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STORAGEOF BLOODBELOW0° C. IN LIQUID STATE1
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(From the Department of Pathology, Queens Hospital Center, Jamaica, N. Y.)

(Submitted for publication November 21, 1952; accepted June 12, 1953)

INTRODUCTION

In their original observations in 1916, Rous and
Turner ( 1 ) recognized the importance of refrigera-
tion in the preservation of blood. In recent years
Parpart and his co-workers (2) studied the ef-
fect of different temperatures. The temperatures
most suitable for survival of human red cells were
found to lie between 40 C. and 90 C. with an opti-
mumat about 70 C. This has been confirmed by
the in vivo studies of Gibson and his co-workers
(3). Rapoport (4) studied the survival rate of
red cells during storage at 40 C. and 250 C. and
found that storage for two days at 250 C. pro-
duced changes equivalent to those of two weeks
storage at 40 C. Temperatures above 10° C.
favor more rapid deterioration of red cells. Stor-
age temperatures below 00 C. could not be evalu-
ated because blood freezes and then hemolyzes
completely upon melting.

Such a study is possible only if blood can be
kept liquid below 0° C. by some physical or chemi-
cal means, and the procedure itself is not deleterious
to red cells. The present investigation attempts
this by the use of high pressures or of alcohol to
depress the freezing point of the whole blood.

Water can be prevented from freezing by ap-
plication of hydraulic pressure. The phenomenon
is valid with 2,045 atmospheres to - 220 C. For
greater pressures the freezing points are not
lowered as the water-ice phase diagram indicates.
Bridgman (5) studied the phase changes for the
full range of 10,000 atmospheres (Figure 1). At
higher pressures than 2,045 atmospheres water
freezes at increasingly higher temperatures. In
the present investigation pressure was kept be-
low 2,045 atmospheres. Thus a pressure of 590
atm. will lower the freezing point of water to - 50
C.; 1,090 atm. to - 100 C.; 1,540 atmn. to - 150 C.;
and 1910 atm. to - 200 C.

1This work was made possible by a research grant
from the Public Health Service.

The effect of pressure on red cells was studied
by Callery and Portier (6) as early as 1910. It
was found by these authors that 10 atm. pressure
did not cause hemolysis and that hemolysis oc-
curs when the pressure is greater than 300 atm.
Fontaine (7) found that defibrinated blood, kept
for seven hours at 500 atm. pressure, showed only
slight hemolysis. Red cells suspended in saline
hemolyzed more rapidly. Haubrich (8) and
Ebecke (9) found that pressure changed the physi-
cal form of the red cells, giving them a more spheri-
cal shape. Spherocytes are considered more sus-
ceptible to hemolysis. These early investigations
indicated that pressure is by no means innocuous
to red cells.

The storage of blood under pressure was con-
sidered worthy of further investigation because
earlier studies were limited to only a few hours
of storage of defibrinated blood or red cells sus-
pended in saline, and were all carried out at room
temperature. Since this study was completed,
our attention has been called to the favorable re-
port by Jessiman and Walter (10) using 22,500
lbs. per sq. inch and low temperatures.

I ATM 500 ATM 1000 ATM 1500 ATM 2500 ATM

FIG. 1. WATER-ICE PHASEDIAGRAM AT TEMPERATURES
AND PRESSURESCORRESPONDINGTO THIS INVESTIGATION
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EFFECT OF ETHYL ALCOHOLON
FREEZING POINT OF WATER
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FIG. 2. EFFECT OF ETHYL ALCOHOLIN FREEZING POINT
OF WATER

Alcohol lowers the freezing point of water, and
binary mixtures freeze at temperatures between
00 and - 1150 C. depending on composition.
Figure 2 shows the depression of freezing point
of water by the addition of alcohol in concentra-
tions corresponding to the ranges in this investi-
gation. The effect on the depression of the freez-
ing point by an equivalent amount of alcohol is
greater in blood, due to the presence of salts and
proteins. The toxicity of alcohol is low. Up to
100 ml. of alcohol have been given intravenously
daily. Alcohol can be removed quite readily from
blood.

Alcohol is hemolytic to red cells, and its use to

lower the freezing point of blood has, thus far, not
been considered. Alcohol diluted with distilled
water and added to blood causes a prompt and com-
plete hemolysis. Alcohol is freely permeable
through the red cell membrane, and isotonic sa-
line is necessary for osmotic equilibrium. If os-
motic hemolysis is prevented, alcohol hemolysis
is only moderate at room temperature and is much
retarded at 40 C. Below 4° C., alcohol is not he-
molytic in a wide range of concentrations, provid-
ing isotonicity is maintained.

