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METHOD AND APPARATUS FOR
CRYOPREPARATION, DRY STABILIZATION

AND REHYDRATION OF BIOLOGICAL SUSPENSIONS

d ~ ABSTRACT

This invention relates to methods, apparatus and solutions for
cryopreserving microscopic biological materials for biologically extended periods of
time. The method comprises treating a suspension of biological material, in an

10 appropriate buffer, with a cryoprotectant or combination of cryoprotectants which
raises the glass transition temperature range of the sample. One or more dry
protectants may be added to the cryosolution. The cryosolution is then nebulized
and rapldly cooled with novel apparatus, dried by molecular distillation, stored and
then rehydrated In a buffer prior to its use. The solutions comprise novel mixtures

15 of cryoprotectants.
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METHOD AND APPARATUS FOR
CRYOPREPARATION, DRY STABILIZATION

AND REHYDRATION OF BIOLOGICAIL SUSPENSIONS

This invention relates to methods and apparatus for preparing biological

~ suspensions for long term preservation in the dry state for later use. These

methods avoid deleterious modifications of the biological ultrastructure during the
preservation process. More particularly, the present invention relates to the
preservation of microscopic biological materials which are found or placed in a

suspension prior to treatment.

In its preferred form, the method of this invention mcludes the steps of
preparing a cryosolution by treating a blologlcal material with a protectant or
combination of protectants, cooling, storing under temperature conditions which
preclude devitrification or recrystallization, and drying tmder conttolled
temperature, vacuum and condenser condmons The biological matenal can be

rehydrated prior to use if desn'ed

The desire to preserve biological materials at ambient conditions for future
use has existed for a long time in the scientiﬁc community. For exampie, the dry
preservation of erythrocytes has been attempted by several groups over the last 30
to 40 years. The ability to dry the erythrocytes and reconstitute them at a later

~ date at ambient condmons would have far reachmg benefits dunng txmes of



001092

disaster, wars, and in remote locations. It would be a significant advancement in
the art to be able to store dried, powdered erythrocytes in a sterile container such
that they could be reconstituted by simply adding an appropriate buffered solution

prior to use.

Similarly, freeze drying of cultured mammalian cells has been attempted
without success. With the advent of biotechnology and the identification of
functionally important cells, e.g., hepatocytes and pancreatic islets, a method of
prolonged storage under ambient conditions would be invaluable.

10

Many complex macromolecules, either antibodies or recombinant proteins
which are to be used therapeutically, show reduced activity following freezing or
freeze drymg The development of methods to enable prolonged ambient storage

| thhout significant loss. of activity is an important component in their ultimate
15 therapeutic effectiveness.

Further, the necessity to control or abate viral infections has been a major

medical concern for decades. Basically, the eradication and/or control of viral
infections involves the productlon of a variety of different and hlghly potent
20 vaccines.

Quantitative and qualitative production of pure and potent viral antigens or
immunogens is difficult as well as expensive. This is usually due to the fact that
many viruses replicate very slowly, if at all, in controlled cell culture

23 environments. If the virus of choice seldom replicates in the test tube, then the
production of the specific viral particle becomes less favorable and effective, as
well as more expensive. Therefore, it is essential that, once vaccine material is

produced, its biological activity be preserved for an extended period of time.

30 One feature common to all these examples is that the initial configuration of

the sample is a m1cros<:0p1c biological material in the form of a suspension or
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emulsion. Once an effective suspension has been produced, preserving and storing this

material is of utmost importance.

The field of cryopreservation and dry stabilization is rapidly developing and
advancing. United States Patent 4,865,871, issued September 12, 1989 describes an apparatus
and method for the cryopreservation of a biological tissue sample and may be referred to for
further details. The method comprises treating a biological tissue sample with a
cryoprotectant which raises the glass transition temperature range of the sample, vitrifying the
tissue sample under cryogenic temperature conditions at a specific rate to preclude the
formation of significant resolvable ice crystals, equilibrating the depressurized, vitrified tissue
in a sample holder and then dehydrating the tissue sample by molecular distillation by the

addition of energy until substantially no vaporized water can be detected in the

atmosphere surrounding the tissue sample.

The first critical processing step in cryopreservation must be performed in such a way
as to satisfy two essential criteria. First, the biological material must not undergo irreversible
damage due to the multiplicity of changes which occur within a sample during cooling. These
changes include mechanical damage due to ice formation, cell-to-cell fusion due to the
decrease in the solute volume available, and changes in acidity (pH) and salt or solute
concentrations due to the segregation of solute and water. Second, the condition of the sample
following cooling must be compatible with subsequent drying and reconstitution. This includes
such parameters as sample size, ice forms created, and the nature and final concentration of

additives or excipients.

In satistying these two criteria, the cryopreservation process represents a balance
between the use of cryoprotective agents (CPA’s) to minimize changes during freezing by
chemically increasing the volume of the ice free zone for a given cooling rate, and the cooling

rate itself. Several potential combinations are possible, some of which are summarized in

the following table:




10

20

25

30

20541092
Approximate Final CPA
Cooling Mode Cooling Rate Concentration
Ultra Rapid 300,000°C/sec. Zero
Rapid 50,000-100,000°C/sec. Low
Intermediate 500-2,500°C/sec. Intermediate
Slow - 1-20°C/min. High

Inherent in most processes for cryopreparation and freezing of biological
materials is the concomitant artifact creation, sample shrinkage and resultant
damage to and modification of sample characteristics. These sample characteristic
modifications, whether in the form of artifacts or the like, must be controlled and
minimized. The acceptable limits for sample modification are defined by the
anticipated end use of the cryoprepared material. For example, slow rate cooling

results in extremely high final concentrations of CPA to which the sample is

- exposed. This results in potential deleterious effects at each step of the process.

These include toxicity during cooling, incompatibility during drying and severe

osmotic stresses during rehydration.

