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Abstract

For centuries, vaccines have been a cornerstone of public health, preventing debilitating and deadly
diseases. However, the development and delivery of effective vaccines have always been met with
challenges. From stability issues and limited immune response to the need for specific targeting,
scientists are constantly seeking innovative approaches to improve vaccine efficacy and accessibility.
Enter nanomaterials — minuscule materials with dimensions at the nanoscale — offering a powerful
toolkit to overcome these challenges and usher in a new era of vaccine technology. This article will
explore how nanomaterials are revolutionizing vaccine development, focusing on their diverse
applications in enhancing vaccine properties and improving overall efficacy. Nanomaterials can act as
carriers for antigens, the molecules that trigger an immune response. Encapsulating antigens within
nanoparticles protects them from degradation, ensuring their stability and increasing their delivery to
immune cells. This is especially crucial for fragile antigens, like mRNA, which require protective
delivery systems to reach their target cells. Adjuvants are substances that enhancement immune
response to a vaccine. Nanomaterials can act as adjuvants themselves or enhance the effectiveness of
traditional adjuvants. Their structure and surface properties can stimulate immune cells, amplify the
immune response and lead to stronger and longer-lasting immunity. Nanomaterials are revolutionizing
vaccine development by offering solutions to long-standing challenges related to antigen delivery,
adjuvant enhancement, targeted delivery, and vaccine stability. As research continues to progress, we
may expect to see more ground-breaking and effective nanomaterial-based vaccines emerge, leading
to improved global health and disease prevention. The tiny titans of nanotechnology are poised to make
a big impact on the fight against infectious diseases and beyond.

Keywords: Nano material, vaccine, vaccination, chemical formulae, immune system

INTRODUCTION
*Author for Correspondence Vaccination has been the most impactful public
Kazi Kutubuddin Sayyad Liyakat health interferences in history, significantly

E-mail: drkkazi@gmail. L : :
mail: drkkazi@gmail.com reducing incidences and ruthlessness of infectious

diseases worldwide. But

'Student, Department of Electronics and Telecommunication
Engineering, Brahmdevdada Mane Institute of Technology,
Solapur, Maharashtra, India

*Professor and Head, Department of Electronics and
Telecommunication Engineering, Brahmdevdada Mane
Institute of Technology, Solapur, Maharashtra, India

Received Date: May 12, 2025
Accepted Date: May 16, 2025
Published Date: July 09, 2025

Citation: Nikat Rajak Mulla, Kazi Kutubuddin Sayyad
Liyakat. Nanomaterials in Vaccine Formation and Chemical
Formulae for Vaccination. Journal of Nanoscience,
Nanoengineering & Applications. 2025; 15(3): 27-39p.

how exactly does
vaccination work? This article delves into the
science behind vaccination, explaining how these
remarkable medical advancements build immunity
and safeguard both individuals and communities
[1-5].

At its core, vaccination works by exposing body
to enfeebled or lazy form of a disease-causing
organism, called a pathogen. This could be a virus,
bacteria, or even a part of a pathogen. The key
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principle is that this exposure does not cause illness in a healthy individual. Instead, it triggers the
immune scheme to recognize and remember the specific pathogen.

Think of it like a wanted poster. The vaccine presents the immune system with a picture of the
“criminal” (the pathogen) without the criminal committing any crimes. This allows the immune system
to prepare a defence strategy without the individual suffering the consequences of the real infection.

When the body encounters the weakened or inactive pathogen, the immune system kicks into gear.
This process involves several key players:

o Antigen-presenting cells: Antigen-presenting cells (APCs), such as dendritic cells and
macrophages, play a key role in the immune response by capturing pathogens and presenting
their distinctive protein markers — called antigens — on their surface.

o T Cells: These are specialized immune cells that recognize the antigens presented by APCs.
Helper T-cells coordinate immune response; however, cytotoxic T-cells directly attack infected
cells.

e B Cells: These cells yield antibodies which were proteins specifically bind to pathogen,
neutralizing it or marking it for obliteration by further immune cells.

Crucially, during this process, immune system generates “memory” cells — both memory T-Cells and
memory B-cells. These cells are long-lived and remain in body, ready to reply quickly if individual is
ever exposed to actual pathogen.

