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A B S T R A C T

The remarkable impact of mRNA vaccines on mitigating disease and improving public health has been amply
demonstrated during the COVID-19 pandemic. Many new mRNA-based vaccine and therapeutic candidates
are in development, yet the current reality of their stability limitations requires their frozen storage. Numer-
ous challenges remain to improve formulated mRNA stability and enable refrigerator storage, and this review
provides an update on developments to tackle this multi-faceted stability challenge. We describe the chemis-
try underlying mRNA degradation during storage and highlight how lipid nanoparticle (LNP) formulations
are a double-edged sword: while LNPs protect mRNA against enzymatic degradation, interactions with and
between LNP excipients introduce additional risks for mRNA degradation. We also discuss strategies to
improve mRNA stability both as a drug substance (DS) and a drug product (DP) including the (1) design of
the mRNA molecule (nucleotide selection, primary and secondary structures), (2) physical state of the
mRNA-LNP complexes, (3) formulation composition and purity of the components, and (4) DS and DP
manufacturing processes. Finally, we summarize analytical control strategies to monitor and assure the sta-
bility of mRNA-based candidates, and advocate for an integrated analytical and formulation development
approach to further improve their storage, transport, and in-use stability profiles.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

In the wake of the dramatic success of mRNA vaccines to protect
against severe disease caused by SARS-CoV-2 infection, mRNA-based
medicines are now becoming widely studied as pharmaceutical prod-
uct candidates. At present, Comirnaty� (BioNTech/Pfizer) and
SpikeVax� (Moderna) are the two key mRNA vaccines approved by
FDA, EMA and many other regulatory authorities worldwide. These
two mRNA vaccines have reached billions of recipients globally as
transformative tools in the fight against the COVID-19 pandemic.
Even as SARS-CoV-2 virus variants evolve, these vaccines continue to
reduce the severity of COVID-19 disease. Moreover, sequence altera-
tions to the in vitro transcribed (IVT) mRNA molecules employed in
these vaccines were recently prepared, clinically studied and
approved to better protect against new variants of the SARS-CoV-2
pathogen.1,2 This adaptability illustrates the potential of the IVT
mRNA technology for use in future vaccines against emerging infec-
tious diseases. Beyond vaccines for infectious diseases, many clinical
programs are in progress for cancer immunotherapy or with mRNA-
based medicines acting as a therapeutic modality, including mRNA as
a template for gene editing enzymes.3−5

All these clinical and commercial products based on mRNA tech-
nology share the same characteristic of limited stability from a phar-
maceutical perspective. Multiple measures must be taken to preserve
mRNA (and mRNA-LNP particle) integrity during manufacturing, stor-
age, transport and at the time of injection. Long-term storage integrity
of Comirnaty� and SpikeVax� is only achieved at subzero tempera-
tures. Upon thawing the frozen drug product, the labelled shelf life is
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measured in weeks (refrigerator conditions) and in hours/days at room
temperature. In previous publications, we (and others) have touched
upon the reasons for the choice of these storage and in-use protocols
especially in the context of use as a COVID-19 vaccine.6−8 In this
review, we dive deeper into the reasons for this instability with an
emphasis on both drug substance (i.e., mRNA itself) and the formu-
lated drug product (e.g., mRNA-LNP complexes). We discuss strategies
that are currently used, and are emerging, to improve mRNA stability
under non-frozen conditions, including examination of the mRNA
molecule (nucleotide selection, primary and secondary structure), the
physical state of drug product complex, formulation composition (i.e.,
lipid type and excipient selection) and the purity of these components,
as well as optimizing preparation/manufacturing protocols for DS and
DP (Table 1). We also report on ‘real life’ experience of the stability of
marketedmRNA vaccines published in the public domain so far. A brief
discussion of packaging is also included, mainly due to the lack of pub-
lished data on this important aspect to date.

Sensitive and selective analytical techniques are required to mon-
itor the integrity of mRNA and mRNA-LNP complexes. Therefore, a
section of this review is devoted to a discussion of the state-of-the-
art analytical toolbox especially in the context of stability-indicating
methods. Finally, there are two topics that are not covered in this
review. First, designing improvements to mRNA-LNPs for better in
vivo performance is not discussed since a large number of articles
(including reviews) have recently appeared.9−12 In contrast, the focus
of this review is a topic that has not gained the same attention: the
long-term and in-use stability issues with mRNA formulated as drug
product. Second, only few references to small interfering RNA (siRNA)
formulation studies are provided due to their limited applicability to
mRNA formulations. Compared to mRNA, siRNA is a short and uni-
formly structured, and it frequently contains replacements at the
2’-OH on ribose to provide a more chemically stable analog, e.g., 2’-F
or 2’-OMe). As a result, marketed siRNA products can be stored as liq-
uid formulations in a refrigerator, e.g., Onpattro�.13

The mRNA Molecule
Chemical Components of the mRNA Structure
Natural and IVT-transcribed mRNAs are delicate, high molecular

weight (MW), macromolecules that are rich with specific information
required for in vivo performance that can be easily lost by chemical
degradation along the mRNA strand. The primary units of mRNA are
ribonucleotides, introduced in the IVT reaction as 5’-triphosphate
substrates (Fig. 1) for the T7 polymerase. As illustrated in Fig. 1, the
nucleotides used in IVT mRNA include canonical (A, G, C, U, see Fig. 1)
as well as naturally occurring, modified uridines, which reduce the
Table 1
Summary of different strategies to stabilize pharmaceutical mRNA-formulations.

Stabilizing pharmaceutical mRNA-formulations by:

� Design and production of the mRNA molecule
○ Selecting modified nucleotides
○ Increasing GC content
○ Increasing secondary structure, minimizing ‘average unpaired probability’,

AUP
○ Shortening chain length
○ Purity level optimization of the mRNA drug substance

� Choice and purity of pharmaceutical excipients: buffers, lyo/cryoprotectants,
osmolytes, etc.

� Choice and purity of lipid excipients used to prepare LNPs
� Optimization of manufacturing conditions to produce mRNA and mRNA-LNP

formulations
� Storage at lower temperatures; the removal of water by lyophilization or spray

drying
� ‘Point-of use’ product assembly’, using a ‘kit-based approach’
innate immune stimulation associated with exogenous mRNA deliv-
ery.14 The N1-Me-pseudouridine modification is used in the Pfizer
and Moderna COVID-19 vaccines and may play an important role in
their efficacy as well.

In addition to the antigen coding sequence and untranslated
regions of the mRNA primary structure, a 5’-cap structure is also
included as an essential termination element that is responsible for
binding to ribosomal initiation factors (Fig. 2). This 3’-5’-reversed tri-
phosphate bridged dinucleotide is only present on the 5’-end of the
mRNA strand; all other components are 5’-3’-linked ribonucleotides
incorporated by the polymerase based on a linearized DNA template.
While enzymatic cleavage of the 5’-cap of mRNA is catalyzed by exo-
nucleases, there is no indication that loss of the 5’-cap is a particular
vulnerability in regard to bulk drug substance (active pharmaceutical
ingredient: API) or final drug product stability.15

Finally, on the opposite side of the 5’ terminal cap structure of
mRNA transcripts is a poly-adenylation segment (Fig. 2). The so-
called poly-A tail on the 3’ end is involved in binding to the ribo-
somal machinery, along with the 5’ cap on the opposite end of the
mRNA, thus creating a closed loop track for ribosomes to traverse
during translation of the polypeptide. Exonucleases cleave the
poly-A tail, which consequently acts as a fuse for translational
duration of the mRNA. Once the poly-A has been clipped to a sub-
stantial degree, the mRNA is released from the ribosomes and
decays. Notwithstanding this enzymatic poly-A degradation path-
way, there is currently no evidence published that the poly-A is a
particular challenge for the chemical stability of mRNA transcripts
in the absence of exonuclease.15,16 Interestingly, circular RNA has
recently been advanced as a concept to reduce the exonuclease
impact on in vivo stability of mRNA transcripts. Stability data with
circular RNAs in pharmaceutical dosage forms have yet to be pub-
lished,17 so we focus in this review on the stability of linear mRNA
transcripts.

The simple schematic structure of an mRNA strand displayed in
Fig. 2 belies the pharmaceutical complexity of the API produced from
the IVT processes. Firstly, the mRNA strands are very long, commonly
in the range of 1000 nucleotides, and often considerably longer. Dur-
ing in vivo translation, protein encoding information in the mRNA
molecule is in the coding sequence as a triplet of nucleotides each
specifying a single amino acid in the resulting protein. In this regard,
the “atom efficiency” of mRNA is low, meaning that for about 990
units of MW of mRNA (i.e., 3 nucleotides of » 330 g/mol each), an
amino acid of »120 MW is inserted into the growing polypeptide
chain. Given that the untranslated regions (UTRs) do not contribute
to the decoding activity, the mRNA required to encode a given pro-
tein has an order of magnitude larger MW than the resulting transla-
tion product. Secondly, and most importantly, the expression of
protein and fidelity of the primary structure of the intended protein
product are highly dependent on the integrity of the primary struc-
ture of the mRNA strand from which it was translated. In summary,
the susceptibility of large mRNA strands to chemical degradation can
be directly linked to loss of in vivo performance.

The presence of the 2’-OH on the sugar unit in mRNA (in contrast
to DNA) invites the intramolecular catalysis of strand breakage, gen-
erally via a transesterification reaction (Fig. 3). The 2’-OH is also
essential to proper decoding in the ribosomes. As mentioned in the
Introduction, this requirement for 2’-OH is a major difference
between mRNA and the siRNA therapies, wherein the latter the
2’-position can be modified to fluorine or O-methyl with retention of
binding affinity and driving major improvements in inter-residue
linkage stability relative to native RNA residues. As summarized in
Fig. 1, mRNA from IVT reaction can be produced using either uridine
or pseudouridine substrates. Although it might be tempting to equate
“modified uridine” mRNA with stabilization, this is in fact, not neces-
sarily the case. The result of including N1-Me-pseudouridine in place



Fig. 1. Overview of the nucleotides found in natural and in vitro transcribed (IVT) mRNA molecules. While natural mRNA contains uridine, IVT mRNA instead may contain modified
pseudouridine to increase the safety and efficacy of mRNA vaccines.
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of U is retention of the ribose ring with 2’-OH and an increase in
molecular weight (by adding one methyl per U replacement), as well
as altering the mRNA hydrophobicity. While the effects of base modi-
fication on mRNA stability have yet to be directly compared in the
published literature, retention of ribose in modified mRNA maintains
the hydrolytic instability of the polymer chain.

