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manufacturing mRNA and selecting innovative delivery 
vehicles are mandatory to address the unresolved issues 
and achieve the full potential of mRNA drugs. Despite the 
substantial efforts made to improve the intracellular delivery 
of mRNA drugs, challenges associated with diverse applica-
tions in different routes still exist. This study examines the 
current progress of mRNA therapeutics and advancements 
in designing biomaterials and delivery strategies, the exist-
ing translational challenges of clinical tractability and the 
prospects of overcoming any challenges related to mRNA.

Keywords Gene therapy · mRNA · Nanotechnology · 
Delivery challenges · Preclinical studies translational 
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Introduction

The growing interest in messenger RNA (mRNA) has 
resulted in a groundbreaking class of potent drugs to tar-
get “undruggable” genes and gene products, generating a 
new paradigm for managing various diseases from cancer 
to COVID-19. In cancer therapy, mRNA shows significant 
therapeutic prospects to restore or replace mutant genes with 
loss of functions in tumor cells. Restoring the expressions of 
undruggable cardinal genes through mRNA exerts signifi-
cant growth suppressive action against cancers cells (Xiao 
et al. 2022). In addition, CRISPR/Cas9 mRNA also adds 
a new dimension to cancer gene therapy which facilitates 
the specific inactivation of overexpressed gene responsible 
for tumorigenesis through site-specific targeted genome 
editing (Zhang et al. 2022a, b, c). Messenger RNA, a natu-
ral biomolecule, is an intermediary for translating genetic 
information from genes into a functional protein. It is not a 
permanent genetic molecule nor a stable, functional product. 

Abstract Messenger RNA (mRNA) recently emerged as 
an appealing alternative to treat and prevent diseases rang-
ing from cancer and Alzheimer’s disease to COVID-19 with 
significant clinical outputs. The in vitro-transcribed mRNA 
has been engineered to mimic the structure of natural mRNA 
for vaccination, cancer immunotherapy and protein replace-
ment therapy. In past decades, significant progress has been 
noticed in unveiling the molecular pathways of mRNA, 
controlling its translatability and stability, and its evolu-
tionary defense mechanism. However, numerous unsolved 
structural, biological, and technical difficulties hamper the 
successful implementation of systemic delivery of mRNA 
for safer human consumption. Advances in designing and 
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Unique features of the mRNA, such as adaptability and its 
transient nature, give tremendous hope to patients as com-
prehensive therapeutic applications in vaccination, protein 
replacement therapies, and cancer treatment compared to 
most existing drugs (Hajj and Whitehead 2017). The recipi-
ents’ immune system can be quickly trained recognize and 
kill tumors with the help of mRNA. The study of mRNA 
began with its discovery in 1961 (Brenner et al. 1961), 
enabling the unveiling of mRNA’s structural and biologi-
cal function, its molecular path of translation and metabolic 
pathways, and its role in protein synthesis. In the early 70 s, 
several groups attempted to deliver naked mRNA directly 
using different methods to translate it into a target protein in 
different cell lines (Lane et al. 1971; de Maeyer-Guignard 
et al. 1972; Furusawa et al. 1974; Loyter et al. 1975; Stacey 
and Allfrey 1976). Subsequently, in 1978, the first success-
ful translation of rabbit globin mRNA into mouse spleen 
lymphocytes using unilamellar liposomes were reported 
(Dimitriadis 1978). Many unresolved issues remain despite 
successfully translating the isolated mRNA into a pro-
tein. Immunogenicity, biological instability, poor cellular 
internalization, and production costs slowed down mRNA 
therapeutics’ clinical application. In 1990, the first preclini-
cal study of in vitro-transcribed (IVT) mRNA in a mouse 
model was reported as the first step of mRNA therapeutic 
development (Wolff et al. 1990). Five years later, the mRNA 
polynucleotide vaccine was developed and exerted a notable 
immune response against the tumor-associated carcinoem-
bryonic antigen (CEA) and reduced tumor growth (Conry 
et al. 1995). Consequently, in 1999, mRNA-transfected den-
dritic cells (DCs) were brought into phase I clinical trials for 
renal and prostate cancer management (Gilboa and Vieweg 
2004). Since then, mRNA therapeutics and innovative deliv-
ery methods and vehicles have shown tremendous potential 
for preventing and treating multiple types of cancer (Sahin 
et al. 2014; Uchida et al. 2016; Oberli et al. 2017).

Structurally, mRNA is composed of a 5’ cap structure, 
5’ UTR (untranslated region), coding region, and 3’ UTR 
and a poly-A tail. The 5’ cap structure comprising 7-methyl 
guanosine (m7G) is involved in the initiation of translation. 
This element binds with the eukaryotic translation initia-
tion factor 4E (EIF4E), nuclear mRNA export, and stabili-
zation of mRNA by escaping from exonuclease degradation 
and innate immune attack (Sonenberg and Gingras 1998; 
Calero et al. 2002; Parent a Bisaillon 2006; Anderson et al. 
2010; Li and Kiledjian 2010; Tavernier et al. 2011). The 
poly-A tail contains 100–250 adenosine residues at the 3’ 
end of mRNA in eukaryotic cells, responsible for expe-
diting nuclear export, translation, and mRNA stability. It 
also impacts the splicing and post-transcriptional processes 
(Lewis et al. 1995; Wickens et al. 1997; Neugebauer 2002; 
Calvo and Manley 2003; Karikó et al. 2004; Proudfoot 2004; 
Goldstrohm and Wickens 2008; McIvor 2011; Andries et al. 

2013). The untranslated regions at the 5’ and 3’ ends are the 
non-coding region of mRNAs that do not directly involve 
protein synthesis. It plays a vital role in mRNA stabilization, 
ribosome recruitment, starting of codon choice, and protein 
expression level (Mignone et al. 2002; Gebauer and Hentze 
2004; Hinnebusch et al. 2016; Mayr 2017; Leppek et al. 
2018; Xiong et al. 2018). The CAP and poly-A tail structures 
of in vitro transcribed (IVT) mRNA are tuned to facilitate 
the biological properties of mRNA therapeutics (Peng and 
Schoenberg 2005; Mockey et al. 2006; Grudzien-Nogalska 
et al. 2007; Kowalska et al. 2008, 2014; Jemielity et al. 2010; 
Kuhn et al. 2010). Since the discovery of mRNA, scientists 
have struggled to boost mRNA’s translatability and stability 
to maximize control over specific therapeutic applications.

To an extent, the augmented translation, adequate bio-
logical stability, and less immunogenic activity of mRNA 
are achieved by modifying the untranslated (UTRs) regions, 
cap structure, coding regions, and poly-A tail of the mRNA 
structure (Jemielity et al. 2010; Anderson et al. 2011; Stren-
kowska et al. 2016). Previous studies on structural modi-
fication of IVT-mRNA substituted uridine residues with 
N-methyl pseudouridine (TriLink). This element increased 
translation of encoded protein in the spleen at significantly 
low doses (0.015 mg/kg) and was less immunogenic in 
mouse models (Karikó et al. 2008). The modified mRNA 
could not trigger the Toll-like receptors (TLRs) (Karikó 
et al. 2005), lowering the secretion of IFN-α and thus dis-
playing comparatively higher stability and suppression of 
immune responses than unmodified mRNA. In addition, 
naked mRNA in systemic circulation encountered several 
factors, such as RNase degradation, RES clearance, cellular 
internalization, and release of mRNA from delivery vehi-
cles into target cell cytoplasm that limits the efficiency of 
mRNA drugs. Bypassing these extracellular and intracellular 
barriers of mRNA after systemic administration to reach 
the target cell cytoplasm remains the major obstacle, espe-
cially for broader clinical applications. In order to function 
in preclinical and clinical studies, naked mRNA therapeutics 
must be furnished with a delivery vehicle for valuable clini-
cal output. Although many viral and non-viral carriers have 
been used to transport IVT-mRNA in clinical and preclinical 
studies (Zohra et al. 2009; Guan and Rosenecker 2017), ideal 
and safer delivery materials have not been identified. There-
fore, areas of concern, such as biological half-life, specific 
delivery of mRNA, and its complex pharmacology, must be 
clarified to propel the systemic application of mRNA for 
fighting cancer.

With the fast-track development of engineered mRNA 
and mRNA vaccines to manage the SARS-CoV-2 outbreak 
in 2019, mRNA therapeutics is booming. In December 2020, 
the world witnessed the first FDA-approved mRNA drug, the 
Pfizer-BioNTech vaccine BNT162b2 after a record-breaking 
authorization time (Polack et al. 2020). The stunning success 
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of nanoparticle-based mRNA vaccines gave new hope for 
mRNA nanotherapeutics development against cancer., 
biotechnology companies Biotechnology companies like 
Moderna, BioNTech, and CureVac have started developing 
mRNA cancer vaccines. More than 20 mRNA-based cancer 
vaccines have undergone clinical trials to manage different 
malignancies like melanoma, non-small cell lung cancer, 
and colorectal carcinoma (Zhu et al. 2022). For example, 
DCaT–RNA is undergoing the final stage of clinical trials 
(NCT01983748) (Wang et al. 2022). Thus, the advanced 
mRNA technology and massive data from manufacturing 
mRNA-based cancer vaccines and human recipients show 
promise for the application of mRNA for tumor treatment.

In this study, the researchers explore the various 
approaches in mRNA therapeutics development and the 
progress in mRNA delivery technologies. The anomalies of 
the commercial development of nanoparticles (NPs)-based 
mRNA drugs and the key challenges that impact the rapid 
succession in clinical trials are also highlighted.

Based on Fig. 1, a linearized plasmid DNA template with 
target gene sequence is utilized to synthesize IVT-mRNA. 
The synthesized mRNA consists of CAP 5’ untranslated 
region (UTR), coding region, 3’ untranslated region (UTR) 
and the poly-(A) tail. All of the components of mRNA 
structure regulate the translation efficiency and stability 
of IVT-mRNA. This structure is coupled with transporting 
vehicles through electrostatic interaction to form nanocom-
plexes. After systemic delivery, mRNA-nanocomplexes 

accumulate in the target cell, bypassing extracellular bar-
riers. The IVT-mRNA-nanocomplexes are internalized into 
the cell through endocytosis. The rate of cellular uptake can 
be modulated by modifying the targeting ligands. The new 
internalized mRNA facilitates endosomal escape by disrupt-
ing endosomes and releasing the mRNA into the cytosol. 
The released mRNA is transported to the ribosome, where 
the protein of interest can be translated. In vaccines, the 
antigen encoding of mRNA is transcribed into the desired 
antigen and activates the immune system.

