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(57) ABSTRACT 

Methods and devices are described for the concurrent deliv 
ery of elevated pressures and loW temperatures to a sample, 
typically but not exclusively a biological sample. A medium 
that expands on cooling and/or freezing is employed With a 
sample immersed therein, typically but not exclusively 
encased in a sample container. Cooling the medium loWers 
the temperature and applies pressure to the sample such that 
reduced damage to a typical biosample occurs. Relatively 
long-lived metastable phases are also produced, including 
both metastable liquids and solids, Without the need for very 
rapid cooling steps as required in conventional achievement 
of such metastable phases. Preliminary test data are also 
presented. 
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PRODUCTION AND USE OF HIGH 
PRESSURE FOR CRYOPRESERVATION AND 

CRYOFIXATION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a utility patent application ?led pursuant to 
35 U.S.C. §1 11 (a), and claims priority pursuant to 35 U.S.C. 
§1 19 from provisional patent application 61/463,727 ?led 
Feb. 22, 201 l . The entire contents of the aforesaidprovisional 
patent application is incorporated herein by reference for all 
purposes. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The present invention relates to the general ?eld of 
the production of use of high pressures applied isostatically to 
a sample or Workpiece, more particularly to high pressures in 
combination With loW temperatures for the cryopreservation 
or cryo?xation of biological samples. 
[0004] 2. Background and Related Art 
[0005] An important challenge affecting many aspects of 
medical, biological, chemical, agricultural and food sciences 
is the long-term storage and preservation of various sub 
stances Whose properties tend to degrade over time. Even 
When storage procedures exist and are in common use (e.g., 
refrigerated storage of blood for transfusion), improved stor 
age methods are continually being sought. Examples abound, 
spanning the range of sample sizes from molecules to organs 
and, indeed, entire organisms. 
[0006] Many individual molecules degrade in storage, par 
ticularly troubling for pharmaceuticals, losing ef?cacy and 
possibly degrading into substances harmful for the patient. 
Incrcasing shelf life for storage and transport of these chcmi 
cals is an important practical goal. 
[0007] Biological substances (“biosubstances” or “bio 
samples”) deriving from living or formerly living organisms 
must frequently be stored in a non-degrading manner such 
that reanimation and/or reuse is feasible. For economy of 
language, We indicate such storage of biological substances in 
a condition permitting reanimation and/or reuse as “viable 
preservation,” and, When loW temperatures are employed, 
“viable cryopreservation.” Blood and other biological ?uids, 
tissues, organs, embryos, groups of organs are among those 
biosubstances for Which viable preservation is, or potentially 
could be, a signi?cant medical procedure bringing valuable 
advances in treatment options. 
[0008] Viable preservation of biosubstances also has an 
in?uential role to play in agriculture, aquaculture and animal 
breeding. Perhaps the most conspicuous present application 
relates to the viable preservation of semen for cattle breeding. 
HoWever, improved preservation techniques for embryos is 
also likely to have signi?cant effects in these ?elds. 
[0009] Viable preservation should not be overlooked for its 
potential impact on food sciences. In this case, “reanimation” 
relates to the recovery of the preserved biosubstance in a form 
suitable for its intended use, that is, consumption as a food 
product. Many food products (such as fresh straWberries) do 
not generally appeal to consumers When thaWed folloWing 
conventional food preservation by freezing. A viable preser 
vation technique suitable foruse in the food industry may also 
bring notable practical bene?ts and neW products. 
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[0010] Freezing biological samples is also an important 
technique in the preparation of samples for microscopy, par 
ticularly electron microscopy. Freezing a biological sample 
(“cryo?xation”), perhaps in combination With staining or 
?xation agents, can produce a solid from Which thin sections 
can be sliced suitable for use in electron microscopy. In addi 
tion, freezing folloWed by mechanical cracking of the sample 
(“freeze fracture”) can expose features of the three-dimen 
sional structure of the biosample that can be imaged in an 
electron microscope. Evaporation of a suitable imaging agent 
at an angle onto the fractured surface of the sample can 
enhance the vieW of the three-dimensional structure. HoW 
ever, it is important in cryo?xation that the freezing process 
not substantially disrupt the structures sought to be studied 
microscopically, a serious problem With many conventional 
freezing techniques. 
[0011] Thus, a need exists in the art for improved methods 
for the preservation of biosamples in a condition for reuse 
folloWing preservation, including improved equipment for 
performing such preservation. 

BRIEF SUMMARY OF THE INVENTION 

[0012] One important objective of the methods described 
herein is to describe a method of cryogenically storing a 
sample so as to reduce sample degradation, accomplished in 
some embodiments by the concurrent isostatic application of 
elevated pressure While cooling the sample. This is typically 
accomplished by immersing the sample in a Working ?uid 
(advantageously encased in a sample container in most 
instances) Wherein the Working ?uid expands upon cooling; 
While con?ning the Working ?uid in a pressure-con?ning 
container such that expansion of the Working ?uid Will result 
in elevated pressure being applied to said sample; and, cool 
ing the pressure-con?ning container thereby causing elevated 
pressure to be applied to the Working ?uid and the sample. In 
many practical cases, Water is advantageously used as both 
the pressure-transmitting ?uid and the Working ?uid although 
other ?uids might be used as Well as various solvents contain 
ing various solutes dissolved therein, as Would be apparent to 
those having ordinary skills in the art and/or readily discov 
erable With routine experimentation. 
[0013] We also describe hoW the methods described can 
lead to the production of relatively long-lived metastable 
supercooled liquid but Without the necessity of an ultra-rapid 
cooling step. 
[0014] We also describe hoW the methods described can 
lead to the production of a state of matter substantially similar 
to high density amorphous Water Without the necessity of an 
ultra-rapid cooling step. Further cooling can be used to 
achieve a high density amorphous glassy state Without the 
sudden, signi?cant and often damaging density change 
betWeen liquid and high density amorphous glass that is a 
frequent problem in other techniques such as “?ash cooling.” 
[0015] Accordingly and advantageously, these and other 
advantages are achieved in accordance With the present 
invention as described in detail beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] To facilitate understanding, identical reference 
numerals have been used, Where possible, to designate iden 
tical elements that are common to the ?gures. The draWings 
herein are schematic, not to scale and the relative dimensions 
of various elements in the draWings are not to scale. 
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[0017] The techniques of the present invention can readily 
be understood by considering the following detailed descrip 
tion in conjunction With the accompanying draWings, in 
Which: 
[0018] FIG. 1: A schematic, block diagram depiction of a 
typical apparatus. 
[0019] FIG. 2: Block diagram, schematic depictions of a 
typical apparatus at various stages in the process. 
[0020] A. Preparation 
[0021] B. Cooling 
[0022] C. Biasing for HDA 
[0023] FIG. 3: A schematic, block diagram depiction of a 
typical apparatus With multiple sample chambers in a single 
pressure vessel. 
[0024] FIGS. 4, 5, 6: Block diagram, schematic depictions 
of other representative apparatus shoWing additional separa 
tors and rupture discs. 
[0025] FIG. 7: Pressure-Temperature of Water shoWing tar 
get path. 

