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ABSTRACT  

 

Drug delivery systems (DDS) represent an essential element of the modern pharmaceutical sciences, since they 

directly affect the safety, efficacy, and therapy results of medication compounds. Traditional types of delivery 

systems, oral and injectable formulations, are often faced with constraints such as poor bioavailability, rapid 

degradation, lack of specificity, frequent dosing timetable, and unpleasant adverse effects. It is these challenges that 

have prompted the development of superior DDS that seek to maximize the therapeutic efficacy and at the same 

time, therefore, reduce the toxicity and improve patient compliance. The recent developments in the fields of 

materials science, nanotechnology, biotechnology, and molecular biology have enabled the development of new 

systems that have the potential to provide controlled, targeted, and sustained drug release. Nanoparticles such as 

liposomes, polymeric nanoparticles, dendrimers, solid lipid nanoparticles and micelles are seen to exhibit better 

drug loading capabilities, better pharmacokinetics and site-specific targeting. Additionally, stimulus-sensitive 

delivery mechanisms which use ligands, antibodies, or environmental signals like pH, temperature, or enzymatic 

enactment have also initiated precision and customized medicine. Also, the use of controlled and sustained release 

platforms, alternative route of administration, including, but not limited to, transdermal, ocular, pulmonary, and 

implantable systems have worked towards increased patient adherence and therapeutic response. Even with such 

developments, there are issues that are continuing to be a problem in areas of scalability, regulatory acceptance, 

long-term safety and cost-effectiveness. The current review provides the synthesis of recent advances in DDS with 

the perspective of emerging technologies, new carriers, and approaches to enhance drug targeting, release control, 

and clinical outcome, thus highlighting the future perspective of advanced formulations of drug delivery in 

healthcare worldwide. 
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INTRODUCTION 

 

The drug delivery systems represent one of the central factors in the modern pharmaceutical sciences as they are the 

decisive factor of the safety, effectiveness, and therapeutic value of the medicinal products [1]. Traditional modalities, such 

as oral or injectable formulations, are often faced with significant constraints, such as poor bioavailability, quick drug 

breakdown, non-specific localization, frequent dosing schedules, and undesired adverse effects [2]. Such limitations have 

consequently prompted worldwide academic research on the formulation of advanced drug delivery systems (DDS) that can 

optimize the therapeutic efficacy and at the same time reduce toxicity and increase patient compliance [3]. In the last few 

decades, groundbreaking developments have been made in the field of designing and implementing new technologies in 

drug delivery [4]. Materials science, nanotechnology, biotechnology and molecular biology progress have enabled the 

development of novel systems that can be used to perform controlled, targeted and sustained drug delivery [5]. Modern 

DDS do not just deliver therapeutics to the site of action, but also control the rate and duration of release, protect 

therapeutic pharmaceutical agents against degradation, and enhance their solubility and stability [6]. Consequently, these 

systems have transformed the treatment of various chronic and life-threatening diseases, such as cancer, heart diseases, 

brain disorders, and infectious diseases [7]. Nanotechnology DDS is one of the most significant developments in this field 

[8]. It has been demonstrated that nanocarriers like liposomes, polymeric nanoparticles, dendrimers, solid lipid 

nanoparticles and micelles have better drug loading properties, improved pharmacokinetics and site-specific targeting 

properties [9]. Such carriers help therapeutics overcome biological barriers and selectively accumulate in diseased tissue to 

reduce systemic toxicity [10]. Correspondingly, specific delivery systems with the use of ligands, antibodies, or materials 

stimuli-responsive have also shown positive results in the quest of precision medicine and personalized therapy [11]. The 

other development that has aroused and is of relevance in drug delivery studies is the introduction of controlled and 
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sustained release systems [12]. The therapeutic drug concentrations sustained by these platforms over a long period of time 

lower the dose frequency and enhance patient compliance. Smart DDS responsive to internal or external conditions, e.g. 

