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The nanodelivery system plays a dual function in RNA-based vaccination by acting as a carrier system and as an

adjuvant. That is due to its similarity to microorganisms structurally and size-wise; the nanodelivery system can augment

the response by the immune system via simulating the natural infection process. Nanodelivery systems allow non-invasive

mucosal administration, targeted immune cell delivery, and controlled delivery, reducing the need for multiple

administrations. They also allow co-encapsulating with immunostimulators to improve the overall adjuvant capacity. 
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1. Introduction

Messenger RNA (mRNA)-based vaccines have shown promise as techniques for the development of vaccines against

infectious diseases and several types of cancer since the 2000s. They have been evaluated in multiple studies on the

prophylaxis and treatment of infectious diseases, several types of cancer, and autoimmune diseases. Clinical studies

have demonstrated their potential in terms of safety and immune responses. As prophylactic vaccines in infectious

diseases, clinical trials are still in their early stages, mostly phase I clinical studies, with most trials testing mRNA-based

vaccines for coronavirus disease 2019 (COVID-19) and rabies. Other studied conditions include Zika virus and H10N8

and H7N9 influenza viruses. As therapeutic vaccines for cancer immunotherapy, many mRNA-based vaccines have

proceeded to phase II clinical trials, including those for melanoma, non-small-cell lung carcinoma, and prostate cancer.

Examples of clinical trials and their results are summarized in Table 1.

Table 1. Examples of clinical trials using nanodelivery systems for mRNA-based vaccines.

Disease Target Antigen Route/Nanodelivery
System Type Phase Status/Results Reference

Rabies Rabies virus glycoprotein
IM; ID; protamine

complex
I

(Completed) Produced

boostable neutralizing

antibodies when

administered with a

needle-free device

(spring-powered ID and IM

injectors, carbon dioxide

gas-powered ID injector);

vaccine appeared to be

safe, with no serious

adverse effects except for

a case of temporary

moderate Bell’s palsy

NCT02241135

H10N8 and

H7N9

Influenza

Viruses

Hemagglutinin

glycoprotein from the

H10N8 influenza strain or

the H7N9 influenza strain

IM; ID; lipid

nanoparticles
I

(H10N8 vaccine:

Completed; H7N9

vaccine: Active, not

recruiting). Vaccines

produced a strong

humoral immune response

in healthy adults with no

serious adverse effects

NCT03345043
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Disease Target Antigen Route/Nanodelivery
System Type Phase Status/Results Reference

COVID-19

SARS-CoV-2 spike (S)

glycoprotein

IM; lipid

nanoparticles
I

(Active, not recruiting)

Provoked high levels of

binding and neutralizing

antibodies in younger and

older adults and the

responses were similar

those seen in COVID-19-

recovered patients; no

serious adverse effects

were reported

NCT04283461

SARS-CoV-2 spike (S)

glycoprotein

IM; lipid

nanoparticles
I/II

(Recruiting) No results

posted
NCT04480957

Two vaccines: BNT162b1,

encoding a secreted

trimerized SARS-CoV-2

receptor-binding domain;

BNT162b2, encoding a

prefusion stabilized

membrane-anchored

SARS-CoV-2 full-length

spike

IM; lipid

nanoparticles
I/II

(Recruiting) Both vaccines

stimulated neutralizing

antibodies in younger and

older adults that are

similar or higher than

COVID-19-recovered

patients; BNT162b2 was

associated with less

systemic reactions,

especially in older

participants; no serious

adverse effects were

reported

NCT04368728

Prostate

Cancer

Prostate-specific

membrane antigen,

prostate stem cell antigen,

and six-transmembrane

epithelial antigen of the

prostate 1

ID; protamine

complex
I/IIa

(Terminated) Induction of

CD4+ and CD8+ T-cell

responses; probably

vaccine-related urinary

retention occurred in 3

patients

NCT01817738

Non-small

Cell Lung

Cancer

Non-small cell lung cancer

antigens: New York

esophageal squamous

cell carcinoma (NY-ESO-

1), melanoma antigen

family (MAGE) C1 and

C2, baculoviral inhibitor of

apoptosis repeat-

containing 5, trophoblast

glycoprotein, and mucin-1

antigen

ID; protamine

complex
Ib

(Terminated) Induction of

immune response against

the six encoded antigens;

no vaccine-related serious

adverse effects were

reported

NCT01915524

Melanoma
NY-ESO-1, MAGE-A3,

tyrosinase and TPTE

Intravenous;

lipoplex
I

(Active, not recruiting)

Induction of IFN-α and

strong antigen-specific T-

cell responses
NCT02410733
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mRNA: messenger RNA; ID: intradermal; IM: intramuscular; COVID-19: coronavirus disease 2019; SARS-CoV-2: Severe

acute respiratory syndrome coronavirus 2; IFN-α: interferons-α.

mRNA-based vaccines work by using the host cell’s translation mechanism to produce the relevant antigen and trigger the

adaptive immune response. After entering the cytosol, the cell treats it as an endogenous mRNA and translation starts

instantly (Figure 1) .

