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ABSTRACT
Introduction: The mRNA vaccine technologies have progressed rapidly in recent years. The COVID-19 
pandemic has accelerated the application of mRNA vaccines, with research and development and 
clinical trials underway for many vaccines. Application of the quality by design (QbD) framework to 
mRNA vaccine development and establishing standardized quality control protocols for mRNA vaccines 
are essential for the continued development of high-quality mRNA vaccines.
Areas covered: mRNA vaccines include linear mRNA, self-amplifying mRNA, and circular RNA vaccines. 
This article summarizes the progress of research on quality control of these three types of vaccines and 
presents associated challenges and considerations.
Expert opinion: Although there has been rapid progress in research on linear mRNA vaccines, their 
degradation patterns remain unclear. In addition, standardized assays for key impurities, such as 
residual dsRNA and T7 RNA polymerase, are still lacking. For self-amplifying mRNA vaccines, a key 
focus should be control of stability in vivo and in vitro. For circular RNA vaccines, standardized assays, 
and reference standards for determining degree of circularization should be established and optimized.
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1. Introduction

The mRNA vaccine technologies using lipid nanoparticles 
(LNPs) as delivery system have progressed rapidly in recent 
years. In particular, the COVID-19 pandemic has accelerated 
the application of mRNA vaccines, which has led to revolu
tionary changes in the vaccine industry worldwide [1–5]. The 
2023 Nobel Prize in Physiology or Medicine was awarded to 
Katalin Karikó and Drew Weissman ‘for their discoveries con
cerning nucleoside base modifications that enabled the devel
opment of effective mRNA vaccines against COVID-19’ [6]. 
Multiple mRNA vaccines encoding personalized new antigens 
showing promising results. mRNA technology has also been 
applied in cardiovascular, autoimmunological diseases, and 
rare diseases [7,8]. With continued developments in RNA 
chemistry and vaccinology, self-amplifying mRNA vaccines 
and circular RNA (circRNA) vaccines technologies have also 
demonstrated promising potential [9–13]. A vaccine based 
on self-amplifying mRNA (sa-mRNA) has been approved for 
marketing in Japan [14], and great strides have been made in 
preclinical and clinical trials of circRNA vaccines against 
COVID-19 and melanoma [15,16]. The advantages of mRNA 
vaccines include a short development cycle, rapid manufactur
ing, high clinical efficacy, good immunogenicity, availability 
for a broad group of recipients (not require the addition of 
adjuvants) and no requirement of a manufacturing plant with 

a high biosafety level (not based on live pathogens). The 
mRNA vaccines carry great potential for applications in infec
tious disease prevention and therapeutic vaccines for cancer 
[17–20]. At the same time, there are also some challenges for 
mRNA vaccine, such as the risk of myositis and pericarditis in 
mRNA COVID-19 vaccines, the route of administration and 
targeted delivery [21].

Currently, several mRNA vaccines have been approved for 
marketing (Table 1) and hundreds of mRNA vaccines are 
undergoing clinical trials (Table 2). Due to this rapid develop
ment and application of mRNA vaccine technologies, quality 
control of mRNA vaccines has also become an important topic 
of research. This article discusses the progress of research on 
the quality control of vaccines and presents associated chal
lenges and countermeasures to provide a reference for future 
studies on quality control of mRNA vaccines.

2. Manufacturing processes for mRNA vaccines

2.1. Overview of the manufacturing process for linear 
mRNA vaccines and self-amplifying mRNA (sa-mRNA) 
vaccines

The process of linear mRNA vaccine and sa-mRNA vaccine 
production can be summarized as the preparation of plasmid 
DNA, preparation and purification of the linearized DNA 
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template, in vitro transcription (IVT), mRNA processing and 
modification, mRNA purification, and lipid nanoparticle (LNP) 
encapsulation (Figure 1) [48–50].

2.2. Overview of the manufacturing process for circRNA 
vaccines

The manufacturing process for circRNA vaccines is similar to 
linear mRNA vaccines but requires in vitro transcription of the 
prepared RNA followed by a circularization reaction (Figure 2). 
Compared to the sequence and structure of linear mRNA 
vaccines, the RNA structure of circRNA vaccines is circular 
and lacks a 5′ cap structure, thus relying on the internal 
ribosomal entry site (IRES) to initiate translation. In addition, 
it lacks a 3′ poly (A) tail structure, and its stability is instead 
enhanced by its circular structure [51,52]. Furthermore, 
circRNA vaccines also lack 5′ and 3′ untranslated regions 
(UTRs) but contain self-splicing sequences with group I or 
group II introns to induce circularization of their RNA precur
sors [53,54]. In addition, they can be circularized without such 
sequences using T4 RNA ligase, but this is little used in current 
manufacturing processes [55,56]. Finally, circRNA vaccines cur
rently in development are manufactured without the use of 
modified nucleotides [57].