pH, temperature, enzymatic activity or magnetic fields, have further increased the range of delivery technologies through 

on-demand delivery to target pathological locations [13]. Furthermore, development of transdermal, ocular, pulmonary, and 

implantable delivery systems have provided alternative routes of administration thus increasing therapeutic efficacy and 

patient comfort [14]. It is against these developments that a number of obstacles still exist in the clinical translation of 

sophisticated DDS, such as scalability, regulatory approval, safety in the long-term, and cost-effectiveness. On-going 

research is thus essential in perfecting these technologies and narrowing the gap between laboratory research and clinical 

practice [15]. The current review attempts to give an in-depth overview of recent advances in drug delivery systems with a 

focus on the emergent technologies, novel carriers and novel methods developed to improve the process of drug targeting, 

control of release and therapeutic efficacy [16]. Summarizing the existing trends and developments, this article highlights 

the prospects of developed DDS in forming the future of pharmaceutical treatment and enhancing the health outcomes in 

the world [17]. 

Review 

 

1. Traditional Drug Delivery Systems and their shortcomings. 

 

The traditional forms of drug delivery, including oral doses, capsules, syrups, and injectable solutions, have been widely 

used over a number of decades, mainly due to the ease of operation and the economical nature of those delivery modalities 

[18]. However, these systems also often appear with the disadvantages of poor bioavailability, inadequate drug solubility, 

randomized distribution, rapid pharmacokinetic clearance, and the need to repeat dosing [19]. These restrictions are likely 

to reduce the effectiveness of the therapy and increase the rate of negative adverse drug reactions. Therefore, the need to 

overcome these shortcomings has driven the emergence of novel advanced systems of drug delivery that can provide a fine 

control of drug release kinetics and site-specific targeting [20]. 

 

Table 1: Table highlights limitations of traditional drug delivery systems. 
 

Traditional Drug 

Delivery System 
Advantages Major Shortcomings 

Oral dosage forms 

(tablets, capsules) 

Easy administration, cost-effective, 

good patient acceptance 

Poor bioavailability, low solubility of drugs, 

first-pass metabolism, frequent dosing 

Liquid oral 

formulations (syrups) 

Suitable for pediatric and geriatric 

patients, easy swallowing 

Stability issues, inaccurate dosing, poor 

bioavailability 

Injectable solutions 
Rapid onset of action, complete 

bioavailability 

Invasive, pain at injection site, risk of infection, 

rapid drug clearance 

Conventional 

formulations (general) 

Simple formulation, economical, 

well-established 

Non-specific drug distribution, fluctuating 

plasma drug levels, increased adverse effects 

Repeated dosing 

regimens 

Maintains therapeutic effect 

temporarily 
Poor patient compliance, higher risk of toxicity 

 

2. Drug Delivery Systems based on Nanotechnology. 

 

The introduction of nanotechnology has significantly changed the paradigm of drug delivery, and it has enabled the 

development of nanoscale carriers that provide therapeutics with an increased level of accuracy [21]. Nanocarriers which 

include liposomes, polymeric nanoparticles, solid lipid nanoparticles, dendrimers and nanomicelles have attract a lot of 

academic interest because of their ability to increase the solubility, stability and bioavailability of drugs [22]. These 

nanosystems help protection of therapeutic agents against enzymatic degradation and allow them to deliver their 

compounds to specific tissues or cellular compartmentalization [23]. In the oncology field, nanocarriers have proved to hold 

significant potentials in terms of enhancing the level of targeting of tumours, both passively and actively, to reduce 

systemic toxicity, thus providing a way of promoting a better therapeutic effect [24]. 
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Table 2: Table summarizes nanotechnology-based drug delivery systems. 
 

Nanocarrier Type Key Features Advantages in Drug Delivery Major Applications 

Liposomes 
Phospholipid bilayer 

vesicles 

Improve drug solubility and stability, reduce 

toxicity, enable targeted delivery 

Cancer therapy, 

antimicrobial delivery 

Polymeric 

nanoparticles 

Biodegradable polymer-

based carriers 

Controlled drug release, enhanced 

bioavailability, protection from degradation 

Oncology, chronic 

disease management 

Solid lipid 

nanoparticles 
Lipid-based nanosystems 

High drug loading, improved stability, 

reduced cytotoxicity 

Cancer, oral and topical 

delivery 

Dendrimers 
Highly branched 

polymer structures 

Precise targeting, high drug encapsulation, 

improved cellular uptake 

Gene delivery, cancer 

treatment 

Nanomicelles 
Self-assembled 

amphiphilic structures 

Enhanced solubility of hydrophobic drugs, 

prolonged circulation 

Oncology, targeted drug 

delivery 

 