This is where the real power of vaccination lies. If the vaccinated distinct encounters the live pathogen
in future, the memory cells recognize it immediately. They rapidly proliferate and mount a robust
immune response, often preventing the individual from becoming ill or significantly reducing the
severity of the disease.

This “memory” immune response is much faster and more effective than the initial response to a new
pathogen. The body already knows how to fight the infection, thanks to the vaccination.

Beyond individual protection, vaccination also plays a vital role in protecting entire communities
through a concept called “herd immunity.” When a large amount of the populace is vaccinated beside
a disease, it becomes challenging for the pathogen to blowout. This defends those who cannot be
vaccinated like infants, pregnant women, and personalities with deteriorated immune systems.

Imagine a field of dried grass. If a fire starts, it can spread quickly and easily. However, if most of
the grass is already burnt (vaccinated), the fire will have a difficult time spreading and may even die
out. Herd immunity works in a similar way, slowing down or stopping the spread of infectious diseases
[6-10].

Vaccination technologies are continually evolving. Scientists are developing new and innovative
vaccines for wider range of illnesses, comprising cancer and HIV. These advancements hold immense
promises for improving global health and wellbeing.

Vaccination is a vital part of today’s healthcare, using the body’s own immune system to guard both
individuals and entire communities against serious infectious diseases. By understanding the science
behind vaccination, we can appreciate its immense value and promote its continued use to build a
healthier and safer World for all.

THE CHEMISTRY OF IMMUNITY
Vaccination, a cornerstone of modern medicine, has eradicated or drastically reduced the incidence
of numerous infectious diseases. While the concept of exposing the body to weakened or inactive
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pathogens to stimulate an immune response is well-known, the underlying mechanisms and the very
building blocks of these life-saving interventions often remain shrouded in scientific jargon. This article
aims to demystify the formation of vaccinations by exploring the chemical formulae and processes
involved in creating immunity [11-15].

At its core, vaccination hinges on body’s capability to recognize and responds to foreign invaders,
known as antigens. Antigens are usually proteins or sugars found on the outer surface of harmful
microbes like viruses and bacteria. You can think of them as the “uniforms” that help the immune
system recognize and target these invaders. Our immune system, upon encountering an antigen, triggers
a cascade of events leading to the creation of antibodies and specialized immune cells primed to
recognize and neutralize the specific threat.

The chemical composition of vaccines varies depending on the type. Let us explore some common

categories:

o [nactivated vaccines: Inactivated vaccines are made using entire pathogens that have been
destroyed through methods, like heat, radiation, or chemical agents, such as formaldehyde
(CH20), ensuring they can no longer cause disease. While the pathogen is dead, its antigenic
structure remains intact, allowing the immune system to recognize it. Examples include the
inactivated polio vaccine (IPV) and some influenza vaccines. The key here is not a specific
formula, but the integrity of the complex protein structures within the pathogen, preserved as
much as possible during inactivation.

o Live Weakened Vaccines: These contains weakened (attenuated) versions of pathogen. They
multiply at a slow rate inside the body, triggering a strong and lasting immune response while
minimizing the risk of serious illness. A common example is the Measles, Mumps, and Rubella
(MMR) vaccine. The chemical composition, again, involves complex protein structures, but the
critical aspect is the genetic modification of the pathogen, making it less virulent. This does not
translate into a simple chemical formula, but rather altered sequences within the pathogen’s DNA
or RNA.

o Subunit, Recombinant, Polysaccharide, and Conjugate Vaccines: These vaccines use precise
components of the pathogen rather than the whole organism.

o Subunit Vaccines: These contain purified antigens, such as proteins, from the pathogen. For
instance, Hepatitis-B vaccines contain hepatitis-B surface antigen (HBsAg), a protein.
Understanding the amino acid sequence of HBsAg is crucial for its production but
representing it as a simple chemical formula is impossible due to its complexity.

o Recombinant Vaccines: These are produced by recombinant DNA technologies. The gene
encoding a specific antigen is inserted into a host cell (Yeast or Bacteria) which then
produces the antigen. Again, the focus is on the amino acid sequence of the target protein,
not a singular chemical formula.

o Polysaccharide Vaccines: These vaccines contain chains of sugar molecules
(polysaccharides) found on the surface of some bacteria, like Streptococcus pneumoniae. The
chemical formula for a specific polysaccharide varies depending on the sugar monomers it
comprises.