In view of this observation, it was decided to
study the storage stability of whole blood contain-
ing various concentrations of alcohol. It was
found practical to limit the study to the storage of
blood at - 7.5° C. and - 12.50 C. by the addition
of 15 per cent and 21 per cent alcohol, respectively.

MATERIAL AND METHODS

Whole blood was obtained from the Blood Bank of the
Queens General Hospital in standard A-C-D solution.
The A-C-D solution contained 1.33 per cent sodiumn ci-
trate, 0.4 per cent citric acid, and 3 per cent glucose.
Twenty-five cc. of such A-C-D solution were added to
100 cc. of whole blood. Two commercial low temperature
storage cabinets were converted to constant temperature
units operating in any pre-set range between 00 to -250
C. by the use of a fan within the cabinet and adequate
controls.

HYDRAULIC PRESS d
FIG. 3. SYSTEMFOR APPLICATION AND RELEASEOF HIGH PRESSURE
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The initial study aimed to determine the effect of high
pressure (Figure 3). The procedure for applying the
pressure was as follows: 15 ml. of blood were introduced
to fill completely the high pressure reaction vessel (a).
The vessel was closed by valve (b) on the reaction ves-

sel, and valve (b) was then attached to pressure system.
To evacuate tubing leading from hydraulic press to the
reaction vessel (a), valves (d, i, f) were opened and sys-
tem evacuated by vacuum pump. Following evacuation,
valve (f) was closed, valve (e) opened to allow saline
solution to fill tubing. Now for pressure application,
valves (e, i) were closed and, to prevent reflux, a slight
pressure was applied to the system by manually pumping
handle (h) with valve (b) still closed and valve (c)
opened.

Now the valve (b) was opened and the desired pres-
sure applied to the blood in reaction vessel (a). Valve
(b) was closed and the pressure vessel was removed for
storage.

To release pressure in the vessel, it was first warmed
to 40 C. then reconnected to the system filled with saline.
With valve (c) closed, the tubing was filled with saline.
Now valve (i) was closed, and valves (c, d) were opened
and a pressure applied to the system which was equal to
that in the container. Valve (b) was opened and the
pressure was matched. The pressure was then released
rapidly or slowly, as desired, through valve (g). This
ordinarily was accomplished in a few minutes.

For a study of the effects of alcohol, a commercial 95
per cent preparation was diluted by saline in a proportion
of 65 parts alcohol to 35 parts of physiological saline.
Larger amounts of alcohol precipitate blood proteins.
Alcohol at 21 per cent concentration was the maximum
used because hemolysis occurred at - 120 C. with higher
levels. Dextrose was added to give a 500 mg. per cent
concentration. The addition of dextrose to the alcohol
seemed to prevent hemolysis during storage. One part
of this (alcohol, dextrose, saline) or A-D-S solution
containing 65 cc. of 95 per cent alcohol, 35 cc. of saline,
and 500 mg. of glucose was added to two parts of whole
A-C-D blood to obtain an approximate 21 per cent alcohol
concentration. Also, one part of another A-D-S solution
containing 42 parts of 95 per cent alcohol, 58 cc. of saline
and 500 mg. of glucose, was added to one part of A-C-D
blood to produce a similar approximate 21 per cent alcohol
concentration in a more diluted blood. As alcohol was

found hemolytic to red cells at room temperature, the
A-D-S solution and all the syringes and containers used
were cooled to - 12° C. In some samples only half of the
calculated amount of A-D-S solution was added to the
A-C-D blood at first and the diluted blood was stored for
one and one-half hours at - 120 C. before the second half
of the A-D-S solution was added.

The osmotic resistance of the red blood cells to 0.6 per
cent saline was determined by the method of Parpart (11)
and was expressed in per cent of total red cells hemolyzed.
Samples taken from cold storage were tested without de-
lay because blood diluted with alcohol hemolyzes rapidly
at room temperature.

For each sample the degree of hemolysis was deter-
mined by the ratio of the hemoglobin content of the su-
pernatant after centrifuging for five minutes at 1500 r.p.m.
over the hemoglobin content of the whole blood, and is re-
ferred to as percentage hemolysis. The hemoglobin was
determined by the standard HCI method in a Fischer
Electrohemometer.

