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Walking on thin ice: controlled 
freezing & thawing of 
pharmaceutical active molecules
Barbara Fischer

Cryopreservation of active pharmaceutical ingredients, cells, or tissues is fundamental to 
maintain the quality of the respective product. Ice formation, re-crystallization, and other 
phenomena that occur during the freezing and thawing process can cause significant dam-
age. These ice-induced injuries can be minimized by appropriate molecule design and the 
use of chemical cryoprotectants or bio-substances in combination with suitable equipment 
and physical conditions during the freezing and thawing process. It is important to adapt 
both freezing and thawing processes to the characteristics of the protein or active pharma-
ceutical ingredient that requires a cold chain to maintain its biological and chemical stability 
during storage and shipment. Controlled freezing and thawing facilitates consistent product 
quality during the fluid management processes involved in manufacturing. By preventing 
damage to active ingredients, the supply of medications is optimized. 
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The pharmaceutical industry produces highly 
effective, precise medications to treat import-
ant diseases, including cancers, autoimmune 
diseases, and rare genetic disorders. Patients 
around the world rely on the development, 
production, and supply of therapies to treat 
these conditions.

Stable supply chains and transportation 
pathways facilitate the logistics required to 
store and transport medicine, but cannot 
always guarantee that a product will not be 

altered until it is administered to a patient. In 
most cases, therefore, a product is frozen to 
optimize cell viability and preserve its chemi-
cal properties and molecular structure.

CONTROLLING THE FREEZE/
THAW PROCESS

For small molecules, especially amorphous 
pharmaceuticals, it is crucial to maintain 
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their chemical stability and to avoid chemi-
cal degradation or hydrolysis reactions. It is 
well known that proteins can become unsta-
ble when exposed to ambient or room tem-
perature for a certain period of time, leading 
to their degradation or loss of functionality, 
which can subsequently affect their efficacy as 
a treatment [1,2]. 

Particularly sensitive are parenterals con-
taining cells, such as cell therapies and blood 
transfusions, as well as tissues and organs 
[3]. Active and viable cells comprise between 
60–95 % water and dissolved molecules. The 
movement of molecules, including water 
molecules, into or out of a cell through selec-
tively permeable pores in the cell membrane, 
is a continuous process needed to keep the 
cell alive and maintain its functionality [4]. 
Therefore, water cannot be removed from 
cells prior to their freezing, as this would dis-
rupt osmosis, and the cells could shrivel or 
burst and consequently die.

The rapid cooling of intracellular water 
can lead to ice formation in cells, which can 
cause major damage. Extracellular ice crys-
tals, on the other hand, can not only lead 
to the mechanical injury of cells but also to 

osmotic or ionic stress. These stresses can be 
managed by the appropriate use of cryopro-
tective agents (CPAs) added to a biological 
specimen prior to freezing and by applying 
optimal cooling rates [3,5,6]. Cryobiology as 
a field was born in 1949, with Polge and col-
leagues’ discovery of the cryoprotective prop-
erties of glycerol [7]. 

As with freezing, the thawing process also 
presents some challenges. Due to the inevi-
table presence of water, extracellular ice for-
mation is unavoidable during the freeze/thaw 
process. Therefore, controlling the formation 
and growth of ice crystals is essential during 
both the freezing and thawing processes if 
fully viable cells are to be regained following 
cryopreservation.

THE SCIENCE BEHIND THE 
FREEZING OF DRUG SUBSTANCES

The principles of crystallization and ice nu-
cleation, illustrated in Figure 1, are as follows:

As a liquid is cooled down, the latent heat 
of solidification (or sensitive heat) is removed 
until ice begins to nucleate. During ice nu-
cleation, the molecules of the liquid collide, 
aggregate, and form clusters. Nucleation can 
only occur once the temperature has dropped 
below the equilibium freezing point of the 
solution, thereby generating a more or less ex-
tensive degree of supercooling of the remain-
ing liquid portion of the sample; this is a sto-
chastic process. Ice nucleation comprises part 
of the phase transition, with the formation of 
ice crystals representing an exothermic phase 
change that releases heat to the environment, 
producing the transient warming of the sam-
ple, as shown in Figure 1 [6]. 

