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Abstract: The vaccine distribution chains in several low- and middle-income countries are not ade-
quate to facilitate the rapid delivery of high volumes of thermosensitive COVID-19 mRNA vaccines
at the required low and ultra-low temperatures. COVID-19 mRNA vaccines are currently distributed
along with temperature monitoring devices to track and identify deviations from predefined condi-
tions throughout the distribution chain. These temperature readings can feed into computational
models to quantify mRNA vaccine critical quality attributes (CQAs) and the remaining vaccine shelf
life more accurately. Here, a kinetic modelling approach is proposed to quantify the stability-related
CQAs and the remaining shelf life of mRNA vaccines. The CQA and shelf-life values can be computed
based on the conditions under which the vaccines have been distributed from the manufacturing
facilities via the distribution network to the vaccination centres. This approach helps to quantify the
degree to which temperature excursions impact vaccine quality and can also reduce vaccine wastage.
In addition, vaccine stock management can be improved due to the information obtained on the
remaining shelf life of mRNA vaccines. This model-based quantification of mRNA vaccine quality
and remaining shelf life can improve the deployment of COVID-19 mRNA vaccines to low- and
middle-income countries.

Keywords: mRNA vaccines; LNP-mRNA; COVID-19; stability modelling; quality by design; stability
related CQAs; supply chain

1. Introduction

The detrimental impact of pandemics, such as the COVID-19 pandemic, can be reduced
by rapidly mass-vaccinating the population against the pandemic pathogen. The successful
COVID-19 mRNA vaccines were developed based on the persistent groundwork laid by
devoted scientists such as Dr. Katalin Karikó and many more. However, as of October
2021, COVID-19 vaccines have been administered predominantly in high- and middle-
income countries, while low-income countries are left behind [1]. This difference between
countries of varying income level is even more pronounced with regards to the use of
mRNA vaccines [1]. The deployment of current thermolabile mRNA COVID-19 vaccines
in low-income countries is hindered by the high mRNA COVID-19 vaccine selling prices.
In addition, distribution challenges can also be expected due to the lack of adequate cold
chain infrastructure in low-income countries.

These thermolabile COVID-19 mRNA vaccines require distribution and storage under
cold and ultra-cold conditions. However, these cold and ultra-cold chains are prone
to faults and failure [2–5]. Cold chain faults and failures are even more frequent and
severe in low- and middle-income countries (LMICs) [5–7]. Moreover, vaccine cold chain
equipment in LMICs is frequently exposed to harsh environmental conditions, such as
extreme temperatures, high humidity and dust, in addition to occasional substandard
installation, intermittent power supply, insufficient maintenance capacity and inadequate
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supplies of replacement/maintenance parts [5,7]. In fact, according to a joint statement
from the World Health Organization (WHO) and the United Nations Children’s Fund
(UNICEF) in 55 LMICs in 2014, 20% of health facilities did not have cold chain equipment,
14% had non-functional cold chain equipment, 41% had poorly performing equipment,
23% had outdated cold chain technologies, while only 2% had a functional cold chain
with optimal technology [5,6]. Besides lacking the adequate infrastructure and physical
equipment, cold chain failures in LMICs can also be attributed to: (1) information gaps
and the lack of ability to manage flawed information, (2) inadequate training and low
knowledge on cold chain management, (3) underfunding and understaffing, (4) lack of
vigilance, and (5) failures in decision making, coordination and planning [3,8–11]. Taken
together, these issues have led to the wastage of up to 50% of the vaccines annually [12–14].
It is possible that the situation has slightly improved in the past few years, however cold
chain issues are likely to cause problems and delays when sending these thermolabile
mRNA COVID-19 vaccines to LMICs.