RESULTS

Pressure

Blood undergoes complete hemolysis at atmos-
pheric pressure if the temperature is lowered from
40 C. to - 80 C., while blood under 680 atmos-
pheres pressure shows about the same degree of
hemolysis at 40 C. as at - 80 C. with percentage
hemolysis of 54 and 59, respectively, after 14 days
of storage. It can be assumed that freezing was

prevented by the application of pressure. It is

HEMOLYSISOF WHOLEBLOODAFTER STORAGEAT
680 ATMOSPHERESPRESSURE
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FIG. 4. HEMOLYSISOF WHOLEBLOODAFTER STORAGEAT
680 ATMOSPHERESPRESSURE

HEMOLYSISOF WHOLEBLOODAFTER STORAGEAT
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HEMOLYSISOF WHOLEBLOODAFTER STORAGEAT
1,530 ATMOSPHERICPRESSURE

0

HOURSIN STORAGE

FIG. 6. HEmoLYSIs OF WHOLEBLOODAFTER STORAGEAT

1530 ATMOSPHERESPRESSURE

also evident that blood under pressure develops
considerable hemolysis, irrespective of tempera-

ture. It appears that pressure accelerates the re-
actions responsible for the breakdown of blood in
storage. The harmful effects of pressure were
found to increase with the amount of pressure ap-
plied and of the duration of its application. Figures
4, 5, and 6 illustrate these effects for 680, 1,000,
and 1,530 atmospheres of pressure. Figure 4
represents the lowest pressure at which a significant
lowering of the freezing point of blood could be
obtained, and Figure 6, the pressure corresponding
to the maximum lowering of the freezing-point at-
tainable on the basis of the ice-water phase dia-
gram. It is interesting to note that the harmful
effects of pressure are not instantaneous but de-
velop with time in storage, the hemolysis increas-
ing with higher pressures (Table I).

Clotting of blood in A-C-D solution, which oc-
curred in storage under pressure, merits further
study. It may be the result of a physico-chemical
alteration of ionic equilibrium of the blood in the
anticoagulant mixture.

Table I

Percet Hemol7vis*of ole Stat4ed at Variow Pr.sswes

and Teveratu and Duatian of Storage

Duration of StorWe

Treatt

1530 atm. aDd 4C
1530 atm. am -13°C

1 at -and 4C

1 atm. d ..130C

Ie tat and -I?c
1020 ata. sad 4C

1.020 stm. and -8C

I atm. and 4eC
1 atm. sd

680 atm. sd 4C

680 atm. and-eC
I atm. an 4eC
1 ata. and 8C

3 Mr.

3.5

6.7

4 dap
75
99

71

79

4.5

3 das
54
51
76
72

4.7

100

6Hmm. 72Kirs.
91

26 89
74

58 83

-0.8 1.1

98 100

7 dqs
84
8o

81
92

2.0

1oo

7 d l4 daya
58

_ 49
59
59

2.5 5.1

100 98

* Deflned as honglobin in supernatant after 1500 r.p.m. for 5 mU.

over hemoglobin of whole blood.

Uv

Vs

i

3

u
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Alcohol

Figure 7 illustrates the grade of spontaneous
hemolysis which occurs in A-C-D blood stored at
- 120 C. in A-D-S solution as compared with
blood stored at 40 C. in A-C-D solution alone. An
increase of the spontaneous hemolysis occurred
during storage in both at about the same rate.

Figure 8 illustrates the degree of osmotic re-
sistance found in 0.6 per cent solution of sodium
chloride, of blood stored at - 120 C. in A-D-S
solution as compared with the same stored at 40
C. to which A-C-D solution was added. The dif-
ference is significant. A decrease of the resistance
of the red blood cells is manifest in both during
storage, less marked in the blood stored at - 12°
C., provided that blood is not diluted to less than
54 per cent of its original volume. If blood is di-
luted to 27 per cent or 40 per cent of its original
volume, the osmotic resistance is greatly dimin-
ished. Blood collected in a blood bank is already
diluted to 80 per cent by the addition of A-C-D
solution. Using one part of A-D-S solution to one
part of A-C-D blood brings the blood volume to
40 per cent. By using two parts of A-C-D blood
to one part of A-D-S solution, the blood volume
is 54 per cent and by using two parts of A-D-S solu-
tion to one part of A-C-D blood, the volume drops
to 27 per cent. Parpart (11) found a rapid de-
crease of osmotic resistance in blood stored at 40

DEGREEOF SPONTANEOUSHEMOLYSIS
KEY: X A-D-S BLOODSTOREDAT -120C

0 A-C-D BLOODSTOREDAT 40C

InLU

_j 5coM
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z
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o 5 10 15 20

