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Abstract. The dire need for safe and effective coronavirus disease (COVID-19) vaccines
is met with many vaccine candidates being evaluated in pre-clinical and clinical studies. The
COVID-19 vaccine candidates currently in phase 3 or phase 2/3 clinical trials as well as those
that recently received emergency use authorization (EUA) from the United States Food and
Drug Administration (FDA) and/or other regulatory agencies worldwide require either cold
(i.e., 2–8°C) or even freezing temperatures as low as −70°C for storage and distribution.
Thus, existing cold chain will struggle to support both the standard national immunization
programs and COVID-19 vaccination. The requirement for cold chain is now a major
challenge towards worldwide rapid mass vaccination against COVID-19. In this commentary,
we stress that thermostabilizing technologies are available to enable cold chain-free vaccine
storage and distribution, as well as potential needle-free vaccination. Significant efforts on
thermostabilizing technologies must now be applied on next-generation COVID-19 vaccines
for more cost-effective worldwide mass vaccination and COVID-19 eradication.
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INTRODUCTION

The novel severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) is the etiological agent of COVID-19
that has been declared a pandemic by the World Health
Organization (WHO) on March 11, 2020 (1,2). SARS-CoV-2
has a single-stranded positive-sense RNA genome that
encodes structural proteins as well as nonstructural and
accessory proteins (3,4). The critical structural proteins are
(i) spike (S) protein that mediates the entry of the virus into
the host cells, (ii) nucleocapsid protein that protects the viral
RNA against the surrounding host cells, (iii) membrane
protein that enables the viral RNA to bind to the inner
surface of the host cell membrane, and (iv) envelop protein
(1).

The S glycoprotein has two functional subunits, namely,
S1 that mediates cellular attachment and S2 that mediates
viral and cellular membrane fusion (5). The S1 receptor-
binding domain (RBD) mediates the binding of SARS-CoV-2
to the angiotensin-converting enzyme (ACE2) host cell
receptor followed by viral internalization into the cells (1,5).
ACE2 receptor is expressed in many tissues in the body,

including type II pneumocytes (i.e., surface epithelial cells of
the alveoli), enterocytes, and oral mucosal epithelium (6).

The leading cause of COVID-19 mortality was reported
to be the acute respiratory distress syndrome, which is
initiated by the infection of lung epithelium by SARS-CoV-2
viruses and the activation of alveolar macrophages (1).
Immune-mediated cytokine storm and RNAemia also con-
tribute to the severity of COVID-19 (6,7). As of January 31,
2021, the WHO official data showed 102,083,344 confirmed
COVID-19 cases including 2,209,195 deaths (8). The trans-
mission of SARS-CoV-2 from asymptomatic individuals is the
main contributing factor to the large number of COVID-19
cases (3). Thus, the development of prophylactic vaccines is
the key in stopping SARS-CoV-2 transmission and infection
and ultimately eradicating COVID-19.

Many COVID-19 vaccine candidates are being evaluated
in different phases of clinical trials and some have already
been granted emergency use authorization (EUA). However,
almost all these candidates require distribution and storage in
either cold (i.e., 2–8°C) or ultra-cold temperatures (i.e.,
−20°C or −70°C). According to the WHO, vaccines should
be stored in a system that maintains them in good condition.
This system is referred to as the “cold chain” and is
designated to keep vaccines within the WHO recommended
temperature ranges (i.e., 2 to 8°C or −15 to −25°C).
Astoundingly, cold chain accounts for ~80% of the cost of
vaccination programs in the developing countries (9). Cold
chain failure can result in significant losses of vaccines that
are considered lifesaving in the case of pandemics such as
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COVID-19. For instance, 1900 doses of the Moderna’s
COVID-19 vaccine were ruined when a freezer was acciden-
tally unplugged at a Veteran’s Hospital in Boston (10).
Additionally, temperature-controlled supply chain is a major
obstacle towards rapid and efficient distribution of vaccine.

In this commentary, we discuss various COVID-19
vaccine candidates that had received EUA or are in phase 3
or phase 2/3 clinical trials with the main emphasis on their
cold chain requirements and propose that vaccine developers
and manufacturers must now consider the stability of their
vaccine candidates at ambient temperatures or at least at cold
temperatures (i.e., 2–8°C) in order to achieve rapid and
efficient vaccine distribution and thus mass vaccination
without significantly compromising the existing national
immunization programs. This can be achieved via the
selection of the appropriate technology as well as the
optimization of vaccine formulation.

TUTORIAL ON COVID-19 VACCINES IN PHASE 3 OR
PHASE 2/3 CLINICAL TRIALS, WITH OR WITHOUT
EUA

Vaccine design considers the selection of proper virus-
derived antigens, the vaccine technologies, and the route of
administration (11). As of January 26, 2021, there were 63
COVID-19 vaccine candidates in clinical evaluation and an
additional 173 in preclinical evaluation (12). A remarkable
feature of the COVID-19 vaccine development landscape is
the array of novel as well as traditional technology platforms
being evaluated, including nucleic acid (i.e., mRNA and
DNA), recombinant protein, viral vector, bacterial vector,
live attenuated, virus-like particles (VLPs), and inactivated
virus-based vaccines (13–15). The technology used to develop
the vaccine determines the potency of vaccine antigens, the
need for immune adjuvant, and the type of protective
immunity induced (11). Table I summarizes various
COVID-19 vaccine candidates in phase 3 or phase 2/3 clinical
trials. According to the WHO, as of January 26, 2021, there
were 22 vaccine candidates belonging to seven different
platforms in phase 3 or phase 2/3 clinical trials around the
world (12).