One of the problems which has been encountered in cryopreservation has
been the lack of an effective and efficient apparatus and msethdd for tapidly cooling
suspensions of biological materials. Some prior art processes have utilized air guns
or air brushes to generate microdroplets which are then cooled. However, these
devices cause shear stresses which damage the cellular material. Additionally, in
the prior art processes, the microdroplets were sprayed directly into a liquid
cryogen. This posed problems in collection of the frozen microdroplets and also
had the potential for contaminating the sample. Accordingly, there has existed in
the art a need for a method and apparatus for the cryoprepamtion of a suspehsion
of biological materials which was practical, cost effective and sterile.

Various processes have been utilized in the past for drying frozen biological
samples. These include freeze drying and molecular distillation drying. Examples

of apparatus and methods used in molecular distillation drying are disclosed in U.S.
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Patent Nos. 4,510,169, 4,567,847, 4,676,070, 4,799,361, 4,865,871 and
4,964,280.

Thus, it would be an important advancement in the art to provide methods
and apparatus of cryopreparing and dry stabilizing biological samples without
overt disruption or destruction of the morphological characteristics of the
ultrastructure of the sample. Such methods and apparatus should provide for the
cryostabilization of microscopic, biological samples by dehydrating the samples,
in which the water molecules are maintained in a predetermined optimal ice
phase, without creating unnecessary artifacts and resultant undesired
ultrastructural and morphological damage while the water is being removed.

The invention in one broad aspect pertains to a method for preserving a
suspension of biological material comprising:

(a) preparing a cryosolution of a suspension of biological material, the
cryosolution comprising a buffer, a cryoprotectant and a biological material;

(b) nebulizing the cryosolution with a low frequency, ultrasonic nebulizer
to form microdroplets;

(c) cooling the microdroplets at a rate which results in the formation of
amorphous phase ice and/or cubic phase ice with or without hexagonal phase ice
in the cryosolution by spraying the microdroplets on a solid cryogenic surface;

(d) continuously removing the cryosolution from the solid cryogenic surface
after cooling to replenish the surface for further cooling of additional
microdroplets; and

(e) drying the cooled cryosolution to form a dried cryosolution.

Another aspect of the invention provides an apparatus for rapid cryofixation
of suspensions of microscopic biological materials comprising a nebulizer for
creating microdroplets of a suspension of a microscopic biological material in a
laminar flow of gas, the gas propelling the microdroplets away from the nebulizer,
preferably the microdroplets having diameters of about 25 ym to about 250 ym.
An internally cooled cryogenic surface is provided for rapidly cooling the
microdroplets preferably at an approximate cooling rate of 50,000° to 100,000°

C./sec. the internally cooled cryogenic surface being functionally located in the
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laminar flow of gas so that the microdroplets contact and are cooled by the
internally cooled cryogenic surface. An internally cooled collector

removes the cooled microdroplets from the cryogenic surface and a removable
sample holder is provided for receiving the cooled microdroplets.

Still further the invention comprehends a cryoprotective solution selected
from the group consisting of a mixture of 0.5 molar dimethyl sulfoxide, 0.5 molar
propylene glycol, 0.25 molar 2,3 butanediol, 1.0 molar proline, 2.5% raffinose
and 15% polyvinylpyrrolidone; a mixture of 0.5 molar dimethyl sulfoxide, 0.5
molar propylene glycol, 0.25 molar 2,3 butanediol, 10% raffinose, 6% trehalose,
6% sucrose, 12% polyvinylpyrrolidone and 12% dextran; and a mixture of 0.5
molar dimethyl sulfoxide, 0.5 molar propylene glycol, 0.25 molar 2,3 butanediol,

2.5% raffinose, 12% sucrose, 15% polyvinylpyrrolidone and 12% dextran.

FIG. 1 is a schematic flow diagram of the method of this invention.

FIG. 2 is a perspective view of a rapid cryofixation device forming a part
of this invention.

FIG. 3 is a cross-sectional view of a portion of the apparatus illustrated in

FIG. 2 generally taken along lines 3-3.

The present invention relates to a method and apparatus for cryopreserving
and drying microscopic biological materials which are generally prepared in a
suspension. As used in this application, suspensions also include emulsions. The
method of this invention includes the cryopreparation and dry stabilization of the
biological materials.

In the preferred embodiment, the cryopreparation is achieved by first
preparing a cryosolution of the biological material which includes an appropriate
buffer, one or more cryoprotectants and/or dry protectants, and a suspension of
the biological material. The cryosolution is then cooled in such a manner to

functionally result in the formation of amorphous phase ice, cubic phase ice and
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hexagonal phase ice in the cryosolution without damaging the structure or
morphology of the biological material. The cryosolution is then dried to remove
the various ice phases to a final product with residual water content less than about

5%, preferably less than about 3%.

The sample is pretreated with protective agents, i.e. cryoprotectants and dry
stabilizers, and subjected to cooling rates and final temperatures that minimize ice
crystal formation. It should be understood that the process of this invention is
adaptable to whatever specific end use is contemplated. For example, in certain
situations an absolute minimum amount of ultrastructural damage may be tolerated
while in other applications the end use may not be as sensitive to cell morphology.
By the proper selection of cryoprotective agents and the use of preselected drying

parameters, almost any biological sample in suspension can be cryoprepared for a

| suitablé desired end use.

After functionally effective amounts of cryoprotectants and/or dry stabilizers
have been added to the sample, the sample is cooled to a temperature at which
chemical activity is essentially arrested. The cooling is completed in a fashion such
that the crystalline structure of the liquid molecules within the biological material

cause minimal levels of damage.

Cooling of the solution is achieved by nebulizing the solution to form
discrete droplets, said droplets being less than about 200um in diameter. The
microdroplets are then sprayed onto a rotating cryogenic surface which is internally
cooled by a cryogenic fluid to a temperature of less than about -160°C. The
frozen microdroplets are mechanically removed from the rotating cylinder by a
collector, also cooled by internal cryogen, and are placed in a sample collection

device for subsequent drying.

