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Abstract 
Conventional drug delivery systems face significant limitations including poor 
bioavailability, nonspecific distribution, systemic toxicity, and inadequate patient 
compliance, which collectively compromise therapeutic efficacy and safety. Novel drug 
delivery systems represent a paradigm shift in pharmaceutical sciences, offering 
sophisticated platforms that overcome these challenges through precise control of drug 
release kinetics, spatial targeting, and temporal administration. This article reviews state-
of-the-art delivery technologies including nanocarriers such as liposomes, polymeric 
nanoparticles, and dendrimers; hydrogel matrices; microneedle arrays; biodegradable 
implants; and intelligent stimuli-responsive systems that respond to physiological triggers. 
These platforms employ diverse release mechanisms including diffusion-controlled, 
erosion-mediated, osmotic pressure-driven, and externally triggered modalities, combined 
with passive and active targeting strategies that enhance drug accumulation at disease sites 
while minimizing off-target effects. Clinical applications span oncology, infectious 
diseases, central nervous system disorders, and chronic disease management, 
demonstrating substantial improvements in therapeutic efficacy, reduction of adverse 
effects, and enhanced patient adherence. Despite remarkable progress, challenges remain 
in manufacturing scalability, batch-to-batch reproducibility, long-term safety assessment, 
and regulatory harmonization. Future directions emphasize integration with personalized 
medicine approaches, incorporation of real-time biosensing for closed-loop delivery, and 
convergence with digital health technologies to enable truly precision therapeutics that 
optimize treatment outcomes for individual patients. 
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1. Introduction 

The therapeutic efficacy of pharmaceutical agents depends not only on their intrinsic pharmacological activity but critically on 

their delivery to target sites at appropriate concentrations and durations. Conventional drug delivery systems, predominantly 

immediate-release formulations, suffer from substantial limitations that compromise clinical outcomes  [1, 2]. These include poor 

aqueous solubility leading to inadequate bioavailability, rapid systemic clearance necessitating frequent dosing, nonspecific 

biodistribution causing off-target toxicity, inability to cross biological barriers such as the blood-brain barrier, and lack of 

temporal control over drug release profiles [3, 4]. These deficiencies result in suboptimal therapeutic indices, increased adverse 

effects, poor patient compliance, and ultimately treatment failure, particularly in complex diseases such as cancer, chronic 

infections, and neurodegenerative disorders [5, 6]. Novel drug delivery systems have emerged as transformative technologies
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that address these fundamental challenges through rational 

design of carrier platforms, strategic manipulation of release 

kinetics, and implementation of targeting mechanisms [7, 8]. 

These advanced systems enable precise spatiotemporal 

control of drug presentation to biological targets, protection 

of labile therapeutics from degradation, facilitation of 

membrane transport across biological barriers, sustained 

release profiles that maintain therapeutic concentrations 

while avoiding toxic peaks, and site-specific accumulation 

that maximizes efficacy while minimizing systemic exposure 
[9, 10]. The evolution from simple sustained-release 

formulations to sophisticated responsive platforms represents 

a milestone in pharmaceutical sciences, bridging the gap 

between drug discovery and clinical translation [11]. 

The development of novel drug delivery systems draws upon 

interdisciplinary expertise spanning pharmaceutical sciences, 

materials engineering, nanotechnology, polymer chemistry, 

and biomedical engineering [12, 13]. Contemporary platforms 

encompass diverse categories including nanoscale carriers 

such as liposomes, polymeric nanoparticles, micelles, 

dendrimers, and inorganic nanoparticles; depot systems 

including hydrogels, microparticles, and biodegradable 

implants; and device-assisted technologies such as 

microneedle patches, osmotic pumps, and implantable 

reservoirs [14, 15]. Furthermore, the integration of stimuli-

responsive elements enables intelligent systems that release 

therapeutics in response to endogenous physiological signals 

or exogenous triggers, achieving unprecedented precision in 

therapeutic intervention [16, 17]. 

This article provides a comprehensive review of novel drug 

delivery systems, examining their fundamental design 

principles, engineering strategies, release mechanisms, 

targeting approaches, clinical applications, and translational 

challenges. The discussion emphasizes the integration of 

materials science, pharmaceutical technology, and 

therapeutic applications, highlighting how rational design of 

delivery platforms enhances therapeutic outcomes across 

diverse disease contexts. Understanding these advanced 

systems is essential for researchers, clinicians, and 

pharmaceutical developers seeking to harness the full 

potential of precision medicine and personalized therapeutics 

in contemporary healthcare. 

 

2. Overview of Novel Drug Delivery Systems 

Novel drug delivery systems represent sophisticated 

technological platforms engineered to overcome the inherent 

limitations of conventional immediate-release formulations 

through strategic manipulation of drug presentation, 

distribution, and release [18, 19]. These systems are broadly 

classified into three major categories based on their structural 

organization and delivery mechanisms. Nanocarrier systems, 

ranging from approximately 10 to 1000 nanometers in 

dimension, include liposomes composed of phospholipid 

bilayers, polymeric nanoparticles synthesized from 

biodegradable or biocompatible polymers, micelles formed 

through self-assembly of amphiphilic molecules, dendrimers 

exhibiting highly branched architectures, solid lipid 

nanoparticles, nanoemulsions, and inorganic nanoparticles 

such as gold, silica, and magnetic nanoparticles [20, 21]. These 

nanoscale platforms offer high surface area to volume ratios, 

tunable physicochemical properties, capacity for surface 

functionalization, and ability to traverse biological barriers 

that are inaccessible to conventional formulations [22]. 

Depot systems constitute the second major category, 

encompassing microparticle formulations, hydrogel matrices, 

and biodegradable implants designed to provide sustained 

drug release over extended periods ranging from days to 

months [23, 24]. Microparticles, typically in the size range of 1 

to 1000 micrometers, are fabricated from biodegradable 

polymers such as poly (lactic-co-glycolic acid) and maintain 

drug concentrations within therapeutic windows through 

controlled degradation or diffusion mechanisms [25]. 

Hydrogels, three-dimensional cross-linked polymer networks 

capable of absorbing substantial quantities of water while 

maintaining structural integrity, serve as versatile matrices 

for sustained release applications and can be designed to 

respond to environmental stimuli [26, 27]. Biodegradable 

implants, including rods, discs, and films, are surgically or 

minimally invasively placed at specific anatomical sites to 

provide localized, prolonged drug delivery with minimal 

systemic exposure [28]. 

Device-assisted delivery systems represent the third 

category, incorporating mechanical, electronic, or structural 

components to achieve precise control over drug 

administration [29, 30]. Transdermal microneedle arrays, 

featuring microscopic projections that penetrate the stratum 

corneum without reaching nerve endings, enable painless 

delivery of macromolecules and vaccines that cannot be 

administered orally [31]. Osmotic pumps utilize osmotic 

pressure gradients to drive drug release at precisely 

controlled rates independent of environmental pH or other 

variables [32]. Implantable reservoirs equipped with 

programmable release mechanisms allow for adjustable 

dosing regimens responsive to individual patient needs or 

disease progression [33]. Additional device-based systems 

include inhalers with optimized particle size distributions for 

pulmonary delivery, ocular inserts for sustained ophthalmic 

therapy, and intrauterine devices for long-term contraception 

or hormone therapy [34, 35]. 