Adenovirus Vector-Based SARS-CoV-2 Vaccines

AZD1222 (i.e., ChAdOx1-S) was developed by research-
ers at Oxford University and licensed by AstraZeneca (38).
The results of phase 1/2, single-blind, randomized, controlled
clinical trial (i.e., NCT04324606) showed that AZD1222 was
safe, well tolerated, and induced both cellular and humoral
immune responses in all participants (39). The interim
analysis of four clinical studies (i.e., two phase 1/2 studies in
South Africa (i.e., NCT04444674) and United Kingdom (UK)
(i.e., NCT04324606), a phase 2/3 study in UK (i.e.,
NCT04400838), and a phase 3 study in Brazil (i.e.,
ISRCTN89951424)) showed an efficacy of 70.4% (40). On
December 30, 2020, the UK Medicines and Healthcare
Products Regulatory Agency (MHRA) granted EUA for
ADZ1222 vaccine. The vaccine is currently authorized for use
in the UK and many other countries worldwide (41).

Ad26.CoV2.S, Janssen’s COVID-19 vaccine, is Ad26
vector-based, and CanSinoBio’s COVID-19 vaccine is Ad5

vector-based (42,43). Sputnik V, the vaccine candidate devel-
oped by the Gamaleya Research Institute of Epidemiology and
Microbiology, is unique in that it is based on Ad5 and Ad26 for
heterologous priming and boosting (17). It elicited strong
humoral and cellular immune responses in phase 1/2 clinical
trials (i.e., NCT04437875 and NCT04436471) (17).

Inactivated SARS-CoV-2-Based Vaccines

CoronaVac is an inactivated SARS-CoV-2 vaccine can-
didate (27). CoronaVac provided either partial or complete
protection against SARS-CoV-2 in rhesus macaques without
eliciting antibody-dependent enhancement of virus infection
(44), which was previously found in animals immunized with
severe acute respiratory syndrome coronavirus (SARS-CoV)
or Middle East respiratory syndrome coronavirus (MERS-
CoV) vaccine candidates prepared with the inactivated whole
virus or the full-length S proteins, respectively (45,46). The
results of phase 1/2 clinical trial (i.e., NCT04352608) showed
that CoronaVac is well tolerated and can induce SARS-CoV-
2-specific humoral immune responses in healthy adults (18–59
years of age). These findings supported the initiation of phase
3 clinical trial (i.e., NCT04582344).

Two other inactivated SARS-CoV-2 vaccine candidates
currently in phase 3 clinical trials were developed by the
Wuhan Institute of Biological Products and the Beijing
Institute of Biological Products (i.e., BBIBP-CorV), indepen-
dently, in coalition with Sinopharm (12,28). The results of
phase1/2 clinical trials showed that both vaccine candidates
are well tolerated and can elicit humoral immune responses
against SARS-CoV-2 rapidly in healthy adults (47,48). All of
them had been granted EUA in China and/or many other
countries, and public availability of data from phase 3 clinical
trials is pending (49).

Bharat Biotech, Indian Council of Medical Research,
and the National Institute of Virology developed a whole-
virion inactivated SARS-CoV-2 vaccine called COVAXIN™
(also known as BBV152), which is also currently evaluated in
a phase 3 clinical study (i.e., NCT04641481) (31). COVA-
XIN™ was granted “for restricted use in emergency situation
in public interest as an abundant precaution, in clinical trial
mode” in India on January 2, 2021 (50).

SARS-CoV-2 mRNAVaccines

Another platform for the development of COVID-19
vaccine candidates is the mRNA. Messenger RNA can acceler-
ate the development of COVID-19 vaccine because it combines
the ease of manufacturing and efficient modification of the
encoded antigen (51). Messenger RNA-based vaccines can
induce strong immune responses by generating potent neutral-
izing antibodies and activating CD8+ and CD4+ T cells, while
reducing the potential risks of infection and mutagenesis (52).
Finally, mRNA vaccines can be potentially rapidly modified to
address any new SARS-CoV-2 mutations (53,54). Both Mod-
erna’s mRNA-1273 and Pfizer/BioNTech’s BNT162b2 vaccine
candidates were recently granted EUA by the FDA.

Moderna’s mRNA-1273 vaccine is a lipid nanoparticle-
encapsulated mRNA (20). Encapsulation of the mRNA
within the lipid nanoparticles provides the mRNA protection
against enzymatic degradation, facilitates its uptake by target
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cells, and improves the immunogenicity (55). No trial-limiting
safety concerns were reported during the phase 1, dose-
escalating, open-label clinical trial that involved the vaccina-
tion of healthy adults (18–55-year-old) with two doses (each
25 μg, 100 μg, or 250 μg) 28 days apart; however, 21% of
participants who received the 250 μg dose showed one or
more severe adverse events (20). This phase 1 clinical trial
was expanded to test mRNA-1273 in older population (i.e.,
56–70 or ≥ 71 years of age) at a dose of either 25 μg or 100 μg
(56). Older population showed mild to moderate adverse
events. The 100-μg dose induced high binding and neutraliz-
ing antibody titers as compared to the 25-μg dose, and thus, it
was selected for further evaluation in a large phase 3 clinical
trial (i.e., NCT04470427) (56). Subjects who received Mod-
erna’s mRNA-1273 vaccine retained high levels of neutraliz-
ing anti-SARS-CoV-2 antibodies for 119 days after the first
vaccination. However, memory B and T cell responses to
mRNA-1273 vaccine are not yet delineated (57). Moderna’s
mRNA-1273 vaccine received EUA from the FDA and the
European Medicines Agency (EMA) on December 18, 2020,
and January 6, 2021, respectively.