DETAILED DESCRIPTION 

[0026] As noted above, it is important in cryopreservation 
and cryo?xation that the freezing process not substantially 
disrupt the structures sought to be utilized subsequently, 
either reanimated, consumed or studied microscopically. In 
particular, normal ice formation is knoWn to disrupt subcel 
lular structures, potentially destroying viability and/or 
destroying the morphology sought to be imaged. Therefore, 
many cryo?xation procedures seek to avoid ice formation, 
and seek to produce less disruptive glassy phases. Conven 
tional techniques to form such glassy phases require rapid 
cooling rates to achieve glass-forming temperatures rapidly 
(typically around —l40 deg. C.), intending to cause the 
sample to pass through the dangerous ice-forming tempera 
ture region too quickly for damaging ice to form. The rela 
tively poor thermal conductivity oftypical biological samples 
thus requires thin samples. In addition, the large thermal 
gradients or thermal discontinuities typically caused by rapid 
cooling tends to create glassy samples having undesirable 
cracks in the solid phase. Hence, it Would be advantageous to 
be able to form glassy phases Without the requirement of rapid 
cooling, thus alloWing thicker samples to be subject to cryo 
?xation and microscopic studies. The present techniques 
offer advantageous approaches to cryo?xation as Well as 
cryopreservation, as is apparent from the descriptions herein. 
[0027] It is also desirable in many cases to be able to 
observe living samples over a period of time, as Well as 
ob serving samples that degrade With time, but movement and 
degradation may impede the resolution of existing micros 
copy techniques. The ability to preserve and reanimate 
samples Would offer bene?ts over cryo?xation in such 
microscopy applications. 
[0028] In vieW of the above substantial practical bene?ts, 
viable preservation has been the subject of an overWhelming 
amount of research for many decades. To be concrete in our 
descriptions, We focus on the important practical cases of 
preservation of tissues and organs. Other applications, such as 
molecular storage or the preservation of biological ?uids Will 
be apparent to those having ordinary skills in the art. Particu 
lar distinctions Will be noted When appropriate. 
[0029] It is Well knoWn that at loW temperatures, chemical 
reactions in biological systems typically sloW doWn and, for 
virtually all practical purposes, cease entirely When the bio 
substance solidi?es. Thus, straight-forWard freezing fol 
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loWed by thaWing provides adequate long-term storage for 
some substances (e.g., a steak intended for human consump 
tion), but has not succeeded in preserving for reanimation 
tissues, organs, etc. that must be reanimated so as to recover 
an adequate level of biological function. A precise meaning 
for “adequate” depends on the particular case under consid 
eration. For example, a smaller survival rate can be tolerated 
among a plentiful sample of sperm intended for fertilization, 
in Which the individual sperm are seemingly indistinguish 
able and readily recollected. Contrast such samples With 
scarce samples of patient-biocompatible tissues or organs 
intended for transplantation, trace forensic orpaleontological 
samples, and the like. In general, samples that are available in 
quantities greatly in excess of the amount needed to achieve 
the desired biological function are expected to be more tol 
erant of losses during processing than unique samples or 
samples available in adequate but not abundant amounts. For 
example, improved yields in the preservation of bone marroW 
have the potential for revolutionizing bone-marroW cancer 
therapy. 
[0030] It is helpful in designing a research plan to improve 
the viability of cryopreservation techniques to understand the 
mechanisms of damage resulting from cryopreservation. For 
example, changes in the environmental conditions surround 
ing a biosubstance can include changes in applied tempera 
ture, applied pressure, compositions of surrounding solvents 
and/or ionic solutions, among others. Some of the mecha 
nisms leading to damage include the folloWing: (a) Damage 
resulting from excessive solute concentration as solidifying 
Water tends to exclude solutes from the solid phase, concen 
trating them in the remaining liquid; (b) Osmotic toxicity in 
Which changed conditions and/ or solidi?cation as in (a) alter 
the osmotic concentrations of species on different sides of 
osmotic membranes, often damaging the biosample in the 
process; (c) Damage to cell Walls (membranes) as a result of 
inter- and intra-cellular Water joining ice crystals through cell 
Walls (membranes) before the Walls (membranes) have solidi 
?ed su?iciently, among others. 
[0031] It is Well knoWn that such changes as noted above 
can affect numerous chemical and physical processes Within 
biosubstances as Well as displace chemical and physical equi 
libria (e.g., membrane transport). HoWever, viability of a 
particular cryopreservation process Would only be affected by 
such changes that are irreversible, that is, cause damage to the 
tissue, cellular or subcellular structures that do not repair 
themselves When the environmental conditions are returned 
to normal. On this basis, the chief cause of irreversible dam 
age occurring during cryopreservation seems to revolve 
around the formation of deleterious solid phases. It is con 
ventional to refer to such solid phases as “ice” Without regard 
to the detailed microstructure(s) present. Nevertheless, it is 
useful to consider damage to biosubstances from formation of 
solid phases (or avoidance thereof) in terms of the formation 
of various solid phases of Water, crystalline, amorphous, 
among others. For economy of language We Will folloW this 
convention, using “ice” as a generic term for solidi?ed Water 
primarily composed of one or more crystalline phases of 
Water, understanding thereby that it is a simpli?cation in the 
complex solution environment of a biosubstance. 

[0032] Three major classes of irreversible damage from ice 
formation during cryopreservation have been identi?ed. (1) 
Structural damage to cellular or subcellular features by ice 
formation. (2) Disruption of osmotic or other equilibria bal 
ances by the selective concentration of speci?c substances in 
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the as-forming solid phase (or in the unsolidi?ed remaining 
solution). (3) In some tissues, particular damage resulting 
from the disruption of connective or anchoring structures, 
typically damage to multicellular structures in contrast to 
cellular or subcellular structural damage. 
[0033] Thus, efforts to improve cryopreservation have 
largely focused attention on the damage expected from the 
formation of ice or similar solids: suppression thereof, chang 
ing temperature or other conditions of ice formation so as to 
cause ice formation to occur in less damaging regions, miti 
gating the deleterious effects of ice formation if and When it 
does occur, among other approaches to damage avoidance 
and/or mitigation. Three general approaches have been 
employed, often in combination, With a nearly limitless range 
of variations in each. 
[0034] 1) Temperature Protocol: Adjusting the cooling rate 
to suppress ice formation to as loW a temperature as possible. 
This typically requires careful tailoring of the time-tempera 
ture protocol for the particular system of interest, making it 
challenging to implement for tissues, organs or collections of 
more than a feW cells for Which heat transfer is generally poor 
resulting in hard-to-control temperature variations through 
out the sample. 
[0035] 2) Additives to Suppress Ice Formation: Additions 
of such “cryoprotectants” function as a species of anti-freeze, 
avoiding solidi?cation of the biosubstance until much loWer 
temperatures are reached than Would typically result in ice 
formation. Unfortunately, many cryoprotectants are poison 
ous to living cells, tissues or organs so can be used in only 
modest amounts for relatively short periods of time. HoWever, 
cryoprotectants can also be hazardous or dangerous to non 
living biosamples or to chemical compounds. For example, 
DNA/RNA strands or other biochemicals can be affected in 
the presence of cryoprotectants, as can the structures and/or 
chemistry of formerly living biosamples, possibly degrading 
their usefulness for subsequent purposes (forensic, research, 
among others). In addition, it is quite dif?cult to achieve the 
desired concentration of cryoprotectant everyWhere through 
out a “bulk” biosubstance (typically larger than a feW cells), 
practically limiting the application of this technique to 
samples of single cells or small collections of cells. 
[0036] 3) Formation of Less-Damaging Solid Phases: 
Many non-crystalline phases of Water and solutions have 
been studied including “vitreous”, “amorphous”, among oth 
ers, With numerous sub-types Within these general classes of 
Water or Water-like solids, chie?y to achieve less damaging 
non-expanding solids, but other motivations may be present 
as Well. It is desired to cool the biosubstance under consider 
ation to a solid state (thereby stopping all chemistry and 
biology) but form a solid phase that results in reduced 
amounts of irreversible damage. Numerous procedures have 
been investigated for achieving this end including very rapid 
cooling rates, vitri?cation facilitated by added cryopro 
tectant-like substances, use of elevated pressures, among oth 
ers. The present invention generally relates to techniques for 
avoiding and/or reducing the formation of deleterious solid 
phases as speci?ed in more detail beloW. 