The evolution of drug delivery systems reflects a progressive 

refinement in understanding of biological barriers, disease 

pathophysiology, and materials engineering [36]. First-

generation sustained-release formulations focused primarily 

on temporal control of drug release through simple matrix or 

reservoir designs [37]. Second-generation systems 

incorporated targeting ligands and stimuli-responsive 

elements to achieve spatial selectivity and triggered release 
[38]. Contemporary third-generation platforms integrate 

multiple functionalities including diagnostic capabilities, 

feedback control mechanisms, and adaptive release profiles 

that respond dynamically to physiological conditions [39, 40]. 

This progression from passive to active and finally to 

intelligent delivery systems exemplifies the convergence of 

pharmaceutical sciences with advanced materials 

engineering and biotechnology, enabling increasingly 

sophisticated therapeutic interventions that approach the 

ideal of precision medicine. 

 

3. Design and Engineering of Delivery Platforms 

The rational design and engineering of novel drug delivery 

platforms require careful consideration of materials selection, 

fabrication methodologies, drug encapsulation strategies, 

physicochemical characterization, and biological 

performance optimization [41, 42]. Materials constitute the 

foundational elements of delivery systems, and their selection 

profoundly influences drug loading capacity, release kinetics,  
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biocompatibility, biodegradability, and targeting efficiency 
[43]. Polymeric materials represent the most extensively 

utilized class, encompassing both natural polymers such as 

chitosan, alginate, gelatin, hyaluronic acid, and collagen, 

which offer inherent biocompatibility and biodegradability, 

and synthetic polymers including poly(lactic-co-glycolic 

acid), polyethylene glycol, polycaprolactone, and poly(lactic 

acid), which provide tunable degradation rates and 

mechanical properties through control of molecular weight, 

composition, and architecture [44, 45]. Polymer selection is 

guided by compatibility with the therapeutic agent, desired 

release profile, route of administration, and target tissue 

characteristics [46]. 

Lipid-based materials, particularly phospholipids such as 

phosphatidylcholine and phosphatidylethanolamine, serve as 

building blocks for liposomal formulations that mimic 

biological membranes and efficiently encapsulate both 

hydrophilic and hydrophobic drugs [47]. Solid lipid 

nanoparticles and nanostructured lipid carriers, composed of 

physiological lipids and stabilizers, offer advantages 

including biocompatibility, protection of sensitive drugs 

from degradation, controlled release characteristics, and ease 

of large-scale production. Protein-based carriers, including 

albumin, gelatin, and silk fibroin, provide excellent 

biocompatibility, inherent biodegradability, abundant 

functional groups for chemical modification, and capacity for 

enzymatic degradation that can be exploited for triggered 

release. Inorganic materials such as mesoporous silica, gold 

nanoparticles, magnetic iron oxide nanoparticles, carbon 

nanotubes, and quantum dots offer unique properties 

including high drug loading capacity, chemical stability, ease 

of surface functionalization, and potential for multimodal 

imaging and therapy. 

Encapsulation strategies are critical for achieving high drug 

loading efficiency, maintaining therapeutic agent stability, 

and controlling release kinetics. Physical encapsulation 

methods include emulsion-solvent evaporation, 

nanoprecipitation, spray drying, electrospinning, 

microfluidic fabrication, and supercritical fluid technology, 

each offering distinct advantages in terms of encapsulation 

efficiency, particle size control, scalability, and compatibility 

with various drug classes. Chemical conjugation approaches, 

wherein drugs are covalently attached to carrier matrices 

through cleavable linkers such as ester, amide, or disulfide 

bonds, provide stable drug-carrier conjugates that release 

therapeutics upon exposure to specific enzymes or chemical 

environments. Self-assembly techniques exploit amphiphilic 

molecular architectures to spontaneously form organized 

structures such as micelles, liposomes, and polymersomes 

through thermodynamically favorable association of 

hydrophobic and hydrophilic domains. The selection of 

encapsulation method depends on drug physicochemical 

properties, required loading efficiency, desired release 

profile, and manufacturing scalability considerations. 

Physicochemical characterization of engineered delivery 

platforms is essential for quality control, regulatory 

compliance, and prediction of biological performance. 

Critical parameters include particle size distribution, 

typically measured by dynamic light scattering or electron 

microscopy, which influences biodistribution, cellular 

uptake, and clearance kinetics. Surface charge, quantified 

through zeta potential measurements, affects colloidal 

stability, protein adsorption, cellular interactions, and in vivo 

circulation time. Drug loading content and encapsulation 

efficiency determine the therapeutic dose that can be 

delivered, while in vitro release profiles under simulated 

physiological conditions predict in vivo release behavior. 

Morphological characterization through transmission 

electron microscopy, scanning electron microscopy, and 

atomic force microscopy reveals structural architecture and 

surface topography. Stability studies under various storage 

conditions and in biological media assess shelf life and 

resistance to premature drug release. 

Biocompatibility and safety assessments constitute essential 

components of platform development, ensuring that carrier 

materials and formulation excipients do not induce 

cytotoxicity, immunogenicity, or other adverse biological 

responses. In vitro studies using relevant cell lines evaluate 

cellular viability, proliferation, membrane integrity, and 

inflammatory cytokine production. Hemocompatibility 

testing assesses hemolysis, platelet activation, and 

coagulation cascade activation for intravenously 

administered formulations. In vivo toxicity studies in 

appropriate animal models examine acute and chronic 

toxicity, biodistribution, accumulation in clearance organs, 

and potential for immunological reactions. Biodegradation 

studies characterize the breakdown of carrier materials into 

metabolites, their clearance pathways, and potential for 

bioaccumulation, ensuring that degradation products are 

nontoxic and efficiently eliminated. Manufacturing 

considerations including scalability, batch-to-batch 

reproducibility, sterilization compatibility, and cost-

effectiveness must be addressed early in platform 

development to facilitate clinical translation and commercial 

viability. 

 

4. Drug Release Mechanisms and Targeting Strategies 

Drug release mechanisms from novel delivery systems 

govern the temporal profile of therapeutic agent presentation 

to biological targets and critically influence pharmacokinetic 

parameters, therapeutic efficacy, and safety profiles. 

Diffusion-controlled release represents the most fundamental 

mechanism, wherein drug molecules migrate from the carrier 

matrix or reservoir through a rate-limiting membrane or 

polymer network driven by concentration gradients 

according to Fick's laws of diffusion. Release rates in 

diffusion-controlled systems depend on drug solubility and 

diffusivity within the carrier, polymer composition and cross-

linking density, particle geometry and dimensions, and 

presence of pores or channels that facilitate drug transport. 

Matrix systems, where drugs are uniformly dispersed 

throughout a polymer matrix, exhibit release rates that 

decrease over time as diffusion path lengths increase, while 

reservoir systems with rate-controlling membranes can 

achieve zero-order release kinetics under optimal design 

conditions. 

Erosion-mediated release occurs through degradation or 

dissolution of the carrier material, progressively exposing 

encapsulated drugs for release. Surface erosion, characteristic 

of certain polyanhydrides and polyorthoesters, proceeds from 

the exterior surface inward, maintaining constant surface area 

and enabling predictable zero-order release kinetics. Bulk 

erosion, typical of polyesters such as poly(lactic-co-glycolic 

acid), involves degradation throughout the entire matrix 

volume, leading to more complex release profiles influenced 

by polymer crystallinity, molecular weight, copolymer ratio, 

and environmental pH. Enzymatic degradation represents a 

specialized erosion mechanism wherein specific enzymes 
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present in target tissues catalyze polymer breakdown, 

coupling drug release to local enzymatic activity and 

providing inherent disease-site specificity. 