RNA dinucleotides show subtle differences in intrinsic stability
depending on the nucleobases in the dinucleotide.18 The mRNA mole-
cule, however, is substantially more complex than the dinucleotide set-
ting, given the presence of significant secondary and tertiary structures.
In the following sections, we will discuss the effects of environment,
including sequence context and chemical modifications, as well as the
presence of various formulations, on mRNA stability.
Fig. 2. Schematic diagram of IVT mRNA primary structure (5’ terminal cap, untranslated re
dinucleotide caps. (UTR, untranslated regions)
Effect of Secondary Structure on mRNA Stability And Degradation
Reactions

In aqueous solution (e.g., bulk drug substance) and in LNP
formulations (i.e., drug product), mRNA degradation can proceed via
hydrolysis, oxidation, or reaction with adventitious impurities, e.g.,
aldehydes, metal ions, peroxides. Generally, the degradation rate
increases with the chain length of the mRNA;19 this effect can be
rationalized by a higher probability of mRNA modification as the
number of nucleotide linkages available for reaction increases. Such
statistical factors can only account for part of the mRNA reactivity,
however, as the mRNA sequence and the secondary structure also
have a large impact on degradation kinetics. Such effects were estab-
lished experimentally years ago, for example, when kinetic data on
gions, antigen coding region, 3’ poly-A tail) including chemical structure of the 5’-cap



Fig. 3. Mechanism of the degradative transesterification reaction in mRNA strands leading to strand cleavage. B denotes a Br€onsted base and BH+ is the corresponding conjugate
acid.
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the cleavage of several short poly(desoxy)ribonucleotides at pH 8.5 in
cyclohexylaminoethanesulfonic acid (CHES) buffer showed greater
than 100-fold differences between the pseudo-first order rate con-
stants depending on the nature of cleavage sites and poly(desoxy)
ribonucleotide sequences.20−24

Critical for a successful phospho-diester cleavage and RNA
strand break formation is a (near) in-line orientation of the attack-
ing 2’-hydroxyl group (nucleophile) and the 5’-oxyanion leaving
group.22−24 The transesterification mechanism summarized in
Fig. 3 is ubiquitous and completely dependent on the presence of
the 2’-OH on the sugar unit in mRNA (absent in DNA and siRNA-
based products in clinical use). In addition, the most favorable con-
ditions for this strand cleavage reaction involve puckering of the
ribose to bring the 2’-OH into a ‘reactive’ alignment (in-line orien-
tation) with the scissile phosphate on the 3’-oxygen. The availabil-
ity of this preferred conformation to facilitate the strand cleavage
reaction is expected to be greater when the nucleotides are
unstructured and/or outside the context of base pairing arrange-
ments, which may force relatively rigid and unreactive conforma-
tions. Calculations by Guo et al. indicate that while C2’-endo
puckering of ribose in RNA is slightly disfavored energetically rela-
tive to C3’-endo, the lowering of overall transition state energies
along the reaction path leads to transesterification in phospho-die-
sters with the intermediacy of the C2’-endo ribose conformation.25

Flexibility to access the conformational space of ribose is therefore
likely a key to enabling transesterification reactions of mRNA.
Locked Nucleic Acids (LNAs) are chemically modified bases used for
stabilization of oligonucleotide drugs, where the 2’-oxygen is per-
manently locked in the endo-position. However, in this chemical
modification the oxygen is an ether, thereby protecting the base
against hydrolysis. Because a hydroxyl group at the 2’-position is
essential for ribosome binding, modifications on this position
including ether formation are not compatible with translationally
functional mRNA.

Evidence for the importance of RNA structural features on phos-
pho-diester cleavage is displayed in the crystal structure of the natu-
rally occurring hammerhead ribozyme, an RNA motif that catalyzes
reversible cleavage and ligation reactions at specific sites in RNA. It
suggests an interaction between stem II loop and stem I bulge that
control both the in-line orientation of nucleophile and leaving group
as well as the positions of adjacent nucleotides involved in general
base and general acid catalysis.24 The loop/bulge interaction of the
hammerhead ribozyme is described as “an intricate network of inter-
helical noncanonical base pairs and stacks”. Nonetheless, the authors
of this review are not aware of an “accidental” ribozyme-type struc-
ture in an IVT mRNA transcript, wherein the catalysis factor associ-
ated with the intricate folded sequence and reactive site would lead
to degradation. If this were to occur, such an unfavorable interaction
could likely be designed out by changing the mRNA primary
sequence, leveraging the degeneracy of the genetic code. As a final
word of caution, RNA structures derived from a crystal structure will
not necessarily reflect the dynamics of an RNA molecule’s structure
in solution, where it may change conformations over various time
scales.26 The recent perspective on RNA structure by Vicens and Kieft
discusses structural and conformational properties of RNA, offering
advice on the judicious use of algorithms for predicting secondary
structure. Furthermore, the formulation of mRNA in LNPs may lead to
environments and mRNA conformations, not observed in aqueous
solution. In turn, that may affect the stability of RNA.27

Contrary to the structural propensities promoting RNA cleavage in
the hammerhead ribozyme described above, the design of mRNA
molecules employed in vaccines or therapeutics could benefit from
inclusion of secondary structure designs restricting the conforma-
tional mobility so that in-line orientation of nucleophile and leaving
group is less probable.28 Wayment-Steele et al. proposed to increase
base-pairing to slow the rate of RNA cleavage, and employed various
secondary structure prediction packages to compute two metrics
reflecting base-pairing probability within RNA: the summed
unpaired probability (SUP) and the average unpaired probability
(AUP). The AUP is derived by normalization of the SUP on sequence
length, and the value of AUP is located between 0 and 1, where lower
values indicate a lower probability of being unpaired and thus corre-
spond to a higher stability of RNA towards degradation. Through
optimization of the AUP values for several small RNA sequences, a
significant stabilization towards degradation was achieved. Of note,
computational in-line probing will not predict the stability of mRNA
towards other chemical degradation pathways, which may become
more dominant as a result of formulation in LNPs. This will be further
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addressed in the sections below on product-related impurities and
mRNA-lipid adducts.

Effect of Nucleotide Selection on mRNA Stability and Degradation
Reactions

Interestingly, optimization based on the AUP values described
above led to different nucleotide sequences compared to those
obtained through codon optimization, maximizing the codon adapta-
tion index (CAI), or optimization of minimum free energy (MFE). AUP
optimization also worked for longer mRNA, e.g., the SARS CoV-2 spike
protein RNA, where a two-fold stabilization towards degradation was
achieved. However, as a potential drawback the authors recognized
that AUP optimization would not predict mRNA function in vivo
including effects on immunogenicity. Such biological properties are
paramount and would likely be prioritized over chemical stability of
an mRNA when the biology and chemistry requirements are not met
in the same mRNA sequence. In a subsequent paper, Leppek et al.
expanded computational approaches to enable the parallel evalua-
tion of in-cell mRNA translation efficiency, in-cell mRNA stability,
and in-solution stability (towards RNA cleavage) through integrated
PERSIST-seq technology. Further, they developed a method referred
to as In-line-seq for high-throughput in-line probing. This method
revealed that “linkages 5’ of a uridine residue are particularly suscep-
tible to degradation”, which can be mitigated through substitution by
pseudouridine or N1-methyl-pseudouridine in-cell and potentially
also in vivo.29

An alternative approach to pseudouridine substitution is uridine
depletion. This method, described by scientists at CureVac, comprises
of sequence optimization to replace codons with an A or U at the
third position, with codons with a G or C at that same position.30,31

These codons, and their corresponding tRNAs are more abundant in
human cells, which is theorized to result in more efficient protein
production. In addition, the uridine linkages are increasingly suscep-
tible to hydrolysis, so GC replacement also reduces that probability.29

This method is otherwise known as “G/C content increase”, which
also results in a higher thermodynamic stability of the mRNA mole-
cule, which is thought to protect against chemical degradation, a
result consistent with the computer simulations described above.

Because uridines in IVT-produced mRNA are known to be immu-
nostimulatory,14 it was postulated that this uridine depletion strat-
egy would abolish the need for chemically modified bases.
Unfortunately, results from CureVac’s phase 2b/3 clinical trial for the
CVnCoV SARS-CoV-2 chemically unmodified mRNA-based vaccine
candidate did not justify further development.32 Instead, focus was
placed on the second-generation vaccine candidate CV2CoV, that has
additional sequence optimizations in the non-coding regions. Use of
chemically unmodified nucleosides was continued.33 Self-amplifying
mRNA (saRNA) vaccines also exclusively contain unmodified uri-
dines. The amplification of the antigen coding sequence depends on
the co-expression of an alphavirus-derived replicase. The currently
used replicases are not compatible with modified bases, but because
antigen coding RNA strands are de novo synthesized inside the cell,
these will contain natural uridines regardless. The amplification/rep-
lication process is known to have an adjuvant effect and saRNA is
therefore almost exclusively explored for vaccine applications.34,35

Optimization of the mRNA secondary structure also results in
extended protein expression.36 Mauger et al. separate the effects of
codon optimization from pseudouridine substitution and show the
effect of C, m1C and mo5U (5-methoxy U) incorporation in second-
ary structural integrity by optical thermal melting experiments.
Interestingly, although assumed to have a positive effect in terms of
innate immune response evasion, mO5U incorporation had a nega-
tive effect on thermal stability compared to uridine. Pseudouridine
(C) and N1-methyl-pseudouridine (m1C) form more stable base
pairs than uridine, so the rank-ordering of the thermal stability of
identical sequences with different uridine substitutions is mO5U < U
< C < m1C. It was noted, however, that the effect may still be con-
text-dependent, so the effect of base substitution may have a bigger
impact on folding energies in one situation than the other. In addi-
tion, it was found that a lower degree of secondary structure in the 50

leader region (the 50 UTR and first »10 codons of the coding
sequence) correlated with higher protein expression, probably
because it allows easier access for the ribosome. Surprisingly, in the
remainder of the mRNA coding sequence and 3’ UTR, higher degrees
of secondary structure correlated with increased expression, for rea-
sons less well understood.36