The basic concept of IVT‑mRNA pharmacology

Extensive research on mRNA therapeutics enables a rea-
sonably straightforward procedure for in vitro transcription 
in the laboratory. Therapeutic mRNA produced by the IVT 
method aims to synthesize specific functional proteins to 
halt the disease progression by propagating a robust immune 
response or improving the expression of a specific gene 
(Baptista et al. 2021). The mRNA synthesis starts from a 
DNA template (a linearized plasmid vector, PCR product 
and double-stranded oligonucleotide). The DNA template 
contains an RNA polymerase-specific promoter derived 
from T7, T3, or SP6 bacteriophages, with the intended 
sequence for the specific protein of interest (Fig. 1). The T7 
or SP6 RNA polymerase traverses from the DNA template 
strand 3’ to 5’ end. It produces mRNA molecules in the 5’ 
to 3’ direction in the presence of ribonucleotide triphosphate 

Fig. 1  Schematic representation of basic IVT-mRNA pharmacology
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(Pardi et al. 2013, 2018; Sahin et al. 2014; Weissman 2015;). 
In addition, a 7-methyl guanosine cap is incorporated into 
the IVT reaction with an enzyme for augmenting the trans-
lation and stability of mRNA. Finally, the DNA template 
is removed through DNase digestion and purified by con-
ventional nucleic acid isolation methods, such as lithium 
chloride precipitation or column-based purification.

IVT mRNA can be delivered in-vivo, either naked or with 
delivery vehicles. Several approaches have been used to 
deliver naked synthetic mRNA, including (i) direct delivery 
via the intramuscular or intratracheal route, (ii) in vivo elec-
troporation, and (iii) gene gun-triggered delivery (Fleeton 
et al. 2001; Kofler et al. 2004; Johansson et al. 2012; Mays 
et al. 2013; Cu et al. 2013; Zeyer et al. 2016). In addition, 
multiple delivery vehicles, including lipid NPs, polymeric 
NPs, and hybrid inorganic–organic NPs, enhance the deliv-
ery efficiency of mRNA. In general, two primary modali-
ties are known to treat multiple types of cancer using IVT 
mRNA. The first is ex vivo delivery of IVT mRNA where 
blood cells are collected from the patient, isolated, and trans-
fected in a cell culture dish to express a tumor-associated 
antigen into collected patient cells. These transfected cells 
are then returned to the patient to attack cancer cells. This 
method is widely used for T-cell- and dendritic cell (DC)-
based cancer immunotherapy (Pardi et al. 2018; Mukalel 
et al. 2019). The other method is the systemic delivery of 
mRNA by intradermal, intravenous or intramuscular routes. 
This method increases the expression of cancer-limiting 
genes. Upon IVT-mRNA administration, the substance will 
face a series of hurdles in systemic circulation. With high-
density negative surface charges and a size three to four 
times larger than the molecules capable of diffusing across 
the cell membrane (Yin et al. 2014; McNamara et al. 2015; 
Ramamoorth and Narvekar 2015; Kowalski et al. 2019). Sin-
gle-stranded mRNAs are policed by a mononuclear phago-
cyte system (MPS) and repulsed by a negatively charged cell 
membrane, resulting in, respectively, pre-mature degradation 
and poor cellular uptake with a rate of less than 1 in 1000 
molecules (Sahin et al. 2014).

Several delivery vehicles have improved the stability in 
systemic circulation and facilitate mRNA cellular penetra-
tion. After extravasation from the extracellular space, IVT 
mRNA must be released from delivery vehicles into the cell 
cytoplasm, the initial pharmacodynamics compartment of 
IVT mRNA. The intercalation of vectors into endosomal 
membranes through membrane disruption or membrane per-
meability releases therapeutic mRNA (Vaidyanathan et al. 
2016a, b). The released mRNA is subsequently transported 
to the ribosome, a tiny protein-synthesizing machine and 
binds the ribosomal complex. Translation begins with the 
scanning of the mRNA sequence from the 5’ to 3’ direction 
by the ribosomal complex (Fig. 1). This process is followed 
with the recognition of the start codon where transfer RNA 

(tRNA) brings amino acids for pairing and linking together 
to elongate the peptide chain until a termination codon is 
reached. The synthesized protein undergoes post-transcrip-
tional modifications and is translocated to the desired cell 
compartment within the host cell or neighboring/distant cel-
lular organs to modulate target gene expression.

Benefits and shortcomings of using mRNAs vaccines 
and therapeutics

The remarkable advancement in mRNA technology facili-
tates clinical opportunities for mRNA therapeutics in vac-
cination, protein replacement therapy, regenerative medi-
cine, cellular reprogramming, and genomic editing. mRNA 
has several unique features appealing to researchers. First, 
it does not integrate into the host cell’s genome, a common 
problem in viral-based vaccines and DNA therapies. There-
fore, there is no risk of insertional mutagenesis. Second, 
mRNA does not need to enter the nucleus to function at an 
optimal level since it gets translated into the cytosol, other 
DNA therapies which require nuclear envelope breakdown 
during cell division to access the nucleus (Sahin et al. 2014). 
Third, mRNA has a transient effect on cells. Normal physi-
ological pathways destroy it once it has served its purpose, 
allowing better control over pharmacokinetics and dosage 
(Petsch et al. 2012). Finally, it reduces the risk of inducing 
tolerance (Pollard et al. 2013). Since the proteins are manu-
factured in the host cells, there are no protein aggregations or 
impurities from cell culture except for mRNA manufacture 
(Sahin et al. 2014). The manufacturing process of mRNA is 
inexpensive, with a high reaction yield. It also has a better 
safety profile, as the manufacturing process requires no toxic 
reagents and involves only cellular or animal components. 
The ability of mRNA to be manufactured and scaled rapidly 
makes it an ideal tool for tackling potential pandemics (Bahl 
et al. 2017). Protein replacement therapies can avoid the 
cold chain logistics associated with protein products since 
the mRNA can be stored in lyophilized form (Kwon et al. 
2018). In particular, large-scale cell-based protein produc-
tion through traditional recombinant technology has some 
intrinsic drawbacks like manufacturing facilities, quality 
control, and cold chain infrastructure for transportation and 
long-term storage. These shortcomings of protein products 
employed for protein replacement therapy can be easily over-
come by utilizing messenger RNA therapeutics. mRNA has 
additional features specific to regenerative medicine, for 
example, engineering stem cells by inducing the production 
of homing proteins. Since mRNA expression is transient, 
this provides an additional advantage over DNA treatment 
or surface modification with proteins which could have side 
effects due to the permanence of the procedure and disrup-
tion of the cell surface membrane (Kauffman et al. 2016). 
mRNA induces pluripotency and avoids residual expression 
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of transgenes encountered with viral vectors from insertional 
mutagenesis. The transient activity of mRNA also makes it 
suitable for gene editing without undesirable and prolonged 
expression of nucleases due to the risk of nonspecific edit-
ing (Sahin et al. 2014). Despite the advantages of using 
mRNA to develop vaccines and therapeutics, several limi-
tations must be addressed to improve the effectiveness of 
these treatments. First, the volume of RNA needed to induce 
a therapeutic outcome, particularly in protein replacement 
therapy, is difficult to determine (Sahin et al. 2014). Second, 
IVT mRNA can stimulate the immune system and function 
as an intrinsic adjuvant. This feature is excellent for mRNA 
vaccines, although undesirable for protein replacement 
applications.

As for vaccines, IVT mRNA only stimulates CD8 + T 
cells through cell-mediated immunity without activating 
CD4 + cells, leading to a less effective immune response. 
However, a recent study shows that the mRNA vaccine 
can stimulate CD4 + T cells (Painter et al. 2021). It is also 
challenging to find an adjuvant that will not interfere with 
mRNA uptake (Pollard et al. 2013). mRNA has a short 
half-life in vivo due to nucleases in the blood and pattern 
recognition receptors. It is also more sensitive to oxida-
tion than DNA (Brito et al. 2015). Therefore, many mRNA 
treatments require a delivery system. Translation of mRNA 
treatments to clinical use has been challenging, with clinical 
trials showing modest results compared to expectations from 
preclinical testing (Pollard et al. 2013; Pardi et al. 2018). 
Further, there are still supply limitations to consider. While 
all the supplies needed for mRNA manufacturing are obtain-
able at GMP standards, some are only available at a limited 
scale or high cost (Pardi et al. 2018).

Commonly used delivery vehicles are lipids, polymers, 
peptides, and hybrid inorganic and organic nanoparticles. 
The mRNA lies at the core of the nanoparticles or adsorbed 
onto the surface of carriers surrounded by lipid shells. Nega-
tively charged mRNA forms complex nanocarriers through 
electrostatic interaction.

Design of nanocarriers for vectoring mRNA 
therapeutics

Purpose of transporting vehicles

Nanomedicine has revolutionized the management of many 
diseases like cancer. The benefits include improved phar-
macodynamics, pharmacokinetic and safer toxicity profiles. 
Nanoparticles (NPs) ranging from 1 to 100 nm are assem-
bled with several therapeutics like small molecular drugs, 
nucleic acids, proteins, and peptides for sustained and tar-
geted drug delivery (Karim et al. 2017, 2018; Ramasamy 
et al. 2017, 2019; Ruttala et al. 2018; Jahan et al. 2021). 
Additionally, theranostic NPs added a new feature and are 

being extensively studied for traceable drug delivery sys-
tems, molecular imaging, and tracking intracellular pro-
cesses (Thangam et al. 2022; Zhang et al. 2022a, b, c). 
Structurally NPs possess uniform smaller sizes, large sur-
face-to-volume ratios, and tunable surface functionalization 
properties. This feature offers less uneven bio-distribution, 
improves encapsulation of more drugs and nucleic acids, and 
facilitates controlled drug release and efficient intracellular 
delivery. However, the rate of successful translation from 
bench to bedside remains very low despite an increasing 
number of preclinical studies. Several biological, pharma-
ceutical, and translational barriers, such as the design of 
scalable transporters, lack of efficacy in human trials, and 
clinical safety profiles are considered the root causes of 
failure in clinical trials. Therefore, mRNA therapeutics is a 
promising alternative to plasmid DNA-based gene therapy.