Pfizer and BioNTech launched their BNT162 (i.e.,
Comirnaty®) mRNA-based vaccine candidate by comparing
four vaccine candidates in an umbrella-type clinical trial to
select a single vaccine candidate and dose level for a critical
global safety and efficacy trial (21). Two vaccine candidates
(i.e., BNT162b1 and BNT162b2) showed superior safety and
immune responses. Both BNT162b1 and BNT162b2 are lipid
nanoparticle-encapsulated nucleoside-modified mRNAs that
encode trimerized SARS-CoV-2 RBD of the S glycoprotein
and the full-length S glycoprotein, respectively (21,58). The
preliminary results of phase 1/2 clinical trial showed a
favorable overall tolerability profile for the BNT162b2 in
terms of less systemic reactogenicity, and it was thus selected
for the large-scale phase 2/3 trial (i.e., NCT04368728) to
further evaluate its safety and efficacy (21). BNT162b2
received EUA from the FDA on December 11, 2020, and
from the European Commission on December 21, 2020,
following the EMA recommendation of authorization. On
December 31, 2020, the WHO granted its first emergency use
listing for BNT162b2 (59).

CureVac’s CVnCoV is also a lipid nanoparticle-
encapsulated mRNA vaccine encoding the full-length
SARS-CoV-2 S glycoprotein (22). The preliminary results of
a phase 1 clinical study (i.e., NCT04449276) showed the
safety and tolerability of the CVnCoV vaccine in healthy
volunteers 18–60 years of age (60).

Plasmid DNAVaccine

Generally, DNA vaccines have good stability profiles
compared to mRNA and protein subunit vaccines and no risk
of infection compared to live-attenuated virus-based vaccines
(13). Also, they are cost-effective, easily produced, and can
induce durable immune responses (61). ZyCoV-D is a
plasmid DNA vaccine candidate developed by Zydus Cadila
(Ahmedabad, India) (33,62). The results of phase 1/2 clinical
trial (i.e., CTRI/2020/07/026352) have not been published,
and a phase 3 clinical trial (i.e., CTRI/2021/01/030416)
evaluating the efficacy and safety of ZyCoV-D was initiated.
ZyCoV-D is given by intradermal injection using Pharmajet.

INO-4800 is another DNA vaccine developed by Inovio
Pharmaceuticals. The vaccine is injected intradermally fol-
lowed by electroporation using CELLECTRA®. The
electroporation generates a controlled electric field at the
site of injection to ameliorate the cellular uptake and thus the
expression of the DNA plasmid (35). Data from phase 1
clinical trial (i.e., NCT04336410) demonstrated the safety and
tolerability of INO-4800, which also elicited humoral and/or
cellular immune responses in all vaccinated subjects. (35).

Recombinant Protein Subunit Vaccines

Novavax’s NVX-CoV2373 is adjuvanted with Matrix-M1.
Matrix-M1 is a mixture of two different formulations of
saponin in cholesterol and phospholipid-based nanoparticle
(63). Matrix-M1 has not yet been approved for human use.
The safety and immunogenicity of NVX-CoV2373 at a dose
level of 5 μg and 25 μg with or without 50 μg of Matrix-M1
adjuvant were evaluated in a randomized, placebo-controlled,
phase 1/2 clinical trial (i.e., NCT04368988). Adjuvanted
NVX-CoV237 was found to be safe and elicited immune
responses that exceeded the responses in COVID-19 conva-
lescent serum. Matrix-M1 adjuvant spared the antigen dose
and helped induce T helper 1 response (64). Anhui Zhifei
Longcom Biopharmaceutical and the Institute of Microbiol-
ogy at the Chinese Academy of Sciences developed another
protein subunit vaccine candidate which is currently in phase
3 clinical evaluation (i.e., ChiCTR2000040153).

Virus-Like Particles

As of January 28, 2021, the WHO official data showed
only one SARS-CoV-2 virus-like particle (VLP) COVID-19
vaccine candidate (i.e., CoVLP) (12). CoVLP is adjuvanted
with the adjuvant system AS03 that is composed of α-
tocopherol, squalene, and polysorbate 80 in an oil-in-water
emulsion (36). None peer-reviewed data (i.e., preprint of a
manuscript) of phase 1 clinical trial showed the tolerability
and immunogenicity of CoVLP (i.e., eliciting strong humoral
and cellular immune responses) (65).

BCG Vaccine

BCG vaccine is a vaccine that was originally developed
to prevent tuberculosis (66). BCG can protect against
multiple unrelated pathogens at least in part by the induction
of innate immune memory (i.e., trained immunity). Thus, it
has been hypothesized that BCG vaccination may protect
against SARS-CoV-2 infection and/or reduce the severity of
COVID-19 (67). The non-specific protective effect of BCG
vaccination against SARS-CoV-2 infection in high-risk popu-
lation is currently being evaluated in various phase 3 trials
(e.g., healthcare workers [NCT04379336], elderly individuals
[NCT04475302]).

(PREDICTED) STORAGE TEMPERATURES FOR
COVID-19 VACCINES IN PHASE 3 OR PHASE 2/3
CLINICAL TRIALS WITH OR WITHOUT EUA

Generally, the costs of cold-chain storage and the
logistics of vaccine distribution for subsequent administration
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are major challenges encountered by the global vaccination
programs (68). Vaccines lose their potency slowly over time,
but elevated temperatures accelerate this potency loss process
(69). Thus, vaccines are generally stored at cold or ultracold
temperatures to maintain their stability and immunogenicity,
which are reduced even at moderate temperatures (68). As
shown in Table II and Figure 1, vaccine heat sensitivity varies
depending on the vaccine platform, and even vaccines based
on the same platform have different stability profiles depend-
ing on the manufacturer.

