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Abstract: Androgenetic alopecia represents a prevalent medical condition affecting millions worldwide, 

with minoxidil serving as the cornerstone topical therapy despite significant limitations in conventional 

formulations. This comprehensive review examines recent advances in novel drug delivery systems 

designed to enhance minoxidil's therapeutic efficacy while minimizing safety concerns. Current topical 

minoxidil formulations suffer from poor skin penetration, limited follicular targeting, frequent dosing 

requirements, and adverse effects including scalp irritation and systemic absorption. Through systematic 

analysis of emerging delivery technologies, this review highlights seven primary innovative approaches: 

nanostructured lipid carriers (NLCs), oleic acid nanovesicles, liposomal systems, dissolving 

microneedles, ionic liquids, microsponges, and specialized nanoparticle formulations. These novel 

systems demonstrate substantial improvements in drug loading capacity (up to 86% entrapment 

efficiency), enhanced follicular targeting (10-fold increase), reduced systemic exposure, and superior 

patient compliance through decreased application frequency. The integration of nanotechnology with 

minoxidil delivery addresses fundamental barriers of stratum corneum penetration and enables precise 

targeting of hair follicle structures, particularly the dermal papilla where therapeutic action occurs. 

Clinical evidence indicates these advanced delivery systems can achieve comparable or superior efficacy 

at lower drug concentrations, potentially reducing adverse effects while improving treatment outcomes. 

This review provides critical insights into the mechanisms, advantages, and clinical potential of these 

emerging technologies, establishing a foundation for next-generation alopecia therapeutics. 
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I. INTRODUCTION 

Androgenetic alopecia (AGA), commonly known as pattern baldness, affects approximately 50% of men and women 

over age 50, making it the most prevalent form of hair loss worldwide(1,2). This progressive condition, characterized by 

gradual miniaturization of hair follicles and eventual cessation of hair growth, significantly impacts quality of life and 

psychological well-being across diverse populations(1). The pathophysiology involves increased sensitivity to 

dihydrotestosterone (DHT), leading to shortened anagen phases and progressive follicular miniaturization(1,3). 

Minoxidil, originally developed as an antihypertensive agent in the 1970s, emerged as the primary topical treatment for 

AGA following observations of hypertrichosis as a side effect(4,5). The United States Food and Drug Administration 

approved topical minoxidil for androgenetic alopecia treatment, with formulations available in 2% and 5% 

concentrations(5,6). Despite its widespread clinical use for over four decades, the precise mechanism of minoxidil's hair 

growth-promoting effects remains incompletely understood, involving multiple pathways including vasodilation, anti-

inflammatory activity, and modulation of hair follicle cycling(6,7). 
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Diagram of a hair follicle in a cross section of skin layers. Hair anatomy. The hair shaft grows from the hair follicle 

consisting of transformed skin tissue. The epidermal cells transform at the command of the dermal papilla cells and 

generate the hair shaft. 

The mechanism of action involves conversion of minoxidil to its active sulfate metabolite via sulfotransferase enzymes 

present in hair follicles(5,8). This conversion exhibits significant inter-individual variability, contributing to inconsistent 

therapeutic responses(5). Minoxidil sulfate functions as an adenosine triphosphate-sensitive potassium channel opener, 

promoting vasodilation and enhanced nutrient delivery to hair follicles(5,8). Additionally, it stimulates expression of 

vascular endothelial growth factor (VEGF), insulin-like growth factor-1 (IGF-1), and activates the Wnt/β-catenin 

signaling pathway, collectively promoting hair follicle regeneration and prolonging the anagen phase(5,9). 

Current topical minoxidil formulations present several significant limitations that compromise therapeutic effectiveness. 

Poor skin penetration represents a fundamental challenge, with only approximately 1.4% of applied drug reaching 

systemic circulation(7). The stratum corneum's barrier function severely restricts drug penetration, necessitating high 

concentrations and frequent applications(4). Commercial formulations typically contain organic solvents such as 

propylene glycol and ethanol to enhance penetration, but these excipients frequently cause scalp irritation, contact 

dermatitis, and poor patient compliance(4,5,10). 

Additional limitations include inadequate follicular targeting, with minimal drug accumulation in hair bulb regions 

where therapeutic action occurs(9). The requirement for twice-daily applications creates compliance challenges, while 

systemic absorption can lead to cardiovascular side effects including hypotension and tachycardia(5,10). Local adverse 

effects, including pruritus, erythema, scaling, and unwanted facial hair growth, affect approximately 27% of 

users(5,11,12). 

