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Abstract 
Advances in regenerative medicine manufacturing continue to be a priority for achieving the full commercial potential of important breakthrough 
therapies. Equally important will be the establishment of distribution chains that support the transport of live cells and engineered tissues and 
organs resulting from these advanced biomanufacturing processes. The importance of a well-managed distribution chain for products requiring 
specialized handling procedures was highlighted during the COVID-19 pandemic and serves as a reminder of the critical role of logistics and 
distribution in the success of breakthrough therapies. This perspective article will provide insight into current practices and future considerations 
for creating global distribution chains that facilitate the successful deployment of regenerative medicine therapies to the vast number of patients 
that would benefit from them worldwide.
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Graphical Abstract 

The establishment of distribution chains that support the transport of live cells and engineered tissues and organs is necessary for the dissem-
ination of tissue-engineered products to patients worldwide. This perspective article provides insight into current practices and future consider-
ations for creating global distribution chains, including current best practices for maintaining cell/tissue viability and the FDA codes that regulate 
these processes.
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Significance Statement
Advances in regenerative medicine provide new therapies for diseased tissues and organs, and manufacturing of these therapies 
continues to be a priority for achieving their full commercial potential. Equally important will be the establishment of distribution chains 
that support the transport of live cells and engineered tissues and organs resulting from these advanced biomanufacturing processes. This 
perspective article reviews current and future considerations for creating an international supply chain for distribution of these therapies.

Recent Distribution Examples and Future 
Trends
The complexity of current and future distribution chains 
that support the transport of live cells and engineered tis-
sues, organs, and other perishable medical supplies has 
been highlighted by the worldwide experience of the last 
2 years. Coronavirus Disease 2019 (COVID-19), caused 
by SARS-CoV-2, has been the focus of the world since the 
beginning of 2020. The pandemic resulted in the US Food 
and Drug Administration (FDA) granting Emergency Use 
Authorization (EUA) for 3 mRNA vaccines in record time: 
Pfizer-BioNTech (December 2020),1 Moderna (December 
2020),2 and Janssen (February 2021).3 Shipping and storage 
conditions (ultra-cold vs refrigerated) of these vaccines were 
the subject of significant discussion (reviewed in Table 1).4–7 
Ultra-cold shipping and storage, lack of a well-managed 
distribution chain, and endpoint distribution proved prob-
lematic during the initial distribution of vaccines, with a 
significant number of doses lost due to incorrect shipping 
or handling.8,9 This is not a new problem as the World 
Health Organization (WHO) reported in 2005 that more 
than 50% of vaccines released globally each year end up 
being discarded due to supply-chain and distribution prob-
lems, such as not having enough freezer space or proper 

transportation.9,10 Along with increasing demand for mRNA 
vaccines, the number of gene-, cell-, and tissue-based ther-
apies in development continues to show steady growth. The 
Alliance for Regenerative Medicine estimates more than 
1100 developers of products worldwide in 2020, a 10% in-
crease from 2019.11

Current Best Practices
Cell and Tissue Products
The major objective of storage and transport of cell- and 
tissue-engineered products is the preservation of cell/tissue 
viability and function. Cell therapies, such as hematopoietic 
stem cells, mesenchymal stem cells, and differentiated cell 
products can be stored and transported at 0-4°C for hours or 
a few days depending upon the storage solution used (Fig. 1).12 
Longer-term storage requires cryopreservation by freezing in 
the presence of cryoprotectants such as DMSO either alone 
or in combination with high molecular weight substances 
such as hydroxyethyl starch.12–14 Gametes, such as sperm and 
ova for reproductive medicine and veterinary practices, most 
often use freezing or ice-free vitrification cryopreservation 
strategies with low and high cryoprotectant formulations, re-
spectively. Cryopreserved cells are best maintained below the 

Table 1. An overview of shipping logistics for COVID-19 vaccines 

COVID-19 vaccine Shipping condition Storage condition(s) Dose 

Pfizer-BioNTech Dry ice Ultra-cold freezer: Before mixing, the vaccine may be stored in 
an ultra-cold freezer between −80°C and −60°C (−112°F and 
−76°F). Vaccine may be stored until expiration date.
Freezer: Before mixing, the vaccine may be stored in the freezer 
between −25°C and −15°C (−13°F to 5°F) for up to 2 weeks.
Refrigerator: Before mixing, the vaccine may be stored in the 
refrigerator between 2°C and 8°C (36°F and 46°F) for up to 1 
month (31 days).
Mixed vaccine: Once mixed, vaccine can be left at room tem-
perature (2°C to 25°C [35°F to 77°F]) for up to 6 hours.