[0037] Achieving cryopreservation With only acceptable 
amounts of damage to the biosubstance is just the ?rst part of 
a successful viable cryopreservation protocol. The cryopre 
served biosubstance must then be reanimated after some 
period of storage. Reanimation may be a straight-forward 
reversal of the cryopreservation procedures, or may present 
quite different challenges to be overcome. We discuss herein 
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the speci?cs of reanimation protocols in connection With 
speci?c cryopreservation protocols When reanimation is not 
obvious from knowledge of the cryopreservation process. 
[0038] Some embodiments of the present invention relate 
to processes, systems, devices and materials for the cryo 
preservation and reanimation of cells (or otherbiosubstances) 
Without the addition of cryoprotectant additives (or “preser 
vatives”) such as dimethylsulfoxide (“DMSO”). To be con 
crete in our descriptions, We describe the speci?c cases of 
cryopreservation and reanimation of cells, understanding 
thereby that tissues, organs and other biosubstances are not 
inherently excluded and, in speci?c cases, may yield 
improved cryopreservation results by the application of tech 
niques substantially similar to those described herein. 
[0039] The techniques described herein generally employ 
elevated pressures applied to the cells during the freezing 
process in order to inhibit, or suppress to loWer temperatures, 
the formation of deleterious ice crystals. We consider the 
various phases of Water and ice as a useful mental model for 
describing and striving to understand the bene?ts and draW 
backs of the techniques described herein, recognizing that the 
actual behavior of cells, their contents and their surroundings, 
may be rather different under the conditions described. Nev 
ertheless, Water has traditionally provided important guid 
ance to describing and understanding the mechanisms of cell 
damage upon freezing, and We also folloW that route. 
[0040] It is believed that one important mechanism by 
Which ice crystals damage cells arises from the expansion of 
some phases of ice upon freezing from the liquid.As ice forms 
and expands on freezing, cellular, subcellular and tissue 
structures are often irreversibly damaged. Thus, an important 
objective of some embodiments of the present invention is to 
develop cryopreservation processes that do not lead to expan 
sion of the solid Water phases upon freezing. 
[0041] HoWever, in connection With the procedures and test 
results described herein, it is useful to consider that the dam 
aging properties of ice crystals might not derive solely from 
their expansion but also from their rapid expansion. Similar 
damage might occur from a sudden collapse, as can be seen in 
the case of HDA, and the potential for stress fractures. One 
potential advantage of the techniques describe herein is that 
by developing a method that sloWly applies pressure, We 
simulate a sloW transformation from liquid to solid (since 
supercooled Water takes on the characteristics of HDA as it 
approaches Tg) and thereby replace rapid expansion/contrac 
tion With a more gradual process. 

[0042] “Vitri?cation” is understood to be the transforma 
tion of Water into a glassy state, typically occurring at a 
temperature beloW about —l38 deg. C. Vitri?cation can lead 
to the formation of a phase of Water knoWn as High Density 
Amorphous Water (“HDA”). HDA is a metastable glassy 
phase of Water that avoids damage due to expansion since 
HDA Water has a higher density (occupies less volume gram 
for gram) than liquid Water at the same. temperature. 
[0043] HoWever, conventional techniques for achieving 
HDA Water require very rapid cooling from the liquid phase, 
typically at a cooling rate of about 105 to 106 deg. C. per sec. 
Due to the relatively poor thermal conductivity of typical 
biological substances, this rapid cooling rate can be practi 
cally achieved only in small samples (single cells or small 
groups of cells), or in thin slices of tissue sample. Typically, 
tissue samples are rapidly brought into contact With a cold 
surface in a technique knoWn variously as “cryo-slamming,” 
“contact freezing” or “freeze slamming”. 
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[0044] High Pressure Freezing (“HPF”) relates to perform 
ing the freezing process under elevated applied pressures. 
Typically, application of pressures in the range from about 
200-220 MPa (MegaPascals) suppresses the crystallization of 
ice and decreases the cooling rate required to promote the 
formation of HDA to as loW as about 100 deg. C per sec. 
While HPF has been used in microscopy for cryo?xation of 
samples to be examined, reversing the process for reanima 
tion of the sample has not been achieved. 

[0045] While HDA has several attractive properties for 
long-term preservation and storage of biosubstances, several 
challenges are presented in its production and use. HDA is a 
metastable substance typically formed under pressures of 
about 210 MPa. When the pressure is removed from HDA, it 
Will spontaneously convert to a form of loW density amor 
phous Water (“LDA”). There is no clear consensus on the 
lifetime of metastable HDA once pressure is removed, hoW 
temperature might affect the lifetime, and Whether the par 
ticular mixture of components found in any particular bio 
sample sensitively affects the lifetime of LDA. What is clear, 
hoWever, is that HDA expands by about 20% When it converts 
to LDA, thereby physically stressing the sample and reintro 
ducing many of the deleterious effects of ice formation. Thus, 
it Would be an important contribution to cryopreservation to 
prolong the lifetime of HDA. 
[0046] The present approach to cryopreservation and cryo 
?xation involves the creation under pressure of a supercooled 
liquid phase at temperatures above the glass transition (Tg) 
that experimentally results in substantially less damage to the 
biosample than the formation of a solid phase, ice crystals or 
glass. We take the “supercooled liquid phase” to be any liquid 
beloW ice formation temperature, roughly —l0 deg. C. Pres 
sure can be applied to maintain the supercooled liquid phase 
for extended periods of time, While cooling to loWer tempera 
tures, typically in the range from about —80 deg. C. to the 
glass transition temperature. Holding the temperature at —80 
deg. C. has proved to be a convenient experimental approach 
in much of the Work reported herein but is not an essential 
limitation. These experimental results at about —80 deg C. 
(conveniently, dry ice temperature, also conveniently achiev 
able and maintainable With commercial refrigeration equip 
ment) indicate that this supercooled liquid state under pres 
sure is metastable and can remain in the metastable state for 
long periods of time. The precise lifetime of this supercooled 
liquid phase has not been determined for various conditions 
of biological interest, but is apparently suf?cient for many 
cryopreservation and cryo?xation processes to be performed. 
We refer to this as “metastable supercooled liquid” under 
standing thereby that the precise parameters of its metasta 
bility have not been determined. 

[0047] The experimental results herein demonstrate sig 
ni?cantly less damage caused by the present cryopreservation 
methods, as Well as the ability to handle larger samples, in 
comparison With conventional cryopreservation procedures. 
[0048] The applied pressure is typically in the range of 
about 200-210 MPa. An apparatus is employed that uses 
expansion of a Working ?uid upon freezing to apply pressure 
to the biosample. This Working ?uid is conveniently taken to 
be Water but this is not an inherent limitation as other Working 
?uids expanding on freezing Will be apparent to those With 
ordinary skills in the art. Also, the Water used as Working ?uid 
must be clearly distinguished from the Water present Within 
the biosample sought to be preserved. 
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[0049] Thus, long-term storage of the metastable super 
cooled liquid does not require the maintenance of high pres 
sure on the sample by means of an external pressure-delivery 
device. Rather, it is su?icient using this apparatus simply to 
maintain the temperature su?iciently cold so as to generate 
suf?cient pressure on the sample by the Working ?uid. A dry 
ice bath or refrigerator at about —80 deg. C. seems to be 
suf?cient and is convenient as Well as inexpensive to main 
tain. 
[0050] The particular system described herein applies pres 
sure as a function of the percentage of ice that has formed at 
decreasing temperatures. That is, the pres sure increases from 
ambient to about 210 MPa as more and more ice forms until 
We reach the pressure at Which no more ice can form due to 
pressure-induced ice suppression. 
[0051] For many applications, a metastable liquid phase is 
not su?icient and a genuine solid phase must be produced, 
advantageously a glassy phase. HoWever, achieving the glass 
transition temperature (conventionally thought to be about 
—l38 deg. C. for Water at ambient pressure, but perhaps as 
high as —88 C at 210 MPa) starting from a temperature of 
about —80 deg C. is a much less challenging problem of heat 
transfer than achieving the glass transition temperature 
directly from a cooled sample in saline around 0 deg. C. Thus, 
metastable supercooled liquid is a useful substance for cryo 
preservation and cryo?xation Whether or not a solid, glassy 
phase is the ultimate goal. 
[0052] In addition, since Water is a relatively poor heat 
conductor, temporarily maintaining the sample at super 
cooled Water temperatures alloWs isothermic discontinuities 
Within the Water to dissipate prior to the glass transition. This 
enhanced isothermal continuity can reduce the chances of 
stress fractures Within the amorphous glass in cases Where 
these fractures are the result of subtle temperature variations 
Within the glass structure. 
[0053] FIG. 7 is a depiction of the pressure-temperature 
(PT) phase diagram of Water as a model system to help ?x 
ideas in connection With the present processes. Water phase 
diagrams are available in numerous standard references 
including the Website noted on FIG. 7. Since pressure and 
temperature can be independently controlled, each point on 
the phase diagram corresponds to a real physical state that 
can, in principle, be accessed in the laboratory. Thus, any 
protocol varying pressure and temperature corresponds to a 
path traced out on the PT phase diagram. HoWever, the time to 
traverse such a path is not depicted in such a PT phase dia 
gram, including different rates of traverse for different por 
tions of the path as Well as time lingering at selected points 
along the path. As noted herein, the speed of a process can 
have an important effect on the outcome, tending to exacer 
bate (or hinder) the formation of cracks or other physical or 
chemical consequences. 
[0054] Point A is approximately room temperature and 
atmospheric pressure. Point C is a desirable state of loW 
temperature, depicted in FIG. 7 at high pressure. Prior cryo 
?xation processes typically make the trip from Point A to 
Point C in a single direct high-speed jump With no attempt to 
control the PT path. The processes described herein folloW 
path A-B-C on FIG. 7 in a deterministic manner, providing 
bene?ts as described elseWhere herein. 