Taken together, these studies demonstrate that a fully intact
mRNA molecule is a prerequisite for protein expression, and that a
higher degree of secondary structure content is a more favorable fea-
ture for protein expression. At the same time, the effect of these
structural factors on the pharmaceutical stability of mRNA products
has not been addressed as yet. Interestingly, the same situation is
described in a recently published overview on the effects of chemical
modifications of mRNA molecules. It only considers cellular/in vivo
performance as leading outcome parameter, and effects of these
modifications on pharmaceutical properties of mRNA, such as storage
stability or shelf life, have not been determined.37

Stage-Appropriate Analytical Characterization of mRNA Drug Products
During Development

In this section, we focus on the analytical methods used to assess
the stability of mRNA and mRNA-LNP drug products during their clin-
ical development (leading towards eventual market approval), rather
than providing an exhaustive description of all published methods
for mRNA and LNP characterization.38 The analytical toolbox for
mRNA and mRNA-LNP characterization will evolve during the pro-
gression from pre-clinical development to clinical trials to regulatory
approval and the purpose and requirements will be different for each
stage of development. For example, pre-clinical work is focused on
characterization of materials, understanding the processes, and
development of the analytical methods themselves, especially for
such new and complex drug products as mRNA-LNPs. During early
clinical subsequent stages of development, the purpose of analysis
can vary from in-depth characterization of impurities and degrada-
tion products, to monitoring the known and proposed critical quality
attributes (CQAs) of batches derived from different processes during
scale-up. In the late-stage development phase, this emphasis of anal-
ysis will shift to batch release, stability studies and establishment of
shelf-lives.39,40 Regulatory agencies also recognize that during differ-
ent stages of development the depth of product knowledge varies,
and thus different quality criteria (i.e., specifications) are appropriate
for each analytical method. This is commonly referred to as ‘stage-
appropriate characterization’ in which all the accumulated experi-
ence from the development stage work should ultimately be the basis
for setting the quality criteria for ultimate market approval. The
dynamics of this analytical development process are exemplified in
the Comirnaty Public Assessment Report where it is mentioned that
during the rolling review of the data, additional characterization data
and tests were requested before final approval.41

In a recent review, a Quality-by-Design (QbD) framework for future
development, design and control of manufacturing processes for
mRNA and LNP products was proposed. In order to implement this
approach, a thorough understanding of process parameters (Critical
Process Parameters, CPPs), analytical methods, and Critical Quality
Attributes (CQAs) is also required.42 To ensure rapid regulatory conver-
gence of the currently approved mRNA-based COVID-19 vaccines, they
were developed under a more conventional Quality-by-Testing para-
digm due to the unprecedented speed with which they were devel-
oped and the fact that these products were “first-in-class”. The World



Table 2
Critical Quality Attributes and methods of assessment for mRNA Drug Substance as outlined in draft USP guidance (49). Stability-indicating attributes for DS are highlighted in bold.

Quality Attribute Method (s)

Identity mRNA sequence confirmation Next generation sequencing (NGS), Sanger sequencing, Reverse Transcriptase−PCR
Content mRNA content RT-qPCR and RT−dPCR, Ultraviolet Spectroscopy
Purity and Impurities Percentage of mRNA main peak, pre- and

post -main peaks
IP-RP-HPLC, Capillary gel electrophoresis

5’ cap IP−RP−HPLC
3’ poly(A) IP-RP−HPLC
dsRNA Immunoblot, dot blot, ELISA, analytical LC
Residual DNA template qPCR
Residual solvents GC

Safety Endotoxin USP <85>
Bioburden USP <61>, <62>, <1115>

Other Appearance USP <790>
pH USP <791>

Abbreviations: RT-qPCR, Reverse Transcriptase, quantitative Polymerase Chain Reaction; dPCR, digital PCR; IP-RP-HPLC, Ion Pairing Reverse Phase High Performance Liquid Chroma-
tography; dsRNA, double-stranded RNA; ELISA, enzyme linked immunosorbent assay; LC, liquid chromatography; GC, Gas Chromatography
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Health Organization (WHO) Expert Committee on Biological Standard-
ization (ECBS) hosted several meetings late 2020 to document regula-
tory considerations in the evaluation of the quality, safety and efficacy
of mRNA-based prophylactic vaccines for infectious diseases.43 Initial
guidance for mRNA vaccines was based on previous guidelines for con-
ventional vaccines, including criteria for the consistency of starting
materials and production processes, and evidence for preclinical safety
and efficacy. For regulatory considerations specific to this class, the
WHO committee sought input from regulatory authorities from all
WHO regions as well as from expert vaccine developers and manufac-
turers. At that time, mRNA vaccines against several other viral patho-
gens had already been tested for safety in clinical trials.44,45

Representatives from BioNTech, CureVac and Moderna shared their
experiences with manufacturing, quality control as well as nonclinical
and clinical aspects in the development of these clinical candidates.
Interestingly, it was already flagged at this stage that the storage sta-
bility of these mRNA-based candidates is a major challenge, and that
the required frozen vaccine cold chain may be a limitation for use in
certain areas of the world. In addition, participants in these discussions
acknowledged that early engagement with regulatory agencies and
regulatory flexibility were key to the rapid development and approval
of the COVID-19 vaccines.43,46 Here, “regulatory flexibility” refers to
the “Rolling Review” of the data. Rolling Review is a regulatory emer-
gency tool that allows the applicant to submit sections of its Biologic
License Application (BLA) or New Drug Application (NDA) for review
as soon as data become available. In normal circumstances, the regula-
tory review does not begin until the entire application has been com-
pleted and submitted.47

Because specific details of bulk and drug product production pro-
cesses vary between manufacturers, and much of this information is
currently kept confidential, the final criteria for regulatory approvals
were left to be decided by each of the individual national regulatory
authorities. For example, the criteria and acceptance ranges for spe-
cific manufacturing steps are not accessible in the public domain and
companies often decline to respond in public to such inquires.48

Although the United States Pharmacopeia (USP) has recently released
a Draft Chapter on Analytical Procedures for mRNA Vaccine Quality
with methods to support the testing of quality attributes for mRNA-
based vaccines, the document does not include any acceptance crite-
ria. In Table 2, analytical methods for assessment of various quality
attributes of the bulk purified mRNA drug substance, as proposed by
the USP guidance, are listed.49 A similar summary is provided for the
formulated mRNA drug product in Table 3.

In this USP guidance, Drug Substance (DS) refers to the active
pharmaceutical ingredient that is tested before being formulated into
the Drug Product (DP). The DP is the final dosage form as it will be
stored, shipped and presented to the patient or healthcare profes-
sional. In this case, the DP consists of a lipid nanoparticle formulation
containing four lipid excipients, encapsulating the mRNA, dispersed
in a buffered medium suitable for freezing and for injection. Several
tests related to mRNA purity that are performed on DS are repeated
after formulation in the DP, because the formulation process can
have an impact on the quality of mRNA as well.27 Additional tests are
related to LNP quality and purity of the lipid materials. The attributes
in the last rows include standard compendial tests for parenteral
products, for example, pH, osmolality, visual appearance and viscos-
ity. The two different analytical packages and moments of assessment
also reflect the fact that the DS and DP can be made in different facili-
ties, which means that the DS will be shipped from one place to
another and may be stored for an extended period of time. Re-testing
of the DS therefore may also be required before it is formulated.50,51

While different methods serve different purposes in different
stages of development, ultimately analytical development should lead
to a specification suitable for batch release and for stability testing of
both the DS and DP. The EMA ICH (International Council for Harmoni-
sation of Technical Requirements for Pharmaceuticals for Human Use)
definition of stability testing is to provide evidence on how the quality
of the drug substance or drug product varies over time, under the
influence of environmental factors such as storage temperature,
humidity and light. This should establish a re-test period for the drug
substance or a shelf-life for the drug product at the recommended
storage conditions. Stress testing of drug substances and/or drug prod-
ucts allows for the identification of degradation products and degrada-
tion pathways, and at the same time, can validate the stability
indicating power of the analytical procedure.52 To illustrate, endotoxin
burden is an important quality attribute to ensure safety. As endotox-
ins are mostly introduced by the starting materials, endotoxin levels
are not likely to change over time and measurements are not indica-
tive of the chemical stability of the mRNA. As another example, while
RNA content is a critical attribute and is typically measured by UV-
spectroscopy, this method is not capable of distinguishing intact RNAs
from degradation products, so additional assays are needed to monitor
RNA stability. Below, we focus on the stability-indicating methods to
monitor structural attributes of mRNA and mRNA-LNPs (highlighted in
bold in Tables 2 and 3, respectively).

RNA Purity and Degradation Products

Fragments, Extended Strands, and dsRNA. A key aspect of Chemistry,
Manufacturing and Controls (CMC) development for mRNA drug
products is to implement analytical quality control protocols to mon-
itor the level of impurities resulting from the synthesis of the active



Table 3
Critical Quality Attributes and methods of their assessment for mRNA-LNP Drug Product as outlined in draft USP guidance 49 and Daniel et al.42 Stability-indicating attributes for DP
are highlighted in bold.