Almost all licensed inactivated virus vaccines are re-
quired to be stored in cold temperatures (i.e., 2–8°C) (83).
Almost all inactivated virus-based COVID-19 vaccine candi-
dates currently in phase 3 or phase 2/3 clinical trials contain
an aluminum salt adjuvant (Table I). Therefore, they will
most likely be stored at 2–8°C. For example, SinoVac
Biotechnology reported that its aluminum salt-adjuvanted,
inactivated CoronaVac vaccine is stable for at least 5 months
at 2–8°C, 42 days at 25oC and 28 days at 37oC (80). Matthias
et al. reported that 14–35% of refrigerators or shipments have
exposed vaccines to freezing temperatures (84). Accidentally
exposing aluminum-adjuvanted vaccines to freezing

temperatures during transport or storage should be avoided,
as the slow freezing (due to breach of cold chain) causes the
aggregation of the aluminum salt particulates and the loss of
the vaccine potency (85).

The Ad vector-based COVID-19 vaccines currently in
phase 3 clinical trials most likely need to be stored at 2–8°C
or in freezing temperatures. For example, Gamaleya’s Ad5-
and Ad26-based liquid vaccine is recommended to be stored
frozen in temperatures not higher than −18oC, although
Gamaleya also has developed a freeze-dried form of the
vaccine candidate, which is expected to be stable at 2–8°C
(17).

Janssen’s Ad26.CoV2.S vaccine is based on the same
AdVac platform as its Zabdeno Ebola vaccine (i.e., Ad26.ZE-
BOV), which has been granted marketing authorization by
the EMA. Formulation advances have allowed long-term
storage of Ad26-based vaccines at 2–8°C (86). For instance,
Zabdeno has a shelf-life of 4 years at −85 to −55°C. It should
be transported frozen at −25 to −15°C and can be stored by
distributors or end users in a freezer at −25 to −15°C for a
period of up to 20 months. At 2–8°C, it can be stored for up
to 8 months (70). Therefore, it is expected that Ad26.CoV2.S

Table II. A Summary of the (Expected) Storage Temperatures and Shelf Lives of Selected COVID-19 Vaccine Candidates in Phase 3 or Phase
2/3 Clinical Trials

Vaccine candidate Dosage form Dosing regimena Expected storage
temperatures/shelf-lifeb

Supporting
evidence

Sputnik V (rAd26-S
and rAd5-S)

Frozen liquid
or freeze-dried
powder

Two IM doses on days 0
(rAd26-S) and 21 (rAd5-S)

≤−18°C (liquid form)/NA
2–8°C (lyophilized form)/NA

(17)

Ad26.CoV2.S Liquid Single IM dose (5 × 1010

virus particles)
−85 to −55°C/4 years
−25 to −15°C/20 months
2–8°C/6–8 months

(70–72)

Ad5-based candidate Liquid Single IM dose 2–8°C/12 months when lyophilized (73)
AZD1222 (ChAdOx1-S) Liquid Two IM doses (5 × 1010 virus

particles each) on days 0 and 28
2–8°C/6 months
2–25°C/6 h

(73,74)

mRNA-1273 Frozen liquid Two IM doses (100 μg
mRNA each) on days 0 and 28

−20°C/6 months
2–8°C/30 days
25°C/12 h

(75–78)

Comirnaty® (BNT162b2) Frozen liquid Two IM doses on days 0 and 21 −70°C/6 months
2–8°C/5 days
25°C/2 h

CVnCoV Liquid Two IM doses on days 0 and 28 5°C/3 months
25°C/24 h

(79)

NVX-CoV2373 Liquid Two IM doses on days 0 and 21 2–8°C/NA (78)
CoronaVac Liquid Two IM doses of

3 μg/0.5 mL aluminum hydroxide
each on days 0 and 14

2–8°C/at least 5 months
25°C/42 days
37°C/28days

(80)

Inactivated vaccine Liquid Two IM doses on day 0 and on day 21 2–8°C/NA (81)
BBIBP-CorV Liquid Two IM doses on days 0 and 21 2–8°C/NA
COVAXIN™ (BBV152) Liquid Two IM doses (6 μg/dose) on days 0 and 28 37°C/7 days

2–8°C/NA
(31)

ZyCoV-D Liquid Three ID doses on days 0, 28, and 56 2–8°C/NA
30°C/3 months

(82)

BCG Freeze-dried
powder

Single ID dose (75 μg live
attenuated bacteria)

2–8°C/12–24 months
−25 to −15°C is fine but
not necessary

(37)

Single ID dose (2 × 105-8 × 105 CFU)

CFU colony forming unit, ID intradermal, IM intramuscular, NA no available data
aThe dosing regimen is based on the ongoing Phase 3 or Phase 2/3 clinical trials summarized in Table I
bThe expected storage temperatures and the corresponding shelf-lives are based on information publicly stated by the developers/
manufactures or the stability profile of the corresponding platform used to develop these vaccine candidates
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COVID-19 vaccine will likely have a similar thermostability
profile, if a thermostabilizing technology will not be incorpo-
rated into the vaccine candidate (71).

CanSinoBio’s Ad5-based COVID-19 vaccine uses the
same platform as its Ad5-EBOV Ebola vaccine. The final
formulation of the Ad5-EBOV is in a lyophilized form and
has a shelf-life of 12 months at 2–8°C (73). Similarly, its Ad5-
based COVID-19 vaccine needs to be stored at 2–8°C (87).