WEEKSSTORED

FIG. 7. DEG OF SPONTANEOUSHEMOLYSISAT - 120 C.
IN ALCOHOL-DEXTROSESALINE

OSMOTICRESISTANCEOF WHOLEBLOODI
0.6% SALINE STOREDAT -120C IN 21%

ALCOHOLSOLUTION

KEY: * 54% STOREDIN A-D-S AT -12
X 40% STOREDIN A-D-S AT -12c
0 CONTROLWITH NOALCOHOLSTOREDAT 4

0

U

I

U

ul

0
w

co
a

WEEKSSTORED

FIG. 8. OSMoTIC RESISTANCE OF WHOLEBLOODTO 0.6
PER CENTNaCl STOREDAT - 120 C. IN 21 PER CENTAL-
COHOL-DEXTROSESALINE

C. if the volume of blood in the final diluent dropped
below 40 per cent.

DISCUSSION

Attempts were made to lessen the hemolytic
effect of pressure, by control of several variables.
Rapid application and rapid release of pressure
(1,500 atm.) to a sample of blood caused some im-
mediate hemolysis, but the amount of damage was
not considerable, being 0.28 Gm. hemoglobin per
100 ml. in the treated sample, as compared with
0.18 Gm. in the control, measured in the plasma.
Blood held under 340 atmospheres for seven days
showed no hemolysis, while another sample held
under 680 atmospheres for the same period pre-
sented considerable hemolysis. A third sample
had 340 atmospheres pressure applied for four
days, and then an additional 340 atmospheres for
three more days. The sample was as hemolyzed
as if 680 atmospheres had been applied at once.
The slow application and the slow release of pres-
sure (up to 1,800 atm.) was tried at the rate of
10 atmospheres per minute. Again the harmful
effects were of the same general order of magnitude
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at the different pressures in storage as that found
in the controls with single pressure applications.

The question whether the presence of air under
pressure affected the red cells was considered.
Pressure of 1,500 atmospheres was applied to two
samples of blood, and air was not evacuated in one
of them. The pressure was maintained for thirty
minutes. In the control sample where the vacuum
pump emptied the reaction vessel and pressure
system as usual, the hemoglobin value of the over-
lying plasma was 0.09 Gm. hemoglobin per 100
ml. The test sample, without preliminary evacu-
ation of the system before pressure application,
had a hemoglobin value in the plasma of 0.11 Gm.
The presence of air in the system did not increase
hemolysis.

The application of silicone coating to the walls
of the high-pressure reaction vessel did not reduce
the extent of hemolysis. Samples of blood stored
seven days at 40 C. under 340 atmospheres pres-
sure showed a 0.3 Gm. hemoglobin in the plasma
of the uncoated container and 0.5 Gm. hemoglobin
in the blood sample in the silicone coated container.

Changes in the acidity, alkalinity, and osmotic
pressure were studied. The addition of NaHCO3
in amounts of 0.2 ml. normal NaHCO3to 20 ml.
blood, prior to the application of pressure, did not
prevent hemolysis. Adding HCl in amounts of 0.2
ml. normal HCl solution per 20 ml. blood was also
tested. Treated samples were stored at - 7.5° C.
under 545 atmospheres pressure. When tested,
the sample treated with HCl contained 4.1 Gm. per
100 ml. and the control 3.7 Gm. per 100 ml. hemo-
globin in the plasma. The addition of identical
acid and alkaline solutions to blood without pres-
sure did not show equivalent hemolysis during
identical periods. The addition of distilled water
in amounts of 10 per cent of original volume to
one sample, and the addition of 0.2 Gm. NaCl to
20 ml. of blood, did not reduce but increased the
degree of hemolysis at 545 atmospheres pressure.

The effects of instantaneous or rapid freezing
and melting were studied. Samples of blood were
subjected to 1,020 atmospheres pressure and cooled
to - 110 C. The pressure was released suddenly
so that instantaneous freezing would occur. After
storage, the samples were defrosted by initially
applying 1,020 atmospheres pressure instantane-
ously and then warming to 40 C. This did not

prevent cell rupture, and complete hemolysis
resulted.

The effect of pressure on red cell mass without
plasma was found to be the same as on whole blood.

As noted, blood in A-C-D solution, if held un-
der 1,020 to 1,530 atmospheres pressure for a few
days, showed complete clotting. The addition of
heparin or sodium oxalate to the A-C-D blood
prevented clotting caused by such pressure. Since
sodium oxalate prevented such clotting it may be
that the original clotting was related to some shift
in the ionization of calcium under pressure.