Quality Attribute Method

Identity mRNA Sequence confirmation Next generation sequencing (NGS), Sanger sequencing, Reverse Transcriptase−PCR
Content mRNA content RT-qPCR and RT−dPCR, Ultraviolet Spectroscopy, Ribogreen assay

mRNA Encapsulation Ribogreen assay, IEX chromatography
Potency In vitro expression Bioassay
Purity and Impurities Percentage of mRNA main peak, pre- and post -main peaks IP-RP-HPLC, Capillary gel electrophoresis

5’ cap IP−RP−HPLC
3’ poly(A) IP-RP−HPLC

DP specific attributes Lipid content LC-CAD, LC-MS, FFF-MALS-UV-dRI
Lipid identity LC-CAD, LC-MS, FFF-MALS-UV-dRI
LNP size Dynamic light scattering
LNP polydispersity Dynamic light scattering
LNP surface charge Electrophoretic light scattering, PALS, Capillary Electrophoresis

Purity and Impurities Individual and total lipid impurities LC-CAD, LC-MS, FFF-MALS-UV-dRI
mRNA-lipid adducts IP−RP−HPLC
Residual solvents Gas Chromatography

Safety Endotoxin USP <85>
Bioburden USP <61>, <62>, <1115>
Sterility USP <71>

Other Appearance USP <790>
pH USP <791>
Particulate Matter USP <787>, USP <788>
Osmolality USP <785>
LNP morphology CryoEM, SANS, SAXS, FFF-MALS-UV-dRI, DSC

Abbreviations: RT-qPCR, reverse transcriptase, quantitative polymerase chain reaction; dPCR, digital PCR; IEX, ion-exchange; IP-RP-HPLC, ion pairing reverse phase high perfor-
mance liquid chromatography; LC, liquid chromatography; CAD, charged aerosol detector; MS, mass spectrometry; FFF, field-flow fractionation; MALS, multi-angle light scattering;
UV, ultraviolet; dRI differential refractive index; CryoEM, cryo electron microscopy; SANS, small angle neutron scattering; SAXS small angle X-ray scattering; DSC, differential scan-
ning calorimetry
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substance as well as the degradation products that are formed during
the manufacturing and storage of the drug product. The mRNA syn-
thesis process (the IVT reaction) will inherently produce many impu-
rities that are very similar in structure to the correct, full-length
mRNA.53 The levels and nature of impurities were also found to vary
greatly from batch to batch, especially when produced at different
scales and different processes.39 As shown in the schematic outline of
an mRNA sequence in Fig. 2, the antigen coding region makes up the
largest part of the mRNA strand and is the part of the sequence that
is translated to the desired protein. Therefore, the coding region
needs to be intact and correct, otherwise the desired protein will not
be produced. Impurities from the synthesis are typically shorter frag-
ments that arise from premature termination in the IVT reaction.
Occasionally, the produced strands can be extended on the 3’ end by
a mechanism called self-priming, resulting in strands that are longer
than the expected mRNA sequence.54 Another unwanted byproduct
of the IVT reaction is double-stranded RNA (dsRNA) that inside a cell
can be recognized as a sign of viral invasion and is therefore highly
immunogenic.55 The levels of these impurities are critical quality
attributes (CQAs) for the mRNA and hence closely monitored during
the clinical release process and while testing the stability, as they
may affect drug product quality. In Tables 2 and 3, analytical tests to
monitor these CQAs are referred to as mRNA sequence identity,
mRNA sequence confirmation and mRNA purity tests for the DS and
DP, respectively.

Capless and Tail-Less mRNA. Other full-length impurities that arise
from the synthesis are the cap-less and tailless mRNA; these altered
mRNAs are also potential degradation products (Fig. 2). The cap-less
impurity refers to an mRNA without a 5’ cap or an analog of the cap
and tailless refers to an mRNA without the 30-polyadenosine (poly-A)
tail. Both the 5’cap and the poly-A tail are essential for the mRNA to
be translated into a protein. Consequently, an mRNA chain without
cap and/or tail will be less active or inactive, meaning both the
amount of capped mRNA and amount of Poly-A tail need to be con-
trolled. In addition, the 5’ cap is important for the mRNA stability, as
it protects the mRNA from exonuclease degradation.56 During the
capping process, the cap part is incorporated into the mRNA. The 50-
50 m7GpppG cap, which is referred to as cap 0, is then further methyl-
ated to produce the cap 1 analog m7GpppG(2’-OMe) as shown in Fig
2. The efficiency of the 5’ capping process as well as the level of each
cap analog should be included in the analytical control strategy for
both DS and DP (Tables 2 and 3).

RNA Degradation Pathways During Manufacturing and Storage
In addition to impurities formed during synthesis, degradation

products formed during manufacturing and storage (of the DS and the
DP) need to be assessed. While impurities coming from the DS produc-
tion process (the IVT reaction) will not likely increase over time, impu-
rities formed by degradation are likely to increase over time. Table 4
summarizes the theoretical degradation pathways for mRNA and Fig. 4
shows some reaction prone sites on the mRNAmolecule.57−60

Shorter RNA fragments are the most probable mRNA degradation
product formed by hydrolysis of the 3’- 5’-phosphate diester bond in
the backbone, resulting in cleavage of the chain.61 The kinetics of the
transesterification reaction are accelerated by alkaline pH and ther-
mal stress. Thus, around pH 7 and through storage in a freezer (-20°C
or -70°C), the mRNA degradation by chain breakage will be mini-
mized. The formation of cap-less and tailless mRNA follows the same
chemical degradation pattern as for the formation of any other frag-
ment throughout the mRNA chain. Strand breakage can also be
caused by other mechanisms including oxidation (in presence of per-
oxides or by auto-oxidation62) or by enzymatic degradation (RNases).
To mitigate such mRNA degradation and prevent cleavage by RNases,
a drug delivery system to encapsulate the mRNA is almost always
needed. There is evidence that ‘naked mRNA’ intradermally injected
in human patients leads to translation and in the case of a intrano-
dally injected vaccine, to the desired immune response.63,64 But now-
adays, almost all mRNA trials use a delivery system to protect the
mRNA cargo in vivo and facilitate uptake in the target cells following
more practical injection routes. Currently, the most commonly used
delivery system is a lipid nanoparticle (LNPs). However, the lipids



Table 4
Summary of different types of mRNA degradation pathways and their potential sources.

Degradation products Source

RNA Fragments Hydrolysis (base), Heat, Peroxides, H2O2 , RNase enzymes
Depurination (abasic site) Hydrolysis (acid), Oxidation
Deamination-hydrolyzed bases Hydrolysis (acid)
Oxidation of bases Auto-oxidation, Metal residues, Light
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used to prepare LNPs can be a source of reactive impurities such as
peroxides and aldehydes, that could also degrade the mRNA.65

Two other chemical degradation pathways include depurination
and deamination (Table 4; Fig. 4). Depurinated or abasic sites of the
mRNA are degradation products where the backbone and sugar are
intact, but the base is lost. These products are formed by hydrolysis
at low pH or by oxidation.60 This reaction is commonly referred to as
depurination because loss of guanine and adenine bases occurs at a
much higher rate than depyrimidination. Deamination is degradation
through hydrolysis of the base, which can happen in acidic condi-
tions. The sugar and base will remain attached, but the reaction will
transform cytidine, adenosine and guanosine into uridine, inosine
and xanthosine, respectively.66 Therefore, this degradation pathway
can theoretically change the coding sequence of the mRNA, which in
turn would lead to amino acid mutations in the produced protein.

When themRNA drug substance or drug product is stored at neutral
pH and frozen, degradation caused by depurination and deamination
has been found to be of low risk with degradation rates being
extremely low; therefore, no control strategy is required.67,68 In con-
trast, oxidation of the bases in the mRNA, as caused by oxidation reac-
tions often catalyzed by redox-active metal residues (iron, copper, etc.)
or promoted by light exposure, are more likely to occur (Table 4;
Fig. 4). These impurities, often associated with the lipids in the LNPs,
are a potential risk for degradation of the mRNA and require analytical
control strategies as outlined below.

Potency/ In Vitro Expression / Biological Activity
The chemical degradation pathways of the mRNA described above

can generally be monitored with physicochemical methods. How-
ever, bioassays will tell the effect of such alterations on biological
Fig. 4. Schematic of theoretical mRNA transesterification mechanisms and their sites on the
the result of lipid oxidation reactions of the ionizable lipid.
potency and when the correlation between chemical alterations and
biological performance is not yet fully established, such potency tests
are expected by most regulatory authorities as described by Knezevic
et al.44 Methods to consider for monitoring in vitro potency include
cell-free translation of mRNA extracted from the DP or transfection of
cells in a culture with the DP to confirm the mRNA encodes the
desired protein. Currently, there is no regulatory convergence yet on
how these bioassays are best performed and whether they can ever
be fully replaced by physicochemical analytical methods.

mRNA Purity and Degradation Products: mRNA-lipid Adducts
As recently pointed out by Packer et al., amino lipids, such as

those used in the Moderna and Pfizer/BioNTech mRNA-LNP COVID-
19 vaccines, are a potential source of reactive electrophilic impurities
that can inactivate the mRNA.65 These reactive impurities are gener-
ated through N-oxidation of the tertiary amine and subsequent
hydrolysis leads to generation of secondary amines and reactive alde-
hydes. It was already known that aldehydes can react with DNA
bases.69,70 Subsequently, it was shown that aldehydes from the N-
oxide degradation pathway of a representative ionizable lipid can
also form covalent mRNA-lipid adducts (Fig. 4) that correlated nega-
tively with biological performance.65 Of note, any amino lipid with a
tertiary amine is susceptible to N-oxidation. Quaternary amines are
not susceptible to N-oxidation due to lack of available electron pairs,
but their permanent charge may introduce safety risks.

It is therefore of great importance to control the conditions in
which these electrophilic impurities are formed. This means that all
lipid components in an LNP (including the helper lipids) have to be
evaluated for the risk of inducing reactive lipid impurities that result
in mRNA-lipid adducts. A test for the amount of mRNA-lipid adducts
mRNA molecule. [O]: oxidant. The R (lipid)-aldehyde forming the lipid-mRNA adduct is



Fig 5. Tris buffer acting as an “aldehyde sink” by formation of an imine adduct
(adapted fromModerna Science and Technology day, May 2022, slide 76)19
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is now expected to be part of the quality control protocol. This
assumption is based on questions to Moderna and Pfizer by EMA
about “lipid-related impurities originating from the degradation of the
LNP“ and the data presented in the Packer publication.41 The amount
of mRNA-lipid adducts is also expected to increase during long-term
storage and handling of the drug product, and therefore, should be
tested in all stability studies for LNP containing drug products.
LNP (lipid) Purity and Degradation Products: Product-Related Impurities
In addition to the active drug substance (mRNA), LNPs consist of sev-

eral components that can interact with each other and thus can influence
the overall stability of the drug product. For the lipids, the major degra-
dation pathway is oxidation due to exposure to light, oxygen, metal resi-
dues and high temperatures. The two chemical groups that are well-
known as potential substrates for oxidation on the lipids are unsaturated
alkyl chains and polyethylene or polypropylene oxide groups.71,72 The
LNP formulations used in the Moderna and Pfizer mRNA vaccines do not
contain such unsaturated lipids, but the ionizable amino lipid found in
the siRNA/LNP product Onpattro� (Dlin-MC3-DMA) does contain allylic
bonds in the tail region, similar to linoleic acid tails. In fact, it was
reported that oxidation of this structure does indeed occur.73