3. Quality control of mRNA vaccines

3.1. Guidelines related to quality control

In December 2020, the World Health Organization (WHO) 
issued the technical document ‘Evaluation of the quality, 
safety, and efficacy of messenger RNA vaccines for the pre
vention of infectious diseases: Regulatory considerations’ 

(hereinafter referred to as the WHO guidelines), which 
addresses LNP-delivered, activity immunity, linear mRNA and 
sa-mRNA vaccines for the prevention of human infectious 
disease [58]. The guidelines suggest areas of concern and 
regulatory considerations for key factors in vaccine produc
tion, quality control, non-clinical and clinical evaluation, as 
well as specific considerations for the development of multi
valent mRNA vaccines or the modification of existing vaccine 
strains of certain pathogens (e.g. influenza virus or SARS-CoV 
-2), as appropriate. In addition to typical research and devel
opment registration considerations, the guidelines also pro
vide recommendations for the rapid development of 
prioritized vaccines during public health emergencies [58]. In 
February 2022, the United States Pharmacopeia (USP) issued 
the first edition of the ‘Analytical Procedures for mRNA 
Vaccine Quality – Draft Guidelines’ for linear mRNA vaccines 
and self-amplifying mRNA vaccines, which focuses on mRNA 
substances and provides methods for assessing quality attri
butes such as mRNA identity, purity, content, physical condi
tion (integrity), and safety [59].

In April 2023, the second edition of the ‘Analytical 
Procedures for mRNA Vaccine Quality – Draft Guidelines’ 
(hereafter referred to as the second edition of the USP guide
lines) was issued for linear mRNA vaccines and self-amplifying 
mRNA vaccines, which applies to the whole life cycle of the 
entire mRNA vaccine product [59]. Based on the concept of 
quality by design (QbD), characterization and release-testing 
are performed in three major stages: plasmid DNA templates, 
mRNA substances, and mRNA vaccines. Residual T7 RNA poly
merase content was added as a new quality control item, and 
relevant assays for each quality control item were added, such 
as enzyme-linked immunosorbent assay (ELISA) for testing of 
residual dsRNA, high-performance liquid chromatography 
(HPLC) with Corona- charged aerosol detector (CAD) for qua
litative and quantitative testing of the lipid component of 
LNPs [55].

In April 2024, to meet the global need for common quality 
standards for mRNA vaccines across Europe and beyond, the 
European Pharmacopoiea is developing in parallel a series of 
three new general texts, mRNA vaccines for human use (5.36); 
mRNA substances for the production of mRNA vaccines for 
human use (5.39); DNA template for the preparation of mRNA 
substances (5.40), addressing key aspects related to the pro
duction and control of mRNA vaccines and their components, 
with the aim of supporting developers, manufacturers, regu
latory agencies and national control laboratories worldwide 
[60–62].

The Center for Drug Evaluation (CDE) of the National 
Medical Products Administration of China issued the ‘COVID- 
19 Prophylactic Vaccinology Technical Guidelines (Interim)’ 
(hereafter referred to as the CDE guidelines), which guides 
the research and development of mRNA vaccines in emer
gency situations and specifies the current basic requirements 
for this research [63]. These guidelines generally apply only to 
non-self-amplifying mRNA vaccines; for self-amplifying mRNA 
vaccines, corresponding studies based on relevant product 
characteristics and attributes must also be conducted in accor
dance with these guidelines. These include template design; 
construction of plasmids containing the transcriptional 

Article highlights

● mRNA vaccine technologies have progressed rapidly, and COVID-19 
mRNA vaccines have already been approved for marketing. However, 
no guidelines or international reference standards for single-mRNA 
vaccines have yet been issued by the World Health Organization 
(WHO), the European Pharmacopoiea or national regulatory agencies.

● mRNA vaccines include linear mRNA, self-amplifying mRNA, and 
circular RNA vaccines. Different types of vaccines have different 
sequences, structural characteristics, and mechanisms of immunity, 
which must be considered during quality control.

● The degradation patterns of linear mRNA vaccines have not yet been 
elucidated and standardized assays for key impurities, such as resi
dual dsRNA and T7 RNA polymerase, are still lacking. Standardized 
assays and reference standards are required to determine in vitro 
biological activity.

● Since the longer sequence of self-amplifying mRNA vaccines makes 
them more prone to degradation, development of such vaccines 
should focus on controlling stability in vitro and in vivo, as well as 
the effects of nanoparticle morphology and structure on particle size 
determinations. For circular RNA vaccines, specific standardized 
assays, and appropriate quality standards for determining degree of 
circularization should be established.

● Under the quality by design (QbD) framework, investigating the 
effects of critical material properties (CMAs) and critical process 
parameters (CPPs) on the critical quality attributes (CQA) of mRNA 
vaccines and creating the operational design space is a key element 
of mRNA vaccine development.
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templates; manufacturing processes; studies on quality char
acteristics; quality standards; stability studies; studies on the 
origin, selection, and quality standards of the packaging mate
rial in direct contact with the product; and periodic considera
tions for pharmacological development in emergency 
situations, as well as any changes in the process [63]. In 
addition, other relevant technical guidelines issued by the 
WHO and other regulatory agencies should be consulted dur
ing quality control of mRNA vaccines, including non-clinical 
/clinical trials of vaccines, drug manufacturing, drug transpor
tation and storage, vaccine stability studies, and post- 
marketing changes in vaccines [64–72].

3.2. Quality attributes and quality standard 
development

Based on the manufacturing process of linear mRNA vac
cines and sa-mRNA vaccines, the second edition of the USP 
guidelines specifies corresponding test items for the testing 
of plasmid templates, mRNA substances, and mRNA drug 
products, and recommends corresponding analytical meth
ods (Table 3). These should be based on quality attributes 
and analytical methods, stable production of multiple 
batches, and relevant guidelines for establishing quality 
standards.