Figure 1. Nanodelivery systems protect messenger RNA (mRNA) from degradation and enhance endocytosis and

endosomal escape. mRNA can be loaded into nanodelivery systems for protection from enzymatic degradation. After

administration, mRNA is internalized by dendritic cells through endocytosis followed by endosomal escape. Subsequently,

mRNA is released into the cytosol, which is followed by mRNA translation into antigenic protein by ribosomes. The figure

was created using Biorender.com.

The immune system can also be triggered when extracellular mRNA is recognized by pattern recognition receptors

(PRRs): endosomal membrane-located Toll-like receptors (TLRs 3, 7, and 8) and cytosolic nucleic acid sensors such as

retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) (Figure 2). When activated, PRRs provoke type I interferon

(IFN) responses, which may be strong and negatively affect antigen expression and may cause T-cell exhaustion.

However, the formulation of the vaccine impacts the types of sensors activated. During the in vitro production, mRNA

capping is necessary to be recognized as an endogenous molecule. This could be achieved using cap analogues or

through enzymatic capping. Double-stranded RNAs (dsRNA) resulting from the transcription reaction should be removed

to reduce type I IFN production and enhance antigen expression through high-performance liquid chromatography (HPLC)

or cellulose purification . mRNA vaccines can be divided into two types: conventional mRNA-based vaccines and self-

amplifying mRNA (SAM RNA) vaccines. Conventional mRNA-based vaccines harbor only the antigen gene of interest and

cannot amplify itself, whereas the SAM RNA vaccines each contain an engineered RNA virus genome that comprises the

virus’s non-structural protein genes, which are essential in the RNA replication machinery, and the antigen gene of

interest. After its introduction into the host cell, a SAM vaccine is able to amplify, resulting in replicons that are able to

produce high amounts of the antigen gene. Replicons are unable to produce infectious virions as they lack the structural

protein genes, and thus, cannot spread to the neighboring cells . SAM RNA vaccines are designed to enhance the

extent of protein expression and the induced immune response. The use of mRNA-based vaccines has multiple

advantages over conventional whole-organism, subunit, and DNA-based vaccines, including safety profile, ability to be

rapidly developed, low-cost manufacturing potential, and high potency. mRNA-based vaccines are considered to be

relatively safe as there is no associated risk of infection as experienced with live attenuated vaccines . Additionally,

compared to DNA-based vaccines, there is no need for the mRNA to enter the nucleus; thus, there is no risk of genomic

integration and unpredictable long-term expression is avoided, allowing control of the treatment duration and side effects

. Moreover, mRNA production is cell-free, using in vitro transcription (IVT) methods that highly decrease bacterial

contamination and permit rapid scale-up over a short period and low-cost manufacturing due to the high yields . A new

purification method using cellulose have been developed recently which helps in further reducing the manufacturing costs.
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In comparison to HPLC, this method does not require high-cost equipment, fast, with similar antigen expression and more

mRNA recovery rate in comparison to mRNA--based vaccines purified by HPLC . Thus, mRNA-based vaccines are

good candidates for responding to the COVID-19 pandemic. The design and manufacturing of mRNA-based vaccines on

the clinical scale is possible within weeks when the viral antigen sequence becomes available. For instance, only 42 days

were required for Moderna’s mRNA-1273 (Cambridge, MA, USA) to enter phase I clinical testing after the sequencing of

the full SARS-CoV-2 genome (ClinicalTrials.gov identifier NCT04283461). Recently, mRNA-1273 has entered into phase

III clinical studies (ClinicalTrials.gov identifier NCT04470427).

Figure 2. Different immune responses to messenger RNA (mRNA)-based vaccine nanodelivery systems: The mRNA

delivery system is engulfed into the cell by endocytosis, and Toll-like receptors (TLRs) are activated (1). mRNA is released

into the cytosol (2). mRNA binds to ribosome and translation occurs (3 and 4). Antigenic protein provokes the immune

response through major histocompatibility complex (MHC I or MHC II) presentation (5 and 9). (5) In MHC I presentation,

peptides are produced by proteolysis (6), and CD8+ T cells are stimulated (7 and 8). In MHC II presentation (9), peptides

are produced by endosomal proteolysis (10 and 11), and CD4+ T cells are stimulated (12). Cytosolic sensing of

intracellular mRNA leads to activation of retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and nucleotide-binding

oligomerization domain (NOD)-like receptors (NLRs). Activation of TLRs, RLRs, and NLRs induces the production of type

I interferons (IFNs) (13 and 14). Type I IFNs may have a positive or negative effect on the activation of T cells (as they

could determine the differentiation of antigen-primed CD8  T cells into cytotoxic effectors but may also cause T-cell

exhaustion) (15). The figure was created using Biorender.com.

Until recently, mRNA vaccine applications have been restricted by instability and inefficient in vivo delivery of mRNA

molecules. Their delivery to the cytosol is hindered by the rapid degradation of naked mRNA by ribonuclease and the

negatively charged and high-molecular-weight (10 –10  Da) mRNA molecule, preventing passive diffusion across the cell

membrane . Although local intranodal injection of RNA leads to the effective activation of a specific immune

response , delivery systems are crucial for successful in vivo delivery of mRNA to the site of action and for large-

scale preventive vaccinations.

