible, is becoming 

feasible through creative formulation strategies. Smart 

delivery systems responding to physiological triggers and 

communicating with external devices herald a future of 

precision-controlled drug release. 

However, significant challenges remain. The translation of 

innovative technologies from laboratory to clinic requires 

substantial investment and navigating complex regulatory 

pathways. Safety assessment of novel materials and thorough 

characterization of complex formulations demand rigorous 

evaluation. Economic pressures and competitive dynamics 

influence which innovations reach patients. The 

pharmaceutical community must continue to balance 

innovation with pragmatism, ensuring that advances serve 

genuine therapeutic needs rather than mere technical 

achievement. 

The ultimate measure of success for oral drug delivery 

innovation lies not in technical elegance but in improved 

health outcomes for patients. As the field continues to 

advance, maintaining focus on this fundamental objective 

while embracing technological possibilities will ensure that 

oral drug delivery remains the cornerstone of pharmaceutical 

therapy, adapting to meet the evolving challenges of modern 

medicine and the changing needs of patient populations. 

 

 
 

Fig 1: Classification of oral drug delivery systems and their therapeutic objectives. 
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Fig 2: Mechanisms of controlled release in oral formulations and polymer matrix behavior 

 

 
 

Fig 3: Strategies to enhance solubility and intestinal permeability for poorly soluble drugs 

 

 
 

Fig 4: Translational pathway from formulation design to clinical performance and commercialization
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