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Abstract

Close to 25% of species in the animal kingdom face the risk of extinction. A variety of
stresses, largely anthropogenic in nature, and lack of sufficient resources and political support
to counteract this biodiversity crisis, suggest that we will witness the extinction of many
thousands of species in the coming years. Unless we act now to, at least, preserve samples
from each and every threatened species, these extinct species will be lost forever. To preserve
record of the world’s biodiversity, establishment of genome resource banks is thus desirable.
Presently, biobanking is done almost exclusively by cryopreservation, followed by
maintenance of the samples under liquid nitrogen. Cryopreservation has satisfactory
efficiency but it comes with a host of problems. The process is also highly species-specific.
Like in many other walks of life, we can search Nature for better alternatives. When long-
term preservation is desired, Nature opted for controlled drying rather than in water
preservation via freezing. Nature also created an assortment of materials that protect
organisms from damages during the drying and rehydration processes. Once dry, these
organisms can survive extended periods of time and be resistant to extreme

environmental stressors. Over the past 70 years researchers attempted applying this idea to
preserved desiccation-sensitive mammalian cells in the dry form. Desiccation is experiencing
increased interest in recent years with some exciting developments. Presented here an
overview of dry preservation and its possible applications towards establishment of dry

biobanks as part of our endeavour to preserve the world’s biodiversity.

Keywords: Desiccation; Lyophilisation; Freeze-Drying; Endangered Species; Assisted

Reproductive Technologies.
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1. Introduction

The renowned Harvard biology professor Edward O. Wilson once said about ants, “We need
them to survive, but they don’t need us at all.” He also said, “If all mankind were to disappear,
the world would regenerate back to the rich state of equilibrium that existed ten thousand

years ago. But if insects were to vanish, the environment would collapse into chaos.”

Species extinction is not new. It has been happening throughout the history of life on Earth. If
one looks through the geologic record, probably over 95% of all species that have ever lived
on this planet went extinct. Since speciation takes place in parallel to the process of
extinction, the planet has not been depleted of its life forms (yet). Based on paleontological
data, the rate of this ongoing extinction, which has been termed the background extinction
rate or pre-human extinction rate, was estimated for many years at the extinction of one
species out of every one million species per year (1 E/MSY) [1,2]. With an estimated 15
million species on this planet, this means that, on average, one can expect to witness the
extinction of 15 species every year. Recently this estimate has been upended and the revised
value is close to 0.1 E/MSY or, on average, the extinction of approximately 1.5 species per
year [3]. This may be divided into species with restricted ranges for which extinction rate
might be higher and those with widespread ranges for which it is considerably lower [1]. The
planet has also witnessed five mass extinction events; events during which at least 75% of the
estimated species present at the time went extinct over relatively short geologic time. These
‘Big Five’ events include the Late Ordovician event (~447-443 million years ago or MY A;
estimated 86% of species lost), the Devonian event (~388-359 MYA; estimated 75% of
species lost), the Late Permian event (~254-251 MY A; estimated 96% of species lost), the

Late Triassic event (~208-200 MY A; estimated 80% of species lost), and the Late Cretaceous
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event (~68-65 MYA; estimated 76% of species lost) [4]. The question that is now on the table
is if we, humans, are bringing about the sixth mass extinction event and whether this event
has already started [4-7]. If the current rate of species extinction already falls within the
definition of a mass extinction event or not, there seem to be unanimous agreement that the
current rate of extinction is orders of magnitude higher than the background rate, with some
estimates putting it at as much as 10,000 times the background rate. Estimates, however, vary
greatly, in part because we do not know exactly how many species there are out there, with
some estimates going as high as 50 million. We also know very, very little about the status of
the vast majority of these species. Only about 1.7 million species have been described and
only about 4% of these have been assessed [8]. It is widely agreed that the leading cause for
what we witness today are us, humans, and so, it is in our hands to make a change and

attempt to fix things.

2. What can we do?

In recognition of this accelerated loss of biodiversity, representatives from almost all nations
of the world gathered in 1992 in Rio de Janeiro, Brazil to reaffirm the ‘Rio Declaration on
Environment and Development’ and to ratify the ‘Convention on Biological Diversity’ [9].
Since loss of biodiversity continued, the Parties to the Convention gathered again in 2002 and
have “committed themselves to achieve by 2010 a significant reduction of the current rate of

biodiversity loss at the global, regional and national levels as a contribution to poverty

alleviation and to the benefit of all life on Earth” (https://www.cbd.int/2010-target). The year
2010 was also set by the United Nations as ‘The International Year of Biodiversity’.
However, with the approach of 2010, it became clear that not only the targets will not be
achieved; even some of the tools to measure progress towards these targets were still missing