Osmotic pressure-driven release utilizes osmotic gradients to 

pump drug solutions through precisely engineered orifices at 

controlled rates. Osmotic pump systems consist of a drug 

reservoir surrounded by a semipermeable membrane and an 

osmotic driving layer that imbibes water from surrounding 

tissues, creating hydrostatic pressure that expels drug 

solution through laser-drilled delivery ports. These systems 

provide release kinetics that are largely independent of pH, 

ionic strength, and agitation, offering predictable 

pharmacokinetics particularly valuable for drugs requiring 

constant plasma concentrations. Swelling-controlled release 

involves hydration and expansion of glassy polymers, 

creating channels and increasing free volume through which 

drugs can diffuse. The extent and rate of swelling depend on 

polymer hydrophilicity, cross-linking density, and 

environmental conditions, enabling tunable release profiles 

through polymer design. 

Stimuli-responsive or triggered release mechanisms 

represent advanced strategies wherein drug liberation occurs 

in response to specific physiological or externally applied 

triggers, achieving spatiotemporal precision unattainable 

with passive systems. pH-sensitive carriers exploit the acidic 

microenvironments characteristic of tumors, endosomes, 

lysosomes, and inflammatory sites through incorporation of 

ionizable groups or pH-labile chemical bonds that destabilize 

carrier structures or cleave drug-polymer conjugates under 

acidic conditions. Temperature-responsive systems utilize 

polymers exhibiting lower critical solution temperature 

transitions, such as poly(N-isopropylacrylamide), which 

undergo conformational changes at specific temperatures, 

enabling triggered release through hyperthermia or body 

temperature transitions. Enzyme-responsive carriers 

incorporate peptide sequences or polymeric substrates 

cleavable by disease-associated enzymes such as matrix 

metalloproteinases in tumors or bacterial enzymes in 

infections. Redox-responsive systems containing disulfide 

bonds exploit elevated glutathione concentrations in 

intracellular compartments and tumor microenvironments for 

triggered drug release. Light-activated systems utilize 

photocleavable groups or photothermal effects to remotely 

trigger release, while ultrasound-responsive carriers undergo 

structural disruption through cavitation effects. Magnetic 

field-responsive systems incorporating magnetic 

nanoparticles enable spatial guidance and hyperthermia-

induced release under alternating magnetic fields. 

Targeting strategies enhance drug accumulation at disease 

sites while minimizing systemic exposure, significantly 

improving therapeutic indices. Passive targeting exploits 

pathophysiological characteristics of diseased tissues, most 

notably the enhanced permeability and retention effect in 

solid tumors, where defective vasculature with fenestrations 

ranging from 100 to 800 nanometers and impaired lymphatic 

drainage allow preferential extravasation and retention of 

nanocarriers. Particle size optimization, typically in the range 

of 50 to 200 nanometers, maximizes tumor accumulation 

while avoiding rapid renal clearance and reticuloendothelial 

system uptake. Surface modification with hydrophilic 

polymers such as polyethylene glycol creates a steric barrier 

that reduces protein adsorption and macrophage recognition, 

prolonging circulation half-life and increasing opportunities 

for passive tumor accumulation. 

Active targeting incorporates specific ligands that recognize 

and bind to receptors overexpressed on target cells or tissues, 

enhancing cellular internalization through receptor-mediated 

endocytosis. Antibodies and antibody fragments targeting 

tumor-associated antigens, including human epidermal 

growth factor receptor 2, epidermal growth factor receptor, 

and programmed death-ligand 1, provide high specificity for 

cancer cells. Small molecule ligands such as folic acid for 

folate receptors, transferrin for transferrin receptors, and 

aptamers for various cell surface markers offer advantages 

including smaller size, lower immunogenicity, and easier 

synthesis. Peptides such as arginine-glycine-aspartate 

sequences targeting integrins and cell-penetrating peptides 

facilitate cellular uptake and intracellular delivery. 

Carbohydrates including mannose and galactose target lectin 

receptors on macrophages and hepatocytes respectively, 

enabling cell-specific delivery. Dual or multi-targeting 

approaches combining multiple ligands further enhance 

specificity and can overcome tumor heterogeneity. The 

integration of targeting ligands with controlled release 

mechanisms creates intelligent delivery platforms that 

concentrate therapeutics at disease sites and liberate them in 

response to local stimuli, representing the pinnacle of rational 

drug delivery design. 

 

5. Smart and Stimuli-Responsive Systems 

Smart and stimuli-responsive drug delivery systems represent 

an evolution beyond conventional sustained-release 

platforms, incorporating sensing and actuation capabilities 

that enable dynamic response to physiological conditions or 

external triggers. These intelligent systems achieve 

unprecedented spatiotemporal precision in drug delivery, 

releasing therapeutics on-demand at disease sites while 

remaining inactive in healthy tissues, thereby maximizing 

efficacy and minimizing toxicity. The fundamental design 

principle involves incorporating molecular switches, 

responsive polymers, or structural elements that undergo 

conformational changes, solubility transitions, or chemical 

cleavages when exposed to specific stimuli, translating 

environmental signals into mechanical or chemical responses 

that modulate drug release. 

pH-responsive systems exploit the pH gradients that exist 

across various physiological compartments and disease 

states, including acidic tumor microenvironments with 

extracellular pH values of approximately 6.5 to 6.8 compared 

to physiological pH of 7.4, endosomal and lysosomal 

compartments with pH values ranging from 4.5 to 6.5, and 

inflammatory sites exhibiting decreased pH. Design 

strategies include incorporation of ionizable groups such as 

carboxylic acids or amines that undergo protonation or 

deprotonation at specific pH values, altering electrostatic 

interactions and polymer solubility. Acid-labile linkages such 

as hydrazone, acetal, and orthoester bonds connecting drugs 

to carriers undergo hydrolytic cleavage under acidic 

conditions, liberating active therapeutics. pH-sensitive 

polymers including poly(methacrylic acid), poly(acrylic 

acid), and their copolymers swell or dissolve at specific pH 

values, accelerating drug release. These mechanisms enable 

targeted intracellular delivery through endosomal escape and 

selective tumor targeting through exploitation of acidic tumor 

extracellular environments. 

Temperature-responsive systems utilize thermosensitive 

polymers that exhibit reversible phase transitions at specific 

critical temperatures, enabling triggered release through 

http://www.pharmainsightjournal.com/


International Journal of Pharma Insight Studies www.PharmaInsightJournal.com  

 
    5 | P a g e  

 

localized hyperthermia or body temperature variations. 

Poly(N-isopropylacrylamide) and its derivatives demonstrate 

lower critical solution temperature behavior, transitioning 

from hydrophilic expanded coils to hydrophobic collapsed 

globules above approximately 32 degrees Celsius, which can 

be tuned through copolymerization. This phase transition can 

be exploited to trigger micelle dissociation, hydrogel 

collapse, or nanoparticle aggregation, resulting in rapid drug 

release. Clinical applications combine temperature-

responsive carriers with localized hyperthermia generated 

through radiofrequency ablation, focused ultrasound, or 

photothermal conversion, enabling spatially controlled 

release at tumor sites. Temperature-responsive hydrogels 

also find applications in injectable formulations that are 

liquid at room temperature for easy administration but gel at 

body temperature for sustained release. 

