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Abstract 

Nanotechnology is revolutionizing vaccine development by addressing the limitations of traditional vaccines, including 
inefficacy against complex diseases like HIV, tuberculosis, and cancer. Nanoparticles, such as lipid nanoparticles, 
polymeric carriers, and virus-like particles (VLPs), mimic pathogens and enhance antigen delivery, triggering robust 
immune responses. These nano systems improve vaccine efficacy, stability, and safety by enabling targeted and 
controlled antigen release. 

Notably, lipid nanoparticles have enabled mRNA vaccines for COVID-19, as demonstrated by the success of Moderna 
and Pfizer-BioNTech vaccines. Advanced delivery methods such as viral vectors, virosomes, and polymeric particles 
show promise for cancer immunotherapy and combating intracellular infections. Nanoparticle-based platforms also 
provide versatility across different administration routes, including oral, intranasal, and injectable formats, enhancing 
accessibility and compliance. 

Despite promising advances, challenges like toxicity, regulatory standards, and large-scale manufacturing persist. 
Future prospects highlight nanotechnology's potential to develop next-generation vaccines capable of combating 
infectious diseases, cancer, and complex conditions effectively.  
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1. Introduction

Vaccination has revolutionized public health by preventing millions of infections and saving countless lives. Despite 
remarkable progress in vaccine science, some infectious diseases, such as HIV, tuberculosis, and malaria, remain 
significant health threats, especially in low-resource regions. Additionally, emerging viral pathogens, such as     SARS-
CoV-2, highlight the need for rapid, effective vaccine platforms [1-4]. Conventional vaccines, including live-attenuated, 
inactivated, and subunit types, are effective against many diseases but often come with limitations, such as potential 
risks to immunocompromised individuals, the need for multiple doses, or reliance on adjuvants to achieve a robust 
immune response. These challenges drive the search for innovative approaches to vaccine development. 

Nanotechnology has become a promising solution to overcome these limitations by introducing nanoscale materials 
that can improve vaccine efficacy, safety, and delivery accuracy. Nanoparticles, including lipid nanoparticles, polymeric 
particles, virus-like particles (VLPs), and outer membrane vesicles (OMVs), have unique properties making them ideal 
for developing next-generation vaccines. These nanomaterials can mimic pathogen structures, efficiently deliver 
antigens to immune cells, and activate immune pathways in ways that traditional vaccines cannot. The recent success 
of lipid nanoparticle-based mRNA vaccines against COVID-19, developed by Pfizer-BioNTech and Moderna, has further 
proven nanotechnology’s potential to revolutionize vaccine science. 
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This article provides an overview of nanoparticles in vaccine development, focusing on their roles in enhancing immune 
response, the design of novel vaccine platforms, and the potential applications in complex disease settings such as 
cancer[8-9]. It also discusses the current challenges and future prospects of integrating nanotechnology with immunology 
to create more effective vaccines. By exploring the structural advantages and versatility of nanoparticles, we aim to 
highlight their transformative potential in addressing global health needs and advancing the field of vaccinology. 

2. Conventional vaccines 

As expressed by the WHO, antibodies are drugs that create protective insusceptibility against an illness by initiating the 
creation of explicit antibodies by the invulnerable framework against a microbe[10]. Antibodies are viewed as the best 
strategy to control pestilences, like measles, diphtheria, and, in the long run, SARS-CoV-2. The first antibody utilized in 
the Western world was found by E. Jenner toward the end of the eighteenth century against smallpox, a horrendous 
cause for mortality at the time[11]. This immunization was in view of the cowpox infection. E. Jenner was a provincial 
doctor who understood that steers laborers who had recovered from cowpox infection were safeguarded against 
smallpox. Nonetheless, he didn't realize that the illness was brought about by an infection; an irresistible specialist that 
was not found furthermore, depicted until the 20th 100 years. According to a logical perspective, traditional 
immunizations are an immediate result of the revelation by Evon Behring and S. Kitasato, toward the finish of the 
nineteenth 100 years, of the presence of defensive particles, begat antibodies, in the plasma of patients who recovered 
from contaminations brought about by microbes, infection, or parasites[12]. These particles additionally secured patients 
from future assaults by a similar microbe. This revelation created a rush among microbiologists to recognize the 
microorganisms responsible for normal irresistible illnesses at the time, including diphtheria, measles, and 
poliomyelitis, and so forth, to acquire in this manner defensive immunizations. Antigens used to secure insurance 
incorporate weakened microbes which lost the capacity to contaminate after monotonous societies in the lab (lessened 
vaccines, for example, the Calmette-Guerin antibody in view of M. Bovis, against tuberculosis, and microbes inactivated 
by intensity or synthetic specialists (inactivated antibodies)[12,13]. In numerous cases, practical antigens for antibodies 
were made out of cleansed pieces of microbes that induced an immune reaction against the whole microbes or infection. 
Conventionally, these antigens were obtained by DNA recombinant processes in other organisms, mainly bacteria or 
cultured cells that produce high quantities of the selected antigen from its encoding gene, which can be easily purified[14]. 
These biological preparations used in vaccinations were called second-generation vaccines. This generation is based on 
subunit elements, recombinant or synthetic proteins, non-protein antigens, and expressed bacterial or viral 
immunogens, which may include numerous molecules and epitopes of different strains or even species of pathogens[15]. 

3. Nanoparticles Employed in Vaccine Technologies 

While nanoparticles have great potential to carry and release drugs, they also have the potential to act as antigens 
themselves[16]. In this sense, nanoparticles could be specifically engineered to interact with the immune system, which 
could be desirable when leading to certain beneficial biomedical applications, such as vaccine development of certain 
therapies for inflammatory and autoimmune disorders. This technology makes it possible to add a series of agents that 
direct the nanoparticle towards a specific target, or that enhance the immune response to the antigen. On the other 
hand, it was also shown that, in some cases, the nanoparticle itself is able to enhance the immune response induced by 
the antigen[17]. In fact, the most important NPs-based drug delivery systems used in vaccines are those capable of 
providing a potent and antigen-specific immune response. Certain parameters are crucial for nanoparticle 
immunogenicity, such as size, shape, and surface charge of the nanoparticles themselves[18]. The reason for that relies 
on their importance to improve antigen delivery and presentation. In this regard, they have a strong influence on NP 
circulation, biodistribution, bioavailability, and capacity to cross certain biological barriers. Nanoparticle size was found 
to determine the way of cellular uptake, together with the cellular specificity and migration, so they can reach antigen-
presenting cells to activate the immune response[19]. The particle size can significantly contribute to the efficiency of 
vaccine formulations, since it was reported as one of the most important factors in determining if the loaded antigens 
induce type I (interferon-gamma) or type II (IL-4) cytokines, which would ultimately determine the immune 
response[20,21]. Examples of how nanoparticle size might be a leading parameter to determine the potential to induce 
cytokine responses are the length of CNTs, which was observed to correlate with the induced subcutaneous 
inflammation in an in vivo model[22]. An important consideration is that the immune system recognizes foreign bodies 
based on their size, among other properties. Large NPs normally interact with APCs present in many tissues, while NPs 
smaller than 200 nm could circulate for longer through the venous system and lymphatic drainage, which increases the 
antigen presentation[23]. Interestingly, nanoparticles with size 50 nm were found to increase the expression of certain 
cell markers and inflammatory cytokines that are responsible for the immune system[24]. The shape of the NPs also has 
a strong influence in the cellular interaction, intracellular trafficking, and the release kinetics of the antigen into de-
targeted cells. Nanoparticle shape can also determine the localization of nanoparticles inside the cells, as it happened 
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with nano rods vs. nano sheets. The former was delivered to the nucleus while the latter were retained into the 
cytoplasm[19]. Therefore, nanoparticle shape would also control the immune response of the NPs. There are reports 
showing that rod-shaped NPs that might present higher surface area than spherical NPs are more likely to be 
internalized by macrophages, enhancing the production of certain inflammatory markers[25]. The surface charge of the 
NPs is responsible for the interaction with the molecules the membranes of the targeted cells. In this sense, positive NPs 
would be more efficiently internalized by the antigen-presenting cells than neural or negatively-surface charged  might 
help to generate a stronger immunological response[26]. 