[0055] Description of Apparatus for Producing Elevated 
Pressure and its lsostatic Application to a Sample 
[0056] The production of high pressure and its application 
to a sample in an isostatic manner is an important technology 
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for many practical applications including metallurgy, powder 
metallurgy, materials science, chemistry, biology and bio 
physics, among others. In particular, the application of high 
pressure to biological samples is an important component in 
many biological protocols including ?xation of samples for 
microscopy and electron microscopy, storage of biological 
samples (“biosamples”) for later analysis or use, preservation 
of biosamples for later re-activation into an active form, 
among other useful applications of high pressures. Also, 
many molecules, particularly pharmaceuticals, may suffer 
degradation and/or loss of properties When stored for 
extended periods of time. Increased shelf life may be obtained 
through the application of high pressures, typically in com 
bination With loW temperatures. 

[0057] To be concrete in our descriptions herein, We focus 
attention on the production of high pressures and its isostatic 
application to biosamples. This is by Way of illustration and 
not limitation since those With ordinary skills in the art can 
readily appreciate other uses and other applications for the 
isostatic pressures described herein as Well as the application 
of hi gh pressure as described herein to other types of samples. 

[0058] We use the term “isostatic” herein to indicate the 
application of pressure in a substantially uniform manner 
from every direction external to the sample. For example, a 
pressure-transmitting medium, typically a liquid or other 
?uid, surrounds the sample to Which pressure is to be applied. 
Application of an external pressure to this ?uid, even though 
applied in a non-uniform manner, typically results in pres sure 
being delivered to the sample in a substantially uniform man 
ner. If the sample has channels, openings or voids (collec 
tively referred to herein as “voids” for economy of language) 
into Which the pressure-transmitting medium can penetrate, 
pressure Will also be applied on the inner surfaces of such 
voids and the voids are typically not removed by the applica 
tion of pressure. It is desired in many applications that the 
voids survive pressurization. For example, in cryopreserva 
tion of tissues, organs and other (typically larger) biosamples, 
the voids are often an integral part of the sample (such as 
heart, kidney, lung, among others) and, therefore, must sur 
vive pressurization if the organ is expected to regain function 
ality folloWing cryopreservation. 
[0059] On the other hand, if such voids are present but 
pressure is desired to be applied only on the external surfaces 
of the sample containing such voids (e. g., in order to remove 
the voids to produce a unitary solid), the sample is generally 
encased in a material impervious to the pressure-transmitting 
medium before isostatic pressure is applied. This is required 
in the fabrication of metal parts from poWdered metal, in 
combination With high temperatures. HoWever, encapsula 
tion of poWders possibly susceptible to degradation in the 
presence of pressure-induced heating may also pro?t from 
encapsulation. In summary, all such procedures and variants 
Well knoWn in the art are included Within the scope of “isos 
tatic” as used herein. 

[0060] Furthermore, our descriptions herein Will pay par 
ticular attention to the isostatic application of high pres sure as 
a component of a procedure also involving the application of 
loW temperatures to the sample. Such high pressure cryopro 
cesses have been particularly important in biological and 
related ?elds as high pressure has proven to be one Way to 
reduce or avoid damage typically occurring When freeZing 
biosamples. HoWever, this is likeWise by Way of illustration 
and not limitation since the techniques of pressure production 
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and application to samples described herein are not inherently 
limited to cryoprocesses applied to biological samples. 
[0061] The techniques described herein relate generally to 
producing elevated pressure on a sample of interest by means 
of the expansion or solidi?cation of a pressure-producing 
?uid in a con?ned volume also containing the sample to 
Which pressure is to be applied. The sample Within the pres 
sure-producing ?uid may be in direct contact With the pres 
sure-producing ?uid in Which case the pressure-producing 
?uid itself may serve as the pressure-transmitting medium for 
applying isostatic pressure to the sample. Alternatively, the 
sample may be encased in a separate sample container or 
sample chamber to Which pres sure generated by the pressure 
producing ?uid is applied. Thus, the sample chamber sur 
rounds the sample With additional ?uid delivering the pres 
sure from the Walls of the sample chamber to the sample, 
referred to as herein pressure-transmitting ?uid. It is antici 
pated that the use of a sample chamber and pressure-trans 
mitting ?uid offer advantages over direct immersion of the 
sample in the pressure-producing ?uid, and Will be described 
in detail herein. 

[0062] The physical process under consideration herein 
relate to a ?uid having the property that, under changes of 
thermodynamic conditions applied thereto (typically cool 
ing), the ?uid Would expand if the ?uid Were held at constant 
pressure. For example, Water froZen in an open container (i.e., 
under constant atmospheric pressure) Will naturally expand 
With the formation of normal ice. Various embodiments of the 
present invention relate to con?ning an expansible ?uid, typi 
cally Water, such that the ?uid is prevented from expanding, or 
prevented from expanding to the full extent achievable under 
constant pressure conditions. For economy of expression, We 
may refer to the ?uid’s “expansion,” understanding thereby 
that for the particular conditions, the “expansion” may be 
partially or completely hindered by the pressure container 
such that only partial, minimal or no increase in actual volume 
of the pressure-producing ?uid occurs. 

[0063] In essence, the present invention relates to an expan 
sible pressure-producing ?uid held Within a con?ned volume 
in a pressure-containing chamber (or pressure chamber) such 
that, When the ?uid is subjected to conditions that Would 
cause its expansion if the ?uid Were held under constant 
pressure, the pressure chamber hinders free expansion of the 
pressure-producing ?uid causing the pressure to rise Within 
the pressure chamber. For many cases of practical interest, the 
pressure chamber Will be a rigid structure having suf?cient 
strength to contain the pressure-producing ?uid Without rup 
ture When maximum pres sure is obtained under the particular 
conditions employed. HoWever, this is not an essential limi 
tation in the production of pressure by means of some 
embodiments of this invention. The pres sure chamber may be 
expandable so long as the pressure exerted by the pressure 
chamber back on the pressure-producing ?uid is su?icient to 
cause the desired high pressure to be generated Within the 
pressure chamber. For example, expandable sections of the 
pressure chamber may be alloWed to expand under computer 
controlled resistance (back pressure), thereby alloWing a vari 
able but controlled time sequence in the generation of high 
pressure Within the pressure chamber. 
[0064] Expansion of the pressure-producing ?uid Within 
the pressure chamber is typically achieved by reducing the 
temperature of a ?uid in Which such cooling Would result in 
expansion of the ?uid (i.e., loWer density) if such cooling 
Were carried out under constant pressure. In many cases of 
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practical interest, the cooling of the pressure-producing ?uid 
is carried out under conditions such that this ?uid, if con?ned 
at constant pressure, Would form a solid (perhaps crystalline, 
amorphous, glass, allotropic, among others) having a loWer 
density than the ?uid from Which it formed. By con?ning 
such an expansive ?uid at constant volume (or at a volume 
less than the solidi?ed ?uid Would occupy under constant 
pressure), pressure Will increase on the surfaces of the con 
?ning pressure chamber as Well as on the surfaces of any 
sample-containing chamber immersed in the pressure-pro 
ducing ?uid or on the sample itself if no sample-containing 
chamber is used. 
[0065] We point out that “constant volume” as used herein 
does not necessarily imply that the ?uid is rigidly con?ned 
prior to cooling so that no substantial expansion is possible. 
Any con?nement Will produce increased pressure so long as 
the con?nement is to a volume less than that Which the ?uid 
Will occupy When fully solidi?ed at constant pressure. For 
example, the pressure-con?ning chamber, container or vessel 
utiliZed herein may have elastic Walls, alloWing for some 
expansion of the pressure-producing ?uid but exerting su?i 
cient back-pressure on the pressure-producing ?uid to 
achieve the desired pressure on the sample. In another 
example, the pressure-producing ?uid may expand against 
one or more rupture discs, permitting expansion to a larger 
volume upon rupture of the rupture disc(s), but a volume still 
suf?ciently con?ning to produce the desired pressure on the 
sample. A plurality of rupture discs can be arranged so as to 
rupture sequentially, alloWing step-Wise control of the pres 
sure. 