Enzyme-responsive systems incorporate substrates that are 

cleaved by disease-associated enzymes, providing inherent 

disease specificity and self-regulating release profiles. Matrix 

metalloproteinases, a family of zinc-dependent 

endopeptidases overexpressed in various cancers, 

inflammation, and tissue remodeling, serve as triggers for 

carriers incorporating peptide sequences with matrix 

metalloproteinase-cleavable motifs. Cathepsins, lysosomal 

proteases upregulated in tumors and inflammatory 

conditions, enable triggered drug release from carriers 

containing cathepsin-sensitive peptides. Bacterial enzymes 

including beta-lactamase and hyaluronidase provide 

selectivity for infected tissues. Esterases and lipases catalyze 

hydrolysis of ester bonds in prodrugs and polymer carriers, 

enabling enzymatically triggered activation. The specificity 

of enzymatic recognition combined with catalytic 

amplification provides highly selective and efficient 

triggering mechanisms that closely couple drug release to 

disease presence and activity. 

Redox-responsive systems exploit differential redox 

potentials between extracellular and intracellular 

environments, as well as elevated reducing conditions in 

tumor tissues. Disulfide bonds, stable in oxidizing 

extracellular environments, undergo rapid reduction to thiols 

in the presence of elevated intracellular glutathione 

concentrations, which are approximately 1000-fold higher in 

cytoplasm than in extracellular fluids and further elevated in 

cancer cells. Incorporation of disulfide linkages between 

drugs and carriers, within cross-linked polymer networks, or 

as backbone components enables triggered drug release or 

carrier disassembly following cellular internalization. 

Diselenide bonds exhibit enhanced redox sensitivity 

compared to disulfides and additionally possess antioxidant 

properties. Reactive oxygen species-responsive carriers 

containing thioketal, aminoacrylate, or peroxalate ester 

linkages respond to elevated oxidative stress in inflammatory 

and cancer tissues. 

Light-activated systems utilize photons as external triggers, 

offering exceptional spatiotemporal control through precise 

focusing of light to specific tissue volumes. Photocleavable 

protecting groups such as ortho-nitrobenzyl esters, 

coumarinyl esters, and photolabile linkers undergo cleavage 

upon exposure to ultraviolet or near-infrared light, releasing 

drugs or destabilizing carrier structures. Photoisomerization 

of azobenzene or spiropyran moieties induces conformational 

changes that alter polymer properties or disrupt 

supramolecular assemblies. Photothermal conversion 

utilizing gold nanoparticles, carbon-based materials, or 

organic dyes generates localized heating under near-infrared 

irradiation, triggering thermosensitive release mechanisms or 

disrupting carrier integrity. Two-photon absorption processes 

enable deeper tissue penetration and improved spatial 

resolution compared to single-photon excitation. 

Upconversion nanoparticles convert near-infrared light to 

shorter wavelengths, enabling photochemical reactions at 

depths unattainable with direct ultraviolet or visible light. 

Ultrasound-responsive systems respond to mechanical 

energy from focused ultrasound, which penetrates tissues 

with minimal attenuation and can be precisely targeted. 

Ultrasound-induced cavitation generates microbubbles that 

expand and collapse, creating shear forces, shock waves, and 

local heating that disrupt carrier structures and enhance 

membrane permeability. Microbubbles encapsulating or 

conjugated with drugs serve as contrast agents for ultrasound 

imaging while simultaneously enabling triggered release 

under diagnostic or therapeutic ultrasound exposure. Focused 

ultrasound combined with thermosensitive carriers provides 

noninvasive triggered release at deep tissue sites. 

Sonodynamic therapy utilizing ultrasound-activated 

sonosensitizers generates reactive oxygen species that can 

trigger drug release from oxidation-sensitive carriers. 

Magnetic field-responsive systems incorporate magnetic 

nanoparticles that enable spatial guidance under static 

magnetic field gradients and triggered release through 

oscillating magnetic field-induced hyperthermia. 

Superparamagnetic iron oxide nanoparticles embedded 

within or conjugated to drug carriers respond to alternating 

magnetic fields by generating heat through Néel and 

Brownian relaxation mechanisms, triggering thermosensitive 

release. Magnetic targeting concentrates carriers at specific 

anatomical sites through application of external magnetic 

field gradients, enhancing local drug concentrations. 

Magnetically triggered mechanical disruption of carrier 

structures provides an additional release mechanism 

independent of hyperthermia. 

Feedback-controlled or closed-loop delivery systems 

represent the most sophisticated category of smart platforms, 

incorporating biosensing capabilities that continuously 

monitor physiological parameters and adjust drug release 

rates accordingly. Glucose-responsive insulin delivery 

systems for diabetes management utilize glucose oxidase 

enzymes or phenylboronic acid moieties that undergo 

structural changes or generate pH shifts in response to 

glucose concentrations, triggering insulin release 

proportional to blood glucose levels. This biomimetic 

approach approximates the physiological function of 

pancreatic beta cells, achieving tighter glycemic control than 

fixed-dose regimens. Integration of electrochemical glucose 

sensors with electronically controlled drug pumps enables 

real-time adjustment of insulin delivery based on continuous 

glucose monitoring. Future systems may incorporate 

artificial intelligence algorithms that predict glucose 

fluctuations and preemptively adjust delivery rates. The 

extension of closed-loop principles to other chronic 

conditions including cardiovascular disease, chronic pain, 

and epilepsy represents an active area of research that 

promises to revolutionize therapeutic management of 

complex diseases. 

 

6. Routes of Administration and Delivery Devices 

The selection of administration route profoundly influences 

the therapeutic performance of novel drug delivery systems, 
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determining bioavailability, onset of action, systemic 

exposure, patient compliance, and overall clinical utility. 

Each route presents unique anatomical barriers, physiological 

environments, and practical considerations that must be 

addressed through appropriate delivery system design. Oral 

administration remains the most preferred route due to 

convenience, noninvasiveness, patient acceptance, and 

suitability for chronic therapy, yet faces substantial 

challenges including harsh gastric pH, enzymatic 

degradation, poor permeability across intestinal epithelium, 

hepatic first-pass metabolism, and variability due to food 

effects and gastrointestinal transit. Novel oral delivery 

systems overcome these barriers through mucoadhesive 

formulations that prolong residence time at absorption sites, 

pH-sensitive enteric coatings that protect drugs from gastric 

degradation, permeation enhancers that transiently increase 

epithelial permeability, enzyme inhibitors that reduce 

metabolic degradation, and nanocarriers that facilitate 

transcellular or paracellular transport. Targeted delivery to 

specific intestinal regions through pH-responsive polymers, 

time-dependent release systems, or colonic bacterial-

triggered release enables treatment of inflammatory bowel 

disease and colon cancer while minimizing systemic 

exposure. 

Parenteral administration, encompassing intravenous, 

subcutaneous, and intramuscular routes, provides direct 

access to systemic circulation, circumventing first-pass 

metabolism and achieving rapid onset of action. Intravenous 

delivery offers complete bioavailability, precise dose control, 

and suitability for drugs with poor oral absorption or narrow 

therapeutic windows, making it the preferred route for many 

oncological and critical care applications. Nanocarrier 

formulations for intravenous administration must exhibit 

appropriate size distribution to avoid rapid renal clearance 

while minimizing reticuloendothelial system uptake, surface 

properties that minimize protein adsorption and complement 

activation, and colloidal stability in physiological fluids. 