o Conjugate Vaccines: These vaccines link polysaccharides to a protein carrier. This
conjugation enhances the immune response, particularly in young children. The chemical
bond between the polysaccharide and the protein carrier is vital, often involving linker
molecules, like succinimidyl 4—(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC-
C12H1:NOs), which facilitates the attachment.

o  mRNA Vaccines: A revolutionary approach, mRNA vaccines deliver genetic instructions to our
cells, prompting them to temporarily produce the antigen, typically a viral spike protein.
Examples include some COVID-19 vaccines. The mRNA molecule itself is a complex chain of
nucleotides (adenine, guanine, cytosine, and uracil), each with specific chemical structures.
While a full formula is impractical, understanding the sequence of these nucleotides is crucial for
the vaccine’s efficacy.
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Many vaccines contain adjuvants, materials that improve the immune responses to the antigen.
Common adjuvants include:

o Aluminum Salts: Aluminum hydroxide (Al (OH);) and aluminum phosphate (AIPO.) are
frequently used. The precise mechanism by which they work is still being investigated, but they
are believed to promote antigen presentation and stimulate immune cells.

e Monophosphoryl Lipid A (MPL): A derivative of lipopolysaccharide (LPS), component of
bacterial-cell walls, MPL (complex lipid structure) stimulates the immune system.

While chemical formulae provide insights into the components of vaccines, the manufacturing
process is equally crucial. This process involves:

1. Antigen Production: Growing and isolating the pathogen or producing the antigen through
recombinant technology.
Purification: Removing impurities and isolating the desired antigen.
Inactivation/Attenuation: Killing or weakening the pathogen, if applicable.
Formulation: Combining the antigen with adjuvants and stabilizers.
Quality Control: Rigorous testing to ensure safety and efficacy.

kv

Vaccination is a triumph of scientific innovation, rooted in a deep understanding of immunology and
chemistry. While simple chemical formulae cannot fully encapsulate the complexity of these life-saving
interventions, appreciating the chemical composition of antigens, adjuvants, and other vaccine
components provides a valuable insight into how they stimulate the immune system and protect us from
infectious diseases. With ongoing advancements in technology, vaccine development is set to become
even more precise and effective, paving the way for highly targeted and improved immunizations in the
years to come. Understanding the chemistry behind these breakthroughs empowers us to appreciate
their significance and fosters informed public discourse about their crucial role in public health.

THE ROLE OF NANOMATERIALS IN VACCINE DEVELOPMENT

Vaccines have been instrumental in averting and regulatory the blowout of infectious illnesses, saving
innumerable lives and civilizing overall public health. In recent times, nanotechnology has gained
attention as a powerful and promising approach for creating vaccines that are not only more effective
but also safer for use. Nanomaterials that are materials with at least one dimension in size ranges of 1—
100 nanometers, have unique physical and chemical properties that makes them ideal for use in vaccine
formation.

The main advantages of using nanomaterials in vaccine progress is their aptitude to improve the
delivery of antigens, the substances that trigger an immune response, to the body. Nanoparticles can
protect antigens from degradation and clearance by immune system, allowing them to reach their target
cells in the body more efficiently. This can lead to stronger and sustained immune response, which is
crucial for the effectiveness of vaccines.

Nanomaterials may also be used to target specific cells in the body, such as dendritic cells, which
play a key role in immune response. By delivering antigens directly to these cells, nanoparticles may
enhance immune response and provide better protection against infectious diseases. Nanoparticles can
also be engineered to release their content slowly and steadily, allowing the immune system to be
exposed to the antigen over a longer period — this often results in a stronger and more effective immune
response.

Another potential application of nanomaterials in vaccine development is around adjuvants,
substances which are mixed to vaccines to improve the immune response. Nanoparticles can act as
adjuvants by themselves, or they can be used to deliver traditional adjuvants more effectively. For
example, nanoparticles can be used to encapsulate aluminum salts, a common adjuvant, and deliver
them to the target cells, resulting in a stronger and targeted immune response.
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Nanomaterials can also be used to improve the stability and shelf-life of vaccines. Many vaccines
require strict storage conditions, such as refrigeration, to maintain their effectiveness. This can be a
major challenge in developing countries, where access to reliable refrigeration is limited. Nanoparticles
can be used to protect the antigens from degradation and extend the shelf-life of vaccines, creation them
accessible to persons in distant and resource-limited settings.