AstraZeneca-Oxford’s AZD1222 (i.e., ChAdOx1-S) vaccine
candidate uses the same platform as its ChAdOx1-GnGc Rift
Valley Fever vaccine. A sugar-membrane thermostabilized
ChAdOx1-GnGc vaccine can be stored at 45°C for 6 months,
and its immunogenicitywas not different from that after the vaccine
was stored at −80°C for the same period of time (88). Sugar-
membrane thermostabilizing technology relies on the formulation
of thermosensitive vaccines in a solution of sucrose and trehalose
which upon drying at room temperature forms thin coats of sugar
glass (88). The embeddedmolecules can be stabilized via restricting
their mobility (89). AZD1222 has a shelf-life of 6 months at 2–8°C.
Once the stopper of the vial has first been punctured, it was
recommended that the vaccine should be stored between 2 and
25°C and used with 6 h. Apparently, the aforementioned sugar-
membrane thermostabilizing technology was not introduced in the
ADZ1222 vaccine.

Messenger RNA vaccines are first in class globally. The
two mRNA vaccines that have received EUA need to be
stored frozen. Moderna’s mRNA-1273 vaccine should be
stored at −20°C, where it is potentially stable for 6 months.
Recently, Moderna announced data for stability testing
showing that its candidate vaccine remains stable at 2–8°C
for 30 days and at 25°C for up to 12 h (75). Pfizer/BioNTech’s
BNT162b2 mRNA vaccine needs to be stored at −70°C, with
a shelf-life of about 6 months. After the vaccine is thawed, it
can be stored at 2–8°C for 5 days, and only 2 h at room
temperature (76,77). CureVac’s CVnCoV mRNA vaccine is
stable for 3 months at 5°C and 24 h at 25°C. The different
stability profiles of different mRNA vaccines are likely due to
the differences in their mRNA lipid nanoparticle composi-
tions and properties (90).

Novavax’s NVX-CoV2373 adjuvanted with Matrix-M1
adjuvant is expected to be stored at 2–8°C (55). Matrix-M1

adjuvant can be frozen or lyophilized, but it is not clear
whether Novavax will market a lyophilized powder form of its
NVX-CoV2373 (91).

Finally, Zydus Cadila’s plasmid DNA vaccine (i.e.,
ZyCoV-D) can be stored at 2–8°C or even at 30°C for 3
months (82). According to WHO recommendations, BCG
vaccine should be stored and transported at 2–8°C, although
it can be stored at −25 to −15°C.

To summarize, for the inactivated virus-based COVID-
19 vaccines adjuvanted with an aluminum salt and the NVX-
CoV2373 adjuvanted with Matrix-M1 adjuvant, it is expected
that cold temperatures of 2–8°C are sufficient for their
storage and transport. The aluminum-adjuvanted inactivated
virus-based vaccines in liquid suspension are expected to be
sensitive to accidental freezing upon breach of cold chain
(92). The NVX-CoV2373-Matrix-M1 vaccine may not be
sensitive to freezing, because data from previous studies have
shown that the Matrix-M1 (or ISCOMS) can be safely frozen
(91). The Ad vector-based vaccine candidates are more likely
to be stored at 2−8°C. Storing them frozen at −25 to −15°C,
although not required, would significantly increase their shelf-
lives. For the two mRNA vaccines that have received EUA,
they must be kept frozen in order to have a few months of
shelf-life. For the BNT162b2 mRNA vaccine, −70°C storage
is required. CureVac’s CVnCoV mRNAvaccine is stable for 3
months at 5°C.

COVID-19 VACCINES WITH FDA EUA AND THEIR
DISTRIBUTION APPROACHES

Pfizer/BioNTech’s and Moderna’s mRNA vaccines are
first in class vaccines that were developed at an unprece-
dented speed, but both of them require freezing temperatures
for storage and distribution. Their storage conditions and
logistics for their distribution are described below.

Pfizer/BioNTech’s BNT162b2 mRNAVaccine

On November 18, 2020, Pfizer and BioNTech announced
the results of the final efficacy analysis of their ongoing phase
3 clinical trial. Their mRNA-based BNT162b2 vaccine

Fig. 1. Expected long-term storage temperatures and shelf-lives of various COVID-19 vaccine
candidates in Phase 3 or Phase 2/3 clinical trials. Thermostable vaccines can be developed via the
inclusion of thermostabilizing technology or the transformation of liquid vaccines into dry powders
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achieved an efficacy rate of 95% against COVID-19. In adults
>65 years of age, it achieved an efficacy >94% (93). Based on
their current projections, Pfizer and BioNTech expect to
manufacture up to 1.3 billion doses by the end of 2021 (53).
On December 2, 2020, the UK MHRA awarded a temporary
EUA for the Pfizer/BioNTech’s BNT162b2 mRNA vaccine
(94). The UK National Health Service (NHS) has launched
the largest mass vaccination campaign in its history. The UK’s
vaccination program will initially include highly vulnerable
elderly (95). The US FDA also granted Pfizer/BioNTech’s
BNT162b2 mRNA vaccine EUA on December 11, 2020.

Pfizer has developed logistical plans for effective vaccine
transport, distribution and storage in the USA (77). Vaccine
distribution is based on just-in-time system that will deliver
the frozen vials directly to the point of use in a specially
designed, temperature-controlled thermal shippers. The rec-
ommended storage temperature (i.e., −70°C ± 10°C) is
maintained for up to 10 days in the thermal shippers via
utilization of dry ice. The location and storage temperature of
vaccine shipments are tracked by global positioning system
(GPS)-enabled thermal sensors (77). Pfizer has provided
three options for the vaccine storage in the point of use: (i)
storing the frozen vials in ultra-low temperature freezers for
up to 6 months, (ii) storing the frozen vials temporarily in the
thermal shippers for up to 30 days by refilling the dry ice
every 5 days, or (iii) storing the vaccines in cold temperature
(i.e., 2–8°C) for 5 days. Thawed vials cannot be re-frozen
(77). Although these plans are feasible for vaccine distribu-
tion in the USA, they require an efficient, ultra-cold network
of grounds and air transport, which may not be available in
many other countries that are also affected by COVID-19.

