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Abstract: Alzheimer’s disease is a progressive neurodegenerative disorder characterized by cognitive 

decline, memory loss, and neuronal dysfunction. Conventional oral and parenteral drug delivery systems 

used in AD therapy are frequently associated with poor bioavailability, hepatic first-pass metabolism, 

fluctuating plasma concentrations, and limited penetration across the blood–brain barrier. In recent 

years, biocompatible hydrogel-based transdermal delivery systems have emerged as promising 

alternatives for sustained and targeted delivery of anti-Alzheimer’s agents. Hydrogels possess unique 

physicochemical properties such as high-water retention, tunable porosity, biodegradability, flexibility, 

and controlled drug release capabilities.  

This review discusses the pathophysiology of Alzheimer’s disease, limitations of conventional therapies, 

and the formulation strategies employed in developing hydrogel-mediated transdermal systems. Different 

classes of natural and synthetic polymers, crosslinking mechanisms, drug incorporation techniques, and 

permeation enhancement approaches are critically reviewed. The paper also highlights recent advances 

in nano-hydrogel composites, stimuli-responsive hydrogels, and microneedle-assisted hydrogel patches 

for improved therapeutic efficacy. Furthermore, challenges related to stability, scalability, skin 

irritation, and regulatory considerations are discussed. The review concludes that hydrogel-based 

transdermal systems represent a promising platform for safer, patient-friendly, and efficient management 

of Alzheimer’s disease. 
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I. INTRODUCTION 

Alzheimer’s disease is one of the most prevalent neurodegenerative disorders worldwide and is characterized by 

progressive neuronal degeneration, cognitive dysfunction, and behavioral abnormalities. The disease mainly affects the 

elderly population and accounts for approximately 60–70% of dementia cases globally (Prince et al., 2016). 

Pathologically, AD is associated with extracellular deposition of amyloid-beta (Aβ) plaques, intracellular 

neurofibrillary tangles composed of hyperphosphorylated tau protein, oxidative stress, mitochondrial dysfunction, 

neuroinflammation, and cholinergic neuronal loss. 

Conventional treatment approaches for AD include cholinesterase inhibitors such as donepezil, rivastigmine, and 

galantamine, as well as N-methyl-D-aspartate receptor antagonists such as memantine. However, these therapies 

provide only symptomatic relief and are limited by poor patient compliance, gastrointestinal side effects, low 

bioavailability, and extensive hepatic metabolism (Cummings et al., 2019). 

Transdermal drug delivery systems offer significant advantages over oral administration, including sustained drug 

release, improved patient compliance, avoidance of first-pass metabolism, and reduced systemic side effects. Among 
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various TDDS platforms, hydrogels have attracted considerable interest due to their excellent biocompatibility, 

flexibility, and ability to encapsulate both hydrophilic and lipophilic therapeutic agents. 

Hydrogels are three-dimensional polymeric networks capable of retaining large quantities of water while maintaining 

structural integrity. Their properties can be modified through polymer selection, crosslinking density, and incorporation 

of nanomaterials or permeation enhancers. Hydrogel-based transdermal systems have demonstrated significant 

potential in enhancing skin permeation and controlled release of anti-Alzheimer’s drugs. 

 

PATHOPHYSIOLOGY OF ALZHEIMER’S DISEASE 

The pathological progression of AD involves multiple interconnected molecular mechanisms. The major hallmarks 

include: 

1. Amyloid-Beta Plaque Formation 

Amyloid precursor protein undergoes abnormal cleavage by β-secretase and γ-secretase enzymes, producing insoluble 

Aβ peptides that aggregate into plaques. These plaques disrupt neuronal signaling and induce neurotoxicity. 

2. Tau Protein Hyperphosphorylation 

Tau proteins stabilize neuronal microtubules under physiological conditions. Hyperphosphorylated tau proteins form 

neurofibrillary tangles, leading to impaired axonal transport and neuronal death. 

3. Oxidative Stress 

Reactive oxygen species contribute to lipid peroxidation, mitochondrial dysfunction, and neuronal apoptosis. Increased 

oxidative damage is consistently observed in AD patients. 

4. Cholinergic Deficiency 

Degeneration of cholinergic neurons in the basal forebrain leads to reduced acetylcholine levels, impairing cognition 

and memory. 

5. Neuroinflammation 

Activation of microglial cells and release of inflammatory cytokines contribute to neuronal injury and progression of 

AD. 