Subcutaneous administration provides sustained absorption 

from depot formulations, enabling prolonged therapeutic 

action suitable for biologics such as monoclonal antibodies, 

insulin, and growth factors. Biodegradable microparticles 

and in situ-forming depots injected subcutaneously release 

therapeutics over days to months, eliminating the need for 

frequent dosing and improving patient compliance. 

Intramuscular injection offers intermediate absorption rates 

and acceptability for vaccines and long-acting depot 

formulations. 

Transdermal delivery provides noninvasive systemic drug 

administration while avoiding gastrointestinal degradation 

and first-pass metabolism, offering constant plasma levels 

suitable for chronic conditions. The stratum corneum, the 

outermost layer of skin composed of dead keratinized cells 

embedded in lipid matrix, constitutes the primary barrier to 

transdermal permeation. Conventional passive transdermal 

patches are limited to small, lipophilic molecules with 

favorable partition coefficients, restricting their application 

to a narrow range of drugs. Microneedle arrays represent a 

transformative technology that creates microscopic conduits 

through the stratum corneum without stimulating dermal pain 

receptors, enabling delivery of macromolecules including 

proteins, peptides, vaccines, and nucleic acids. Microneedles 

are fabricated from metals, silicon, biodegradable polymers, 

or dissolvable carbohydrates in various configurations  

including solid microneedles for skin pretreatment, coated 

microneedles with drug-containing coatings, hollow 

microneedles for fluid injection, and dissolving microneedles 

that release drugs as they dissolve in skin interstitial fluid. 

Additional transdermal enhancement strategies include 

iontophoresis utilizing electrical current to drive charged 

molecules across skin, ultrasound-assisted delivery through 

cavitation and thermal effects, and chemical permeation 

enhancers that transiently disrupt stratum corneum lipid 

organization. 

Pulmonary delivery leverages the extensive surface area and 

thin epithelial barrier of alveoli to achieve rapid systemic 

absorption or localized therapy for respiratory diseases. 

Inhaled formulations require precise control of aerodynamic 

particle size distribution, typically in the range of 1 to 5 

micrometers, to achieve optimal lung deposition while 

avoiding upper airway impaction or exhalation loss. Dry 

powder inhalers, metered-dose inhalers, and nebulizers each 

offer distinct advantages in aerosol generation, dose 

precision, and patient requirements. Pulmonary delivery of 

systemically acting drugs including insulin, vaccines, and 

analgesics provides rapid onset, avoidance of first-pass 

metabolism, and reduced systemic side effects compared to 

oral administration. Sustained-release microparticles and 

nanoparticles designed for pulmonary delivery enable 

prolonged local concentrations for treatment of asthma, 

chronic obstructive pulmonary disease, tuberculosis, and 

lung cancer. 

Ocular delivery presents formidable challenges due to 

protective anatomical barriers including tear film turnover, 

nasolacrimal drainage, corneal impermeability, and blood-

retinal barriers that severely limit drug bioavailability from 

conventional eye drops. Novel ocular delivery systems 

include mucoadhesive formulations that prolong precorneal 

residence time, nanocarriers that penetrate corneal epithelium 

or traverse scleral pathways, in situ-forming gels that 

transition from liquid to gel upon instillation, and sustained-

release inserts placed in the conjunctival sac. Intravitreal 

implants, surgically placed in the posterior segment, provide 

sustained intraocular drug levels over months to years for 

treatment of chronic retinal diseases including age-related 

macular degeneration and diabetic retinopathy. Microneedle-

based approaches enable minimally invasive delivery to 

posterior ocular tissues, circumventing corneal and 

conjunctival barriers. 

Implantable delivery systems provide localized, prolonged 

drug release directly at disease sites, minimizing systemic 

exposure while maintaining therapeutic concentrations. 

Biodegradable implants fabricated from poly(lactic-co-

glycolic acid), polycaprolactone, or other biocompatible 

polymers are designed to completely erode over 

predetermined time periods, eliminating the need for surgical 

removal. Applications include hormonal contraception 

through subdermal rods releasing progestins over multiple 

years, cancer therapy through intratumoral implants 

providing high local drug concentrations, bone regeneration 

through osteoinductive growth factor-loaded scaffolds, and 

central nervous system disorders through intracranial wafers 

bypassing the blood-brain barrier. Osmotic pumps and 

electromechanically controlled implants enable 

programmable release profiles adjustable to individual 

patient needs or disease progression. Combination products 

integrating therapeutic agents with medical devices, such as  
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drug-eluting stents, prosthetic joint spacers loaded with 

antibiotics, and drug-eluting contact lenses, exemplify the 

convergence of pharmaceutical and device technologies. 

 

7. Applications and Therapeutic Impact 

Novel drug delivery systems have demonstrated 

transformative impact across diverse therapeutic areas, 

addressing unmet clinical needs and significantly improving 

patient outcomes. In oncology, targeted nanocarriers have 

revolutionized chemotherapy delivery by preferentially 

accumulating in tumors through passive targeting via the 

enhanced permeability and retention effect and active 

targeting through tumor-specific ligands. This selective 

accumulation enhances antitumor efficacy while reducing 

systemic toxicity, improving therapeutic indices that were 

severely limited with conventional chemotherapy. Liposomal 

formulations of doxorubicin have achieved clinical success, 

reducing cardiotoxicity while maintaining or improving 

antitumor activity against breast cancer, ovarian cancer, 

Kaposi's sarcoma, and multiple myeloma. Albumin-bound 

paclitaxel nanoparticles utilize albumin-mediated 

transcytosis to enhance tumor penetration, demonstrating 

superior efficacy in metastatic breast cancer and non-small 

cell lung cancer. Stimuli-responsive nanocarriers that release 

cytotoxic payloads in response to tumor microenvironmental 

cues including acidic pH, elevated enzyme activity, and 

hypoxia provide further refinement of tumor-selective 

toxicity. Combination delivery systems co-encapsulating 

multiple chemotherapeutic agents or combining 

chemotherapy with immunotherapy overcome drug 

resistance mechanisms and enhance therapeutic synergy. 

Infectious disease treatment has been substantially improved 

through delivery systems that enhance antibiotic 

bioavailability, prolong residence at infection sites, and 

enable intracellular delivery to eradicate pathogens residing 

within phagocytic cells. Liposomal amphotericin B has 

become the gold standard for invasive fungal infections and 

leishmaniasis, substantially reducing nephrotoxicity while 

improving efficacy compared to conventional amphotericin 

B deoxycholate. Tuberculosis treatment, plagued by poor 

patient compliance due to prolonged multi-drug regimens, 

has been addressed through long-acting injectable 

formulations and inhaled nanoparticles that achieve sustained 

pulmonary drug concentrations while reducing systemic 

exposure and dosing frequency. Antimicrobial peptide 

delivery via nanocarriers enhances stability, reduces toxicity, 

and improves efficacy against multidrug-resistant bacteria. 

Stimuli-responsive systems that release antibiotics in 

response to bacterial enzymes or acidic environments at 

infection sites provide targeted therapy while minimizing 

disturbance to commensal microbiota. 