4. Nanomaterial-based vaccine delivery systems 

Recent advancements in vaccine development have increasingly explored the use of nanomaterials, including lipid-
based nanoparticles, protein nanoparticles, polymeric nanoparticles, inorganic nanocarriers, and biomimetic 
nanoparticles. Each type of nanocarrier possesses unique physicochemical properties and biological behaviours, which 
influence vaccine efficacy and delivery mechanisms. 

Classical vaccines such as those for tetanus and diphtheria often utilize particulate adjuvants like alum to enhance 
immunogenicity. Nanoparticles offer a similar advantage; their size is comparable to many pathogens, which optimizes 
immune system recognition and activation. This similarity has inspired the development of particulate delivery systems, 
aimed at improving the immunogenicity of novel vaccines. These systems include lipid emulsions, biodegradable 
polymers, virus-like particles (VLPs), virosomes, and immunostimulatory complexes, which serve dual roles: they 
deliver antigens to targeted sites and act as immune stimulants[27-30]. 

Nanoparticle-based vaccine delivery systems show particular promise due to their ability to facilitate intracellular 
antigen delivery, eliciting T-cell responses necessary for combating intracellular infections. These systems enable 
controlled antigen release over extended periods, ensuring sustained antigen presence in antigen-presenting cells 
(APCs) and enhancing immune response duration. 

The materials used for these nanocarriers are diverse spanning lipids, polymers, proteins, carbohydrates, metals, and 
even non-infectious viral and bacterial components. Key characteristics for effective nanocarrier materials include 
biocompatibility, biodegradability, stability, and the ability to deliver an adequate antigen load to targeted cells. 
Furthermore, the route of administration significantly impacts immune response, underscoring the importance of 
versatile delivery mechanisms. 

Innovative nanocarrier systems for vaccine delivery continue to be developed, including viral vector-based vaccines, 
bacterial ghost particles, and VLPs. These developments underscore the versatility and potential of nanoparticle-based 
systems as pivotal tools in next-generation vaccine technology. 

4.1. Viral-Vector Based Antigen Delivery System 

Viral vectors consist of both replicating and non-replicating viruses that deliver the vaccine antigen to target cells to 
induce an immune response[31]. Most of the time vaccine antigen is the genetic material from the pathogen against which 
immunity is desired. Since the immune system has evolved to respond to viruses, viral vector-based vaccine using a 
virus provides the most ideal way to deliver vaccine antigen[27]. Many viruses like vaccinia virus, adenoviruses, and 
alpha viruses have been successfully used to develop a delivery system for vaccines[32]. Among all the viral vector-based 
vaccines, adenoviruses have been most extensively used as a delivery platform for many vaccines. Safety and efficacy of 
adenovirus-based vaccine delivery have been shown in humans using the intranasal and percutaneous route[33]. 
Advantages of virally-vectored vaccines include their ease of production and ability to produce both humoral and 
cellular responses. These viral vectors can be used for nasal, percutaneous delivery or mucosal immunization and have 
been reported to improve the immunogenicity of DNA vaccines. Immune response generated by a virally vectored 
vaccine is further increased by the use of a prime-boost approach, where the primary immunization is carried out by 
DNA, followed by boosting with protein antigen[34]. Such a prime boost immunization modality has resulted in elicitation 
of strong T cell response in many cases[34-36]. Generation of antibody response along with strong T cell response makes 
this prime boost approach most suitable for the development of a vaccine against intracellular infection. 

4.2. VLPs, Virosomes and Bacterial Ghosts 

VLPs are non-infective viruses consisting of self-assembled viral envelope proteins without the genetic material[37]. 
They mimic certain virus properties like size and conformation, which help them to elicit a strong immune response. 
Virosomes are a liposome-like structure using viral coat protein, where the envelope of one virus is used as a 
platform[27]. To this viral coat, components of the virus or another virus or pathogen are attached or entrapped[27,38]. 



World Journal of Advanced Research and Reviews, 2025, 27(01), 2620-2641 

2623 

Both VLPs and virosomes have morphology and cell penetrating ability similar to an infective viral particle to trigger 
the immune system. Both types of particles have been shown to elicit both cellular and humoral immunity[39,40]. VLPs 
are generally produced in vitro by transfecting a cell line with a plasmid encoding only the viral structural protein, 
followed by entrapment of the candidate vaccine antigen. Recombinant Hepatitis B vaccine and the human 
papillomavirus vaccine are the two successful examples of VLP-based vaccines[41]. VLPs are easy to make and can be 
produced either in bacteria, plants, insects, animals, and yeast cells; however, the insect cell system has been most 
widely used to produce VLPs[42]. VLPs provide improved immune response in comparison to that achieved from vector-
based as well as virosome-based immunization. Because of these reasons, VLP and virosome-based vaccine delivery 
systems are currently under evaluation for the development of influenza vaccine[43,44]. Another system which is being 
used to deliver an antigen to a cell is the bacterial ghost system, where the non-living bacterial cell without the genetic 
component is used for immunization, carrying the protein antigen[45]. Like VLPs, bacterial ghosts are made up of non-
living envelope of the cells having native antigenic structure including its bio-adhesive properties. Escherichia coli, 
Salmonella typhimurium, BCG, V. cholerae, and many other gram-negative bacteria have been used as bacterial ghosts 
for gene delivery[46]. Bacterial cell walls promote T cell activation, induce systemic, cellular, and mucosal immunity to 
target antigens, and thus provide a model platform for vaccine delivery. 

4.3. Immunostimulant Complexes (ISCOMs) 

The ISCOMs are novel vaccine delivery vehicles with potent adjuvant activity[47]. ISCOMs are lipid particles comprising 
of cholesterol, phospholipids, and protein antigens formulated by incorporating saponin Quill A from the soapbark tree 
Quillaja Saponaria[48]. These are cage-like structures with having size of around 40–50 nm. Antigens are trapped within 
ISCOMs through apolar interaction[49]. ISCOMs are described as a novel structure for the presentation of membrane 
proteins from a virus to APCs to elicit an immune response[50]. These particles, due to their lipophilic nature, are 
preferentially taken up by APCs such as DCs, monocytes, and macrophages. Immune responses observed by ISCOMs are 
mostly due to antigen presentation by both MHC class I and class II pathways, resulting in the elicitation of both cellular 
and humoral immune responses[51]. The immunomodulatory capability of the saponin helps in further augmentation of 
the immune response using ISCOMs. Smaller size of ISCOMs and their negative surface ensures colloidal nature of the 
adjuvant and thus makes them a very stable preparation for vaccine delivery purposes. ISCOMATRIX is another delivery 
system without an antigen[52]. Antigen is added to the is comatrix during formulation for improved immunogenicity. 
When administered in mice, ISCOMs elicit strong mucosal, systemic as well as CTL responses[49]. Even though ISCOMs 
have been used for improved immunogenicity of different antigens, the toxicity of saponin is one of the major concerns 
for human application. Currently, ISCOMs and ISCOMATRIX-based delivery systems are only registered for veterinary 
applications. 