 

NEED FOR TRANSDERMAL DRUG DELIVERY IN ALZHEIMER’S DISEASE 

Oral administration of anti-Alzheimer’s drugs often results in poor therapeutic outcomes due to limited absorption and 

systemic adverse effects. Transdermal systems provide several advantages: 

Advantage Description 

Avoidance of first-pass metabolism Enhances systemic bioavailability 

Sustained drug release Maintains constant plasma drug levels 

Improved patient compliance Useful for elderly and dysphagic patients 

Reduced gastrointestinal side effects Minimizes nausea and gastric irritation 

Non-invasive administration Eliminates pain associated with injections 

Easy termination of therapy Patch can be removed immediately 

The transdermal route is especially advantageous for chronic disorders such as AD that require long-term medication. 

 

HYDROGELS AS TRANSDERMAL DRUG DELIVERY SYSTEMS 

Hydrogels are hydrophilic polymeric matrices capable of absorbing significant quantities of biological fluids. Their soft 

and elastic nature resembles living tissues, making them highly suitable for biomedical applications. 

 

I. Characteristics of Ideal Hydrogels 

An ideal hydrogel for transdermal application should possess: 

High biocompatibility 

Non-toxicity and non-irritancy 
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Appropriate mechanical strength 

Controlled swelling behavior 

Sustained drug release properties 

Adequate adhesion to skin 

Biodegradability 

Stability during storage 

 

II. Classification of Hydrogels 

Basis of Classification Types 

Source Natural, synthetic, semi-synthetic 

Charge Neutral, ionic, amphoteric 

Crosslinking Physical and chemical 

Responsiveness pH-sensitive, thermo-sensitive, stimuli-responsive 

Structure Amorphous, crystalline, semi-crystalline 

 

BIOCOMPATIBLE POLYMERS USED IN HYDROGEL FORMULATIONS 

1. Natural Polymers 

Natural polymers are widely preferred due to their biodegradability and low toxicity. 

Polymer Properties Application 

Chitosan Mucoadhesive, antimicrobial Enhances skin permeation 

Alginate Biocompatible, gel-forming Sustained release matrices 

Gelatin Biodegradable, flexible Tissue-compatible hydrogels 

Hyaluronic acid Hydrating, viscoelastic Improved skin retention 

Carrageenan Gelling ability Controlled release systems 

 

2. Chitosan-Based Hydrogels 

Chitosan possesses positive charges that interact with negatively charged skin membranes, enhancing drug permeation. 

It also demonstrates excellent film-forming and bioadhesive properties. 

3. Alginate Hydrogels 

Alginate forms hydrogels in the presence of divalent cations such as calcium ions. These hydrogels exhibit excellent 

swelling properties and sustained drug release behavior. 

4. Synthetic Polymers 

Synthetic polymers provide superior mechanical strength and reproducibility. 

Polymer Characteristics Benefits 

Polyvinyl alcohol (PVA) Flexible and hydrophilic Improved stability 

Polyethylene glycol (PEG) Non-toxic and water soluble Enhanced biocompatibility 

Polyacrylamide High swelling capacity Controlled drug release 

Poloxamers Thermosensitive Temperature-triggered gelation 

Carbopol Bioadhesive polymer Enhanced skin adherence 

 

FORMULATION APPROACHES OF HYDROGEL-BASED TRANSDERMAL SYSTEMS 

I. Conventional Hydrogel Patches 

Hydrogel patches are prepared by dispersing polymers in aqueous media followed by crosslinking and drug 

incorporation. These patches provide controlled and sustained release of anti-Alzheimer’s agents. 
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II. Preparation Method 

Polymer hydration 

Drug dissolution 

Mixing and homogenization 

Crosslinking 

Casting into molds 

Drying and packaging 

 

III.  Nano-Hydrogel Systems 

Nano-hydrogels integrate nanoparticles into hydrogel matrices to improve drug stability and BBB penetration. 

Nano-System Advantages 

Lipid nanoparticle-loaded hydrogels Improved permeation 

Polymeric nanoparticles Sustained release 

Nanoemulsion hydrogels Enhanced solubility 

Solid lipid nanoparticles Improved drug protection 

Nano-hydrogels improve loading efficiency and facilitate targeted delivery to brain tissues. 

 

IV. Thermoresponsive Hydrogels 

Thermoresponsive hydrogels undergo sol-gel transition at body temperature. Poloxamer-based systems remain liquid at 

room temperature and form gels upon application to skin. 

 

V. pH-Responsive Hydrogels 

These hydrogels alter their swelling behavior according to environmental pH, enabling controlled drug release. 

 

VI. Microneedle-Assisted Hydrogel Systems 

Microneedles create microscopic channels in the skin, facilitating enhanced permeation of large molecules. 

Feature Benefit 

Minimally invasive Reduced pain 

Enhanced penetration Improved bioavailability 

Controlled delivery Sustained therapeutic action 

Self-administration Improved compliance 

 

CROSSLINKING STRATEGIES IN HYDROGEL FORMULATION 

Crosslinking determines the mechanical and release properties of hydrogels. 