Further, mRNA is large  (103–105 nucleotides), negatively 
charged, hydrophilic in nature, and susceptible to nuclease-
mediated degradation, resulting in a short blood half-life and 
limiting the cellular entry of mRNA into the target cell. In 
order to navigate these barriers, it is obligatory to equip the 
mRNA with a transporter to protect it from enzymatic deg-
radation in the systemic circulation, avoid immune detection, 
and lessen the non-specific interactions with serum proteins. 
It also helps bypass the cell membrane and release the pay-
load from delivery vehicles for subsequent translation with-
out activating any immune response. Recent studies indicate 
a wide variety of NPs, including lipid and lipid derivatives, 
polymers, proteins, inorganic materials, and hybrid particles 
for the delivery of mRNA (Fig. 2). These NPs show favora-
ble pharmacokinetics and potent pharmacological effects 
against multiple chronic diseases (Ramasamy et al. 2021). 
The composition and selection of NPs for mRNA thera-
peutics ensure stability and transfection efficiency. mRNA 
triggers endosomal escape, prevents immune activation and 
provides clinically translatable NPs-based mRNA drugs.

Liposomes

Among the non-viral vectors, liposomes are the mainstay 
of IVT-mRNA delivery. Liposomes are spherical vesicles 
comprising monolamellar or multilamellar phospholipid 
bilayers enclosing an aqueous core to house therapeutics 
of interest. Preliminary, cationic lipids, such as DOTMA 
(1,2-di-O-octadecyl-3-trimethylammonium-propane), 
DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) 
and zwitterionic DOPE (1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine) that formed lipoplexes with IVT-mRNA 
through electrostatic interactions used alone or in combina-
tion with other materials to deliver the mRNA (Torchilin 
2005). In preclinical studies, cationic liposomes showed 
comparatively low transfection efficiency compared to their 
viral counterparts. Its efficacy, stability, and transfection 
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efficiency improved through condensed protamine and 
mRNA into nano-sized conjugates. This feature protects 
against biological degradation (Palamà et al. 2015a, b). Men 
et al. (2018) attempted delivery of vesicular stomatitis virus 
matrix protein (VSVMP) encoding mRNA with liposome-
protamine complex to induce apoptosis in colon cancer cells. 
The liposome prepared from DOTAP and cholesterol (1:1, 
mol/mol) complexed with protamine cationic liposome–pro-
tamine complex (CLPP) for improved stability in systemic 
circulation and efficient delivery of mRNA into the target 
site showed a higher expression level of reporter gene EGFP 
(Enhanced green fluorescent protein) after 24 h of transfec-
tion in 293t and C26 cells.

In the C26 colon cancer mouse model, the CLPP/VSVMP 
mRNA complex treated mouse showed an elevated level of 
VSVMP mRNA with no severe metastases in the abdominal 
cavity and a notable reduction of tumor growth. The struc-
ture had a 61.6% growth inhibition rate against C26 colon 
cancer cells compared to the control group. The intratumoral 
injection of CLPP/VSVMP mRNA triggered apoptosis and 
angiogenesis inhibition without any toxicity (Kauffman et al. 
2016; Men et al. 2018; Palza et al. 2019).

Similarly, Zhang et  al. (2019a, b, c) used liposome-
protamine complex (CLPP) coupled with mRNA encoding 
survivin-T34A gene to evaluate and compare the anticancer 
efficacy with plasmid DNA counterpart against colon cancer. 
The CLPP bound with mRNA through electronic interac-
tion and condensed to nano-sized particles with a particle 
diameter of 186.1 ± 3.1 nm exerted considerable transfec-
tion efficiencies of 24.6 ± 1.5% and 40.3 ± 1.6% after 24 and 
48 h of post-transfection in C26 cells. Enhanced cytotoxic 
effects were found, with an inhibition rate beyond 58% com-
pared to the plasmid DNA treated group. The metastasis and 
tumor regression studies of CLPP/mSur-T34A, complex in 
a subcutaneous C26 colon carcinoma model showed lesser 
metastasis in the abdominal and pulmonary regions. The 
structures augmented antitumor efficacies after local and 
intravenous administration compared to plasmid DNA with-
out any changes in major organs (Zhang et al. 2019a, b, c).

Apart from protamine, several other transfection agents 
have been deployed to improve the transfection efficiency 
of the liposome-mRNA complex. Recent modified lipo-
some-mediated mRNA delivery progressed tremendously 
in antigen-specific vaccines for cancer immunotherapy due 

Fig. 2  Major delivery platforms for IVT-mRNA transportation
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to higher transfection efficiency and self-adjuvant effects. 
Such successful exploration led to commercially viable 
lipid-based transfection agents, including Lipofectamine 
(Invitrogen) and Trans-IT (Mirus), for the delivery of mRNA 
in vitro and in vivo (Hajj and Whitehead 2017). These 
modifications increase biological stability and translation 
efficiency, reduces mRNA’s immunogenicity and enable the 
full potential of antigen-specific mRNA vaccines. Although 
liposome-based transfecting agents showed promising trans-
fection efficacy in vitro, they exerted significant toxicity, 
such as liver damage and inflammatory responses in animal 
model studies (Karikó et al. 2008).

Arya et al. (2020) introduced another cationic liposome-
based transfecting agent InstantFECT. The structure deliv-
ered pseudouridine-modified mRNA encoding the mel-
anoma-associated antigen with a simple and translatable 
protocol. Further, the mRNA condensed into cationic lipo-
some-based transfecting agents InstantFECT through elec-
trostatic interactions (Arya et al. 2020). The results indicate 
a higher expression of GFP with a transfection efficiency of 
37–42% in HEK cells observed beyond 96 h of the luciferase 
mRNA InstantFECT nanocomplex injection. This finding is 
the highest luciferase activity compared to the application 
of commercial liposome and Trans-IT (Mirus) in animal 
model studies. Highly penetrable InstantFECT nanocomplex 
with modified OVA mRNA showed remarkable regression 
of tumor and long-term prophylactic action of mice against 
B16-OVA melanoma, indicating a strong T cell response 
against OVA through maturing dendritic cells. The long sur-
vival rate and no toxicity of mice receiving therapeutic and 
prophylactic pseudouridine-modified mRNA-InstantFECT 
nanocomplex represent a wide range of safety profiles in 
animal model studies (Arya et al. 2020).

Dendritic cells (DCs) are the principal elements in insti-
gating, processing and regulating antigen specific immune 
responses regarding a state of activation or tolerance. DCs 
are the most robust antigen-presenting cells that mediate 
antitumor responses through the uptake of tumor-derived 
particles and activation of CD8 + T cell responses (Nagy 
et al. 2021; Sasaki et al. 2022). These unique features of DCs 
extensively studied for the clinical application of mRNA 
cancer vaccines places them at the forefront of the cancer 
management. Despite the excellent immune response of 
liposomes-based neoantigen-specific mRNA vaccines 
in many clinical studies, the delivery efficiency and the 
immune response of dendritic cells (DCs) vaccines must be 
maximized (Zhang et al. 2018, 2020a, b). The author found 
biocompatible cholesterol-modified antimicrobial peptide-
based immune adjuvant DP7 to boost the immune responses 
of mRNA-based vaccines. The DOTAP/DP7-C increased 
the transfection efficiency of encoded mRNA into DCs and 
facilitated the expression of eGFP mRNA into 293 T cells. 
The higher penetrating efficiency of DP7-C allowed more 

liposome-loaded neoantigen mRNA into DCs through cave-
olin and clathrin-dependent pathways (Zhang et al. 2018). 
This finding resulted in significant antitumor effects and 
observable preventive anti-proliferative actions in an animal 
model study. The dual action of DP7-C mediates improved 
mRNA delivery and DC activation by TLRs signaling path-
ways. Therefore, antigen-specific cytotoxic T lymphocyte 
reactions induced a higher immune response and elicited a 
superior antitumor efficacy by DOTAP/DP7-C/ neoantigen 
mRNA DC vaccine (Zhang et al. 2020a, b).

The delivery of mRNA biologics for correcting the 
altered protein function in the brain is a potential para-
digm to mitigate the progression of neurological disorders. 
The most common delivery methods and technologies for 
mRNA transport, i.e., ex-vivo delivery and systemic route, 
are more challenging and strenuous, expensive in synthe-
sis, with bypass harsh biological barriers. Moreover, spe-
cific intranasal delivery of mRNA to the brain is required as 
systemic delivery results in lower therapeutic doses (Jogani 
et al. 2007; Sousa et al. 2019). mRNA therapeutics for Alz-
heimer’s, Parkinson’s, and frontotemporal lobar degenera-
tion (FTLD) have not been established (Wolfe 2014; Singh 
et al. 2019). However, Dhaliwal et al. (2020) successfully 
delivered protein therapeutics into the brain using nontoxic 
liposomes (GDNF) (Migliore et al. 2010, 2014) or liposomes 
in the gel system (BDNF AntagoNAT Oligonucleotides) 
(Pawar et al. 2018). Later, the authors developed cationic 
liposome-based mRNA complexes delivered through the 
nasal route for brain-specific delivery (Dhaliwal et al. 2020). 
The intranasal delivery of GFP-mRNA/Liposomes transfers 
mRNA into the brain’s trigeminal nerve pathways (Yadav 
et al. 2015). It bypasses the blood–brain barrier (BBB) 
and hepatic first-pass metabolism. This process results in a 
unique GFP-mRNA expression in the brain up to 24 h with 
minimal systemic exposure (Yadav et al. 2015).

