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A B S T R A C T   

Coronavirus disease (COVID-19) was first reported in December 2019, Hubei Province, China. As on 9th 
December 2021, severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) has affected 266018810 people 
worldwide with 5265092 deaths. The outbreak of COVID-19 pandemic has caused severe public health crisis 
across the world. Nucleic acids have been emerging as potential drugs to treat a variety of diseases. Lipid 
nanoparticles (LNPs) have great potential to deliver nucleic acids including mRNAs. The two mRNA-based 
vaccines namely the BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna) have been given emergency 
use authorization (EUA) by the US-FDA to prevent SARS-CoV-2 caused COVID-19 and the vaccines were 
developed using LNPs. This article focuses on the potential application of LNPs in the development and delivery 
of mRNA vaccines for COVID-19.   

1. COVID-19 

COVID-19 was first reported in December 2019, Hubei Province, 
China [1]. A group of patients with fever, cough, breathing difficulties 
and other symptoms were hospitalized and computed tomography 
scanning of patients showed varied opacities in the lungs when 
compared with images of healthy lungs [2]. Later it was found that the 
disease-causing pathogen has a similar genetic sequence to betacor-
onavirus B lineage and the virus was named as SARS-CoV-2. SARS-CoV-2 
is a positive-sense single stranded RNA virus. It contains an RNA 
genome, four structural proteins namely spike (S), membrane (M), 
nucleocapsid (N) and envelope (E) proteins, and sixteen non-structural 
proteins (Fig. 1). The S protein (crown like) consist of two subunits 
namely S1 and S2 subunits. The S1 subunit contains receptor binding 
domain which binds with host cells’ ACE2 receptors and subsequently 
the S2 subunit catalyses the interaction (fusion) between the envelope of 
the virus and the cell membrane of the host, thus, gains entry into the 
host cells. Inside the cells, the RNA undergoes the process such as 
translation, replication and transcription into vital viral components. 
Finally, the virus is generated, packed and subsequently the viral par-
ticles are released [3–6]. Since the S protein plays a crucial role for 
infection, it can be considered as a main target to prevent and treat 
COVID-19 [7]. 

As on 9th October 2021, SARS-CoV-2 has affected 266018810 people 
worldwide with 5265092 deaths [8]. The COVID-19 pandemic has 

caused severe public health crisis and economic and social disturbance 
worldwide. Significant measures, which includes using personal pro-
tection equipment, wearing masks, maintaining social distancing and 
Emergency Use Authorization (EUA) of drugs, have been taken to avoid 
disease spreading and treatment. But these measures may not be useful 
in long term. Therefore, many vaccines have been developed and their 
safety and efficacy have been evaluated in clinical trials and several 
vaccines got EUA and many are in clinical trials. Nucleic acids have been 
emerging as potential drugs to treat a variety of diseases. Lipid nano-
particles (LNPs) have been studied extensively to deliver a wide range of 
drugs including vaccines. This article focuses on the potential applica-
tion of LNPs in the development and delivery of mRNA vaccines for 
COVID-19. 

2. Vaccines 

Vaccines protect people from various diseases and have transformed 
public health and saved many lives every year. Widespread use of vac-
cine has completely eradicated the smallpox virus infection and reduced 
the incidence of measles, polio as well as other juvenile diseases 
considerably [9]. As per WHO, the current immunization programmes 
save 2 to 3 million lives every year and hence significantly reduce the 
mortality of children less than 5 years old worldwide [10]. A vaccine 
contains an antigen which is derived either from the pathogen or pre-
pared synthetically and the antigens induce immune responses after 
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administration and provide protection against the particular pathogen. 
The effectiveness of a vaccine is determined in clinical trials which relate 
the vaccine antigens’ immune responses to clinical end points such as 
the ability to prevent infection, reduce disease severity or decrease the 
rate of hospitalization [11]. Development of vaccine is a complex pro-
cess with a time period of 10–15 years normally. Clinical trial studies of 
vaccines are costly and requires large sampling size with different eth-
nicities and age groups. Further, monitoring for a longer time is required 
to ensure the efficacy and safety. Fast development and large-scale 
manufacturing of vaccines are highly essential to control outbreaks 
like COVID-19. Therefore, it is important to develop more potent and 
versatile vaccine platforms [12]. Nucleic acid-based vaccines have been 
introduced as an alternative to traditional vaccine approaches. 