The circRNA vaccines also require quality control of degree 
of circularization due to the circularization reaction unique to 
their production process, but do not require quality attributes 
such as 5′ capping efficiency and 3′ poly(A) tail length [59]. 
WHO guidelines suggest that quality standards can be rela
tively lenient in the early stages of development and that final 
standards should be based on the results of testing batches 
that have been confirmed safe and effective in clinical trials 
[58]. The CDE guidelines require that vaccines submitted for 
approval for clinical use have preliminary quality standards 
based on process validation data. Risk control analysis should 
be conducted in accordance with relevant guidelines after 
marketing, and complete quality standards should be pro
vided in conjunction with process validation [63].

In 2002, the U.S. Food and Drug Administration (FDA) 
announced the ‘Pharmaceutical Current Good Manufacturing 
Practices (CGMPs) for the 21st Century’ initiative, introducing 
the concept of QbD as a basic tool for new drug development 
and quality control and proposing the use of process analy
tical technology (PAT) for implementation of QbD [73]. Under 
the QbD framework, the development cycle starts with identi
fying patient requirements and using them to define the 
quality target product profile (QTPP). Subsequently, the critical 
quality attributes (CQA) of the product and its scope of use 
and risk assessment are established, integrating both clinical 
and non-clinical data on the safety and efficacy of the product. 
Next, the ranges of the critical process parameters (CPPs) are 
defined based on an understanding of how the manufacturing 
process influences the CQA of the product. Through this pro
duct – process understanding, a mathematical relationship 
between CPP and CQA is established to obtain a model of 
the vaccine production process at an operational level. The 
model is then used to determine the CPP ranges that result in 
the required CQA, from which a design space can be created 
and in which subspaces called normal operating ranges (NOR) 
are defined [73].

A study utilized the design of experiments (DOE) tool in the 
QbD framework to construct an mRNA vaccine platform that 
could produce mRNA vaccines with a polydispersity index 
(PDI) ≤ 0.30 and particle size of 60–180 nm [74]. By evaluating 
the factors affecting the efficacy and safety of mRNA vaccines, 
the QbD framework has been reported to yield a range of 
quality attributes, including RNA sequence integrity, RNA 
sequence accuracy, RNA yield, 5′ capping efficiency, residual 
host cell protein and DNA, residual template DNA, endotoxin, 
post-filtration pH, and salt concentration [75].

3.3. Development and validation of assays

The WHO guidelines require that analytical methods are devel
oped and validated for the identification, purity, and content 
of process-produced purified mRNA, as well as for key quality 
attributes, such as those affecting safety and quality. 

Table 1. mRNA vaccines currently approved for marketing or with emergency use authorization.

Name Vaccine type Target Indication Status
Date of 

approval Company Reference

Comirnaty (BNT162b2) Linear mRNA SARS-CoV-2 
S protein

COVID-19 Approved for marketing 
(FDA)

2021.08.23 Pfizer and BioNTech [22]

Spikevax(mRNA-1237) Linear mRNA SARS-CoV-2 
S protein

COVID-19 Approved for marketing 
(FDA)

2022.01.31 Moderna [23]

COVID-19 mRNA Vaccine 
(containing BA.5 key 
mutations) (SYS6006)

Linear mRNA SARS-CoV-2 
S protein

COVID-19 Emergency use authorization 
(NMPA)

2023.03.22 CSPC [24]

DAICHIRONA(DS-5670) Linear mRNA RBD of SARS- 
CoV-2 spike 
protein

COVID-19 Approved for marketing 
(PMDA)

2023.08.02 Daiichi Sankyo [25]

ARCT-154 sa-mRNA SARS-CoV-2 
S protein

COVID-19 Approved for marketing 
(MHLW)

2023.11.18 CSL/Arcturus 
Therapeutics

[14]

SARS-CoV-2 mRNA Vaccine 
(Omicron XBB.1.5) (RQ3033)

Linear mRNA SARS-CoV-2 
S protein

COVID-19 Emergency use authorization 
(Chinese national 
authorities)

2023.12.01 Fudan University// 
SHANGHAI 
RNACure/Walvax

[26]

Bivalent COVID-19 mRNA vaccine 
(XBB.1.5/BQ.1) (SYS6006.32)

Linear mRNA SARS-CoV-2 
S protein

COVID-19 Emergency use authorization 
(NMPA)

2023.12.01 CSPC [27]

FDA: Food and Drug Administration; PMDA: Pharmaceuticals and Medical Devices Agency; NMPA: National Medical Products Administration; MHLW: Ministry of 
Health, Labor, and Welfare; sa-mRNA: Self-amplifying mRNA. 
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Furthermore, acceptable ranges of items related to methodo
logical validation (e.g. precision) must be defined in accor
dance with these guidelines [58]. The recently issued ICH 
Q14 and Q2 (R2) guidelines suggest that the development 
and validation of analytical methods for biologics based on 
the analytical quality by design (AQbD) framework and the 
product lifecycle concept, including the analytical target pro
file, technology selection, risk assessment, experimental 
design and optimization, method operational design regions, 
and ongoing monitoring, provide a basis for ensuring the 
long-term stability of the assay [76,77]. The CDE guidelines 
require that assay validation data provided at the time of 
submission be able to initially confirm the suitability of the 

assay. For CQA assays (such as encapsulation efficiency, cap
ping efficiency, and potency.), information verifying consis
tency or suitability with the quality control and significance 
in the research and development phase and complete assay 
validation data should be provided at the marketing 
phase [63].

3.4. Vaccine reference standards

WHO guidelines require vaccine manufacturers to establish 
reference standards for assay standardization; use mRNA 
vaccines from engineering-run batches as a reference in 
early development; identify and characterize suitable 

Figure 1. The process of the linear mRNA vaccine and sa-mRNA vaccine productions.