[0066] For economy of language, We refer to all such pres 
sure-producing processes as occurring at “constant volume” 
or “constrained volume.” 

[0067] Cooling an expansible ?uid in a constant or con 
strained volume results in a concurrent decrease in the tem 
perature and an increase in the pressure of the pressure 
producing ?uid, thus tracing a path on the ?uid’s Pressure 
Temperature (“PT”) phase diagram. In general, this path is 
expected to be reasonably complex as this expansion-gener 
ated pressure affects the particular solid phase(s) that may be 
formed (if any), in turn affecting the effective density of the 
pressure-producing ?uid, in turn affecting the pressure gen 
erated, in turn affecting the phase(s) formed. Providing an 
apparatus that alloWs effective control of this coupled 
sequence of process steps to produce useful and interesting 
results is among the objectives of the present invention. 
[0068] As noted, the techniques described herein can be 
used in connection With any ?uid that expands on cooling 
including, but not limited to, mixtures, solutions, combina 
tions, alloys and other substances. It is advantageous in prac 
tice and for convenience of handling that the pressure-pro 
ducing ?uid be normally a liquid at room temperature and 
atmospheric pressure. Water is the most commonly employed 
?uid, not limited to pure Water but includes Water as-deliv 
ered, not subject to any particular puri?cation process, as Well 
as various aqueous solutions. 

[0069] The pressure-producing ?uids employed herein 
expand on cooling. Typically, such ?uids expand When cooled 
to their solid state, that is, froZen. As discussed above, the 
typical processes employed herein tend to alter pressure and 
temperature in complex Ways, not alWays leading to the for 
mation of a solid phase. HoWever, it is a useful rule-of-thumb 
that ?uids that expand When froZen typically expand When 
cooled. Thus, in discussing candidate ?uids, it is useful to 

Aug. 23, 2012 

consider the properties of the normal froZen state at atmo 
spheric pressure With the normal liquid state, understanding 
throughout that this is not a precise speci?cation of the con 
ditions the ?uid Will encounter in practice. 
[0070] In addition to Water, pure gallium, bismuth, germa 
nium and silicon are knoWn to expand on freeZing. For 
economy of language, We use “?uid” or “Water” to denote 
substantially pure Water or other substance as Well as solu 
tions and/or mixtures so long as the solution and/or mixture 
expands on freeZing. That is, “Water” includes solutions and/ 
or mixtures such that, at a given pressure, the solid phase of 
the substance has a loWer density than the liquid in equilib 
rium With the solid under those conditions. It is important to 
note that this expansion on freeZing may not occur at all 
pressures and, indeed, this pressure dependence is the source 
of some of the utility for high pressure processing of bio 
samples. 
[0071] To be concrete in our descriptions herein, We focus 
our attention on the cooling of a pressure-producing ?uid, 
typically Water, to form a solid, that is solidi?cation. This is by 
Way of illustration, not limitation, as the techniques of pro 
ducing high pressure relate to the expansion of the pressure 
producing ?uid, not its transformation into a solid. Thus, 
“solidi?cation” as used herein may include the case in Which 
the pressure-producing ?uid does not achieve a conventional 
solid phase. 
[0072] Our primary focus herein relates to the production 
of elevated pressure by ?uids that expand upon cooling and/or 
freezing. However, solidi?cation and/or expansion can be 
promoted by heating, as for thermosetting plastics and other 
substances. The apparatus and procedures described herein 
can be modi?ed in a straight forWard manner to make use of 
heating rather than cooling to produce elevated pressure, as 
Would be clear to persons having ordinary skills in the art. 
[0073] It is clear that the processes described herein for 
producing elevated pressures and its application to a sample 
are readily reversed to release the applied pressure so long as 
the thermodynamic change causing the elevated pressure is 
reversible. For example, freeZing of a simple ?uid to produce 
elevated pressure is usually reversible by Warming, causing 
the solid to melt. HoWever, if the thermodynamic change 
leading to expansion/solidi?cation is not reversible, the 
descriptions herein apply only to the process performed in the 
direction producing elevated pressure. For example, sub 
stances that “set” in response to temperature changes by 
cross-linking or other chemical processes, Would generally 
solidify in an irreversible manner. HoWever, it is expected that 
expansion/solidi?cation upon cooling Will be the primary 
practical application of this technology and is our primary 
focus herein. 

[0074] Other approaches to the development and applica 
tion of high pressure by solidi?cation of expansible ?uids 
include the Work of Leunissen, Journal of Microscopy, Vol. 
235, Pt. I, pp. 25-35 (2009), US Patent Application Publica 
tion 2009/0011505 A1 (Jan. 8, 2009); Rubinsky et al. United 
States Patent Application Publication US 2007/0042337 A1 
(Feb. 22, 2007). Prior approaches to developing increased 
pressure by freeZing typically do not employ a separate 
sample container, immersing the sample directly in the Work 
ing ?uid, Which typically results in loss of over 50% of the 
sample. Such methods also typically rely on rapid freeZing, 
limiting the sample siZe. Other differences betWeen this Work 
and the techniques and apparatus described herein Will be 
apparent from the folloWing detailed descriptions. 



US 2012/0210734 A1 

[0075] FIG. 1 is a schematic, block diagram depiction of a 
typical apparatus pursuant to some embodiments of the 
present invention. The sample to Which pressure is to be 
applied is placed in closed sample chamber 100. This cham 
ber is indicated as a “tube” in some of the ?gures herein but 
this does not imply a circular cross section or any other 
particular shape for the sample chamber. Various shapes may 
prove convenient for various purposes and all such are 
included herein When We refer to the sample chamber. 
[0076] As noted in FIG. 1, Water is the pressure-producing 
?uid envisioned for use in connection With the particular 
embodiment depicted in FIG. 1. In this example, the sample 
in sample chamber 100 is immersed in a sample-containing 
?uid or “liquid” Which serves as the pressure-transmitting 
medium to an actual biosample, not separately depicted in 
FIG. 1. The various numerical values and descriptions given 
in FIG. 1 are typical examples appropriate for Water, not 
excluding other values for other pressure-producing ?uids or 
other values usable With Water as the pressure-producing 
?uid. 
[0077] Chamber 100 may have multiple Walls encasing the 
sample as obvious modi?cations of the single-Walled con 
tainer depicted in FIG. 1. Various Wall geometries and con 
?gurations can be employed so long as the Wall(s) permit the 
transmission of heat and (perhaps) pressure from the sur 
roundings to the sample in a manner and at a rate consistent 
With the process to be carried out. Typical embodiments of the 
present invention provide pressure delivery to the sample 
through end caps, not necessarily through the Walls of the 
sample chamber. Other embodiments may alloW pressure to 
be delivered to the sample through the Walls of the sample 
chamber 100 in addition to (or instead of) pressure delivery 
through the end caps. All such embodiments are included 
Within the scope of the present invention. 
[0078] Pressure chamber 110 may contain multiple sample 
chambers as depicted in FIG. 3 so long as pressure and other 
parameters remain Within desired ranges of uniformity, rates 
of change, and the like. 
[0079] It is necessary that chamber 100 have the ability to 
transfer pressure applied to the exterior of 100 to the sample 
contained inside chamber 100. One method for doing that is 
depicted in FIG. 1 in the form of sliding gaskets. Other meth 
ods for transferring pressure to the sample can also be 
employed including a deformable chamber 100, one or more 
collapsible belloWs integrally constructed With chamber 100, 
rupture disc(s), polymeric, plastic or other deformable mate 
rials, among others. 
[0080] As noted in FIG. 1, the materials and structure of 
sample chamber 100 and pressure container 110 need to be 
capable of exposure to the desired pressures Without rupture 
or degradation. HoWever, in the case of sample chamber 100, 
pressure transferred through the plungers (or other means) to 
the interior of the sample chamber Will substantially equalize 
the pressure on either side of the Walls of the sample chamber 
100. Thus, no signi?cant pressure difference is expected on 
the Walls of sample chamber, 100, and they need only have the 
capability to Withstand temporary pressure transients for the 
time and to the extent necessary for the pressure to equalize 
inside and outside chamber 100. In addition, the materials 
comprising the sample chamber 100 and the pressure cham 
ber 110 need to be compatible With the ?uid containing the 
sample in 100 as Well as the pressure-generating ?uid in 110. 
That is, chemical interactions are to be avoided betWeen the 
pressure-generating ?uid, the sample containing ?uid and 

Aug. 23, 2012 

surfaces of the apparatus in Which they come into contact. 
FIG. 1 includes typical ?uids to be used and pressures to be 
developed When applying the present apparatus to bio samples 
in Which “C”:degree Celsius, “MPa”:MegaPascal in which 
1 Pascal (pressure):l NeWton (force)/ (sq. meter), 
“PTFE”:polytetra?uorethylene, typically the DuPont brand 
Te?on. 
[0081] A typical process for the application of the present 
techniques relate to loW temperature processing of bio 
samples, possibly including vitri?cation, that is, the transfor 
mation of aqueous-based liquids in biosamples into a glassy 
solid material. Liquid Water is knoWn to be capable of trans 
forming into a glassy state at a temperature beloW about — l 38 
deg. C. This transformation can lead to the formation of High 
Density Amorphous Water (“HDA”), a metastable phase of 
Water. The expansion of Water or similar aqueous phases upon 
solidi?cation is thought to be an important mechanism caus 
ing damage to biosamples upon freeZing. Since HDA has a 
higher density than the liquid from Which it can be formed, it 
is believed that HDA Will solidify Without deleterious expan 
sion. 