[10]. With this knowledge, the Parties to the Convention gathered again in 2010 in Nagoya,
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Japan and set forth new targets to be achieved by the year 2020 — the ‘Aichi Biodiversity

Targets’ (https://www.cbd.int/sp/targets/). The United Nations has also set the current decade

(2011-2020) as the ‘Decade on Biodiversity’. Although progress has been made, it is clear by
now that the Aichi Biodiversity Targets will not be achieved by 2020. For example, Target #
11 states: “By 2020, at least 17 per cent of terrestrial and inland water, and 10 per cent of
coastal and marine areas, especially areas of particular importance for biodiversity and
ecosystem services, are conserved through effectively and equitably managed, ecologically
representative and well connected systems of protected areas and other effective area-based
conservation measures, and integrated into the wider landscapes and seascapes.” Recent
studies suggest that we are still far from achieving these targets. At present 4.12% of the
oceans, 10.2% of coastal marine areas under national jurisdiction and 14.7% of terrestrial and
inland water areas are designated as protected areas [11]. A recent study, evaluating marine
protected areas based on nine threshold levels for effective and equitable management, found
that only 2% of the 433 marine protected areas analysed meet all nine thresholds, 8% failed
to meet any of the thresholds, and only 21% met more than half of the nine thresholds [12].
And on land, a study published recently suggests that one third of the terrestrial protected
areas are under sever human pressure, casting doubt as to the level of their effectiveness [13].
This leaves much room for improvement.

Sitting and waiting for things to happen is not the solution. Way too many species will go
extinct before we find the ways to effectively protect the ecosystems in which they live.
Some thousands years ago, according to the Bible, Noah built an ark and took a male and a
female from each species so as to prevent their extinction during the big flood [14]. With the
knowledge we have todayi, it is clear that with just one female and one male, most species
would have gone extinct anyway or, if somehow survived, they would suffer from severe

inbreeding. So Noah’s solution is probably not a viable one. The alternative is to keep, under
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human care, large enough populations from each species with sufficient genetic variability.
Minimum viable population size ranges between several hundreds and several thousands,
depending on the species and its distribution. With the limited resources (land, manpower,
funds) and knowledge (reproductive biology, captive rearing and breeding), this option is
also not a viable one for many species. Some years ago, the ‘Global Seed Vault” was
established on the island of Svalbard in Norway [15]. At present, seeds of almost 900,000
varieties of food plants are stored in this underground seed bank. The seeds are maintained at
-18°C with limited access to oxygen to ensure low metabolic activity and longevity. A similar
approach, termed Genetic (or Genome) Resource Banks (GRBs), has also been suggested for
wildlife conservation [16-19]. Animal cells and tissues, however, cannot survive and
maintain their biological activity at -18°C. Normally, much lower temperatures, in the range
of liquid nitrogen temperature (-196°C), are required for long-term preservation. Activities in
this direction took place in many places around the world. At present there is no global GRB
but rather consortia of organisations, research institutions, museums, zoological gardens and

such, where various samples are stored (e.g. www.frozenark.org or www.amphibianark.org).

There is also limited information available as to which samples are stored at which institution
so efforts to preserve sufficient representative samples from each species are practically
hindered by lack of information. When species-specific cryopreservation protocols have been
devised, they are often of adequate efficiency. By very rough estimate, to date attempts to
cryopreserve germplasm in mammals cover spermatozoa from approximately 115 species
(~2% of all mammals), embryos from 51 species (~0.9% of all mammals) and oocytes from
just a handful of species [20,21]. Births of live offspring from cryopreserved sperm were
reported in about a fifth of these species and from cryopreserved embryos in about half of
these species. The vast majority of the mammalian species in which cryopreservation has

been attempted and resulted in live offspring, however, are domestic species, lab species, and
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species of research and/or commercial value. Very few of them are truly wildlife species. A
number of causes stand behind this rather poor state of affairs. Species, by definition, are
different from each other and as such, their germplasm respond differently to the
cryopreservation process [22]. To overcome this, customising the protocols for each species

is necessary. As access to samples from wildlife species is limited, especially from those that
need it the most — the critically endangered species, progress has been limited and very, very
slow. Knowledge about the majority of species is still rather scarce. In the absence of
sufficient understanding of the anatomy, physiology, and reproductive biology of each
species, progress is expected to remain very slow. Add to this factors such as the risk
associated with the often needed anaesthesia or sedation, the distance of the animals from a
proper laboratory, and the general poor reproductive health of many individuals, and the
picture is clear — germplasm cryopreservation from wildlife (mammalian) species is destined
to see very limited progress in coming years. Furthermore, cryopreservation of germplasm
and tissues, and their maintenance under liquid nitrogen (LN), while effective, comes with
many inherent problems. It is expensive, energy-dependent, requires dedicated facilities and
trained personnel, continuous monitoring and uninterrupted LN and power supply, thus
putting such biobanks out of reach for many developing world countries and small businesses.
LN is also dangerous, complicates sample transport, may act as pathogen transmission
medium, and its production, transport and maintenance have high carbon footprint. A cheaper,

simpler and environmentally friendlier alternative is thus highly desirable.

