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Abstract: Alzheimer’s disease (AD) represents a major 

global health challenge with no definitive cure currently 

available. Drug development efforts have increasingly 

shifted focus toward advanced formulation strategies to 

enhance drug efficacy, bioavailability, and blood-brain 

barrier (BBB) permeability. This article reviews recent 

innovations in drug formulation for Alzheimer's 

treatment, including nanoparticle-based delivery 

systems, intranasal administration, prodrug approaches, 

and polymeric micelles. These advancements aim to 

overcome pharmacokinetic limitations and improve 

patient outcomes. The integration of personalized 

medicine and disease-modifying therapies into 

formulation design offers promising avenues for the 

future of AD treatment. 
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Introduction: 

Alzheimer’s disease is a progressive neurodegenerative disorder 

characterized by memory impairment, cognitive dysfunction, 

and behavioral changes. Conventional pharmacotherapy, 

including cholinesterase inhibitors and NMDA receptor 

antagonists, often suffers from limited bioavailability and poor 

BBB permeability. To address these challenges, researchers are 

exploring advanced drug formulation strategies that facilitate 

https://www.australiansciencejournals.com/pharmaceutics


24 | P a g e  
 

targeted delivery, sustained release, and improved therapeutic 

index. This article outlines cutting-edge developments in 

Alzheimer’s drug formulation and evaluates their clinical 

relevance in slowing disease progression. 

Challenges in Current Alzheimer’s Drug Therapies 

Alzheimer’s disease (AD) continues to present a formidable 

challenge to drug developers due to several pharmacological and 

physiological barriers. Existing therapeutic approaches 

primarily provide symptomatic relief rather than halting or 

reversing the progression of neurodegeneration. Below are key 

obstacles that limit the success of current treatments: 

Blood–Brain Barrier (BBB) as a Pharmacological Hurdle 

One of the most significant challenges in the pharmacotherapy 

of AD is the highly selective nature of the blood-brain barrier. 

The BBB restricts the entry of approximately 98% of small-

molecule drugs and nearly 100% of large biologics, such as 

monoclonal antibodies and neurotrophic factors. This selective 

permeability prevents most systemically administered agents 

from reaching therapeutic concentrations within the central 

nervous system (CNS), severely limiting their clinical 

effectiveness. 

Rapid Drug Metabolism and Poor Bioavailability 

Drugs like donepezil, rivastigmine, and galantamine undergo 

extensive first-pass metabolism, reducing their oral 

bioavailability. Furthermore, many promising drug candidates 

possess poor aqueous solubility or are susceptible to enzymatic 

degradation before reaching the brain. As a result, high doses are 

often required to achieve minimal efficacy, increasing the risk of 

systemic side effects. 

Adverse Side Effects Limiting Long-Term Compliance 

Commonly used drugs for AD are associated with 

gastrointestinal disturbances, dizziness, bradycardia, and 

hepatotoxicity. These adverse effects are especially problematic 

in elderly populations with comorbid conditions, often leading 

to poor patient adherence and discontinuation of treatment. 

Limited Efficacy of Symptomatic Treatments 

Currently approved AD drugs primarily target 

acetylcholinesterase inhibition (e.g., donepezil) or NMDA 

receptor antagonism (e.g., memantine), offering modest 

cognitive improvements. However, these agents do not modify 

the underlying pathological mechanisms such as amyloid-β 

accumulation or tau protein aggregation. As such, their 
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therapeutic benefits are transient and insufficient in altering the 

long-term course of the disease. 

Nanotechnology-Based Drug Delivery Systems 

Nanotechnology has emerged as a transformative strategy in the 

formulation of therapeutics for Alzheimer’s disease (AD), 

offering solutions to overcome major pharmacokinetic barriers 

such as poor bioavailability, enzymatic degradation, and 

restricted BBB permeability. Nanoformulations enable site-

specific targeting, controlled drug release, and enhanced 

therapeutic efficacy with minimized systemic toxicity. 

Liposomes and Solid Lipid Nanoparticles (SLNs) 

Liposomes are spherical vesicles composed of lipid bilayers that 

can encapsulate both hydrophilic and lipophilic drugs. They 

protect therapeutic agents from metabolic degradation and allow 

for sustained release. In AD, liposomal formulations of 

donepezil and rivastigmine have shown improved brain targeting 

and reduced peripheral toxicity. 

Solid lipid nanoparticles (SLNs), composed of solid lipids 

stabilized by surfactants, offer improved physical stability and 

controlled drug release. SLNs have been used to deliver 

curcumin and resveratrol across the BBB, enhancing their 

neuroprotective efficacy. 