Drying of the frozen microdroplets is accomplished by use of a conventional

freeze dryer or a molecular distillation dryer which is known in the art and is
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discussed further below. Where conventional freeze drying is used, the unique
aspect of the method relates to the microdroplet configuration and the lack of
damage during microdroplet formation using low frequency ultrasound. As freeze
drying is currently performed at temperatures above -70°C, water within the
sample will exist either as hexagonal ice or in combination with the cryoprotectant
in the ice free zone of the sample. The efficiency of drying will be greatly
augmented by the microdroplet configuration of the sample. Molecular distillation
drying is performed under conditions of temperature and pressure that result in the

removal of crystalline fluids without substantial ultrastructural damage.

In the context of molecular distillation drying, the drying process associated
with the process of this invention is referred to as transitional, phasic drying. This
means that water, in the form of ice crystals, is removed from the cooled samples
durin g’ the transition temperature from one ice phase to another, e.g., from cubic to

hexagonal.

“Also, in the preferred method of this invention, the dried biological solution
is placed in a biologically inert container in a dry inert gas atmosphere or at low
pressure. In this fashion, the biological materials can be cryoprepared, dry
stabilized and preserved for biologically extended periods of time.

The present invention can be used to preserve many different types of
biological materials. It is anticipated that the method can be used to preserve
materials such as red blood cells, mammalian cultured cells, platelets, leukocytes,
Factor VIII, sperm, pancreatic islets, marrow cells, viruses and vaccines. Suitable

materials can be either molecular, viral, bacterial, cellular, or subcellular.

Thus, it is an objective of this invention to control and minimize undesirable
artifact formations while preserving and storing biological samples. It is essential
to emphasize that throughout preservation and storage of the samples, the activity
and integrity of the samples should be maintained.
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The method of this invention represents a cryostabilization breakthrough that
permits preserving and storing dried, microscopic biological materials prepared as a
suspension. This invention is cost effective, safe and the samples that are stored
maintain their biological activity even after extended periods of storage. The
specific desired extended time period will depend on the biologic material being
preserved and the intended end use. Inexpensive and effective preservation and
storage of potent biological materials is a necessity for the field of biotechnology to

advance.

It has recently been postulated and confirmed that there is a direct
correlation between the temperature of a biological material sample and the
crystalline configuration of the fluid molecules in the sample. The understanding

of this interrelationship has facilitated the development of the process of this

~ invention in which the control of the sample temperature results in the control of

crystalline structure and thus the control of ultrastructural damage. Importantly,
the crystalline configuration of the fluid molecules has a direct bearing on the

damage done to sample morphology and function.

The present invention provides a method and apparatus for preserving
microscopic biological materials through the steps of cryopreparation and dry
stabilization.

The method of the present invention can best be understood by reference to
Figure 1 which schematically illustrates the steps involved in the method of the

present invention.

In the preferred embodiment, the microscopic biological material to be
preserved is first formulated into a cryosolution. The cryosolution generally
contains a suspension of the biological material, an appropriate buffer and one or
more cryoprotectants and/or dry stabilizers. The type and amount of buffer and
protectant can be varied and is determined by the particular material being
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preserved and its intended end use. Under certain applications, no protectant need be used.
Under other applications, various concentrations and combinations of protectants and dry

stabilizers can be used as discussed further below.

After the cryosolution has been prepared, it must be nebulized before it can be cooled.
In the preferred embodiment, a low wattage, low frequency, ultrasonic nebulizer is used to

create the microdroplets.

In the preferred embodiment, the nebulized cryosolution is directed to a cryogenic
surface for rapid cooling. The nebulized cryosolution should be directed to the surface under

conditions such that it does not undergo any substantial, slow precooling prior to the rapid

cooling event.

In the preferred embodiment, a continuously replenished cryogenic surface is utilized

to rapidly cool the nebulized cryosolution. It comprises a rotating metal cylinder which is

internally cooled with a liquid cryogen.

The frozen cryosolution is removed from the cryogenic surface and placed in a suitable
collection device such that it can be transferred to a suitable drying apparatus. It is important
that the frozen cryosolution remain at cryogenic temperatures during all steps including
transportation from the freezing device to the dryer. In addition, it is important that the
cryosolution at no time comes into contact with liquid cryogen which has been introduced into
the device to provide cooling. The frozen cryosolution in the collection device can either be

taken directly to a dryer or stored at cryogenic temperatures.

In the preferred embodiment, drying is achieved either by conventional freeze drying
or by using a molecular distillation dryer. Suitable molecular distillation dryers can be
obtained from LifeCell Corporation in The Woodlands, Texas and are disclosed in U.S. Patent
Nos. 4,567,847 and 4,799,361 which may be referred to for further details.
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The preferred cooling apparatus to be utilized in the practice of the present

invention is a novel cryofixation device illustrated in Figures 2 and 3.

Referring now to Figures 2 and 3, the rapid cryofixation device is generally
referred to at 10. It comprises a nebulizer 12 positioned within a nebulizer column
14. A cryogenic surface 16 is positioned at the outlet of nebulizer column 14 and
1s contained within a housing 18. A collector 20 is positioned adjacent cryogenic
surface 16 to remove the frozen cryosolution and position it within a sample holder
22. Sample holder 22 can be used to transport the frozen cryosolution to a

molecular distillation dryer where it is further processed or to a storage area.

Nebulizer 12 is a low wattage, low frequency, ultrasonic nebulization device

such as an ultrasonic atomizing nozzle available from Sonotek. The nebulizer was

~ modified with respect to cryosolution delivery to minimize contact of the

cryosolution with the nebulizer components. This was achieved by bypassing the
normal fluid conduit and delivering the cryosolution only to the tip of the nebulizer
via a sterilized, disposable conduit 24. In this way, exposure of the cryosolution to
heating and ultrasonics was minimized. This configuration is also important to
maintaining sterility of the cryosolution during processing. Sterility was one of the
problems encountered in prior art processes which used air guns or sprays.

