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Abstract—Inflammatory bowel disease (IBD), 

encompassing Crohn's Disease and Ulcerative Colitis, is 

a chronic relapsing inflammatory disorder of the 

gastrointestinal tract. Conventional systemic therapies 

often result in suboptimal drug concentrations at the 

inflamed colonic mucosa and may cause significant 

adverse effects. Colon-targeted drug delivery systems 

(CTDDS) have emerged as a promising strategy to 

enhance therapeutic efficacy while minimizing systemic 

exposure. These systems exploit the unique physiological 

characteristics of the colon, including pH variations, 

transit time, microbial flora, and enzymatic activity, to 

achieve site-specific drug release. This review discusses 

the pathophysiology of IBD, the rationale for colon 

targeting, various colon-targeted delivery approaches, 

recent advances in nanotechnology-based systems, and 

current challenges and future perspectives in the field. 

 

Index Terms—Inflammatory bowel disease, colon-

targeted drug delivery, pH-sensitive systems, 

polysaccharides. 

 

I. INTRODUCTION 

 

Inflammatory bowel disease (IBD) is a chronic 

relapsing inflammatory disorder of the gastrointestinal 

tract mainly comprising Crohn’s disease and 

ulcerative colitis. These disorders are characterized by 

abdominal pain, diarrhea, rectal bleeding, weight loss, 

and mucosal inflammation, significantly affecting 

patient quality of life and increasing healthcare burden 

worldwide.1 The exact etiology of IBD remains 

unclear; however, genetic susceptibility, immune 

dysregulation, environmental factors, intestinal 

microbiota imbalance, and inflammatory mediators 

are considered major contributing factors in disease 

progression.2 Conventional oral drug delivery systems 

used in the treatment of IBD often suffer from poor 

site specificity, premature drug release, reduced 

bioavailability, and systemic adverse effects due to 

absorption in the upper gastrointestinal tract. 

Therefore, the development of colon-targeted drug 

delivery systems (CTDDS) has gained considerable 

attention for achieving localized drug action directly 

at the inflamed colonic region. Colon targeting 

improves therapeutic efficacy, reduces systemic 

toxicity, minimizes drug degradation, and enhances 

patient compliance.3 

 
Fig: colon-specific drug delivery 

 

Various strategies have been developed for colon-

specific drug delivery, including pH-dependent 

systems, time-dependent systems, pressure-controlled 

systems, prodrug approaches, microflora-activated 

systems, osmotic-controlled systems, and bioadhesive 

drug delivery systems.4 Among these approaches, 

microflora-triggered and polysaccharide-based 

systems are widely investigated for their ability to 

undergo enzymatic degradation by colonic bacteria, 
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thereby enabling site-specific drug release.5 Recent 

advancements in pharmaceutical technology and nano  

medicine have further improved the performance of 

CTDDS. Novel carriers such as nanoparticles, 

liposomes, microspheres, hydrogels, dendrimers, and 

biodegradable polymeric systems have demonstrated 

enhanced drug stability, controlled release, improved 

mucosal penetration, and prolonged therapeutic action 

in IBD treatment.6 Additionally, the use of 

biodegradable and stimuli-responsive polymers has 

shown promising results for achieving targeted and 

sustained drug delivery in inflamed colonic tissues. 

Despite these advances, several challenges still remain 

in the development of effective colon-targeted 

systems, including variations in gastrointestinal pH, 

transit time, enzymatic activity, mucus barrier 

penetration, formulation stability, and patient-to-

patient variability.7 Therefore, continuous research 

and development are required to optimize delivery 

systems and improve the therapeutic management of 

inflammatory bowel disease. The present review 

focuses on the pathophysiology of IBD, various 

approaches employed in colon-targeted drug delivery 

systems, recent advancements in nanocarrier-based 

formulations, evaluation methods, challenges, and 

future perspectives associated with localized treatment 

of inflammatory bowel disease.8 

 

II. INFLAMMATORY BOWEL DISEASE: 

PATHOPHYSIOLOGY AND TREATMENT 

CHALLENGES 

 

Inflammatory bowel disease (IBD), which primarily 

includes ulcerative colitis and Crohn’s disease, is a 

chronic inflammatory disorder of the gastrointestinal 

tract. The exact cause of IBD remains unclear; 

however, it is widely recognized that the disease 

results from a complex interaction of genetic, 

immunological, environmental, microbial, and 

epithelial factors. These interconnected mechanisms 

contribute to persistent intestinal inflammation and 

tissue damage.9 

Genetic susceptibility plays a crucial role in the 

development of IBD. Numerous genetic studies have 

identified several susceptibility genes associated with 

the disease, including NOD2, ATG16L1, and IL23R. 