[0082] Conventionally, HDA formation from liquid Water 
(Without formation of harmful expanding solid phases of 
Water), very rapid cooling is employed, typically cooling 
rates of about 105 to 106 deg. C. per sec. These high cooling 
rates typically limit the application of HDA to very thin 
samples since heat transfer through biosamples is not gener 
ally e?icient. 
[0083] Alternatively, high pressure can be used to produce 
HDA at much loWer cooling rates than 105 to 106 deg. C. per 
sec. High pressure freeZing (HPF) at an applied pressure of 
about 200-220 MPa suppresses the formation of crystalline 
ice phases and decreases the cooling rate required to promote 
the formation of HDA to as loW as about 100 deg. C. per sec. 
HPF has been used in cryo?xation for microscopy but, due to 
sampling handling issues, no system is currently available for 
reversing this cryo?xation leading to reanimation of the 
sample. Such a process is depicted in FIG. 2 pursuant to some 
embodiments of the present invention. We note that FIG. 2C 
mentions “reversing” the sample chamber. This may, but need 
not, be carried out by means of a mechanical reversal of 
sample chamber 100, but is thought to be one convenient and 
advantageous method. 
[0084] FIGS. 2b and 2c depict and describe techniques for 
non-uniform cooling of the sample, advantageous under con 
ditions as described in FIG. 2. This non-uniform cooling (or 
Warming) is referred to as “biasing” herein. 
[0085] FIGS. 4, 5 depict additional embodiments in Which 
one or more rupture discs, shutters or similar pressure sepa 
rators are employed to divide pressure chamber 110 into 
separate chamber, pres sure isolated from each other until the 
pressure separator is opened. 
[0086] FIG. 6 depicts and describes another method for 
biasing ice formation pursuant to some embodiments of the 
present invention. 
[0087] While the ?gures herein depict biasing from only a 
single end of the sample tube at a time, this is not an inherent 
limitation. TWo-ended biasing can also be carried out, using 
different temperatures and/ or rates of cooling/Warming. 
HoWever, for simplicity of description, and for simplicity of 
experimental procedure, only single-ended biasing has been 
performed in the examples reported herein. 
[0088] An advantage of the apparatus as described herein is 
that it permits reasonably high pressures to be obtained and 
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applied to reasonably large sample volumes, all at modest 
cost for the equipment, much less than typical high pressure 
equipment. 
[0089] It is apparent from the ?gures and the other descrip 
tions herein that the present apparatus provides substantial 
?exibility for testing various processes. For example, the 
sample chamber 100 can be immersed in the coolant to vari 
ous depths, for various times and inserted and/or WithdraWn 
according to any desired time pro?le. The sample chamber 
need not be immersed in the coolant in any particular orien 
tation, alloWing various cooling pro?les of the sample to be 
achieved. The coolant can have various temperatures or, With 
the addition of suitable heaters/coolers, achieve desired tem 
perature pro?les. All these, and other features described 
herein, permit the present apparatus to be employed in a 
?exible manner to probe numerous cryopreservation proto 
cols, Which is among the chief bene?ts of this apparatus. 
[0090] The location of the sample Within the pressure 
chamber and the immersion depth of the chamber into the 
cooling ?uid both are variables affecting the uniformity of 
cooling. For some of the particular cases described herein We 
Want ice to form on one end and not the other, thus calling for 
a lack of cooling uniformity. We identify several variables 
that can affect that uniformity, and others can readily be 
understood by those With ordinary skills in the art. Thus, some 
of the protocols We use and describe are largely intended to 
vary the rate of cooling and biasing. Of course, there is a limit 
to the amount of biasing that can be introduced. For example, 
it does not happen in the equipment or tests described herein 
that 50% of the Water canbe caused to freeZe on one end of the 
chamber (exerting 210 MPa of pressure) While the other end 
is at room temperature. 

[0091] 
[0092] A series of tests Were carried out With a vieW 
toWards evaluating the potential feasibility of the techniques 
described herein for cryopreservation. Such tests are consid 
ered preliminary evaluations only and not to be taken as 
de?nitive proof for or against any of the various techniques 
described herein or techniques used in the tests. HoWever, 
such preliminary data indicate that, for the test conditions 
employed, it seems plausible that techniques described 
herein, or substantial equivalents, could have the potential to 
provide high yields of viable cryopreserved biosamples in the 
temperature range around approximately —80 deg. C. Without 
the use of cryoprotectants. 

[0093] All information provided herein in connection With 
“Preliminary Tests” is by Way of example only and not as a 
limitation on any equipment, procedures or other technology 
described herein. 

[0094] 
[0095] Live paramecia in Water Were used as our bio 
sample. It Was noted that the formation of ice caused the 
paramecia to cease activity, apparently killed by disruption of 
their structure caused by the formation of ice. In many cases, 
severe physical disruption Was observed, including separa 
tion into several distinct fragments. Lack of motion Was taken 
as the indication that the paramecia did not survive. Parame 
cia movement through the Water Was taken as an indication 
that the paramecia survived. In one case, surviving samples 
Were isolated, cultured in media and Were observed to repro 
duce at rates apparently similar to that of control (unproc 
essed) samples. Of course, this does not indicate the full range 
of living activities of Which the paramecia are capable fol 

Preliminary Tests 

Tests I: Paramecia 
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loWing processing, but is some evidence that the present 
approaches merit thorough study and careful consideration. 
[0096] In summary, the present tests seem to indicate that 
most paramecia survive in metastable liquid at about —80 deg. 
C., and under pressure of about 220 MPa, for extended time 
periods, typically several minutes Which Was the duration of 
the typical tests. This conspicuously contrasts With the appli 
cation of high pressure alone or normal freeZing under atmo 
spheric pressure, in Which substantially no paramecia survive 
(precisely none survived in our control tests). 
[0097] Pressure Chamber 
[0098] A pressure chamber Was constructed from compo 
nents commercially available from the High Pressure Equip 
ment Company (“HiP”) of Erie, Pa. 

[0099] (PC-1) One HiP 40-HM9-4 (in 316 SS) 4" Coned 
and Threaded Nipple Tube, (9/16) Outer Diameter, rated 
for 40,000 psi. 

[0100] (PC-2) TWo HiP 40-21HF9-C End Caps (in 316 
SS), rated for 40,000 psi. 