Central nervous system disorders present exceptional 

delivery challenges due to the blood-brain barrier, which 

severely restricts penetration of most therapeutics into brain 

parenchyma. Nanocarriers designed for brain delivery 

employ multiple strategies including surface modification 

with transferrin or lactoferrin for receptor-mediated 

transcytosis, incorporation of cell-penetrating peptides, and 

exploitation of adsorptive-mediated transcytosis through 

cationic surface charge. Focused ultrasound-mediated  

transient blood-brain barrier disruption combined with  

circulating nanocarriers enables spatially controlled brain 

delivery of therapeutics for glioblastoma, Alzheimer's 

disease, and Parkinson's disease. Intranasal delivery provides 

direct nose-to-brain transport along olfactory and trigeminal 

nerve pathways, circumventing the blood-brain barrier for 

treatment of neurological disorders. Intrathecal delivery of 

sustained-release formulations enables prolonged 

cerebrospinal fluid drug concentrations for pain 

management, spasticity, and meningeal malignancies. 

Chronic disease management has been transformed through 

sustained-release formulations that reduce dosing frequency, 

improve patient adherence, and maintain stable therapeutic 

concentrations. Long-acting injectable antipsychotics 

administered monthly or quarterly have substantially reduced 

relapse rates in schizophrenia by addressing medication 

nonadherence, a major cause of treatment failure in 

psychiatric disorders. Sustained-release hormone therapies 

for hormone-dependent cancers, contraception, and hormone 

replacement therapy provide convenient alternatives to daily 

oral administration. Biodegradable implants for opioid 

addiction treatment, releasing buprenorphine or naltrexone 

over extended periods, eliminate the need for daily dosing 

and reduce risk of medication diversion. Cardiovascular 

disease management through drug-eluting stents, which 

locally release antiproliferative agents to prevent restenosis 

following coronary intervention, has become standard of 

care. 

Vaccine delivery systems enhance immunogenicity, enable 

single-dose immunization through pulsatile antigen release, 

facilitate mucosal delivery, and improve thermostability for 

resource-limited settings. Nanoparticle vaccine carriers 

protect antigens from degradation, target antigen-presenting 

cells, and provide adjuvant effects through activation of 

innate immune pathways. Microneedle-based vaccine 

delivery enables self-administration, improves 

immunogenicity through delivery to skin dendritic cells, 

eliminates sharps waste, and enhances thermostability 

through dry formulation. Sustained-release vaccine 

formulations that provide pulsatile antigen presentation from 

a single administration replicate prime-boost regimens, 

improving coverage in populations with poor healthcare 

access. 

Regenerative medicine applications utilize delivery systems 

that provide sustained release of growth factors, morphogens, 

and bioactive molecules to guide tissue regeneration. 

Controlled delivery of bone morphogenetic proteins from 

biodegradable scaffolds promotes bone regeneration in 

orthopedic applications and dental procedures. Angiogenic 

factor delivery enhances vascularization of engineered 

tissues and promotes therapeutic angiogenesis in ischemic 

diseases. Neural tissue engineering employs growth factor-

releasing matrices to guide neuronal differentiation and axon 

regeneration following spinal cord injury or peripheral nerve 

damage. Cardiac patches releasing cardioprotective and pro-

regenerative factors show promise for myocardial infarction 

treatment. 

Clinical outcomes across these applications demonstrate 

consistent improvements in efficacy, reduction of adverse 

effects, enhanced patient quality of life, and improved  
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adherence compared to conventional formulations. 

Pharmacoeconomic analyses reveal that despite higher  

acquisition costs, novel delivery systems often provide 

overall cost savings through reduced hospitalization, 

management of side effects, and improved therapeutic 

success rates. The expanding pipeline of delivery system-

based therapeutics in clinical development promises 

continued therapeutic advances and improved patient care. 

 

8. Challenges and Future Perspectives 

Despite remarkable scientific and clinical progress, novel 

drug delivery systems face substantial challenges that must 

be addressed to realize their full therapeutic potential and 

achieve widespread clinical adoption. Manufacturing 

scalability from laboratory-scale synthesis to commercial 

production remains a critical bottleneck, as many 

sophisticated nanocarriers and complex delivery platforms 

are produced through methods that are difficult to scale while 

maintaining quality attributes. Batch-to-batch reproducibility 

of physicochemical properties including particle size 

distribution, drug loading, release kinetics, and surface 

functionalization presents significant technical challenges, 

particularly for multifunctional systems incorporating 

multiple components. Regulatory agencies require stringent 

demonstration of manufacturing consistency and robust 

quality control methodologies before approval, necessitating 

development of scalable production processes early in 

platform development. Continuous manufacturing 

approaches, quality-by-design principles, and process 

analytical technology represent promising strategies for 

improving reproducibility and meeting regulatory 

requirements. 

Safety assessment of novel materials, particularly nanoscale 

carriers, requires comprehensive evaluation of short-term and 

long-term toxicological profiles, biodistribution, 

biodegradation, potential for bioaccumulation, 

immunogenicity, and effects on nontarget organs. The 

complexity of engineered delivery systems introduces 

multiple variables that must be independently assessed, 

including carrier materials, surface modifications, targeting 

ligands, and any residual reagents or contaminants from 

synthesis. Long-term safety data, particularly for 

nonbiodegradable materials or those cleared through renal or 

hepatobiliary routes, must be generated through extended 

preclinical studies and post-marketing surveillance. 

Immunological responses to carrier materials or to drugs 

presented in novel formulations require careful evaluation, as 

altered presentation can modify immunogenicity. 

Standardized toxicological testing protocols specific to 

nanomedicines and complex delivery systems are still 

evolving, and harmonization across regulatory jurisdictions 

remains incomplete. 

Regulatory pathways for novel delivery systems present 

unique challenges, as these products often straddle the 

boundary between drugs and devices, requiring evaluation 

under frameworks not originally designed for complex 

combination products. The lack of established comparator 

products for many innovative platforms complicates 

regulatory assessment, as conventional bioequivalence 

approaches may not be applicable. Regulatory agencies have 

developed specialized guidance documents for 

nanomedicines, liposomal products, and combination  

products, yet uncertainty remains regarding specific 

requirements for newer platform technologies. The need to  

balance innovation incentives with thorough safety and 

efficacy demonstration creates tension between accelerating 

patient access and ensuring adequate product 

characterization. Orphan drug and breakthrough therapy 

designations can expedite development of delivery systems  

for serious conditions with unmet need, yet most platforms  

must navigate traditional approval pathways. 

Intellectual property landscapes surrounding novel delivery 

systems are complex, with extensive patent coverage of 

platform technologies, manufacturing methods, and specific 

applications creating potential obstacles to development and 

commercialization. Navigating freedom-to-operate 

considerations while developing innovative platforms 

requires careful patent analysis and strategic licensing. The 

lengthy development timeline from concept to clinical 

approval, often exceeding ten to fifteen years, combined with 

substantial investment requirements approaching hundreds of 

millions of dollars for clinical-stage development, creates 

significant financial barriers that limit participation to well-

funded organizations. Risk-benefit considerations must 

account for the substantial investment required for modest 

incremental improvements versus truly transformative 

innovations with higher technical risk. 

Clinical translation challenges include demonstrating 

clinically meaningful improvements over existing therapies 

sufficient to justify higher costs, identifying appropriate 

patient populations that would benefit most from targeted 

delivery approaches, and designing clinical trials that 

adequately assess delivery system performance. Biomarkers 

for predicting which patients will respond to targeted 

therapeutics, particularly those relying on passive tumor 

targeting through the enhanced permeability and retention 

effect, remain underdeveloped, contributing to clinical trial 

failures when heterogeneous patient populations are enrolled. 