Individuals carrying these genetic variations have an 

increased risk of developing abnormal immune 

responses toward intestinal microorganisms. 

However, genetic predisposition alone is insufficient 

to cause the disease, indicating that additional factors 

are involved in disease initiation and progression.10 

A key feature of IBD is dysregulated immune 

responses. In healthy individuals, the immune system 

maintains tolerance toward beneficial gut microbes 

while effectively defending against pathogens. In 

patients with IBD, this balance is disrupted, leading to 

excessive activation of immune cells and chronic 

inflammation. Activated T lymphocytes, 

macrophages, and dendritic cells release inflammatory 

mediators that perpetuate tissue injury and impair 

mucosal healing.11 Environmental factors also 

contribute significantly to disease development. Diet, 

smoking, stress, antibiotic use, urbanization, and 

exposure to pollutants have all been implicated in 

increasing the risk of IBD. These factors can alter 

immune function, affect gut microbial composition, 

and compromise intestinal barrier integrity, thereby 

promoting inflammation.12 Another important 

contributor is altered gut microbiota, often referred to 

as dysbiosis. The human colon contains trillions of 

microorganisms that help maintain intestinal 

homeostasis. In IBD patients, beneficial bacterial 

populations are reduced, while potentially harmful 

bacteria become more abundant. This microbial 

imbalance can stimulate abnormal immune responses 

and sustain chronic inflammation. The intestinal 

barrier serves as a protective interface between 

luminal contents and underlying tissues. In IBD, 

impaired intestinal barrier function results in increased 

permeability, commonly known as a "leaky gut." This 

allows bacteria, toxins, and antigens to penetrate the 

intestinal wall, triggering immune activation and 

exacerbating inflammation.13 

The inflammatory process in IBD is mediated by 

several pro-inflammatory cytokines, including tumor 

necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), 

interleukin-6 (IL-6), and interleukin-17 (IL-17). These 

cytokines amplify immune responses, recruit 

inflammatory cells, and promote tissue destruction. 

Their central role in disease pathogenesis has made 

them important therapeutic targets, leading to the 

development of biologic agents such as anti-TNF 

therapies. Despite the availability of various 

treatments, conventional therapies face several 

limitations. One major challenge is the low 

concentration of drugs reaching the inflamed colonic 

tissue, reducing therapeutic effectiveness. Many drugs 
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also undergo extensive first-pass metabolism in the 

liver, resulting in decreased bioavailability. 

Additionally, chronic disease management often 

requires frequent dosing, which can reduce patient 

adherence. Conventional systemic administration may 

lead to adverse effects, including immunosuppression, 

hepatotoxicity, osteoporosis, and increased 

susceptibility to infections. Furthermore, the long-

term treatment burden contributes to poor patient 

compliance, negatively affecting clinical outcomes.14 

These challenges highlight the need for advanced and 

innovative drug delivery strategies. Colon-targeted 

drug delivery systems offer the potential to deliver 

therapeutic agents directly to the inflamed intestinal 

region, improving local drug concentrations, 

minimizing systemic exposure, reducing adverse 

effects, and enhancing overall treatment efficacy in 

patients with IBD. 

 

III. APPROACHES FOR COLON-TARGETED 

DRUG DELIVERY 

 

Colon-targeted drug delivery systems (CTDDS) are 

designed to transport therapeutic agents safely through 

the upper gastrointestinal tract and release them 

specifically in the colon. Such systems are particularly 

beneficial in the treatment of inflammatory bowel 

disease (IBD), where localized drug delivery can 

enhance therapeutic efficacy while minimizing 

systemic side effects. Various approaches have been 

developed based on the unique physiological 

characteristics of the colon, including pH, transit time, 

microbial activity, luminal pressure, and osmotic 

gradients.15 

 
Fig: Approaches for Colon-Targeted Drug Delivery 

 

A. pH-Dependent Systems 

pH-dependent systems are among the most widely 

used approaches for colon targeting. These systems 

employ enteric polymers that remain intact in the 

acidic environment of the stomach and the proximal 

small intestine but dissolve when exposed to the 

higher pH conditions of the distal ileum and colon. 

Commonly used polymers include Eudragit S100, 

Eudragit L100, cellulose acetate phthalate (CAP), and 

hydroxypropyl methylcellulose phthalate (HPMCP). 

The drug is coated with these polymers, which protect 

it during transit through the upper gastrointestinal tract 

and allow release only when the desired pH is reached. 

The major advantages of pH-dependent systems are 

their simplicity, ease of formulation, and widespread 

commercial acceptance. Several marketed products 

for ulcerative colitis utilize this approach successfully. 

However, their effectiveness may be compromised by 

inter-individual variations in gastrointestinal pH. 