3. Nature’s alternative
When searching for an alternative, we would do right to turn to Nature and see how long-
term preservation has evolved there. A look around tells us that although some freezing

instances do exist [23], by far and large long-term preservation in Nature is rather done by
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removing the water and thus bringing molecular interactions and metabolism to practical
standstill. We know, however, that water is essential for life. Humans die when they lose over
about 12% of their body water [24]. The wood frog, Rana sylvatica, can tolerate loss of as
much as 50-60% of total body water before it dies [25]. The alpine cockroach, Celatoblatta
quinquemaculata, from New Zealand, possibly a record holder, can lose as much as 82% of
its body water before it expires [26]. But do we really have to die? A broad range of taxa,
from bacteria and yeasts to complex organisms such as seeds, small trees, shrimp, fish
embryos, and insects evolved mechanisms that allow complete desiccation without loss of
viability, known as anhydrobiosis [27-29]. Even more striking, in the dry state, these
organisms are biostable for decades/centuries, surviving extreme temperatures, pressures, and
radiation [30-37]. Plants and animals are different in this respect. In plants, desiccation
tolerance is usually in specialised tissues such as the seeds and pollen forms, but whole plants,
known as the ‘resurrection plants’, are also known to be desiccation-tolerant [38].
Desiccation-tolerant animals, on the other hand, are mostly microscopic in size if the whole
animal dehydrates, or they dehydrate at their larval stage. But size is not the only reason why
these organisms can tolerate extreme desiccation. They usually live in places where water
availability is ephemeral. As water evaporates and dry conditions set in, desiccation tolerant
organisms start generating a variety of protective agents, collectively termed xeroprotectants,
which they accumulate in and around the cells of their body. These xeroprotectants include: (i)
very high concentration of sugars, mostly disaccharides such as trehalose or sucrose [39,40];
(i1) Late Embryogenesis Abundant proteins (LEAp) — a group of highly hydrophilic,
intrinsically disordered, proteins that change their conformation based on their hydration
status, and provide protection to specifically targeted cellular compartments [29]; (iii) a
hydrophilic protein called anhydrin [41]; (iv) heat shock proteins [32]; (v) a variety of

antioxidants [42], and more. Accumulation of these xeroprotectants is slow and gradual,
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taking place in parallel to the drying process. Research into anhydrobiosis dates back more
than 300 years to the microscopyst Antony van Leeuwenhoek, who reported about his
discovery of anhydrobiotic ‘animalcules’, presumably a species of bdeloid rotifer (Philodina
roseola) [43], in 1702 [44], and continued ever since [for historical overview see 45]. In the
age of biomimicry (innovation inspired by nature), there is no reason why not to try and
apply the knowledge gained from anhydrobiosis for the preservation of biological samples in

the dry state.

4. The drying industry

Freeze-drying (lyophilisation), the more commonly used technique for drying biological
samples, was known for hundreds of years as a method for meat and vegetable preservation.
It has been in extensive use by people who lived in very high altitudes, like amongst the
Andes mountain dwellers of South America. In more recent times, freeze-drying is used for
preparation of food products such as instant coffee, tea and soup, fish food and even ice
cream for NASA astronauts. It is also widely used for preparation of pharmaceuticals, viral,
bacterial, fungal, or yeast products in a dry and convenient form for handling, transporting
and long-term storage. To achieve these, while preserving the desired properties of the
products or, in the case of bacteria, viruses, and yeast, its viability, the process of drying has
been modelled [46,47] and a vast body of research took place, primarily in the food and
pharmaceutical industries. Regrettably, there is very little interaction between these industries
and the people involved in cells and tissue drying research, and so, little of the knowledge in
the first has twinkled to the second. There is no doubt in our mind that interdisciplinary
research is essential for this biobanking strategy to be pushed forward.