If the temperature is low enough to over-
come the energy barrier at the freezing point, 
then solidification of the liquid can proceed. 
The temperature range of maximum ice crys-
tal formation in pure water is around -1°C 
to -5°C; this is similar for most aqueous 
solutions during the equilibrium freezing 
temperature.

 f FIGURE 1
Physical processes and states of an aqueous solution during 
freezing.
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Rapid freezing generates smaller and more 
numerous ice crystals, but this is not neces-
sarily the best choice for every application. 
Therapies with a high density or large vol-
ume of cells show different heat transfer rates 
compared with solutions containing fewer or 
no cells. Slow freezing techniques are essen-
tial to guarantee sufficient cell recovery in a 
variety of cell types, including induced plu-
ripotent stem cells (iPSCs) , and to increase 
post-thaw viability and functionality. This 
is especially the case for human stem cells, 
which are even more sensitive to ice crys-
tal-induced injuries than animal cells or oth-
er human cells [8].

The use of rapid freezing increases both en-
ergy and cooling equipment costs, which has 
an impact on total production costs [6]. Con-
sequently, for each product group, an ideal 
freeze and thaw ramp should be developed, 
with a focus on robustness, replicability, and 
ideally scalability.

THE ROLE OF BIO-INSPIRED 
DESIGN & CRYOPROTECTIVE 
AGENTS

There are various options to secure the quality 
and efficacy and hence the safety of a product 
during the freeze-thaw process. One is ‘bio-in-
spired’ design, which mimics anti-icing strat-
egies found in biological systems. This can 
include special structures that envelop cells 
with so-called nanocoats, which shield cells 
from the mechanical damage caused by ex-
tracellular ice crystals during the processes of 
freezing and thawing. Encapsulation by bio-
compatible hydrogels has a similar effect and 
can also prevent devitrification effects during 
thawing [5] (devitrification is the process by 
which the structure of a glassy, vitreous sub-
stance changes into a crystalline solid).

Another strategy to avoid ice-induced in-
juries or malfunctions is the use of chemical 
molecules or compounds as CPAs [3]. Com-
monly used CPAs include dimethyl sulfoxide 
(DMSO) and glycerol. However, both can 

have negative impacts on biological materials 
or even result in adverse effects in patients, 
e.g., due to toxicity. In some cases, such 
permeating CPAs, usually small molecules, 
must be removed. This is an additional and 
time-consuming step following the thawing 
process, with a high potential for osmotic 
stress or even osmotic shock. Non-permeat-
ing agents, such as sugars and some polymers, 
can be non-toxic, but do not prevent intracel-
lular ice formation [3,5]. However, the level of 
CPA toxicity is dependent on the CPA con-
centration, the temperature, and the exposure 
time. 

Ice-binding proteins (IBPs) have some po-
tential as alternatives to CPAs; these include 
ice-nucleating proteins and antifreeze pro-
teins. In general, IBPs alter the formation of 
ice crystals by attaching to the surface of ice 
crystals [5]. The presence of IBPs can improve 
the efficiency of freezing [6]. 

Current commercially available cryo-
preservation technologies do not allow cells 
to be stored frozen while attached to tissue 
culture plastic. Cells cryopreserved with 
DMSO-based CPAs, for example, must be 
thawed from a cell bank, followed by sever-
al days of cell culture, prior to being trans-
ferred to microtiter cell culture plates [9]. This 
process produces large numbers of dead and 
detached cells, which can affect experimen-
tal results; it is also time-consuming. New, 
innovative cell-based assays can optimize 
and accelerate the discovery of pharmaceu-
tical active compounds and discovery of cell 
signalling and disease pathways. Innovative 
proprietary pre-plated cryoprotectant tech-
nologies can successfully cryopreserve cells 
in adherent formats [10]. This technology, 
with assay-ready cell banks, can reduce the 
time-to-experiment by up to 90% and costs 
by up to 40%. Controlled freezing of cryo-
preserved cell monolayers can reduce the time 
required to perform tests to 24 h, without the 
need for CPAs such as DMSO [9]. 

Considerable effort and resources have 
been invested in cryogenic research, to opti-
mize freezing agents, their concentration, and 
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their molecular design, and to determine op-
timal freezing rates and temperatures.

THAWING METHODS

As with freezing rates, thawing techniques 
can have a major impact on the processabil-
ity, quality, and efficacy of a drug, and dif-
ferent products require different methods. 
The thawing method can often be overlooked 
during process development, which can lead 
to prolonged throughput times, low yields, 
or even different product behaviors [11] such 
as aggregation or heterogenization, with con-
sequences such as major deviations or batch 
rejects.

For the thawing of aqueous solutions, a 
critical temperature zone is -160°C to -15°C. 
Within this range small ice crystals can eas-
ily transform into large ones [5]. Warming 
rates and temperature curves during thaw-
ing impact the process of re-crystallization. 
It is of great importance for frozen products 
such as vaccines, cell therapies, and other 
biopharmaceuticals that quality, efficacy, 
and patient safety are maintained through-
out the processes of freezing, storage, trans-
port, and thawing, until the products are 
administered.