Lipid nanoparticles (LNPs)

Though cationic lipids are promising in mRNA delivery, 
they have shortcomings, such as instability in systemic cir-
culation and immunogenicity. For example, intravenously 
administered cationic liposomes cause liver damage, exert 
strong interferon-γ triggered inflammatory responses, and 
are neutralized by serum anionic opsonin proteins (Cherng 
et al. 1996; Uzgün et al. 2011). Therefore, cationic lipids 
must be redeveloped in lipid nanoparticles (LNPs) to 
increase stability, biocompatibility, and transfection effi-
ciency. Generally, LNPs comprise ionizable lipids, cationic 
lipids, or polymeric materials. This structure releases the 
cargo inside the cytoplasm through the proton sponge effect 
(Huotari and Helenius 2011). LNPs include zwitterionic 
lipids (e.g., 1, 2-dioleoyl-sn-glycero-3-phosphoethanola-
mine [DOPE]), cholesterol, and PEG. Helper lipids (DOPE) 
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comprise lipid resemble and cell membranes. These struc-
tures promote fusion with the cell membrane, accelerating 
cellular internalization and endosomal release. Simultane-
ously, cholesterol fills the gap between lipids within the lipo-
somal membrane to stabilize the LNP (Li and Szoka 2007). 
To increase systemic stability, PEG reduces opsonization 
by serum opsonins and reticuloendothelial system (RES) 
clearance.. Further, the efficacy of LNPs relies on the ratio 
of ionizable lipids: helper lipids: cholesterol, and PEG con-
stituents. Pardi et. al (2015) evaluated the kinetics and pat-
tern of Luc-mRNA expression upon intravenous, and other 
injection doses of 0.005–0.250 mg/kg nucleoside-modified 
mRNA conjugating LNPs. Mice receiving 5.0 µg of mRNA-
LNPs complexes via the intravenous route showed the high-
est translation of encoded protein in the liver, represented by 
the strongest bioluminescent signal and amount of protein 
produced up to 24 h post-injection (Pardi et al. 2015). How-
ever, intramuscular and intradermal injections prolonged 
mice’s active translation of encoded protein. The variation 
in expression pattern, duration of protein translation, and 
the amount of produced protein of mRNA-LNP complexes 
at different routes turn on the dose, available potential target 
cells at the injection site, trafficking of mRNA therapeutics 
to the target cells, cellular uptake pattern, and turnover rate 
of intended protein into the site of action.

In addition, extensive research identified new LNP 
mRNA carriers by studying the structure–activity relation-
ship of existing LNPs to maximize the delivery of mRNA 
in different human conditions (Pardi et al. 2015). Classi-
cal orthogonal experimental design has been utilized to 
identify critical determinants and the effects of transforma-
tion within the parent structure on delivery efficiency. The 
magnitude and efficiency of LLN (lipid-like nanoparticles) 
based mRNA transfection improved by modifying the core 
structure, linkers, and lipid chain length (Love et al. 2010; 
Dong et al. 2014). Li et al. (2015) observed a new derivative 
of N1, N3, N5–tris (2-aminoethyl) benzene-1, 3, 5-tri car-
boxamide (TT) derived LLNs influenced by their previous 
success on the delivery of siRNA in animal models (Zhang 
et al. 2013; Li et al. 2015). A classical orthogonal array 
assay was performed to select the best formulations from the 
possible 256 yields based on their physicochemical proper-
ties, entrapment efficiency, and transfection efficiency. The 
higher delivery efficiency of 350 times optimized TT3 LLNs 
is attributed to higher transfection of Luc-mRNA in a human 
hepatoma cell line (Hep3B cells). The level of hFIX (a blood 
clotting factor) protein reinstated to its average physiologi-
cal value after intravenous injection of optimized O-TT3 
LLNs conjugated mRNA encoding human factor IX (hFIX) 
in FIX-knockout mice (Li et al. 2015). In another study, the 
authors found that rearrangement in structural conformation 
in the main core of LLNs resulted in improved stability and 
more efficient mRNA delivery to the target cell. By studying 

the structure–activity relationship (SAR) of LLNs and a 
new optimized O-TNT-b10, LLNs have been developed by 
exchanging hydroxyl and amino groups and modifying car-
bon chain length, which increased mRNA delivery efficiency 
ten times more than unmodified LLNs. The lead LLNs in 
mice showed significant translation and expression of lucif-
erase in the liver and spleen. This finding is without any 
histopathological changes in the morphology of significant 
organs (Li et al. 2016). In addition, the therapeutic efficacy 
of LNP-based mRNA can be improved by a combinational 
therapy with chemotherapy drugs against aggressive thera-
peutic targets lacking Triple-negative breast cancer (TNBC). 
For example, Zhang et al. (2019a, b, c) combined classical 
chemotherapeutic drugs paclitaxel with amino lipid nano-
particles (PAL) through an ester bond and p53 mRNA to 
form PAL P53 mRNA NPs. The sorted analogs of amino 
lipids exerted better stability, encapsulation efficiency, and 
release profile of installed paclitaxel. The paclitaxel and 
p53 mRNA interacted with antitumor action in an ortho-
topic TNBC model with an extended median survival time 
(Zhang et al. 2019a, b, c).

On the other hand, in cancer immunotherapy, the induc-
tion of a robust cytotoxic T cell response through the syn-
thesis of intracellular antigens is the crucial determinant 
factor in exploiting the immune system for cancer man-
agement. Several research groups targeted specifically 
expressed tumor-associated antigens to regulate cytotoxic 
T Cells (CTLs) or cluster of differentiation 8 (CD 8) T cells 
responses (Melief et al. 2015; Palucka & Coussens 2016) 
to reduce the tumor burden. Subcutaneous administration 
of B-11 conjugated mRNA encoding OVA, tumor-associ-
ated antigens gp100 and TRP2 showed a potent immune 
response, and heightened CD 8 T cells’ proliferation caused 
significant antitumor action in the mice model. Accordingly, 
the effects of individual components and the ratio of lipid 
nanoparticles on mRNA transfection, CD 8 T cell level and 
inflammatory responses optimized LNP formulations B-11 
in the delivery of mRNA vaccines (Oberli et al. 2017). Over-
all, remarkable survival was achieved by overcoming self-
tolerance in a transgenic mouse melanoma model (Oberli 
et al. 2017).

mRNA endosomal escape after endocytosis into the target 
tumor cell cytoplasm limits successful mRNA transfection. 
It is strongly desirable to release the conjugated mRNA at 
the early endosomal stage to get quick therapeutic responses 
and prevent drug loss inside the cell cytoplasm. Previous 
studies applied different pH-dependent cleavable agents or 
pH-responsive nanomaterials. These structures accelerate 
endosomal membrane disruption or destabilization in an 
acidic pH (Karim et al. 2019). Further, structural motifs of 
LNP amino lipids determined their stability, cellular perme-
ability, endosomal release and tolerance (Sabnis et al. 2018). 
New LNP particles were optimized with a rational chemistry 
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approach by replacing the linoleic tail with a primary 
ester-containing lipid tail. Lipid 5-based LNPs increased 
the fusogenicity and promoted endosomal maturation and 
destabilization. The improved mRNA cytosol achieved effi-
cient, extended luciferase mRNA and human erythropoietin 
(hEPO) expressions. The translational feasibility of the opti-
mized mRNA system for clinical trials was examined on 
non-human primates. Favorable pharmacokinetics without 
elevation of immunological markers existed in Cynomolgus 
monkeys (Sabnis et al. 2018).

Polymer nanoparticles

Cationic polymer condenses the negatively charged mRNA 
into nanoplexes and shuttles across the target cellular or 
subcellular membrane. In the past, cationic polymers have 
successfully transported nucleic acids. Their application 
as mRNA vehicles is also on the rise. Compared to lipid 
vectors, polymers are not as clinically advanced. However, 
their chemical diversity, structural flexibility, and scalable 
synthesis procedure make them appealing mRNA carriers in 
protein replacement and vaccine applications. Linear poly-
ethylenimine (l-PEI) and poly-N,Ndimethylaminoethylmet
hacrylate P(DMAEMA) were also observed. The composi-
tion constituted copolymer oligo (ethylene glycol), methyl 
ether methacrylate (OEGMA), and N,N-dimethyl aminoethyl 
methacrylate (DMAEMA). Strong pDNA and siRNA deliv-
ery capabilities existed (Cherng et al. 1996; Uzgün et al. 
2010). A lower ratio of N/P = 10 of linear polyethyleneimine 
(l-PEI) produces a comparatively highest expression of Luc-
mRNA on bronchial epithelial cells (Uzgün et al. 2011).

However, to some extent, poly (ethyleneimine) (PEI) is 
ineffective in the delivery of mRNA therapeutics (Debus 
et  al. 2010; Rejman et  al. 2010). Triblock copolymers 
(DPE1) make cationic dimethyl aminoethyl methacrylate 
(DMAEMA) the core for mRNA binding. Systemic stability 
and quick endosomal mRNA release also improve (Cheng 
et al. 2012). The lead DPE1 applied reversible addition-
fragmentation chain transfer (RAFT) polymerization that 
can transfect GFP in two immune cell lines, RAW 264.7 
macrophages (77%) and DC2.4 dendritic cells (50%), along 
with an elevated level of antigen-specific T cells activation 
(Cheng et al. 2012). A series of polymer brush nanoparti-
cles composed of amino and hydroxyl groups incorporated 
polymer backbone with alkyl brushes at the tail (Dong et al. 
2016). The structure–activity relationship of polymer brush 
materials showed TarN3C10 with a higher amino group 
(N3), the tartrate sugar, and fewer alkyl tails (C10) modu-
late the delivery efficiency of mRNA. Moreover, intrave-
nous administration of TarN3C10 conjugated erythropoietin 
(EPO) mRNA at a dose of 0.3 mg/kg resulted in a 1000 
times higher EPO expression. It also induced luciferase 

expression in the liver and spleen (1000 fold) with a well-
tolerated safety profile in mice (Dong et al. 2016).