Conduit 24 is connected to a suitable container (not shown) which holds the

cryosolution.

This particular nebulizer can form microdroplets with diameters on the
order of about 25 um to about 250 um. Diameters on the order of 25 to 200 um
are appropriate for rapid cooling. Microdroplet diameters on the order of 25 to
100 um are preferred in order to achieve maximum cooling rates and short drying
times. The nebulizer can be adjusted to achieve cryosolution flow rates of 5-

10 ml. per minute without significant damage to the biological material.
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Nebulizer 12 is mounted within nebulizer column 14 by suitable brackets
26. A dry gas 28 at room temperature is introduced into the top of column 14
through tubing 30. Nebulizer 12 is mounted in such a manner that gas 28 can flow
past nebulizer 12 with laminar flow as indicated by arrows 32. The flow of inert
gas 28 ensures that the nebulized sample does not undergo a slow precooling
process prior to rapid cooling on cryogenic surface 16. Many different types of
gases may be utilized such as nitrogen, helium, oxygen and argon. The flow rate
of the gas should be adjusted so as to prevent slow precooling but should not be so

high as to cause turbulent flow or significant warming of the cryogenic surface.

The cryosolution containing the microscopic biological sample is discharged
from nozzle 34 of nebulizer 12 as microdroplets 36 which quickly encounter

cryogenic surface 16.

In the preferred embodiment, cryogenic surface 16 comprises a hollow
cylinder with high thermal conductivity presenting a rotating mirror finished metal
surface. The thermal capacity of this surface together with internal cryogen is such
that the nebulized sample can be rapidly cooled without contacting the liquid
cryogen. A suitable drive motor 38 and gear mechanism 40 are used to rotate

cryogenic surface 16.

The rate of rotation is dependent upon the size of the cryogenic surface and
the flow rate of the cryosolution. In the preferred embodiment, the cryogenic
surface has a diameter of about 4 inches, a width of about 2 inches and a length of
about 12 inches.

The cylinder of cryogenic surface 16 is internally cooled with a liquid
cryogen which is introduced into the cylinder through suitable connections. This
allows the cryosolution to be cooled without contact with the cryogen which could
cause problems with sterility. Additionally, by using a high thermally conductive

metal as the conduit for heat flow between the sample and the liquid cryogen,
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vapor formation due to heating of the liquid cryogen which usually surrounds and

insulates the sample from the thermal sink is avoided. This allows the achievement

of much higher cooling rates.

The cylinder of cryogenic surface 16 can be formed of materials such that it
1s a permanent portion of the cryofixation device or can be designed with a
disposable configuration. Suitable materials include copper, aluminum and

chromium or diamond coated aluminum.

Microdroplets 36 which are frozen on cryogenic surface 16 are removed by
collector 20 which is formed from an autoclavable material such as polyethylene
terephthalate. Collector 20 includes a blade 42 for removing the frozen
microdroplets from the cryogenic surface 16. They are then directed into a suitable
samplé holder 22. In one preferred embodiment, sample holder 22 comprises a
sample vial 44 and a vial holder 46. In the illustrated embodiment, vial holder 46
1s designed to hold six sample vials. The sample holder is designed such that it
can be removed from cryofixation device 10 and placed within a molecular
distillation dryer for drying of the cryosolution.

In another preferred embodiment, sample holder 22 comprises a collection
bag held in a precooled transfer carrier similar to vial holder 46. The bag is
fabricated from a suitable material such as polytetrafluoroethylene (PTFE) having a
15 micron pore size. This allows the sample to be contained within the bag while
allowing water vapor to escape during drying. ‘ Following collection, the bag is
sealed to contain the sample through subsequent processing steps.

In the practice of this invention, it is a fundamental prerequisite that suitable
desired biological samples be obtained. Virus or vaccine samples, antibodies and
recombinant proteins are commercially available from a variety of sources. The

particular type of virus or vaccine sample, antibody or recombinant protein is not
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limiting on the method of this invention. However, the cryopreservation of the
biological sample is enhanced if the sample to be processed is fresh.

Human erythrocytes can be obtained fresh from donors and collected in
appropriate anticoagulant-containers and subjected to separation and washing
procedures. Alternatively, erythrocytes can be processed from standard blood
bank supplies if they are used within six days of collection.

The cryopreparation of the biological sample takes place preferably
immediately after it is received. Biological materials generally undergo significant
deterioration during freezing and thawing or following freeze drying by

conventional means. Accordingly, these steps should be avoided prior to

processing by the method described in this application.

The imitial steps of cryopreserving the biological samples includes preparing
a cryosolution prior to the cooling step. The cryoseclution comprises a biological
suspension, an appropriate buffer and one or more cryoprotectants and/or dry
protectants.

Microscopic biological samples are most often obtained as a suspension.
The exact ingredients of each available suspension is not considered to be a
component of this invention. The detailed composition of each suspension will
vary from source to source and the specific ingredients may often involve
proprietary information. However, in general, microscopic biological suspensions
include a mixture of a percentage of biological material in water, phosphate
buffered saline or another compatible solution. If the solution composition is not
compatible with the cryopreservation process, the undesired components may be

eliminated by concentrating the biological suspension. The biological sample may

then be resuspended in a compatible solution.
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In addition to the biological suspension, the cryosolution generally contains
an appropriate buffer. This may involve one of many different organic buffers
which are known to those skilled in this art. The inventors prefer to use an
organic buffer selected from the group consisting of: Tris (2-Amino-2-
(hydroxymethyl)-1,3-propanediol); MES (2- [N-Morpholino] ethanesulfonic acid);
Ammediol (2-amino-2 methyl-1,3-propanediol); MOPS (3-[N-Morpholino]
propanesulfonic acid); and PIPES (Piperazine-N-N’-bis [2-ethanesulfonic acid] and

1,4- Piperazine-diethanesulfonic acid).