Multiple—2 
doses (0.3 mL)
(3 weeks apart)

Moderna Frozen between −50°C and −15°C 
(−58°F and 5°F)

Unpunctured vials may be stored in the refrigerator between 
2°C and 8°C (36° to 46°F) for up to 30 days.
Punctured vials may be stored between 2°F and 25°C (36°F 
and 77°F) for up to 12 hours
The expiration date is not printed on the vaccine vial or carton. 
To determine the expiration date: Scan the QR code located on 
the outer carton or go to www.modernatx.com/ 
covid19vaccine-eua/

Multiple—2 
doses (0.5 mL)
(1 month apart)

Janssen (J&J) The Janssen COVID-19 vaccine is 
initially stored frozen by the manu-
facturer and then shipped at 2°C to 
8°C (36°F to 46°F). If vaccine is still 
frozen upon receipt, thaw at 2°C to 
8°C (36°F to 46°F). If needed imme-
diately, thaw at room temperature 
(maximally 25°C/77°F). Do not 
refreeze once thawed.

Unpunctured vials: Store multi-dose vials of the Janssen 
COVID-19 vaccine at 2°C to 8°C (36°F to 46°F) and protect 
from light. Do not store frozen.
Punctured vials of Janssen COVID-19 vaccine may be stored 
between 9°C and 25°C (47°F to 77°F) for up to 12 hours.
Storage after first puncture: Hold the vial between 2° and 8°C 
(36° to 46°F) for up to 6 hours or at room temperature (max-
imally 25°C/77°F) for up to 2 hours. Discard the vial if vaccine 
is not used within these times.

Single dose 
(0.5 mL)
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glass transition (Tg) of the cryoprotectant formulation used in 
vapor or liquid phase nitrogen. Stable storage is achieved at 
temperatures below −130°C where change should not occur 
for many years. Cryopreserved cell transport can be achieved 
using nitrogen dry shippers. In many cases, after verification, 
fresh dry ice at −78.5°C can be used.12 Currently, bioengin-
eered tissue constructs are usually manufactured and delivered 
on wet ice “just-in-time.” The exceptions to this include the 
FDA-approved and commercially available tissue-engineered 
skin replacement products Dermagraft and Apligraf which are 
stored and delivered at −75°C and 20-23°C, respectively.15,16

Tissue and Organ Transplantation
In 2020, approximately 39  000 organs17 and 1 million tis-
sues18 were transplanted within the US. Despite increases in 
registered donors in recent years,19 there is still a considerable 
shortage of viable organs and tissues for transplant with esti-
mates of nearly 7000 deaths annually in the US due to organs 
not reaching a recipient in time.20 Due to organ preservation 
being limited to hours of refrigerated or on ice storage (Fig. 
1), organs are rushed to their locations and often not well 
matched to recipients due to the short geographical distance 
they may travel within their preservation limit.21 The lack 
of appropriate donor pool size is argued to be the greatest 
limiting factor for patients in need of organ transplantation,22 
however, recent advances in organ storage, preservation, and 
transport have emerged as viable opportunities to extend 
organ preservation limit and/or transport distance.23 To meet 
the burgeoning demand of organ transplantation, the future 
will require a robust integration of donor matching services, 
advances in preservation, as well as supply-chain logistics as-
sociated with storage and transport.21

Unlike organs, cell viability is not an issue for most tissue 
allografts. Tissue allografts with retention of biomaterial, 
structural, properties can be stored on the order of weeks 
to years before use, albeit at the cost of increased processing 
to maintain safety and clinical efficacy, as well as complex 
storage requirements.24 Fresh tissues may be stored at low 
temperatures (4°C) using storage media or freeze-dried if 
ambient temperatures are necessary.24 The benefit of low 
temperature storage is the ability to maintain cell and tissue 
viability, when viability is needed, while also reducing the 

complexity of shipping and transport containers. While the 
increased viability and function of refrigerated fresh allografts 
presents an advantage to other options,25 current time con-
straints for tissue expiration can make their use logistically 
challenging. For instance, osteochondral allografts, the most 
common fresh tissue used in orthopedic surgery, are stored 
aseptically at 1-10°C with current expiration times around 
28 days, including the quarantine period for bacterial, fungal, 
and viral tests.26 This presents a challenge for clinicians, pa-
tients, and hospitals to coordinate the use of these tissues 
within this short time frame. Combining effective recipient 
matching programs with advanced shipping and transport lo-
gistics could foreseeably reduce the discard of fresh allografts 
by increasing the likelihood of pairing these tissues to a pa-
tient prior to expiration.