Alternatively, PCL nanoparticles increase the colloidal 
stability in the systemic circulation, cellular internalization, 
and endosomal release (Bhavsar and Amiji 2008). For exam-
ple, the FDA-approved polymer poly (ε-caprolactone) (PCL) 
nanoparticles that deliver GFP mRNA-protamine complex 
showed a significant GFP expression in NIH 3T3 fibroblasts, 
HeLa cells and MG63 osteoblasts cells. The PCL NPs syn-
thesized by the emulsion-diffusion-evaporation method with 
a diameter of 247.43 nm had a higher loading efficiency and 
stability from their hydrophilic PCL core and PVA compos-
ite shell. Moreover, arginine-rich peptide protamine protects 
mRNA degradation inside the cell cytoplasm. The buffering 
capacity of multicationic protamine triggers mRNA release 
that mediates prolonged expressions of GFP in different cell 
lines (Palamà et al. 2015a, b). Other PCL nanoparticles for 
mRNA delivery include poly (β-amino ester) co-poly (cap-
rolactone) terpolymers. Poly (β-amino ester)s (PBAEs) were 
screened from a library based on physicochemical properties 
and delivery efficiency (Anderson et al. 2003; Sunshine et al. 
2012). The authors applied a premixing protocol to construct 
a PCL-based PBAE-mRNA complex. Three formulations of 
C1 intravenous injection doses (0.5, 0.25, and 0.125 mg  kg−1 
mRNA) were administered. The novel PCL-based PBAE 
had materials with controlled properties and tolerability. 
The structure introduced efficient luciferase mRNA in mice 
spleen without elevated liver enzymes (Capasso Palmiero 
2018).

Besides adequate stability of polymeric nanoparticles-
mRNA complexes in blood, selective delivery to target cell 
cytoplasm could be another vital issue. The targeted delivery 
may reduce the off-distribution-triggered systemic toxicity 
drug loss, thereby lowering the overall treatment cost (Jahan 
et al. 2021). Cancer cells often increase with overexpression 
of some specific receptors as targets for ligand-decorated 
targeted delivery. Chen et al. (2017) reported cRGD ligand 
decorated multilayered polymeric nanoparticles cRGD-PEG/
PNIPAM-PLys (SH) for selective delivery of mRNA to tar-
get tumor cells through systemic route. PLys crosslinked 
with mRNA in a redox-responsive disulfide linkage to fab-
ricate the nanosized structure. Thermo-responsive PNIPAM 
(poly (N-isopropyl acrylamide)) translocated palisade moi-
ety to the shell. This action formed an intermediate barrier 
between PLys and PEG at physiological temperature to boost 
protection against enzymatic degradation. The intravenous 
injection of cRGD-PEG/PNIPAM-PLys(SH) encoded GFP 
(10 mg in 200 mL of 10 mM HEPES containing 150 mM 
NaCl) in  aVb3 and  aVb5 integrins overexpressed U87 tumors 
in mice. Exerted extended half-lives in the bloodstream 
augmented tumor deposition and an observable higher GFP 
expression than other experimental groups (Chen et  al. 
2017).
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Recently, a group of researchers engineered cationic poly 
(β-amino ester) (PbAE) polymers functionalized with Di-
mannose moieties via polyglutamic acid (PGA) linker to 
target macrophages. Several M1-polarizing transcription 
factors, interferon regulatory factor 5 (IRF5), and activat-
ing kinase (IKKβ) encoded mRNA associated NPs were 
delivered to different mouse models. This process causes 
the reverse transition of M2 (pro-tumoral) to M1 (antitu-
moral) in Tumor-associated macrophages (TAMs) cells for 
antitumor immunity (Zhang et al. 2019a, b, c). Infusions 
of Di-mannose coated mRNAs encoding IRF5/IKKβ based 
NPs were made in three animal models; advanced-stage 
ovarian cancer, metastatic melanoma, and glioblastoma. 
The results indicate improvised macrophage targeting and 
lower M2-like macrophages in tumor lesions. This finding 
significantly delays tumor progression by boosting immu-
nosuppressive action. A successful anti-cancer strategy, 
either alone or in combination with current immunothera-
pies, would be a potential anticancer paradigm in cancer 
management (Zhang et al. 2019a, b, c). The combinato-
rial testing of 480 modified functional polyesters involved 
amine-A17-modified polyester nanoparticles with higher 
translatability and stability. This process is based on the 
transfection efficiency of luciferase mRNA in IGROV1 
ovarian cancer cells (Yan et al. 2017). Furthermore, the 
optimized polyester particles were functionalized with 5% 
triblock copolymer PEO101 − PPO56 − PEO101 (F127) 
to improve biological stability by escaping protein corona 
formation onto the surface of nanoparticles. Their systemic 
administration (20 μg Luc mRNA) induced 30-fold higher 
luciferase transfection in mouse lungs, proving the credibil-
ity of 5% F127 for specific mRNA delivery to the lungs (Yan 
et al. 2017).

Hybrid NPs

With substantial success in preclinical and clinical studies, 
liposomes and polymeric NPs are the first-line nanocarri-
ers for mRNA delivery. Despite their success, they have 
shortcomings like toxicity, instability in a harsh biological 
environment, and endosomal escape inside the cell. Several 
groups have proposed a hybrid composite of lipid, polymer, 
inorganic nanoparticles, or peptide molecules to overcome 
the challenges by exploiting the benefits of an individual 
carrier. The developed hybrid nanoparticles reduce the 
toxicity of existing vectors and increase the transfection 
efficiency of the desired protein. For example, a com-
bined system of PEGylated cationic polymer histidylated 
polylysine and L-histidine-(N,N-di-n-hexadecylamine) 
ethylamide cationic liposomes (lipopolyplexes) delivers 
human melanoma MART1 (MelanA) antigen and signifi-
cantly delays progression of B16 melanoma after systemic 
administration in a mouse. The synergic pH-dependent 

release effects of histidylated cationic polymer and lipids 
promote the rapid release of encoded mRNA inside the 
acidic compartment of early endosomes. This process pro-
duces adequate cytotoxic T lymphocytes (CTLs) for antitu-
mor immunity (Mockey et al. 2007). The authors modified 
PEGylated cationic histidylated polylysine and L-histidine-
(N,N-di-n-hexadecylamine) ethylamide cationic liposomes 
(lipopolyplexes) with 11 mol % β-D-mannopyranosyl-N-
dodecylhexadecanamide (Man-lipid) injections in the lipo-
some formulation. This process produced mannosylated 
liposomes (Man11-Lip100) to induce DCs transfection and 
therapeutic potency of MART-1 mRNA-loaded vaccines. 
The degree and magnitudes of splenic DCs (CD11c + cells) 
expressing EGFP triggered by EGFP Man11-LPR100 were 
four times greater than non-mannosylated liposomes after 
intravenous administration. The mannose moiety could 
improve the liposomal stability in the systemic circulation 
and mannose receptor-mediated augmented cellular entry 
resulted in increased DCs expression and antitumor immu-
nity obtained by intravenous injection of MART-1 Man11-
LPR100 (Perche et al. 2011).

Zohra et al. (2007; 2009) studied the core mechanism 
and significance of hybrid organic and inorganic nanopar-
ticles and improved gene delivery with high expression 
efficiency. They developed the world’s first pH-responsive 
inorganic carbonate apatite nanoparticles. Carbonate apa-
tite coated with DOTAP-mRNA complexes produced hybrid 
inorganic–organic nanomaterials. This structure resolves 
cationic liposomes deficiencies. Endocytosis occurs in the 
acidic environment of the endosome and releases mRNA 
through endosomal destabilization. The proton sponge effect 
has efficient and comparatively higher transfection of Luc-
mRNA than pDNA (Zohra et al. 2007; 2009). The authors 
also combined the surface of DOTAP-Carbonate apatite 
complexes with fibronectin to enhance specific targeting 
and overall transgene expression in mammalian cells. The 
addition of fibronectin shifted the surface charge from posi-
tive to slightly negative. The movement reduces non-specific 
interaction with serum proteins in the bloodstream by lower-
ing the non-specific bio-distribution of nanoparticles inside 
the body. Fibronectin coated DOTAP-carbonate apatite com-
plexes binds integrin receptors overexpressed in cancer cells. 
The structure allows more cellular entry and exerts superior 
expression of Luc-mRNA (almost two-fold higher than non-
functionalized apatite complexes) (Zohra et al. 2012).

Other authors tested pH-responsive biodegradable poly 
(β-amino ester) (PBAE) enveloped with a phospholipid 
bilayer (lipid-enveloped poly-1) NPs for cytosolic delivery 
of mRNA-based vaccines (Su et al. 2011). Introducing a 
lipid shell to the polycationic core increased the surface 
stability and reduced the toxicity of cationic polymer by 
protecting it from serum interactions. Intranasal delivery 
of lipid-enveloped poly-1 NP-encoded luciferase mRNA 
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offered the best duration effect. Elicited consistently and 
with stronger luminescence signal, the effects were main-
tained even 12 h after post-injection compared to naked 
mRNA. It has been hypothesized that lipopolyplexes extend 
the biological half-lives. The charged polymeric backbone 
underwent acidification and increased osmotic pressure dis-
rupting the endosomal membrane. The rupture of endosomal 
membrane at an early stage resulted in a quicker release of 
adequate mRNA in the target cell cytoplasm. This process 
improved the overall transfection efficiency of the encoded 
protein (Su et al. 2011). Another variant of pH-responsive 
hybrid nanoparticles, Oligoalkylamine-based cationic pol-
ymers, and lipids complexes have been used for systemic 
delivery of mRNA (Jarzębińska et al. 2016). A lead C12-(2-
3-2) was selected from a small library generated by tuning 
an alkyl chain and inserting different chain length methylene 
groups between amines having superior buffering capacity 
at acidic pH and adequate stability. Systemic delivery of the 
most effective C12-(2-3-2) carrying mRNA-FLuc mediated 
potent protein expression in the liver of mice, peaking six 
hours post-injection (Jarzębińska et al. 2016).

In addition, a series of nanomicelles variants PAsp 
(DET), PAsp (TEP), and PAsp (TET) were synthesized by 
inserting two, three, or four repeats of aminoethylene units 
in the side chain of block copolymers N-substituted polyas-
partamides. The combination of in PEG-PAsp(TEP)-Chol/
mRNA nanomicelles produced a hydrophobic layer around 
nanomicelles-mRNA complexes, and showed robust stabil-
ity against serum protein anionic macromolecules in blood. 
Systemic administration of mRNA encoding fms-like tyros-
ine kinase 1 (sFlt-1) with PEG-PAsp(TEP)-Chol reduced 
notable vascular density in a mouse model of pancreatic 
adenocarcinoma (Uchida et  al. 2016). The kinetics of 
mRNA transfection in phagocytic and non-phagocytic cells 
by hybrid nanoparticles (LPNs) comprised poly (lactid-co-
glycolid) (PLGA) core surrounded by cationic lipid 1,2-di-
O-octadecenyl-3-trimethylammonium propane (DOTMA). 
Live-cell video microscopy analysis of DC2.4 cells treated 
with hybrid nanoparticles (LPNs) indicated that after 15 min 
of incubation, the NPs associated with the cell surface. The 
protein translation started from one to four hours. Compared 
with cationic polymer chitosan coating PLGA, hybrid nano-
particles (LPNs) showed higher transfected DC.2(80%) and 
A549 cells (60%). This finding is due to higher stability and 
adequate release of encoded mRNA in the cytoplasmic com-
partment (Yasar et al. 2018).