Given these strict COVID-19 mRNA vaccine cold chain requirements (see Section 2
below), temperature monitoring devices are included in each vaccine shipment, such as
the TagAlert Temperature Monitors which accompany Moderna’s COVID-19 mRNA vac-
cine [15–17] and the GPS-enabled thermal sensors that monitor Pfizer’s COVID-19 mRNA
vaccine [18–20]. These devices track the temperature of the vaccines and indicate whether
the temperature of the vaccines during distribution was maintained within the range spec-
ified by the vaccine manufacturer. However, these monitoring devices do not provide
information about the remaining shelf-life of the vaccine in function of the temperature
exposure profiles. Neither do these monitoring devices assess the status of the vaccine
critical quality attributes (CQAs) which can be affected during mRNA vaccine distribution.
However, the temperature reading from these monitoring devices can feed into computa-
tional degradation kinetic models. Therefore, modelling of mRNA degradation kinetics
can be feasible [21–25] and with further investigation the impact of temperature exposure
profiles on CQAs can be assessed [26–28]. Therefore, here solutions are conceptualised to
quantify the impact of the distribution conditions, including temperature excursions, on
the remaining shelf life and on the stability-related CQAs of these thermolabile mRNA
vaccines. The computed values of these stability-related CQAs can be used to determine
the overall stability and remaining shelf-life of mRNA vaccines. The aim of this perspec-
tive study is to propose a new approach for quantifying mRNA stability-related CQAs
and remaining shelf-life based on combining computer models and existing temperature
monitoring techniques.

2. mRNA Vaccine Formulations and Storage Requirements

The active ingredient or drug substance of Moderna’s and BioNTech/Pfizer’s COVID-
19 vaccine is the mRNA which encodes the prefusion stabilized full-length spike glycopro-
tein of the Wuhan-Hu-1 isolate of SARS-CoV-2 [25,29,30]. This mRNA is single-stranded,
5’-capped and codon optimised. Importantly, the uridine nucleosides are replaced by
N1-methylpseudouridine nucleosides [25,29,30]. N1-methylpseudouridine is used because
Dr. Katalin Karikó and Drew Weissman has demonstrated that it reduces the level of the
innate immune response and at the same time increases protein translation levels [31–33].
The Moderna mRNA-1273 vaccine contains 100 µg of mRNA per dose, while the BioN-
Tech/Pfizer BNT162b2 vaccine contains 30 µg of mRNA per dose.

These mRNA molecules are encapsulated into lipid nanoparticles (LNPs) which are
placed in an aqueous cryoprotectant buffer [25,29,30]. The composition of these two mRNA
vaccine formulations is shown below in Table 1. The ionisable lipids SM-102 and ALC-
0315, together with the PEGylated lipids ALC-0159 and PEG2000-DMG are the novel
excipients. Since the BioNTech/Pfizer COVID-19 mRNA vaccine obtained emergency use
authorisation, its formulation buffer has been updated from the old phosphate buffered
saline (PBS) formulation to the new Tris buffer formulation [34]. The new Tris buffer
formulation does not contain sodium chloride and potassium chloride, while maintaining
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the same target pH of 7.4 [34]. Additionally, this new Tris buffer formulation of the
BioNTech/Pfizer vaccine comes in two formats to be used with or without dilution for
administration at the vaccination centres [35,36]. The vaccine solutions are filled into
borosilicate or aluminosilicate glass multidose vials with bromobutyl or chlorobutyl rubber
stoppers and aluminium seals. The new BioNTech/Pfizer mRNA vaccine that does not
require dilution contains 2.25 mL solution intended for 6 doses, with 0.3 mL per dose. On
the other hand, the Moderna mRNA vaccine contains 6.3 mL for 10 doses, with 0.5 mL per
dose. These vials are then placed into secondary and tertiary packaging for distribution
and low or ultra-low temperatures.

Table 1. Composition of the Moderna and BioNTech/Pfizer COVID-19 mRNA
vaccine [25,29,30,34–36].

Component Moderna COVID-19 mRNA
Vaccine

BioNTech/Pfizer COVID-19
mRNA Vaccine–Original PBS

Formulation

BioNTech/Pfizer COVID-19
mRNA Vaccine–Updated Tris

Formulation

Active ingredient nucleoside-modified mRNA-1273 * nucleoside-modified BNT162b2
mRNA *

nucleoside-modified BNT162b2
mRNA *

Functional, ionisable lipid
SM-102 (heptadecan-9-yl

8-((2-hydroxyethyl)(6-oxo-6-
(undecyloxy)hexyl)amino)octanoate)

ALC-0315 (4-
hydroxybutyl)azanediyl)bis(hexane-

6,1-diyl)bis(2-hexyldecanoate)

ALC-0315 (4-
hydroxybutyl)azanediyl)bis(hexane-

6,1-diyl)bis(2-hexyldecanoate)

Functional lipid
PEG2000-DMG (1,2-dimyristoyl-rac-

glycero-3-methoxypolyethylene
glycol-2000)

ALC-0159 (2-[(polyethylene glycol)-
2000]-N,N-ditetradecylacetamide)

ALC-0159 (2-[(polyethylene glycol)-
2000]-N,N-ditetradecylacetamide)