While nanomaterials offer exciting possibilities for vaccine development, their safety remains a
significant concern. Since nanoparticles can enter cells and tissues, there is still much we do not know
about their long-term impact on the body. That is why it is essential to carry out detailed safety and
toxicity studies before incorporating them into vaccines. In inference, nanomaterials have potential to
revolutionize the field of vaccine development by improving the delivery, targeting, and stability of
antigens. They can enhance immune response, providing better protection against transmittable
diseases. However, more investigation is desirable to understand the safety and toxicity of
nanoparticles, and to ensure their safe and active usage in vaccine formation. With continued research
and development, nanomaterials could play a key role in the fight against infectious diseases and
improve public health worldwide [16-20].

HOW NANOMATERIALS ARE REVOLUTIONIZING VACCINE DEVELOPMENT

Vaccines have been a vital part of public health for hundreds of years, shielding us from serious
illnesses. Now, as the field of vaccination keeps advancing, nanotechnology is leading the way in
driving these exciting changes. Nanomaterials, materials on the scale of billionths of a meter, are
proving to be game changers in vaccine development, offering unprecedented precision, efficacy, and
stability.

The power of nanomaterials stems from their unique size and properties. Because of their tiny size,
they can engage directly with cells and molecules in the body, offering several important benefits when
it comes to designing vaccines.

Enhanced Immune Response

Nanomaterials may be contrived to parodist size and shape of viruses, effectively tricking the immune
system into mounting a robust response. They may also be intended to target precise immune cells,
directing the immune response towards optimal protection.

o [Improved Antigen Delivery: Antigens, the molecules in vaccines that trigger an immune
response, can be unstable and poorly absorbed. Nanomaterials act as protective carriers,
encapsulating and delivering antigens directly to immune cells, preserving their integrity and
enhancing their effectiveness.

o Controlled Release: Nanomaterials may be intended to release antigens slowly over time,
mimicking a natural infection and leading to longer lasting and powerful immune response. This
controlled release can reduce the need for multiple booster shots.

o Adjuvant Properties: Some nanomaterials exhibit inherent adjuvant properties, meaning they can
boost the immune response to the antigen without the need for additional adjuvants. This
simplifies vaccine formulation and can reduce potential side effects.

o Stability and Shelf Life: Traditional vaccines often require strict temperature control, making
them difficult to distribute in resource-limited settings. Nanomaterials help improve vaccine
stability, which means vaccines can last longer and be more easily distributed around the world.

Researchers are exploring a wide range of nanomaterials for vaccine development, each with unique
properties and applications:
e Liposomes: These spherical vesicles composed of lipid bilayers are widely employed to
encapsulate and deliver antigens, mimicking cell membranes for efficient cellular uptake.
e Nanoparticles: Made from materials, like polymers, lipids, or metals, nanoparticles, can be
tailored to exact sizes and shapes, allowing for precise antigen delivery and controlled release.
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e Dendrimers: These branched, tree-like structures offer a higher degree of control over the size
and surface properties, making them ideal for delivering antigens and adjuvants in a targeted
manner.

o Carbon Nanotubes: These tubular structures might be functionalized with various molecules,
allowing for targeted delivery of antigens and stimulation of specific immune pathways.

The use of nanomaterials in vaccines is no longer a theoretical concept; it is a reality. Several

approved vaccines already utilize nanomaterials, including:

o mRNA COVID-19 Vaccines: These groundbreaking vaccines utilize lipid nanoparticles to
encapsulate and deliver mRNA, instructing cells to produce viral proteins and triggering an
immune response.

e Hepatitis-B Vaccine: Some Hepatitis-B vaccines utilize aluminum hydroxide nanoparticles as
adjuvant, enhancing immune response to the Hepatitis-B surface antigen.

Looking ahead, the potential of nanomaterials in vaccine development is immense. Researchers are

focusing on:

o Developing vaccines against challenging diseases: Nanomaterials are being discovered for
emerging vaccines against diseases, like HIV, malaria, and cancer, which have confirmed tough
to target with customary vaccine approaches.

e Personalized vaccines: The ability to tailor nanomaterials to specific individuals could lead to
personalized vaccines that are more effective and have fewer side effects.

o Combination vaccines: Nanomaterials can be used to deliver multiple antigens simultaneously,
simplifying vaccination schedules and improving patient compliance [21-25].