3. Specific Drug Delivery Systems. 

 

Specific drug delivery systems are designed to specifically target the pharmacologic agents to the pathologic tissues with 

minimal exposure to the non-pathologic cells. The approach improves the effectiveness of therapy and counteracts negative 

outcomes [25]. Active targeting uses ligands such as antibodies, peptides or receptor molecules which are bound to specific 

cellular markers [26]. Passive targeting on the other hand relies on physiological effects like increase in permeability and 

retention [27]. There has been recent advancements in receptor based and antibody based targeting leading to significant 

improvement in the management of chronic diseases, including cancer and autoimmune diseases [28]. 

 

Table 3: Table outlines specific and targeted drug delivery systems. 

 

Targeting 

Type 
Mechanism Key Features Applications 

Active 

Targeting 

Ligands (antibodies, peptides, 

receptor molecules) bind to specific 

cellular markers 

Directs drugs to diseased 

cells, reduces exposure to 

healthy cells 

Cancer therapy, autoimmune 

diseases, chronic disease 

management 

Passive 

Targeting 

Exploits physiological effects (e.g., 

enhanced permeability and 

retention) 

Accumulates drugs in 

pathological tissues without 

specific ligand 

Tumor targeting, 

inflammatory disorders 

 

4. Controlled and Sustained Release Drug Delivery Systems. 

 

Controlled and sustained-release systems are designed to sustain drug levels on a therapeutic range in extended periods of 

time [29]. They decrease the dosing rates and improve patient compliance. These systems are important in the use of 

polymers, which control the release kinetics by diffusion, degradation, or swelling. Biodegradable and biocompatible 

polymers have enabled the development of implants, microspheres and depot formulations that are capable of providing 

prolonged therapeutic effects in the treatment of chronic diseases [30]. 

 

5. Smart Drug Delivery Systems Stimulus-Responsive. 

 

Stimuli-responsive (smart) drug delivery systems are an advanced format, wherein release of a drug is triggered by a 

particular endogenous or exogenous signal- such as pH, temperature, enzymatic activity, light, or magnetic field. These 

systems can be site specific, on-demand drug release, which is useful in augmenting therapeutic precision in oncologic and 

gastrointestinal therapy, but temperature responsive and enzyme responsive systems have been shown to have potential in 

inflammatory and metabolic disorders. Such advances justify the increasing need of customized therapeutics [31]. 
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Table 4: Table summarizes stimuli-responsive smart drug delivery systems. 
 

Stimulus Type Mechanism of Drug Release Key Features Applications 

pH-responsive 
Drug release triggered by 

changes in pH 

Site-specific release, precise 

targeting 

Cancer therapy, 

gastrointestinal diseases 

Temperature-

responsive 

Drug release triggered by 

temperature changes 

On-demand release, 

controlled dosing 

Inflammatory and metabolic 

disorders 

Enzyme-

responsive 

Drug release activated by 

specific enzymes 

Targeted action, minimized 

side effects 

Inflammatory and metabolic 

disorders 

Light-responsive 
Drug release triggered by light 

exposure 

External control of drug 

release 

Precision cancer therapy, 

localized treatment 

Magnetic-

responsive 

Drug release controlled by 

magnetic fields 

Non-invasive targeting, on-

demand release 

Tumor therapy, site-specific 

drug delivery 

 

6. New Routes of Drug Delivery. 

 

The recent innovations also include alternative routes of administration, which are designed to improve the treatment of 

patients and comfort them [32]. Transdermal modalities release in a sustained way and avoid first-pass metabolism. 

Pulmonary delivery provides fast-action and is effective in respiratory diseases and systemic therapeutics. Ocular, nasal and 

implantable systems have further extended therapeutic choices by making it easier to administer drugs through the usage of 

localized and controlled delivery [33]. 