Structural lipid DSPC (1,2-distearoyl-sn-glycero-3-
phosphocholine)

DSPC (1,2-Distearoyl-sn-glycero-3-
phosphocholine)

DSPC (1,2-Distearoyl-sn-glycero-3-
phosphocholine)

Structural lipid Cholesterol Cholesterol Cholesterol

Cryoprotectant Sucrose Sucrose Sucrose

Buffer component Tris (Tromethamine) Phosphate-Buffered Saline (PBS) Tris (Tromethamine)

Buffer component (s)

Tris-HCL
(tris(hydroxymethyl)aminomethane-

hydrochloride), sodium acetate,
acetic acid

Disodium phosphate dihydrate,
Potassium dihydrogen phosphate,

potassium chloride, sodium
chloride

Tris-HCL
(tris(hydroxymethyl)aminomethane-

hydrochloride)

Buffer component water for injections water for injections water for injections

pH 7.5 6.9–7.9 7.4

* These single-stranded mRNA sequences are 5′ capped, codon optimised, and they encode the prefusion stabilized
full-length spike glycoprotein of the Wuhan-Hu-1 isolate of SARS-CoV-2.

In order to facilitate distribution of its COVID-19 mRNA vaccine, Pfizer has designed
special thermal shipping containers that utilise dry ice [18,20,37]. This original PBS for-
mulation of this vaccine requires ultra-cold temperatures of between −90 ◦C and −60 ◦C,
commonly −80 ◦C for shipment and longer term storage for up to 6 months, cf. Ta-
ble 2 [18,20,37,38]. Alternatively, the PBS formulated BioNTech/Pfizer COVID-19 mRNA
vaccine can also be transported between −25 ◦C and −15 ◦C, commonly −20 ◦C, and
the unpunctured vials can be stored at this temperature for up to 2 weeks [18,20,37,38].
Transportation of this vaccine between 2 ◦C and 8 ◦C is also possible, however this should
be completed within 12 h [18,20,37,38]. Unpunctured PBS formulated BioNTech/Pfizer
COVID-19 mRNA vaccine vials can be kept at 2 ◦C and 8 ◦C for up to 1 month, however
once punctured and mixed with the diluent these vials need to be used within 6 h at room
temperature (8 ◦C to 25 ◦C) [18,20,37,38]. Once the vaccine is thawed it should not be
frozen again and exposure to sunlight should be avoided [18,20,37,38]. The updated Tris
formulation of the BioNTech/Pfizer COVID-19 mRNA vaccine has an enhanced stability
profile and can be stored for 9 months at −90 ◦C to −60 ◦C, commonly at −80 ◦C. In addi-
tion, this updated formulation can be stored for up to 10 weeks at temperatures between
2 ◦C and 8 ◦C, commonly at 4 ◦C. Punctured vials containing the Tris formulation of the
BioNTech/Pfizer mRNA vaccine can be kept at temperatures between 2 ◦C and 30 ◦C for
12 hours, thus doubling the time available for administration compared to the original
PBS formulation.
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Table 2. Storage and transportation condition comparison for the regulatory-approved COVID-19
mRNA vaccines [4,15,17,18,20,36–39].

Condition
Moderna COVID-19 mRNA

Vaccine

BioNTech/Pfizer COVID-19
mRNA Vaccine–Original PBS

Formulation

BioNTech/Pfizer COVID-19
mRNA Vaccine–Updated Tris

Formulation

Ultra-cold frozen
unopened vials

Not required
−90 ◦C to −60 ◦C, commonly

−80 ◦C
for six months

−90 ◦C to −60 ◦C, commonly
−80 ◦C

for nine months

Cold frozen
unopened vials

−50 ◦C to −15 ◦C, commonly
−20 ◦C

for six months

−25 ◦C to −15 ◦C, commonly
−20 ◦C, single period of two

weeks

−25 ◦C to −15 ◦C, commonly
−20 ◦C, single period of two

weeks

Thawed unopened
vials

2 ◦C to 8 ◦C,
commonly 4 ◦C

for 30 days *

2 ◦C to 8 ◦C,
Commonly 4 ◦C
for one month

2 ◦C to 8 ◦C,
commonly 4 ◦C

for 10 weeks

Thawed punctured
vials

2 ◦C to 25 ◦C,
within 12 h

8 ◦C to 25 ◦C,
within 6 h

2 ◦C to 30 ◦C,
within 12 h

* Alternatively, the Moderna COVID-19 mRNA vaccine can also be stored between 8 ◦C and 25 ◦C for a total of
24 h.