3. mRNA vaccines 

In the year 1990, successful production of protein was observed in in 
vitro transcribed (IVT) mRNA injected mice [13]. Even though there are 
issues related to mRNA stability, advances in research especially in drug 
delivery approaches has made mRNA to become a promising approach 
in vaccine development as well as protein replacement therapy. mRNA 
can be expressed in non-dividing cells as it does not require to enter into 
the nucleus. mRNA is transiently active and does not integrate into the 
genome and is safer than viral vectors and DNA [12]. The mRNAs can be 
synthesized in a cell-free system and large-scale manufacturing are easy 
and fast with standardized and controlled conditions [14]. Synthetic 
mRNA has been studied for preventing and treating diseases. The 
structure of synthetic mRNA is same as that of natural mRNA molecule 
[15]. mRNAs are safer when compared with whole viral particles 
because of their non-infectious nature and are transient carriers of in-
formation [16]. mRNAs have self-adjuvanting characteristics as they 
have the ability to bind with toll-like receptor 7 (TLR7) and improve 
cellular immunity [17]. Further, various antigens, cell-signalling factors 
and modulators can be encoded [18]. 

Nucleic acid vaccines contain DNA or mRNA encoding disease spe-
cific antigens and after administration they use the host cells to produce 
immunogens. The immunogens, inside the host cells induces antibody 
production and T-cells activation. mRNA is a transient intermediator 
between genes and proteins. mRNAs have been shown the potential for 
cancer immunotherapies, protein replacement therapies, viral vaccines, 
genome editing and cell reprogramming [19]. The different types of 
mRNA vaccines are non-replicating mRNA, self-amplifying mRNA and 
circular mRNA. Non-replicating mRNA vaccines can use a simple 
structure and shorter length RNA molecule. A modified mRNA can 
significantly increase the biological activity. The modifications of bio-
logical macromolecules control the functional specificity. The 
Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) vaccines use 
pseudouridine modifications to ensure the stability of mRNA [20]. Both 
vaccines contain N1-methyl-pseudouridine-modified mRNA which 

encodes SARS-COVID-19 spike protein. The uridine in the IVT mRNA 
can be replaced with pseudouridine and this replacement can increase 
the RNA stability and decrease anti-RNA immune response [21]. In 
mRNA-LNPs, the mRNA is encapsulated in LNPs. After administration, 
mRNA-LNPs are delivered into the host cells’ cytosol and the mRNA is 
used as template for the synthesis of protein antigen [22]. As the protein 
antigen is generated in the cells after vaccination, the mRNA vaccines 
are able to induce both antibody production and T-cells induction. 
Further after administration, the antigen expression is transient which 
restricts its persistence in the host body [12,23]. Some important vac-
cine candidates for COVID-19 are given in Table 1. 

4. Lipid nanoparticles 

Dr. Alec D. Bangham, British haematologist, was the first person to 
describe about liposomes in the year 1961 at the Babraham Institute in 
Cambridge. G. Gregoriadis, in early 1970s suggested that liposomes can 
be used as a carrier for drug delivery. Liposomes are microscopic vesicles 
made of membrane and the membrane is composed of phospholipid 
bilayers which are similar to that of cell membranes. Liposomes can be 
used to deliver a wide range of substances which include hydrophilic or 
hydrophobic drugs, diagnostic substances, proteins, DNA and RNA. Li-
posomes protect the loaded drug from metabolic enzymes and the bio-
logical environment. The conventional liposomes are easily removed 
from the blood. Therefore, sterically stabilized liposomes (stealth lipo-
somes) have been introduced to avoid easy removal from the blood and 
also to provide favourable pharmacokinetic properties after adminis-
tration by coating the liposomes surface with a hydrophilic substance 
usually a derivative of PEG. Further, the lipid bilayer composition can be 
altered, hence enable them to form complex with genes and to transport 
the loaded drug to the cytosol using endosomal/lysosomal pathway [24, 
25]. Liposome-based formulations were introduced in the market in 
early 1990’s. The term LNPs came into use in early 1990s. LNPs differ 
from liposomes that LNPs form micellar structures within their core and 
the core can be modified by varying the formulation parameters to 
obtain desirable characters [26]. Nanoparticles have been extensively 
studied for the delivery of a wide range of drugs and nucleic acids 
[27–36]. Comparatively LNPs offer some advantages over other nano-
carriers such as more stable and low cost and importantly large-scale 
industrial manufacturing by techniques such as microfluidics. LNPs 
showed comparatively less cytotoxicity and immunogenicity when 
compared with liposomes [37]. LNPs further exhibited high encapsu-
lation efficiency of nucleic acids with increased transfection efficiency 
[38]. A study by Ndeupen et al. in mice showed that LNPs used 
nucleoside-modified mRNA vaccines produced inflammatory responses. 
LNPs produced inflammatory responses after intradermal and intra-
muscular injections which was characterized by neutrophil infiltration, 
activation of varied inflammatory pathways and production of different 
inflammatory cytokines and chemokines [39]. Complexation of nucleic 