Alternatively, a low salt or physiological buffer may be more appropriate in
certain applications. Low salt buffers include mixtures currently used in blood

storage such as (1) LISS - 8 gms glycine, 20 mls of 0.15M phosphate buffer pH

6.7 - 8.4 and 1.8 gm sodium chloride made up to 1000 mls pH 6.7; (2) LISP - 16

gms giycine, 20 mls of 0.15M phosphate buffer pH 6.7 - 8.4, 1.8 gm sodium
chloride, 5.0 gms glucose, 0.06 gm calcium chloride and 0.1 gms adenine made up
to 1000 ml pH 6.7; (3) Adsol - 0.9% NaCl, 0.75% mannitol, 2.2% dextrose, and
0.027% adenine; (4) RBC Buffer - 0.875% dextrose 0.9% NaCl, 0.214%
mannitol, 0.008% adenine, 0.255% sodium citrate, 0.029% citric acid, and
0.022% monobasic sodium phosphate; or modifications thereof such as (5)

Buffer A - 16 mM phosphate buffer, pH 7.4, 5 mM KCl, 4 g/dl BSA and lactose
6.9 g/lit, and (6) Buffer B - 16 mM phosphate buffer, pH 7.4, 5 mM KCl and
lactose 15 g/lit. Physiological buffers include various phosphate buffered saline
solutions. Additional buffers of importance are those containing magnesium as a

component.

The cryosolution also generally contains a cryoprotectant. Cryoprotectants
raise the glass transition temperature range. of the sample thercby stabilizing the
sample in the frozen state. By raising this range, the sample can be dried at a
faster rate. The cryoprotectant also permits decreased ice formation for a given
cooling rate allowing vitrification of larger samples. With current methods of

ultrarapid cooling in the absence of cryoprotéctants, vitrification of the sample is
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only achieved to a depth of a few microns. Cubic and hexagonal ice are then
encountered. By appropriately selecting the cryoprotectant and the cooling method,

apparent vitrification to a depth of several millimeters can be achieved.

Various cryoprotectants can be used in the present invention. These
include: dimethyl sulfoxide (DMSO), dextran, sucrose, 1,2 propanediol, glycerol,
sorbitol, fructose, trehalose, raffinose, hydroxyethyl starch, propylene glycol, 2-3
butane diol, polyvinylpyrrolidone (PVP), proline (or other protein stabilizers)
human serum albumin and combinations thereof. Suitable cryoprotectants structure
water which reduces the freezing point and/or reduces the rate of cooling necessary
to achieve the vitreous phase. They also raise the glass transition temperature

range of the vitreous state.

| "The cryosolution may also include exposing the biological suspension to one
or more dry protectant compounds. Dry protectants, by definition, stabilize
samples 1n the dry state. Some cryoprotectants also act as drying protectants.
Some compounds possess variable amounts of each activity, e.g., trehalose is
predominantly a dry protectant and a weaker cryoprotectant, whereas sucrose is
predominantly a cryoprotectant and a weaker dry protectant. For example,
trehalose and polyhydroxyl carbohydrates bind to and stabilize macromolecules
such as proteins and nucleic acids in a virus or vaccine sample when dried, thereby
protecting the integrity of the saniple. Various dry protectants can be used in the
present invention: sucrose, raffinose, trehalose, zinc, proline (or other protein
stabilizers), myristic acid (a known thermostabilizer of vaccines), spermine (2

polyanionic compound) and combinations thereof.

Cryoprotectants, alone or in combination with other cryoprotectants or with
additional components (for example, dry protectants) have also been found to be
effective: proline plus sorbitol, trehalose plus ziﬁc chlorid'e, sorbitol plus myristic
acid, sorbitol plus trehalose, human serum albumin plus ti'ehalose, sucrose plus

raffinose, and human serum albumin plus sorbitol.
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The cryoprotectants can be added to the biological samples for a period of a
few minutes to a few hours before they are rapidly cooled. In general,

cryopreservation is performed as a continuous sequence of events.

The inventors have been involved in the development of cryofixation and
ultralow temperature molecular distillation drying as a method for preparing
biological samples for electron microscopic analysis. To validate this approach,
they investigated the relationship between the drying characteristics and ice phases

present within frozen samples.

Sample preparation for electron microscopy by purely physical or dry
processing techniques has theoretical appeal, especially when the ultimate aim is
the analysis of both ultrastructure and biochemistry. Since the earliest days of
elect;dn microscopy, several attempts have been made to refine and develop
freezing and vacuum drying or the freeze-drying (FD) process for cell and tissue

samples.

Despite the conceptual advantages and the progress made, freeze-drying for
electron microscopy has yet to achieve the status of a routine, broadly applicable
technique. Several reasons account for this. First, the ultrastructural preservation
1s often inferior when compared to conventional chemical, or wet processing
techniques or hybrid techniques such as freeze substitution. Second, there are
numerous practical problems with sample manipulation, temperature control,
vacuum parameters, and end precessing protocols. Third, and perhaps most
fundamentally, is a belief that drying at temperatures below -123°C is either
impossible or impractical. As a result of these practical and theoretical obétacles,
only sporadic investigation of low temperature freeze-drying has been reported.
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The basis of this theoretical barrier comes from application of the kinetic
gas theory and the predicted sublimation rates as expressed by the Knudsen
equation;

, 0.5
Js = NPs M
[527)

where Js = sublimation rate

coetficient of evaporation
saturation vapor pressure

universal gas constant

absolute temperature of the sample
molecular weight of water.

L®
= B3 'u? =
O | O I

- For theoretically ideal drying conditions, this equation states that the
sublimation rate is diréctly proportional to the saturation vapor pressure of water
within the sample and inversely proportional to the absolute temperature of the
sample. Although the temperature of the sample is clearly definable, saturation

vapor pressure 1S a more complex parameter.