Arising from the knowledge accumulated from anhydrobiotic organisms, much of the

research on stabilising cellular membranes and proteins concentrated on disaccharides,
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primarily trehalose and sucrose. It was thought that these sugars help preserve cell
membranes [48-50] and proteins [51] through two processes — glass transition and hydrogen
bonds. Glass transition, or vitrification, is the process in which fluid practically solidifies
without forming crystals. The glass transition temperature (Tg) of trehalose, for example, is
high (115°C) and as such it provides stability at relatively high supra-zero temperatures [52-
54]. Trehalose is also unique in the fact that it does not completely lose its glass state even if
it was slightly rehydrated. But vitrification alone is not enough to protect biological samples
during drying [55]. It has thus been suggested that these sugars also provide structural
stability by forming a large number of hydrogen bonds with membranes and proteins and by
replacing water molecules during the drying process [55,56]. The drawback of these sugars,
from the preservation perspective, is that they do not readily enter the cells. Anhydrobiotic
organisms naturally possess the needed mechanisms to produce these sugars and load and
unload them to and from the cells of their body. Desiccation-intolerant mammalian cells lack
these mechanisms so ways to load and unload them are needed. One approach is to create a
modified trehalose that is membrane permeable [57]. The alternative approach is to
temporarily make the membrane permeable to this sugar by a variety of mechanisms that will
be discussed later. Aside from trehalose (or sucrose), occasional use of LEA proteins, and
minor modifications to the xeroprotective solutions, little has been reported in an attempt to
discover the needed breakthrough in mammalian cells and gametes desiccation.

In the pharmaceutical industry, for example, the freeze-drying process is divided into two
stages — primary drying and secondary drying. During primary drying the frozen water is
sublimated at low temperatures and low pressure. During secondary drying, the unfrozen
water is removed and thus the process can be done at supra-zero temperatures and higher
pressure. Both stages have been studies extensively [46,58-60]. Such division is important for

the food and pharmaceutical industries as by increasing the temperature and pressure during

10
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the secondary drying stage they can save considerable amount of money on such industrial
process. Leaving the temperature and pressure low, as they were during the primary drying
stage, would prolong the process but otherwise the end result should be the same.
Determining the point at which to shift from primary to secondary drying and the point at
which the samples are dry enough (around 5% water per dry weight) is a tricky and difficult
endeavour. One option is to design the freeze-drying equipment in a way that would allow
removal of a sample for evaluation without affecting the rest or the process. Alternatively, the
use of the non-invasive Tunable Diode Laser Absorption Spectroscopy was suggested [60],
as it allows measuring water content in the product without removing it from the freeze-
drying equipment. In the absence of such sophisticated equipment, the alternative would be to
proceed by the trial-and-error approach.

The other issue that needs to be addressed is the rehydration stage, or imbibition — the act of
absorbing water and swelling. For many years, in the cryobiology field, research had
concentrated on the process of freezing the cells. This was basically so until Mazur and
colleagues reported on the importance of the warming velocity of the frozen samples [61,62].
In the drying arena we might be witnessing a similar process. Most studies in the field
concentrated on the drying media, the drying process and occasionally also the freezing
process. In both the scientific literature and the popular media, the approach of “just add
water” was largely taken by most. In principle, there is logic to this approach. During drying,
one removes the water while the solutes and cells remain behind, so what needs to be
replaced is the missing water. This approach, while devoid of side effects in case of dry
foodstuff, however, might be problematic and damaging to the cells. The sudden exposure to
pure water may result in rapid movement of the water into the cells, resulting in faster than
desired re-expansion and possibly cells’ rupture in the process. To avoid this, a more gradual

rehydration process is desired. When vitrifying oocytes or embryos, for example, the cells are
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exposed step-wise to increasing concentrations of the vitrification solution before vitrification,
and vice versa during warming [20]. It is possible that a similar approach would turn
beneficial when drying cells. Alternatively, as has been reported for bacteria, yeast, and
pollen, rehydration with water can be done gradually by placing the samples for the initial
rehydration stage in a humidity chamber or similar [28,63,64]. Another aspect of rehydration
that has been discussed is the rehydration temperature. The temperature, once the cells get
rehydrated, would affect the phase transition of the membrane and thus its stability and
permeability. It is thus believed that rehydration temperature would have optimal range, as
was shown, for example, for pollen and yeast [28,64,65]. How all these aspects will integrate
and how different would this integration be when mammalian cells are concerned is still an

open question.

5. Drying spermatozoa

Gametes, cells, and tissues of higher organisms are intolerant to desiccation and expire when
drying exceeds certain threshold. We thus need to provide them with adequate protection
during the drying and rehydration processes. If we could apply the idea of anhydrobiosis to
biobanking and maintain the samples at ambient temperatures, we could save much in storage
costs, space and logistics, make sample transportation simple and cheap, make biobanking an
accessible technologies to the developing countries and small businesses where liquid
nitrogen and/or power supply are unreliable or storage under liquid nitrogen is not practical.
Dried samples will also weigh much less than their hydrated form, further reducing costs.
And, unlike frozen samples, in the dried form samples can be used in small fractions as and
when needed without damaging the rest. The process even may turn out to be a universal

protocol applicable for all species; something that cryopreservation is not. It will also turn

12
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biobanking into a safe green industry with low carbon footprint. So advantages are many and
the research community has naturally showed interest in this alternative.