Ideally, the in vivo delivery system should provide protection against degradation of the mRNA molecule by extracellular

RNAses, facilitate cellular uptake, and target antigen-presenting cells (APCs). Multiple methods have been studied to

enhance mRNA delivery. These include physical methods, viral-based vectors, and non-viral vectors. Physical methods

include using a gene gun and electroporation; both methods have been tested and shown to improve delivery to cells 

. However, physical methods often destroy the cells, making them unsuitable for mRNA delivery . Viral-based

vectors have also been studied as mRNA delivery systems, wherein the genes of adeno-associated viruses are replaced

completely or partially with the gene of interest. A drawback of this method is the risk of genomic integration .

Non-viral victors include nanodelivery systems (Figure 3): lipid-based, polymer-based, and lipid–polymer hybrid

nanoparticles . These are currently the most favored methods for delivering mRNA, as they are

considered safe, stable, and low-cost, and provide highly efficient transfection. They provide the advantage of acting as

delivery systems and as adjuvants. Due to their resemblance to pathogens in size and structure, nanoparticles can induce

immunogenicity by mimicking the natural infection activity. Nanodelivery systems also allow non-invasive mucosal
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administration, targeted immune cell delivery, and controlled delivery, reducing the need for multiple administrations.

Moreover, they allow co-encapsulating with immunostimulators to improve the overall adjuvant capacity . Furthermore,

it was reported that when nanoparticles (of 10–100 nm size) injected into tissue (i.e., through intramuscular, intradermal,

subcutaneous or intraperitoneal) they are readily carried across the lymphatic endothelium by interstitial fluid, but they are

too big to diffuse into the blood circulatory system. These nanoparticles are found to have enhanced lymph node transport

efficiencies which is very important for vaccine developments . Because improved lymphatic transport permits direct

access to dendritic cells in lymphoid node and consequently facilitates the antigen uptake and presentation to B cells

enhancing the antibody-mediated immunity , or to T cells, allowing cell-mediated immunity . More details on the

importance of the nanodelivery systems in the vaccines development have been described in recent reviews .

Figure 3. mRNA-based vaccine nanodelivery systems: (a) lipid-based nanodelivery systems, including lipoplexes and

lipid nanoparticles; (b) polymer-based nanodelivery systems, including polyplexes, micelles, dendrimers, and nanogels;

(c) hybrid-based nanodelivery systems, including cationic nanoemulsions and lipopolyplexes. The figure was generated

using Biorender.com.

2. mRNA-Based Vaccines’ Nanodelivery Systems

2.1. Lipid-Based Nanodelivery Systems

Currently, lipid nanoparticles and lipoplexes are among the most commonly used lipid-based nanodelivery systems for in

vivo delivery of mRNA molecules . The general chemical structure of a cationic lipid consists of a hydrophobic chain

attached to a head group. The chain is a hydrophobic chain that is symmetric or di-symmetric, modified or unmodified,

saturated or unsaturated, and linear or branched. The cationic head group holds a linker molecule that can be cleavable

to enhance biodegradation. The head group usually holds at least one group, for instance, amine, which ionizes and

changes its negative charge to a positive charge at physiological pH. Accordingly, cationic lipids can be complexed with

anionic molecules via electrostatic interactions .

2.2. Polymer-Based Nanodelivery Systems

Diethylaminoethyl (DEAE) dextran is a polycationic derivative of the carbohydrate polymer dextran. It was the first cationic

polymer to be examined as a delivery system for mRNA . Later, it was demonstrated that mRNA transfection through

lipid-based delivery systems is 100 to 1000 times more efficient than DEAE–dextran-based delivery systems . This

finding slowed the advancement of polymer-based delivery systems and promoted the progress of lipid-based delivery

systems for mRNA and other nucleic acids. However, cationic polymers can be considered suitable partners for

noncovalent interactions with nucleic acids, which resulted in satisfactory in vivo transfection. Cationic polymers provide

considerable flexibility in terms of structure modifications and development. Some sequence-defined polymers are

advantageous for demonstrating fine structure–activity relationships. Hence, cationic polymers have attracted substantial

interest as non-viral delivery systems in the area of nucleic acid delivery. In the last few years, many cationic polymers
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have been developed, examined, and used as efficient delivery systems for nucleic acids . However, applications of

cationic polymers as nanodelivery systems for mRNA have not been thoroughly explored compared to pDNA and siRNA;

they have the potential to compete with many well-studied lipid-based delivery systems .

2.3. Hybrid-Based Nanodelivery Systems

The nanodelivery systems for mRNA vaccines may consist of many chemical compounds, including lipids, polymers, and

peptides in one structure for more potent transfection. These nanodelivery systems can be classified as hybrid

nanodelivery systems. These hybrid nanodelivery systems normally integrate the potential advantages of their

constituents and offer more flexibility in comparison with non-hybrid nanodelivery systems .
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