I. Physical Crosslinking 

Physical crosslinking involves hydrogen bonding, ionic interactions, or hydrophobic interactions. 

Advantages 

No toxic crosslinking agents 

Better biocompatibility 

Simple preparation 

Limitations 

Weak mechanical strength 

Poor stability 

 

2. Chemical Crosslinking 

Chemical crosslinking involves covalent bond formation using agents such as glutaraldehyde or genipin. 
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Advantages 

Improved structural stability 

Better sustained release 

Higher mechanical strength 

Limitations 

Potential toxicity of residual crosslinkers 

 

DRUG INCORPORATION TECHNIQUES 

Technique Principle Application 

Entrapment Drug incorporated during gel formation Sustained release 

Diffusion loading Drug diffuses into preformed gel Heat-sensitive drugs 

Nanocarrier embedding Nanoparticles dispersed in gel Targeted delivery 

Chemical conjugation Covalent attachment to polymer Prolonged release 

Common drugs incorporated into hydrogel systems include donepezil, rivastigmine, galantamine, memantine, 

curcumin, and resveratrol. 

 

SKIN PERMEATION ENHANCEMENT STRATEGIES 

The stratum corneum acts as the primary barrier to transdermal delivery. Several approaches are used to enhance 

permeation. 

I. Chemical Enhancers 

Chemical enhancers disrupt lipid bilayers and increase drug diffusion. 

Examples include: 

Ethanol 

Oleic acid 

Propylene glycol 

Terpenes 

 

II. Physical Enhancement Methods 

Method Mechanism 

Iontophoresis Electrical current-assisted delivery 

Sonophoresis Ultrasound-mediated permeation 

Electroporation Temporary pore formation 

Microneedles Mechanical disruption of skin 

 

EVALUATION PARAMETERS OF HYDROGEL TRANSDERMAL SYSTEMS 

I. Physicochemical Evaluation 

pH determination 

Swelling index 

Drug content uniformity 

Moisture uptake 

Mechanical strength 

II. In Vitro Evaluation 

Drug release studies 

Diffusion studies 

Skin permeation analysis 

Stability testing 
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III. In Vivo Evaluation 

Animal studies are performed to evaluate pharmacokinetics, therapeutic efficacy, toxicity, and skin irritation. 

Evaluation Parameter Purpose 

Pharmacokinetic studies Determine bioavailability 

Histopathological analysis Assess tissue safety 

Behavioral studies Evaluate cognitive improvement 

Skin irritation test Assess dermatological safety 

 

RECENT ADVANCES IN HYDROGEL-BASED ALZHEIMER’S THERAPY 

Recent technological innovations have improved the effectiveness of hydrogel systems. 

1. Smart Hydrogels 

Smart hydrogels respond to stimuli such as temperature, pH, light, and enzymes. 

2. Injectable Hydrogels 

Injectable hydrogels form in situ depots and provide localized sustained release. 

3. Nanocomposite Hydrogels 

Nanocomposite hydrogels integrate graphene oxide, silica nanoparticles, or metallic nanoparticles for improved 

stability and drug loading. 

4. Dual Drug Delivery Systems 

These systems enable simultaneous delivery of multiple therapeutic agents for synergistic effects. 

 

CHALLENGES ASSOCIATED WITH HYDROGEL TRANSDERMAL SYSTEMS 

Despite significant advancements, several limitations remain: 

Challenge Impact 

Limited skin permeability Reduced drug absorption 

Stability issues Short shelf life 

Residual toxicity Safety concerns 

High manufacturing cost Limited commercialization 

Scale-up difficulties Industrial challenges 

Variable patient skin conditions Inconsistent therapeutic outcomes 

Further optimization of polymer composition and permeation strategies is required. 

 

II. CONCLUSION 

Biocompatible hydrogel-based transdermal delivery systems have emerged as promising alternatives for the 

management of Alzheimer’s disease. Their unique properties, including high water content, flexibility, controlled drug 

release, and enhanced skin compatibility, make them suitable carriers for anti-Alzheimer’s drugs. Formulation 

strategies involving natural and synthetic polymers, nano-hydrogels, stimuli-responsive systems, and microneedle-

assisted delivery have demonstrated considerable potential in improving bioavailability and therapeutic efficacy. 

Although several challenges such as permeability limitations and scale-up issues remain, continued advancements in 

biomaterials and nanotechnology are likely to facilitate successful clinical translation. Hydrogel transdermal systems 

represent a patient-friendly, non-invasive, and efficient platform for future Alzheimer’s disease management. 
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