[0101] (PC-3) Te?on tape. 
[0102] The pressure chamber has one end sealed by an end 
cap that is kept in place throughout the experimental proce 
dures. The other end of the pressure chamber is sealed by an 
end cap that is opened and closed to load and unload the 
Working ?uid (Water, in these tests), and the sample chamber. 
Both end caps Were the HiP 40-21HF9-C model noted above. 
This model end cap comprises three parts, a cap, a tubing 
collar and a tubing gland. To attach an end cap (PC-2) to a 
nipple tube (PC-l), ?rst the tubing gland is caused to slide 
onto the nipple tube, then the tubing collar is screWed onto the 
nipple tube, and ?nally the end cap is threaded onto the gland 
and tightened using a torque Wrench to 40-45 ft. lbs. of torque. 
Te?on tape Was used for all threading to help insure a tight 
seal, reduce possible corrosion at the stainless steel thread 
contacts, and facilitate unscreWing the parts, among other 
advantages. 
[0103] Sample Chamber (or Sample Holder) 
[0104] Sample holders for these preliminary tests Were 
constructed from parts obtained from the Terumo Medical 
Corporation of Somerset, N]. 
[0105] (SH-l) U-l00 (1/2) cc, 27G><(1/2)” Insulin syringes. 
[0106] The syringe parts Were modi?ed by the tester as 
described beloW. 
[0107] (SH-2) One shortened tube barrel With both needle 
and thumb rest removed, crating a sample chamber With a 
maximum capacity of about 0.5 cc (0.5 ml). One end of this 
sample chamber SH-2 is capable of receiving a plunger from 
an insulin syringe SH-l, “Plunger C.” As described beloW, 
Plunger C is used to draW the biosample of interest into the 
sample chamber. 
[0108] (SH-3) One plunger (“Plunger A”) With a polytet 
ra?uoroethylene (“PTFE”) gasket, trimmed to approximately 
1.7", used to seal the “loWer” end of the sample chamber (that 
is, the end of the sample chamber ?rst inserted into the pres 
sure chamber). 
[0109] (SH-4) One plunger (Plunger B") With a PTFE gas 
ket trimmed to approximately 0.7" used to seal the “upper” 
end of the sample chamber, and also serving as a spacer 
betWeen the sample chamber and the upper end cap. 
[0110] A properly constructed sample holder provides an 
air-tight and Water-tight chamber, permitting Plunger A and 
Plunger B to move With relatively loW frictional resistance 
(typically less than about 1 Mega Pascal, 1 MPa) to transfer 
pressure developed Within the interior of the pressure cham 



US 2012/0210734 A1 

ber, external to the sample chamber, to the interior of the 
sample chamber containing the biosample of interest, typi 
cally in a liquid medium. 

[0111] Procedures 
[0112] Loading Sample Chamber 
[0113] The following procedures are by Way of example 
only, not limitation, as other procedures Will be obvious to 
those With ordinary skills in the art if and When different 
equipment or components are employed. 

[0114] (Ld-l) One end of sample chamber SH-2 is inserted 
into a reservoir containing a solution including the biosample 
of interest. The sample is draWn into the sample chamber by 
means of Plunger C inserted into the opposite end of the 
sample chamber. 
[0115] (Ld-2) The sample is draWn into the sample cham 
ber as Plunger C is removed from the sample chamber so that 
the sample chamber tube is ?lled While still partially sub 
merged in the sample reservoir. 
[0116] (Ld-3) Plunger A is inserted into the loWer (sub 
merged) end of the sample chamber taking care to insure that 
the gasket is surrounded by liquid When inserted into the 
sample chamber to avoid the formation of air pockets. 
[0117] (Ld-4) Plunger A is pushed into the sample cham 
ber, pushing sample out of the upper end of the sample cham 
ber, until the desired quantity of sample remains in the sample 
chamber. 

[0118] (Ld-5) Plunger B is inserted into the opposite (up 
per) end of the sample chamber, insuring that the gasket is 
surrounded by liquid When inserted to avoid the formation of 
air pockets. 
[0119] (Ld-6) Force is applied to Plunger B, causing 
thereby Plunger A to recede from the center of the sample 
chamber, until the quantity of biosample Within the sample 
chamber is positioned approximately in the center of the 
sample chamber, and that both Plunger A and Plunger B 
extend beyond the sample chamber to serve as spacers from 
the end cap (Plunger B), and from ice surfaces (Plunger A). 
Absence of these spacers increases the possibility that prox 
imity of the end cap and/or ice surfaces to the ends of the 
sample chamber Will interfere With the effective transfer of 
isostatic pressure from the pressure chamber to the interior of 
the sample chamber. 
[0120] As a general note, it Was found that the spacers can 
be the site of unanticipated and harmful air pockets so special 
care should be used to insure such air pockets are not present. 
Water can be injected into the space betWeen the plunger arm 
and the sample tube if necessary. 

[0121] Initial Tests: 
[0122] The object of initial tests is to investigate in a quali 
tative manner if cryopreservation With high pressure gener 
ated by ?uid solidi?cation seems to be feasible. That is, if 
simple preliminary tests produce no viable cryopreserved 
biosamples, the foundational concepts of the present 
approach might be called into question. If, on the other hand, 
results indicative of moderate viable cryopreservation of 
samples seem to be present, further investigations Would be 
Warranted. Consistent With this initial test philosophy of 
“keep it simple” the folloWing tests Were conducted: 

[0123] Test Step (TS)-l: Five samples oflive paramecia in 
about 0.06 cc Water Were prepared. Each sample contained a 
feW (2-5) paramecia, apparently alive and sWimming about as 
observed under magni?cation. 
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[0124] TS-2: Each sample Was placed in a sample chamber 
entirely ?lled With Water, care being taken to avoid air bubbles 
Within the sample chamber. The actual tests Were performed 
sequentially. 
[0125] TS-3: Each sample chamber thus prepared is placed 
in a pressure chamber containing Water as the Working ?uid. 
Care is taken to insure that the pressure chamber containing 
the sample chamber is completely ?lled With Water, avoiding 
air bubbles. The sample chamber is buoyant so it is advanta 
geous to top off the pressure chamber With Water While caus 
ing the sample chamber to be completely submerged. The 
pressure chamber is sealed and placed into a liquid nitrogen 
bath. The experimental variables in these initial tests Were the 
depth to Which the pres sure chamber is inserted into the liquid 
nitrogen bath, and the duration the pressure chamber is 
alloWed to reside in the liquid nitrogen, useful variables for 
facilitating ice formation at the submerged end but avoiding 
ice nucleation at the center of the tube. Detailed instrumen 
tation to measure pressures and temperatures during the pro 
cess Was not available for these initial tests. Such instrumen 
tation Would alloW a more careful assessment of the 
experimental conditions under Which viable cryopreservation 
of biosamples can be achieved. HoWever, tests With various 
rupture discs indicate that pressures in the range from about 
172 MPa to about 250 MPa are achieved. 

[0126] TS-4: Additionally, tWo controls Were tested, in 
Which a feW paramecia Were placed in a sample holder and 
placed in liquid nitrogen, Without the use of a pressure cham 
ber. These tests Were performed sequentially. 
[0127] While the thaWing process generally represents the 
inverse of the freeZing process, in some Ways additional chal 
lenges are introduced. Ice typically thaWs at a higher tem 
perature than it nucleates, potentially leaving the sample 
under pressure in a fully thaWed state. HoWever, since ice 
melts at a loWer temperature When under pressure, the nucle 
ation temperature is constantly changing as the some portion 
of the ice thaWs and pressure is thereby reduced. Thus, during 
the Warming process, the sample continuously encounters the 
risk of being beloW the freeZe temperature for a given (re 
duced) applied pressure. This is in contrast to the cooling 
process in Which the sample is at risk of ice formation only 
once. In vieW of the above complication in the Warming 
process, it is typically found to be advantageous to Warm the 
sample side of the pressure container ?rst such that it is 
alWays Warmer than the ice side so that ice is more likely to 
form/re-form on the side farthest from the sample. 

[0128] Results: 
[0129] TWo of the ?ve tests Were “unsuccessful” in that no 
live paramecia Were observed folloWing the test procedures. 
The control tests Were similarly “unsuccessful” With no live 
paramecia observed. HoWever, three of the ?ve tests Were 
“successful” in that 75% to 100% of the paramecia Were 
observed to be alive (sWimming) at the conclusion of the 
pressure, freeZing and reanimation processes. These results 
provide some evidence that processes of the type investigated 
herein may hold promise for viable cryopreservation of bio 
samples. 
[0130] Important points to note from the above include the 
folloWing: 
[0131] Pressure created by Water on freeZing is used to 
create the pressure applied to one or more sample holders, 
greatly simplifying and reducing expenses over other pres 
sure-processing techniques. 
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[0132] The apparatus described herein is capable of pro 
cessing multiple samples in parallel. 
[0133] It has been observed that the glassy state cooled 
much beloW the glass transition temperature tends to shatter. 
While this may be useful for some approaches to cryo?xation, 
it clearly is not satisfactory for cryopreservation and reani 
mation. It has been proposed that rapid cooling in typical 
approaches to glass formation create severe thermal gradients 
Within the sample that leads to cracking. The phased approach 
presented here creates the glassy phase from metastable 
supercooled liquid at about —80 deg. C. requiring much less 
heat transfer to achieve the glass phase and, hence, introduce 
much less severe thermal gradients. In addition, since the 
application of elevated pressure suppresses ice formation, 
there is no need for rapid cooling. As a result, the temperature 
of the sample can be sloWly reduced to reduce or avoid ther 
mal discontinuities. 
[0134] Tests 11: Yeast 
[0135] Baker’sYeast Was selected as a test example to make 
use of its relatively easy starting and rapid sugar conversion. 
Its intolerance to high pressure makes this a good test of the 
bene?ts of loW temperature in combination With high pres 
sure. 