4.4. Polymeric Nanoparticles 

Polymeric particles are well well-established system for the delivery of vaccines[53,54]. These are essentially solid 
particles made of polymers either derived from natural source or from synthetic origin entrapping/encapsulating the 
candidate antigen. These particles offer advantages in terms of size, load and release profile of antigen and thus are 
preferred over other carrier systems. The most important role of polymeric nanoparticles in terms of vaccine 
development are, modulation of immune response, enhanced uptake of antigen, targeting to particular APCs depending 
on size and surface chemistry and, more importantly, protecting the antigen inside the polymer matrix for a longer 
period of time in vivo. Because of these advantages, polymeric nanoparticle-based formulations have been extensively 
explored for vaccine development. A variety of polymers have been used for nanoparticle formulations for drug/vaccine 
delivery. However, the most commonly studied polymers are poly D L lactide-co-glycolide (PLGA) and polylactide 
(PLA)[55]. These biodegradable, biocompatible polymers have been approved by the FDA for use in humans and have 
been extensively used for the development of single-dose vaccine delivery system[56]. In polymeric particle formulations, 
antigens are either entrapped or adsorbed to the surface of the polymer particles. These can act as a depot from which 
antigen is released in a controlled manner. Most of these polymers induce inflammation thus providing an adjuvant 
effect. Apart from this, polymeric nanoparticles can elicit an innate immune response. Multiple antigen delivery in the 
same particle and co-delivery of antigen and adjuvant can also be achieved with polymeric nanocarrier systems. 
Chitosan has been widely used for the delivery of antigens[57,58]. Because of its bio-adhesiveness, it has been tried mostly 
for mucosal delivery of antigens[59]. Different-sized particles with varying load of antigen could be formulated for the 
delivery of antigen to achieve the desired immune response. Highly cationic charges of chitosan make it particularly 
suitable for genetic immunization as the formulation of particle with plasmid DNA is easily achieved through 
electrostatic attraction. Varieties of nanocarrier systems can be formulated using a chitosan-based formulation for 
immunization. These include chitosan-coated PLGA particles, electrostatic chitosan DNA complexes, nanoparticles 
made from chitosan and its derivatives and finally chitosan-coated nanoemulsion. These coatings are particularly 
suitable for the mucosal delivery of vaccines due to the adhesive properties of the chitosan[60]. Nanoparticles made from 
amphiphilic polyamino acid derivates have also been reported for the delivery of antigens[61]. Polyglutamic acid-based 
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nanoparticles have been extensively used for the delivery of antigens[62-64]. Using polyglutamic acid-based nanoparticle 
systems, both humoral and cellular response has been observed. Polyglutamic acid-based nanoparticles have been used 
as a delivery system for an AIDS vaccine as well as a tumor vaccine[62,63].Polyethyleneimine amine (PEI) based 
nanoparticle systems have been successfully used for the delivery of nucleic acid[65,66]. Efficient transfection ability of 
such polymeric nano system provided a viable alternative for genetic immunization to combat many intracellular 
infections. 

4.5. Solid Nanoparticles (SNPs) are Vaccine Carriers 

SNPs are made of biodegradable materials, such as proteins, fats, lipids, polystyrene, and other polymers, and are the 
most commonly used nanocarrier systems[67]. These particles may be solid lipid nanoparticles (SLNs), lipospheres, and 
particles made from polystyrene and other materials. Ranging in size from 10 to 1,000 nm, SNPs can be used 
simultaneously for imaging and drug delivery. A major advantage of these particles is that they release the entrapped 
drug in a controlled manner. Masamune is the first nanoparticle-mediated medicine used as an immunosuppressant to 
prevent organ transplant rejection, approved by the US FDA in 2000. Albumin nanoparticle entrapping paclitaxel is the 
most successful nano formulation. SLNs, because of their physical stability and controlled release characteristics, are an 
excellent drug delivery platform[68]. SLNs, because of their versatility and stability, can be administered by most of the 
routes generally used for drug delivery[69]. Topical application using SLN is already in the market for therapeutic and 
cosmetic applications[70]. SLNs have been used for vaccine delivery systems as they release the antigen in a controlled 
manner and provide an adjuvant effect. Lipid particles have been reported to trigger internalization of BSA by the 
APCs[71]. Solid lipid nanoparticles have been explored for the delivery of the Hepatitis B vaccine[72]. Mucosal 
immunization of HBsAg-loaded SLNs has been reported to elicit a higher IgA response. 

5. Type of nanomaterial-based vaccine 

Recently, various nanomaterials for developing vaccines have been explored, including lipid-based nanoparticles, 
protein nanoparticles, polymeric nanoparticles, inorganic nanocarriers, and biomimetic nanoparticles. Different types 
of nanocarriers have distinct physicochemical profiles and behaviors in vivo, which influence vaccination accordingly. 
Here, we will briefly discuss the different types of nanomaterials for nano vaccines and their features. 

5.1. Self-assembled protein nanoparticles 

Natural nanomaterials have excellent biocompatibility and biodegradability. Several types of protein nanoparticles 
made of natural source proteins have been utilized for the delivery of antigens[73]. Self-assembled protein nanoparticles 
are promising candidates for nano-vaccines. Typical examples of self-assembled protein nanoparticles include ferritin 
family proteins, pyruvate dehydrogenase (E2), and virus-like particles (VLPs), which have shown potential in the 
development of nano vaccines. VLPs are self-assembled complexes composed of viral proteins, which are supposed to 
be safe and highly efficient delivery platforms for antigen delivery without genetic components and replication 
ability[74]. VLPs have favorable immunological properties as they are self-adjuvants and can be immunologically 
recognized for the virus size and repetitive surface geometry. VLPs-form polydisperse systems can be efficiently 
uptaken by APCs and induce immune responses[75]. Antigens can be chemically coupled or genetically modified to VLPs 
with high density. VLPs-based vaccines have resulted in successful immunization programs as they are currently 
available in the market, such as Cervix# and Gardasil# against the human papillomavirus  (HPV) and    Sci-B-Vac™ 
against the hepatitis virus. In contrast to exogenous viral proteins, several endogenous self-assembled proteins can also 
be explored as nano vaccine platforms; those protein nanoparticles are also called caged protein nanoparticles for their 
highly organized structures[76]. Ferritin is a typically caged protein nanoparticle that has been widely used for antigen 
delivery, drug delivery, imaging, and diagnostic applications[77]. Classical ferritin is comprised of 24 subunits, forming a 
central hollow cavity structure (12 nm # 8 nm) that stores iron. Antigen proteins can be genetically modified as subunits 
to form ferritins or can be incorporated onto ferritins to be efficiently phagocytosed by APCs. It has been reported that 
ferritin can passively target lymph nodes with a high retention time and induce strong immune responses. 