Moderna’s mRNA-1273 Vaccine

On November 16, 2020, Moderna announced the results
of the first interim analysis of its phase 3 clinical trial.
Moderna’s mRNA-1273 vaccine met its primary and second-
ary efficacy endpoints with an efficacy of 94.5% (96).
Moderna expects the production of 500 million to 1 billion
doses in 2021 globally (96).

Moderna’s mRNA-1273 vaccine is shipped at standard
freezer temperatures of −20°C ± 5°C. After thawing at the point
of use, it can be stored at 2–8°C for 30 days or at 25°C for 12 h
(75). The enhanced stability profile of mRNA-1273 vaccine
allows simpler and more flexible distribution compared to
Pfizer/BioNTech’s BNT162b2 mRNAvaccine, although storage
and transport of multi-billion doses of vaccines in −20°C is still
prohibitory expensive in many countries.

CHALLENGES OF DISTRIBUTING COVID-19 VAC-
CINES IN COLD CHAIN

The cold chain should be maintained from the time of
vaccine manufacturing through the time of vaccine adminis-
tration or just a few hours before the administration.
Maintaining the cold chain is a shared responsibility of
vaccine manufacturers, distributors, public health personnel,
and health care providers. An efficient cold chain counts on
three main elements, well-trained personnel, reliable storage
and temperature monitoring equipment, and accurate vaccine
inventory management (97).

Vaccine exposure to an inappropriate condition (e.g.,
accidental overheating or freezing due to the breach of the
cold chain) may result in reduction of potency that could not
be regained. For example, a single exposure of any refriger-
ated vaccine or diluent (e.g., diluents containing aluminum
salts) to a freezing temperature (i.e., ≤ 0°C) can destroy the
vaccine (85). Populations who are unintentionally vaccinated
with a vaccine exposed to inappropriate temperatures should
be revaccinated, resulting in extra doses for the individual
and extra costs for the provider, which is critical when rapid
mass vaccination is required.

The requirement of the ultracold temperatures for the
storage and transport of the most advanced COVID-19
mRNA vaccines, especially the −70°C freezing condition
required by the BNT162b2, is a major challenge towards
vaccine distribution and thus rapid mass immunization,
particularly in climatic zones IVa (i.e., 30°C/65% relative
humidity) and IVb (i.e., 30°C/75% relative humidity) (98).
These vaccines should be stored and transported in controlled
environment to maintain their quality and potency. The
storage and transport equipment (e.g., cold rooms, refriger-
ators, freezers, cold boxes, and the thermal shippers designed
by Pfizer) are costly to acquire and should comply with the
WHO standards. In countries and regions that have outdated
technologies with poor temperature control, the vaccines can
be potentially exposed to temperature fluctuations during
storage and/or transport, resulting in vaccine wastage. Apart
from the costs of maintaining the ultracold temperature
added to the vaccination program, vaccine wastage slows
the rate of vaccination during this pandemic. For the frozen
mRNA vaccines, the time taken for the vaccines (i.e., stored
at −20°C or −70°C) to thaw (i.e., ~2 h at 2–8°C, 30 min at
room temperature (up to 25°C)) will add further challenge.

It is encouraging that some COVID-19 vaccines that
have recently received EUA in various countries around the
world do not need freezing temperatures for distribution
and storage, and many other COVID-19 vaccines that are
expected to receive EUA or final approval will likely also
have sufficient shelf lives in 2–8°C. In many communities
around the world, the infrastructure for the 2–8°C is already
in existence, and thus, many COVID-19 vaccine candidates
with limited stability at ambient temperatures are expected
to reach many end users. However, the existing cold chain
will struggle to support both the standard national immuni-
zation programs and COVID-19 vaccines. Consequently,
there is a critical need to integrate thermo-stabilizing
technologies into future COVID-19 vaccines for the world
to rapidly and cost-effectively vaccinate against COVID-19.
Any significant delay in vaccinating a sufficient percent of
the world populations to build herd immunity would give
SARS-CoV-2 the chance to mutate to more infectious and/
or deadlier variants.

EXISTING TECHNOLOGIES TO ELIMINATE
REQUIREMENT OF COLD TEMPERATURE STORGE
AND DISTRIBUTION OR AT LEAST AVOID THE
NEED FOR AN ULTRACOLD TEMPERATURES

There has been a strong and persistent interest in making
vaccines stable at ambient temperatures, and various prom-
ising technologies have been developed. Optimizing the
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composition of vaccines by including certain polymers or
sugars can make certain vaccines insensitive to freezing and/
or stable for months at room temperatures (99). Another very
practical approach is to transform vaccines from liquid (or
frozen liquid or frozen suspension) to dry powder for
reconstitution at the point of administration. Several technol-
ogies have been tested to convert liquid vaccines into more
stable dry powder form that can be stored in ambient
temperatures for months, if not years. Thermal and mechan-
ical stresses encountered during these drying processes can be
overcome by using appropriate excipients and process
parameters (100).