Companion diagnostic approaches that identify patients with 

tumor characteristics favoring nanocarrier accumulation 

could improve clinical success rates. Integration with 

precision medicine frameworks requires matching delivery 

platform properties to individual patient disease 

characteristics, necessitating diagnostic capabilities currently 

unavailable in most clinical settings. 

Future directions for the field emphasize personalized 

delivery systems tailored to individual patient characteristics 

including disease pathophysiology, pharmacogenomics, 

immune status, and comorbidities. Three-dimensional 

bioprinting technologies enable fabrication of patient-

specific implants and delivery devices with customized 

geometries, drug loading patterns, and release profiles. 

Artificial intelligence and machine learning algorithms can 

optimize delivery system design through analysis of 

structure-activity relationships, predict in vivo performance 

from in vitro characteristics, and personalize dosing regimens 

based on real-time patient monitoring. Digital health 

integration combining smart delivery devices with mobile 

health applications, wearable sensors, and telemedicine 

platforms enables remote monitoring, adaptive dosing, and 

improved patient engagement. 

Multifunctional theranostic platforms that combine 

diagnostic imaging capabilities with therapeutic delivery in 

single systems enable real-time assessment of drug  
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biodistribution, target site accumulation, and therapeutic 

response. Magnetic resonance imaging, computed  

tomography, positron emission tomography, and 

fluorescence imaging modalities can be incorporated into 

delivery platforms through appropriate contrast agents or  

radiolabels. Image-guided delivery combined with stimuli-

responsive release mechanisms enables spatiotemporally  

precise therapy administration under real-time visualization. 

The integration of therapeutic and diagnostic functions 

accelerates clinical development by providing mechanistic 

insights into delivery system performance in patients. 

Combination immunotherapy delivery systems that co-

deliver tumor antigens, immune checkpoint inhibitors, and 

immunostimulatory agents represent a particularly promising 

frontier in oncology. Rational design of carriers that target 

both tumor cells and immune cells within the tumor 

microenvironment can overcome immunosuppressive 

barriers and enhance antitumor immune responses. Gene 

delivery systems utilizing viral vectors, lipid nanoparticles, 

or polymer-based carriers are advancing rapidly, as 

evidenced by successful clinical translation of messenger 

RNA vaccines and approval of gene therapies for inherited 

diseases. CRISPR-Cas9 delivery for genome editing 

applications, RNA interference therapeutics, and engineered 

cell therapies all depend critically on effective delivery 

technologies. 

The convergence of nanotechnology, synthetic biology, 

materials science, data science, and clinical medicine 

promises continued innovation in drug delivery. Biological 

delivery systems including engineered cells, bacteria, 

viruses, and exosomes leverage natural biological processes 

for therapeutic delivery, representing a fundamentally 

different approach than synthetic carriers. Self-assembling 

materials, dynamic supramolecular structures, and living 

therapeutics expand the design space beyond traditional 

pharmaceutical formulations. International collaborative 

research networks, increased funding for translational 

research, and growing pharmaceutical industry investment in 

delivery technologies indicate continued momentum. 

Addressing current challenges while pursuing innovative 

directions will enable novel delivery systems to fulfill their 

promise of truly precision medicine that maximizes 

therapeutic benefit while minimizing risk for individual 

patients. 

 

9. Conclusion 

Novel drug delivery systems represent a transformative 

advancement in pharmaceutical sciences, addressing 

fundamental limitations of conventional formulations 

through sophisticated engineering of carrier platforms, 

controlled release mechanisms, and targeting strategies. The 

integration of diverse technologies including nanocarriers, 

depot systems, device-assisted delivery, and stimuli-

responsive platforms has yielded therapeutic solutions that 

substantially improve efficacy, reduce toxicity, enhance 

patient compliance, and enable precision medicine 

approaches across a broad spectrum of diseases. The rational 

design of delivery systems drawing upon materials science, 

polymer chemistry, nanotechnology, and biological 

understanding has progressed from simple sustained-release 

formulations to intelligent, responsive platforms that 

dynamically adjust therapeutic delivery based on 

physiological feedback. 

Clinical applications in oncology, infectious diseases, central 

nervous system disorders, chronic disease management, 

vaccine delivery, and regenerative medicine demonstrate 

meaningful improvements in patient outcomes, quality of 

life, and therapeutic success rates. The ability to protect labile 

therapeutics from degradation, transport drugs across 

biological barriers, concentrate therapeutics at disease sites 

while sparing healthy tissues, and maintain therapeutic 

concentrations through controlled release has expanded the 

treatable disease space and enabled effective use of potent 

therapeutics with narrow therapeutic windows. Approved 

products including liposomal anticancer agents, long-acting 

injectable formulations, transdermal systems, implantable 

devices, and targeted nanocarticles validate the clinical utility 

of engineered delivery approaches. 

Substantial challenges remain in manufacturing scalability, 

batch consistency, comprehensive safety assessment, 

regulatory harmonization, intellectual property navigation, 

and clinical translation. The complexity of engineered 

delivery systems requires multidisciplinary expertise and 

substantial investment for successful development. However, 

ongoing advances in manufacturing technologies, quality 

control methodologies, regulatory frameworks, and clinical 

trial design are progressively addressing these barriers. The 

integration of delivery platforms with personalized medicine, 

digital health, artificial intelligence, and theranostic imaging 

promises further enhancement of therapeutic precision and 

clinical outcomes. 

The future of drug delivery lies in the convergence of 

synthetic and biological approaches, the incorporation of 

adaptive feedback control, the development of truly 

personalized systems tailored to individual patient 

characteristics, and the seamless integration with diagnostic 

technologies for treatment monitoring and optimization. As 

the field continues to mature, novel drug delivery systems 

will become increasingly central to pharmaceutical 

development, enabling the full therapeutic potential of both 

established and emerging drug classes. The continued 

commitment of academic researchers, pharmaceutical 

developers, regulatory agencies, and healthcare providers to 

advancing delivery technologies will ensure that patients 

benefit from safer, more effective, and more convenient 

therapeutic interventions that improve health outcomes and 

quality of life. 
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Fig 1: Engineering workflow of novel drug delivery systems, from formulation design to targeted delivery and controlled release. 