Probably the first reported attempt to apply drying to mammalian cell was the partial drying
performed by Polge, Smith and Parkes [66]. In that study they diluted 1 mL of fowl semen
with 1 mL of 20-30% glycerol in Ringer’s solution, froze it to -79°C, warmed it back to -
25°C and then dried it under vacuum for three hours. The samples “had the appearance of
being dry.” The glycerol and about 10% of the water remained with the sperm at the end of
the drying process. The samples were rehydrated immediately and motile spermatozoa were
seen in each microscopic field with the best being as much as 50% recovery. Waiting a
couple of hours before rehydration resulted in zero recovery. It is clear that only partial
drying took place here but this study set the stage for this ever-expanding field of inquiry. In
the following years researchers concentrated on spermatozoa for obvious reasons — these
cells are small, their DNA is less vulnerable to damages as it is highly condensed thanks to
the protamines, and they contain very little water. During the 1950’s and 1960’s several
reports on freeze-drying mammalian spermatozoa showed up in the scientific literature,
including bovine [67-69] and human [70,71] spermatozoa. Some reports claimed to have
obtained motile spermatozoa [72] and even offspring [73], but these successes could not be
reproduced [67,74], not even by their own authors [75]. The usual outcome of sperm drying
studies was that the spermatozoa were immotile and with damaged cytoplasmic membrane,
so a way to get them into the oocyte was needed if fertilisation was desired. Sperm injection
into oocytes was attempted at least since the 1960’s [76] but 30 years had to pass till this
technique, known at intracytoplasmic sperm injection (ICSI), was used to prove that non-
motile spermatozoa can lead to embryonic development, pregnancy and in live offspring [77].
Attempts were made at injecting freeze-dried spermatozoa into oocytes before [78,79] but the

final proof came from Wakayama and Yanagimachi who used freeze-dried mouse
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spermatozoa to demonstrate that “dead” spermatozoon does not mean dead DNA, and that
freeze-dried spermatozoa are capable of directing normal embryonic development and
generating normal offspring following embryo transfer [80]. Their success started a new era
in dry preservation of sperm with activity taking place in a large number of (mostly) domestic
and lab animal species (Table 1). Live offspring have been reported in the mouse [80], rat
[81], rabbit [82], hamster [83], and horse [84].

A look through the published scientific literature in the field reviels an interesting picture.
While studies were conducted on a range of species, mice and cattle is by far the most
represented species and, for mice only, the species in which the largest number of studies
with offspring were reported (Table 1, Figure 1). Although the first report on successful
freeze drying was on epididymal mouse spermatozoa [80], the majority of studies performed
on larger mammals (rabbit, pig, cattle, sheep, horse) were performed on ejaculated
spermatozoa. Ejaculated and epididymal spermatozoa are different in their maturation status
and in their exposure to external factors. In a number of studies, performed on humans, it was
recurrently demonstrated that DNA quality was better in testicular spermatozoa compared to
ejaculated spermatozoa from the same subject [85,86]. Similar observation were also noted in
other species [87]. So, it is clear that there is some level of deterioration along the way from
the testis out. The only studies to date performed on drying epididymal spermatozoa from
large mammals include two reports on cat spermatozoa [88,89], and a study on ram
spermatozoa [90] in which the importance of single-strand DNA breaks (in adition to double-
strand breaks) was demonstrated. While a number of studies have evaluated DNA integrity,
this seem to be the only one in which single-strand breaks were evaluated. Another point that
emerge from looking at the published studies is related to the drying technique. Freeze-drying
is by far the mostly used technique for drying spermatozoa and other cell types (Figure 2).

Researchers have also sporadically attempted a large number of other techniques, including

14
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evaporative-driying [91], spin-drying [92], heat-drying [93], microwave-drying [89], air-
drying [94], vacuum-drying [95], convective drying [96], and vitri-drying [97]. Such a wide
rage of techiques usually characterises a field in development. Take for example the field of
oocyte and embryo vitrification. There are over 20 different vitrification carriers reported on
[20]. Once the field will stabilise and will gain a strong foothold, probably one or two of
these devices will emerge as the leaders and gain control over the bulk of the activity in the
field. Similar process is also expected to happen in the field of drying. It can be assumed that
the technique in which a major breakthrough will be achieved (e.g. large number of viable
cells or motile spermatozoa after rehydration) will become the leader in the field. Finally,
review of the various attempts to freeze-dry spermatozoa, two general approaches are
observed. In most freeze-drying studies, the spermatozoa were snap-frozen without any
attempt to maintain their membrane integrity (so called 'viability') [e.g. 80,98,99] while in
other studies an attempt to obtain viable cells was made by using proper cryopreservation
techniques [e.g. 90,100]. Does this suggest that most researchers approach the field with the
assumption that spermatozoa would not survive the process and that as long as the DNA
remains relatively intact, these cells can be used in ICSI? If one starts with such an
assumption, naturally one would not bother with proper cryopreservation approach and the
result is that progress towards achieving the desired breakthrough and obtaining motile
spermatozoa after rehydration would be slower than desired. On the positive side, recent
years saw great increase in interest in the field (Figure3) and hope is that in will further the

field and lead to new discoveries.