Figure 2. The process of circRNA vaccine productions.
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clinical trial batches for commercial manufacture in 
advanced development; provide information on reference 
standards when applying for marketing authorization; and 
select a suitable batch that has been clinically evaluated 
and fully characterized in terms of its chemical composition, 
purity, and biological activity, as a candidate reference 

material [58]. The CDE guidelines require manufacturers to 
develop reference standards for determination of nucleic 
acid content, purity, and biological activity at the time of 
submission and provide preliminary research data on the 
source, preparation, test results, calibration process, and 
stability studies of the reference standards [63]. To compare 

Table 3. Items and analysis assays for quality control of mRNA and sa-mRNA vaccines.

Quality Attribute Method

Plasmid template testing
Identity Sequence confirmation Sequencing

Restriction map Restriction enzyme analysis with agarose gel electrophoresis
Concentration Plasmid concentration Ultraviolet spectroscopy (UV)
Purity Plasmid purity UV

% supercoiled Capillary electrophoresis (CE) or high-performance liquid chromatography
Residual host RNA High performance liquid chromatography or agarose gel electrophoresis
Residual host DNA template qPCR
Residual protein SDS-PAGE or BCA
Host cell protein ELISA
Residual kanamycin ELISA

Safety Endotoxin USP (85)
Bioburden USP (61)
Sterility USP (71)

Other Appearance USP (1), USP (790)
pH USP (791)

Bulk drug substance testing
Identity mRNA sequence identity confirmation High-throughput sequencing/Sanger sequencing/RT-PCR
Content mRNA concentration qPCR/dPCR/UV
Integrity mRNA integrity Capillary electrophoresis D/capillary gel electrophoresis (CGE) D/agarose gel electrophoresis
Purity 5′ capping efficiency Reversed-phase liquid chromatography-tandem mass spectrometry (RP-LC-MS/MS) D/ion-pair 

reversed-phase high performance liquid chromatography (IP-RP-HPLC)
3′ poly (A) tail length Ion-pair reversed-phase high performance liquid chromatography (IP-RP-HPLC)
Product related impurities – dsRNA ELISpot/ELISA
Product related impurities – aggregate 

quantitation
Size-exclusion high performance liquid chromatography (SEC-HPLC)D

Product related impurities – percentage of 
fragment mRNA

Reversed-phase high performance liquid chromatography (RP-HPLC)D

Process related impurities – residual DNA 
template

qPCR

Process related impurities – quantitation of 
free/non-incorporated nucleosides

Reversed-phase liquid chromatography-tandem mass spectrometry (RP-LC-MS/MS)D

Process related impurities – residual T7 RNA 
polymerase content

ELISA

Potency Target protein expression Cell-based assay
Safety Bacterial endotoxins USP (85)

Bioburden USP (61), USP (62), USP (1115)
Other Appearance USP (790)

Residual solvents USP (460)
pH USP (791)

mRNA vaccine product and release testing
Identity mRNA sequence identity confirmation Sanger sequencing/RT-PCR

Identity of lipids Reversed-phase high performance liquid chromatography with charged aerosol detector (RP- 
HPLC-CAD)

Content mRNA concentration and encapsulation 
efficiency

Fluorescence-based assay

Lipid content Reversed-phase high performance liquid chromatography with charged aerosol detector (RP- 
HPLC-CAD)

Integrity RNA size and integrity Capillary gel electrophoresis (CGE)D

LNP size and polydispersity Dynamic light scattering (DLS)
Purity Product related impurities – aggregate 

quantitation
Size-exclusion high performance liquid chromatography (SEC-HPLC)D

Product related impurities – percentage of 
fragment mRNA

Ion-pair reversed-phase high performance liquid chromatography (IP-RP-HPLC)D

Potency Target protein expression Cell-based assay
Safety Bacterial endotoxins USP (85)

Sterility examination USP (61), USP (62), USP (1115)
Other Appearance USP (790)

Residual solvents USP (460)
Osmolality USP (785)
Subvisible particles USP (787)
Extractable volume USP (1), USP (698)
Container closure integrity USP (1207)
pH USP (791)
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the test results of vaccines from different research institu
tions, international or national reference standards for key 
residual impurities such as double-stranded RNA (dsRNA) 
and T7 RNA polymerase and their biological activities 
in vitro should be developed to standardize and harmonize 
assays for key impurities and potency.

4. Challenges and countermeasures in the quality 
control of linear mRNA vaccines

4.1. Optimization of the defined CQA test method

At present, there are defined test methods for the CQA of 
mRNA vaccines, but some methods still need to be optimized. 
For example, mRNA capping can be completed by the co- 
transcription capping during the IVT process or the enzymatic 
capping after the IVT process. The commonly used Cap analo
gues include ARCA, Cap 0, and Cap 1 structural analogues. The 
existing test methods of cap efficiency are difficult to isolate 
and identify the RNA fragments of different cap analogues 
with high resolution. Thus, it needs to be optimized.

4.2. Applications of the QbD concept

Currently, the application of QbD in vaccine development, 
production, and quality control is less mature than in the 
development of small-molecule drugs [78,79]. To develop an 
mRNA vaccine using the QbD framework, the CQA of the 
finished vaccine should be fully considered during research, 
development, and design of the product, and the product 
should be optimized and improved to enhance its quality. It 
has been reported that the design of the mRNA vaccine 
production process requires a comprehensive understanding 
of the relationship between CQAs, CPPs, and CMAs. The intro
duction of multiple real-time monitoring tools (PAT) in the 
vaccine production process allows real-time monitoring of 
the vaccine CQA to ensure the quality of the finished product, 
thereby accelerating the research, development, production, 
and approval of mRNA vaccines.