On the other hand, Moderna’s COVID-19 mRNA vaccine does not require ultra-cold
temperatures for long term storage and transportation. This vaccines is distributed and
stored frozen for 6 months at temperatures between −50 ◦C and −15 ◦C, commonly at
−20 ◦C [4,15,17,39]. Unpunctured vials may be stored in the refrigerator between 2 ◦C to
8 ◦C for up to 30 days and between 8 ◦C to 25 ◦C for a total of 24 h [4,15,17,39]. Punctured
vials may be stored between 2 ◦C and 25 ◦C for up to 12 h [15,17,39]. Moderna’s COVID-19
mRNA vaccine vials cannot be frozen again once thawed, should not be placed on dry ice
and prior puncturing vials should not be exposed to sunlight [15,17,39].

3. mRNA Vaccine Instability and Stability Modelling

mRNA molecules at neutral or slightly alkaline pH, such as in current mRNA vaccine
formulations, degrade predominantly via the cleavage of the RNA phosphodiester bonds
of the RNA backbone. This 3’, 5’ phosphodiester bond breaks via a transesterification
reaction due to the close proximity of the adjacent 2′-hydroxyl group of the ribose moiety
to the phosphorus center [21,26,40]. This transesterification reaction occurs via an SN2
nucleophilic substitution reaction mechanism, whereby the 2′ oxygen attacks the adjacent
phosphorus center. Under alkaline conditions, base catalysis occurs, whereby the 2′-
hydroxyl group of the ribose moiety is deprotonated by hydroxide to generate the more
nucleophilic 2′-oxyanion group [21,26,40]. As a result of this transesterification reaction,
a new bond between the 2′ oxygen and phosphorus is created and the bond between the
same phosphorus and 5′ oxygen of the adjacent ribose is cleaved. Thus, the RNA backbone
is cleaved and two new ends of the RNA polymer are created; one end has a cyclic 2′,3′-
cyclic phosphate while the other end has a 5‘ alkoxide [21,26,40]. This transesterification
reaction is also referred to as base-catalyzed hydrolysis or auto-hydrolysis.

Kinetic models describing mRNA degradation have been developed based on first-
order kinetics at physiological pH ranges [21–23]. It was also shown that this mRNA
degradation reaction follows the Arrhenius behavior [21,24]. Recently, Moderna also stated
that the mRNA from their COVID-19 vaccine demonstrated Arrhenius behavior, with first
order kinetics [25]. Moreover, the stability profiles from this Moderna mRNA vaccines
were shown to be predictable and amenable to modelling [25].

Besides pH, higher order RNA structures (e.g., secondary structures, tertiary struc-
tures) can also contribute to the rate of the transesterification reaction [21,22,26,40]. Compu-
tational molecular modelling and molecular dynamics simulations are being used to predict
RNA structure. These include various atomistic force field methods, broad spectrum of
enhanced sampling methods, and coarse-grained modeling [22,26,41–50]. Single stranded
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RNA is more prone to hydrolysis than double stranded RNA, however RNAse A enzymes
catalyze the cleavage of RNA molecules, including double-stranded RNA, using acid-base
hydrolysis [26]. Thus, it is crucial to prevent the contact or interaction of RNAse A with
the mRNA.

The encapsulation of mRNA into LNPs protects the mRNA of current COVID-19
vaccines from the action of RNAse A enzymes when the vaccine is injected into humans,
and the LNPs also help the delivery of the RNA into the cells [25,29]. Therefore, the colloidal
stability of the mRNA-LNP complexes is also crucial for the quality, safety and efficacy of
mRNA vaccines. The LNPs are subject to both chemical and physical instability [27,28,51].
Chemical instability can be caused by oxidation, and temperature- and pH-dependent
hydrolysis of the lipids [27,28,51]. Physical instability can occur in the following forms:
aggregation, fusion, and leakage of the encapsulated RNA [27,28,51]. However, additional
investigation is needed to fully understand the mechanisms of LNP instability [27,52]. Such
a detailed mechanistic understanding of LNP instability or the availability of abundant
data can support the development of mechanistic or data-driven models, respectively.