6. Drying other cell types
Spermatozoa are small, with little water content and highly condensed cromatin, making

them good candidate for successful reversible drying. Other cell types are normally much
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larger in volume, making the drying process more challanging. Initial attempts took one of
two approaches. Some researchers opted for drying cells that lack nuclear DNA in them, such
as red blood cells and platelets [101-106]. Following this approach, the aim was to maintain
the integrity of the membranes and cellular organeles and proteins, and thus the biological
activity of these cells. For such an approach, liposomes were often used as a model. Although
some positive results have been achieved, and the popular media showed much interest in this
approach, to the best of our knowledge to date no such procedure has reached clinical use or
anywhere near it. The other approach aimed to confer nucleated cells with desiccation
tolerance. To achieve this, one of two strategies was followed. In the one approach, the cells
were transfected with genes/proteins that were, based on knowledge from anhydrobiotic
organisms, assumed to confer protection [107-109]. The alternative approach aimed to upload
the cells with protective agents through alterations in membrane activity or permeability.
Such alterations include activation of pre-existing ion channels [110,111], use of
electroporation [106], utilisation of membrane phase transition during chilling and freezing to
enhance uptake [112,113,114, Saragusty 2015, unpublished results], or through the use of
haemolysin [89]. As an alternative, cells were incubated for various durations of time with
protective agents with the hope that at least some of these will enter the cells by natural
diffusion or endocytosis. Results show that the first approach (transfection) is the more
successful one, resulting in enhanced cell viability and functionality following rehydration.
While these results are encouraging, these are mostly suitable as a proof-of-concept approach
but eventually an alternative technique that will not alter the cells and will be reversible upon
rehydration should be aimed for.

Bacteria and yeast are routinely dried as a way to preserve them and extend their shelf life.
Upon rehydration and incubation, resumption of biological activity is observed. Considering

the fact that these organisms multiply at relatively high rates, it is sufficient that a small
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fraction of organisms will survive the entire process to multiply and resume activity after
rehydration. During work on drying spermatozoa, cells with intact membrane were often
observed [90, Saragusty, unpublished data] though in small numbers and were immotile, in
the range of 1%. Spermatozoa, however do not multiply. Cells, such as stem cells, have two
advantages that may turn them into more suitable entities for drying. These cells multiply
naturally so basically it would be enough that just a few will survive the process to allow re-
establishment of the propulation after rehydration. Furthermore, the natural ability of these
cells to multiply increases their plasticity and this may enhance their desiccation tolerance. In
a study on CD34+ umbilical cord blood mononuclear cells, it was shown that such cells were
able to maintain their membrane integrity through the process and to form colonies in culture
after rehydration [115]. Similarly, cord blood haematopoietic stem and progenitor cells were
able to form colonies upon rehydration and culture [116].

Attempts at drying other nucleated cells without tinkering with their genome or membranes
thus far did not result in the recovery of full biological functionality following rehydration.
This, however, does not mean that the cells are useless. About a decade ago, Loi and
colleagues showed that, just like in spermatozoa, in somatic cells too “dead” cell does not
mean “dead” DNA [117]. In their study, freeze-dried sheep granulosa cells, maintained at
room temperature, were able to direct embryonic development to the blastocyst stage through
somatic cell nuclear transfer (SCNT). These results were later duplicated using lyophilised
porcine foetal fibroblasts [118] and mouse embryonic stem cells and cumulus cells [119].
Drying attempts were also reported in other cell types such as mouse J774 macrophage cells
[120], mouse 3T3 fibroblasts [96,114], sheep lymphocytes [121], and cat germinal vesicles
[122]. As of this point in time, there is no report of pregnancies, carried to term or not,

resulting from embryos produced by nuclear transfer with desiccated somatic cells.
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7. Future of dry biobanking