The application of QbD and the design of experiments 
(DOE) tool allow the effects of CPPs in the production process 
on CQAs, as well as the design space, to be characterized. In 
addition, new mathematical models of qualitative and quanti
tative methods are integrated to evaluate the direction, 
degree, and characteristics of the effects of CPPs, such as 
nucleotide triphosphate and Mg2+ concentration, T7 RNA 
polymerase concentration, and reaction time on vaccine 
CQA, such as mRNA integrity and sequence accuracy. The 
models can be used to quantify and plot the effects of the 
four CPPs on mRNA yield, thereby yielding the operational 
design space for the mRNA preparation reaction system [75]. 
Bryśkiewicz et al. concluded that the implementation of QbD 
in mRNA-LNP drug product development is closely associated 
with the structure of the delivery system and the main ther
apeutic targets. The quality target product profile (QTTP) of 
LNP formulations for RNA delivery are safety, efficacy and 
pharmaceutical. The CQA include particle size, polydispersity 
index (PDI), encapsulation efficiency, and lipid content. The 
CMA include nitrogen/phosphorus ratio, lipid type, and 

biodegradability. The CPP include temperature, microfluidics, 
and filtration. Since the CQA of these vaccines are determined 
by CMA and CPP, these are used to optimize the design of 
LNPs [80].

4.3. Vaccine potency

Currently, mRNA vaccine potency is mainly evaluated using 
protein expression in vitro cellular assays. However, the com
position of mRNA vaccines is more complex, and factors other 
than protein expression, such as ionizable cationic lipids, may 
affect vaccine immunogenicity. The content of major residual 
impurities also affects the in vivo activity of the vaccine [59]. 
Therefore, developing methodology and standards for in vitro 
potency testing that accurately reflect in vivo vaccine activity 
remains a key bottleneck in quality control. An advantage of 
linear mRNA vaccines is that they substantially activate T cell 
immunity. However, standardization of vaccine-induced T cell 
immunity assays is difficult due to the large number of factors 
influencing the experimental process, which presents a major 
challenge for standardizing the evaluation of mRNA vaccine- 
induced T cell immune responses [81].

4.4. Quality control of key residual impurities

The WHO publication ‘Evaluation of the quality, safety, and 
efficacy of messenger RNA vaccines for the prevention of 
infectious diseases: Regulatory considerations’ recommends 
that testing for residual levels of relevant impurities as part 
of quality control may be reduced or discontinued once pro
duction processes have been adequately validated for their 
suitable removal and production consistency has been 
demonstrated, if agreed upon by the national regulatory 
authority [58]. For the quality control of major residual impu
rities, the development of standardized quality control meth
ods and quality standards should fully consider the production 
process, the biological effects of the impurity, and the effect 
on the body.

Linear mRNA vaccines are produced with different lengths 
and structures of dsRNAs, such as complementary hairpin and 
double-stranded structures. Different dsRNAs activate innate 
immune responses with different characteristics; some dsRNAs 
act as adjuvants, whereas others may induce inflammation 
[82–84]. Currently, ELISA or immunoblotting methods using 
J2/K2 monoclonal antibodies are used to detect residual 
dsRNA. Some studies have reported that dsRNAs of different 
shapes have different binding affinities to J2/K2 monoclonal 
antibodies, which can affect testing accuracy [76]. The second 
edition of the ‘Analytical Procedures for mRNA Vaccine 
Quality – Draft Guidelines’ issued by the USP recommends 
the use of ELISA or immunoblotting methods based on K1/ 
K2 monoclonal antibodies for dsRNA, but its suitability needs 
to be verified [59].

It is therefore necessary to develop and optimize 
a standardized assay for residual dsRNA. Another possibility 
is to develop a cell-based assay for detecting residual dsRNA. It 
may also be possible to elucidate which types of residual 
dsRNA are present in vaccines after the production process is 
established, and then to perform quality control for these 
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dsRNAs. The level of residual dsRNA has been reported to be 
less than 1 ng/μg RNA, but no data from studies using this as 
a quality criterion are currently available [83]. In the second 
edition of the ‘Analytical Procedures for mRNA Vaccine 
Quality – Draft Guidelines’ issued by the USP, ELISA was 
newly added as an assay for quality control detection of 
residual T7 RNA polymerase [59]. The development of stan
dardized assays and reference ranges for the detection of 
residual T7 RNA polymerase should be evaluated.

4.5. Stability

Vaccine stability is crucial for determining the shelf life and 
preservation conditions for the vaccine [85–87]. However, 
mRNA vaccine stability has not been thoroughly studied. The 
WHO publication ‘Evaluation of the quality, safety, and efficacy 
of messenger RNA vaccines for the prevention of infectious 
diseases: Regulatory considerations’ recommends that manu
facturers provide national regulatory agencies with sufficient 
data to demonstrate the stability of the product under sto
rage, distribution, and use conditions [58]. A recent WHO 
Science Council report on mRNA vaccine technology high
lighted that mRNA vaccine stability should be investigated 
under high-temperature conditions [88]. Studies have found 
that oxidation and hydrolysis of the tertiary amine groups of 
ionizable cationic lipids in linear mRNA vaccines during long- 
term storage produces active components that undergo che
mical reactions with the mRNA molecules, which leads to 
ineffective translation into proteins, thereby affecting vaccine 
immunogenicity [89]. Conditions such as temperature, pH, 
light, humidity, buffer type, key storage items (such as cryo
protectants and dispersants), repeated freezing and thawing, 
and other relevant physical and chemical properties affect 
mRNA vaccine stability; attempts should be made to deter
mine the degradation patterns of mRNA vaccines.