Dendrimers and Polymeric Nanoparticles 

Dendrimers are highly branched, monodisperse macromolecules 

with tunable surface functionalities. They offer precise control 

over drug loading and release kinetics. Polyamidoamine 

(PAMAM) dendrimers have been used to carry memantine and 

other neuroactive compounds directly to the brain. 

Polymeric nanoparticles made from biodegradable polymers like 

PLGA (poly(lactic-co-glycolic acid)) allow for sustained drug 

release and biocompatibility. These systems have successfully 

encapsulated neuroprotective agents and gene therapies for AD 

models. 

Targeted Delivery Using Antibody-Conjugated Nanocarriers 

Functionalizing nanoparticles with ligands such as transferrin, 

lactoferrin, or monoclonal antibodies enables receptor-mediated 

transcytosis across the BBB. For instance, nanoparticles 

conjugated with anti-amyloid-β antibodies have demonstrated 

increased localization to amyloid plaques, enhancing the 

clearance of pathological proteins and reducing 

neuroinflammation in AD models. 

Controlled Drug Release and Enhanced BBB Penetration 
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Nanocarriers can be engineered to release drugs in response to 

specific stimuli such as pH, redox environment, or enzymatic 

activity within the brain. This temporal and spatial control 

improves therapeutic precision while minimizing systemic 

exposure. Importantly, nanoparticles can be tailored for optimal 

size (<200 nm), surface charge, and hydrophobicity to cross the 

BBB effectively via passive diffusion or active transport 

mechanisms. 

Intranasal and Transdermal Drug Formulations 

Intranasal and transdermal delivery systems represent promising 

alternatives to oral and injectable routes, particularly for geriatric 

patients who often face challenges with swallowing and 

gastrointestinal dysfunction. These non-invasive methods are 

gaining popularity due to their ability to improve patient 

compliance, ensure sustained drug release, and enhance 

therapeutic efficacy. 

Bypassing Hepatic Metabolism through Intranasal Route 

The intranasal route allows drugs to directly enter the systemic 

circulation via the richly vascularized nasal mucosa, thereby 

bypassing the first-pass hepatic metabolism. This significantly 

increases bioavailability, particularly for drugs that are 

extensively metabolized by the liver. In addition, the olfactory 

region provides a potential direct pathway to the brain, which is 

particularly valuable for CNS-targeted therapies like 

Alzheimer's medications. 

Use of Mucoadhesive Polymers for Improved Nasal 

Absorption 

To enhance nasal residence time and drug permeation, 

mucoadhesive polymers such as chitosan, carbopol, and 

hydroxypropyl methylcellulose (HPMC) are used. These 

polymers form a gel-like matrix upon administration, adhering 

to the nasal mucosa and facilitating prolonged drug contact, 

which improves absorption and reduces dosing frequency. 

Microneedle Patches and Transdermal Gels for Sustained 

Release 

Transdermal systems such as microneedle patches offer 

minimally invasive, painless administration by creating 

microscopic channels through the stratum corneum. These 

systems enable precise and controlled delivery of drugs into the 

dermal layer. Transdermal gels, often incorporating permeation 

enhancers like ethanol or oleic acid, provide an alternative 
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approach for sustained drug delivery through the skin, avoiding 

gastrointestinal degradation and enhancing patient convenience. 

Examples of Intranasal Insulin and Rivastigmine 

Formulations 

Intranasal insulin has been explored for its neuroprotective and 

cognitive-enhancing properties in Alzheimer's disease, with 

studies showing improved memory and reduced 

neurodegeneration. Rivastigmine, a cholinesterase inhibitor used 

in dementia treatment, has also been formulated for intranasal 

and transdermal delivery. The rivastigmine transdermal patch is 

already commercially available and widely used for its ability to 

provide continuous drug levels, reduce gastrointestinal side 

effects, and enhance adherence in elderly populations. 

Prodrugs and Bioconjugates in Alzheimer’s Therapy 

Alzheimer’s disease (AD) poses a formidable challenge to drug 

delivery due to the restrictive nature of the blood–brain barrier 

(BBB). To circumvent this, prodrug and bioconjugate 

strategies have emerged as innovative approaches to enhance 

central nervous system (CNS) targeting and pharmacokinetic 

profiles of therapeutic agents. 

Designing Lipophilic Prodrugs for Enhanced CNS Delivery 

Lipophilic prodrugs are chemically modified precursors of 

active drugs, designed to improve membrane permeability and 

BBB penetration. By masking polar functional groups (e.g., 

hydroxyl or amine) with lipophilic moieties (such as esters or 

carbamates), these prodrugs can achieve higher CNS 

bioavailability. Once in the brain, endogenous enzymes (e.g., 

esterases) regenerate the active parent drug. This strategy has 

shown promise with cholinesterase inhibitors and NMDA 

receptor antagonists. 