4. Quality by Design and mRNA Vaccine Stability

Quality by Design (QbD) offers a patient centric approach for consistently delivering high
quality, safe and effective vaccines based on product and process understanding [23,53,54].
The critical quality attributes (CQAs) of mRNA vaccines can change over time and under
the influence of factors such as temperature, light and shear stress. When mRNA molecules
undergo degradation the following CQAs can be affected: RNA sequence integrity, double-
stranded RNA (dsRNA) content, poly(A) tail length, poly(A) tail level, 5′ capped RNA
percentage and truncated RNA content. In addition, the mRNA-LNP complexes can also be
impacted by the above-mentioned factors and the following mRNA-LNP CQAs can undergo
changes: RNA encapsulation, LNP size, LNP polydispersity, and lipid-RNA adduct impurities.
Consequently, alterations of these CQAs can impact additional CQAs, such as immunogenicity
and potency, ultimately leading to changes in product quality, safety and efficacy. The stability
of mRNA vaccines can be quantified based on quantifying these individual stability related
CQAs. Acceptance criteria or thresholds can be defined for each CQA, and the mRNA vaccine
can be considered stable and within the shelf-life only if the acceptance criteria for each
individual CQA is met.

The assessment and measurement of stability-related CQAs requires specialised assays
and equipment, as shown below in Table 3. Therefore, the quantification of stability-
related CQAs cannot be done routinely at the use-point of the vaccine following vaccine
distribution. To prevent mRNA degradation and alterations in the mRNA CQAs and
mRNA-LNP CQAs, these vaccines are handled and distributed under well-controlled
conditions (see Section 2). This is meant to reduce the impact of factors such as temperature,
time, light and shear stress on the stability-related mRNA CQAs and mRNA-LNP CQAs.
However, vaccine distribution supply chains in low-income countries can be unreliable
as described in the Introduction section and consequently these CQA-impacting factors
can be less well-controlled. This can lead to deterioration in vaccine quality and loss of
vaccine doses.
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Table 3. List of mRNA-LNP vaccine critical quality attributes related to stability and the analytical
methods required to quantify these.

Critical Quality Attribute Analytical Methods Ref.

RNA sequence integrity
Capillary Electrophoresis (CE), analytical high-performance

liquid chromatography (HPLC), analytical
ultra-high-performance liquid chromatography (UHPLC)

[55–59]

truncated RNA content CE, analytical HPLC, analytical UHPLC [55–59]

5′ capped RNA percentage
Analytical HPCL, liquid chromatography-mass

spectrometry (LC-MS), nuclease digestion followed by
tandem mass spectrometry (MS/MS) quantitation

[25,29,56,60,61]

poly(A) tail length
LC-MS, reverse-phase HPLC and mass spectrometry

(RP-HPLC-MS), CE
[29,55,62,63]

poly(A) tail level
Analytical HPLC, droplet digital polymerase chain reaction

(ddPCR), MS
[29,56,64]

double-stranded RNA content Immunoblotting, ELISA, RP-HPLC-MS [27,29,57,65,66]

percentage encapsulated RNA
Absorbance assay, ribogreen assay, ion exchange HPLC,

Raman spectroscopy, size-exclusion chromatography with
multiangle light scattering (SEC-MALS)

[27,56,67,68]

LNP size
dynamic light scattering (DLS), nanoparticle tracking

analysis, SEC-MALS
[27,56,59,67–69]

LNP polydispersity DLS, nanoparticle tracking analysis, SEC-MALS [27,56,59,67–69]

lipid-RNA adduct impurities Ion pair RP-HPLC, HPLC, UPLC [25,70]

5. Supply Chain of mRNA Vaccines

Current mRNA vaccines are thermolabile and their quality can deteriorate during
both manufacturing and distribution [25,59,71]. Vaccines, including mRNA vaccines, are
manufactured in two main stages, and following this, vaccines are distributed via a network
of storage and transportation steps to the vaccination centres [59,71–73]. The two stages
of vaccine manufacturing are the drug substance manufacturing (primary manufacturing)
and drug product manufacturing (secondary manufacturing, fill-to-finish) [59,71,72]. These
two manufacturing stages generally take place at different locations, often in different
countries, thus the vaccine drug substance needs to be stored and transported between
these two locations. Following fill-to-finish, the packaged vaccines are stored at the sec-
ondary manufacturing facility and then are transported to the central/national stores.
These central/national stores can be in the country of secondary manufacturing, but more
commonly vaccines are shipped to a different country. If vaccines are shipped to a different
country or continent, airplanes are used for long-distance transportation in combination
with road transportation at both ends, from the secondary manufacturing facility to the
airport and from the airport to the central/national store. From the national stores, the
vaccines are transported usually to several provincial/regional stores, from there to tens to
hundreds of district stores and then to generally thousands of hospitals and vaccination
centres [73–80]. This is a 4-tier distribution network, however 3-tier and 5-tier vaccine
distribution networks also exist, but these tend to be less common [79,80].