Additionally, inflammation associated with IBD can 

alter local pH levels, leading to premature or 

incomplete drug release.16 

 

B. Time-Dependent Systems 

Time-dependent drug delivery systems are based on 

the relatively predictable transit time of dosage forms 

through the gastrointestinal tract. These formulations 

are designed with a programmed lag time, after which 

drug release begins. The lag period is selected to 

correspond to the average time required for a dosage 

form to travel from the stomach through the small 

intestine and reach the colon. An important advantage 

of this approach is that drug release is independent of 

pH variations, making it useful in conditions where 

gastrointestinal pH is unpredictable. However, the 

reliability of time-dependent systems is affected by 

variability in gastrointestinal transit times among 

individuals. Factors such as age, food intake, disease 

state, and motility disorders can influence transit time. 

In patients with IBD-associated diarrhea, accelerated 

intestinal transit may result in premature drug release 

before reaching the colon.17 

 

C. Microflora-Activated Systems 

The colon harbors a dense and diverse microbial 

population capable of producing enzymes that degrade 

various polysaccharides and azo compounds. 

Microflora-activated systems utilize natural polymers 

such as pectin, chitosan, guar gum, dextran, inulin, and 
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amylose as drug carriers. These polymers remain 

relatively stable in the stomach and small intestine but 

undergo degradation by bacterial enzymes in the 

colon, triggering site-specific drug release. This 

approach offers high specificity and excellent 

biocompatibility because it exploits the natural 

metabolic activity of colonic bacteria. Furthermore, 

many of the polymers used are biodegradable, non-

toxic, and inexpensive. Nevertheless, the effectiveness 

of these systems depends heavily on the composition 

and activity of the gut microbiota. Since IBD is often 

associated with microbial dysbiosis, altered bacterial 

populations may affect the degradation rate of carrier 

materials and consequently influence drug release.18 

 

D. Pressure-Controlled Systems 

Pressure-controlled drug delivery systems are 

designed to respond to the higher luminal pressure 

generated by colonic peristalsis. These formulations 

typically consist of capsules coated with pressure-

sensitive materials that remain intact during passage 

through the stomach and small intestine. Upon 

reaching the colon, increased intraluminal pressure 

causes mechanical rupture of the coating, releasing the 

drug. This method offers an alternative mechanism for 

colon targeting that does not rely on pH or microbial 

activity. However, its performance may be influenced 

by variations in colonic motility and pressure patterns 

among patients, which can affect the timing and extent 

of drug release.19 

 

E. Osmotic-Controlled Systems 

Osmotic-controlled systems utilize osmotic pressure 

as the driving force for drug release. These 

formulations are engineered to allow water influx 

through a semi-permeable membrane, creating 

internal pressure that gradually pushes the drug out 

through a delivery orifice once the system reaches the 

colon. Such systems provide controlled and 

predictable drug release profiles. The primary benefits 

of osmotic-controlled systems include consistent 

release kinetics and reduced susceptibility to 

physiological variations such as pH fluctuations and 

transit time differences. Consequently, they offer 

improved reliability and therapeutic performance for 

colon-targeted drug delivery applications. Together, 

these approaches represent important strategies for 

achieving localized treatment of colonic diseases, 

particularly inflammatory bowel disease.20 

IV. RECENT ADVANCES IN COLON-

TARGETED DRUG DELIVERY 

 

Recent advances in colon-targeted drug delivery 

systems (CTDDS) have significantly improved the 

treatment of inflammatory bowel disease (IBD) by 

enhancing drug localization, increasing therapeutic 

efficacy, and minimizing systemic adverse effects. 

Traditional colon-targeting approaches based on pH, 

transit time, or microbial degradation have shown 

limitations due to physiological variability among 

patients. Consequently, researchers have developed 

advanced delivery platforms that can respond to 

specific pathological conditions present in inflamed 

colonic tissues. Among these innovations, smart 

responsive systems, ligand-mediated targeting, 

biomimetic nanoparticles, and probiotic-based 

delivery systems have emerged as promising strategies 

for precision therapy.21 

 
Fig: Recent Advances in Colon-Targeted Drug 

Delivery 

 

A. Smart Responsive Systems 

Smart responsive drug delivery systems are designed 

to release therapeutic agents only when exposed to 

specific biological stimuli associated with disease 

conditions. These systems can respond to changes in 

pH, enzymatic activity, reactive oxygen species 

(ROS), and temperature. Since inflamed colonic 

tissues exhibit distinct biochemical characteristics 

compared to healthy tissues, these stimuli-responsive 

carriers can selectively release drugs at the site of 

inflammation. pH-responsive systems exploit the 

altered pH environment of the gastrointestinal tract, 

while enzyme-responsive systems utilize elevated 

levels of specific enzymes produced by intestinal 

bacteria or inflammatory cells. Temperature-sensitive 

systems are engineered to respond to localized 
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increases in tissue temperature that may occur during 

inflammation. Such intelligent delivery platforms 

enhance site-specific drug release, reduce premature 

drug leakage, and improve therapeutic outcomes.22 

 