In recent years, breakthroughs in cryopreservation of tissue 
allografts have emerged demonstrating enhanced preser-
vation of cell viability and tissue function to months if not 
years.27 While these advances offer a clear advantage to con-
ventionally stored fresh allograft tissues, they come at the cost 
of complex shipping and storage requirements as well as the 
added variable of thawing time for clinicians.24 Currently, 
cryopreserved, or frozen tissue specimens, are shipped in insu-
lated containers with liquid nitrogen (so-called dry shipper) or 
dry ice to prevent thawing during transport. These containers 
often require rigorous validation with considerations in mode 
of transport, labeling, materials used, regional regulations, 
and environmental control.28 Improvements in packaging and 
real-time environmental control could result in sizeable cost-
savings to tissue allograft manufacturers as well as hospitals 
and clinics where ultra-low temperature storage is not readily 
available.

Biological Considerations for Logistics within 
a Global Supply Chain
Regenerative Medicine Therapies
According to section 506(g)(8) of the US Food Drug & 
Cosmetic Act, regenerative medicine therapies (RMTs) in-
clude “cell therapies, therapeutic tissue engineering products, 
human cell and tissue products and combination products 
using any such therapies or products, except for those regulated 

Figure 1. Current preservation and transport strategies. Certain cells, tissues, and organs can survive for hours to days when stored and transported at 
temperatures above freezing. Living cells and tissues must be kept at sub-zero temperatures in order to ensure long-term viability.
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solely under section 361 of the Public Health Service Act (42 
U.S.C. 264) and Title 21 of the Code of Federal Regulations 
Part 1271 (21 CFR Part 1271).”29 The FDA further inter-
prets section 506(g) so that RMTs may apply to human gene 
therapy products, which includes cells that have been genet-
ically modified and will have a sustained influence on cells or 
tissues, as well as xenogeneic cell products. From the afore-
mentioned definition, the scope of biological material that can 
potentially be transported as RMTs is diverse and it may not 
be possible to find a single solution that can be universally 
applied as a commercial logistics strategy.30

Whole blood transfusion, arguably the earliest form of cell 
therapy,31 can be seen as a success story for a well-managed 
biological supply chain. Annually, 6.8 million Americans do-
nate blood, which results in the transfusion of approximately 
21 million blood components in the same calendar year,32 The 
success is in part due to the 42-day shelf-life of red blood cells 
at 1-6°C that affords some flexibility in planning the collec-
tion, storage, and distribution of the fresh material.33 Other 
components of the whole blood, such as pooled platelets can 
survive for up to 5 days at 22°C and plasma is generally cryo-
preserved and stable for up to 36 months at −25°C.34,35 The 
apheresis (whole blood) for the isolation of peripheral blood 
mononuclear cells (PBMCs) destined as source material for 
immune therapies, are routinely shipped fresh at 4°C or care-
fully cryopreserved and shipped under cryogenic conditions 
(lower than −135°C for best viability).36 From the above 
examples, on structurally simple liquid-based samples, it al-
ready becomes apparent that the storage and subsequently 
transport temperature can vary considerably depending on 
the source material (Fig. 1). This is similarly reflected in the 
temperatures used for the storage and transport of hemato-
poietic stem cells, embryonic stem cells, and other primary 
cells that may serve as source material for RMTs or used in 
life science research. Final products in the RMT sector can 
be even more heterogenous, including, but not limited to 2D 
products such as iPSC-derived cells and co-cultures ranging to 
structurally complex 3D products such as organoids, tissue-
engineered products, bioprinted products, or even lab-grown 
whole organs. The rate at which these novel therapies and 
research models are developing are rapidly outpacing the 
temperature-controlled logistics solutions that are currently 
available from −196° to +37°C, resulting in a new drive for 
innovative shipping technologies.37