Fig. 1. Structure of SARS-CoV-2. 
SARS-CoV-2 is a positive-sense single stranded RNA 
virus. T contains an RNA genome, four structural 
proteins namely spike (S), membrane (M), nucleo-
capsid (N) and envelope (E) proteins, and sixteen 
non-structural proteins. The S protein (crown like) 
consist of two subunits namely S1 and S2 subunits. 
The S1 subunit contains receptor binding domain 
which binds with host cells’ ACE2 receptors and 
subsequently the S2 subunit catalyses the interaction 
(fusion) between the envelope of the virus and the 
cell membrane of the host, thus, gains entry into the 
host cells. Inside the cells, the RNA undergoes the 
process such as translation, replication and tran-
scription into vital viral components. Finally, the 
virus is generated, packed and subsequently the viral 
particles are released [3–6].   
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acids with lipids having positive charge stabilizes the nucleic acids and 
decrease their degradation by nuclease and making them to be delivered 
into the cells. LNPs can be used to deliver a wide variety of drugs and 
nucleic acids such as DNA, mRNA and siRNA. The US FDA approved 
Patisiran (Onpattro®), contains a transthyretin-directed siRNA formu-
lated in LNPs, to treat polyneuropathy caused by hereditary 
transthyretin-mediated amyloidosis [40]. 

5. mRNA-based lipid nanoparticle vaccines for COVID-19 

Effective delivery of mRNA vaccines is a challenge. The positive 
charge and hydrophilic nature of nucleic acids hinder them to diffuse 
across the cell membranes. Degradation due to endogenous nucleases 
and phagocytic uptake further hinders their effective delivery. Hence, 
efficient delivery systems like nanocarriers are required for the effective 
delivery of nucleic acids at cellular level [23]. Several carriers have been 
studied for delivering mRNA which includes polymer derivatives, lipids 
and protein derivatives. The LNPs have been studied in a systematic way 
and successfully used for the delivery of siRNA and mRNA [40–42]. 
Many mRNA encapsulated LNPs are under clinical investigation for 
cancer, viral infections and genetic diseases [19,43]. LNPs composed of 
synthetic cationic lipids are widely used as a nonviral nucleic acid car-
riers. In endosomes, the pH is lower when compared with extracellular 
environment. Therefore, after the process of endocytosis, ionizable 
lipids become protonated and positively charged which may enhance 
destabilization of membrane and helps endosomal escape of LNPs and 
deliver the encapsulated material into the cytosol and there the mRNA is 
translated into antigenic proteins which stimulates the production of 
antibodies by the immune system [19,43,44]. The delivery of nucleic 
acids using LNPs involves adsorption of LNPs on the cell plasma mem-
brane and subsequent uptake into the cell by endocytosis followed by 
nucleic acid release inside the cell. Adsorption of LNPs and their fusion 
with plasma membrane is promoted electrostatically due to the differ-
ence between the charges of cell membrane (negative charge) and the 
LNPs (positive charge). Once the LNPs entered into the cells, the release 
of nucleic acid from the cationic carrier is believed that the LNPs’ charge 
is neutralized by anionic lipids which are present in the cells. This stops 
electrostatic attraction between nucleic acids and lipids and also disrupt 
the structure of NPs resulting in the formation of nonlamellar structure 
[23,45,46]. 