Conventional shelf freeze-drying is commonly utilized
powder engineering technology to transform small molecule
drugs as well as vaccines and other biologics into dry powders
while maintaining stability and sterility (101). Excipients (e.g.,
sugars and amino acids) have been employed to preserve the
activity of biologics during freeze-drying (102). Continuous
freeze-drying has been proposed to enhance the uniformity of
heat transfer and reduce the primary drying time (103). For
instance, spin freeze-drying is a continuous freeze-drying
technology in which the vial content is frozen by a cold gas
as the vial is spun along its longitudinal axis. This innovative
process provides numerous advantages over the conventional
shelf freeze-drying including reduction of primary drying
time, increasing the surface area for sublimation, and
exposing all vials to the same process conditions (104).

Freeze-dried vaccine powders generally exhibit better
stability as compared to their liquid counterparts. Most
marketed freeze-dried vaccines are intended to be reconsti-
tuted before administration by injection (13). Freeze-drying
has also been employed to transform vaccines into stable
powders for needle-free noninvasive administration (e.g.,
modified vaccinia virus Ankara vaccine via the intranasal
route) (105).

Limitations of traditional shelf freeze-drying technology
include the phase separation as a result of the low cooling
rate employed (i.e., 1–10 K/min) (106). Generally, slow
cooling/freezing results in the formation of large ice crystals
and solute concentrate in the non-ice-phase (i.e., 20–50-fold
higher than the initial concentration) and thus phase separa-
tion between two or more excipients or between the protein
and other excipients (106). Phase separation causes irrevers-
ible damage of proteins (e.g., denaturation, aggregation)
(107,108). Slow cooling of a protein solution generates
powders with a large percent of particles of 4.8–120 microns
(i.e., 95%) with low specific surface area, which in turn limits
their deliverability via some routes of administration (e.g., the
pulmonary or intranasal) (109). Additionally, shelf freeze-
drying is challenged by the added costs of lyophilization
(110).

Spray-drying is another technology for transforming
vaccines into dry powders, usually in the presence of
excipients (e.g., sugars, proteins, amino acids, polymers,
surfactants, and plasticizers) (111,112). It is cost-effective
(i.e., consumes less energy compared to freeze-drying), can
be scaled up in sterile environments, does not involve
freezing or high vacuum, and can produce powder with
suitable aerodynamic properties for potential pulmonary
immunization. Spray-drying has been successfully employed
to help maintain the viabil ity of bacteria (e.g. ,

Mycobacterium) and live-attenuated viruses (e.g., measles)
in dry powder for up to four months at 25°C or 37°C
(100,113). This powder engineering technology has also been
successfully utilized to transform an inactivated influenza
vaccine into dry powder for intranasal vaccination (114).

Spray-drying is particularly important for preparing
inhaled vaccine powders with enhanced long-term stability
at room temperature (e.g., inhaled powder of influenza
subunit vaccine) (112,115–117). It was also employed for the
production of recombinant non-replicating human type-5 Ad
and vesicular stomatitis virus (VSV)-coloaded coated pow-
ders for oral administration (68). Limitations of spray-drying
include antigen exposure to high stresses during the atomiza-
tion and drying steps and the possibility of antigen denatur-
ation due to the formation of air-water interfaces during the
atomization step and the heat stress applied to facilitate the
evaporation of the solvent, into which the antigens and
excipients are dissolved or dispersed (111).

Spray freeze-drying is a relatively recent drying technol-
ogy that combines freeze-drying and spray-drying technolo-
gies. It includes three main steps: the atomization of bulk
liquid into droplets, freezing of droplets in the presence of a
cryogen (e.g., liquid nitrogen), and removal of ice via
sublimation at very low pressure and temperature (118). It
is advantageous in terms of providing high powder yield, fine
control of particle characteristics, and reducing heat stress to
biologics (119). An influenza subunit vaccine was formulated
into a dry powder comprising trehalose, mannitol, and
dextran by spray freeze-drying. The vaccine powder exhibited
physical and biochemical stability for up to 1 year of storage
at room temperature (119). Spray freeze-drying has also been
utilized to formulate influenza vaccines as stable dry powders
for intranasal or pulmonary vaccination to elicit both systemic
and mucosal immune responses (112,120–122). It is also
applicable for the transformation of vaccines containing
aluminum salts into dry powder without showing signs of
significant coagulation upon reconstitution (123). Recently,
Qiu et al. developed mRNA-inhaled powder using spray-
drying and spray freeze-dying technologies; however, the
stability profile was not reported (124).

Limitations of spray freeze-drying include (i) high costs
(i.e., 30–50-fold higher than spray-drying), (ii) the majority of
developed spray freeze-drying units are not suitable for full
commercialization, (iii) unwanted fine powder elutriation,
and (iv) high interfacial tension of the atomized droplets
(118). The adsorption of proteins at the air-liquid interface
during atomization is a major source of protein aggregation
and loss of biological activity (125). The freezing step could
also result in ice crystallization and phase separation (126).
Other technologies include foam-drying that has been
employed to convert a live attenuated H1N1 influenza
vaccine to a dry powder that was stable for >1.5 years at
room temperature (127).

Thin-film freeze-drying (TFFD) is a relatively new
powder engineering technology that has showed promise in
the formulation of thermostable vaccine dry powders. Thin-
film freezing (TFF) is an ultra-rapid freezing process in which
a liquid formulation (i.e., aqueous phase or organic phase
solution/suspension with/without excipients) of the active
pharmaceutical ingredient (e.g., small molecules, macromole-
cules, or viruses) is dropped (e.g., droplet diameter around 2–
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4 mm) onto a cryogenically cooled surface, forming thin films
upon impact, which then rapidly freeze, and the frozen films
are subsequently placed in a lyophilizer to allow the
sublimation of the solvent (128–130). TFFD can produce
highly porous, low-density brittle matrix powders with good
aerosol properties for lung deposition by inhalation (131–
136). Importantly, the stability and activity of the biologics are
maintained after subject to TFFD (129). The freezing rate
during TFF is significantly higher than during conventional
shelf freeze-drying, but lower than during spray freeze-drying;
however, TFF reduces the gas-liquid interface by up to two
orders of magnitude as compared to spray freeze-drying
(109). During TFF, there is an added liquid-solid interface
between the thinfilms before they are frozen and a cryogen-
ically cooled solid surface.

