New Approaches to Microneedle Technology and Alzheimer's Vaccine Applications
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Abstract
The integration of microneedle technology into drug and vaccine delivery systems offers an innovative approach due to its advantages, such as applicability against a wide range of diseases, applicability in the field of immunology, minimally invasive structure, and high bioavailability. Microneedles, which are micron-sized needles designed to penetrate the outer layer of the skin and are widely used and currently in widespread use, offer a minimally invasive method for the administration of therapeutic agents, including vaccines. The microneedles proposed in our project will not only increase the bioavailability of drugs but also improve patient compliance due to their painless application and ease of use. The application of microneedle technology in vaccine development for Alzheimer's disease (AD) represents a promising frontier in immunization strategies. Micro-needles, which are small, minimally invasive devices, facilitate the direct delivery of vaccines into the skin, where they can effectively stimulate immune responses. This method has been shown to increase the immunogenicity of various vaccines, including those targeting neurodegenerative diseases such as Alzheimer's.
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Research suggests that microneedles can be used for transdermal delivery of therapeutic agents such as donepezil hydrochloride, a cholinesterase inhibitor used to treat Alzheimer's disease. This approach not only improves drug absorption but also minimizes the pain associated with traditional injection methods. Furthermore, microneedles have been successfully used to deliver amyloid β peptides, which are critical in the pathogenesis of Alzheimer's disease, and thus may serve as a potential vaccine against AD (Wu et al., 2024).
The immunogenicity of vaccines delivered via microneedles is significantly enhanced due to the localized delivery of antigens to the skin, which is rich in immune cells such as Langerhans and dendritic cells (Mansoor et al., 2022). This localized response can be further enhanced by the mechanical stress induced during microneedle insertion, which acts as a physical adjuvant and promotes a strong adaptive immune response.
Studies have shown that microneedle patches can induce higher antibody levels compared to traditional intramuscular injections, demonstrating their effectiveness in eliciting strong immune responses (Feng et al., 2023). urthermore, the use of dissolvable microneedle arrays (MNAs) provides a painless vaccination experience while ensuring stability and ease of storage. They have been highlighted for their capabilities (Mistilis et al., 2017; Rawson et al., 2019). The dissolvable nature of these microneedles eliminates the need for cold chain logistics, making them particularly advantageous in resource-limited settings (Ray et al., 2022). The potential for self-administration of microneedles also addresses barriers to vaccination, such as needle phobia and the need for skilled healthcare professionals for vaccine distribution (Prausnitz and Langer, 2008; Blicharz et al., 2018). I n terms of economic viability, microneedles have been considered a “game changer” in global vaccination efforts, offering a cost-effective solution for mass immunization campaigns (Nguyen and Nguyen, 2023). Their ability to generate long-lasting immune responses further supports their application in vaccines targeting chronic conditions such as Alzheimer’s disease, where sustained immunity is vital (Netea et al., 2020; Arunachalam, 2024).
All of these For these reasons, polymeric microneedles, which will be synthesized, offer significant advantages for the development of vaccines against Alzheimer's disease. Microneedles, which will be obtained with enhanced efficacy using nanotechnological methods, will significantly impact the way vaccines are administered, particularly for diseases that require long-term immune responses, by enhancing their immunogenicity, providing a painless application method, and facilitating self-administration.
The Basic Structure and Types of Microneedle Technology
Microneedles are microscale structures, generally 50–900 µm long, that can painlessly penetrate the stratum corneum of the skin and reach the dermal region. Microneedles designed for vaccine and drug applications are divided into five main classes based on their structure:
The materials used to make microneedles are selected based on their intended use, production method, and physical properties (Xu et al., 2021). Produced microneedles are classified into five types:
These are:

➢ Solid Microneedles
➢ Coated Microneedles
➢ Dissolvable Microneedles
➢ Hollow Microneedles
➢ Hydrogel Microneedles
The appearance of the vaccine during skin application is shown in Figure 1.
This diversity allows for the design of suitable delivery systems for different formulations of Alzheimer's vaccines (peptide, DNA, nanoparticle, conjugated antigen, etc.).
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Figure 1. Illustration of skin layers (A) and microneedle types and drug delivery methods (B)

Advantages of Microneedles in Vaccine Applications
Microneedles are an innovative platform, particularly preferred for immunization. Their advantages can be summarized as follows:
· Painless application: This is critical for long-term treatment compliance in Alzheimer's patients.
· Direct access to dermal immune cells: This region, where Langerhans and dermal dendritic cells are densely located, generates a more potent and targeted immune response.
· High efficacy with low dose: Reduced antigen loss reduces production costs.
· Self-administration: Advantageous for elderly individuals receiving home care and in care centers.
· Cold chain advantage: Antigen stability is increased, especially with dissolvable microneedle patches.
· Does not generate sharps or medical waste. 
These features significantly increase the applicability of Alzheimer's vaccines to the general population.
Alzheimer's Vaccines: Current Status and Approaches
Vaccine studies for Alzheimer's disease are based on two main goals:
Amyloid-β (Aβ)-targeted vaccines
Initial clinical trials targeted the Aβ42 peptide. However, the AN1792 vaccine, administered by conventional injection, was discontinued due to meningoencephalitis related to neuroinflammation. This experience highlighted the need for safer delivery systems. Microneedles offer the potential to reduce these side effects thanks to their low dose and local immunization(Smyth Templeton, 2015).
Tau-targeted vaccines
Therapeutic vaccines developed against tau protein aim to prevent the formation of neurofibrillary tangles. Dermal application of tau peptide vaccines has been reported to induce a more balanced immune response through controlled release (Tan et al., 2024).
DNA and nanoparticle-based Alzheimer's vaccines
DNA/tRNA-based Alzheimer's vaccines combined with polymeric or lipid nanoparticles provide a platform compatible with microneedle delivery systems. Dissolvable microneedles increase delivery efficiency by preserving DNA stability (Vicidomini et al., 2023).
Conclusion
Microneedle technology represents a transformative approach for the development and delivery of Alzheimer's disease vaccines and therapeutic agents. The ability to painlessly penetrate the skin, target immune-rich dermal layers, and provide controlled, effective antigen delivery makes microneedles a powerful alternative to traditional injection-based immunization methods. The enhanced immunogenicity achieved through localized antigen delivery, combined with the mechanical adjuvant effect of microneedle placement, supports the development of more effective and safer Alzheimer's disease vaccines. Dissolvable polymeric microneedles, in particular, offer additional advantages such as improved stability, elimination of cold chain requirements, and the ability to self-administer; these features are particularly valuable for elderly populations and long-term disease management.
Advances in nanotechnology-driven microneedle production are further enhancing the sensitivity, loading capacity, and biocompatibility of these systems, making them compatible with a variety of vaccine platforms, including peptide-based, DNA, mRNA, and nanoparticle-conjugated formulations. Given the limitations observed in previous Alzheimer's vaccine trials (particularly neuroinflammatory side effects), microneedles offer a safer, more targeted, and more dose-efficient vaccination route.
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