It is therefore of utmost importance that RMT developers 
have the entire supply chain in mind at the beginning of 
product development. Within this context the risks of failing 
to bring the therapy to the market can be reduced, at least 
in the short term, by developing a commercially feasible and 
robust temperature-controlled logistics strategy, including 
qualified shippers, that balances manufacturing with the 
needs of each therapy and are compliant with all regulatory 
frameworks that apply.30 Because RMT products are consid-
erably more valuable than traditional pharmaceutical prod-
ucts and may even be irreplaceable,38 it is essential to ensure 
they are shipped within the prescribed temperature range 
at the correct time for a successful delivery within a single 
country.39 Moreover, the dynamic and often deteriorating 
condition of the patient places even more pressure on en-
suring the time-critical delivery window is met.39,40 Deliveries 
that cross international borders are particularly burdensome 
because regional regulations and regulatory jurisdictions are 
not consistent throughout the transport chain.39

RMT manufacturers can look to third-party logistics 
providers, who are experienced with providing a “white 
glove” service for high-value products, to aid in designing a 
tailor-made logistics solution. Not only can these providers 
help therapy manufacturers at an early stage to de-risk their 
supply chain, but they can also execute the strategy on the 
operational level.30 That being said, these organizations will 
manage the entire shipment in a GDP (Good Distribution 
Practice) compliant manner, track and trace all the required 
data for regulatory purposes and assist with all paperwork 
and labeling associated with shipping biological material 
across international borders.30,38 Excursions may not always 
be avoidable but having a partner that has access to restricted 
areas, such as the airport, to provide intervention services can 
mean the difference between a treated patient and a rejected 
shipment (https://www.time-matters.com).

Expanding the Definition of Global beyond the 
Earth
Regenerative medicine is an area of focus for research in 
microgravity on the International Space Station (ISS) that 
to date has included stem cell, organoid, tissue chip, and 
3D bioprinting research. Changes in gene expression, cell 
signaling, aggregation, proliferation, differentiation, and 
cell-matrix interaction have been studied in a variety of cell 
types.41 Early work performed on the space shuttle reporting 
increased proliferation and delayed differentiation of stem 
cells has been a catalyst for continued research into potential 
future on-orbit manufacturing applications that could address 
current industry bottlenecks in production and advanced the 
understanding of stem cell biology.42 Since the space shuttle 
was retired in 2011, mission durations have extended from 
weeks to months, with the first long-duration stem cell culture 
performed on the ISS in 2016, which continues to confirm 
these early results.43 The logistics of launching biological pay-
loads, time in transport to ISS, maintaining cell viability and 
health on-orbit, and return via splashdown into the Pacific 
(and now Atlantic) ocean require capabilities that address the 
unique considerations for transport in an extended supply 
chain beyond the planet.

Future Vision
Biopreservation
Bioengineered construct cryopreservation by freezing and 
vitrification strategies are in development.14 Drying methods 
based upon lyophilization (freeze-drying) and desiccation, 
although not currently reproducibly feasible, are also antici-
pated in the future.44,45 In the pharmaceutical and biopharma-
ceutical industries, drying and freeze-drying have been used 
increasingly for the manufacturing of small molecule drugs 
and biologically active molecules such as enzymes, hormones, 
antibiotics, and monoclonal antibodies (mAb), owing to their 
robust and reproducible procedures.46 Biological materials 
can be dried by either lyophilization or dehydration, also 
known as desiccation, to residual moisture levels not to ex-
ceed a limit linked to biomaterial quality. Presently, drying 
is applied primarily to products without living cells, such as 
bone and amniotic membrane-derived products.

In addition, a variety of novel approaches have been con-
ceived to address the challenges of biopreservation method 
development for cells, tissues, and organs with retention of 
cell viability, biomaterial properties, and function. These 

https://www.time-matters.com
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approaches are inspired by mechanisms of freeze tolerance 
or freeze avoidance practiced by animals in nature47,48 and 
techniques using nanotechnology (ie, radiofrequency in-
ductive heating of Fe nanoparticles to produce rapid warming 
rates), isochoric pressures, and non-Newtonian fluids to 
achieve cryopreservation.48 While still in development, other 
methods, such as intracellular trehalose, late embryogenesis 
abundant (LEA) protein expression, glass transition, and anti-
plasticization, along with novel drying methods for removing 
water from mammalian cells continue to be explored.49–52 
Cellphire Therapeutics, Inc. has developed 2 products cur-
rently in clinical trials that use long-term cryopreservation 
techniques, including Thrombosomes, a freeze-dried hemo-
static derived from human platelets, and cryopreserved plate-
lets (CPP) which are shelf-stable for up to 2 years (www.
cellphire.com). Additionally, there have been a number of re-
ports on lyophilized cell preservation, in addition to platelets, 
including red blood cells, mononuclear cells, and hematopoi-
etic stem cells.53 This technology has potential applications 
across a wide range of medical applications, including point of 
care therapy, battlefield medicine, and regenerative medicine. 
Enabling the preservation of cell therapies in a dry state could 
improve supply-chain logistics, and bring both economic and 
practical benefits to patients, health care providers, and bio-
pharmaceutical companies.54