Studies on both somatic cells and spermatozoa have repeatedly demonstrated that the DNA in
desiccated cells remains largely intact through the drying-rehydration process, particularly
with respect to double-strand breaks. Furthermore, it is well known that the oocyte has a
number of DNA repair pathways that actively repair DNA damages upon fertilisation [123].
These pathways are activated when the oocyte is presented with damages to structural basic
sites, single- and double strand DNA breaks, and/or alternative base analogues to the
orthodox ATGC. Naturally, if the damages surpass certain threshold or if they are present at
critical sites, the zygote will eventually progress towards apoptosis. When possible, however,
the oocyte will activate relevant repair pathways to reach a stable DNA molecule. Even so,
the repair may not be ideal and may lead to mutations or chromosome aberrations, and
single-strand breaks may end up becoming double-strand breaks during DNA replication.
Still, much can be expected form the oocyte as was clearly shown in a number of studies that
demonstrated in vitro embryonic development from desiccated cells, some of which with
extensive DNA damage [90]. With the ability to generate embryos from both desiccated
spermatozoa and desiccated somatic cells, probably two niches in the biobanking industry
would be the primary targets of cells’ drying.

The first niche would probably be for biobanking of dried spermatozoa. This could happen in
at least three different fields. First, ICSI is routinely used in human fertility clinics so using
immotile dried spermatozoa should not be vastly different from using immobilised fresh or
frozen-thawed spermatozoa. Second, in domestic and laboratory animals, when preservation
of genetic material from valuable animals is desired, the industry would be willing to go into
the expense and effort of using ICSI to generate embryos when needed. Third, in wildlife
conservation, samples are often preserved with no specific time limit, as a backup or security

for the future. Once the need will arise, the desired technologies (oocyte collection, ICSI,
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embryo culture and embryo transfer) would need to be developed before such spermatozoa
could be used. Before any and all these biobanking directions could be implemented, studies
will have to be conducted to show that drying and long-term preservation do not compromise
the cells in any possible way. This includes the genetic and epigenetic aspects as well as
embryonic, foetal, and offspring development.

The second niche would probably be long-term somatic cells preservation. Biobanking is
expensive so, if at least some of the preserved material can be maintained at room
temperature, free of liquid nitrogen storage, much in costs can be saved. This can be highly
useful when funds are very limited (e.g. in wildlife conservation) or when there is a need to
preserve samples from a large number of individuals [e.g. lab or domestic animals or the in
large initiatives such as the Precision Medicine Initiative (PMI) launched by President
Obama in 2015 in which preservation of multiple samples over the lifetime of a million
people is envisioned]. In these cases at least some of the samples can be dried and maintained
at ambient temperatures. Once rehydrated, such samples can be used for somatic cell nuclear
transfer. The derived embryos can be transferred or they can be used as a source for
embryonic stem cells. These cells can be directed in vitro towards the germ cell line and
further towards in vitro gametogenesis as was demonstrated by Hayashi and colleagues
[124,125] and others. Such in vitro-produced gametes can then potentially be used for in vitro
fertilisation, with embryo culture and transfer to follow. At present, the process of complete
in vitro gametogenesis has been demonstrated only in mice. It can be reasonably assumed,
however that the basic mechanisms controlling gametogenesis in mammals are highly
conserved, so applying this technology to other species would probably follow in the short-
to-mid term. As in the previous niche, long-term studies would have to demonstrate that the

technology is safe and harmless before it can be widely applied.
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If, on the other hand, a major breakthrough in cells drying will come through and
spermatozoa or somatic cells will be able to maintain their viability and biological
functionality through the drying process, a much wider application of the technology can be
foreseen. At the moment there are no indications that we are anywhere near such an
optimistic development and studies in the field continue to be performed largely on the basis
of trial-and-error. But, such discovery, like many other discoveries, may come any time by

chance success or at a moment of Eureka.

8. Conclusions

Drying as a preservation technique is ubiquitous in Nature. It is known in a range of taxa in
both the animal and the plant kingdoms. Following the biomimicry approach and applying
drying as a biobanking paradigm to preserve desiccation-sensitive cells and tissues has many
advantages. Conferring desiccation tolerance on such intolerant cells is complicated and, to
date, has largely followed a trial-and-error approach. Although our knowledge of and about
the process has expanded considerably over the past 70 years, and some offspring have been
produced from dried spermatozoa in a few species, the field is still developing and waiting
for a major breakthrough. As yet, we do not know what is the best approach to drying.
Natures does not use freeze-drying as its chosen drying approach, yet, as we saw (Figure 2),
lyophilisation is by far the most used technique. Similarly we do not know how best to
rehydrate the cells. Combination of both dehydration and rehydration will have to be tackled
to find the optimal desiccation alternative. And, before all these, it seem we need to really
decide what we aim for. Do we aim for intact DNA? Or do we want viable cells with full
resumption of their biological activity? A breakthrough, that would make drying desiccation-
sensitive cells truly reversible and enable such cells resume their biological activity, might

come as a major discovery or as a gradual, stepwise, progress. What is certain is that the field
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489  would benefit considerably if those involved in the attempts to dry desiccation-sensitive cells
490  would join forces with experts in anhydrobiology, plant physiology, computer modelling, and,
491  of course, the food and pharmaceutical industries. Combining the available knowledge from

492  these diverse fields might help reach the moment of Eureka we are all waiting for.
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1041  Table 1: sperm drying listed by species, drying technique and endpoint of the study.