5.2. Polymeric nanoparticles 

Polymeric nanoparticles are colloidal systems with a wide size range (10e1000 nm)[78]. Polymeric nanoparticles have 
high immunogenicity and stability for efficient encapsulation and display of antigen, which can be loaded within the 
core and conjugated to the surface. While polymeric nanoparticles are generally solid, they have controllable size and 
can be self-adjuvant[103]. Polymeric nanoparticles can improve the efficiency of antigen uptake by APCs by phagocytosis 
or endocytosis[79]. For the development of nano vaccines, natural polymeric nanomaterials such as chitosan and dextran, 
and synthetic polymeric nanomaterials such as PLA and PLGA are both useful tools. Polymeric nanoparticles from 
natural sources are highly biocompatible, water-soluble, and cost-saving. For example, chitosan, a typical natural 
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polymer derived from chitin, is a linear cationic polysaccharide that can be used for vaccine delivery. Owing to its 
cationic charge and bioadhesive properties, chitosan is a competitive candidate for gene delivery and coating other 
polymeric nanoparticles to improve adherence and immunogenicity[80]. Moreover, chitosan can be customized 
depending on the purpose by introducing functional groups[81]. Compared to natural polymers, synthetic polymeric 
nanoparticles generally have higher reproducibility and are more controllable for molecular weight compositions and 
degradation rates[82]. For example, PLGA nanoparticle is highly biodegradable and its properties can be fine-tuned. PLGA 
can be coupled with PEG and then self-assembled into a polymeric micelle for hydrophobic peptide antigens with better 
T cell responses[83]. 

5.3. Lipid-based nanoparticles 

Lipid nanoparticles (LNPs) are nanoscale lipid vesicles formed by amphipathic phospholipid molecules through self-
assembling. LNPs are promising nanocarriers for nucleic acid delivery with low toxicity, high biocompatibility and 
controlled release properties[84]. LNPs are also vital components for mRNA drugs and vaccines. LNPs have controllable 
size, shape and charge which are important properties that may affect the efficacy of immune activation. Modification 
of LNPs can achieve optimal immune responses[85]. As nano vaccines, LNPs can achieve co-delivery of multiple antigens 
and adjuvants. Besides, the membrane surface of LNPs can display antigen with enhanced representation of native 
conformations. LNPs has shown great potential for nano vaccine development in a number of preclinical and clinical 
applications. As mentioned earlier, the lipid nanoparticles play a vital role in protecting mRNA vaccines from nuclease 
for effective delivery. LNPs have successfully been translated for the delivery of mRNA against COVID-19 recently 
(mRNA-1273[86] and BNT162b2[87]). There are many other Lopera formulations that are under ongoing clinical trials for 
the prevention and treatment of major human health threats, including virus infections, cancers and genetic diseases as 
summarized in a recent review[88]. Cationic lipids, ionizable lipids and other types of lipids are all suitable components 
of LNPs. Besides, lipids can be functionalized by modification such as PEGylation, making LNPs more versatile and 
powerful for vaccine development[89]. 

5.4. Inorganic nanomaterials 

Commonly used inorganic materials in nanomedicine include metals and oxides, non-metal oxides, and inorganic salts. 
Inorganic materials have low biodegradability but are stable in structure. Many inorganic nanoformulations have 
inherent adjuvant activity[90]. However, for nano vaccine application, the physicochemical properties of inorganic 
nanomaterials need to be modified to improve their biocompatibility. The most widely used inorganic materials for 
antigen delivery include gold[91], iron[92] and silica nanoparticles[93]. Gold nanoparticles (GNPs) are spherical and 
positively charged. GNPs have good biocompatibility, low immunogenicity, and high antigen loading capacity. GNPs have 
size-dependent toxicity[94]; however, GNPs also have a high affinity to sulfhydryl groups[95], which can be utilized for 
surface engineering to couple with cysteine residues to produce polypeptide antigens with improved safety and 
pharmacokinetic profiles. In addition, GNPs have intrinsic immunostimulatory effects to induce inflammatory cytokines 
production[96]. Therefore, GNPs can be used not only as a transport carrier for antigens but also for stimulating immune 
responses[97]. Silica nanoparticles are also potent candidates for nanovaccine carrier materials[98]. Recent studies have 
shown that controlling the morphology[99] and pore size [100] of silicon particles can make them have variable porosity, 
thereby increasing their effective load capacity for different antigens and adjuvants. Their porous structure of silicon 
particles can fill various active biomolecules or directly wrap on the surface, thereby enhancing the targeting and uptake 
of the nano-vaccine. Silica nanoparticles have been used to target lymph nodes and accumulate in APCs to deliver 
antigens and adjuvants[101]. 

5.5. Biomimetic nanomaterials 

Biomimetic nanomaterials are emerging for nano vaccine development for their effective and complex 
biofunctions[102,103]. Biomimetic nanomaterials are multifunctional and can achieve efficient delivery to the target site 
or effective interaction with biological systems. Bioinspired nanoparticles have also produced high biocompatibility, 
extended circulation and unique antigenic properties for the development of effective vaccine formulations. A simple 
biomimetic design uses natural ligands or peptides, such as arginylglycylaspartic acid (RGD) and acedoxin (CDX) 
peptides, to modify nanoparticles and enhance binding to improve targeting for efficient delivery[104]. In addition, 
molecularly imprinted polymers can also be used to mimic antibodies for developing biomimetic nanoparticles[105]. The 
decoration of nanoparticles with an individual natural ligand can endow specific functions, but multiple decorations 
would be rather difficult and can hardly replicate biological complexity. An emerging biomimetic strategy is to employ 
bio membranes to fabricate membrane-coated nanoparticles for enhancing bio-interfacing[106]. Cell membrane coating 
nanotechnology has been employed widely for improving circulation, targeted delivery, and imaging of 
nanoparticles[107]. For vaccine development, camouflaging with a cell membrane may help nanoparticles to stay 
unnoticed in the immune system and target the lesion[108]. For example, the red blood cell (RBC) membrane can extend 
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circulation and improve the bioavailability of nano particles[109]; platelet membranes can achieve targeting to the 
damaged vasculature and certain pathogens[110]; nanoparticles coated with cancer cell membranes have shown 
autologous targeting to cancer cells[111]; immune cell membrane-coating can endow the nanoparticle the ability to 
interaction with tumor tissues[112].In addition to cell membranes, intracellular membranes such as the outer 
mitochondrial membrane can also be utilized for specific targeting and detection[113]. Besides, biomimetic nanoparticles 
may be exploited as cancer nano vaccines with combined photothermal (PTT) and photodynamic therapy (PDT) against 
metastasis[114,115]. Several other biomimetic strategies are emerging in nano vaccine design for combating infection and 
cancer. Virosome is a lipidic uniflagellar nanocarrier (60e200 nm) utilizes the liposome concept but has a structure 
similar to an enveloped virus with removed nucleocapsid[116]. Virosome is an emerging biomimetic nanoparticle for the 
development of a nano vaccine against viral infections. Virosomes can be developed with different antigen epitopes to 
target host cells of interest and can be modified by polymers for enhanced pharmacokinetic profiles[117]. Outer 
membrane vesicles (OMVs) are bacterial-derived nanovesicles carrying various proteins similar to bacterial outer 
membranes. OMVs are a natural antibacterial vaccination for their multi-antigen features[118]. In addition, OMVs have 
shown the ability to enter of lymph node and can be taken up efficiently by APC, making them attractive candidates for 
antigen delivery and vaccination. Antigenic OMVs can be explored as adjuvant delivery systems to improve vaccine 
efficacy[119]. 

6. Administration strategies 

Currently, most vaccines are administered via the parenteral route, which is invasive and has limited compliance for 
delivery. The development of nanomedicine provided various options for vaccine routes, including postoperative, 
intradermal/subcutaneous, intranasal, inhalation, and oral administration for both cancer therapy and infectious 
diseases. 