Nanomaterials are revolutionizing vaccine development, offering the potential to create more
effective, stable, and accessible vaccines. However, challenges remain. Making sure nanomaterials are
safe and compatible with the body is essential, and more research is needed to fully understand their
long-term effects. Scalable and cost-effective engineering processes are also essential to ensure that
these innovative vaccines can be produced and distributed on a global scale.

Despite these challenges, the future of vaccination is undoubtedly intertwined with nanotechnology.
By harnessing the power of these tiny titans, we can develop vaccines that protect us from existing and
emerging threats, paving the way for a healthier future for all.

IMPORTANCE OF NANO MATERIALS IN VACCINE FORMATION

Vaccines have long been a keystone of community health, stopping infectious illnesses and saving
limitless lives. However, customary vaccine formulations can sometimes face challenges related to
stability, efficacy, and delivery. This is where the burgeoning field of nanotechnology steps in, offering
innovative solutions to enhance vaccine development and improve global health outcomes.

Nanomaterials are materials with sizes in nanometer range (1-100 nanometers), possess unique
properties that make them ideal tools for vaccine engineering. Their tiny size allows for efficient
interaction with the immune system, while their diverse chemical functionalities allow for tailored
design and controlled release. Let us delve into some key use cases of nanomaterials in vaccine
formation.

Enhancing Antigen Delivery and Presentation

e Nanoparticles as Carriers: Imagine tiny delivery trucks ferrying vaccine antigens directly to
immune cells. Nanoparticles, composed of materials, like lipids, polymers, or metals, act as these
carriers. They encapsulate antigens, protecting them from degradation during transit and ensuring
efficient delivery to Antigen-Presenting Cells (APCs) like dendritic cells. This targeted delivery
boosts immune response and can reduce required antigen dose.
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o Self-Adjuvating Nanomaterials: Some nanomaterials possess inherent adjuvant properties, meaning
they can stimulate the immune system independently. For instance, some lipid nanoparticles (LNPs)
can stimulate Toll-like receptors (TLRs) on immune cells, sparking an inflammatory reaction that
boosts the vaccine’s overall effectiveness. This eliminates the need for traditional adjuvants,
potentially reducing side effects.

Improving Vaccine Stability

e FEncapsulation for Protection: Vaccines are often susceptible to degradation due to temperature
fluctuations and environmental factors, particularly in regions with limited cold chain
infrastructure. Nanomaterials can surround antigens with a protective layer, keeping them safe from
breaking down and helping vaccines stay effective for longer. This is especially important for
making sure vaccines work well in places with limited resources.

o Lyophilization Assistance.: Lyophilization (freeze—drying) is a common technique for preserving
vaccines. Nanomaterials can act as cryoprotectants, preventing antigen damage during the freeze—
drying process and improving the stability of the resulting powder form. This makes vaccines easier
to transport and store, especially in remote areas.

Enabling Personalized Vaccine Design

o Tailoring Immune Responses: Nanomaterials can be engineered to elicit specific types of immune
responses such as cell-mediated immunity or antibody production. By manipulating size, shape,
and surface chemistry of nanoparticles, investigators can fine-tune the immune response to the
pathogen being targeted.

o Multi-Antigen Vaccines: Nanomaterials allow for the simultaneous delivery of multiple antigens
from different pathogens or different strains of the same pathogen. This “multi-valent” approach
can simplify vaccination schedules and broaden the immune response, offering protection against
a wider range of threats.

Novel Vaccine Delivery Routes

e Needle-Free Vaccination: Nanoparticles can be formulated for alternative delivery routes such as
nasal sprays or transdermal patches. These needle-free options offer significant advantages,
including increased patient comfort, reduced risk of infection, and easier administration,
particularly in mass vaccination campaigns.

e Oral Vaccination: Nanomaterials can protect antigens from degradation in cruel gastric situation,
allowing for oral administration. This could revolutionize vaccine delivery, particularly for children
and vulnerable populations [26-30].

The victory of mRNA vaccines for COVID-19 highlights transformative power of nanotechnology.
Lipid nanoparticles (LNPs) were crucial for encapsulating and delivering fragile mRNA molecules,
protecting them from dilapidation and enabling efficient uptake by cells. This groundbreaking
achievement has paved the way for further research and expansion of nanoparticle-founded vaccines
for a wide variety of diseases.