6. A Model-Based Quantification of the mRNA Vaccine Shelf Life and
Stability-Related CQAs

In principle, it is possible to establish mathematical relationships between the CQAs
of mRNA vaccines and the factors or parameters that lead to their alteration during the
distribution chain. For example, kinetic equations can be built to describe degradation
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reactions in function of time and temperature [21–25,81]. For this, the following simple
kinetic equation can be used to describe the rate of the degradation reaction:

rdeg = k [mRNA]m (1)

where:
“rdeg” is the reaction rate for the degradation reaction, units depend on the order

of reaction
“k” is the rate constant, its units depend on the order of reaction
“[mRNA]” is the concentration of the active, functional process intermediates
“m” is the order of the reaction.
The order of the reaction can be determined experimentally by measuring the reaction

rate at two different starting mRNA concentrations at a constant temperature [82,83].
This experiment can be carried out at multiple temperatures to confirm that the order of
reaction and reaction mechanism remains the same when measuring the rate at different
temperatures. The obtained order of reaction can then be checked by carrying out a
degradation experiment at a constant temperature and measuring the concentration of the
mRNA over time. The shape of the concentration curve in function of time can confirm
the order of the reaction [82,83]. Next, the rate constant k can be determined from the
degradation rate law.

To relate the reaction rate to temperature, the Arrhenius equation is commonly
used [84–89]:

k = A e
−Ea
RT (2)

where:
“k” is the rate constant, units depend on the order of reaction
“A” is the pre-exponential factor, a constant for each chemical reaction. According to

collision theory, A is the frequency of collisions in the correct orientation. A has the same
unit as k;

“T” is the absolute temperature, in Kelvin;
“R” is the universal gas constant, can be expressed as 8.3144 J·K−1

·mol−1;
“Ea” is the activation energy for the reaction, expressed in the same units as RT;
To check whether the reaction follows the Arrhenius equation, the Arrhenius equation

can be linearised by taking its natural logarithm. This gives the following equation:

ln k = −
Ea

R

1
T
+ ln A (3)

If the plot of ln k in function of 1
T gives a line, that means that the reaction has an

Arrhenius behaviour. The reaction rate constant k and the temperature T can be determined
experimentally [82,83]. By plotting ln k in function of 1

T , Ea
R will be represented by the

slope (gradient) of the line, whereas ln A will be the intercept. Thus, by knowing all the
components of the equation, including the universal gas constant R, the equation can
now be solved and the activation energy Ea as well as the pre-exponential factor A can
be determined.

Such stability modelling approaches have been already used in the past, predominantly
for protein-based biopharmaceuticals and conventional (non mRNA) vaccines [81,84,90]. It
was also demonstrated that the mRNA degradation reaction follows the Arrhenius behav-
ior [21,24]. Furthermore, Moderna has stated that mRNA degradation rate demonstrates
Arrhenius behaviour with first order kinetics [25]. According to Moderna, the mRNA
stability profiles were demonstrated to be predictable and amenable to modelling [25].

If new data will show that the first-order kinetics and the Arrhenius equation will not
describe the degradation of mRNA vaccines accurately, then alterations to these models
can be made, for example by changing the order of the reaction or using a modified version
of the Arrhenius equation. The model structure should be developed by investigating the
underlying mechanisms and the kinetics. The possibility of multiple parallel or stepwise
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reactions should also be considered. The impact of phase transitions (e.g., solid to liquid)
on the mRNA vaccine stability related CQAs should also be evaluated.

The correct model can in principle quantify the extent of mRNA degradation under
any combination of time and temperature.

Following their conception, determination of the appropriate model structure and
order of reaction, models need to be calibrated and then validated to make sure that they
are realistic. Model calibration, or model fitting, implies adjusting the model parameters to
the experimental data to optimise the fit between the experimental data, and the model
and to maximise the predictive power of the model. Model validation entails the use
of additional experimental data to check if the model has the desired predictive power.
Such a model needs to be validated under real-life conditions. For model calibration and
validation, two experimental approaches can be used: accelerated stability studies under
isothermal conditions and temperature ramping experiments [81,90].