6.1. Postoperative administration 

Currently, surgery remains the primary option for solid tumour treatment. However, tumour recurrence remains a 
challenge as residual tumour cells can be a risk that leads to fast relapse and metastasis. Strategies of nanomedicine are 
emerging for postoperative tumour drug delivery and immunotherapy[120]. To increase the efficiency of postoperative 
T-cell immunity, a thermo-responsive, curcumin-loaded polymer nanoparticles assembled hydrogel with an antigenic 
peptide and CpG-ODN was developed. This strategy can induce ICD and consequently enhance the antitumor 
immunity[121]. This immunotherapy strategy promoted the infiltration of CTLs and inhibited local recurrence and 
pulmonary metastasis. In another study, an implantable 3D porous scaffold was designed to deplete myeloid-derived 
suppressor cells and present whole tumour lysates with nanogel-based adjuvants for promoting CTLs[122]. This immune 
niche strategy modulated the immunosuppressive environment and prevented postoperative tumour recurrence and 
metastasis. Autologous tumour cells are an excellent source for personalized postoperative nano vaccine development. 
Li and colleagues [123]developed a hydrogel matrix loaded with JQ1, a PD-L1 checkpoint blockade inhibitor, and 
indocyanine green (ICG). This immunotherapy strategy combined with PDT effectively inhibited tumour relapse and 
metastasis. Further, they design a PDT-motivated nano vaccine composed of autologous cancer cells and Fmoc-KCRGDK 
phenylboronic acid hydrogel. This nanomedicine can be prepared to boost personalized immunotherapy[124]. Besides, 
specific autologous cancer cells can be combined with non-specific immune activation such as bacterial-derived 
membranes[125]. Postoperative nano vaccines are rising for the treatment of cancer. 

6.2. Intradermal/subcutaneous administration 

Intradermal/subcutaneous administration is a common route of immunization for DNA vaccines. Both the epidermis 
and dermis layers of the skin contain resident APCs that are targeted for immunization. As the skin is painless, 
intradermal/subcutaneous administration has been widely applied for prophylactic vaccination. In recent years, this 
administration strategy was also explored for anticancer therapy. It has been reported that subcutaneous 
immunizations using VLPs conjugated with human EGFR 2 epitopes induced elevated HER2-specific antibody titers 
against the HER2-positive malignancies[126]. For advanced intradermal administration, versatile microneedle systems 
have also been explored for tumor and infectious disease vaccination. A transdermal vaccine may be applied for topical 
and intratumorally immunotherapy against melanoma. Autonomous active microneedle-mediated propulsive delivery 
of cowpea mosaic virus nanoparticles and magnesium (Mg) microparticles enhanced the antitumor immunity and 
greatly suppressed tumor progression[127]. Microneedles can also be dissolvable for vaccine delivery. Plasmodium 
falciparum surface protein P47 and CpG were loaded into microneedles and showed potent activation of TLR9 signaling 
for malaria vaccine[128]. Recently, a vaccine core and PLGA shell microneedle patch were developed for the long-lasting 
and programmed burst release of the vaccine[129]. This strategy may be used for both prophylactic and therapeutic 
purposes without repeated vaccination. 
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6.3. Intranasal administration 

Intranasal administration is an important route for respiratory infectious diseases[130]. Nasal immunization via nano 
vaccines is promising for preventing diseases through mainly affecting infected respiratory tracts such as TB, and for 
the treatment of cancers. Chitosan nanoparticles are water-soluble platforms that can be explored for intranasal 
delivery of an antigen for TB vaccination. Thiolate OVA conjugated to N-trimethyl aminoethyl methacrylate chitosan 
showed elevated cellular uptake, deep cervical lymph nodes transport efficiency, and immune responses after intranasal 
administration[131]. Recently, inulin acetate, a natural polymer, was developed as an intranasal nano vaccine delivery 
system for its inherent adjuvant (TLR4 activation) ability[84]. This nanocarrier has the potential for mucosal vaccination 
via intranasal administration. For synthetic nanoparticles, a “self-healing microencapsulation “technology has been 
developed by Bailey and colleagues for the stable loading of antigens in PLGA particles. They used calcium phosphate 
adjuvant gel as a trapping agent for antigen encapsulation, leading to sustained release of OVA antigen and proliferation 
of CD8þ T cell via intranasal delivery [132]and could be used as a single-dose vaccination platform[133]. More recently, for 
the controllable particle size, PLGA nanoparticle was used for intranasal delivery of all-trans-retinoic acid and 
prolonged the drug release for targeted treatment of TB in the lung[134]. For intranasal cancer Nano vaccine delivery, a 
recent study developed a self-assembled nonvaccine loaded with multiple OVA peptide antigens. This Nano vaccine is 
safe through nasal administration and prolonged residence time and increased antigen uptake efficiency, which led to 
enhanced antigen-specific immune response[135]. 

6.4. Inhalation administration 

Inhalation administration is also a promising vaccination route for pulmonary infectious diseases such as TB. Synthetic 
nanoparticles are useful tools for inhalation formulations. Polymeric nano capsules with oily core and polymer shell 
have been developed for pulmonary delivery of imiquimod, a TLR-7 agonist, and a fusion antigen protein[136]. 
Vaccination of this polymeric nano capsule induced strong immune responses. The development of biomimetic 
nanotechnology offered strategies for developing nano vaccines by imitating respiratory droplets. In a recent study, a 
bionic-virus nano vaccine that mimics the structure of SARS-CoV-2 was developed by using liposomes as a capsid 
structure and the receptor binding domains as “spike”[137]. This inhalable nano vaccine induced strong mucosal 
immunity, and this nano vaccine strategy can also be used for other respiratory infectious diseases. In addition, 
inhalation administration can also be applied for cancer nano vaccines, such as for lung metastasis. It has been reported 
that inhalation of the VLPs can facilitate the neutrophils infiltration in tumor, and increase cytokines and chemokines 
production and macrophage inflammatory protein 1a in tumor-bearing mice[138]. This nano vaccine treatment 
significantly reduced metastatic tumor burden for various tumor types. 

6.5. Oral administration 

Oral administration is a non-invasive route with excellent compliance[139]. Oral vaccines are optimal formulations for 
administration, immunization, safety, and storage. Despite the existence of lymphatic tissues under the mucosa, the 
intestine forms a barrier for antigens. To develop a vaccine for oral administration, antigens are taken up and 
transported by epithelial cells and then recognized by immune cells for responses. During the process, antigens may 
degrade in the gastrointestinal tract, resulting in a small number of antigens exposed to the mucosal tissue and limited 
intestinal uptake. Several nanocarriers have been developed as TB vaccines that can be orally administered. Liposome-
encapsulated DNA vaccines can induce effective immune responses against TB[140]. VLP can also be used to carry HIV 
envelope cDNA with enhanced stability in the gastric environment. This strategy leads to high antigen concentration 
across the intestinal lumen after oral administration[141]. In another example, polyethyleneimine-coated SPIONs loaded 
with malarial DNA showed high DNA binding and transfection efficiency even in the acidic environment[142]. Oral 
administration strategy may also be used for cancer vaccines. It has been reported that nano emulsions have high 
encapsulation capacity for the co-delivery of melanoma antigen, heal shock protein, and staphylococcal toxin A for oral 
administration. This oral delivery strategy showed comparable immune responses to subcutaneous immunization[143]. 

7. Nano vaccines for diseases prevention and treatments 

Nano vaccines have been developed for various diseases. Here, we provide examples of how nano vaccines are being 
employed against cancers and infectious diseases, including HIV/AIDS, malaria, and tuberculosis (TB). The most cutting-
edge strategies for developing nano vaccines and their design aspects are included and discussed. 