The development of novel drug delivery systems represents a paradigm shift in addressing these fundamental 

limitations. Advanced delivery technologies aim to enhance drug penetration, improve follicular targeting, reduce 

dosing frequency, and minimize adverse effects while maintaining or improving therapeutic efficacy(13,14). This 

comprehensive review examines seven primary categories of innovative minoxidil delivery systems, analyzing their 

mechanisms, advantages, clinical performance, and potential for transforming alopecia management. 
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Novel Drug Delivery Systems for Minoxidil

Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers represent a second

of conventional solid lipid nanoparticles

imperfect crystalline structure that accommodates higher drug loading and prevents drug expulsion during stsorage

For minoxidil delivery, NLCs typically inc

lipid, with cholesterol and soya lecithin serving as stabilizing agents

The optimized NLC formulation (NLC3) demonstrates superior physicochemical properties with an averag

size of 280.4 nm, polydispersity index of 0.367, and zeta potential of 

86.09%, significantly higher than conventional formulations

minoxidil exists in an amorphous state within the lipid matrix, potentially enhancing dissolution and bioavailability

The drug release profile exhibits a biphasic pattern characterized by initial burst release followed by sustained release 

over 16 hours(15). This release mechanism provides immediate drug availability for rapid onset combined with 

prolonged therapeutic levels for extended efficacy

shells formed during the solidification p

imperfect crystalline matrix(15). 

Clinical advantages of NLC systems include enhanced stability, controlled drug release, and improved skin penetration 

compared to conventional formulations

lipids, potentially enhancing drug permeation
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Novel Drug Delivery Systems for Minoxidil 

Nanostructured Lipid Carriers (NLCs) 

Nanostructured lipid carriers represent a second-generation lipid nanoparticle system designed to overcome limitations 

nanoparticles(15). These carriers consist of a mixture of solid and liquid lipids, creating an 

imperfect crystalline structure that accommodates higher drug loading and prevents drug expulsion during stsorage

For minoxidil delivery, NLCs typically incorporate tristearin as the solid lipid component and oleic acid as the liquid 

lipid, with cholesterol and soya lecithin serving as stabilizing agents(15). 

The optimized NLC formulation (NLC3) demonstrates superior physicochemical properties with an averag

size of 280.4 nm, polydispersity index of 0.367, and zeta potential of -42.40 mV(15). The entrapment efficiency reaches 

86.09%, significantly higher than conventional formulations(15). Differential scanning calorimetry analysis reveals that 

xidil exists in an amorphous state within the lipid matrix, potentially enhancing dissolution and bioavailability

The drug release profile exhibits a biphasic pattern characterized by initial burst release followed by sustained release 

. This release mechanism provides immediate drug availability for rapid onset combined with 

prolonged therapeutic levels for extended efficacy(15). The burst release phenomenon occurs due to drug

shells formed during the solidification process, while sustained release results from drug diffusion through the 

Clinical advantages of NLC systems include enhanced stability, controlled drug release, and improved skin penetration 

ations(15,16). The lipophilic nature of NLCs facilitates interaction with stratum corneum 

lipids, potentially enhancing drug permeation(16). Additionally, the nanoscale size enables deeper penetration into hair 

follicles and improved drug delivery to target sites(16). 
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Oleic Acid Nanovesicles (Ufasomes) 

Oleic acid nanovesicles, also known as ufasomes, represent self-assembled bilayer vesicles formed from unsaturated 

fatty acids(4). These deformable carriers exploit the natural penetration-enhancing properties of oleic acid while 

providing controlled drug release and improved follicular targeting(4). The formation of ufasomes requires specific pH 

conditions (7-9) where ionized and unionized fatty acid groups arrange in bilayer structures(4). 

The optimized oleic acid vesicle formulation demonstrates excellent physicochemical characteristics with particle size 

of 317 ± 4 nm, narrow polydispersity index of 0.203 ± 0.01, and negative zeta potential of -13.97 ± 0.451 mV(4). The 

entrapment efficiency reaches 69.08 ± 3.07%, providing substantial drug loading capacity(4). Transmission electron 

microscopy confirms spherical vesicle morphology with uniform size distribution(4). 

The mechanism of enhanced follicular delivery involves several key processes. The deformable nature of oleic acid 

vesicles allows flexible penetration through skin barriers and preferential accumulation in hair follicles(4). Oleic acid 

functions as a penetration enhancer by interacting with stratum corneum lipids and modifying intercellular lipid 

organization(4). Upon reaching hair follicles, the vesicles fuse with sebum due to their fatty acid composition, creating 

drug depots within follicular structures(4). 

Comparative studies demonstrate remarkable follicular targeting superiority, with 10-fold higher minoxidil deposition 

in follicular casts compared to conventional lotion formulations(4). Skin permeation studies reveal no detectable drug in 

receptor compartments, indicating minimal systemic absorption and reduced potential for cardiovascular side effects(4). 

The vesicular gel formulation shows 3-fold higher stratum corneum deposition and 4-fold higher skin retention 

compared to commercial products(4). 

 

Advanced Liposomal Systems 

Liposomal delivery systems have evolved significantly with the integration of functional components such as 

hyaluronic acid and nitric oxide donors(13,17). These advanced formulations address multiple therapeutic targets 

simultaneously while enhancing drug delivery efficiency(13). Hyaluronic acid liposomes (HL) demonstrate exceptional 

skin penetration capabilities, anti-inflammatory properties, and tissue repair functions(17). 

 
Fig. Scheme of a liposome formed by phospholipids in an aqueous solution. 
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The hyaluronic acid liposome system incorporating nitric oxide donors (HL@Mi/NONOate) represents a 

groundbreaking multimodal approach(17). This system utilizes three synergistic mechanisms: nitric oxide-mediated 

vasodilation enhances drug penetration, liposomal encapsulation provides sustained release, and the combination 

promotes angiogenesis while reducing inflammation(17). The formulation demonstrates particle sizes less than 500 nm 

with drug loading capacity of approximately 7% and nitric oxide loading of 1.75 μmol/mg(13). 