Active and Passive Shipping Configurations
The sensitive nature of pharmaceuticals and biopharmaceut-
icals, along with the current shortcomings in maintaining 
the cold-chain throughout shipments, are leading to an up-
wards trend in the adoption of new passive and active con-
figuration shippers.55 The trend appears to be skewed toward 
passive shippers, because hold-times of up to 120 hours are 
now becoming more common.55 Nonetheless, the need for ac-
tive shippers is predicted to grow too, as electric or active 
shipper have a near unlimited running time when periodically 
recharged and are ultimately the safest solution for precious 
cargo.55

Innovation can also be seen in the rise of hybrid solutions 
or systems offering unique environmental control features. 
A noteworthy addition to the cold-chain is the VIA Capsule 
from Cytiva, a liquid nitrogen-free cryogenic shipper, that can 
be docked with a cooling engine for local storage when con-
nected to an external power source.56 To complement the ex-
isting active configuration shippers, that are mostly aimed at 
the cold-chain, shippable CO2 incubators have recently been 
developed to transport living cell and tissue cultures under 
laboratory conditions in a so-called warm-chain (eg, 37°C). 
One such device, the Cellbox, is the only system with its own 
integrated CO2 source and an international flight allowance.57 
Shippable CO2 incubators have demonstrated their value 
in providing a robust solution for shipping among others, 
“Multi-Organ-Chip” samples and bioprinted human full-
thickness skin models under standard laboratory conditions.58

Regardless of the type of shipping container selected, it is 
critical to monitor the data relevant to the product integrity 
in a regulatory compliant manner throughout the shipment. 
Fortunately, there are many commercially available tempera-
ture loggers that can be placed inside the container along with 
the product to be monitored. When other parameters, such as 
humidity, gas concentrations, air pressure, and even vibration 
need to be monitored, this can be achieved by implementing 
multi-sensor temperature monitors instead.

In the simplest format, the loggers are offline devices that 
record measured values at regular intervals to an internal 
memory. Upon delivery of the package, the recipient is able 
to export the data from the device by means of a USB cable 
or similar physical connection in order to generate a ship-
ment report. With many services migrating to a cloud in-
frastructure, hybrid approaches are also being offered by 
manufacturers. These devices will store the data locally 
and through access to a cellular network, Wi-Fi, or mobile 
access point, the information can be uploaded for secure 
storage in the cloud, providing the possibility of creating 
reports online without any physical access to the tempera-
ture logger.

Finally, after selecting the type of temperature monitor best 
suited for the application, companies that are FDA-regulated 
will need to ensure that they select a device that is also fully 
compliant with CFR21 part 11.29 This framework from the 
CFR published by the federal government of the US, pro-
vides detailed guidance on ensuring compliance and security 
when working with electronic data records. To simplify the 
entire process for the shipper, manufacturers of intelligent 
shipping containers, like the Cellbox, have integrated multi-
sensor temperature monitors that can manage electronic data 
records in a CFR21 part 11 compliant manner. As the need 
to ship worldwide and even off world continues to increase, 
the ways in which data are collected, handled, and stored will 
need to adapt in order to provide regulators with a trans-
parent audit trail for reviewing the safety and integrity of 
shipped products.

Space Industry Logistics Chain
Current capabilities that exist to accommodate continued 
regenerative medicine research in microgravity on ISS will 
continue to expand as potential future manufacturing appli-
cations are further explored and identified. These will include 
expanded capabilities for transport systems to ISS and return 
of future products, along with incorporation of current Good 
Manufacturing Practices (cGMP) into the logistics chain.

Conclusions
Regenerative medicine is poised to become a significant in-
dustry within the medical field. The important breakthrough 
products that this industry will produce require well-managed 
logistics and distribution chains that accommodate the suc-
cessful transport of live cells and tissue from manufacturing 
sites to pharmacies and ultimately to patients. Failure in the 
transport chain is costly to manufacturers, the industry, and 
to the patients in need. Along with manufacturing initia-
tives, expanding existing capabilities and distribution chains 
to accommodate living cells and tissues is an equally critical 
component to achieving the full commercial potential of this 
industry.
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