Previously, the TFFD technology has been utilized to
successfully convert some commercially available insoluble
aluminum salt-adjuvanted liquid vaccines (i.e., veterinary tetanus
toxoid vaccine, human hepatitis B vaccine, and human papilloma
virus vaccine) into dry powders while maintaining their immuno-
genicity and particle size distribution after reconstitution (92).
The preserved particle size distribution and immunogenicity of
aluminum salt-adjuvanted vaccines after TFFDmay be attributed
to the rapid cooling rate (i.e., 100–1000 K/s) that prevents particle
aggregation via accelerating the nucleation rate and the formation
of small ice crystals (109,119,137). The immunogenicity of thin-
film freeze-dried, Alhydrogel® (i.e., aluminum hydroxide)-
adjuvanted ovalbumin model vaccine did not significantly
change after the model vaccine in dry powder was exposed to
repeated freeze-thawing or to temperatures as high as 40°C for 3
months (138). The potential of using the thin-film freeze-dried
vaccine powder for mucosal vaccination has also been explored.
Intranasal vaccination using Alhydrogel®-adjuvanted ovalbumin
dry powder (as a model vaccine) elicited specific antibodies in rat
serum samples and mucosal secretions (i.e., IgA in the nasal and
lung mucosal secretions) (139). Finally, data from our recent
studies showed that mRNA-encapsulated lipid nanoparticles can
also be successfully converted to dry powders with good aerosol
properties, while preserving the particle size using TFFD
(unpublished data). These promising preclinical data together
with the ease of using TFFD to produce powders in their final
packaging containers suggest TFFDas a promising technology for
the production of thermostable vaccine powders that do not need
to be stored in a cold temperature. TFFD is currently used to
cGMP manufacture materials for phase 1/2 clinical trials (unpub-
lished data); however, the requirement of large quantities of
cryogens to produce and maintain a cryogenically cooled surface
as well as the added costs of lyophilization are limitations (129).

Finally, due to the ideal aerosol performance properties of
the powders prepared by TFFD, the resultant dry powder
vaccines are expected to be deliverable through a non-invasive
route such as intranasal or pulmonary administration (129,140).
In fact, intranasalDelNS1-2019-nCoV-RBD-OPT1, a COVID-19
vaccine candidate based on influenza virus carrying SARS-CoV-2
RBD, has entered phase 1 clinical trial recently (i.e.,
ChiCTR2000037782) (141). Altimmune’s Ad vector-based
AdCOVID vaccine candidate intended for intranasal vaccination
is expected to enter phase 1 clinical trial soon (142). Finally,
Codagenix and the Serum Institute of India have begun a first-in-
human clinical trial of their single-dose intranasal COVI-VAC
COVID-19 vaccine (143). Therefore, it is not unreasonable to

expect a future approved of intranasal COVID-19 vaccine.
Technologies such as TFFD and spray drying can be used to
convert the vaccines into stable inhaled dry powders for more
efficient distribution and vaccination.

CONCLUSIONS AND PERSPECTIVES

The most advanced COVID-19 vaccine candidates that
are currently in phase 3 or phase 2/3 clinical trials or have
been granted EUA are all expected to be stored and
transported at cold or ultracold temperatures (i.e., 2–8°C, or
−20°C or −70°C). Thus, even if all of them are successfully
commercialized, rapid mass immunization of the world
population is expected to be challenged by the costs and
logistics needed to maintain the vaccines in the (ultra)cold
temperatures during transport, storage, and distribution,
particularly in less developed communities. Moreover, exist-
ing cold chain will struggle to support both the standard
national immunization programs and COVID-19 vaccines
(98). For some of the vaccines, accidental breach of the cold
chain may result in immunization failure or vaccine wastage.

Mathematical simulation of vaccination revealed that
factors associated with execution are more important in the
effectiveness of global vaccination programs than the vac-
cines’ immunogenicity established in the clinical studies (144).
Thus, the efficiency of vaccine manufacturing and distribution
along with other factors such as pandemic severity and public
preparation should be considered during the development of
effective vaccine candidates. “Even a vaccine that is only 50%
effective in preventing disease could quell the pandemic if it
were distributed quickly enough,” said Jason L. Schwartz of
Yale School of Public Health (145). According to the FDA
guidance document for industry, a minimum primary efficacy
threshold of 50% will ensure the effectiveness of COVID-19
vaccine candidate (146). Thus, the efficiency of vaccine
distribution must be considered while developing next
generation COVID-19 vaccines. Importantly, there are exist-
ing technologies that can be applied to transform most, if not
all, the vaccines into dry powders to overcome the strict cold
or ultracold temperature requirement to ultimately improve
the efficiency of vaccine distribution. Vaccine developers must
be incentivized to prioritize vaccine stability outside the cold
chain. It is understandable that during the early phase of the
race for safe and effective SARS-CoV-2 vaccines, logistics for
distribution and storage stability were not be a priority to
vaccine developers. In the next phase of vaccine develop-
ment, more thermostable second-generation vaccines must be
developed.
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