Clinical studies reveal impressive therapeutic outcomes, with hair regrowth coverage rates reaching 84.98% compared 

to 47.41% for commercial minoxidil formulations(13). The system demonstrates 4.2-fold increased skin blood flow 

within 5 minutes of application, significantly enhancing drug penetration efficiency(13). Pharmacokinetic studies 

confirm superior skin retention levels at 2 hours compared to conventional solutions(13). 

The multimodal mechanism involves nitric oxide promoting capillary dilation and accelerating blood flow, facilitating 

efficient minoxidil penetration(13,17). The structural advantages of liposomes prolong drug residence time in skin 

tissues(17). Additionally, the system promotes cell proliferation and angiogenesis while upregulating expression of 

regulatory factors involved in follicular stem cell differentiation(17). 

 

Dissolving Microneedle Technology 

Dissolving microneedles represent a revolutionary approach to transdermal drug delivery, offering painless, minimally 

invasive access to dermal tissues while bypassing stratum corneum barriers(18,19,20). These microscale devices dissolve 

completely within skin tissues, eliminating safety concerns associated with needle retention while providing controlled 

drug release(19). 

The optimized microneedle formulation utilizes sodium carboxymethyl cellulose (Na CMC) at 14% concentration, 

demonstrating mechanical strength capable of withstanding 32 N compression force for 30 seconds(19). Penetration 

studies using Parafilm M® confirm depths of 374-504 μm, ensuring effective dermal delivery(19). The microneedles 

dissolve completely within 30 minutes of skin contact, achieving 95.1 ± 6.5% drug recovery(19). 

Minoxidil nanosuspension-loaded microneedles demonstrate significant advantages over conventional topical 

applications(19). In vivo studies reveal hair regrowth initiation after 7 days compared to 11 days for freeze-dried 

nanosuspensions alone(19). The controlled release profile extends over 24 hours, potentially reducing application 

frequency and improving patient compliance(19). 

Hyaluronic acid-based dissolving microneedles offer additional therapeutic benefits beyond drug delivery(20). 

Hyaluronic acid enhances proliferation, migration, and aggregation of hair dermal papilla cells through CD44 receptor 

activation and Akt phosphorylation(20). Clinical studies demonstrate superior efficacy with only 10% of the drug amount 

compared to topical applications, indicating dramatically improved delivery efficiency(20). 

Three-layer dissolving microneedles (TDMN) represent advanced designs that optimize drug distribution and minimize 

irritation(21). These systems concentrate drug in specific layers, enhancing penetration while reducing surface contact 

that could cause adverse effects(21). Ex vivo permeation studies show cumulative penetration of 165.28 ± 31.87 μg/cm² 

compared to 46.03 ± 8.5 μg/cm² for conventional creams(21). 

 

Ionic Liquid Formulations 

Ionic liquids represent a novel class of solvents consisting of organic cations and anions that remain liquid at room 

temperature(22,23). These systems offer exceptional solubilizing capabilities for poorly water-soluble drugs while 

providing enhanced skin penetration properties(22). Choline-based ionic liquids demonstrate particular promise for 

minoxidil delivery due to their biocompatibility and penetration enhancement capabilities(22). 

The development of thermosensitive ionic liquid/cyclodextrin/poloxamer hydrogels (ICPG) enables co-delivery of 

minoxidil and finasteride for synergistic therapeutic effects(22). This innovative system transitions from solution to gel 

upon contact with scalp skin, providing sustained drug release and improved patient convenience(22). The formulation 

demonstrates remarkable enhancement in skin penetration (2.2-fold) and retention (8.6-fold) for finasteride while 

increasing minoxidil retention 6.3-fold(22). 
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Hair follicle targeting indices of 1.74 for minoxidil and 1.46 for finasteride indicate preferential drug accumulation in 

target tissues(22). Clinical studies demonstrate superior efficacy in hair regeneration, anagen recovery, inflammation 

mitigation, and microvessel reconstruction compared to individual drug treatments(22). The mechanism involves 

upregulation of hair growth genes and downregulation of hair loss genes while reducing inflammatory mediators(22). 

Ionic liquid-iontophoresis combinations represent advanced approaches for enhancing transdermal penetration of weak 

base drugs(23). Cinnamic acid-choline-based ionic liquids demonstrate 14-fold enhancement in drug permeation when 

combined with iontophoresis(23). These systems show linear positive correlation between drug penetration and ionic 

liquid concentration, enabling predictable dose-response relationships(23). 

 

Microsponge Delivery Systems 

Microsponges consist of porous polymeric microspheres designed for controlled release of pharmaceutical agents(24,25). 

These systems offer unique advantages including sustained drug release, reduced skin irritation, and enhanced stability 

across wide pH and temperature ranges(24). For minoxidil delivery, microsponges provide controlled follicular targeting 

while minimizing systemic exposure(26). 