As an example of detrimental interactions between the lipid com-
ponents, the PEG-lipid (PEG = polyethylene glycol) is a potential
source of hydroperoxides. Hydroperoxides are frequently unstable
and the decomposition of hydroperoxides can lead to chain reactions
that may also catalyze degradation of the ionizable lipid. Some of
these lipidic degradation products may also react with the mRNA,
where some lead to formation of covalent mRNA-lipid adducts, as
described above, or induce other reactions that lead to degradation of
Fig 6. Schematic of ‘ready-to-use’ mRNA drug product formulations currently marketed ver
‘kit-based approach’.
the mRNA. As such, peroxides are a suspected source of degradation
that can damage the mRNA directly or indirectly. It is therefore of
great importance to source high-quality raw materials that are puri-
fied from hydroperoxides and metals.74

In addition, degradation by hydrolysis of lipids containing ester
bonds needs to be considered. The key factors that have an effect on
hydrolysis are lipid chemical structure (sterics and electronics of the
ester function), pH, temperature and buffer composition. The first stage
degradation by-products of hydrolyzed phospholipids are single lipid
tails with a carboxylic acid head and single tail residues of the phos-
phate head called lysophospholipids.75 The ionizable lipids in the
mRNA-LNP products contain carboxylic ester bonds and therefore, in
theory, are also susceptible to hydrolysis during storage. This degrada-
tion pathway is less relevant for freezer-storage temperatures, but may
become a bigger risk when non-frozen storage conditions are used.
Lipid hydrolysis is expected to have an impact on the structural integ-
rity of the LNP which could in theory lead to a lower potency of the DP.
An in vitro expression assay, or bioassay, should be able to detect such
changes in potency if these lipid hydrolysis reactions occur.
Tests and Methods Typically Used for Stability Assessment of mRNA
The following section covers the analytical principles used to

assess the purity and the stability of the mRNA, both in aqueous solu-
tion as a drug substance as well as formulated in (or extracted from)
the LNP as a drug product. Molecular size, physical and chemical
properties of the mRNA pose a significant analytical challenge. Due to
the large size of the mRNA, the number of negative charges, and the
structural similarity of degradation products (compared to the main
component), several powerful separation techniques are required to
assess the stability. Intact mRNA is too large for MS detection, there-
fore, any analytical method using MS for characterization requires a
digestion step prior to any analysis. Consequently, bioinformatics
requirements for interpreting MS data increase.

A common method to characterize the integrity of the mRNA, i.e.,
to measure the purity and impurity profile, is IP-RPLC-UV (ion-pair
reverse-phase liquid chromatography coupled to UV detection).76,49 A
reversed-phase stationary phase together with a mobile phase con-
taining ion-pair reagent enables retention and separation of the nega-
tively charged mRNA. The separation of fragments with different sizes
is based on hydrophobic interaction with the column material. UV
detection at 260 nm is employed, as the aforementioned size
sus an approach using ‘at point of use’ mRNA drug product formulation by employing a
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restrictions preclude the use of MS detection. The IP-RPLC-UV method
needs to be optimized to detect the main degradation products, i.e. the
shorter fragments, to ensure the method is stability-indicating.

Capillary electrophoresis is an orthogonal method to IP-RPLC-UV,
where the separation is based on size. The separation medium is a
low viscosity “separation gel”, consisting of polymers such as polyvi-
nylpyrrolidone (PVP) and additives, typically glycerol, as viscosity
enhancers.49,77,78 The polymers form a three-dimensional network
that allows the separation based on size. Larger molecules tangle up
in the polymer network to a greater extent than smaller fragments
and thus migrate slower during the electrophoresis process. The
quantification of the fragments and intact mRNA can be either by UV
at 260 nm or fluorescence detection. In the case of using fluorescence
detection, an intercalating dye is required to be included in the gel to
enable detection.49

An alternative technique for purity measurements for mRNA sug-
gested by Kanavarioti,76 is Ion Exchange Chromatography (IEX). In
the case of mRNA, anion exchange is the chromatographic mode.
Here the stationary phase consists of a cationic resin that separates
the molecule based on charge. This technique involves high risk for
on-column degradation of the mRNA analyte. However, since
extreme conditions such as high pH and high temperature are
required for elution of the mRNA from the column.

For quantitative assessment of the 5�capping efficiency and poten-
tial degradation of capped mRNA to uncapped mRNA, the suggested
chromatographic mode is IP-RPLC coupled to MS. Several publica-
tions demonstrate the possibility to isolate the cap part from the
mRNA chain by using RNase H digestion.56,79 This approach requires
a corresponding cap-binding complex that will form a DNA-RNA
hybrid. RNase H then specifically cleaves the DNA-RNA hybrid from
the rest of the mRNA chain. Typically, the size of the cap fragment is
around 25 nucleotides, which can be characterised with LC-MS to dis-
tinguish between different cap variants and quantify the level of
capped mRNA.49,56,79

To control the amount of tailless mRNA, IP-RPLC-UV can also be
used. Compared to the method for fragment detection described
above, where the separation is size dependent, the tailless impurity
method needs to be sequence specific. Adding chemical additives to
the mobile phase enables separation of chains that are tailless from
chains that have an intact Poly-A tail, and a quantitative assessment
of the tailless impurity is possible.80 To characterise the Poly-A tail
length and distribution, Beverly et al. propose IP-RPLC coupled to MS
using RNAse T digestion. In this case, RNase T cleaves the tails from
the mRNA chain and after isolation by dT magnetic beads, the
extracted poly-A tail materials can be analysed further.79,81

Finally, the total content of the RNA needs to be controlled. For the
drug substance this can be measured with UV absorbance readings at
260 nm. In addition, for LNP-based drug products, the encapsulation
efficiency is a critical quality attribute. For the RNA quantification in
LNPs, the Quant-it RiboGreen reagent (Thermofisher) characteriza-
tion is widely used, because it can differentiate between RNA inside
and outside the LNP to calculate a percentage encapsulated RNA,
which is not straightforward with other methods.82

Methods for Analysis of Lipids, Lipid Impurities and Lipid-mRNA Adducts
The FDA has published a ‘Guidance for industry for liposome drug

products’ in 201883 but a similar document that is directly applicable
to RNA-LNP drug products is not yet available. Prior to the approval of
the mRNA vaccines, the only documented example was the registra-
tion of Onpattro�, the first LNP-siRNA product approved.84 The major
differences between liposomal drug products and RNA-LNPs (both
siRNA and mRNA) are the internal structure of the particle and the
complexity of the API. As discussed before, for the mRNA-LNP prod-
ucts, analytical methods related to the possible interaction of the ioniz-
able lipid and the API were requested. In addition, FDA and EMA
guidelines state that for the characterization of novel excipients such
as ionizable lipids or novel PEG-lipids, the level of detail provided in
the submission should be comparable to that for a drug substance.85,86

For determination of the purity and stability of lipids in the LNP,
methods based on LC with CAD (charged aerosol detection) are most
common, as the lipid components tend to lack a UV chromophore.
Chromatographic conditions can be chosen such that the four main
lipid components and their degradation products are separated.87

The work by Kinsey et al. also includes an example of how stress test-
ing, or a forced degradation study could be conducted for the lipid
components. For detailed characterization of lipid impurities and
lipid degradation products, additional analytical detection techniques
based on mass spectrometry are required.88 The identification and
quantification of secondary oxidation degradation products of the
lipids by LC-MS methods has been described by Abeyrathne et al.89

For measurement of hydroperoxide levels in the lipids, methods
based on iodometric titration, UV spectroscopy, chromatography,
among other techniques, have been summarized.90

Methods for the detailed characterization of the proprietary lipid
components and their oxidation/degradation products are still
emerging. Recently, an application note was published describing
the use of electron-activated dissociation (EAD) to distinguish the
oxidative impurities from ionizable lipids with great resolution and
sensitivity.73

The amount of mRNA-lipid adducts in LNP drug products that
result from reactive impurities in the ionizable lipid can be measured
by RP-IP HPLC.65 These impurities cannot be measured using com-
monly-used kit based capillary electrophoresis methods with fluores-
cence detection. This may be due to interference with the
fluorescence derivatization by the lipid covalently bonded to the
mRNA, or the different nature of the separation mechanism of the
mRNA-lipid adducts from that of RNA fragments and full-length
mRNA. As described above, conventional RP-HPLC is based on hydro-
phobic interactions with the stationary phase, but the phospho-
diester backbone of the mRNA is highly charged, necessitating use of
high concentrations of ion pairing salts to neutralize the negative
charges. Alkylammonium salts were selected to retain selectivity to
differences in hydrophobicity due to sequence variation or chemical
modifications. When IP-RP-HPLC was used to analyze mRNA
extracted from LNPs, an additional peak was detected that eluted
later than the full-length mRNA. This late peak could not be detected
by capillary electrophoresis. It was found to be caused by the lipid-
mRNA adducts and their presence correlated negatively with the
amount of protein produced from the mRNA.65 As mentioned earlier,
a test for these lipid-mRNA adducts should now be included in every
stability assessment.

Attributes Specific to the LNP Formulation
This review has largely focused on the stability of the mRNA, but

as shown in Table 3, there are several quality attributes to be moni-
tored related to the drug product nanoparticle formulation. First,
there is the chemical identity and stability of the lipid excipients
which is described above. Secondly, there is the physical stability of
the nanoparticle that can be monitored by measuring particle size,
size distribution (polydispersity) and surface charge, using light scat-
tering techniques. Changes to these attributes indicate that there is a
disintegration or redistribution of the LNP components. The
Onpattro� siRNA-LNP product has a shelf-life of 36 months as a liquid
formulation stored refrigerated.13 This profile indicates that particle
physical stability is not a major risk when a chemically stable API is
used. However, the internal structure of mRNA containing particles is
different from those containing siRNA7 and mRNA-LNP particles are
more likely to disintegrate upon mechanical stress, such as shaking
and dropping of vials.91,92 Another example is the formation of layers
of aggregates on filter surfaces during sterile filtration.93 A more in-
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depth description of characterization of the particles can be found in
these four publications.27,94−96

Can We Get Rid of the Sub-Zero Cold Chain for Long Term Storage of
mRNA-Products? What are the Options?