Prior applications of this equation have used saturétion vapor pressures
which were theoretically determined. These theoretical vapor pressures, however,
include the latent heat of fusion, émd hence, are applicable only to hexagonal ice.
Calculations based on these theoretical values have led to conclusions such as "at
150K it would take 3.5 years until an ice layer of 1 mm thickness is completely
removed by freeze drying. It is therefore unrealistic to attempt freeze drying at
temperatures below 170K." S

Several phases of ice other than hexagonal, however, can coexist within a
sample depending upon the mode of cooling. These different phases can be
achieved by several methods including; vapor condensation, hyperbaric application

and ultrarapid quench cooling.
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The major phases of ice now recognized are amorphous, cubic, and
hexagonal. These ice phases exhibit different stabilities, which would su ggest that
the saturation vapor pressures would also be different. It has been determined that
for vapor condensed water at temperatures where both phases can coexist, the
saturation vapor pressure. of amorphous ice is one to two logs higher than that of

cubic ice.

Appiication of these experimentally determined saturation vapor pressures in
the Knudsen equation reduces the drying time at 150K from 3.5 years to 0.035
years, or 12.7 days, for 1 mm of amorphous ice. Because quench cooling
techniques of biological samples achieve approximately 5 um of this phase, the
drying time of this component, based solely on the Knudsen equation, would be of
the order of 1.5 hours. Hence, in terms of practical drying times, the theoretical

- barrier to drying at uitralow temperatures can be overcome.

Drying, however, is not a static, but a rate-dependent process. In addition
to saturation vapor pressure of the different ice phases, one must also account for
the rate of transition from one phase to another with increasing temperature. For
electron microscopy sample preparation, drying should ideally oi:cilr without any
such transition or devitrification. Information as to the rate of these transitions is
limited. It has been found that the amorphous to cubic transition occurred as an

irreversible process strongly dependent upon temperature in the range of -160°C to
-130°C and expressed by

t = 2.04 x 10 x exp (-0.465T)

The cubic to hexagonal transition was less temperature-dependent, occurring in the
range of -120°C to -65°C, and expressed by

t = 2.58 x 10" x exp (-0.126T)



10

15

20

30

- 2051092

Interestingly, when the sample temperature was increased at a rate of 5°C/minute,

the amorphous to cubic transition occurred as a sudden event near -130°C.

Based upon the above data, the transition rate, as well as the saturation
vapor pressure, determine the depth to which a particular ice phase can be dried at
a specific temperature. For amorphous ice at -160°C, the transition time is 205
days. Based upon extrapolation of experimentally determined saturation vapor
pressures and the Knudsen equation, this would allow drying of 26 microns. At
-140°C, transition time is 28 minutes and would allow drying of 0.8 um under
ideal conditions. Below -160°C, i.e., prior to the onset of the transition, one could
predict little, if any, translational kinetic energy of the water molecules and hence

little, if any, drying.

~ Based upon these considerations, one can postulate the hypothesis of
transitional drying, 1.e., that for a sample containing multiple phases of ice, it is
possible to dry each phase sequentially during its transition. The amount of each
phase dried will obviously be dependent upon multiple parameters including

“efficiency of drying apparatus, rate of heating, and impedance of the dry shell.

Cryopreservation

Cryopreservation is the preservation of ceil structure and metabolism against
injury associated with freezing eveht_s either within or around the cell. Natural
cryoprotection can result from adaptive metabolism of the organism, with changes
in cellular structure, composition and metabolic balance giving an enhanced
tolerance of freezing. In laboratory experiments when cell viability or
ultrastructure are to be preserved following cooling, two methods are available.
The first is to ultrarapidly cool the sample, resulting in the tissue fluids being
vitrified, i.e., absence of ice crystals. The second is to incorporate chemical
additives to confer a degree of cryoprotection. The chemicals range from naturally

occurring cryoprotectants such as glycerol, proline, sugars, and alcohols to organic



10

15 -

20

235

30

-20- 205109%

solvents such as dimethylsulfoxide (DMSO) to high molecular weight polymers
such as polyvinylpyrrolidone (PVP), dextran and hydroxyéthyl starch (HES).

Vitrification of cells and tissues is limited by the rate at which the sample
can be cooled and the insulating properties of the tissue itself. Due to physical
limitations, one can only achieve vitrification of a thin layer of tissues using state
of the art techniques. This makes the idea of chemical additives for cryoprotection
and manipulating the cooling rate very appealing in attempts to cool and store

biological samples without causing structural and functional damage.

Injury to biological samples due to freezing is subject to fundamental
physical and biological principles, some long known, but others only recently being

understood. Serious investigations into the mechanisms of freezing injury in

- biological samples did not begin until the second quarter of this century. These

early studies were dominated by the belief that physical damage by ice crystals was
the principal cause of freeze injury. The effects of cell dehydration and a
correlation between the concentration of extracellular solutes and cell death has
been demonstrated. A "two factor" hypothesis for freezing inj ury proposed that
cell injury was the result of either the concentration of solutes by extracellular ice

or the formation of intracellular ice which caused mechanical injury.

The action of glycerol and other small polar compounds has been
interpreted as penetrating and exerting colligative action within the cells. In the
proportion that the colligative action of the pehétrating compounds maintains water
in the liquid state at temperatures below 0°C, an increased volume of cellular
solution is maintained. This avoids an excessive concentration of toxic electrolytes
in the nonfrozen cellular solution. A similar influence also takes place in the
external solution. In this cOntext, co.lligative action is referred to as action by an
extraneous solute, in lowering' the freézing point of the solution in contact with ice.

If enough protective compound is present, the salt concentration does not rise to a
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critically damaging level until the temperature becomes so low that the damaging
reactions are slow enough to be tolerated by the cells.