The microsponge structure features interconnecting voids within non-collapsible frameworks, with pore sizes too small 

for bacterial penetration but optimal for drug loading and release(24). Typical microsponges measure 5-300 μm in 

diameter, with individual 25 μm spheres containing up to 250,000 pores and internal pore structures equivalent to 10 

feet in length(24). This architecture provides substantial drug loading capacity up to 50-60% of microsponge weight(24). 

Drug release from microsponges occurs through multiple mechanisms including temperature-induced release, pH-

triggered release, and mechanical stimulation(24). This multi-trigger release system enables precise control over drug 

availability based on physiological conditions(26). For alopecia treatment, microsponges prevent drug passage through 

stratum corneum and epidermis while controlling delivery to dermis, avoiding systemic absorption and related 

cardiovascular effects(26). 

Clinical applications demonstrate effectiveness in delivering minoxidil sulfate, which exhibits enhanced hair growth 

promotion compared to base minoxidil(26). The microsponge system enables topical delivery without frequency 

limitations and reduces unwanted side effects through controlled release mechanisms(26). Recent studies with rosemary 

oil-loaded microsponges show superior hair development parameters including length, thickness, and bulb diameter 

compared to conventional minoxidil formulations(25). 

 

Specialized Nanoparticle Systems 

Advanced nanoparticle formulations represent sophisticated approaches to minoxidil delivery, incorporating novel 

materials and manufacturing techniques to optimize therapeutic outcomes(9,27). These systems focus on direct hair bulb 

targeting through follicular pathways while minimizing skin accumulation and systemic exposure(9). 

The optimized minoxidil nanoparticle formulation achieves particle sizes of 90-300 nm with oblong morphology and 

60% solid drug content(9,27). Preparation involves methylcellulose, p-hydroxyalkylbenzoates, and mannitol dispersed in 

purified water and processed using zirconia bead milling under refrigeration(9). This manufacturing approach produces 

stable nanoparticles without organic solvents, reducing potential irritation compared to conventional formulations(9). 

Mechanism studies reveal preferential drug delivery through hair follicular pathways rather than transepidermal 

routes(9). Hair bulb drug concentrations from nanoparticle formulations exceed those from commercial products by 1.8-

fold, while skin tissue concentrations remain lower, indicating targeted delivery with reduced systemic exposure(9). No 

detectable drug appears in plasma samples, confirming minimal systemic absorption(9). 

Clinical efficacy studies demonstrate superior therapeutic outcomes with enhanced expression of hair growth factors 

including VEGF and IGF-1(9,27). The mRNA and protein levels of these critical growth factors show significantly higher 

expression with nanoparticle formulations compared to commercial products(9). This enhanced molecular response 

correlates with improved clinical outcomes in hair growth stimulation(9). 
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Comparision of Novel Drug Delivery System for Minoxidil in Alopecia Treatment 

 

Mechanisms of Enhanced Efficacy 

Improved Skin Penetration 

Novel delivery systems address the fundamental challenge of stratum corneum barrier function through multiple 

mechanisms. Lipid-based carriers such as NLCs and oleic acid vesicles interact directly with stratum corneum lipids, 

creating temporary disruptions that facilitate drug penetration(4,15). The nanoscale dimensions of these carriers enable 

passage through intercellular pathways and temporary pore formation(14). 

Deformable vesicles demonstrate particular effectiveness in overcoming skin barriers due to their ability to squeeze 

through pores smaller than their resting diameter(4). Oleic acid vesicles exhibit this deformable characteristic, allowing 

flexible penetration through tight junctions while maintaining structural integrity(4). This mechanism enables drug 

delivery to deeper skin layers without compromising barrier function(4). 

Microneedle technology completely bypasses the stratum corneum barrier by creating temporary micron-scale channels 

that close within hours of application(19,20). This approach achieves direct dermal drug delivery while maintaining 

painless application and excellent patient acceptance(20). The combination of mechanical barrier disruption with 

controlled drug release optimizes both penetration and therapeutic duration(19). 

 

Follicular Targeting Enhancement 

Hair follicles represent preferential penetration pathways for appropriately designed delivery systems due to their 

unique anatomical structure and physiological properties(4,9). The follicular route offers advantages including bypass of 

stratum corneum barriers, direct access to dermal papilla regions, and reduced systemic exposure(9). 

Particle size optimization plays a crucial role in follicular targeting, with medium-sized particles (300-500 nm) 

demonstrating preferential accumulation in sebaceous glands and hair follicle structures 

(28). This size range enables penetration through follicular openings while preventing excessive transepidermal 

absorption(28). Surface charge modifications further enhance targeting specificity through electrostatic interactions with 

follicular tissues(28). 

Oleic acid vesicles achieve exceptional follicular targeting through their compatibility with sebaceous secretions(4). The 

fatty acid composition enables fusion with sebum, creating drug depots within follicular structures(4). This mechanism 

results in 10-fold higher drug accumulation in follicular casts compared to conventional formulations(4). 
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Sustained Release Mechanisms 

Controlled drug release represents a critical advantage of novel delivery systems, enabling reduced dosing frequency 

and improved patient compliance(15,17). Biphasic release profiles characterize many advanced formulations, providing 

immediate drug availability for rapid onset combined with sustained release for prolonged efficacy(150. 