[0136] A yeast sample Was prepared by mixing Baker’s 
Yeast and Water in the proportion of about 0.25 teaspoon of 
Baker’sYeast (4.93 ml) into about 250 ml of Water. Three tests 
Were run. 

[0137] Test 11(A) 
[0138] Five sample holders Were prepared, each containing 
about 2.5 ml of the above yeast/Water mixture (yeast sample). 
Of the ?ve sample holders thus prepared, (HA-i) Was a control 
(no freezing). (HA-ii) Was used for a ?ash-freeze test While 
the remaining holders (llA-iii)-(llA-v) Were sequentially 
supercooled generally folloWing the procedures described 
herein. 

[0139] Test 11(B) 
[0140] Six sample holders Were prepared using the yeast 
sample as in Test ll(A), each sample holder containing about 
2.5 ml of the above yeast/Water mixture (yeast sample). Of the 
six sample holders thus prepared, (llB-i) Was a control (no 
freezing). (llB-ii) Was used for a ?ash-freeze test While the 
remaining four holders (llB-iii)-(llB-vi) Were sequentially 
supercooled generally folloWing the procedures described 
herein. 
[0141] Test 11(C) 
[0142] Six sample holders Were prepared using the yeast 
sample as in Test H(B). Of the six sample holders thus pre 
pared, (llC-i) Was a control (no freezing), While the remaining 
?ve holders (llC-ii)-(llC-vi) Were sequentially supercooled 
generally folloWing the procedures described herein. 
[0143] Control Samples: 
[0144] The control samples remained undisturbed in the 
sample holder throughout the test procedures performed on 
the other non-control samples until transferred to yield con 
tainers. 
[0145] Flash Freeze: 
[0146] The samples in the sample holders for the ?ash 
freeze tests Were plunged quickly into liquid nitrogen fol 
loWed by Warming by plunging into a Warm bath at approxi 
mately 98 deg. F. 
[0147] Supercooling: 
[0148] The supercooled samples in their sample holders 
Were placed into the pressure chamber substantially as previ 
ously described in detail in the previous tests involving para 
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mecia. All samples Were cooled to approximately —56 deg. C. 
and then Warmed in the Warm bath. 
[0149] Results: 
[0150] The yeast from all samples in the test, control, ?ash 
freeze and supercooled Were placed in containers With about 
20 ml Wort produced using Coopers Light Dry Malt Extract, 
pitched, boiled and cooled to produce a Wort With about 12% 
sugar. 
[0151] The results of the tests (“yield” of viable yeast) Was 
estimated by yeast activity, that is, by the consumption of 
sugar from the Wort. “Yields” are calculated as a percentage 
of sugar consumed by the yeast relative to that consumed by 
the control, Where the control is assumed to be 100%. The 
sugar content of the Wort Was determined by Brix % as mea 
sured by a refractometer, deemed to be the mo st ef?cient and 
effective method for sugar determination When, as here, rela 
tively small samples sizes are present. 
[0152] Since Baker’sYeast Was used, the yeast Was not able 
to convert all sugars before succumbing to the alcohol. The 
process Was assumed to be complete When the sugar content 
had been reduced to approximately 6.9%. 
[0153] Readings Were initially taken hourly until it Was 
determined that the rate of consumption Was su?iciently sloW 
such that readings every 4 hours, 24 hours per day Were 
perfectly adequate. 
[0154] It is found from the above tests that, on average, 
about 68.5% of the yeast survives ?ash freezing While about 
93% survive using the pressure-freezing combinations 
described above. That is, the pressure freezing protocols 
described herein alloW almost the same survival of yeast 
(Within about 10%) as if no pressure or cooling has been 
applied. 
[0155] Although various embodiments Which incorporate 
the teachings of the present invention have been shoWn and 
described in detail herein, those skilled in the art can readily 
devise many other varied embodiments that still incorporate 
these teachings. 
What is claimed is: 
1. A method of cryogenically storing a sample so as to 

reduce sample degradation comprising the concurrent isos 
tatic application of elevated pressure to said sample and cool 
ing said sample, further comprising: 

a) immersing said sample in a pressure-transmitting 
medium; 

b) con?ning said pressure-transmitting medium in a 
sample container Wherein said sample container trans 
mits external applied pressure to said pressure-transmit 
ting medium and thus to said sample; 

c) immersing said sample container in a Working ?uid 
Wherein said Working ?uid expands upon cooling; 

d) con?ning said Working ?uid With said sample container 
immersed therein in a pres sure-con?ning container such 
that expansion of said Working ?uid Will result in 
elevated pressure being applied to said sample con 
tainer; and 

e) cooling said pressure-con?ning container thereby caus 
ing elevated pressure to be applied to said Working ?uid 
and said sample container and sample immersed therein. 

2. A method as in claim 1 Wherein said pressure-transmit 
ting medium is Water. 

3. A method as in claim 1 Wherein said Working ?uid is 
Water. 

4. A method as in claim 1 Wherein said pressure-transmit 
ting container is a substantially rigid tube having sliding 
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gaskets on one or more ends thereof capable of transmitting 
elevated pressure from said Working ?uid to said pressure 
transmitting medium. 

5. A method as in claim 1 Wherein said cooling of said 
pressure-con?ning container is performed preferentially on 
selected portions of said pressure-con?ning container. 

6. A method as in claim 1 Wherein said sample container 
can be moved to different positions Within said pressure 
con?ning container. 

7. A method as in claim 1 further comprising tWo or more 
of said sample containers immersed in said Working ?uid 
con?ned in said pressure-con?ning container. 

8. A method of producing metastable supercooled liquid in 
a sample Without the necessity of an ultra-rapid cooling step, 
comprising: 

a) immersing said sample in a pressure-transmitting 
medium; 

b) con?ning said pressure-transmitting medium in a 
sample container Wherein said sample container trans 
mits external applied pressure to said pressure-transmit 
ting medium and thus to said sample; 

c) immersing said sample container in a Working ?uid 
Wherein said Working ?uid expands upon cooling; 

d) con?ning said Working ?uid With said sample container 
immersed therein in a pressure-con?ning container such 
that expansion of said Working ?uid Will result in 
elevated pressure being applied to said sample con 
tainer; and 

e) cooling said pressure-con?ning container thereby caus 
ing elevated pressure to be applied to said Working ?uid 
and said sample container and sample immersed therein 
until a metastable liquid phase is produced in said 
sample. 
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9. A method as in claim 8 Wherein said pressure-transmit 
ting medium is Water, said Working ?uid is Water, said cooling 
is to a temperature of about —80 deg. C. thereby producing 
pressures on said sample approximately in the range from 
about 200 MPa to about 220 MPa. 

10. A method of producing a state of matter substantially 
similar to high density amorphous Water in a Water-contain 
ing sample Without the necessity of an ultra-rapid cooling 
step, comprising: 

a) immersing said sample in a pressure-transmitting 
medium; 

b) con?ning said pressure-transmitting medium in a 
sample container Wherein said sample container trans 
mits external applied pressure to said pressure-transmit 
ting medium and thus to said sample; 

c) immersing said sample container in a Working ?uid 
Wherein said Working ?uid expands upon cooling; 

d) con?ning said Working ?uid With said sample container 
immersed therein in a pres sure-con?ning container such 
that expansion of said Working ?uid Will result in 
elevated pressure being applied to said sample con 
tainer; 

e) cooling said pressure-con?ning container thereby caus 
ing elevated pressure to be applied to said Working ?uid 
and said sample container and sample immersed therein 
until a metastable liquid phase is produced in said 
sample; and 

f) continuing cooling until a temperature at or beloW the 
glass transition temperature of said sample is achieved. 

11. A method as in claim 1 further comprising: 
f) preferentially Warming the sample side of said pressure 

con?ning container thereby recovering said sample 
from cryogenic storage. 

* * * * * 