During accelerated degradation studies under isothermal conditions the degradation
reaction is observed at high temperatures. This increases the reaction rate and reduces the
experimentation time. For such studies, the mRNA is incubated at high temperatures and
the change in the concentration of the mRNA is measured over time. Thus, the reaction rate
constant k can be determined from Equation (1). By knowing the temperature, the line from
Equation (3) can be plotted and from this 2D plot the activation energy Ea as well as the
pre-exponential factor A can be determined. Therefore, by knowing the degradation rate
at various high temperatures and after confirming that the temperature-rate dependency
remains valid at different temperatures, the relationship can be extrapolated to determine
the degradation rate at low temperatures.

On the other hand, during temperature ramping experiments, the temperature is
increased either step-wise or continuously at a given heating rate over a define temperature
range. During this experiment, changes in the biophysical properties of the mRNA can
be assessed by monitoring the degradation extent and/or by monitoring the enthalpy
and free energy or another thermodynamic parameter [84,91–93]. Temperature ramping
experiments can be carried out within a few hours and this is an advantage compared to
accelerated stability studies under isothermal conditions. Therefore, temperature ramping
experiments are commonly used for biopharmaceutical formulation development and for
screening of stabilising conditions [84,91–93]. The models should also be validated using
real-world supply chain conditions.

Once such a model will be calibrated and successfully validated, this model will be
ready to be applied to compute the stability-related CQAs of the mRNA vaccine at any
possible combinations of temperature and time duration during vaccine distribution, cf.
Figure 1. For this, the model will take in measurements from temperature monitoring
devices which are already included in each vaccine shipment, i.e., the TagAlert Temperature
Monitors which accompany Moderna’s COVID-19 mRNA vaccine [15–17] and the GPS-
enabled thermal sensors that monitor Pfizer’s COVID-19 mRNA vaccine [18–20]. The
models can also be cloud-based and the information from the temperature monitoring
devices can be transferred to the models via the internet. Based on these measurements, the
calibrated and validated models can compute values of the CQAs, such as those shown in
Table 3. The model-computed CQA values can be returned via the internet to the computer
or mobile device (e.g., smartphone) of the user or vaccinator. A QbD design space can also
be established to illustrate the impact of storage and transportation parameters, such as
temperature and time, on the individual stability-related CQAs [23,81]. This design space
will illustrate the combination of time and temperature that the mRNA vaccine can be
exposed to in the future.
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Figure 1. Illustration of the proposed model-based quantification of mRNA vaccine stability related
CQAs and remaining shelf life. The temperature of COVID-19 mRNA vaccines is currently monitored
throughout the distribution chain. Models can be developed, calibrated, validated and implemented
to compute the values of stability related CQAs based on temperature and time measurements. These
models can be cloud based and they could receive the data via the internet. After the results have
been computed these can be returned to the user’s computer or mobile device (e.g., smartphone).
These results will contain the quantitative values for each CQA and also the remaining shelf life.

These models can also compute the remaining shelf life of vaccines by quantifying
how high above the allowable threshold the CQA values are and therefore are able to
predict when these CQAs would go outside of the acceptable limits. This will help to better
understand which vaccines are usable even if the cold chain was partially compromised
and if temperature excursions occurred. Therefore, this model-based stability quantification
can reduce vaccine wastage while still guaranteeing that the vaccines are effective and
safe to use. Moreover, by knowing the remaining vaccine shelf-life, the vaccine stocks can
also be managed more effectively. These stability QbD models are in principle disease
agnostic and can be used to quantify the stability-related CQAs and remaining shelf life
of mRNA vaccines against a wide range of diseases beyond COVID-19. If the mRNA
vaccine formulation and length of mRNA molecule changes considerably, the models
might need to be recalibrated and revalidated or even new model architectures might need
to be developed.

7. Remaining Challenges and Potential Solutions

As shown above, mRNA degradation can be modelled using kinetic equations and
this facilitates the quantification of CQAs such as RNA sequence integrity, truncated RNA
content, 5′ capped RNA percentage, and to some extent poly(A) tail length and poly(A)
tail level. However, values for other CQAs can be more challenging to quantify using
computational models based on currently available mechanistic understanding and avail-
able data. These CQAs include, double-stranded RNA content, percentage encapsulated
RNA, LNP polydispersity and lipid-RNA adduct impurities. The double-stranded RNA
content can in principle be modelled by establishing statistical or data-driven relationships
between factors such as temperature-time profiles and double-stranded RNA content based
on experimental or real-world data. However, this would require a large amount of data
from a wide range of temperature and time conditions. Alternatively, in principle, ab
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initio molecular modelling could also be used to predict secondary structures and double
stranded RNA formation in function of temperature and time profiles [22,26,41–50,94–96].
There is also some degree of sequence flexibility that can be used to control secondary
structure formation, due to the codon redundancy, choice of modified nucleotides, and
changes that can be implemented into the 5′ UTR and 3′ UTR [97,98].