 

10. Tables 
 

Table 1: Comparison of conventional versus novel drug delivery systems in therapeutic performance 
 

Feature Conventional Drug Delivery Systems Novel Drug Delivery Systems 

Drug Release 
Immediate release within minutes to 

hours 

Controlled release over hours to months; customizable kinetics (zero-order, 

first-order, or triggered by physiological conditions) 

Plasma 

Concentration 

High initial levels, rapid decline below 

therapeutic 
Maintains plasma levels within therapeutic window for extended periods 

Dosing Frequency 
Frequent dosing, often multiple times 

daily 
Reduced dosing frequency, improving convenience 

Distribution Nonspecific, exposes all tissues 
Targeted delivery via passive (pathophysiological) or active (ligand-mediated) 

mechanisms 

Bioavailability 
Often poor, especially for low-solubility 

or high first-pass drugs 

Enhanced via protection from degradation, permeation enhancement, and 

bypassing metabolic barriers 

Therapeutic Index 
Narrow; high doses needed, frequent 

adverse effects 

Improved; selective delivery and sustained release allow lower doses with 

fewer side effects 

Patient 

Compliance 

Compromised due to complex regimens 

and side effects 

Improved due to reduced dosing, fewer side effects, and convenient 

administration 

Drug Stability 
Limited; exposed to gastric acid and 

enzymes 
Enhanced; encapsulation protects drugs from degradation 

Additional 

Advantages 
None specific 

Enables delivery of previously undruggable molecules, combination therapies, 

and incorporation of diagnostic imaging 
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Table 2: Key materials, carrier types, and design features used in novel drug delivery systems 
 

Category Examples / Materials Key Properties Applications / Formulations 

Natural 

Polymers 
Chitosan, Alginate, Hyaluronic acid, Gelatin, Collagen 

Biocompatible, biodegradable via 

enzymatic mechanisms, abundant 

functional groups for chemical 

modification 

Hydrogels, Microparticles, 

Nanoparticles 

Synthetic 

Polymers 

Poly(lactic-co-glycolic acid) (PLGA), Polyethylene 

glycol (PEG), Polycaprolactone (PCL), Poly(lactic 

acid) (PLA), Poly(N-isopropylacrylamide) (PNIPAM) 

Tunable degradation rates, adjustable 

mechanical properties, stimuli-

responsive behavior 

Nanoparticles, 

Microparticles, Implants, 

Responsive carriers 

Lipid-Based 

Materials 

Phosphatidylcholine, Phosphatidylethanolamine, 

Cholesterol, Physiological lipids 

Biomimetic properties, excellent 

biocompatibility 

Liposomes, Solid lipid 

nanoparticles (SLNs), 

Nanostructured lipid carriers 

(NLCs) 

Protein-Based 

Carriers 
Albumin, Gelatin, Silk fibroin 

Biodegradable, functional group 

availability, enzymatic responsiveness 
Nanoparticles, Hydrogels 

Inorganic 

Materials 

Mesoporous silica, Gold nanoparticles, Magnetic iron 

oxide, Carbon nanotubes 

High drug loading capacity, chemical 

stability, unique imaging/therapeutic 

properties 

Multifunctional nanocarriers 

for therapy and imaging 

Design 

Features 

- PEGylation for prolonged circulation - Targeting 

ligands (antibodies, peptides, small molecules) - 

Stimuli-responsive elements (pH, temperature, 

enzymes, redox, light) 

Surface modification for circulation, 

active targeting, controlled release 
Nanocarriers, Microparticles 

Particle Size Nanocarriers: 50–200 nm Microparticles: 1–1000 µm Optimized for delivery efficiency Nanoparticles, Microparticles 

Surface Charge Near-neutral with PEG coating 
Minimizes protein adsorption and 

immune recognition 
Nanocarriers 

Drug Loading 

Strategies 

Physical encapsulation, Chemical conjugation, Self-

assembly 

Tailored to drug properties and desired 

release profile 
All carrier types 

Table 3: Drug release mechanisms and stimuli-responsive triggering strategies 
 

Release Mechanism Description / Principle Key Factors / Triggers 
Typical Applications / 

Notes 

Passive Release Mechanisms 

Diffusion-controlled 

Drug migrates through carrier matrix or 

membrane following concentration 

gradients 

Drug solubility, diffusivity, carrier 

properties 

Simple sustained-release 

formulations 

Erosion-mediated 
Drug released via surface or bulk erosion 

of polymer 

Polymer degradation kinetics, 

composition, molecular weight, 

crystallinity 

Biodegradable polymer 

systems 

Osmotic pressure-driven 
Drug pumped through orifices by osmotic 

gradients 
Osmotic gradient, independent of pH 

Controlled-rate osmotic 

tablets 

Swelling-controlled 
Polymer hydrates to form channels for 

drug diffusion 

Polymer hydrophilicity, cross-linking 

density 

Hydrogels, swellable 

matrices 

Stimuli-Responsive (Active) Release Mechanisms 

pH-responsive 
Ionizable groups or acid-labile bonds 

cleaved at acidic microenvironments 

pH 4.5–6.8; tumor, lysosomes, 

inflammatory sites 

Tumor-targeted or site-

specific drug delivery 

Temperature-responsive 
Phase-transition polymers change 

solubility at specific temperatures 

LCST ~32–42°C; triggered by 

hyperthermia or body temperature 

Thermosensitive hydrogels, 

hyperthermia therapy 

Enzyme-responsive 
Peptide sequences or polymer substrates 

cleaved by disease-associated enzymes 

Matrix metalloproteinases, cathepsins, 

bacterial enzymes 

Targeted release at diseased 

tissues 

Redox-responsive 
Disulfide/diselenide bonds cleaved by 

intracellular glutathione or ROS 

Intracellular GSH (~1000× 

extracellular), oxidative stress 
Cancer-targeted nanocarriers 

Light-activated 

Photocleavable groups, 

photoisomerization, or photothermal 

conversion 

UV, visible, or NIR light 
Spatially controlled release, 

photodynamic therapy 

Ultrasound-responsive 
Cavitation-induced disruption or heating 

releases drug 

Focused ultrasound intensity and 

duration 
Triggered local release 

Magnetic field-responsive 
Magnetic nanoparticles guided and heated 

under alternating magnetic fields 
Magnetic field strength and frequency 

Hyperthermia-induced drug 

release, targeted delivery 
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Table 4: Advantages, limitations, and translational challenges of novel drug delivery systems 
 

Aspect Details 

Advantages 

• Improved therapeutic efficacy: Targeted delivery and optimized pharmacokinetics enhance drug concentrations at disease 

sites and reduce off-target exposure. • Enhanced safety: Reduced systemic toxicity allows use of potent drugs with narrow 

therapeutic windows. • Better patient compliance: Reduced dosing frequency, fewer side effects, and convenient 

administration routes. • Protection of labile drugs: Enables delivery of previously undruggable molecules (proteins, peptides, 

nucleic acids). • Crossing biological barriers: Facilitates treatment of inaccessible sites (e.g., brain). • Controlled release 

kinetics: Maintains therapeutic concentrations over days to months. • Targeting strategies: Passive and active mechanisms 

concentrate drugs at disease sites. • Stimuli-responsive systems: On-demand release triggered by disease-specific or external 

stimuli. • Combination therapy: Delivery of multiple agents to overcome resistance and enhance synergy. 

Limitations / 

Challenges 

• Manufacturing complexity: Sophisticated techniques needed; difficult to scale while maintaining quality. • Batch-to-batch 

variability: Physicochemical inconsistencies complicate quality control. • High production costs: Complex processes reduce 

economic viability. • Regulatory uncertainty: Approval pathways for novel platforms are unclear. • Long development 

timelines: Clinical availability may take 10–15+ years. • Comprehensive safety assessment needed: Includes long-term 

toxicity, biodegradation, immunogenicity, off-target effects. • Limited understanding of structure-activity relationships: 

Complicates rational design optimization. • Patient heterogeneity: Variability in response affects clinical outcomes, 

particularly for passive targeting. • Intellectual property challenges: Extensive patent coverage may restrict freedom to 

operate. • Multidisciplinary expertise required: Pharmaceutical sciences, materials engineering, and biology. • Storage and 

stability concerns: Complex formulations may have limited shelf life. • Sterilization issues: Thermolabile components may be 

sensitive. • Scale-up challenges: Trans 
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