mRNA-LNPs are prepared by rapid mixing generally using micro-
fluidic mixers [3] and one of the commonly used methods is ethanol 
dilution in which the ethanol solution is added to aqueous media which 
results in the formation of nanodroplets [47,48]. This method showed 
significant nucleic acid encapsulation efficiency and the encapsulated 
mRNA molecule is protected from degradation by nuclease enzymes 
[49]. LNPs contain structural lipids generally a phospholipid and 
cholesterol and a PEG-lipid (Fig. 2). The function of these lipids is to 
stabilize the particles, to control their size and provide blood compati-
bility, but it is important to modify their chemical properties and opti-
mize their concentrations for effective mRNA delivery [52–54]. 
Structural modification of cholesterol derivatives increased the cellular 
uptake of LNPs and trafficking by 25-fold [55]. The PEG-lipid affects the 
particle size, prevent aggregation and destabilization and decrease 
adsorption of opsonins on LNPs’ surface hence prevents opsonization 
and RES removal and increase circulation half-life [56–58]. The PEG 
coating may help navigation through viscous media like lung mucous 
[59]. The chemical structure of PEG-lipid, the hydrophilic region and 
the hydrophobic region, influences the size, penetration across lipid 
membranes and immune reactions [59,60]. It is important that the 
structure and concentration of PEG-lipid to be optimized to maintain the 
stealth effect of LNPs [3]. Two mRNA-based vaccines namely the 
Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) have been 
given emergency use authorization (EUA) by the US-FDA to prevent 
SARS-CoV-2 causing COVID-19 disease [61,62]. 

BNT162b2 is a lipid NP-formulated nucleotide-modified RNA vac-
cine which encodes a membrane anchored, perfusion stabilized full 
length SARS-CoV-2 spike protein [63]. The phase I/II trials showed that 
the vaccine was well tolerated in young (18–55 years of age) and older 
(65–85 years of age) adults [64]. The participant groups received two 
doses at a dose level of 10, 20 and 30 μg with a 21-day interval between 
the two doses. The highest neutralization titres were observed on sam-
ples collected on 28th day (7th day after the second dose) or 35th day 
(14th day after the second dose) [64]. The vaccine induced robust CD8+

and T helper type 1 CD4+ cell responses [65]. BNT162b2, at a dose level 
of 30 μg, was advanced to phase II/III clinical trials (NCT04368728) 
[60] and the ongoing trials showed promising results [66]. BNT162b2 
showed partial protection quickly 12 days after the first dose and 
exhibited 95% efficacy after 7 days of second dose [66]. The phase III 
study results suggested that BNT162b2 vaccine is safe and effective 

Table 1 
Some important COVID-19 vaccine candidates (www.clinicaltrials.gov) (Accessed November 1, 2021).  

Candidate Type Clinical trial 
identifier number 

Developer Delivery system 
and No. of doses 

Clinical 
trial status 

Actual 
enrolment 

Estimated study 
completion date 

BNT162b2 mRNA NCT04368728 Pfizer-BioNtech Lipid NPs Phase III 43998 
(estimated) 

May 2, 2023 

NCT04760132 Two (separated by 
3 weeks) 

Phase IV 10000 
(estimated) 

December 31, 
2024 

mRNA-1273 mRNA NCT04470427 Moderna Lipid NPs Phase III 30420 October 27, 2022 
NCT04760132 Two (separated by 

4 weeks) 
Phase IV 10000 

(estimated) 
December 31, 
2024 

ChAdOx1 nCoV-19 Non- replicating 
viral vector 

NCT04400838 AstraZeneca/Oxford 
university 

Two (separated by 
12 weeks) 

Phase II/III 12390 
(estimated) 

December 31, 
2021 

Ad26.COV2.S Non- replicating 
viral vector 

NCT04505722 Janssen Vaccines & 
Prevention B.V. 