7.1. The prevention and treatment of worldwide infectious diseases 

HIV/AIDS, malaria, and TB are impacting global health and causing millions of deaths worldwide, highlighting the need 
for prevention and treatment strategies[144], but vaccine strategies can hardly generate protective immunity in the 
population. HIV has a highly dynamic genome and unclear immune protection; malaria is complex for life cycles, and 
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there are multiple infection forms (sporozoites, merozoites, and gametocytes); patients with TB infection could be co-
infected by HIV and bacteria that are multi-drug resistant. Despite dissimilar pathogens, the development of vaccines 
for these diseases shares some similarities, and antigen delivery remains a key for vaccination[145]. 

Self-assembled protein nanoparticles are useful platforms for antigen delivery. RTS, S, the first and currently the only 
malaria vaccine in the market[146], uses VLP to deliver antigen. VLP has been tested to display HIV envelope proteins 
such as the V1V2 loop for vaccination and generated specific IgG in mice[147]. Ferritin nanoparticles have also been 
employed to display HIV envelope trimers on particle surfaces to increase immunogenicity[148]. Other larger proteins, 
such as day dioleoyl acetyl-transferase (E2)[149]and lumazine synthase[150], are also useful for HIV vaccination. A two-
component protein nanoparticle[151] was recently developed for enhancing the immunogenicity of HIV envelope (SOSIP) 
trimers by incorporating well-folded trimers into self-assembled nanoparticles. Further studies are exploring how 
spacing, antigens, and particle (size, shape, and charge) factors are involved in the protective immune responses. 
Polymeric nanomaterials have received great interest as vaccine platforms for their synthetic feasibility, low 
immunogenicity, and high biodegradability. Recently, HIV-1-derived gp140 immunogen with 3M-052 (a TLR-7/8 
agonist) was incorporated in PLGA nanoparticles and induced high and persistent frequencies of HIV envelope-specific 
immune responses in rhesus macaques[152]. Besides, self-encapsulating PLGA microspheres loaded with calcium 
phosphate adjuvant gel and ovalbumin (OVA)antigen achieved the sustained release of antigen for more than seven 
weeks. Administration of OVA-loaded nanoparticles induced strong Th2-type responsiveness and can stably carry 
multiple antigens. It has been reported that cobalt porphyrin-phosphide can be loaded into an LNP Nano vaccine to 
express antigens coupled to the liposomal surface[153]. More recently, a heterologous trimer-liposome primer was 
performed by presenting well-ordered native flexible-linked trimers on liposomes with high density and elicited cross-
neutralizing antibodies[154]. Inorganic nanoparticles are also interesting platforms for developing anti-infection nano-
vaccines. GNPs-mediated antigen delivery can facilitate the presentation, thus inducing potent immunity. For example, 
gag p17 of HIV increased the proliferation of CD8þ T cells via conjugating onto high-mannosidic-modified GNPs[155]. 
Fe2O3 nanoparticle containing plasmid DNA TB vaccine induced significant humoral and cellular immune 
responses[156]. Enhanced vaccination was recently reported by amine functionalized silica nanoparticles-mediated 
delivery of antigen in combination with mince agonist[157]. Biomimetic nanoparticles are powerful platforms against 
infectious diseases. A virosomal vaccine developed by the HIV-1 gp41 subunit induced strong mucosal antibodies 
against HIV challenges[158]. In another study, Shao et al.,[159] developed membrane proximal external region (MPER) 
peptide fragments-bounded 2213 liposomes-containing cobalt porphyrin-phospholipid (Coop) and a synthetic 
monophosphorylate lipid A (MPLA) to generate immunogenicity in mice. Immunization with the lipid-presented MPER 
elicited antibody responses recognizing recombinant HIV gp41 and gp140 proteins. As HIV attacks T cells explicitly, Wei 
et al.,[160] developed T cell membrane-coated PLGA nanoparticles to neutralize the HIV infection. Membranes of T cells 
inherit retained antigens of CD4 receptor, C‒C chemokine receptor 5 (CCR5) or C‒X‒C chemokine receptor type 4 
(CXCR4) for HIV envelope glycoprotein 120 binding. This biomimetic Nano vaccine strategy effectively inhibited viral 
killing and neutralized HIV infection. 

7.2. Suppressing tumor recurrence and metastasis 

Cancer remains a leading cause of human death. Developing an anticancer vaccine is a vital step in reaching personalized 
medicine to treat this prolific disease. Despite tremendous efforts, full elucidation of the cancer pathogenesis is 
challenging[161,162]. Generally, cancerous cells result from the mutation of healthy cells involving multiple environmental 
and genetic factors. Therefore, unlike infectious diseases, cancer is highly heterogeneous in cases and the prevention of 
cancer is extremely difficult[163]. As small amounts of malignant cells can lead to relapse, the development of vaccines is 
of significance for the elimination of residual malignant cells and suppression of tumor recurrence and metastasis. 
Nanomedicine provided opportunities against tumours by using the above-mentioned nanomaterials to enhance either 
tumor vaccine delivery, in situ tumor antigen exposure, or presentation of the immune activation program. A variety of 
nanomaterials have been explored as efficient platforms for the delivery of tumor vaccines. VLPs have been used directly 
for tumor-associated antigens delivery, and vaccination with VLPs could be used in combination with radiation 
therapy[164], chemotherapy[165], or immune therapy[166]. For general stimulation of antitumor immune responses, Kuai 
and colleagues[167] designed nanodiscs mimicking high-density lipoprotein for advanced delivery of antigens and 
adjuvants to lymphoid organs. The nanodiscs treatment exhibited substantially higher production of neoantigen-
specific CTLs control formulations and eliminated tumours in combined immune checkpoint blockade therapy[167]. 
Traditional LNPs are also highly effective platforms for tumor vaccine delivery. In a recent study, mRNA encoding tumor 
antigens was incorporated into cationic C1 LNP, which has adjuvant properties, for efficient delivery and presentation 
to dendritic cells[168]. The C1 mRNA nanovaccine showed significant prevention and therapeutic effects on tumors. 
Membrane-coating technology has been extensively explored for nanovaccine development. RBC-NPs with mannose 
modification and MPLA as the adjuvant were used to deliver B16F10 melanoma-associated antigen glycoprotein 100 to 
dendritic cells and significantly inhibited tumor growth[169]. Cancer cell membranes may be employed as antigens to 
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coat nanoparticles as cancer vaccines. B16F10 cancer cell membrane coating of CpG-loaded emulsion nanoparticles 
increased significant CTLs levels[170]. Similarly, the B16-OVA cancer cell membrane modified with mannose coating of 
polymeric nanoparticles loaded with the TLR7 agonist R837 showed improved APC delivery. In another study, 
membrane vesicles from cancer cells were used to coat spermine-modified acetylated dextran that was loaded with 
thermally oxidized porous silicon[171]. This biomimetic nanoparticle with the immunostimulatory core inhibited the 
proliferation of autologous cancer cells by inducing a potent immunostimulatory response. In situ exposure of tumor 
antigens is a promising vaccine strategy for preventing recurrence and metastasis. Most in situ tumor vaccinations 
utilized the ICD[172] for activating antitumor immune programs by killing tumor cells and exposing DAMPs to recruit and 
activate APCs for processing the antigens and activate tumor-specific T cells. Fan and colleagues[173] used mitoxantrone 
to induce ICD and conjugated the dying cells with multilamellar lipid-polymer nanoparticles loaded with CpG. 
Biomimetic nanoparticles are also useful tools for an in situ tumor nanovaccine. Natural killer (NK) cell membrane and 
myeloid-derived suppressor cell membrane [174]are useful to coat nanoparticles for enhanced PDT to promote ICD and 
activate immune responses that suppress significantly both in situ and metastatic tumours. In situ immunotherapy 
requires multiple steps; to address this issue, a recent study reported a nanomedicine strategy for programmable 
immune activation driven by the high level of reactive oxygen species induced by a supramolecular assembled 
nanoparticle in the tumor microenvironment[175]. Release of drug and CpG/PAMAM led to the exposure of tumor antigen 
and APC activation, and subsequent antitumor immune responses. As tumor cells are highly heterogeneous, a single 
tumor antigen vaccine may have insufficient immune responses to eliminate tumors[176]. Therefore, the whole tumor 
cell lysate may be loaded into nanoparticles such as chitosan [177]and nanovesicles [178]for enhanced antigens 
presentation. Besides, native tumor antigens may have low immunogenicity and induce limited immune responses to 
combat the tumor. In recent years, artificial antigen-presenting cells (aAPC) technology [179] has emerged to stimulate 
tumor-specific T cells by engineering nanomaterials equipped with peptide epitope and costimulatory molecules, 
replicating the immune-activation functions of APCs. Nanoscale aAPCs may have core material such as iron oxide[180]. It 
has been reported that iron-dextran aAPCs can induce great expansion of T lymphocytes expressing the cognate TCR. 
Membrane coating has also been used in the development of aAPCs[181]. The efficacy of aAPCs could be improved by 
modifying the nanoparticle morphology[182], signal coupling[183], and fluidity. Further exploration and establishment of 
protocols of aAPCs with personalized neoantigens may generate highly effective and personalized tumor 
vaccines[184,185]. In a recent study, the immune response of autologous tumor antigen was enhanced by a hybrid 
membrane delivery strategy. Bacterial cytoplasmic membrane and tumor cell membranes were used to form a 
nanoparticle for loading antigen and adjuvant to induce dendritic cell maturation, cytotoxic T cell activation, tumor 
growth suppression, and recurrence prevention. On-specific immune activation is another emerging strategy for 
developing cancer nanovaccines. OMV can induce systemic immune responses and recruit non-specifically activated 
immune cells to initiate APC processing and CTLs generation. Intravenous injection of OMVs derived from Escherichia 
coli into CT26 tumor-bearing mice eradicated tumor cells[186]; moreover, the growth of re-challenged tumours in mice 
was suppressed significantly. In a recent study, OMVs were encapsulated into calcium phosphate shells and lead to M2-
to-M1 polarization of macrophages in the tumor microenvironment and eliminated in situ tumor, and prevented 
metastasis with reduced side effects[187]. 