In a recent study, enhanced cancer vaccine potency 
combined different adjuvants with mRNA vaccines. The 
combined effects of activating immune response are highly 
effective and produce a more robust antitumor response 
than a single counterpart. Yang et al. (2019) unified adju-
vants TLR 7 ligands (gardiquimod) with antigen-encoding 
mRNA for efficient stimulation and maturation of cytotoxic 

T cells. Hybrid nanomaterials of poly (lactic-co-glycolic 
acid) (PLGA)-backbone with lipid-shell were constructed 
to facilitate the packaging and delivery of hydrophobic 
nonlipid adjuvants gardiquimod into the system. Adjuvants 
loaded hybrid nanoparticles efficiently produced EGFP 
protein (29.05 ± 1.39%), OVA ovalbumin (OVA)-derived 
MHC I-restricted peptide (SIINFEKL) in DC cells with 
a higher level of DCs maturation markers (CD80, CD86, 
and CD40). In an animal model, adjuvants- hybrid nano-
particles exhibited intensified luciferase expression in the 
mouse spleen. Further, the results showed a more robust 
OVA-specific CD4 + T cell immune response and sig-
nificant tumor growth delay in therapeutic and protective 
models (Yang et al. 2019). On the other hand, αGalCer, 
also known as KRN7000, is an invariant natural killer T 
(iNKT) adjuvants co-delivered with mRNA encoding for 
tyrosinase-related protein 2 (TRP2). A hybrid lipopoly-
plex poly-(β-amino ester) polymer (PbAE) core entrapped 
into a lipid shell composed of multivalent cationic lipid 
(MLV5), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) and DSPE-PEG, termed multi-LP delivered poorly 
hydrophilic α-GalCer adjuvants. Systemic administration 
and vaccination of multi-LP/α-GalCer with TRP2-mRNA 
induced strong tumor growth inhibitory effects. Moreover, 
the potency of mRNA vaccines against poor immunogenic 
and highly aggressive B16-F10 murine melanoma models 
was modified significantly (Guevara et al. 2019).

Polypeptides and cell‑penetrating peptides (CPPs)

Polycationic peptides condense mRNA through elec-
trostatic interaction. This process increases enzymatic 
tolerance and facilitates target tumor cell entry. These 
peptides could lower the risk of unfavorable pharma-
cokinetics and immune-stimulatory properties of mRNA. 
Wang et al. (2012) conducted IVT-mRNA transfection 
through peptides The core Protamine-mRNA conjugates 
were surrounded by PEGylated lipid and functionalized 
with a low molecular weight anisamide (AA). Based 
on the size and transfection efficiency, the optimized 
LPR-6 prolonged the half-lives in a biological system. 
It showed a robust fluorescence signal that improved 
tumor accumulation without elevation of inflammatory 
markers. Highly efficient LPR-6 to transfect GFP in 
H460 cells showed similar trends in a mouse model. It 
induced expression of suicidal gene HSV1-tk/ganciclovir 
(GCV). Therefore, superior tumor retarding effects were 
seen in the H460 xenograft animal model (Wang et al. 
2013). In another example of cell-penetrating peptides, an 
amphipathic RALA motif with the α-helical structure of 
arginine and leucine residues where cationic nitrogen of 
peptides reacts with anionic phosphates of mRNA medi-
ates the expression of encoded mRNA inside the DCs 
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cell. Modified OVA mRNA-RALA nanocomplexes insti-
gate cytolytic T cell responses compared to unmodified 
mRNA complexes. Amphipathic motifs in CPPs showed 
a complete loss of their transfection efficiency. Further, 
outperformed RALA mediated modified mRNA immu-
nization over the classical liposomal-mRNA conjugate 
reduced the type I IFN responses that relieve the blocking 
of cytotoxic T cell responses (Udhayakumar et al. 2017). 
However, Bell et al. (2018) introduced a new CPP vari-
ant, Xentry. This structure penetrates adherent cells and 
delivers macromolecules, including peptides siRNA fused 
with human protamine (XP). The action facilitates the 
transfection efficiency of mRNA in various cell lines. 
Subsequently,, an addition of TLRs (toll-like recep-
tors) antagonist 6-[3-(pyrrolidin-1-yl) propoxy)-2-(4-
(3-(pyrrolidin-1-yl) propoxy) phenyl] benzo[d] oxazole 
(E6446) with XP induced the expression of cystic fibrosis 
transmembrane regulator (CFTR) protein into epithelial 
cells with 5–20 fold reduction of TLR 7 and 9 activations 
than other antagonists chloroquine (CQ) and hydroxy-
chloroquine (HCQ) treating groups (Bell et al. 2018).

Coolen et al. (2019) conducted a comparative study on 
three different CPPs analog RALA, LAH4, and LAH4-L1 
on transfecting DCs and stimulating immune signaling 
responses. Among the variants, LAH4-L1, by replacing 
histidines and leucines, showed notable transfection of an 
encoded mRNA in DC2.4 cells. The structure activated 
innate and immune signaling responses. Poly (lactic acid) 
nanoparticles (PLANPs) vectoring LAH4-L1/mRNA fas-
tened mRNA release after clathrin-mediated endocytosis 
inside the Dc cells. This action occurs through the pro-
tonation of the histidine imidazole groups in LAH4-L1. 
However, the system failed to transfect mRNA expression 
in HEK293 and HeLa cells due to insignificant endocy-
tosis capacities in the two epithelial cells (Coolen et al. 
2019). More recently, He et al. (2021) investigated the 
effect of structural and biophysical differences of pep-
tides vector on mRNA stability and transfection effi-
ciency. Histidine-lysine (HK) peptides, H3K4b and its 
analog H3K(+ H)4b, H3k(+ H)4b, H-H3K(+ H) 4b, 
HH-H3K(+ H)4b, and H4K4b were designed by insert-
ing different histidine motif in the second domain of HK 
peptides. An H3K (+ H)4b had one additional histidine 
incorporated in the terminal branch’s second -HHHK- 
motif. The new structure (H3K4b) exerted superior sta-
bility and cellular internalization. In conjunction with 
liposome (H3K(+ H) 4b-mRNA polyplex), it exerted ten 
times more luciferase expression in MDA-MB-231 cells. 
The authors argued that extra histidine in peptide struc-
ture and conjugation with DOTAP liposome boosts the 
vectoring efficiency of mRNA towards the target cell by 
lowering enzymatic degradation (He et al. 2021).

Virus‑like particles (VLPs)

These molecules are primarily incorporated into the conven-
tional mRNA transporter to halt enzymatic degradation and 
transfection efficiency. For example, in the wide-ranged ther-
apeutic application of cell-penetrating peptides, protamine 
in preclinical and clinical studies was prevented by poor 
delivery efficiency associated with enzymatic degradation 
and low cross-linking capacity. Bacteriophage PP7 virus-
like particles (VLPs) were customized with low molecu-
lar weight protamine (LMWP) for effective intracellular 
delivery of mRNA. The recombinant 2PP7-Protamine-GFP 
VLP can easily be translated into mature protein in mam-
malian cells by inserting the GFP gene between the XbaI and 
BamHI restriction sites (Sun et al. 2016). Jekhmane et al. 
(2017) constructed an artificial viral coat protein having 
well-tolerated transfection efficiency of pDNA and inspected 
their ability to stabilize and translational efficiency of 
mRNA. The artificial triblock viral coat protein, C-S10-K12, 
comprised C-terminal oligolysine (K12) for mRNA con-
densation. Silk-like midblock S10 is the backbone that self-
assembles with mRNA to form rod shape viral-like particles 
and a long hydrophilic random coil polypeptide with a high 
proportion of glycines and prolines for colloidal stability. 
VLPs encapsulate the mRNA with adequate protection 
against enzymatic degradation and yield cellular expres-
sion of green fluorescent protein (EGFP) and luciferase in 
HEK293 cells, although not more than conventional lipo-
some formulation. The data showed disparities that could 
be improved by incorporating rational cellular uptake and 
quick endosomal escape mediating agents (Jekhmane et al. 
2017). Another study examined VSVG-L7Ae VLP synthesis 
combining envelope protein G of Vesicular stomatitis virus 
(VSV-G) and RNA binding protein. L7Ae of Archeoglobus 
fulgidus transported mRNA in hard to transfect cell lines 
and resulted in a significant expression of EGFP in human 
induced pluripotent stem cells (iPS cells) and monocytes. 
Furthermore, the insertion of mRNA into VSVG-L7Ae sig-
nificantly increased through kink-turn motifs. This action 
triggered adequate internalization and transgene expression 
of encoded mRNA compared to bacteriophage MS2-binding 
protein (MS2BP) VSV-G (Zhitnyuk et al. 2018).

Clinical trials with mRNAs

Production of desired therapeutic protein in the human 
body by IVT mRNA drugs is more advantageous than the 
traditional fermentation process of protein manufactur-
ing. Over the last two decades, several clinical investiga-
tions attempted to deliver therapeutic mRNA for cancer 
immunotherapy with ex-vivo immune cell transfection and 
re-infusion. This technique continues to be tested in more 
than 20 clinical trials. Most of these trials use the traditional 



877Scope and challenges of nanoparticle-based mRNA delivery in cancer treatment  

1 3

approach of transferring dendritic cells electroporated with 
antigens relevant to tumor development. However, recent 
clinical trials focus on genomic sequencing to unveil tumor 
antigens specific to patients to develop personalized care 
immunotherapies for brain tumors. Further, T cells are also 
transfected with tumor-targeting CARs to treat cancers, 
including mesothelioma, B cell lymphoma, and B cell leu-
kemia (Hajj and Whitehead 2017).