The nonpenetrating cryoprotectants vary in size from sucrose to large
polymeric substances such as PVP, HES and dextran. It has been suggested that
nonpenetrating substances act by some other means than that in the colligative
mechanism described above. The role of larger molecules is believed to be
dehydrative by osmotic action. When a large proportion of water is withdrawn
from the cells by means of an osmotic differential, less free water is available for

intracellular ice crystallization which is often identified as a lethal factor.

The cooling rate in the presence of cryoprotective compounds is a very
important factor in freezing injury. Normally, slow cooling is better than elevated
cooﬁng rates since the latter promotes intracellular ice formation. This occurs
because there is insufficient time for water to escape from the cells before the
contained cell water freezes. With slow rate cooling, extracellular ice forms first,
resulting in dehydration of the cell which, together with the presence of the
cryoprotectant, prevents intracellular ice formation.

Penetrating compounds were thought to act by not allowing an excessive
transport of water from the cells too early in the freezing process while
nonpenetrating compounds have a dehydrative effect on cells along with a
colligative effect of diluting the solution surrounding the cell. Neither of these

descriptions, however, tells the whole story.

When cells were exposed to glycerol or DMSO for very short times, during
which presumably little penetration would occur, they still exhibited cryoprotection.
Red blood cells exposed to DMSO, glycerol or sucrose for 30 seconds to 2 hours
at 0°C demonstrated the same degree of cryoprotection. '
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Solutes such as HES and PVP are totally nonpenetrating, water withdrawing
compounds of merely larger molecular weight than nonpeﬁetrating sucrose. The
larger molecular weight should render such compounds less osmotically and
colligatively effective, when considered on a weight basis. Yet in concentrated
solutions, the compounds’ colligative action has been shown to be far greater than

would be expected based on merely a linear relationship to concentration.

Cryoprotective properties result from a multiplicity of actions including: (1)
coating of membranes by polymeric compounds so that they are not denatured by
the increased salt concentration resulting from freezing, (2) alteration of membrane
permeability characteristics so that they leak solutes reversibly to avoid excessive
dehydration, (3) increasing viscosity and thus slowing the speed of transfer of
water, (5) preventing denaturation of serum lipoproteins during low temperature
freezing and drying, (6) diminished activity of several enzyme systems, and (7)

membrane protein stabilization.

A source of damage to frozen tissue, other than freezing itself, is the
osmotic and toxic effects of many of the cryoprotective agents. When used in
mixtures, some cryoprotective compounds may counteract the toxicity of other
cryoprotectants, as was demonstrated by the addition of polyethylene glycol (PEG)
to a mixture of DMSO and glycerol. The inventors have developed a vitrification

solution (VS) comprising a mixture of:

DMSO ~ 0.5M

Propylene glycol - 0.5M

2-3 butanediol - 0.25M

Proline - 1.0M

Raffinose - 2.5% (wlv)

PVP - 15% (w/v) (Ave. M.W. = 40,000)
Dextran - 15% (w/v) (Ave. M.W. = 40,000-70,000)

The toxicity of the individual components of this solution were tested. In

the above mixture, the toxic effects were lower than when the same concentration



10

20

25

30

35

U092
23.

of any one component was used alone. This resulting solution is nontoxic to cell
cultures and remains glass like and optically clear (i.e., no visible ice crystal is

formed) when plunged into liquid nitrogen.

A modified vitrification solution (VS;) has also been developed which

comprises a mixture of:

DMSO - 0.5M

Propylene glycol - 0.5M

2-3 butanediol - 0.25M

Raffinose - 10% (w/v)

Trehalose - 6% (w/v)

Sucrose - 6% (wiv)

PVP - 12% (w/v) (Ave. M.W. = 40,000)
Dextran - 12% (w/v) (Ave. M.W. = 40,000-70,000)

e macEfad vitrification solution (VS,) which has been developed
comprises a mixture of: '

DMSO ~ 0.5M

Propylene glycol - 0.5M

2-3 butanediol - 0.25M

Raffinose - 2.5% (wiv)

Sucrose - 12% (w/v)

PVP - 15% (w/v) (Ave. M.W. = 40,000)
Dextran - 15% (wiv) (Ave. M.W. = 40,000-70,000)

In summary, the factors affec'ting the cryoprotective nature of compounds
are (a) chemical nature, (b) relative lack of toxicity, (c) molecular size and

penetrating ability, and (d) interaction with other compounds in the mixture.

The physicochemical effects of cryoprotectants are (a) depression of the
equilibrium f.reezing point of substrate and cytoplasm on a colligative basis, (b)
depression of homogeneous ice nucleation temperature, (c) reduced rate of ice
crystal growth due to change in the viscoﬁty and thermal diffusivity of the

solution, and (d) dehydrative effects on cells by osmotic action.
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Cooling Parameters

For purposes of cryopreparation of the biological suspensions of this
invention, it is essential to note that a variety of cooling processes can be used. In
a preferred embodiment of this invention, rapid cooling is considered essential to
obtain the proper ice crystal blend. In the most preferred embodiment of this
invention, a vitrification procedure is used which results in the formation of a
substantial proportion of amorphous water in the biological sample. As will be
disclosed hereinafter, regardless of the form of cooling that is used, it is believed
that amorphous phase water, cubic ice crystals and hexagonal ice crystals are
present in the final product. The method of cooling has a distinct bearing on the
distribution of ice crystal types found in the cooled cryosolution.