In addition, in vivo stability studies of linear mRNA vaccines 
should be conducted to provide a reference for improving 
vaccine immunogenicity. Storage stability has been reported 
to be affected by structural differences in nucleic acids and the 
degree of base pairing. Vaccines with a higher proportion of 
single-stranded RNA structures are less stable. The LNP struc
ture is assembled in the microfluidic channel and fully devel
oped post dialysis. This process affects the CQA of LNP – 
mRNA vaccines, including its stability [90]. A study compared 
the effect of tangential flow filtration dialysis on the stability of 
mRNA vaccines using pH 7.6 buffer directly or using pH 4.0 
buffer followed by pH 7.6 buffer; the two-step dialysis method 
resulted in good storage stability of the prepared mRNA vac
cines, which were stored for at least six months at 5°C or −  
20°C, with an increase in the particle size and a lower empty- 
carrier rate [91]. A novel cationic lipid with three tertiary amine 
groups designed using supramolecular chemistry does 
improve binding to RNA, and the isomerization of hydroxyl 
and amide bonds in its structure improves the stability of LNP 
[92]. Encapsulated mRNA vaccines were stored for two months 
at 4°C and 37°C; the formulations had stable properties and 
were well-tolerated in animals, suggesting that the stability of 
mRNA vaccines can be improved by optimizing the molecular 
design of LNP lipids [92].

4.6. Quality control of LNPs

LNPs are used as the delivery system in mRNA vaccines [93– 
95]. For novel excipients (e.g. cationic lipids), detailed informa
tion on the production process and quality control, including 
raw materials and intermediates, should be provided where 
possible. A detailed characterization of the LNPs should be 
performed, as well as a specific description of any formulation 
features that may affect the vaccine’s quality, safety and effi
cacy, the impacts of which should be considered in the for
mulation development process [96]. The proportion of 
ionizable lipids in LNP lipid compositions affects the encapsu
lation rate of the mRNA vaccine and the nanoparticle self- 
assembly process; lipid species, the charge of the headgroup, 
and the hydrophobicity of the tail affect the particle size, 
morphology, and stability of the mRNA vaccine [97].

The use of HPLC equipped with a CAD for qualitative and 
quantitative detection of lipid components in mRNA vaccines 
has been added to the second edition of the ‘Analytical 
Procedures for mRNA Vaccine Quality – Draft Guidelines’ 
issued by the USP [55]. Ionizable cationic lipids in mRNA 
vaccines have been shown to activate the innate immune 
response and act as vaccine adjuvants. Cholesterol may also 
activate the innate immune response and act as a vaccine 
adjuvant, so it is necessary to investigate and elucidate biolo
gical functions in mRNA vaccines and to establish quality 
standards with respect to these functions [98]. Some studies 
have reported that the presence of water in the inner core of 
the LNP affects the storage stability of mRNA vaccines, the 
amount of which is mainly related to the lipid composition 
and the internal structure after assembly with mRNA [91].

5. Challenges and countermeasures in quality 
control of sa-mRNA vaccines

The production process of sa-mRNA vaccines is similar to 
linear mRNA vaccines, such that the quality control of linear 
mRNA vaccines can be used as a reference. However, specific 
test items, methods, and reference ranges arising from the 
characteristics of sa-mRNA vaccines, such as their longer 
sequences, warrant attention [99,100].

5.1. Stability

Since the additional RNA-dependent RNA polymerase 
encoded in sa-mRNA vaccines enables them to synthesize 
their own sequences up to approximately 7,000 bp in length, 
possibly making them more susceptible to degradation, 
research on the stability of sa-mRNA vaccines should be 
a priority; however, there are currently few studies on the 
stability of sa-mRNA vaccines [101]. Whether certain specific 
base sequences or RNA spatial structures are susceptible to 
degradation, degradation patterns of these vaccines, and early 
and sensitive indicators that can be used to characterize the 
degradation that occurs in these vaccines have been investi
gated. The longer sequence leading to in vivo stability also 
warrants attention.
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5.2. Application of QbD to optimize the in vitro 
transcription reaction system

The mRNA sequence identity, integrity, and purity are vaccine 
CQAs. The longer sequence of sa-mRNA vaccines is a major 
challenge for IVT, as is ensuring the accuracy, integrity, and 
purity of target product sequences. The proportions of each 
component of the in vitro transcription reaction system will be 
different from those of linear mRNA vaccines [102]. Models 
should be constructed to investigate and quantify the impacts 
of CPP and CMA on the CQA of self-amplifying mRNA vaccines 
and the quality of the final product, as well as determine the 
operational design space based on a QbD framework and 
using DOE tools. The quality of linearized DNA templates has 
been shown to have a substantial impact on the in vitro 
transcription process for sa-mRNA vaccines [103]. Samnuan 
et al. found that Mg2+ content and its interaction with nucleo
side triphosphates substantially affected mRNA quality and 
yield, that acetate ions affected the in vitro transcription pro
cess to a greater extent than Cl− ions, that the addition of 
sodium acetate did not increase RNA yield further, and that 
pyrophosphatase was not essential for in vitro transcrip
tion [104].