NLC systems demonstrate this biphasic behavior through their imperfect crystalline structure(15). Initial burst release 

occurs from drug-enriched outer shells, while sustained release results from diffusion through the lipid matrix(15). This 

mechanism extends therapeutic duration up to 16 hours from single applications(15). 

Liposomal systems provide sustained release through controlled drug leakage from vesicular structures combined with 

membrane fusion processes(17). Hyaluronic acid modification further extends release duration while providing 

additional therapeutic benefits through tissue repair mechanisms(17). The combination enables prolonged drug 

availability at target sites with reduced systemic exposure(17). 

Microsponge formulations offer unique sustained release capabilities through their porous structure and multiple release 

triggers(24). Drug release occurs in response to temperature, pH changes, and mechanical stimulation, enabling 

physiologically responsive drug delivery(24). This mechanism ensures appropriate drug availability based on local tissue 

conditions(24). 

 

Safety Profile and Toxicological Considerations 

Reduced Systemic Exposure 

Novel delivery systems demonstrate significant advantages in minimizing systemic drug absorption while maintaining 

therapeutic efficacy(4,9). Oleic acid vesicle formulations show no detectable minoxidil in receptor compartments during 

ex vivo permeation studies, indicating negligible systemic penetration(4). This characteristic virtually eliminates 

cardiovascular side effects associated with conventional formulations(4). 

Nanoparticle systems achieve similar systemic exposure reduction through preferential follicular targeting(9). Clinical 

studies reveal no detectable plasma drug levels following nanoparticle application, contrasting with measurable levels 

from commercial formulations(9). This safety profile enables higher local drug concentrations without systemic toxicity 

concerns(9). 

Microneedle technology provides controlled drug delivery directly to target tissues while minimizing systemic 

distribution(19,20). The localized delivery mechanism combined with controlled release characteristics ensures 

therapeutic drug levels at hair follicles without significant systemic exposure(20). This approach particularly benefits 

patients with cardiovascular conditions who cannot tolerate systemic minoxidil effects(20). 

 

Local Tolerability Improvements 

Advanced delivery systems address local irritation concerns through multiple mechanisms including elimination of 

irritating solvents and controlled drug release(9,15). NLC formulations prepared without organic solvents such as 

propylene glycol and ethanol demonstrate improved local tolerability(9,15). The lipid matrix provides additional skin 

conditioning effects that may reduce irritation potential(15). 

Microsponge systems specifically design to minimize local irritation through controlled drug release mechanisms(24,26). 

The porous structure prevents direct drug contact with skin surface while enabling controlled delivery to target 

tissues(24). This mechanism reduces contact dermatitis and other local adverse effects commonly associated with 

conventional formulations(26). 

Hyaluronic acid-based systems provide additional anti-inflammatory and tissue repair benefits that may counteract 

potential irritation(20). The biocompatible nature of hyaluronic acid combined with its wound healing properties creates 

favorable conditions for therapeutic drug delivery(20). Clinical studies demonstrate reduced local adverse effects 

compared to conventional minoxidil applications(20). 

 

Long-term Safety Considerations 

Biocompatibility assessments of novel delivery systems focus on both acute and chronic exposure scenarios(19,20). 

Hyaluronic acid microneedles demonstrate excellent biocompatibility with no significant inflammatory responses or 
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tissue damage following repeated applications(20). The biodegradable nature of these systems eliminates accumulation 

concerns(20). 

Lipid-based carriers utilize physiological components that undergo normal metabolic processing(15,17). NLC systems 

composed of naturally occurring lipids demonstrate excellent biocompatibility with minimal potential for sensitization 

or long-term toxicity(15). The use of endogenous materials reduces immunogenicity risks compared to synthetic 

polymeric systems(17). 

Stability studies confirm maintained safety profiles over extended storage periods(19). Microneedle formulations retain 

mechanical properties and chemical stability for four weeks under various storage conditions without degradation 

products that could compromise safety(19). This stability ensures consistent safety and efficacy throughout product shelf 

life(19). 

 

Clinical Evidence and Therapeutic Outcomes 

Comparative Efficacy Studies 

Clinical studies consistently demonstrate superior therapeutic outcomes for novel delivery systems compared to 

conventional minoxidil formulations(9,11,27). Hyaluronic acid liposomal systems achieve hair regrowth coverage rates of 

84.98% compared to 47.41% for commercial minoxidil, representing an 78% improvement in clinical efficacy(13). 

Microneedle delivery systems show accelerated therapeutic onset with hair regrowth initiation after 7 days compared to 

11 days for conventional applications(19). Additionally, these systems achieve superior outcomes using only 10% of the 

drug amount required for topical applications, indicating dramatically improved bioavailability and therapeutic 

efficiency(20). 

Nanoparticle formulations demonstrate enhanced molecular responses with significantly higher expression of critical 

hair growth factors including VEGF and IGF-1(9,27). These enhanced molecular markers correlate with improved 

clinical outcomes in hair growth stimulation and follicular regeneration(9). 

 

Patient-Reported Outcomes 

Patient acceptance and compliance improve significantly with novel delivery systems due to reduced application 

frequency and enhanced tolerability(20,21). Microneedle systems enable once-weekly applications compared to twice-

daily conventional treatments, representing a 14-fold reduction in dosing frequency(20). 