 

7. Difficulties and Future Outlooks. 

 

In spite of its substantive progress, a number of challenges were observed to further develop and clinically translate 

sophisticated drug delivery systems. The relating concerns on toxicity, mass production, regulatory exemption, stability and 

cost-effectiveness still hinder extensive adoption [34]. The further research ought to focus on the optimization of carrier 

substrates, the improvement of target efficiency, and long-term safety. It is expected that the design and implementation of 

next-generation drug delivery technologies will continue to improve by the integration of artificial intelligence, novel 

biomaterials, and personalized medicine [35]. 

 

Table 5: Table summarizes challenges and future directions in DDS. 
 

Category Challenges / Concerns Future Directions / Outlook 

Toxicity 
Potential adverse effects of carriers or 

nanoparticles 
Development of safer, biocompatible materials 

Mass Production Difficulty in large-scale manufacturing Scalable and reproducible production techniques 

Regulatory Approval Complex approval process for novel systems 
Streamlined regulations and standardized 

protocols 

Stability 
Degradation of carriers or drug during 

storage 
Improved formulations and shelf-life optimization 

Cost-Effectiveness High development and production costs 
Economical materials and manufacturing 

processes 

Targeting Efficiency Inconsistent delivery to diseased tissue 
Optimization of ligands and stimuli-responsive 

mechanisms 

Long-Term Safety Unknown long-term effects in humans Rigorous preclinical and clinical evaluation 

Technological 

Integration 

Limited use of AI, biomaterials, 

personalized medicine 

Incorporation of AI, novel biomaterials, 

personalized therapies 

 

DISCUSSION 

 

The recent development of the drug delivery technologies have significantly improved the efficacy and safety profile of the 

pharmaceutical interventions by overcoming the natural shortcomings of the traditional dosage forms [36]. Developments 

in the carrier of nanotechnology, the opportunity of precise-targeted delivery methods, and complex controlled-release 

processes have enabled an increase in drug bioavailability, site-specific therapeutic, and a significant decrease in systemic 

toxicity [37]. The innovations find their application specifically beneficial in the treatment of chronic and complex 

pathologies, where the proper and consistent pharmacotherapy is one of the key factors in the final success of the treatment 

[38]. Nanocarrier systems are associated with desirable pharmacokinetics and higher therapeutic indexes; however, there 
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remain a series of challenges associated with physicochemical stability, scalability of large-scale production, long-term 

safety, and regulatory approval, which hinder the general clinical implementation [39]. Similarly, highly specific and 

stimuli responsive delivery modalities, although presenting increased therapeutic specificity, can often be coupled with 

increased formulation complexity along with increased production costs [40]. Despite the fact that controlled -and sustained 

-release systems have strengthened the adherence of the patient by reducing dosing frequency, they still raise concerns 

regarding polymeric degradation kinetics and controlled dose that should be scrutinized carefully [41].The presence of 

these obstacles notwithstanding, the search of non-conventional administration pathway, including transdermal and 

pulmonary delivery, has broadened the therapeutic context by increasing patient comfort and reducing first-pass metabolic 

clearance [42]. In general, long-term research that focuses on proving safety, optimization of scalability, and economic 

feasibility is inevitable in effective incorporation of improved systems of drug delivery into daily clinical activities [43]. It 

is expected that as new technological modalities and personalized medicine paradigms are incorporated, further progress 

will provide a push in the field, thus increasing patient outcomes [44]. 

 

CONCLUSION 

 

Drugs delivery systems have advanced significantly to change pharmaceutical therapy, which has increased the 

effectiveness, safety, and adherence of drugs in patients. The development of nanotechnology based carriers, targeted 

delivery systems, controlled and prolonged release systems and new administration modalities have addressed many of the 

shortcomings of traditional modalities of delivery. The developments enable precise drug delivery, boost bioavailability, 

and mitigate the adverse effects of systems, especially in the therapeutic application of chronic and multifactorial diseases. 

Despite these advancements, the ongoing problems of scalability, long-term safety, regulatory approval, and cost-

effectiveness still limit the widespread adoption of these technologies to the regular practice in clinical settings. The 

reduction of these impediments by interdisciplinary investigation and high-quality clinical assessment is invaluable to the 

admirable integration of sophisticated drug delivery systems. Overall, the current transformation and integration of new 

technologies, such as biomaterials and personalized medicine, is bound to greatly improve the therapeutic outcomes and 

improve the quality of healthcare in the whole world due to the advanced drug delivery systems.  
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