Stabilizing mRNA and mRNA Formulations in Aqueous Milieu
From the discussion above, it is clear that the major determinants

for the stability of the mRNA-LNP drug product includes (1) length of
the mRNA chain, (2) the secondary/tertiary structure of the mRNA
and the mRNA-LNP complex, (3) selection of nucleotides, and (4)
drug product formulation composition including associated impuri-
ties (e.g., lipid type and source, excipient type and source, solution
pH) . Alishetty et al.97 calculated the half-lives of free FLuc mRNA at
room temperature with an equation published by Li and Breaker.98

This equation doesn’t take secondary structural effects into account.
The outcome of the calculation was a lower degradation rate for a
free mRNA molecule compared to the mRNA in two LNP formula-
tions. Moreover, a clear degradation rate dependence on the type of
ionizable lipid was observed.97 These effects could potentially be
explained by the formation of stabilizing secondary/tertiary struc-
tures of the free mRNA, which are disturbed in the complexation
with LNP, or by local upward pH shifts inside the LNP because of the
presence of closely packed cationic lipids or the higher ‘proton solva-
tion energy’.97,99,100

Shortening the mRNA chain length may reduce the chance of
chain breakage resulting in the inactivation of the mRNA. Zhao et al.
employed a shortened mRNA chain length of 1100 nt (nucleotides)
compared to 4000+ nt for the Pfizer BNT162b2 and Moderna mRNA-
1273 vaccines, and showed 76% intact mRNA, no change in particle
size-polydispersity index or encapsulation efficiency, and preserved
immunogenicity in mice after six months of storage at 2-8 °C.101

The choice of the cationic lipid influences LNP-mRNA stability as
reported by Ripoll et al. who used imidazole cationic lipids with a flexi-
ble connection between lipid and headgroup, and they found enhanced
stability compared to ‘reference’ cationic lipids.102 Multiprotic cationic
lipids reportedly have a similar stabilizing effect.97 Moreover, the
sourcing and associated impurity profile of excipients in the formula-
tion has been shown to be critical to ensure mRNA integrity on storage.
For example, as discussed in detail above,- cationic lipids used in the
mRNA products are sensitive to oxidation reactions, followed by
hydrolysis and aldehyde formation.65 Since cholesterol, phospholipids
and PEG-derivatives may all contain peroxide impurities, attention
should be paid to the quality of those LNP constituents.103,104

Comirnaty�, the Pfizer/BioNTech COVID-19 vaccine, was origi-
nally formulated in a phosphate buffer containing KCl/NaCl (“purple
cap formulation”), which presents major challenges in the freezer
due to potential pH shifts during freezing of phosphate buffers in the
presence of sodium ions. The formulation was changed to a second-
generation formulation containing Tris buffer with the same solution
pH (“gray cap formulation”).105 A prolonged storage time in the
refrigerator was granted by regulatory agencies, from up to 1 month,
to 10 weeks at refrigerator conditions with retention of the long-stor-
age condition of -80 °C before refrigeration.106,107 Interestingly, Tris
buffer was used in Moderna’s SpikeVax� formulation from the begin-
ning, but it still has a shelf life of 30 days in the refrigerator. This is
explained by the difference in long-term storage conditions. For
SpikeVax� the long-term storage has always been -20 °C, to facilitate
widespread distribution during the pandemic. Under these condi-
tions some level of degradation is seen over long periods (relative to
-80 °C). Therefore the storage period in the refrigerator is not as long
as for Comirnaty�, which continues to use the -80 °C infrastructure
for distribution and long-term storage. Another advantage of Tris
buffer, apart from being more suitable for freezing of liquid formula-
tions compared with phosphate-buffered saline, is that it reacts with
aldehyde impurities and acts as an ‘aldehyde sink’ and by that
reduces mRNA-lipid adduct formation (Fig. 5).19 This is an excellent
example that the choice of excipients can have a significant impact
on mRNA shelf life. The conclusion of this section is clear on the basis
of the present insights: long-term storage of mRNA-LNP drug prod-
ucts in non-frozen condition is not feasible unless the product can be
commercialized with a very short shelf-life.

Stabilizing mRNA and mRNA Formulations by Drying

Freeze Drying of mRNA Drug Product. Given the poor long-term sta-
bility profile of mRNA or mRNA-LNP in aqueous solution, and the lim-
ited success to improve shelf-life under non-frozen conditions as
described above, the pharmaceutical formulation scientist would
turn to drying the drug product, and lyophilization is then the logical
drying technique to begin with due to its wide use in the pharmaceu-
tical industry. In India, GEMCOVACTM-19, a freeze-dried form of an
mRNA vaccine encoding for the S-protein of SARS-CoV-2, is autho-
rized for use.108 In addition to the mRNA, this formulation consists of
DOTAP (dioleoyl-3-trimethylammonium propane) and squalene sta-
bilized with polysorbates, sucrose as lyoprotectant-osmolyte, and cit-
rate buffer. This product can be stored in a refrigerator, but no further
details regarding its stability profile could be found in the public
domain.

The patent literature is a rich source of information for freeze-dry-
ing of mRNA formulated in various delivery systems. For example,
mRNA−protamine complexes were freeze-dried with lyoprotectants
such as trehalose. Under optimized process conditions, mRNA chain
integrity and in vivo preservation of activity after prolonged (12
months) storage at 25 °C was claimed.109−112 Most subsequent
reports of freezing-drying mRNA formulations have focused on
mRNA-lipid complexes, and the number of publications is growing.
For example, Zhao et al. prepared mRNA-LNP with a cationic lipid dif-
ferent from the marketed mRNA-COVID-19 vaccines.113,114 They
compared physicochemical parameters, and in vitro and in vivo trans-
lation of luciferase-encoding mRNA-LNP before and after different
processing, including: freeze-thaw cycles, freezing in liquid nitrogen,
and freeze-drying using trehalose, sucrose and mannitol as cryo-/lyo-
protectants. Interestingly, they found a discrepancy between in vitro
and in vivo performance of the freeze-dried formulation: while no
detectable loss of activity was seen in the in vitro read out, a signifi-
cantly lower translation was observed in vivo. Importantly, no such
discrepancy was observed with the formulations after freezing and
storage of the product in liquid nitrogen.

Another report on findings with freeze-dried mRNA-LNPs was
published by Ai et al. 2022.114 Freeze-drying did not affect mRNA
integrity, led to small increases in particle size, and slight reductions
in encapsulation efficiency. These physicochemical quality attributes
remained stable over 2 weeks. Under the chosen conditions, the per-
formance of the freeze-dried/reconstituted material in a number of in
vivo preclinical tests showed no difference with the ‘fresh’ mRNA-
LNP material. No details were provided on the freeze-drying condi-
tions, nor on the chosen formulation such as pH, buffer and lyopro-
tectant. In contrast, a recent publication by Muramutsu et al.115

provides detailed information on the formulation (Tris buffer, pH 8
and sucrose plus maltose), the freeze-drying protocols, and the stabil-
ity-indicating assays (for mRNA and for the LNP constituents). After
freeze-drying and reconstitution, full integrity and activity of the
mRNA-LNP were retained. Stability during storage was dependent on
the storage temperature over the wide temperatures range chosen i.
e., -80o C, -20 °C, 4o C, 25 °C, 42 °C. These dried formulations showed
a significant improvement in stability over time compared to the
Moderna and Pfizer/BioNTech COVID-19 vaccines, i.e., weeks
compared to hours, respectively, and freeze-drying conditions and
lyoprotectants may be further studied to optimize the outcome. 115
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So far, no publication has reported on freeze-drying of mRNA-LNPs
after the first mixing step with ethanol still in the mRNA-LNP disper-
sion. This so-called ‘alcohol-dilution-lyophilization method’, showed
success with siRNA.116

In a recent study mRNAwas complexed with DOTAP-squalene (cf.,
GEMCOVACTM-19 vaccine mentioned above) using preformed lipid
particles (so-called nanostructured lipid carriers, NLC). These com-
plexes were freeze-dried and showed preservation of mRNA activity
upon reconstitution after storage in the dried state for 21 months at
4 °C. This is another example demonstrating freeze-drying as an
option for prolonging shelf life of formulated mRNA under refrigera-
tor conditions.117 Similar results were reported for different mRNA
products with the same technology platform by Voigt et al.118

DOTAP-based lipoplexes with mRNA were freeze-dried in sucrose
and translational activity in terms of protein translation was
observed in vitro and in vivo. However, no long-term storage data
were provided to support the authors’ claim for a prolonged shelf-life
at refrigerator temperatures.119

Alternatives to Freeze-Drying of mRNA Drug Products. Large-scale vac-
cine freeze-drying operations to fight pandemics are limited in terms
of worldwide production capacity, and moreover, require time,
energy input and expensive equipment. Therefore, other alternative
drying technologies have been suggested for mRNA formulations.
Recent reviews provide a comprehensive overview of alternative dry-
ing techniques for vaccines, not specifically mRNA-vaccines.120,121

Most attention was paid to spray-drying and spray freeze-drying.
Examples in the patent literature report on spray-drying of mRNA122

−125 or spray-drying and spray freeze-drying,122 but so far, no prod-
ucts have been approved using these stabilization approaches. Inter-
estingly, although no publications are yet available, there is interest
in the future use of microneedle platforms for intradermal (ID) deliv-
ery of mRNA vaccines for future pandemic responses and such dosage
forms are often manufactured using evaporative drying.126
Assembling Formulated mRNA Drug Products ‘at the Point of use’ Using a
Modular Approach

There are several other approaches to shorten the supply chain or
to circumvent extended contact of the fragile mRNA with the formu-
lation excipients. One way to avoid long distance frozen shipment is
to move the entire factory closer to the place where the vaccines will
be used. A turn-key example of this approach is BioNTech’s “BioN-
Tainer”, a portable factory, consisting of two modules, one for bulk
manufacturing of the DS and one for the DP. Fill-and-finish will be
supported by a local external partner. Each module is built up from
six standard-size shipping containers that will be assembled in the
country where the factory will be operated, the first ones to be
deployed in Africa.127 It is expected that from a regulatory perspec-
tive, products from this facility will be treated the same as those com-
ing from a conventional factory.