“In general, proteins, such as monoclonal 
antibodies, tend to form aggregates upon 
freezing and are somewhat unstable. Slow 
(passive) thawing can even intensify this 

instability.” [12].

Passive thawing can be carried out either 
at room temperature (20±5°C) or in a cooled 
environment, for example at 5±3°C [11]. A 
quicker and more controlled thawing meth-
od is via immersion in a water bath at a min-
imum of 25°C, dry automated thawers in 
clinical settings or through the use of a plate-
based freeze/thaw platform system (Figure 2). 
The latter offers the most control, as it is pos-
sible to define standardized and automated 
protocols (Figure 3) to secure reproducibility. 
Plate-based platforms for controlled freeze 

and thaw processes also offer the most flex-
ibility in terms of volumes and the choice of 
primary packaging to be thawed. Further-
more, plate-based freezing can help to avoid 
primary packaging becoming wet, which can 
often lead to handling issues. It has also been 
shown that homogenization during thawing 
maximizes heat transfer and simultaneously 
minimizes the risk of inhomogeneities that 
can result from prolonged exposure to high 
solute concentrations and buried amino ac-
ids [12]. 

OPTIMIZING THE PROCESS  
OF THAWING CRYOPRESERVED 
CELLS

When working with cells, such as pluripotent 
stem cells, the recommended approach is to 
optimize the thawing process by accelerat-
ing it. Slow rates of thawing can potentially 
harm cells and cause ice-induced injuries by 
prolonged exposure to too high extracellular 
concentrations of CPAs [8]. Optimizing the 
thawing process has been shown to reduce 
the overall culture time of iPSCs from three 
weeks to between four and seven days. Oth-
erwise, it could take up to three weeks [9].  It 
should be noted, however, that fast thawing 
is not necessarily associated with improved 
post-thaw recovery [13]. 

Water baths, bead baths, and dry baths are 
widely used for warming cryovials, cryobags 
or well plates containing cells. A more con-
trolled option is the use of plate-based freeze/
thaw systems, such as RoSS.pFTU from Sin-
gle Use Support to perform controlled freez-
ing rate in different scales. These can be pre-
conditioned to avoid the prolonged thawing 
times that can result in decreased cell viability. 
This type of system is fully controllable, the 
temperature can be monitored, and relevant 
data are archived according to current good 
practice regulations. With automated plate-
based thawing technology, individual thaw-
ing  processes can be programmed to ensure  
optimized warming. 
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A TRANSLATION INSIGHT

The cryopreservation and thawing of cells 
is being explored to ensure the continu-
ous research, development, and supply of 

biopharmaceuticals and advanced thera-
pies. Although the history of CPAs goes 
back to the late 1940s, modern molecular 
design, new approaches to the use of syn-
thetic and biologically inspired CPAs, and 

 f FIGURE 2
A plate-based freeze and thaw platform system from Single Use Support to freeze to -80°C 
within a few hours.

 f FIGURE 3
Automated and controlled thawing of pharmaceutical active molecules upon customized 
recipes.
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controllable, scalable equipment with stan-
dardizable freezing and thawing processes 
are improving the efficiency and reliability 
of cell therapies and biomolecules. Platform 
systems that enable controlled cryogen-
ic applications contribute to high levels of 
cell protection throughout the cold chain. 
Automation plays a major role in foster-
ing advanced freeze and thaw processes, to 
enable standardized and reproducible pro-
cedures. This not only reduces operational 
errors but also leads to an efficient and re-
liable approach to cold chain management. 
Scalable and controlled freezing and thaw-
ing, tailored to product characteristics, can 
pave the way for further improvements in  
cryopreservation in the future.
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SCALE UP
LAB SCALE
UP TO 5LBECNHTOP

UP TO 5L

MID SCALE
UP TO 70L

LARGE SCALE
UP TO 220L

GAIN CONTROL  
OVER THE FREEZE

Reproducibility of the process and consistent quality of final drug product can be achie-
ved by maintaining uniform conditions throughout cold chain management. The ice front 
growth speed had a significant effect on controllability and, as a result, on protein quality.

Control and scale freezing & thawing of pharmaceuticals

AUTOMATED
CFR Part 11 and GMP-compliant freeze/thaw recipe for lab scale 
also transferable for large scale.

FLEXIBLE 
Compatible with single-use bags of all established manufacturers, sizes, and 
capacities. Hybrid version to freeze & thaw vials bottles and single-use bags.

SAFETY 
Safe and controlled freezing and thawing of high-value drug substances 
with optimal freezing kinetics and increased product quality for vaccines, 
ADCs and cell & gene therapies.
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