Enzyme-Triggered Activation within the Brain 

Targeted prodrugs are engineered to be specifically activated by 

brain-resident enzymes, such as acetylcholinesterase, 

monoamine oxidase, or β-secretase. This activation ensures site-

specific release of the active drug, minimizing peripheral side 

effects. Enzyme-responsive linkers have been utilized in 

peptide-based prodrugs for site-selective drug release within 

AD-affected brain regions. 

• Polymeric Conjugates to Prolong Systemic Circulation 

Bioconjugation with polymers like polyethylene glycol (PEG) 

or poly(lactic-co-glycolic acid) (PLGA) enables drugs to evade 

rapid renal clearance and enzymatic degradation, thus extending 
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systemic half-life. These macromolecular prodrugs also offer 

controlled release properties and can be designed to respond to 

physiological cues such as pH or oxidative stress, common in 

AD pathology. 

Examples: Memantine Prodrugs and Galantamine 

Conjugates 

Memantine prodrugs, modified with lipophilic esters or 

targeted ligands, have shown improved BBB permeability and 

neuroprotective action via NMDA receptor modulation. 

Galantamine conjugates, particularly with polymers or 

targeting peptides (e.g., transferrin, ApoE fragments), 

demonstrate enhanced brain targeting and sustained therapeutic 

levels. Some galantamine–PEG conjugates have reported 

reduced hepatotoxicity and extended duration of cholinergic 

action. 

These strategies are advancing the next generation of 

Alzheimer’s therapeutics, with several in preclinical or early 

clinical development stages. By integrating targeted delivery, 

enzymatic specificity, and improved pharmacokinetics, 

prodrug and bioconjugate platforms offer promising tools in 

overcoming the formidable pharmacological barriers of AD. 

Future Perspectives and Personalized Formulations 

The future of Alzheimer’s drug formulation lies in precision 

medicine, where therapeutic strategies are tailored to individual 

genetic and pathological profiles. Several emerging avenues are 

shaping this next phase: 

Role of Pharmacogenomics in Drug Formulation 

Pharmacogenomics enables the identification of genetic 

variants affecting drug response, metabolism, and toxicity. For 

example, variations in genes such as APOE, CYP2D6, and 

ABCB1 can influence the efficacy of drugs like donepezil or 

galantamine. Integrating this knowledge into formulation 

development allows for dose adjustments and drug selection 

that optimize outcomes and minimize side effects in specific 

patient subgroups. 

Development of Disease-Modifying Agents (e.g., Anti-

Amyloid) 

While current treatments are largely symptomatic, the 

development of disease-modifying agents targeting amyloid-β 

plaques, tau proteins, and neuroinflammation is a high priority. 

Examples include monoclonal antibodies (e.g., lecanemab, 

donanemab) and small molecules that prevent amyloid 
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aggregation. Future formulations aim to enhance brain 

bioavailability, reduce immune-related adverse effects, and 

enable sustained delivery over time. 

Hybrid Systems Combining Diagnostics and Therapeutics 

(Theranostics) 

Theranostics integrate drug delivery and real-time 

monitoring, allowing tailored treatment adjustments. In 

Alzheimer’s, theranostic nanoparticles can both deliver drugs 

and monitor biomarkers like amyloid or tau through imaging 

modalities (e.g., MRI, PET). Such systems enable feedback-

controlled therapy, improving treatment precision and tracking 

disease progression or drug response. 

Regulatory and Clinical Challenges in Translating 

Formulations 

Despite promising innovations, several challenges remain in 

bringing novel formulations to the clinic: 

Stringent FDA/EMA regulatory requirements for 

combination products and novel nanocarriers. 

Difficulty in standardizing personalized treatments across 

populations. 

High costs and complexities in conducting long-term efficacy 

trials in neurodegenerative diseases. 

Patient recruitment and heterogeneity in clinical trials. 

As personalized approaches gain traction, collaborative efforts 

between academia, biotech, and regulatory agencies are 

essential to overcome translational barriers and make 

personalized Alzheimer's therapies a clinical reality. 
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Summary 

Innovative drug formulations offer a promising path for 

improving Alzheimer’s disease treatment by enhancing drug 

targeting, bioavailability, and patient compliance. From 

nanoparticle systems to intranasal and prodrug strategies, these 

advancements address the limitations of conventional therapies 

and support a shift toward personalized and disease-modifying 

approaches. Future success will depend on rigorous clinical 

validation, interdisciplinary collaboration, and patient-centric 

design. 
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