An alternative solution with a lower technological bar, is to
assemble the drug product itself at “the point of use”. To this end,
mRNA drug products can also be considered modular, consisting of
the mRNA DS and the delivery system for in vivo delivery— the latter
being either a lipid-based nanoparticle such as LNPs or NLCs or a
polymer/protein such as protamine. If one can stabilize the mRNA
molecule, e.g., by freeze-drying (see below) and design stable deliv-
ery systems in aqueous solution, then assembling the active drug
product ‘at the point of use’ may address the stability problem and
avoid subzero storage conditions (see Fig. 6). This strategy has been
explored by a number of groups and their experience is discussed in
the following paragraphs. First, stabilizing the mRNA molecule at
non-freezing temperatures and then experiences with assembling
the product ‘at the point of use’ are discussed.
Drying and Stabilizing of the mRNA Drug Substance
The availability of a dried mRNA molecule stable during long-term

4°C storage would be an important step in developing ‘at-the-point-of-
use’ mRNA vaccine formulations with, upon reconstitution, in situ
complex formation, for example, with LNP, emulsions or protamine
solutions. What is generally considered the first publication on freeze-
drying of mRNA (as naked nucleic acid polymer) appeared in 2007.128

One freeze-drying protocol was employed and only two mRNA solu-
tions were compared: with water for injection (WFI) and with a solu-
tion of the lyoprotectant trehalose. Dried samples were stored at -70°
C, -20 °C, 4 °C, room temperature and 37 °C. While trehalose clearly
performed better than WFI in stabilizing the mRNA during drying and
storage, there was clearly room for further improvement. In a 2012
patent (‘background of the invention’), Mutzke discusses the state-of-
the-art of long-term stabilization of nucleic acid-based pharmaceuti-
cals, including mRNA. Lyophilization is the preferred drying process,
and they conclude that among the tested lyoprotectants mannose
stood out as most stabilizing.111 In a patent published around the same
time, doubts are raised about the possibility to use sugars as lyoprotec-
tants at high nucleic acid concentrations and it instead reports
enhanced stability with lactate when compared to water for injec-
tion.110 In another patent, mannose was not recommended to be used
in production operations because of its low -unpractical- glass transi-
tion temperature value (compared to disaccharides) of -47°C.109 It
should be pointed out that mannose, a reducing sugar, is a rich source
of aldehyde reactants for the unpaired RNA bases, and as such this
sugar (and any other reducing sugar, such as lactose) should be
avoided as an obvious incompatibility withmRNA.

As an alternative to freeze-drying, spray-drying of mRNA has been
described. For example, Karve et al. demonstrated the stability of
spray dried mRNA-polymer (not in LNP) combinations both after the
drying process and after storage at 4°C for 5 months.129 In another
approach, Fabre and co-workers looked at the stability of several
mRNA molecules in the dried state using an undisclosed stabilization
solution for the vacuum drying process at temperatures above 0 °C.
They predict very low chain break degradation rates based on extrap-
olation of observed chain break rates at high temperatures using an
Arrhenius model analysis, a result implying that drying would be a
realistic option to improve the stability of mRNA products at non-
freezing temperatures. Absolute protection from air/humidity is a
prerequisite.130 In a proof-of-concept study capillary‑mediated vitri-
fication of mRNA solutions resulted in dried mRNA with improved
storage stability. No information on the underlying stabilization
mechanism has been published yet.131,132

“mRNA printing” for Point of Use Production of the Drug Substance
An emerging technology that could circumvent frozen storage and

shipment of the mRNA vaccines is called “mRNA printing”. This term
is used for miniaturized, highly automated mRNA manufacturing
suites, with the main goal to reduce the footprint of mRNA produc-
tion, so it can be deployed in remote locations or within the walls of a
hospital pharmacy.133 In a hospital setting, this technique could fur-
ther pave the way for personalized medicines, for example, to treat
(ultra)rare disease or to produce individualized mRNA-cancer vac-
cines.134 Moreover, such an approach could also enable local, larger-
scale production of a mRNA DS without the need for shipment or
extended cold storage in locations where maintaining cold chain
operations could be challenging. The company Greenlight Biosciences
is currently preparing for a Phase 1 trial in Africa, with the ambition
to develop a vaccine product that could cost $1 per dose. This is a
highly innovative field that is exploring very different manufacturing
technologies to reduce costs, summarized well by Shearidan.133 For
example, CureVac has partnered with Tesla-Grohmann Automation
to develop a device that is fully automated and uses a DNA template
that is suspended on magnetic beads, which can be handled by robots
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and allows multiple production rounds using the same starting mate-
rial to reduce costs.133,135 Greenlight Biosciences uses cell-free micro-
bial lysates as a source for the nucleoside monomers and a series of
enzymatic reactions to turn them into nucleotides and full-length
mRNA. Time will tell which of these technologies will prove to be
competitive from an economic and product quality standpoint, and
most importantly, how they will be viewed by regulators for wide-
spread use. Regardless of the success of such approaches, they will all
ultimately require a formulated mRNA drug product to be produced
at the point of use, and thus will still need to be assembled into a
delivery system prior to administration.
Examples of Approaches to Assemble mRNA-Delivery Systems ‘at the
point of use’

Currently, large-scale formulation of LNPs containing ionizable
lipids requires multiple steps where the lipids in ethanol are mixed
with the RNA in an acidic aqueous buffer and where the pH is neu-
tralized and the organic solvent is removed. The RNA-LNPs precipi-
tate into colloidally stable assemblies with the RNA incorporated into
the LNPs. This DP manufacturing process can be performed at large
scale, but requires specific equipment and multiple down-stream
processing steps. This complexity is the reason why, up until now,
mRNA-LNP vaccines are presented as ready-to-use formulations, that
are manufactured in a few dedicated factories.39,42,50

A number of groups have explored different approaches to assem-
ble mRNA-delivery systems ‘at the point of use’ or ‘at the bedside’
(Fig. 6). Some of these studies utilize permanently cationic lipids,
which allow for mixing with the mRNA at a pH and in a buffer that is
also suitable for injection. For example, in 2014, Brito et al. published
results from preclinical immunization studies where mRNA binds to
positively charged particles of a pre-manufactured DOTAP/squalene
emulsion that enhances the immunological response a 1000-fold
compared to ‘free’ mRNA.136 In 2018, Erasmus et al. published a two-
vial approach where they followed a similar route: a replicating
mRNA encoding Zika virus antigens interacts with the surface of pre-
manufactured cationic lipid emulsions containing squalene. This
study demonstrated complete protection against a Zika virus chal-
lenge in mice.137 When opting to use aqueous lipid dispersions, mix-
ing mRNA with preformed cationic particles may lead to undesired
aggregate formation. To overcome this issue, Kurimoto et al. designed
short PEG-oligoRNA strands to hybridize with the therapeutic mRNA
molecule. Formation of aggregates upon mixing the mRNA with pre-
formulated LNPs can be mitigated with this approach.138

Point-of-use assembly can also be done with formulations resem-
bling the marketed mRNA-LNP vaccines more closely, if the formula-
tion parameters are changed. Most importantly, somewhere during
the process, the charge on the ionizable lipid needs to be introduced
again. For example, Kulkarni et al. reported that mixing ‘empty’ LNPs
in acidic aqueous medium and (primarily) siRNA, leads to formation
of complexes that are capable of transfection in vitro. Characteriza-
tion of the morphological changes occurring during the interaction
between the siRNA and ‘empty’ preformed vesicles using cryoTEM
demonstrated that particles with similar internal structure as regular
LNPs can be produced in absence of ethanol and without the need of
specialized mixing devices.139,140 A similar approach using mRNA
was described, where empty LNP formulations were dialyzed to neu-
tral pH for storage, and mRNA or saRNA was later added in acidic
buffer for complexation. Most probably due to the larger size of the
cargoes, here the nucleic acids were referred to as being on the out-
side of the LNP, contrary to the siRNA formulations described earlier.
But a comparison of formulations with either externally or internally
located saRNA resulted in similar protein expression in vivo (mice). A
later study with human skin explants showed that externally com-
plexed RNA is a viable approach for this application.141,142
Finally, an example of ‘point of use mixing’ actually being applied
in the clinic is in BioNTech’s Lipo-MERIT study (NCT02410733). This
study was one of the first to explore mRNA-based cancer immuno-
therapies that are specific to a patient’s tumor antigens. The drug
product consists of four different mRNAs that are complexed to cat-
ionic liposomes. To manufacture and supply GMP grade materials, a
kit-based approach was selected, where the mRNA and liposomes are
manufactured and packed individually as outlined schematically in
Fig 6. Immediately before injection, mRNA is diluted and added to
the liposomes. Extensive prior optimization and characterization
experiments ensure the formation of consistent Drug Products suit-
able for intravenous administration.143 This “kit approach” allows for
separate storage of the components at different conditions and for
different lengths of time, in case of varying shelf lives. It also allows
for a modular approach, where liposome and mRNA kits can be com-
bined at request for different studies. And finally, it opens the door
for truly individualized therapies, where an ‘off-the-shelf’ lipid for-
mulation can be combined with a mRNA cocktail that is specifically
produced for one single patient. Here, mRNA “printers” might be of
use as well, so the technologies described in this section will have
additional advantages other than shortening the supply chain and
relaxed storage conditions.

Real-life Experience With in-use Stability of mRNA-LNPs
Two studies on real-life in-use stability of mRNA-LNP DP have been

published. First, the stability of mRNA-LNPs during storage between
being drawn into syringes and being injected was monitored.92 The
second study looked at the stability of left-over material in vials of
Comirnaty.91 Both publications concluded that — within the limits of
the analytical techniques at their disposal — only mechanical shear
stress caused immediate loss of mRNA integrity and aggregation of the
LNP-mRNA complexes. This means that the mRNA-LNPs are stable
when stored and handled as instructed, but this sensitivity to mechan-
ical stress could have implications for transport as a liquid product.
Another published example is the technical failure of a freezer in a
hospital, which caused a temperature excursion to higher, but still sub-
zero, temperatures for hours for SpikeVax�. No detectable loss of
mRNA integrity was observed in an electrophoretic assay.144 In a fol-
lowing publication, the authors intentionally thawed and re-froze vials
of Comirnaty� and Spikevax� and found that mRNA integrity (by elec-
trophoresis) and immunogenicity in mice were preserved after 1
month of storage at -80°C and -20°C.145 Re-freezing of reconstituted
vials could in theory minimize waste, but it should be noted that this
currently goes against manufacturer’s instructions, since once the vial
seal is punctured the sterility barrier has been broken.106 Therefore,
the product should be used within 12 hours (per label) and then dis-
carded to prevent microbial contamination. Thus, reformulation of
mRNA-LNPs products with antimicrobial preservatives to allow for
more prolonged storage after opening the multidose vial (e.g., for up
to 28 days) is a potential future option. To date, no systematic studies
of mRNA-LNP products with antimicrobial preservatives have been
published. Development of such multidose formulations will require
ensuring the chemical and physical stability of the mRNA-LNP compo-
nents as well as maintaining antimicrobial effectiveness during han-
dling conditions.