Besides immunotherapy, numerous mRNA-based protein 
therapies demonstrated significant clinical implications for 
secreted and intracellular proteins (Table 1). In phase I tri-
als, Moderna developed mRNA targeting the OX40-binding 
partner (OX40L), a tumor necrosis factor receptor (TNFR) 
family member, and TNF superfamily that mediates the acti-
vation of CD4 and CD8 T cells, in addition to other lympho-
cytes and non-lymphocytes (Kowalski et al. 2019). During 
phase II clinical trials, Moderna and its partner AstraZeneca 
examined VEGF mRNA delivery to promote heart regenera-
tion following myocardial infarction. Meanwhile, Translate 
Bio investigated mRNA encoding CFTR delivery (cystic 
fibrosis transmembrane conductance regulator) to the lungs 
via lipid nanoparticles in Phase I/II clinical studies of cystic 
fibrosis. Conry et al. (1995) generated the first mRNA cancer 
vaccine (Conry et al. 1995). Recently, German companies, 
Ethos151 and BioNTech152, are conducting clinical tri-
als of mRNA-based therapies for cystic fibrosis and tumor 
immunotherapy (Kowalski et al. 2019). The process involves 
injecting mRNA coding for carcinoembryonic antigen 
(CEA) into mice muscles. The naked mRNA triggers anti-
tumor adaptive immune responses. Since mRNA degrades 
quickly, clinical efficacy is minimal. Clinical trials utilize 
mRNA in nanosystems delivery for in vivo application. The 
most common are lipids. In an attempt to quickly respond 
to infectious disease outbreaks, lipid nanoparticle–mRNA 
formulations have emerged as an efficient and effective vac-
cine platform (Gómez-Aguado et al. 2020; Gebre et al. 2021; 
Kim et al. 2021). However, the unstable nature and short 
half-life of mRNA warrant detailed examination.

Before the clinical use of lipid nanoparticles, it is impera-
tive to determine safety issues and storage conditions. Sev-
eral cancer vaccines based on lipid nanoparticle–mRNA 
compositions are currently undergoing clinical trials 
(Table 1). For instance, FixVac encodes four non-mutated 
antigens of melanoma, developed with the RNA-LPX for-
mulation. Based on the interim results from the phase I trial 
(NCT02410733), after the sixth immunization, the signifi-
cant improvement in metabolism in the spleen provides evi-
dence of FixVac delivery and immune cell activation. Eight 
immunizations have elicited immunity in approximately 75% 
of patients against one or more antigens linked to cancer, 
with  CD8+ T cells as a vital player in T cell responses (Sahin 
et al. 2020). FixVac’s anticancer activity increases with 
an anti-programmed cell death protein 1 (PD1) antibody, 

leading to a 35% tumor growth inhibition rate in patients 
treated with immune checkpoint inhibitors (Sahin et al. 
2020). In another study, mRNA-4157 encoded 34 neoan-
tigens (NCT03897881) among patients with resected or 
unresectable solid tumors. The results of a phase I study 
(NCT03897881) were analyzed to determine the immuno-
genic properties of mRNA-4157 alone or in conjunction 
with immune checkpoint inhibitors. Following an aver-
age follow-up duration of 8 months, 14 out of 16 patients 
treated with monotherapy remained disease-free throughout 
the study. Overall, 50% of the combination groups (negative 
for human papillomavirus, non-immune checkpoint inhibi-
tor, head and neck squamous cell cancer) responded to the 
therapy and exhibited a 9.8-month median progression-free 
survival (Burris lii 2019).

mRNA immunizations using non-viral vectors are cur-
rently being studied, even though dendritic cells (DC)-based 
therapeutics still represent most mRNA immunizations. 
T-cell activation was observed in patients with gastrointes-
tinal cancer following mRNA immunization with a simi-
lar lipid nanoparticle composition (NCT03480152) (Cafri 
et al. 2020). CureVac, BioNTech, and Moderna announced 
the development of many mRNA formulations with several 
ongoing preclinical and clinical trials (Crommelin et al. 
2021; Kowalski et al. 2019). Other prominent pharmaceuti-
cal companies, including Genentech, Amgen, and Merck, 
have conducted more mRNA vaccine trials (Mullard 2016). 
Moderna’s cytomegalovirus (CMV) vaccine, mRNA-1647, 
includes six mRNAs that encode various viral proteins. Five 
proteins comprise the CMV gH Pentamer complex and the 
herpesvirus glycoprotein (Table 1). BioNTech and Moderna 
have recently studied the delivery of mRNA against the Zika 
virus (Pardi et al. 2017; Richner et al. 2017). Low-dose vac-
cinations can prevent infections caused by viruses. The two 
mRNA vaccines developed for COVID-19, mRNA-1273 
(NCT04470427) (Anderson et al. 2020; Baden et al. 2020) 
and BNT162b2 (NCT04368728) (Polack et al. 2020), have 
been rapidly developed and clinically assessed. Both vac-
cines use ionizable lipid nanoparticles to deliver full-length 
spike proteins encoded by SARS-CoV-2. In clinical trials, 
specific lipid nanoparticle–mRNA vaccine formulations 
are being investigated as influenza vaccines (Brazzoli et al. 
2016; Bahl et al. 2017; Feldman et al. 2019; Perche et al. 
2019) (Table 1). Influenza viruses require haemagglutinin 
as a surface antigen. Previous researchers have completed 
phase I clinical trials with mRNA-1440 and mRNA-1851, 
incorporating lipid nanoparticles and mRNA encoding hae-
magglutinin from the H10N8 and H7N9 influenza viruses, 
respectively (NCT03076385 and NCT03345043 (Bahl et al. 
2017; Feldman et al. 2019). Currently, an antibody against 
Chikungunya virus (CHKV-IgG) is being produced in vivo 
using mRNA-1944, a lipid nanoparticle formulation contain-
ing mRNA (NCT03829384) (Hou et al. 2021). Moderna also 
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intends to conduct two cancer immunotherapy trials, one 
of which will be in conjunction with Merck. In collabora-
tion with Moderna, AstraZeneca has submitted a clinical 
trial application to begin phase I trials employing VEGFA-
encoding mRNA formulations to stimulate angiogenesis in 
heart patients (Ding et al. 2014).

Table 1 shows the clinical trials for mRNA therapies ana-
lyzed in previous studies.

Translational challenges of mRNA

IVT mRNA systemic delivery challenges

Intravenously administered mRNA drugs in systemic circu-
lation face multiple hurdles before reaching target cells. The 
backbone of mRNA is susceptible to quick degradation by 
nuclease enzymes in biological fluids, skin, and blood. On 
the other hand, NPs masking enzymatic degradation in the 
systemic circulation has the potential to access liver cells, 
spleen cells, bone marrow, and RES through fenestrated or 
non-fenestrated capillaries due to their small particle size 
(Wang et al. 2012). Moreover, the NPs-mRNA complex in 
blood encounters opsonin proteins from the physiological 
environment, namely, blood, interstitial fluid, and cellular 
cytoplasm. A new synthetic NP-PC (nanoparticles-protein 
corona) complex is formed and alters the pharmacokinetics 
and bio-distribution pattern of the NPs inside the body. The 
uneven bio-distribution results in unwanted side effects.. An 
additional dose of drugs is required to get optimum thera-
peutic action that increases overall treatment cost. In addi-
tion, specific delivery of NP-mRNAs into the brain, myocar-
dial cells and cancer cells is also facing challenges as they 
have limited accessibility to cross BBB and abnormal tumor 
microenvironments. After the internalization of NP-mRNA 
complex into target cells, the release of mRNA from deliv-
ery cargo at the endosomal stage is another issue that must 
be addressed (Fig. 3). A study revealed a lower endosomal 
escape rate of < 0.01% every 15 min, even at higher cel-
lular uptake of siRNA, more than 100,000 every two hours 
(Dowdy 2017; Juliano 2016; Wittrup et al. 2015). In this 
regard, several research groups have proposed multiple strat-
egies to fasten the release drugs or genetic materials from 
delivery platforms for quick pharmacological responses to 
prevent drug loss inside the cell. Chowdhury (2013) devel-
oped inorganic pH-responsive carbonate apatite nanoparti-
cles protonated with early endosome acidic pH This process 
releases the drug or RNAi therapeutics by disrupting endo-
somal membrane. Vaidyanathan et al. (2016a, b) reported 
a detailed mechanism of cellular uptake pathways of poly-
meric nanoparticle-based DNA into cells and their release 
pattern from the endosome. Cationic polymeric nanoparti-
cles endocytose into the cell by lipid recycling pathways. 
Then, the intercalation of the endosomal membrane releases 

the payloads into the cytosol. This process increases the per-
meability of the endosomal membrane.

GMP compliance

Up-scaling industrial manufacturing is still challenging, 
despite various advantages of mRNA therapeutics, such as 
successful rapid response manufacture and clinical approval 
of COVID-19. Maintaining GMP at the laboratory scale is 
mandatory to bridge the bench-bed gap. The rapid manufac-
ture of IVT mRNA from a plasmid DNA vector involves an 
open reading frame promoter (ORF), UTRs, and poly-A Tail 
with the help of recombinant enzymes and ribonucleotide 
triphosphates (NTPs). However, the rarity of good labora-
tory practices (GLPs), quality of preclinical results, and 
reproducibility hinder regulatory approval and commerciali-
zation of optimized mRNA therapeutics. Every synthetic 
process, from DNA template production to purification, 
should be performed by adopting GLPs at laboratory scales 
for the GMP production of mRNA. The mRNA synthetic 
kits, e.g., plasmid DNA, Enzyme, and NTPs purchased from 
authorized and certified vendors, must be graded clinically 
for a translatable construct.

Based on Fig. 3, the six points must be scrutinized before 
clinical trials. Proper investigation on the selection and 
design of mRNA delivery vehicles lowers the rejection rate 
in clinical settings.

The final IVT mRNA drug constructs must pass a series 
of GMP standard tests, i.e., characterization, mRNA encap-
sulation efficiency, potency, sterility, and stability. Finally, 
the formulated mRNA drugs must be transferred into a ster-
ile vial with an RNases-free storage buffer for prolonged 
use. Overall, the implication of productive mRNA synthesis, 
academic-industrial collaboration, and application of trans-
lational sciences propel the transformation of academically 
discovered therapeutics at a reasonable cost.

