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Introduction

ensuring safe clearance from the body after fuffilling their function. The
degradation products of these polymers are often biocompatible and non-

o . ) ) immunogenic, reducing the risk of adverse reactions. By adjusting crosslinking
Anionic polyelectrolyte hydrogels have emerged as promising adjuvantsin - gensity and polymer composition, researchers can fine-tune the degradation

vaccine development, offering innovative solutions to enhance immunogenicity, rate of hydrogels to match the desired antigen release kinetics. The ability
stability, and controlled release of antigens. Traditional vaccine adjuvants, such of anionic polyelectrolyte hydrogels to co-deliver multiple antigens and
as aluminum-based compounds, have been widely used to boost immune i\ munostimulatory molecules further enhances their versatility in vaccine
responses, yet they pose certain limitations, including reactogenicity and  geyelopment. Combination vaccines that target multiple pathogens or variants
suboptimal antigen dellyery. The unique properties of anionic polyelect‘rolyte of a virus can be formulated using hydrogels, enabling a single vaccine dose to
hydrogels, such as their biocompatibility, tunable porosity, and capacity for confer broad-spectrum immunity. For example, hydrogels loaded with influenza

contr.ollefd ant:g?n relza.se,.makle :hetm Iatn ?]ttLacth, altertr;]atwe dfor mgder? hemagglutinin antigens from different viral strains have demonstrated the ability
vaccine formulations. Anionic polyelectrolyte hydrogels are three-dimensional, to induce cross-protective immunity, reducing the need for annual vaccine

crosslinked polymeric networks that can absorb large amounts of water while reformulation. Similarly, in the context of cancer immunotherapy, hydrogels

maintaining structural integrity. The anionic nature of these hydrogels, derived . L A
- can encapsulate tumor antigens along with immune checkpoint inhibitors to
from functional groups such as carboxylates and sulfates, enables strong . .
stimulate robust anti-tumor responses [2,3].

electrostatic interactions with positively charged biomolecules, including
protein antigens. This interaction facilitates antigen retention, protection from Recent advances in nanotechnology have facilitated the development of
degradation, and sustained release, leading to prolonged immune activation. hybrid anionic polyelectrolyte hydrogels incorporating nanoparticles, liposomes,
Unlike conventional adjuvants that rely on depot formation, polyelectrolyte and micelles. These hybrid systems offer enhanced antigen stabilization and
hydrogels can be engineered to release antigens in a controlled manner,  delivery efficiency by combining the structural advantages of hydrogels with

mimicking natural infection processes and optimizing immune responses. the high surface area and targeting capabilities of nanoparticles. For instance,
hydrogel-nanoparticle composites have been employed to deliver mRNA
Description vaccines, protecting the fragile nucleic acids from degradation while ensuring

efficient cellular uptake and translation. The success of mRNA vaccines
against SARS-CoV-2 has highlighted the need for improved delivery platforms,
and hydrogels provide a promising approach to enhance their stability and
immunogenicity. Anionic polyelectrolyte hydrogels also present advantages in
terms of formulation flexibility and administration routes. While most vaccines
are administered via intramuscular injection, hydrogels can be designed for
alternative delivery methods, including intranasal, subcutaneous, and oral
routes. Intranasal vaccination using hydrogel-based formulations has shown
potential in eliciting strong mucosal immunity, which is particularly relevant for

The immune-stimulating properties of anionic polyelectrolyte hydrogels
are largely influenced by their physicochemical characteristics, including
charge density, swelling behavior, and degradation kinetics. The negative
charge of the hydrogel plays a crucial role in modulating antigen presentation
by promoting interactions with antigen-presenting cells (APCs). Dendritic
cells and macrophages, key players in initiating adaptive immunity, efficiently
internalize hydrogel-encapsulated antigens and process them for presentation

to T cells. Additionally, the hydrogels can be designed to release molecular X ; X i
adjuvants, such as tollike receptor (TLR) agonists, that further enhance respiratory pathogens such as influenza and coronaviruses. Oral vaccines,

immune activation. Controlled antigen release from anionic polyelectrolyte  facilitated by hydrogel encapsulation, offer a non-invasive immunization
hydrogels ensures prolonged antigen exposure, which is essential for strat_egy thf_:\t cou_ld improve vaccine acces_smlllty and patient compliance,
generating robust and long-lasting immune responses. In conventional vaccine  Particularly in pediatric and low-resource settings [4,5].

formulations, rapid antigen clearance often leads to suboptimal immunity,
requiring multiple booster doses. Hydrogels address this limitation by offering a COﬂClUSiOﬂ
sustained release profile, reducing the need for repeated immunizations while
maintaining high levels of antigen-specific immune activation. This feature
is particularly beneficial for pandemic preparedness and global vaccination
efforts, where single-dose vaccines could significantly improve immunization
coverage and compliance [1].

The scalability and cost-effectiveness of anionic polyelectrolyte hydrogels
further support their applicability in large-scale vaccine production. Many
hydrogel-forming polymers, such as alginate and hyaluronic acid, are readily
available from natural sources and can be processed using simple and

Biodegradability is another critical factor influencing the performance  scalable manufacturing techniques. This makes hydrogels an economically
of anionic polyelectrolyte hydrogels as vaccine adjuvants. Hydrogels  viable alternative to conventional adjuvants, particularly for vaccines targeting
composed of naturally derived polymers, such as alginate, hyaluronic acid, diseases prevalent in low-income regions. Additionally, the ability to store
and carboxymethyl cellulose, undergo enzymatic or hydrolytic degradation, ~ hydrogel-based vaccines in a dry or semi-solid state offers advantages in
terms of stability and shelf-life, reducing the reliance on cold chain logistics.
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