An algorithm to model the status of critical quality attributes over
time based on temperature monitoring devices during transport and
storage would help in stock management and reduce vaccine wast-
age, a major problem on a global scale — not specifically for mRNA
COVID-19 vaccines.146,147 Since mRNA-LNP product degradation
includes many different pathways, Kis discusses the complexity of
designing such multivariable algorithms.61 In the Assessment report
of the EMA-CHMP for the Moderna COVID-19 vaccine the following
text can be found: ‘In relation to mRNA purity and stability, data on
the degradation rate was provided and shown to demonstrate
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Arrhenius behavior, with first-order kinetics. The stability profiles
were demonstrated to be predictable and amenable to modelling,
enabling a good understanding of the chemical degradation pro-
cess’.148 Unfortunately, neither experimental data nor details to sup-
port this claim can be found in the public domain so far. Moreover, it
remains to be fully established if the chemical degradation process of
mRNA is the only critical quality attribute for vaccine performance as
is indicated by observations e.g., by Kudsiova et al., and Selmin et al.
on mRNA-LNP particle size and aggregation.91,92 Such considerations
play a key role in determining the selection of primary containers
and secondary packaging, as well as the need for temperature moni-
toring devices during shipping and transport, for example, as
described for COVID vaccines by Ramakanth et al.149

Concluding Remarks

When will guidance be available for mRNA and mRNA-LNP product
testing?

In earlier publications, we made the point that there is clearly a
need for regulatory guidance documents — preferably globally har-
monized − that describe the critical quality attributes and acceptance
criteria for mRNA-based products as defined by regulatory authori-
ties.6 Several articles in scientific journals recently described the
WHO-led efforts that aimed to facilitate regulatory convergence in
the assessment of the COVID vaccines. But at the time of these discus-
sions, alignment on critical quality attributes was not yet achieved,
and details or specifications were not disclosed.43,44,48

When comparing to the field of oligonucleotide-based drugs,
authors from various drug companies worked together to publish the
analytical methodology for characterization of the drug molecule and
its impurities in a series of papers.150,151 However, they deliberately
avoided discussion of acceptance criteria: “Like those of any API,
acceptance criteria for oligonucleotide APIs are based on preclinical
and clinical data, manufacturing process variability, and analytical
control strategies. However, these factors are likely to vary dramati-
cally among oligonucleotide APIs, rendering it impossible to provide
even general suggestions on acceptance criteria”.150 In other words,
acceptance criteria are data-driven and may vary between products
and manufacturing processes.

For the mRNA vaccines, WHO committees took the initiative dur-
ing the pandemic, but we now see mRNA-LNP vaccine manufacturing
experts starting to share quality attributes, analytical methods and
some data in the scientific literature.39,42,50,51,152 Moreover, the US
Pharmacopeia has recently released their first draft chapter on Ana-
lytical Procedures for mRNA Vaccine Quality as discussed in detail
above (see Tables 2 and 3).49 Recently, the European Pharmacopeia
(PhEur) announced that a new working party called mRNAVAC
(working party for mRNA Vaccines) will be tasked with developing a
consolidated strategy on future standards for mRNA vaccines and
their components.153 When these standards are in place and more
data are published, it will become more clear what ranges are achiev-
able and which limits may be acceptable. While suggested specifica-
tions for the currently approved vaccines have been summarized by
Daniel et al.,42 it should be noted that the mRNA technology is
advancing rapidly and the currently used analytical methodologies,
and their associated specifications, will be further developed to keep
pace with the progress.

Which changes to the formulation could be made to improve stability of
mRNA drug products?

As described above, changing the product presentation could
improve the stability or enable storage of mRNA products under non-
frozen conditions, for example, by presenting the mRNA in a freeze-
dried form as part of a kit for “at-the-bedside” mixing with the drug
delivery system. But to improve the shelf-life of the canonical, cen-
trally produced mRNA-LNP vaccine that could be stored as a liquid
formulation in a refrigerator, several lessons-learned can be summa-
rized from the topics discussed in this review. Naturally, these strate-
gies can be combined and are generally not mutually exclusive.

The first lesson is the selection and design of excipients: LNP exci-
pients can contain and generate impurities that react with other exci-
pients and the mRNA. The most important and abundant excipient of
the LNP is the ionizable amino lipid. While oxidation of the amine
headgroup is unlikely to be completely avoided by selecting a differ-
ent structure, the acyl tails of the lipid can be designed to prevent
oxidation. The ionizable lipid DLin-MC3-DMA in the Onpattro� prod-
uct contains unsaturated acyl chains that can oxidize. The ionizable
lipids in the approved mRNA vaccine products both contain branched
saturated tail structures that are not susceptible to oxidation. It is
likely that this design choice was made to improve the product stabil-
ity and compatibility with the vulnerable mRNA cargo, at least as one
of the considerations. The other LNP excipient that is a well-known
source of peroxides is the stabilizing PEG-lipid. As suggested before
by Schoenmaker et al. alternative excipients such as a lipid-polysar-
cosine could have a similar stabilizing effect on the formulation,
without the risk of introducing peroxides inherent to PEG units.7,154

An example of how other excipients such as buffer ingredients can
impact stability is the choice of Tris instead of phosphate buffer.105 In
addition, other pharmaceutical products contain anti-oxidants and
metal chelators to improve the stability,72 and the use of both
together has been shown to greatly stabilize plasmid DNA.58 These
additives are not used in any of the current mRNA-LNP products so if
they are found to be compatible and useful, this is another step that
could be made to potentially enable extended storage under non-fro-
zen conditions.

Further to the selection of high-quality, high-purity excipients. If
PEG-lipids are used, they can be vacuumdried to remove peroxides
but the content will increase again when stored at higher tempera-
tures, unless covered with inert air and protected from light.74 This
demonstrates that proper handling and storage is also very important
for the rawmaterials, as it will greatly improve the quality of the final
product. Similarly, excipients that have been properly purified from
metal ions will enhance the storage stability. These are key examples
of how the shelf-life of a mRNA drug product can be improved by
changing the quality of the excipients.

Finally, the quality and stability of the mRNA drug product can be
improved by carefully controlling all process parameters during
manufacturing. As there are so many different steps in both the DS
and DP production processes, and so many different ways the mRNA
or excipients could degrade, much can be gained from optimizing the
conditions to minimize their occurrence. For example, one challenge
with mRNA products is their sensitivity to degradation by RNases, so
proper protection against the introduction of adventitious RNases
should be ensured. In addition, mixing of the components at acidic
pH is a fundamental step in the standard LNP formulation process
that cannot be circumvented, because a charge on the ionizable lipid
is required for complexation of the cargo. However, changing param-
eters such as pH, ionic strength, holding time at low pH, temperature
and light exposure during processing can still have a big impact on
the formation of impurities even before storage.

What Challenges Remain en route to Thermostable mRNA Drug
Products?

With few exceptions, vaccines and therapeutic candidates based
on IVT-transcribed mRNA are, at present, complex assemblies of the
nucleic acid and lipid compounds that form nanoparticles. As such,
the stability of these mRNA-based drug products on storage remains
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a challenge for three main reasons: 1) mRNA is not an intrinsically
stable molecule, 2) lipid components required for delivery must be
essentially free of impurities that can induce mRNA degradation, and
3) the physical stability of mRNA-LNP complexes is precarious, and
sensitive to handling and thermal effects.

One of the key stabilization strategies in active development for
formulated mRNA drug products to be stored in the refrigerator is
lyophilization. This is logical, given the success of this dehydration
approach with other biological products including other
vaccines.155,156 Overcoming the cryo- and lyo-induced particle degra-
dation effects is a key goal to be tackled to make freeze-dried mRNAs
formulated in LNPs successful product candidates. If these hurdles
can be addressed, then the prospects for leaving the freezer for long-
term storage look promising. An example of an mRNA-LNP product
currently in a Phase 3 trial as a lyophilized product is Moderna’s CMV
vaccine.157 However, the worldwide capacity for production of
lyophilized products is limited. Therefore, such an approach has lim-
ited utility for certain therapeutic applications, for example, mRNA
vaccines that require billions of doses to be produced per year for
global use.

Packaging approaches including selection of the primary con-
tainer to preserve the formulated mRNA DP integrity and increase
ease of use are future targets for improvements. Currently, vial prod-
ucts are the main option feasible for frozen liquids. Freezing pre-filled
syringes is a challenge, because of the volume expansion of frozen
water and the reduction in trapped air pressure during the freezing
process, but recently technical solutions have been proposed.158

Other packaging approaches are being explored as well. For example,
systems using dual-chamber cartridges where the lyo cake (pre-
formed in the syringe barrel) is separated by a stopper from the liquid
for reconstitution, are being actively tested.159 Pre-filled syringe
options may be attractive for future therapeutic uses of mRNA, but
are not currently compatible with the high volume, multi-dose usage
that has been required for the COVID-19 vaccines for fighting the
ongoing pandemic. We may therefore see the continued use of glass
vials during pandemics or other large-scale uses of mRNA vaccines
rather than a migration to prefilled syringes as product presentation.

Thermal stability improvements of IVT mRNA and formulated
mRNA-LNP assemblies remains an active effort across the vaccine
industry and academia, and the understanding of ways to improve
their stability profiles is increasing. The capture of “wins” can occur
in stages. The improved storage conditions that were granted for
Pfizer/BioNTech’s Comirnaty� are an example of this approach: the
liquid product can be frozen through depot storage, after which the
product can be stored refrigerated until use for a period of 10 weeks;
previously, it was limited to 30 days.105 A lyophilized product could
offer the same possibility of relaxed temperature storage conditions:
for example, a refrigerated lyophilized product through depot stor-
age, with the “last mile” storage being at room temperature.

In summary, for the mRNA-based vaccine and therapeutic candi-
dates in development, improvements in product quality will benefit
from enhanced integration of fundamental teachings in pharmaceuti-
cal, (bio)chemistry and manufacturing sciences. The mRNA formula-
tion literature has been expanding in the past two years and industry
has been increasingly sharing key findings that can support develop-
ment of a wide variety of mRNA products in the future. The urgency
of fighting the COVID-19 pandemic by employing mRNA vaccines has
enabled tremendous learnings, and unprecedented focus on applying
them, to commercialize mRNA—based products. This should lead to
the development, regulatory approval and distribution of future
mRNA-based products with improved storage profiles to ensure
safety and effectiveness in an increasing array of unmet medical
needs. Thus, the quest for improved storage and in-use stability of
formulated mRNA vaccines and therapeutics continues and is defi-
nitely not a cold case.
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