One Phase III 44325 January 2, 2023 

Ad5-nCoV Non- replicating 
viral vector 

NCT04526990 CanSino Biologicals Inc. One Phase III 40000 
(estimated) 

January 30, 2022 

Gam-COVID-Vac Non- replicating 
viral vector 

NCT04530396 Gamaleya Research Institute 
of Epidemiology and 
Microbiology 

Two (separated by 
3 weeks) 

Phase III 33758 May 1, 2021 

Adsorbed COVID-19 
(inactivated) vaccine 

Inactivated NCT04456595 Sinovac Life Sciences Co., Ltd. Two (separated by 
2 weeks) 

Phase III 12688 February 2022 
NCT04747821 Phase IV 27711 February 2022 

Inactivated SARS-CoV- 
2 vaccine (Vero cell) 

Inactivated NCT04560881 Sinopharm Two (separated by 
3 weeks) 

Phase III 3000 December 1, 2021 

BBV152 Inactivated NCT04641481 Bharat Biotech International 
Limited 

Two (separated by 
4 weeks) 

Phase III 25800 December 2022 

SARS-CoV-2rS/Matrix- 
M-1 Adjuvant 

Protein subunit NCT04611802 Novavax Two (separated by 
3 weeks) 

Phase III 33000 
(estimated) 

June 30, 2023  
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against COVID-19 and the vaccine has been given EUA by many coun-
tries including the USA and UK [67,68]. 

mRNA-1273 is a lipid NP-formulated mRNA vaccine which encodes 
the perfusion stabilized full length SARS-CoV-2 spike protein [69]. The 
phase I clinical trials showed that the vaccine was well tolerated in 
young (18–55 years of age) and older (56–70 years and 71 years of age 
or older) adults (NCT04283461) [70]. The participant groups received 
two doses at a dose level of 25 and 100 μg with a 28-day interval be-
tween the two doses. The participants group who received 100 μg 
showed higher binding and neutralizing antibody titres when compared 
with participants group who received 25 μg [70]. The vaccine produced 
robust CD4+ type 1 T helper cell responses [3]. The interim results of 
ongoing phase III clinical trials at a dose level of 100 μg with a 28-day 
interval between the two doses showed that the vaccine is 94.1% 
effective [3] and the Moderna (mRNA-1273) vaccine has been given 
EUA by the US-FDA to prevent SARS-CoV-2 caused COVID-19 disease 
[71]. 

Both BNT162b2 and mRNA-1273 are lipid NP-formulated mRNA 
vaccines and contain mRNA encoding the SARS-CoV-2 spike protein and 
once delivered into the cytoplasm, the mRNA is translated into the spike 
protein, which results in producing immune response [37]. The 
composition of LNPs in both vaccines are similar and are ionizable 
cationic lipid, cholesterol, PEGylated lipid and dis-
tearoylphosphatidylcholine (DSPC) [63,71,72]. The ionizable lipid ex-
hibits neutral charge at physiological pH and hence reduce the toxicity 
and helps to release the drug. Further, the interaction between the 
neutral lipids and the blood cell membranes is less, hence improve the 
LNPs’ biocompatibility [44]. At low pH, the ionizable lipid becomes 
positively charged as they are protonated which enables RNA 
complexation. The PEGylated lipid reduces opsonization process hence 
avoid uptake by phagocytes and increase their circulation time in blood. 
Cholesterol and distearoylphosphatidylcholine (DSPC) help to incorpo-
rate the drug into the LNPs [37,63,71,72]. The molar ratios of the 
positively charged lipid:PEGylated lipid:cholesterol:DSPC are 
46.3:1.6:42.7:9.4 and 50:1.5:38.5:10 for the BNT162b2 and 
mRNA-1273 vaccines respectively [37,73]. Before administration, 
BNT162b2 requires thawing and subsequent dilution with saline solu-
tion, but mRNA-1273, after thawing, could be administered directly as it 
is without further dilution with saline solution. The storage conditions of 
BNT162b2 and mRNA-1273 are − 60 to − 80 ◦C and − 15 to − 25 ◦C 
respectively [3]. Table 2 shows the key features of Pfizer-BioNTech 
(BNT162b2) and Moderna (mRNA-1273) vaccines. 

6. Future perspectives 

The introduction of mRNA vaccines has revolutionized the 

development of vaccine because of their rapid development, high 
effectiveness and low-cost manufacturing [12]. But it is difficult to 
transport mRNA vaccines across the plasma membranes. The nucleases 
easily degrade mRNA. Further, the long-term storage of mRNA vaccines 
is a challenge as the half-life decreases with increase in temperature. 
LNPs are one of the successful carriers to deliver mRNA vaccines. It is 

Fig. 2. Structure of lipid nanoparticles and mRNA- 
based lipid nanoparticles. 
A LNP contain an ionizable lipid, a stabilizing agent 
for stability, a phospholipid to stabilize the bilayer 
and PEG. The ionizable lipid allows self-assembly, 
increase the encapsulation of mRNA and helps to 
escape from endosomes. The PEG minimizes LNPs’ 
nonspecific binding to proteins, increases circulation 
time in blood and helps to avoid RES uptake [50,51].   