Using nanomaterials in vaccine development is a fast-growing area full of exciting possibilities.
Future research will focus on optimizing nanoparticle design, exploring novel delivery routes, and
developing personalized vaccines tailored to individual needs. As we continue to loosen the difficulties
of immune system and harness the power of nanotechnology, we can expect to see even more innovative
and effective vaccines that protect us from the threat of infectious diseases and improve global health
outcomes.

In conclusion, nanomaterials are not just tiny particles; they are powerful tools transforming the
landscape of vaccine development. By enhancing antigen delivery, improving stability, enabling
personalized design, and facilitating novel delivery routes, these tiny titans are poised to revolutionize
the way we prevent and combat infectious diseases.
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USE CASES OF NANOMATERIALS IN VACCINE FORMATION
Here is a look at how nanomaterials are being employed in the development of novel and improved
vaccines.

Nanoparticle-Based Antigen Delivery Schemes

e Liposomes: These spherical vesicles poised of lipid bilayers are widely used to encapsulate and
deliver antigens. Liposomes can protect antigens from degradation and improve their acceptance
by immune cells. They have been successfully used in vaccines against influenza, hepatitis A, and
COVID-19.

e Polymeric Nanoparticles: Polymers, like PLGA (poly (lactic-co-glycolic acid)), are biocompatible
and biodegradable, making them ideal for creating nanoparticles that encapsulate antigens. These
nanoparticles allow for controlled release and can be tailored to elicit specific immune responses.

o Virus-Like Particles (VLPs): VLPs mimic an assembly of viruses but lacks genetic material
necessary for replication, making them safe and highly immunogenic. They are being used in
vaccines beside Human-Papillomavirus (HPV) and hepatitis-B.

e Protein Nanoparticles: Proteins can be engineered to self-assemble into nanoparticles, carrying
antigens on their surface or within their structure. This approach allows for precise control over the
presentation of antigens to the immune system.

Nanomaterial-Based Adjuvants

o Aluminum-Based Nanoparticles: While aluminum salts are the most widely used adjuvants,
researchers are exploring aluminum-based nanoparticles with tailored properties for improved
adjuvant activity.

o Immunostimulatory Oligonucleotides (CpG ODN) Conjugated to Nanomaterials: CpG ODN
stimulates the immune system by activating Toll-like receptor 9 (TLR9Attaching CpG ODN to
nanomaterials improves its delivery to immune cells and boosts the immune system’s response.

o Gold Nanoparticles: Gold nanoparticles possess unique optical and chemical properties that might
be exploited to improve immune responses. They can be used to deliver antigens, stimulate immune
cells, and promote targeted delivery of vaccines.

mRNA Vaccine Delivery

o Lipid Nanoparticles (LNPs): Perhaps most protuberant example is the usage of LNPs to encapsulate
and carry mRNA in COVID-19 vaccine by Pfizer—BioNTech and Moderna. LNPs protect the
fragile mRNA from degradation, facilitate its entry into cells, and enhance its translation into viral
proteins, triggering a robust immune response.

DNA Vaccine Delivery

e Nanoparticles for Plasmid DNA Delivery: Like mRNA, DNA vaccines benefit from nanoparticle
delivery systems. Nanomaterials can protect the plasmid DNA from degradation and enhance its
uptake by cells, leading to improved gene expression and immune response.

NANO-MATERIALS IN VACCINES USING CHEMICAL FORMULAE

Vaccines have long been a cornerstone of public health, protecting us from debilitating and deadly
diseases. But as pathogens evolve and new challenges emerge, researchers are constantly seeking
innovative ways to enhance vaccine efficacy and accessibility. Nanomaterials, materials engineered at
the atomic and molecular level (1-100 nanometers), are proving to be powerful tools in this endeavor,
revolutionizing vaccine design and delivery.

Let us delve into some key nanomaterials and their roles in vaccine formation, using chemical
formulas to illustrate their composition.
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Lipid Nanoparticles (LNPs)

Perhaps most famously used in mRNA vaccines against COVID-19, LNPs protect fragile mRNA
molecules and facilitate their delivery into cells. They are typically composed of mixtures of lipids,
including:

o DOTAP(1,2-dioleoyl-3-trimethylammonium-propane): A cationic lipid (Cs4sHssNO4") that helps

bind the negatively charged mRNA.

o Cholesterol(C;7H4s0): Stabilizes the LNP structure.

o DSPC(1,2-distearoyl-sn-glycero-3-phosphocholine): A neutral phospholipid (C41Hs,NOsP) that

contributes to particle formation and stability.

o  PEG-lipid (Polyethylene glycol-lipid): Prevents aggregation and prolongs circulation time. A

common example is DMG-PEG2000 (CisHosO11), where PEG2000 represents a polyethylene
glycol chain with an approximate molecular weight of 2000.