8. Application of Nanotechnology in COVID-19 Therapeutics 

As we already know, there are no therapeutic drugs available for the management of COVID-19 that are approved by 
the FDA. Hence, a rapid and point-of-care diagnosis of coronavirus is very significant and helpful in the timely 
management of coronavirus infection. In the diagnosis of coronavirus disease, nanotechnology-based methodologies 
play an important role so that the spreading of coronavirus can be stopped. Researchers working in the biomedical field 
have been investigating the relationships between high infection rates as well as the capacity of distinct nanostructured 
materials and viral vectors to deliver genes. In COVID-19 management, the nanotechnology-based approach has a wide 
range of uses and can act at various phases of the disease. It has the potential to block virus–cell contact, lipid bilayer 
blending, the endocytosis of cells, transcription, translation, and viral reproducibility in addition to stimulating 
subcellular processes that inflict irreparable harm on viruses. To create delivery methods that may be applied in several 
disciplines, nanotechnology scientists have investigated the biological mechanisms of gene 

carriers[188,189].Since viral particles and nanostructures operate in a similar dimension, developing vaccines and 
performing immune engineering relies heavily on this strategy Nano pharmaceuticals may be the ideal substitute for 
cutting-edge vaccine development technologies since nanoparticles (NPs) are tools that may mimic the functional and 
structural characteristics of viral infectious particles[190-192].Nano sensors and medication delivery for various diseases 
have already demonstrated the value of nanotechnology and nanoparticles. Additionally, nanotechnology can give a 
more comprehensive perspective of new vaccine design approaches. For example, a unique nanoparticle-based vaccine 
metastatic platform, helpful nanomedicines for treating SARS-CoV-2 infections, and a nano-based formulation for SARS-
CoV-2 therapies are all being produced. To quickly identify and create suitable nano vaccines and therapeutic options, 
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including novel nano-based technologies, scientists have been working hard up to this point. We will talk about COVID-
19 management alternatives in nanomedicine in this review. To do this, we will first look at the pathology of COVID-19 
to provide the groundwork for uncovering any openings or loopholes in the pathology of this virus where the application 
of nanotechnology can be useful. In the current tragic condition wherein coronaviruses and their sub-strains are major 
challenges to researchers and scientists, especially in vaccine development, and nanomedicine development provide 
good and comparable techniques[193,194]. 

9. Nanoparticle as a Tool for Immunotherapy of Cancer 

Nanoparticle-based vaccine delivery systems have the capacity to deliver the antigen intracellularly, thus they can be 
used for eliciting an immune response against cancer through the generation of cell-mediated immune response. This 
involves antigen-specific lymphocyte priming in vivo or stimulation and expansion of antigen-specific T cells ex vivo, 
and their subsequent retransfer into patients. The former process is called active immunotherapy, whereas the latter is 
known as adoptive immune therapy. Success of these cancer therapies requires expansion of antigen-specific T 
cells[195,196].In such a scenario, a polymer particle improves the performance related to both active and adoptive 
immunotherapy. Entrapment of the cancer antigen in polymer particles not only improves its immunogenicity but also 
activates T cell response to the cancer antigens[197]. Cancer antigen entrapped in nanoparticles helps in introducing the 
antigen in an immunogenic form, either to break tolerance or to activate the T cell repertoire[198]. This helps in the 
generation of a CD8 T cell response against the tumor and helps in clearing them. Numerous cancer antigens have been 
entrapped in polymer particles and have shown improved performance for cancer treatment. These nanoparticles 
deliver the antigens to APCs with high efficiency; induce effector T cell responses for tumor clearance. Even cancer 
antigens, along with TLR ligands, co-entrapped in the same polymer particles, have been reported to elicit potent CD8 
T cell-mediated anti-tumor immunity. Polyethylenimine (PEI) based nanoparticles have been successfully used for 
tumor targeting and tumor gene therapy[199,200]. Chondroitin and hyaluronic acid-based composite PEI particles have 
been used to deliver DNA to solid tumours, thus opening an exciting possibility of tumor targeting using a nanoparticle-
based system. 

