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ABSTRACT Biologics are complex pharmaceuticals that in-
clude formulated proteins, plasma products, vaccines, cell and
gene therapy products, and biological tissues. These products
are fragile and typically require cold chain for their delivery
and storage. Delivering biologics, while maintaining the cold
chain, whether standard (2°C to 8°C) or deepfreeze (as cold as
-70°C), requires extensive infrastructure that is expensive to
build and maintain. This poses a huge challenge to equitable
healthcare delivery, especially during a global pandemic.
Even when the infrastructure is in place, breaches of the cold
chain are common. Such breaches may damage the product,
making therapeutics and vaccines ineffective or even harmful.
Rather than strengthening the cold chain through building
more infrastructure and imposing more stringent guidelines,
we suggest that money and effort are best spent on making the
cold chain unnecessary for biologics delivery and storage. To
meet this grand challenge in pharmaceutical research, we
highlight areas where innovations are needed in the design,
formulation and biomanufacturing of biologics, including
point-of-care manufacturing and inspection. These techno-
logical innovations would rely on fundamental advances in
our understanding of biomolecules and cells.
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The COVID-19 pandemic brought an extremely important
but largely hidden issue in healthcare delivery to the public
view, the cold chain requirement for most biologic drugs and
vaccines. In the United States, the New York Times (1) and
theWashington Post (2), among other news outlets, as well as a
scientific journal blog (3), have published articles highlighting
the enormous challenge posed by the cold chain requirement
in the fight against a global pandemic. The cold chain require-
ment is not new, and neither are the challenges posed by it.
The COVID-19 pandemic simply put this issue under a spot-
light for all to see.

Biologics are pharmaceutical products made using biolog-
ical processes rather than chemical synthesis. Traditional bio-
logics include therapeutic and diagnostic proteins (e.g.,
enzymes, hormones, and monoclonal antibodies), blood prod-
ucts and vaccines. Emerging biologics include genes, cells and
tissue-based therapies. Many therapeutics and almost all pro-
phylactics in development for the COVID-19 pandemic are
biologics, such as monoclonal antibodies, convalescent plasma
and vaccines.

Biologics are much more complex and much less stable
than small molecule drugs. For small molecule drugs, the sta-
bility concern stems primarily from chemical degradation pro-
cesses, such as oxidation and hydrolysis. Biologics also under-
go chemical degradation but are more vulnerable than small
molecule drugs because they often have multiple susceptible
sites, such as cysteine residues for oxidation, and amide bonds
for hydrolysis. Biologics, moreover, may not only suffer chem-
ical degradation but also physical degradation, such as unfold-
ing and aggregation. Whereas chemical degradation involves
the disruption of covalent bonds, such as an amide bond or a
disulfide bond, physical degradation involves the disruption of
noncovalent interactions, such as a hydrogen bond, without
altering covalent bonds. The activation energy barrier for the
disruption of noncovalent interactions is typically much lower
than that of the disruption of covalent bonds. Hence, physical
degradation occurs more readily than chemical degradation.
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Because of the aforementioned stability differences, small
molecule drugs can tolerate stresses commonly encountered
during delivery, such as heat, freeze/thaw and agitation. As a
result, small molecule drugs typically can be stored at room
temperature, and temperature excursion to a reasonable ex-
tent can be tolerated. Further, homogeneous liquid prepara-
tions of small molecule drugs if accidentally frozen, can be
thawed and the product still used in most cases.

In contrast, biologics are often susceptible to stresses com-
monly encountered during delivery. For this reason, most bio-
logics, whether formulated as liquid preparations or lyophi-
lized powders, are typically maintained within a narrow tem-
perature range of 2°C to 8°C during delivery. Package inserts
of biologic products typically instruct that temperature excur-
sion outside of 2°C to 8°C is not allowed. Moreover, most
liquid preparations, if accidentally frozen, should not be used
after thawing.

Table I compares the storage conditions of two represen-
tative small molecule drugs and two representative biologics.
The two small molecule drugs do not require refrigeration
and are freeze-tolerant. In contrast, the two biologics require
refrigeration but are freeze-intolerant, highlighting the fragil-
ity of biologic products.

An extreme form of cold chain requirement is for liquid prep-
arations stored in a deepfreeze state, sometimes referred to as the
ultracold chain. This occurs when the product could be dam-
aged by the lyophilization process or when the regular cold chain
of 2°C to 8°C provides insufficient protection of the product.
One example of an approved biologic which requires storage
between −80°C to −60°C is the anti-Ebola vaccine Ervebo,
approved in 2019. Of the first four COVID-19 vaccine candi-
dates in the US, two currently in Phase III clinical trials require
the regular cold chain (2°C to 8°C) and two that have been given
the emergency use authorization by the FDA require the ultra-
cold chain (−20°C for one and− 70°C for another) (1, 2).