Quality of life assessments show improved outcomes related to reduced local side effects and enhanced therapeutic 

efficacy(20,21). Patients report greater satisfaction with treatment outcomes and reduced psychological impact of hair loss 

when using advanced delivery systems(20). 

Tolerability studies demonstrate reduced incidence of local adverse effects including scalp irritation, pruritus, and 

contact dermatitis(9,20). The elimination of organic solvents and controlled drug release mechanisms contribute to 

improved local tolerability profiles(9). 

 

Long-term Treatment Outcomes 

Extended clinical studies reveal sustained therapeutic benefits with novel delivery systems(11,17). The combination of 

enhanced drug delivery with reduced side effects enables longer treatment duration and improved patient 

compliance(17). These factors contribute to superior long-term outcomes compared to conventional treatments(17). 

Hair quality assessments demonstrate improvements not only in hair count but also in hair diameter, length, and overall 

appearance(13,25). Advanced delivery systems promote healthier hair growth patterns with enhanced follicular function 

and improved hair fiber characteristics(25). 

Follow-up studies indicate maintained therapeutic benefits with reduced treatment frequency compared to conventional 

approaches(11). The sustained release characteristics of novel systems enable extended dosing intervals while 

maintaining therapeutic efficacy(11). 
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Future Directions and Emerging Technologies 

Combination Therapy Approaches 

The integration of multiple therapeutic agents within single delivery systems represents a promising advancement in 

alopecia treatment(22,29). Co-delivery systems enable synergistic therapeutic effects while simplifying treatment 

regimens and improving patient compliance(22). The combination of minoxidil with finasteride in thermosensitive ionic 

liquid hydrogels demonstrates superior efficacy compared to individual treatments(22). 

Nanoliposome platforms enable co-delivery of complementary agents such as kopexil and kopyrrol, providing 

enhanced hair regeneration effects at lower concentrations(29). These systems demonstrate therapeutic equivalence to 

minoxidil at significantly reduced dosages, potentially minimizing adverse effects while maintaining efficacy(29). 

Growth factor incorporation into delivery systems offers potential for addressing multiple pathways involved in hair 

loss(30). The combination of drug delivery with growth factor supplementation may provide comprehensive treatment 

approaches targeting both hair follicle stimulation and underlying pathophysiological mechanisms(30). 

 

Personalized Medicine Applications 

Advanced delivery systems enable personalized treatment approaches based on individual patient characteristics and 

response patterns(31). Variability in sulfotransferase enzyme activity affects minoxidil response, suggesting potential for 

personalized dosing strategies using enhanced delivery systems(31). 

Genetic profiling may guide selection of optimal delivery systems based on individual skin characteristics and 

metabolic profiles(31). The ability to achieve therapeutic effects at lower drug concentrations through enhanced delivery 

could benefit patients with genetic variations affecting drug metabolism(31). 

Precision dosing enabled by controlled release systems offers opportunities for individualized treatment 

optimization(19). The ability to modulate drug release rates and duration based on patient-specific factors may improve 

therapeutic outcomes while minimizing adverse effects(19). 

 

Technological Integration 

Emerging technologies including 3D printing, smart materials, and remote monitoring systems offer exciting 

possibilities for advanced alopecia treatment(32,33). 3D-printed microneedles enable precise customization of drug 

delivery parameters based on individual patient requirements(32). 

Smart responsive materials that react to physiological conditions could enable adaptive drug release based on local 

tissue needs(23). pH-responsive, temperature-sensitive, and oxidative stress-responsive systems offer possibilities for 

intelligent drug delivery that adjusts to changing follicular conditions(23). 

Digital health integration including smartphone applications and remote monitoring capabilities could enhance 

treatment compliance and enable real-time therapy optimization(33). These technologies could provide personalized 

treatment guidance and objective outcome assessment(33). 

 

Regulatory Considerations and Clinical Translation 

Regulatory Pathway Challenges 

The translation of novel delivery systems from research to clinical practice faces significant regulatory challenges 

requiring comprehensive safety and efficacy demonstrations(34). The complexity of advanced delivery systems 

necessitates detailed characterization of pharmaceutical, pharmacokinetic, and safety profiles(34). 

Quality control requirements for nanotechnology-based products demand sophisticated analytical methods and 

manufacturing controls(34). Consistency in particle size, drug loading, and release characteristics requires advanced 

manufacturing processes and rigorous quality assurance systems(34). 

Bioequivalence studies comparing novel delivery systems to approved formulations require carefully designed 

protocols that account for differences in pharmacokinetic profiles and therapeutic endpoints. The enhanced 

bioavailability of advanced systems may require different dosing strategies to achieve comparable safety profiles(34). 
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Manufacturing Scalability 

Commercial production of advanced delivery systems requires scalable manufacturing processes that maintain product 

quality and consistency(34). Nanotechnology-based systems particularly challenge traditional pharmaceutical 

manufacturing approaches(34). 

Cost-effectiveness considerations influence the commercial viability of novel delivery systems(34). The enhanced 

efficacy and reduced dosing frequency of advanced systems may justify higher manufacturing costs through improved 

patient outcomes and compliance(34). 