Table 2 
Key features of Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) vac-
cines [3,51,63,71,72,74,75].  

Key features Pfizer-BioNTech vaccine 
(BNT162b2) 

Moderna vaccine (mRNA-1273) 

mRNA modRNA encoding the viral 
spike glycoprotein of SARS- 
CoV-2 

Synthetic mRNA encoding the 
spike glycoprotein of SARS-Co-V- 
2 

Carrier 
platform 

Lipid nanoparticles Lipid nanoparticles 

Lipids ALC-0315 SM-102 
PEG2000-DMG 
1,2-distearoyl-sn-glycero-3- 
phosphocholine, Cholesterol 

ALC-0159 
DSPC 
Cholesterol 

EUA 
approval 
by FDA 

11th December 2020 18th December 2020 

Dose 0.3 ml containing 30 μg 
vaccine 

0.5 ml containing 100 μg vaccine 

Number of 
injections 

Two injections and second 
dose to be administered after 
21-to-28-day of first dose 

Two injections and second dose 
to be administered after 28-day of 
first dose 

Efficacy 95% against the SARS-CoV 
infection 

94.1% against the SARS-CoV 
infection 

Stability/ 
storage 

− 60 to − 80 ◦C (6 months) − 15 to − 25 ◦C (6 months) 
2–8 ◦C (5 days) 2–8 ◦C (30 days) 

Directions Supplied in the form of frozen 
suspension. 

Supplied in the form of frozen 
suspension 

Must be thawed followed by 
dilution with 1.8 ml of 
preservative free sterile saline 
solution (0.9% w/v). 

Vaccine must be thawed before 
administration. 

The vaccine requires to be 
stored, after dilution, at 
2–25 ◦C and administered 
within 6 h. 

The vaccine requires to be stored, 
after thawing, at 2–25 ◦C and 
administered within 6 h. 

ALC-0315: ((4-hydroxybutyl)azanediyl)bis(hexane6,1-diyl)bis(2-hexyldecanoate). 
ALC-0159: 2[(polyethylene glycol)-2000]-N,N-ditetradecylacetamide. 
DSPC: 1,2-Distearoyl-sn-glycero-3-phosphocholine. 
SM-102: Heptadecan-9-yl 8-((2-hydroxyethyl) (6-oxo-6-(undecyloxy)hexyl)amino) 
octane. 
PEG2000-DMG: 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol 2000. 
modRNA-nucleoside modified messenger RNA. 
EUA- Emergency Use Authorization. 
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beyond doubt that technological advances in LNPs and mRNA drasti-
cally reduced the time required for the development of mRNA-LNPs 
vaccines for COVID-19. The recent successful use of LNPs in the devel-
opment with unparalleled speed of COVID-19 mRNA vaccines with 
effectiveness in disease prevention by BNT162b2 (Pfizer-BioNtech) and 
mRNA-1273 (Moderna) show the potential application of LNPs to 
deliver mRNA-based vaccines. Optimization of IVT mRNA is expected to 
reduce intrinsic immunogenicity and enhance the stability as well as 
translational efficiency [23]. The storage conditions of these vaccines 
(− 60 to − 80 ◦C for Pfizer-BioNTech and − 15 to − 25 ◦C for Moderna 
vaccine) may restrict their use in remote places with inadequate storage 
facilities [23]. Therefore, developing mRNA-LNPs vaccines which don’t 
need ultra-cold/frozen storage conditions would minimize trans-
portation related issues [19]. It has been reported that advanced cancer 
can be treated using artificial intelligence enabled nanomedicines [76]. 
The application of artificial intelligence can be used in the development 
of mRNA-LNPs. Therefore, it is believed that a combination of artificial 
intelligence and LNPs would be very effective for the rapid development 
and delivery of superior mRNA-LNPs vaccines to control outbreaks like 
SARS-CoV-2. 
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