Cold chain requires building extensive infrastructure and is
very expensive to maintain. The complexity of the cold chain
is illustrated in documents such as the CDC Vaccine Storage
and Handling Toolkit (4) and the WHO pamphlet “The vac-
cine cold chain” (5). In fact, the updated CDC Toolkit has an
addendum on COVID-19 vaccine storage and handling. For
global healthcare delivery, the cold chain requirement is a
huge barrier to biologic drug and vaccine accessibility and
exacerbates healthcare inequity. This issue is amplified during
a global pandemic when vaccines need to be simultaneously
delivered to almost every corner of the world, with some
regions that are frigidly cold, and others that are sweltering
hot. Many places in the world do not have adequate infra-
structure for the regular cold chain, let alone capability for
deepfreeze at −70°C, which poses a steep logistical challenge
even for industrialized countries (3).

Even with the requisite infrastructure in place, strict adher-
ence to the cold chain requirement can be very difficult. In
2012, the Inspector General of the Department of Health and
Human Services issued a report entitled “Vaccines for
Children Program: Vulnerabilities in Vaccine Management”
(6). The report identified multiple vulnerabilities in the distri-
bution of vaccines for children (VFC) in the United States.
Key findings include that 76% of 45 providers reviewed had
exposed VFCs to inappropriate temperatures for at least 5
cumulative hours in a 2-week period. All 45 providers had
recorded temperatures that differed from independently mea-
sured temperatures during the 2-week period. And none of
the 45 providers met the vaccine management requirements
in all 10 categories (see Table I of (6)).

Another study, conducted by industry scientists in 2018,
evaluated the impact of a CDC guidance on the number of
Incorrect Product Storage Reports (IPSRs) for vaccines in the
US (7). The guidance, originally issued in 2009 and updated
in 2012, recommends the usage of digital data loggers to

Table I Storage Instructions (from Package Inserts) for Four Drug Products

Drug
Name

Drug Type Description Storage Instructions

Gadavist Small Molecule Contrast agent for magnetic
resonance imaging formulat-
ed as an aqueous solution

Store at 25°C; excursions permitted to 15°C to 30°C. Should freezing occur, Gadavist should
be brought back to room temperature before use

Taxol Small Molecule Anti-cancer drug, formulated
as a viscous nonaqueous
solution

Unopened vials of TAXOL (paclitaxel) Injection are stable until the date indicated on the
package when stored between 20°C and 25°C. Neither freezing nor refrigeration adversely
affects the stability of the product

Humira Biologic mAb drug for treating arthritis
formulated as an aqueous
solution

HUMIRA must be refrigerated at 2°C to 8°C. DONOT FREEZE. Do not use if frozen even if
it has been thawed

Daptacel Biologic Vaccine against diphtheria, teta-
nus and pertussis formulated
as an aqueous suspension

DAPTACEL should be stored at 2° to 8°C. DO NOT FREEZE. Product which have been
exposed to freezing should not be used
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monitor vaccine storage temperature. In 2016, 12,993 IPSRs
were filed, up from only one IPSR filing in 2004. This study
showed that when the temperature was monitored closely,
cold chain breaches were found to be common rather than
rare events. Despite this report, it is worth noting not all cold
chain breaches lead to less efficacious or even harmful biologic
products; the extent of impact of cold change breaches varies
and is not always known.

Unlike vaccines, which need to be administered by health-
care providers in clinics or pharmacies, many biologics for
treating chronical conditions, such as diabetes and arthritis,
are often delivered to a patient’s home to enable self-injection.
In such cases, strict adherence to the cold chain requirement is
even less likely. Recent studies, using digital thermometers,
found that the majority of diabetic and arthritic patients,
around 80%, expose their biologics to inappropriate temper-
atures (8, 9). A follow-up study indicates that the reasons are
complex, including inconsistent guidelines, vague physician
instructions, unreliability or even unavailability of household
refrigerators, travel, and patient ignorance of storage require-
ments (10). Further, the mail order of drugs may exacerbate
undetected cold chain breaches if robust monitoring proce-
dures are not in place.

Cold chain breaches, if unnoticed before injection, could
cause adverse drug events in patients. Spikes of pure red cell
aplasia in Europe and Asia during 2000–2010 were attribut-
ed, at least in part, to cold chain breaches of Eprex, a glyco-
protein drug for treating anemia (11, 12). Frozen and thawed
insulin products have caused diabetic ketoacidosis in patients
(13). Further, adverse events associated with vaccines can se-
verely undermine vaccination programs, as illustrated by the
Fluad case in Italy, where three vaccine-related deaths caused
a 12% decrease in the vaccination rate in 2014, followed by a
9.1% increase in the death rate in 2015 (14). In a world-wide
vaccination program, it is very likely that some cold chain
breaches will go unnoticed, and people may be vaccinated
with spoiled vaccines that may be ineffective or even harmful.
For example, some COVID-19 vaccine doses were adminis-
tered to people before it was realized that they had been
spoiled through an intentional breach of the cold chain (15).