10. Success Case of Vaccines Based on Nanoparticles 

A notable success case of vaccines based on nanoparticles is the development and approval of mRNA COVID-19 vaccines, 
such as 

10.1. Johnson and Johnson/Jansen and Oxford/Astra Zeneca Vaccines 

The development of these vaccines was based on using a known DNA technology, where an adenovirus vector was 
engineered to carry the DNA with the information to produce the surface spike protein of the COVID-19 virus. 
Concretely, the Johnson and Johnson vaccine is based on an adenovirus type 26 modified to produce the SARS-CoV-2 
Spike protein. This adenovirus vaccine was designed to be employed as a single intramuscular injection—the first of 
this type available that comes in a single dose and when it enters a cell, it produces the vaccine protein but cannot 
replicate inside the cell or cause illness. This vaccine was shown to provide an average of 66% protection against 
moderate or severe COVID-19, but more importantly, this vaccine showed 85% protection against severe disease, with 
no differences across countries or age groups. The Oxford/AstraZeneca vaccine is also based on DNA transported by an 
adenovirus vector—a modified version of a chimpanzee adenovirus, known as ChAdOx1—to transport the genetic 
information to produce the surface spike protein of the virus. One of the benefits of this type of vaccines is that they are 
more rugged than the mRNA vaccines. This is because DNA is not as fragile as RNA, and the adenovirus’s tough protein 
coat helps protect the genetic material inside. Consequently, the Oxford/AstraZeneca vaccine does not have to be stored 
frozen. In fact, this vaccine was expected to last for at least six months when refrigerated at ca. 4 ◦ C. In 2020, it was 
shown that the efficacy of the vaccine was ca. 76% at preventing COVID-19 following the first dose and ca. 81% after 
the second dose[201]. 

10.2. Moderna and Pfizer Vaccines 

The development of SARS-CoV-2 vaccines based on the use of messenger RNA technology encapsulated in lipid 
nanoparticles was a success case in the use of nanoparticles for vaccine manufacture[202]. Messenger RNA is the key 
intermediary in protein synthesis, but it is a very large and negatively charged molecule, so it cannot cross cell 
membranes on its own. Thus, messenger RNA needs a vehicle to cross these cellular barriers, and this is where LNPs 
played a major role. While it is true that over the past few years, we had the misfortune of experiencing a pandemic 
first-hand, it is also true that we were fortunate to witness in real time how we came out of this pandemic, thanks, among 
other things, to the extraordinarily rapid development of SARS-CoV-2 vaccines[203]. In the case of Moderna’s vaccine, 
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development was truly rapid; from 11 January 2020, when Chinese scientists published the genetic sequence of the 
virus, it took just a couple of days for materials scientists to design a messenger RNA vaccine, encapsulate it in 
nanoparticles, and send it to the NIH in February to begin trials. The first patient was injected with the first prototype 
vaccine on 16 March 2020, the start of human clinical trials. Two months later, in May 2020, Phase I results were 
published, and then, 6 months later, Phase II and III results were presented, with 94–95% effectiveness (as a reference, 
the flu vaccine should be around 45% effective), in what was a giant victory for science and for nanoparticle 
technology[204,205].On the other hand, Pfizer signed a letter of intent with BioNTech to co-develop a potential COVID-19 
vaccine just six days later than the World Health Organization declared the pandemic on 11 March 2020. By that time, 
BioNTech, a German immunotherapy company, had pioneered a novel genetic technology based on mRNA to prompt 
cells to fabricate antibodies to fight off that virus. Although mRNA technology was out there for decades, problems 
related to the structure and stability of mRNA prevented its translation to the clinic. In this sense, BioNTech had a great 
success stabilizing mRNA thanks to the use of lipid nanoparticles. Over the next nine months, Pfizer and BioNTech 
worked together to develop a vaccine across companies and across countries to set a record in any previous vaccine 
development program. All this was possible thanks to the research work of many people over a long period of time, both 
from the point of view of messenger RNA technology and the point of view of nanoparticle technology. Many people 
were involved in the whole process of generating the knowledge and basic science necessary for its application in a 
specific case such as this. Among them, it is worth mentioning the pair of Turkish doctors who founded BioNTech, Türeci 
and Sahin, the great messenger RNA specialist, Kariko, the founders of Moderna, Rossi and Langer, and, of course, Pieter 
Cullis, a pioneer in the use of lipid nanoparticles to transport messenger RNA into cells[206,207]. 

10.3. Future Prospects 

Vaccines provide the most wonderful strategy to activate the immune response to combat infection. Most successful 
vaccines work by generating of neutralizing antibodies through an adaptive immune response. However, many 
intracellular pathogens and cancer treatments require activation of the cytotoxic T cell response to combat infection. 
Normal vaccine, which consists of live/attenuated or subunits of antigens fail to elicit a T cell response. Apart from this, 
many times it is necessary to activate the innate immune response along with the adaptive response to protect against 
infection. In these scenarios, nanoparticle-based vaccine delivery system provides a viable solution and offer 
tremendous opportunity to fine-tune tune immune response. Many recombinant protein candidate vaccines are poorly 
immunogenic and have stability problems. This is taken care of by a nanoparticle-based delivery system. Apart from 
this, a nanoparticle-based delivery system can deliver an antigen to a particular site to promote antigen presentation 
and processing according to the need. Modulation of immune response and generation of cytotoxic T cell response are 
the most attractive benefits of a nanoparticle-based vaccine delivery system. It is expected that novel candidate 
vaccines, particularly for malaria and tuberculosis, with the aid of a nanotechnology-based delivery system, will be able 
to elicit both humoral and cellular responses, which are necessary to provide immunity for combating intracellular 
infections. Nanotechnology-based formulations are being investigated as vaccine carriers, adjuvants, and drug delivery 
systems to target infection. Liposomes, polymeric particle-based systems, have shown novel applications in terms of 
the development of allergy vaccines, mucosal vaccines, and most importantly, for adoptive immunotherapy. The use of 
nanoparticle systems as adaptors provided an exciting area of research, particularly for cancer immunotherapy. Some 
polymeric nanoparticle-based formulations are in clinical development for infectious diseases. Although understanding 
of nanoparticles and their use on activating the immune system has been explored fairly, the molecular interaction of 
these particles with cells[208], toxicity, safety[209], and, more importantly, regulatory issues need detailed exploration. 
Pharmacokinetics and anatomical distribution of nanoparticle-based vaccine delivery system and its interaction with 
all types of APC need careful analysis[210-212]. Finally, there is a need to establish the production of such nanoparticle-
based antigen delivery systems using good manufacturing practices (GMP). Very little is reported on clinical-grade 
manufacturing of nanoparticle-based vaccine delivery systems. This needs careful monitoring to produce reproducible 
batches of nanoparticle-based stable delivery systems. Once these issues are addressed, the full potential of this 
technology can be realized and put to use for human welfare. Pathogens continuously develop a number of strategies to 
evade the immune system to cause infection. In such a scenario delivering the vaccine with nanotechnology offers a 
counterattack strategy to combat infection. It is expected that with the advancement of nanotechnology, a new 
generation of vaccine formulations will be developed for controlling infection, cancer, metabolic, and complex 
diseases[213,214].  

11. Conclusion 

Nanotechnology has emerged as a transformative tool in vaccine development, addressing limitations of traditional 
approaches and enabling new frontiers in combating infectious diseases, cancer, and complex medical challenges. By 
utilizing nanoparticles, such as lipid-based carriers, polymeric particles, and biomimetic nanostructures, vaccines can 
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achieve enhanced efficacy, targeted delivery, and prolonged immune responses. Success stories like the mRNA vaccines 
for COVID-19 underscore the potential of this technology to deliver rapid and effective solutions. 

However, challenges such as regulatory hurdles, toxicity concerns, and scalable manufacturing remain to be addressed. 
As advancements continue, nanoparticle-based systems are poised to revolutionize medicine, offering hope for novel 
therapies and preventive measures against a wide range of diseases. With further innovation and exploration, 
nanotechnology promises a future of personalized, efficient, and robust healthcare solutions.  
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