B. ROS-Responsive Carriers 

Reactive oxygen species (ROS)-responsive drug 

delivery systems represent one of the most promising 

advancements in IBD therapy. Inflamed intestinal 

tissues produce excessive levels of ROS, including 

hydrogen peroxide, superoxide radicals, and hydroxyl 

radicals. These molecules contribute to oxidative 

stress and tissue damage but also provide an 

opportunity for targeted drug delivery. ROS-

responsive carriers are formulated using materials that 

undergo degradation or structural changes in the 

presence of elevated ROS concentrations. When these 

carriers reach inflamed regions of the colon, the high 

ROS levels trigger the release of encapsulated drugs 

directly at the disease site. This targeted approach 

increases local drug concentration while minimizing 

systemic exposure. ROS-responsive nanoparticles 

have shown encouraging results in delivering 

corticosteroids, anti-inflammatory agents, and 

biological therapeutics with improved efficacy and 

reduced toxicity.23 

 

C. Ligand-Mediated Targeting 

Ligand-mediated targeting is another innovative 

strategy that enhances the specificity of colon-targeted 

drug delivery systems. In this approach, nanoparticles 

are functionalized with ligands capable of recognizing 

and binding to receptors that are overexpressed on 

inflammatory cells or damaged intestinal tissues. 

Commonly used ligands include folic acid, mannose, 

and hyaluronic acid. Folic acid targets activated 

macrophages that express folate receptors, while 

mannose interacts with mannose receptors present on 

immune cells. Hyaluronic acid binds to CD44 

receptors, which are often overexpressed in inflamed 

colonic tissues. Through receptor-mediated uptake, 

these ligand-modified carriers can selectively 

accumulate at sites of inflammation, improving drug 

delivery efficiency and reducing off-target effects. 

This approach has demonstrated significant potential 

in enhancing the therapeutic effectiveness of anti-

inflammatory drugs and biologics.24 

 

 

D. Biomimetic Nanoparticles 

Biomimetic nanoparticles have emerged as a next-

generation drug delivery platform inspired by natural 

biological systems. These nanoparticles are coated 

with cell membranes derived from erythrocytes, 

leukocytes, platelets, or stem cells, allowing them to 

mimic the properties of natural cells. Cell membrane-

coated nanoparticles exhibit several advantages, 

including immune evasion, enhanced targeting 

capability, and prolonged circulation time. By 

disguising themselves as endogenous cells, these 

carriers can avoid rapid clearance by the immune 

system and effectively accumulate at inflamed sites. 

Additionally, membrane proteins present on the 

coating facilitate interaction with inflammatory 

tissues, further improving targeting efficiency. 

Biomimetic nanocarriers have shown promising 

results in delivering anti-inflammatory agents, nucleic 

acids, and therapeutic proteins for IBD treatment.25 

 

E. Probiotic-Based Delivery Systems 

The growing understanding of the gut microbiome has 

led to the development of probiotic-based drug 

delivery systems. Engineered probiotic bacteria are 

being explored as living carriers capable of delivering 

therapeutic molecules directly to the colon. These 

microorganisms can colonize the intestinal 

environment and continuously produce bioactive 

compounds at the site of inflammation. Researchers 

have successfully engineered probiotics to express 

anti-inflammatory proteins, cytokine inhibitors, and 

gene therapeutics. Such systems offer several 

advantages, including sustained local drug production, 

reduced systemic toxicity, and the ability to restore 

microbial balance in the gut. Although still largely in 

the experimental stage, probiotic-based therapies 

represent a highly promising and innovative approach 

for the long-term management of inflammatory bowel 

disease.26 

 

V. CONCLUSION 

 

Colon-targeted drug delivery systems represent a 

highly promising approach for the localized treatment 

of inflammatory bowel disease. By exploiting 

physiological characteristics of the colon, these 

systems can enhance therapeutic efficacy while 

reducing systemic adverse effects. Among the 

available approaches, microflora-triggered systems, 
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pH-sensitive formulations, and nanoparticle-based 

carriers have shown considerable potential. Recent 

advances in smart responsive materials, ligand-

mediated targeting, and biomimetic nanotechnology 

are expected to further improve treatment outcomes. 

Nevertheless, challenges related to physiological 

variability, formulation complexity, and clinical 

translation remain. Continued interdisciplinary 

research is essential to develop safe, effective, and 

patient-centered colon-targeted therapies for IBD. 
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