5.3. Quality control of key residual impurities

Key residual impurities are a CQA of sa-mRNA vaccines. The 
dsRNA of different structures and lengths is generated during 
in vitro transcription and mRNA preparation. In addition, sa- 
mRNA vaccines are replicated in vivo, such that the target 
mRNA sequences will also form dsRNA structures in the 
body. This situation leads to the activation of the innate 
immune response, which may be different from linear mRNA 
vaccines. Thus, the quality standard for residual dsRNA in sa- 
mRNA vaccines may differ from that of linear mRNA vaccines, 
necessitating further study. Like linear mRNA vaccines, the 
quality control study of residual T7 RNA polymerase should 
be carried out.

5.4. Quality control of particle size

Particle size has been shown to be a CQA for sa-mRNA vac
cines and has major impacts on drug loading, stability, biodis
tribution, cellular uptake, endocytosis, and release, and 
immune response [105–107]. Therefore, robust, and reliable 
particle size analysis methods are essential for meeting pro
duct quality consistency requirements for multiple batches of 
mRNA vaccine production. The mRNA vaccine particles are 
now widely believed to have a uniform spherical structure. 
The dynamic light scattering (DLS) has been used for the 
determination of its sizes [105]. However, it was recently 
found, using different assay techniques, that sa-mRNA vac
cines with different proportions of lipid components exhibited 
non-spherical, heterogeneous, ‘two-core’ structures with lipid 
and aqueous compartments and inter-particle variability [108]. 
This ‘two-core’ structure is due to the increased pH during the 
preparation of the mRNA-LNP solution, which causes the ioniz
able lipids to become neutral and weakens the interaction 
with mRNA. This results in a separation between the 

hydrophilic (mRNA) and hydrophobic (lipid) cores, which are 
stabilized by amphiphilic DSPC lipids after separation. Further 
experiments have shown that increased numbers of these 
structures result in decreased encapsulation rates [108]. 
Whether the non-spherical, inhomogeneous ‘dual-core struc
ture’ affects the accuracy of particle size and size distribution 
results determined by DLS remains to be investigated. None of 
the current guidelines related to mRNA vaccines explicitly 
mention quality control of the morphological structure of 
mRNA vaccine particles.

6. Challenges and countermeasures in quality 
control of circRNA vaccines

The quality control of linear mRNA vaccines can still be used 
as a reference for the quality control of circRNA vaccines. 
However, unique test items, assays, and standard ranges 
resulting from the inherent characteristics of circRNA vaccines, 
such as quality control of degree of circularization, warrant 
attention.

6.1. Quality control of degree of circularization

Degree of circularization is a CQA of circRNA vaccines that is 
often determined using capillary electrophoresis (CE). 
However, because of the similar molecular weights of the 
mRNA circularization precursors and circRNA sequences, the 
resolution of the circularization rate is suboptimal when using 
this method, which affects the accuracy of the results [102]. 
Therefore, with reference to the ICH Q2 and Q14 guidelines, 
circularization rate assays for circRNA vaccines have been 
developed and validated through a strategy of using assays 
with different underlying principles from existing assays or 
combinations of such assays. For example, a combination of 
CE and reversed-phase high-performance liquid chromatogra
phy can be considered [76,77].

When RNA is circularized by self-splicing with group I or 
group II introns, higher degree of circularization not only 
result in higher circRNA yields but are also conducive to 
vaccine quality control [109]. Studies have shown that higher 
degree of circularization are not only associated with self- 
splicing introns but also with the target mRNA sequence, 
which may be due to the different spatial structures produced 
by different RNA sequences. In short, the two should be 
selected to match each other to produce a higher circulariza
tion rate. In recent studies, artificial intelligence has been used 
to screen for self-splicing intron sequence elements that 
match with target sequences before aligning with suitable 
sequences through experiments [110–112]. In addition, the 
use of DOE tools can be used to optimize CPP and CMA to 
improve the circularization rate and model quantification to 
determine the operational design space [98].

6.2. Quality control of key residual impurities

RNA homology arms are eliminated during the mRNA circular
ization process. Unsuccessfully circularized mRNA precursor 
molecules are circularized together with multiple mRNA 
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molecules to form multimeric structures. The effect of these 
structures on vaccine efficacy should be determined experi
mentally, as well as whether these are process- or product- 
related impurities, along with the relevant quality standards 
[109]. Current circRNA vaccines lack modified nucleotides, 
meaning that the dsRNA produced during in vitro transcription 
may be different from the dsRNA produced during linear 
mRNA vaccine production. The dsRNA is also produced during 
the circularization reaction, and the characteristics of innate 
immune response activation by circRNA may also differ from 
those of linear mRNA. Thus, the quality standards for residual 
dsRNA in circRNA vaccines may differ from those of mRNA 
vaccines, and studies on assays for detecting residual dsRNA in 
circRNA vaccines and their relevant quality standards should 
be conducted. In addition, the quality control study of residual 
T7 RNA polymerase should be carried out [113,114].