Quality assurance systems must address the unique characteristics of novel delivery systems including particle size 

distribution, drug loading uniformity, and release kinetics reproducibility(34). These requirements necessitate specialized 

analytical capabilities and process control technologies(34). 

 

Clinical Development Strategies 

Clinical trial design for novel delivery systems requires careful consideration of appropriate endpoints and comparator 

selection(35). The enhanced bioavailability of advanced systems may require different dosing strategies and safety 

monitoring approaches(35). 

Dose-ranging studies must account for the improved delivery efficiency of novel systems to establish appropriate 

dosing recommendations(35). The potential for achieving therapeutic effects at lower concentrations requires systematic 

dose-response evaluation(35). 

Safety monitoring protocols must address both local and systemic effects while accounting for reduced systemic 

exposure from advanced delivery systems(35). Long-term safety evaluation may require extended follow-up periods to 

fully characterize the safety profile of novel formulations(35). 

 

II. CONCLUSIONS 

The development of novel delivery systems for minoxidil represents a significant advancement in androgenetic alopecia 

treatment, addressing fundamental limitations of conventional topical formulations through innovative technological 

approaches. This comprehensive analysis reveals substantial improvements across multiple therapeutic parameters 

including enhanced skin penetration, superior follicular targeting, reduced systemic exposure, and improved patient 

compliance. 

Seven primary categories of advanced delivery systems demonstrate distinct advantages: nanostructured lipid carriers 

provide controlled biphasic drug release with enhanced stability; oleic acid nanovesicles achieve exceptional follicular 

targeting through deformable vesicle technology; advanced liposomal systems enable multimodal therapeutic 

approaches with sustained drug delivery; dissolving microneedles offer painless, direct dermal delivery with 

dramatically reduced dosing frequency; ionic liquid formulations provide enhanced solubilization and co-delivery 

capabilities; microsponge systems deliver controlled drug release with reduced irritation; and specialized nanoparticles 

achieve direct hair bulb targeting with minimal systemic exposure. 

Clinical evidence consistently demonstrates superior therapeutic outcomes compared to conventional formulations, with 

hair regrowth rates improving up to 78% while reducing drug dosage requirements by 90% in some applications. The 

enhanced delivery efficiency enables therapeutic effects at lower concentrations, potentially minimizing adverse effects 

while improving treatment outcomes. Reduced systemic absorption addresses cardiovascular safety concerns, while 

improved local tolerability through elimination of irritating solvents enhances patient acceptance and compliance. 

The integration of nanotechnology with pharmaceutical science has created unprecedented opportunities for precision 

drug delivery to hair follicle targets. These advances enable therapeutic intervention at the cellular level where hair 

growth regulation occurs, potentially transforming treatment approaches for androgenetic alopecia and other hair loss 

conditions. Future developments including combination therapies, personalized medicine applications, and smart 

responsive materials promise further therapeutic advances. 

However, successful clinical translation requires addressing regulatory challenges, manufacturing scalability, and cost-

effectiveness considerations. The complexity of advanced delivery systems demands sophisticated analytical methods, 
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rigorous quality control, and comprehensive safety evaluation. Despite these challenges, the substantial therapeutic 

advantages demonstrated by novel delivery systems justify continued investment in research and development. 

 

The convergence of nanotechnology, pharmaceutical science, and dermatological medicine has created a new paradigm 

for alopecia treatment that addresses the root causes of therapeutic failure in conventional formulations. As these 

technologies mature and overcome regulatory hurdles, they promise to revolutionize hair loss treatment through 

enhanced efficacy, improved safety, and superior patient experience. The future of minoxidil delivery lies in these 

sophisticated systems that optimize therapeutic outcomes while minimizing adverse effects, ultimately improving 

quality of life for millions of individuals affected by androgenetic alopecia. 

 

REFERENCES  

[1]. Patel, V., et al. "Oleic Acid Nanovesicles of Minoxidil for Enhanced Follicular Delivery." International 

Journal of Nanomedicine, 2018. 

[2]. De Araujo, J., et al. "Preparation and Characterization of Minoxidil Loaded Nanostructured Lipid Carriers." 

AAPS PharmSciTech, 2017. 

[3]. Fan, Y., et al. "Nitric oxide synergizes minoxidil delivered by transdermal hyaluronic acid liposomes for 

multimodal androgenetic-alopecia therapy." Bioactive Materials, 2023. 

[4]. Li, J., et al. "Hyaluronic Acid Liposomes Encapsulating Minoxidil for Enhanced Transdermal Delivery and 

Treatment of Androgenetic Alopecia." European Journal of Pharmaceutics and Biopharmaceutics, 2025. 

[5]. Kim, K.M., et al. "Minoxidil Nanosuspension-Loaded Dissolved Microneedles for Hair Regrowth." 

Pharmaceutical Research, 2024. 

[6]. Li, Z., et al. "Trilayer dissolving microneedle for transdermal delivery of minoxidil: a proof-of-concept 

study." Drug Delivery, 2024. 

[7]. Li, J., et al. "Microneedle Delivery Platform Integrated with Codelivery Nanoliposomes for Effective and 

Safe Androgenetic Alopecia Treatment." ACS Applied Materials & Interfaces, 2024. 