Stability related CQAs pertaining to the LNP can also be more challenging to quantify
using modelling. Thereby, besides statistical and data-driven approaches, models also
encompassing chemical and physical degradation pathways can also be evaluated. These
models should quantify the oxidation and hydrolysis of lipids, as well as assess LNP
aggregation, fusion, leakage of the encapsulated RNA, together with biophysical and
morphological changes in the LNPs [27,28,51,52,68,99]. Moreover, models for reactions
between lipids and RNA can also be developed to describe the formation of the recently
observed lipid-mRNA adducts that can occur in mRNA vaccine formulations [70]. If
necessary, models can also be developed to quantify the impact of additional factors, such
as light and shear stress, on the stability-related CQAs. The impact of phase transitions
(e.g., solid to liquid) can also be experimentally assessed and then potentially modelled.
Finally, the presence of autocatalytic events or other deviations from the model-predicted
evolution of the stability-related CQAs should also be carefully evaluated as part of the
model validation exercise.

Besides the use of models for better quantifying the remaining shelf life and the
values for the stability-related CQAs, an alternative and crucial approach is to increase
the thermostability of mRNA vaccine formulations. This is indeed a topic of highly active
research and it could lead to more thermostable mRNA vaccine formulations in the long
term [100,101]. Another solution for enabling large scale vaccination programs in LMICs
is to improve the vaccine distribution cold chains in these countries. However, this is
extremely challenging to achieve due to lack of adequate road and electricity infrastructure,
lack of suitable cold chain equipment, shortages of qualified cold chain operating and
maintaining personnel, and lack of funding. There is also the possibility of using the
cold chains from other sectors, such as food, fishery and agricultural sectors to distribute
COVID-19 mRNA vaccines more effectively [13]. This cross-sectoral use of supply chains
can increase the distribution capacity and to some extent the reliability of cold and ultra-
cold mRNA vaccine chains. However, incidents, faults and failures can still occur. Taken
together these efforts could help with enabling the delivery and usage of vaccines in LMICs,
once these COVID-19 mRNA vaccines are made more affordable to LMICs.

8. Conclusions

Current COVID-19 mRNA vaccines are thermosensitive and need to be distributed
via cold or ultra-cold chains to minimise their degradation and change in quality. However,
such cold and ultra-cold chains in LMICs are often not adequate or are unreliable. COVID-
19 mRNA vaccines are currently distributed along with temperature monitoring devices to
track and identify deviations from predefined conditions throughout the distribution chain.
Given the sub-optimal cold chain infrastructure in LMICs, a large proportion of mRNA
COVID-19 vaccines could be wasted due to temperature excursions during the distribution
chain. It is not well understood how various temperature excursion profiles could impact
mRNA vaccine CQAs and the remaining shelf life of the mRNA vaccines. To address this,
a model-based quantification of the CQAs and consequently the remaining shelf life is
proposed. This can be achievable given that COVID-19 mRNA vaccine shipments already
contain temperature monitoring devices and that Moderna has already proposed a model
which calculates vaccine degradation in function of time and temperature. In this article,
a kinetic model is conceptualised for describing mRNA degradation and an approach is
presented for implementing this model into the vaccine distribution chain. These models
will take in temperature and time readings from the vaccine shipments and can compute
the CQAs and the remaining shelf life of mRNA vaccines. Remaining challenges are also
discussed, highlighting potential limitations of such models for quantifying values for
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certain stability-related CQAs, such as double stranded RNA content and LNP-related
CQAs that can be impacted by temperature. Potential modelling approaches are also
presented for difficult to quantify CQAs alongside additional improvements that could
help the deployment of COVID-19 mRNA vaccines in LMICs. The modelling approaches
presented here can help to reduce vaccine wastage, help to better manage vaccines stocks,
and more accurately quantify vaccine quality when distributing thermolabile mRNA
vaccines to locations where the cold or ultra-cold chain is sub-optimal.
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