Scalability

Another obstacle to overcome for the commercialization 
of mRNA drugs is switching the scalable production of 
mRNA from small laboratory operations to mass commer-
cial production. Unique physicochemical properties, drug 
content, integrity, and batch to batch reproducibility affect 
commercial mRNA drugs (Pascolo 2004; Geall et al. 2013). 
Further, the SOP for synthesizing mRNA and purification 
steps should be optimized by adopting GMPs from regula-
tory authorities. Scientific gaps, technology, physicochemi-
cal characterization, preclinical models, toxicity, and poten-
tial risk in human trials must be assessed. Hence, mRNA 
production is prolific, with approximately  2gl−1 of mRNA 
produced from multi-gram reactions (Pardi et al. 2018). The 
number, extent, rate and kinetics of mRNA translation and 
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the number of targeted cells should be investigated based on 
the type and severity of respective diseases. At the time of 
writing, two nanoparticle-based mRNA vaccines from Pfizer 
and Moderna have been approved, and another 12 clinical 
trials of mRNA-based vaccines are ongoing. The clinical 
results will provide valuable huge human data on dose, effi-
cacy, and toxicity (Verbeke et al. 2021). By capitalizing on 
the scientific data, the selection, design, and manufacture 
of mRNA-based therapeutics can be studied for multiple 
diseases and cancers. Massive data on pharmaceutical tech-
nology, manufacturing, quality control, stability and storage 
of NP-based mRNA vaccine increases mRNA mass produc-
tion through different drug delivery routes. The established 
delivery routes are Intravenous, intraperitoneal, Intranasal, 
subcutaneous, and systemic routes. Different dosages of 

mRNA vaccines are applied through these routes to differ-
ent organs, such as the brain, liver, and lungs.

Regulatory features

Since mRNA therapeutics is still in the infancy stage of 
clinical trials, there are no specific regulatory guidelines 
from the governing body for preclinical and clinical stud-
ies, industrial manufacturing, and post-marketing surveil-
lance studies except for COVID-19 vaccines approved on an 
emergency basis. The diversified therapeutic applications of 
mRNA biologics as prophylaxis in cancer treatment warrant 
more specific regulations from classification to pharmaceu-
tical manufacturing. In this regard, the regulatory frame-
work for commercialization focuses on production, quality 

Fig. 3  Primary translational challenges of IVT mRNA
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control, technologies, and safety of mRNA therapeutics. 
More efforts should be taken to establish detailed guidelines 
by national and international agencies, such as WHO, US-
FDA, and European medicine agencies to select industrial-
grade materials, crucial manufacturing steps, purification 
methods, and potency evaluation. For preclinical and clini-
cal studies, specific rules must be implemented to monitor 
systemic toxicity, potential adverse inflammatory adverse 
effects, dose, and tolerability. A comprehensive regulatory 
guideline should also be established to quantify the mRNA 
encapsulation rate, particle size, distribution of mRNA-NPs 
complex, and thermal stability to ensure batch-to-batch 
reproducibility. Therefore, the consensus from international 
and strategic advisory authorities will provide a roadmap to 
develop and evaluate mRNA-based therapeutics for treating 
cancers and other diseases in the future.

Safety concern

As the prospects of mRNA are appealing in modern pro-
phylactic vaccines, safety profile, and tolerability must be 
strictly maintained. The rapid and cell-free mRNA manu-
facturing steps and its non-integrative nature in cells provide 
additional advantages over conventional pDNA vaccines and 
recombinant proteins. However, systemic administration of 
mRNA induces inflammatory responses by triggering TLR3, 
TLR7, TLR8, Interferon-α, IL-6, and cytokines (Nestle et al. 
2005; Theofilopoulos et al. 2005). Moreover, viral and non-
viral mRNA delivery vectors trigger systemic inflammation 
and activate autoimmune antibodies. These structures also 
have poor and non-specific biodistribution profile and trans-
porter components linked to toxicity. Extracellular mRNA 
causes edema, blood coagulation, and pathological thrombus 
formation by increasing the permeability of endothelial cells 
(Kannemeier et al. 2007; Redzic et al. 2014). Although there 
is massive global demand for the mRNA vaccination pro-
gram, evaluating the safety and immunogenicity profiles of 
mRNA prophylactic and therapeutic applications is advisa-
ble. Nevertheless, more clinical data and documented guide-
lines to assess the safety and toxicity of mRNA drugs will 
be available for the future development of optimal mRNA 
drugs for different treatment purposes.

Shelf‑life and storage conditions

The shelf-life and storage conditions, such as temperature, 
storage buffer, or reagents of finished mRNA drugs, are 
the most critical and unresolved challenges facing mRNA 
manufacturers. At ambient temperature, the efficiency of 
lipid-based mRNA vaccines declined. Therefore, an opti-
mum temperature of -15℃ to -80℃ preserves lipid-based 
mRNA vaccines within their shelf-life during transportation. 
For example, mRNA-1273 from Moderna must be stored 

at − 15 to − 20 °C and BNT162b2 from BioNTech/ Pfizer 
at − 60 °C to − 80 °C for storage (Zhang et al. 2022a, b, c). 
The cold storage temperature of mRNA drugs creates severe 
logistic problems in stockpiling and distribution, particularly 
in countries lacking cold-chain infrastructure. In order to 
resolve the issue, first, an ideal nanoparticle/mRNA com-
plexes stable at ambient temperature should be designed, 
followed by a formulation buffer or cryoprotectant that may 
increase the stability of mRNA drugs for long-term storage.

Future recommendations

Since the first in-vivo mRNA delivery in 1990, mRNA-based 
therapeutics have gained significant attention in biopharma-
ceuticals as a next-generation genetic medicine. The break-
through in NPs-based mRNA vaccines against COVID-19 
has increased the development of mRNA therapies for fight-
ing cancer and other genetic diseases not treated with current 
treatment modalities. mRNA effectively conveys the coded 
message to the target cell. It induces transient protein expres-
sion without the risk of insertional mutagenesis. The success 
and versatility of mRNA therapeutics ranging from cancer 
to COVID-19 are hindered by overriding factors, such as 
biological instability, cellular trafficking, and activation of 
TLR3/7 triggered innate immune system. However, consid-
erable progress has been made in modifying the structural 
features of IVT mRNA. Clinically advanced nanomaterials 
may improve pharmacological actions for selective delivery 
to the target cytoplasm. The significant number of ongoing 
preclinical and clinical studies for a wide range of incur-
able and genetic diseases at the laboratory and industrial 
level indicates a growing interest among the pharmaceuti-
cal industry, sponsors, and policymakers in mRNA drugs. 
The rapid development of NPs-mRNA based COVID-19 
vaccine and ongoing clinical trial at phase 4 may answer 
unresolved issues, such as “unknown risks of nanomedicine 
and how nanoparticles behave inside the body.” However, 
better efforts in each of the following areas should be made 
to improve mRNA drug tolerance, efficacy, and delivery.

mRNA design

The first initiative to select ideal mRNA constructs for cancer 
management is to understand the molecular mechanism of 
cancer development and identify key cancer-causing genes 
responsible for cancer development and metastasis. After 
discovering the respective genes, mRNA could be designed 
to increase the gene expression or induce immune responses 
against the tumor. Secondly, by studying the SAR (Struc-
ture–activity relationship) of IVT mRNA, serial optimiza-
tion and modification within CAP structures, UTRs, poly-A 
tail, and addition of modified bases should be considered 
to develop stable, tolerable next-generation mRNA drugs 
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with maximum translational efficiency. To get quick clinical 
approval, the content of impurities during IVT production, 
standard quality control, and industrial flexible purification 
methods may need to be assured. Moreover, scientists may 
focus on repurposing the same fundamental building block 
of mRNA to treat different diseases simply by changing the 
coding sequence. Finally, more attempts should be required 
to develop the synthetic economic method, improvised man-
ufacturing technology to ensure high yield pharmaceutical 
production of mRNA at a reasonable cost.

Selection of delivery materials

Based on the current scenario, many transporters have been 
tested in preclinical and clinical studies to deliver mRNA 
for cancer treatment. It is not practical to administer naked 
mRNA into the biological system. However, the number 
and rate of clinical approvals are few compared to animal 
studies. Therefore, scientists should focus on the following 
aspects:

(1) Nanocarriers synthesized from FDA-approved materi-
als to propel rapid succession;

(2) The Substantial improvements in viable industrial man-
ufacturing, formulation steps, and biodegradability of 
nanocarriers;

(3) Adequate stability of NPs-mRNA complexes in sys-
temic circulation and the efficient targeting capacity to 
avoid off-target distribution and drug loss;

(4) The mechanistic pathways of cellular internalization 
and release mechanism from delivery cargoes at endo-
somal stages should be clarified as it is fundamental for 
the pharmacological action of drugs;

(5) The dose and toxicity of nanocarriers should be opti-
mized by analyzing data from animal and clinical trials.

By acquiring adequate human data from ongoing clinical 
studies of NPs-based mRNA vaccines and translational sci-
ence to bridge the preclinical and clinical gap, the scientific 
community can introduce next-generation NPs-mRNA drugs 
to eliminate cancer.

Conclusion

mRNA has a unique and transient expression that lowers 
the risk of insertional mutagenesis. Since the discovery of 
in vitro transcribed mRNA, synthetic mRNA has gained 
tremendous interest from different biology, medicine, and 
material science scientists. Diverse applications of mRNA 
therapeutics have revolutionized gene editing, protein 
replacement therapies, cell reprogramming, and immuno-
therapies. Further, substantial progress in mRNA design, 

structure, and chemical modifications overcomes the insta-
bility and immunogenicity of mRNA drugs. Although the 
whole world has witnessed a new era of mRNA vaccines 
to fight against the unprecedented COVID-19 pandemic, 
some key challenges must be addressed for the expansion of 
mRNA technology to treat many genetic diseases like can-
cer. The primary challenge includes discovering reasonable 
and scalable mRNA synthetic procedures compatible with 
existing pharmaceutical technologies. Potent mRNA thera-
peutics depends on clinically translatable mRNA transport-
ers, adequate stability in the systemic circulation, and resolu-
tion of immunogenicity. In conclusion, clinically advanced 
nanomaterials improve mRNA-based nanotherapeutics for 
cancer and neurodegenerative treatment.
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