On the other hand, cold chain breaches, if noticed before
injection, may lead to massive wastage of drugs and vaccines,
regardless of whether the breaches have actually damaged the
products or not. In 2009, a shipment of insulin was exposed to
−0.1°C (10). Out of an abundance of caution, the entire ship-
ment of insulin was destroyed, even though injectable drugs
are typically made isotonic with human body fluids, which
have a freezing temperature of −0.52°C. In this case, it was
highly unlikely that the insulin products would have actually
frozen at −0.1°C. Similar precaution is also practiced with
vaccines, which leads to massive vaccine wastage. The
WHO reports over 50% of vaccine wastage around the world,
primarily caused by cold chain breaches, with freezing of

vaccines being a bigger problem than heating (16). As the
whole world population needs to be vaccinated against
SARS-CoV-2 in a short period of time, strict adherence to
cold chain is unrealistic and worsens both US and global
healthcare inequity (1, 17), and vaccine wastage of 50% is
intolerable.

THE COLD CHAIN MUST GO

As of now, cold chains are accepted as a fact of life and enor-
mous efforts have been made to strengthen cold chains
through better infrastructure and stricter guidelines.
However, if cold chain breaches are not rare even in the
US, improvement in infrastructure and stricter guidelines will
only have limited impact on worldwide biologics delivery.

We suggest that the most effective way to deal with chal-
lenges posed by the cold chain is to make it no longer neces-
sary for biologics delivery. Removing the cold chain require-
ment for biologics will greatly reduce healthcare costs, elimi-
nate adverse events related to cold chain breaches, and im-
prove patient quality of life (e.g., diabetic patients who travel).
It will also abolish a significant factor in global healthcare
inequity. In essence, we suggest money and effort are better
spent on making the cold chain unnecessary for biologics than
on strengthening it, similar to the idea that preventing
COVID-19 is more efficient than treating it.

The removal of the cold chain requirement is much easier
said than done. In our view, it constitutes a grand challenge
for pharmaceutical research. We envision three potential
approaches to meet this challenge.

The first approach would stabilize biologics through im-
proved formulation, such as excipient innovation, protein
engineering and lyophilization when suitable. Excipient
innovation and protein engineering both have biological
roots. Extremophiles and higher species often rely on
osmolytes (18, 19) and/or certain protein structural features
(20) to survive extreme cold or hot conditions. For example,
overwintering insects can withstand large seasonal tempera-
ture fluctuations in their lifespan (21). This approach will likely
involve the development of novel excipients that have not yet
appeared in approved pharmaceutical products.

The second approach would engineer removal and renewal
mechanisms into biologic products. This approach also has bio-
logical roots. In their native environments, proteins are constant-
ly removed (through biodegradation) and renewed (through bio-
synthesis), with a half-life typically on the order of minutes to
days. If degraded proteins/nucleic acids can be removed and
renewed in biologics, then protection by the cold chain could
be built into the products. Of course, the removal and renewal
machinery itself should not require cold chain protection. Most
likely, this approach will involve some form of drug/device com-
bination, in the fashion of an artificial pancreas (22).
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The third approach would ditch the distribution process alto-
gether. Instead of making biologics in a centralized location by
drug companies, biologics would be made at the bedside or
point-of-care by attending physicians and pharmacists, a process
called magistral drug production (23, 24). Preliminary imple-
mentations of magistral drug production have been reported
(25, 26). This approach requires not just making biologics, but
also performing quality testing at the bedside. In this regard, fast
and noninvasive analytical technologies such as water proton
NMR (wNMR), may play a critical role (27).

All three approaches face significant technical, regulatory
and economic challenges. Although achieving a cold chain-
free distribution of all biologics will likely be years, if not dec-
ades, away, intermediate progress might not be that far off.
For example, by making a biologic product, such as an
mRNA vaccine, to withstand lyophilization, its cold chain
requirement might be lessened from deepfreeze to regular
cold chain (28). Also, technologies developed to rid the cold
chain requirement may help in the interim to strengthen the
cold chain. For example, rapid noninvasive analytical technol-
ogies may be used for quality testing in magistral drug pro-
duction, but may also be used to determine before injection
whether a vial of biologic drug or vaccine has indeed been
damaged in the cold chain (27). Such bedside vial-specific
quality data can pinpoint in a large shipment which vial
should be thrown out, thereby ensuring biologic efficacy and
safety, and which vial may still be used, thereby reducing
biologic wastage. Such intermediate progress may help fight
against the current COVID-19 pandemic.

With the end-goal clearly identified, i.e., to make cold
chain unnecessary for biologics delivery, and the benefit clear-
ly identified, i.e., an improved pandemic response and health-
care equity, we hope concerted efforts will be made by our
community to meet this grand challenge in pharmaceutical
research.

DISCLAIMER

These opinions, recommendations, findings, and conclusions
do not necessarily reflect the views or policies of NIST or the
United States Government.
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