[8]. Zulkifli, N., et al. "Microsponge topical delivery system for Minoxidil sulphate." International Journal of 

Nanomedicine, 2011. 

[9]. Aarti, C., et al. "Microsponges-mediated targeted topical delivery of Minoxidil sulfate: Formulation, in-vitro 

and in-vivo performance." Journal of Drug Delivery Science and Technology, 2024. 

[10]. Arya, S., et al. "Nanostructured lipid carriers with a minoxidil association." International Journal of 

Nanomedicine, 2022. 

[11]. De Angelis, M., et al. "Drug Delivery System Based On Minoxidil Nanoparticles Promotes Hair Growth." 

International Journal of Nanomedicine, 2019. 

[12]. Nayar, P., et al. "Design and development of minoxidil-loaded nano carrier-based transdermal gel of trans-

ethosomes for transdermal delivery system: Invitro evaluation studies." GSC Biological and Pharmaceutical 

Sciences, 2024. 

[13]. Zeng, Q., et al. "Co-delivery of minoxidil and finasteride via ionic liquid/cyclodextrin/poloxamer hydrogels 

for alopecia treatment." International Journal of Pharmaceutics, 2025. 

[14]. Suryawanshi, D., et al. "Ionic liquid-iontophoresis mediates transdermal delivery of weak base drugs: 

Enhanced minoxidil permeation." Drug Delivery and Translational Research, 2025. 

[15]. Srikar, S., et al. "Advances in Transdermal Delivery Systems for Treating Androgenetic Alopecia." 

Pharmaceutics, 2025. 

[16]. Löffler, A., et al. "Ethosomes: Novel Noninvasive carrier for Transdermal Drug Delivery." Asian Journal of 

Pharmaceutical Technology, 2016. 

[17]. Dubey, V., et al. "FOLLICULAR LIPOSOMAL DELIVERY SYSTEMS: An Innovative Approach for Drug 

Targeting." Drug Delivery, 2001. 

[18]. El Maghraby, G.M., et al. "Enhanced delivery of drugs into and across the skin by ethosomal carriers." Drug 

Development Research, 2000.  



I J A R S C T    

    

 

               International Journal of Advanced Research in Science, Communication and Technology 

                           International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal 

Volume 5, Issue 5, November 2025 

 Copyright to IJARSCT DOI: 10.48175/IJARSCT-30097   778 

www.ijarsct.co.in  

 
 
 

ISSN: 2581-9429 Impact Factor: 7.67 

 
[19]. Trüeb, R.M. "Minoxidil: Comprehensive Review." Expert Opinion on Drug Discovery, 2021. 

[20]. Messenger, A.G., et al. "Minoxidil: mechanisms of action on hair growth." British Journal of Dermatology, 

2004. 

[21]. Libecco, J.F., et al. "Minoxidil and its use in hair disorders: a review." Drug Design, Development and 

Therapy, 2019. 

[22]. Lazarus, L., et al. "Efficacy and safety of oral minoxidil in the treatment of androgenetic alopecia: a meta-

analysis." Frontiers in Pharmacology, 2025. 

[23]. Zulkifli, Y., et al. "Oleic Acid Nanovesicles of Minoxidil for Enhanced Follicular Delivery." International 

Journal of Nanomedicine, 2018. 

[24]. Singh, T., et al. "Preparation and characterization of minoxidil loaded nanostructured lipid carriers." AAPS 

PharmSciTech, 2012. 

[25]. StatPearls. "Minoxidil." NCBI Bookshelf, 2023. 

[26]. StatPearls. "Androgenetic alopecia." NCBI Bookshelf, 2024. 

[27]. American Hair Research Society. "Pattern hair loss." Wikipedia, 2024. 

[28]. Drugs.com. "Minoxidil Topical Side Effects: Common, Severe, Long Term." Drugs.com, 2025. 

[29]. GoodRx. "5 Topical Minoxidil Side Effects You Should Know About." GoodRx, 2025. 

[30]. ISHRS. "Minoxidil: Formulation, Dosage & Side-Effects." International Society of Hair Restoration Surgery, 

2024. 

[31]. Tan, X., et al. "Effectiveness of a Layer-by-Layer Microbubbles-Based Delivery System for Applying 

Minoxidil to Enhance Hair Growth." Journal of Nanomedicine, 2016. 

[32]. Zhang, H., et al. "Remote-Controlled Sensing and Drug Delivery via 3D-Printed Hollow Microneedles." 

Advanced Healthcare Materials, 2024. 

[33]. Wang, C., et al. "Multistage Transdermal Nitric Oxide Delivery System for the Treatment of Androgenetic 

Alopecia." ACS Materials Letters, 2024. 

[34]. Patel, C., et al. "Palmitoylethanolamide-Incorporated Elastic Nano-Liposomes for Enhanced Transdermal 

Delivery and Anti-Inflammation." Pharmaceutics, 2024. 

[35]. Sharma, R., et al. "Advances in polymeric nano-delivery systems targeting hair follicles." Frontiers in 

Bioengineering and Biotechnology, 2024. 

 

 