The mRNA, carrying the instructions for producing a specific viral protein (antigen), is encapsulated
within this lipid shell. Upon entering the cell, the mRNA is released, prompting the cellular machinery
to synthesize the antigen and trigger an immune response [31-35].

Gold Nanoparticles (AulNPs)

Gold nanoparticles are highly versatile due to their biocompatibility, ease of surface modification,
and unique optical properties.

e Gold (Au): Noble metal forming the core of the nanoparticle.

Gold nanoparticles (AuNPs) can be coated with antigens or immune-boosting agents called adjuvants
to help strengthen the body’s immune reaction. They can also be used for targeted delivery, ensuring
that the vaccine reaches specific immune cells. Their optical properties allow for tracking and
monitoring of vaccine distribution within the body [36—41].

Carbon Nanotubes (CNTs)
CNTs are being cylindrical molecules poised of rolled-up sheets of graphene.
e Carbon (C): The elemental building block of CNTs, arranged in a hexagonal lattice.

CNTs might be single-walled (SWCNTSs) or multi-walled (MWCNTSs). They can be functionalized
with antigens and adjuvants and offer impressive drug/vaccine delivery capabilities due to their higher
surface areas and ability to penetrate cell membranes. However, toxicity concerns associated with CNTs
are actively being addressed through careful surface modification and biocompatibility testing.

Polymer Nanoparticles
These nanoparticles are constructed from biodegradable and biocompatible polymers, making them
attractive for vaccine delivery.
o PLGA (Poly (lactic-co-glycolic acid)): A commonly employed biodegradable polymer
represented by the repeating units of lactic acid (C3H403) and glycolic acid (C>H403) in varying
ratios.

PLGA nanoparticles can trap antigens inside and release them slowly over time, helping to maintain
a steady immune response. They can also be designed to target specific cells and are simple to produce.

Quantum Dots (QDs)
QDs are semiconductor nanocrystals that exhibit size-dependent optical and electronic properties.
e Examples: Cadmium Selenide (CdSe), Zinc Sulfide (ZnS).

QDs can be used as fluorescent labels to track vaccine delivery and monitor immune responses in
vivo. They can also be used for multiplexed detection, allowing for the simultaneous monitoring of
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multiple immune parameters. However, the potential toxicity of heavy metal-containing QDs needs
careful consideration and mitigation.

Nanomaterials hold immense promise for the future of vaccine development. They offer potential to

e FEnhance vaccine efficacy: By improving antigen presentation and stimulating stronger immune
responses.

Reduce vaccine dosage: By targeting specific immune cells and prolonging antigen exposure.
Develop novel vaccines: For diseases that are difficult to target with traditional approaches.
Improve vaccine stability: By protecting antigens from degradation.

Enable needle-free vaccine delivery: Through topical or mucosal administration.

While challenges remain in terms of scaling up production, ensuring long-term safety, and navigating
regulatory hurdles, ongoing research and development are paving the way for the widespread adoption
of nano-enabled vaccines. As our understanding of nanomaterial-immune system interactions deepens,
we can expect to see even more innovative and effective vaccines emerging in the years to come,
contributing to a healthier and more protected future for all [42—47].

CONCLUSIONS

Vaccines have been essential to public health for many years, shielding us from numerous infectious
diseases. However, conventional vaccines often come with challenges like stability problems, weaker
immune responses, and the requirement for constant refrigeration. This is where nanotechnology steps
in — a science that works with materials at an incredibly tiny scale, down to atoms and molecules.
Thanks to their special features and adaptability, nanomaterials are quickly changing the way vaccines
are developed, providing fresh solutions to overcome these persistent challenges. Nanomaterials are
transforming vaccine development by bringing new ways to boost effectiveness, enhance stability, and
improve how vaccines are delivered. As scientists continue to make progress and overcome obstacles,
we can look forward to a new wave of vaccines made with nanomaterials that are safer, more powerful,
and easier to access — helping protect health worldwide.
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