Species Drying Study endpoint
Reference
technique
Boar Freeze-drying Blastocyst formation [126-130]
Evaporative-
Boar Blastocyst formation [131]
drying
Boar Freeze-drying MPN [132]
Boar Freeze-drying Oocyte gene activation [133]
Boar Freeze-drying Ultrastructural analysis [134]
Buffalo Freeze-drying DNA integrity [135]
[100,136-
Bull Freeze-drying Blastocyst formation
138]
Bull Freeze-drying Zygote, methylation [139]
Bull Freeze-drying Fertilization! [72,140]
Sperm asters and microtubule
Bull Freeze-drying [141]
formation
Bull Freeze-drying Meiosis resumption [142]
[67-
Bull Freeze-drying Sperm motility 69,74,75,143,
144]

' The authors (Meryman & Kafig) and others later failed to duplicate these results [67,74,75].
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Species Drying Study endpoint
Reference
technique
Bull Freeze-drying Ultrastructural analysis [134]
136,145,146
Bull Freeze-drying DNA integrity
]
Bull Freeze-drying Seminal proteins integrity [147]
Bull Heat-drying Blastocyst formation [93]
Convective-
Bull Sperm motility, membrane integrity [111,148]
drying
Cat Freeze-drying Blastocyst formation [94]
Cat Freeze-drying Cleavage rate [88]
Cat Freeze-drying DNA integrity [149]
Cat Air-drying Blastocyst formation [94]
Microwave-
Cat Blastocyst formation [89]
drying
Chimpanzee Freeze-drying MPN development in mouse oocyte [150]
Dog Freeze-drying MPN formation [151]
Dog Freeze-drying DNA integrity [152]
Fat-tailed Motility, viability, acrosome and
Freeze-drying [153]
dunnart DNA integrity
Giraffe Freeze-drying MPN development in mouse oocyte [150]
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Species Drying Study endpoint
Reference
technique
Hamster Freeze-drying Live offspring [83]
Hamster Freeze-drying MPN formation [154]
Horse Freeze-drying Sperm motility [155]
Horse Air-drying 8-16-cells embryos [156]
Horse Freeze-drying Live offspring [84]
Horse Freeze-drying DNA integrity [112,157]
Human Freeze-drying Sperm survival [70,71]
Human Freeze-drying MPN formation [78,79,154]
Human Freeze-drying Chromosome integrity [158]
Human Freeze-drying DNA integrity [159-161]
Human Freeze-drying Membrane integrity [162]
Jaguar Freeze-drying MPN development in mouse oocyte [150]
Long-haired
Freeze-drying MPN development in mouse oocyte [150]
rat
[80,98,163-
Mouse Freeze-drying Live offspring
171]
[158,172-
Mouse Freeze-drying Day >14 foetuses
175]
Mouse Freeze-drying Blastocyst formation [176-178]
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Species Drying Study endpoint
Reference
technique
[145,179-
Mouse Freeze-drying DNA/Chromosome integrity
183]
Partial
Mouse convective- Live offspring [91,184]
drying
Evaporative-
Mouse Live offspring [185-188]
drying
Convective-
Mouse Live offspring [189,190]
drying
Convective-
Mouse Day 15 foetuses [175]
drying
Nile tilapia Freeze-drying ICSI could not be performed [191]
Poultry Freeze-drying Sperm motility [66]
Rabbit Freeze-drying Live offspring [73,82]
Rabbit Freeze-drying DNA integrity [99]
Rabbit Freeze-drying 6-8-cells embryo development [78]
Rat Heat-drying Live offspring [192]
[81,169,193-
Rat Freeze-drying Live offspring
195]
Rhesus Vacuum-drying Blastocyst formation [95,196]
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Species Drying Study endpoint
Reference
technique
macaque
Rhesus
Freeze-drying Sperm asters, MPN formation [197]
macaque
Sheep Freeze-drying MPN formation [198]
Partial freeze-
Sheep Sperm motility [199]
drying
Sheep Freeze-drying Blastocyst formation [90,200]
Weasel Freeze-drying MPN development in mouse oocyte [150]

MPN: male pro-nucleus
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1046  Figure 2
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1050  Figures legends
1051 1. Figure 1: Number of publications related to cells or sperm drying by species
1052 2. Figure 2: Number of publications related to cells or sperm drying by the drying technique.
1053 3. Figure 3: Number of publications related to sperm drying over the past ~70 years
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