6.3. Stability

Although circRNA is more stable, it can still be cleaved by 
RNases. The molecular weight of open, circular mRNA is the 
same as that of the parent circRNA. Therefore, if molecular 
weight-based methods such as CE fail to distinguish between 
circRNA and nicked circular RNA, then the addition of a poly(A) 
tail to the 3′ end of the open circular mRNA may help in 
determining the content of open circular mRNA in the vaccine. 
However, the accuracy of this method may be affected by the 
efficiency of polyadenylation. Because circRNA and nicked 
circular mRNA have different structures, size exclusion-high- 
performance liquid chromatography (SEC-HPLC) can also be 
used to investigate whether circRNA and nicked circular mRNA 
can be effectively distinguished. Whether the circRNA mole
cules also undergo a chemical reaction with the lipid compo
nents of LNPs during long-term storage and affect translation 
efficiency also remains to be investigated. Studies have shown 
that proteins are expressed for a longer duration in vivo with 

circRNA vaccines than with linear mRNA vaccines, but there 
are no relevant studies indicating whether this is because 
circRNA vaccines are more stable and less susceptible to 
degradation in vivo or that they are more efficiently translated 
or have a longer translation duration [115–117].

7. Expert opinion

The mRNA vaccine technologies have progressed rapidly in 
recent years, and the COVID-19 pandemic has accelerated the 
approval of mRNA vaccines for marketing. The mRNA vaccine 
technologies carry great potential for applications in infectious 
disease prevention and therapeutic vaccines for cancer; qual
ity control of mRNA vaccines has also become an important 
issue of research [118–121].

QbD is essential in the development of mRNA vaccine 
technologies, and the quality of the final vaccine product 
should be fully considered, already at the design phase. The 
CQA of mRNA vaccines is investigated and determined from 
CMA and CPP in conjunction with vaccine characteristics and 
relevant guidelines [102,103]. Corresponding quality control 
methods are developed and validated based on the AQbD 
framework and the product life cycle concept in accordance 
with the ICH Q14 and Q2 (R2) guidelines. Quality standards 
can be relatively lenient at the early stages of development, 
but final standards should be based on the results of testing 
batches that have been confirmed safe and effective in clinical 
trials [76,77].

There are still many challenges in quality control of the 
three mRNA vaccines (Table 4). The research on quality 
control of linear mRNA vaccines has made rapid progress. 
Some factors of the neutralization antibody detection assay 
affect the accuracy and repeatability of results, such as 
incubation time of virus and serum, cell inoculation density. 
Therefore, standardized assays for neutralizing antibody 
potency should be developed. The published study adopted 

Table 4. The summarization of challenges and countermeasures of mRNA vaccine quality control research.

Challages Countermeasures

Linear mRNA 
vaccines

Optimization of the defined CQA test 
method

Optimizating the test methods of cap efficiency

Applications of the QbD concept Fully considering CQA in the research, development, and design process of products; 
Optimization the design of LNPs based on CQA

Vaccine potency Developing methodology and standards for in vitro vaccine potency and in vivo vaccine activity; 
Standardizing evaluation method of mRNA vaccines-induced T cell immune responses

Quality control of key residual impurities Developing and optimizing a standardized assay for residual dsRNA; Standardized assays and 
reference range for the detection of residual T7 RNA polymerase

Stability Investigating mRNA vaccines stability under high-temperature conditions; 
Determining the degradation patterns of mRNA vaccines; Conducting research of the stability 

in vivo of linear mRNA vaccines
Quality control of LNPs Performing detailed characterization of the LNPs; Clarifing the biological functions of LNP in 

mRNA vaccines and establishing quality standards based on these functions
Self-amplifying 

mRNA vaccines
Stability Exploring degradation modes and early and sensitive indicators
Application of QbD to optimize the in vitro 

transcription reaction system
Optimizating the proportions of 

each component of IVT based on QbD framework and DOE tools
Quality control of key residual impurities Exploring the quality standard for residual dsRNA and the quality control study of residual T7 

RNA polymerase
Quality control of particle size Establishing robust and reliable particle size analysis methods

Circular RNA 
vaccines

Quality control of circularization rate Establishing and validating the method for the degree of circularization of circular RNA vaccines
Quality control of key residual impurities Exploring the quality standard for residual dsRNA and the quality control study of residual T7 

RNA polymerase
Stability Attempting different methods to distinguish circRNA and nicked circular RNA; Exploring the 

reasons for longer expression in vivo
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the AQbD concept to establish standardized neutralization 
antibody analytical procedure for clinical samples immu
nized with COVID-19 vaccines, which could reduce the 
error in the laboratory, and provides a methodology for 
comparing the effectiveness of different COVID-19 vaccines 
[79]. Standardized assays for degradation patterns and for 
key impurities, such as residual dsRNA and T7 polymerase, 
are still lacking, and reference standards with detailed scien
tific rationales should be developed [54,55]. Quality control 
of sa-mRNA vaccines and circRNA vaccines can be performed 
with reference to quality control of linear mRNA vaccines but 
should focus on in vivo and in vitro stability due to the 
longer sequence of sa-mRNA vaccines, which makes them 
more prone to degradation. In addition, the effects of nano
particle morphology and structure on particle size also war
rant attention [93,100].

For circular RNA vaccines, specific standardized assays and 
quality standards for determining degree of circularization 
should be established [102,107]. With increasing research on 
mRNA vaccines and the continuous development of mRNA 
vaccine technologies, the WHO and other national regulatory 
agencies should also continuously update and improve the 
guidelines for mRNA vaccines and establish international or 
national reference standards in a timely manner. It is the 
important to harmonize guidelines and reference standards 
internationally. For example, international or national refer
ence standards for key residual impurities such as dsRNA and 
T7 RNA polymerase and their biological activities in vitro 
should be developed to standardize and harmonize assays 
for key impurities and potency, as well as provide tools for 
quality control and evaluation of mRNA vaccines worldwide.
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