Drying Parameters

| "The aim of controlled drying of a frozen biclogical sample by molecular
distillation drying is to remove water from the sample without further mechanical
or chemical damage occurring during the drying process. This involves avoiding,
by use of appropriate drying conditions, two fundamental damaging events. The
first is to remove water from ice crystalline phases without transition to larger
more stable and more destructive crystals. The second is to remove water from
solid but noncrystalline water or water-solute mixtures without melting or
crystallization of these solid phases. This second component refers to water
present 1n the amorphous condition, water together with solute in the eutectic or
water together with a compound which binds and structures water and hence,
prevents its crystallization during the freezing process. Hence, vitreous water can
be of low energy and stability, as in ultrarapidly-cooled pure water, or high energy
and stability, as that achieved with cryoprotective agents with intermediate rates of
cooling. | |

Many of the features required of controlled drying to avoid the occurrence
of these events are overlapping. The reason for this is that each form of water will

have a particular energy state, whether in a crystal or bound to a cryoprotective
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compound, and it is this energy state, rather than its configuration, which
determines the requirements for drying. Consider for example, (1) a sample of
cubic ice achieved by cooling pure water at an intermediate cooling rate and (2)
vitrified water achieved by mixing water with glycerol to 45% vol:vol and cooling
at an intermediate rate. The first sample will be crystailine and the aim of drying
1s to remove water from this state without transition to hexagonal ice. The second
sample 1s an amorphous solid and the aim of drying is to remove water from this
phase without melting of the glass to a liquid with subsequent boiling. For cubic
ice, the onset of its transition is -130°C and the rate of transition is temperature
dependent being very slow at -130°C and very rapid at -90°C. For 45% glycerol-
water, the glass transition temperature is -120°C and represents the onset of
melting. The melting process is very slow at -120°C and is temperature

dependent, becoming very rapid at -90°C.

Prior to the onset of the cubic to hexagonal transition or the glass transition
of 45% glycerol-water, the saturation vapor pressure of water in these phases is
extremely low and drying would occur at extremely slow rates. The aim of
controlled drying, therefore, is to remove water from the cubic ice phase during its
transition and in a time less than is required for any significant transition to
hexagonal ice and from the 45% glycerol-water phase during its transition to a
liquid but in less time than is required for any appreciable liquid to form.

This argument can be applied repetitively to all forms of water present
whether it be crystalline in the form of cubic or hexagonal or noncrystalline as
amorphous or bound to any molecule, be it cryoprotectant, protein, carbohydrate,
or lipid. To simplify this concept, water in a frozen biological sample can be
described as having a specific energy level E. In a frozen biological 'sample, there

will be water forms of multiple definable energy levels:

E, E B - E,
The mode of preparation, the nature of the sample, the use of cryoprotectants or

other additives, and the cooling rate used will determine the relative proportions of
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these different water forms. Each energy level will determine the onset
temperature of its transition or melting and the temperature dependence of the rate
of the transition or melt.

Controlled drying: processes must be able to remove each of these different
states of water during the transition and in less time than is required to complete
the transition. This mode of drying, therefore, requires that several conditions be

met.

First, the sample must be loaded into the dryer without temperature
elevation above its lowest transition temperature. If elevation of temperature does
occur, this must be over a short period of time such that no appreciable transition
occurs. Ideally, loading occurs under liquid nitrogen at -190°C, well below the
lowest discernible transition of -160°C for pure, ultrarapidly-cooled amorphous
water. If, however, the sample is predominantly cubic ice or a mixture of water
and cryoprotectants with a glass transition of the order of -100°C to -130°C, a
closed circuit refrigeration system may be sufficient to enable maintenance of the

sample temperature below the onset of transition.

Once loaded, the sample must be exposed to vacuum and be in direct line of
sight of the condenser surfaces. The criteria for these are again determined by the
nature of the water phases present in the sample. The following objectives must be
attained. The vacuum within the chamber during the drying of a particular phase
must create a partial pressure of water at least equivalent to or less than the
saturation vapor pressure of water in the phase to be removed. This saturation
vapor pressure is dependent on the nature of the water phase and its temperature.
Hence, for pure amorphous water in the transition range of -160°C to -130°C, the
approximate saturation vapor pressures are 6 x 1072 mbar (-160°C) and 5 x 107
mbar (-130°C), respectively. As the transition times of amorphous to cubic ice in
this same temperature range, -160°C to -130°C, vary from 5 x 10° minutes to 5
minutes, drying will be very slow until temperatures of the order of -150°C to -
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140°C are reached requiring a vacuum of 5 x 10° to 2 x 10® mbar. This

IEpresents one extreme.

For cubic ice, little if any drying will occur below its onset of transition at -
130°C as its saturation vapor pressure will be of the order of one log lower than
for amorphous water. In the transition range, -130°C to -100°C, the saturation
vapor pressure of cubic ice is approximately S x 102 to 9 x 10° mbar. The
transition times of cubic to hexagonal are 700 minutes and 109 minutes
respectively. The saturation vapor pressure, therefore, determines the vacuum
requirements for drying and can be applied to all water phases present. It is
important to note that the same vacuum criteria are not applicable to all phases, but

rather are phase-dependent.

| " A second criteria of the vacuum is that the mean free path created be in
excess of the distance between the sample and the condenser surface. Ideally, this
should be a tenfold excess. The condenser surface must be a lower temperature
than the onset transition temperature of the phase of water being removed from the
sample so that the saturation vapor pressure of water condensed on this surface
during drying is considerably lower than that of the water phase within the sample.
Ideally, this should be three orders of magnitude lower. For a sample containing
multiple water phases, the temperature of the condenser surface must remain below
the onset of transition of the least stable ice phase remaining to be removed.

Ideally, the condenser should also be in line of sight of the sample.

Once the sample has been loaded and exposed to vacuum and the condenser
surfaces, the sample and sample holder must be heated so as to increase the
mobility of water molecules and hence, cause their escape. This is the essential
and critical component in the drying of a sample containing muitiple phases or
energy levels of water. The temperature of the sample must be accurately known.
The control of temperature and the rate of sample heating must be accurately
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controlled. This is necessary to ensure that the drying of each phase of water in
the sample is sequential.

Hence, for a sample containing multiple phases of water of energy levelE,,
and E, ---- E, where E, is the least stable, then heating must occur at such a rate
that E, is removed prior to its transition to E,. E, prior to its transition <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>