The rate of application and release of pressure.
presence or absence of air under pressure, silicone
coating of reaction vessel, addition of acid or al-
kali, change in osmotic pressure, and rapid freez-
ing and melting were investigated. Varying each
of the factors did not diminish the hemolysis.

The damage to the red cell caused by pressure
may result from an altered metabolism of the cell.
In most physical and chemical reactions, volume
change occurs. Pressure opposes any change that
increases volume and promotes a change that de-
creases volume. It is reasonable to assume that
during storage under high pressures some meta-
bolic reactions are promoted while others are re-
tarded, depending on the volume changes in the
individual chemical reactions. The sum of the
effects of pressure on the red cell seems to favor
hemolysis. Generally, cold retards metabolic ac-
tivities of cells, and it was hoped that any damage
caused by pressure would be compensated for by
low temperature storage at - 130 C. It was disap-
pointing to find that considerable hemolysis oc-
cured under pressure regardless of the tempera-
ture investigated.

In the experiments described, whole blood was
successfuly stored at - 130 C. in the liquid state
under pressure. Considerable change occurred in
the blood with the increased pressure at any tem-
perature investigated, as evidenced by the hemoly-
sis, the extent of damage being related to the
amount, and duration of pressure applied. Deteri-
oration increased during storage. This paralleled
the results of earlier investigations at room tem-
perature on defibrinated blood or red cells sus-
pended in saline. Our results do not parallel the
recent favorable report of Jessiman and Walter
(10) who subjected blood to 22,500 lbs. pressure
per square inch and preserved it at - 150 C.
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A few observations were made on animals.
From each of five rabbits 20 ml. of blood were col-
lected in 4 ml. A-C-D solution and cooled to 40 C.
in a refrigerator. One part of blood was diluted
by one part A-D-S solution containing 42 per cent
alcohol, and the samples were stored at - 120 C.
for four months. Following four months storage
the supernatant fluid of the sample was syphoned
off, replaced by saline and reinjected into the same
rabbit. Unfortunately three rabbits died immedi-
ately following reinjection. The presence of fibrin
clots accumulated during the long storage may have
been instrumental in these deaths. Blood of the
last two rabbits was filtered through cheese cloth
and the rabbits survived reinjection well. The
grade of spontaneous hemolysis of the blood, rein-
jected to one rabbit which survived was 6 per cent
and the test of osmotic resistance against 0.6 per
cent sodium chloride solution showed 78 per cent
hemolysis.

Although blood stored at - 120 C. in the liquid
state in alcohol and tested for spontaneous hemoly-
sis and osmotic resistance did not show a striking
improvement as compared with blood stored at
40 C., the possibility still exists that the addition of
alcohol may be developed for long range preser-
vation of blood. Storage of blood is affected by
many factors, and only a few were evaluated. The
evaluation test procedures performed dealt with
the structural and osmotic state of the cells only.
These are of primary interest but many other
changes, which are related to metabolic activities
of the cells, may be directly affected by low tem-
perature. These changes are not revealed by the
tests used. The rate of enzyme deterioration, gly-
colysis, lactic acid formation, changes of pH and
potassium content of red cells were all found much
reduced at 40 C. Below 00 C. such studies are not
possible until the problem of prevention of hemoly-
sis by freezing is solved. Such studies could not
be undertaken in the present investigation. De-
terminations of spontaneous hemolysis and osmotic
resistance of red cells do not give information con-
cerning more subtle changes. Ability of the red
cells to survive blood transfusion in vivo (as de-
termined by the radioactive tagging with phos-
phorus, iron, etc.), is a more acceptable criterion
of the value of preservation of blood below O° C.
in liquid state in A-D-S solution.

SUMMARYAND CONCLUSIONS

1. The preservation of blood at temperatures
below freezing, kept liquid by the use of high
pressures and by ethyl alcohol, was investigated.

2. The damage caused by pressure in the range
investigated was considerable. High pressure low
temperature preservation of whole blood does not
seem to be a promising procedure for long term
mass preservation of whole blood.

3. The presence of 21 per cent ethyl alcohol in
the blood permits storage of whole blood at - 120
C. in liquid state. At this temperature 21 per cent
alcohol does not hemolyze red cells.

4. The spontaneous hemolysis in blood, kept
from freezing by alcohol and dextrose after four
months storage at - 120 C., was equal to, or
slightly less than, in blood stored at 40 C. in
A-C-D solution alone.

5. Osmotic resistance of the red cells showed
a definite but not remarkable improvement in the
blood stored at - 120 C. in alcohol.

6. It is urged that the use of alcohol for the low
temperature long range storage of blood and other
tissues be studied.
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