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Kunitz (1) reviewed the derivation of a for-
mula developed by Einstein (2) indicating that
viscosity is a function of the volume fraction of
a dispersed substance, and suggested a modified
empirical equation that was found to be more ap-
plicable to a large variety of solutions. The
complete equation is
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where 7 is the relative viscosity, i.e., the ratio of
the absolute viscosity of the suspension to that
of the pure solvent. The symbol ¢ stands for
the volume fraction occupied by the dispersed
substance or solute expressed either in percentage
or in cubic centimeters (cc.) per 100 cc. of solu-
tion. Hence, ¢ divided by the weight of the
solute per 100 cc. of solution represents the
specific volume of the solute. This should be con-
stant for various concentrations of a solute or a
suspension unless the solute or suspension is
hydrated or solvated to an extent varying with
the concentration.
On expansion the equation becomes

p=1+4 450 4+ 12¢% 4 25¢°. . . .
When ¢ is very small, the equation becomes

=14 4.5¢

and is identical with that derived by Hatschek (3)
for the viscosity of suspensions.

Kunitz advanced experimental data to demon-
strate that the expanded equation may be applied
to practically all solutions or suspensions where
the solute or particles are large in comparison with
the molecules of the solvent. The values for the
specific volumes of various concentrations of sugar
and sulphur suspensions, as calculated by this

1 Now with the U. S. Public Health Service Hospital,
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equation, are constant and agree with the actual
specific volume in the dry state. On the other
hand, the values for the specific volumes of solu-
tions of such substances as glycogen, casein, and
rubber, as obtained from viscosity measurements,
are much higher than those recorded for the dry
state, indicating that these substances are inti-
mately associated with a portion of their solvents.
Viscosity measurements and protein determina-
tions have been made on blood plasma and serum
to calculate the specific volume of the respective
proteins, in terms of the expanded equation.

METHODS AND PROCEDURE

The viscosities of serum and plasma were de-
termined at 25° =+ 0.02° C. by means of a Poi-
seuille viscometer as modified by Ostwald, using
2 cc. portions. The relative viscosity (n) was
obtained by dividing the time #, for serum or
plasma by the time ¢, for isotonic (0.9 per cent)
sodium chloride. When either the plasma or
serum was diluted with a diluting fluid, the cor-
responding value of ¢, was used. No correction
was made for density of the serum or plasma and
the diluting fluid, since this factor would be
nearly one, and relatively constant.

The total nitrogen of the serum was determined
by the micro-Kjeldahl method (4) and the non-
protein nitrogen by the procedure of Folin and
Wu (5). The protein nitrogen as obtained by
subtraction was multiplied by the usual conversion
factor, 6.25, to obtain the total protein percentage.
Plasma protein was calculated by adding to the
serum protein the value for fibrin, as determined
by the method of Chandler (6).

To determine ¢ from the expanded equation
when 5 is given, one must first plot on graph paper
a curve similar to that given by Kunitz (1) on
page 717. The values of ¢ for various values of
» may then be read directly from the curve.
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Preliminary experiments were made to deter-
mine the effect of the anticoagulants, potassium
oxalate and heparin, on the viscosity of serum and
plasma. Approximately 3 to 4 mgm. of potassium
oxalate or 0.5 mgm. of heparin were added to
each cc. of whole blood, and half of these amounts
to serum.

To determine whether the specific volume of
the protein remained constant under different
dilutions as low as 0.14 per cent, serum was di-
luted with distilled water, with isotonic sodium
chloride, and with M/15 phosphate buffer, pH
74.

The plasma and serum of 22 women in late
pregnancy were analyzed for viscosity time and
for protein concentration. The same analyses
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proteins in late pregnancy, are presented in Table
III. 1In each case the specific volume of the serum
protein is slightly less than that of the plasma
protein, the average values being 1.62 and 1.74.
The relative viscosity of serum is lower than that
of plasma, but the decrease is disproportionate to
the decreased serum protein, thus accounting for
the lower specific volume of the serum protein.
The data on the serum from parturient women
and their newborn children (cord blood), as given
in Table IV, indicate that all of the constituents
determined are definitely lower in cord blood
serum than in maternal blood serum. The de-
creased relative viscosity of cord blood serum is
not proportional to the decreased protein content;

de on th f 24 parturient women and TABLE A
were made on the sera o parturient women
. . ge The effect on the specific volume of the protein as determined b
of their newborn children (umbilical cord blood). 7 mwmf’mﬁvmmﬂf of d%uzmg serum Y
with distilled water
RESULTS
.. . . Specific
The viscosity of both serum and plasma is in- . Relative Volume | volume of
R . Protein Time viscosit fraction of | the protein
creased with the amounts of heparin employed c n 8ty | the protein | o
. . . ¢ - X 100
but is not changed with potassium oxalate (Table c
I). . Consequt:xtly, Potassilgm oxalate was used wams er | g ser cont
routinely as the anticoagulant. 7.20 164 | 1634 | 1050 1.46
6.72 113.3 1.590 9.93 1.48
TABLE 1 5.76 105.8 1.486 8.50 1.48
The effect of potassium oxalate and hepamt on the 4.80 989 1.389 710 1.48
viscosity time of serum and 3.36 89.3 1.254 5.00 1.49
AR A AR
Serum Flasma 1.68 803 | 1128 2770 161
Number With With With With With 0.72 75.4. 1.058 1.30 1.81
K omsiate| K oxalate | heparin | heparin | K oxalate 0.00 1.2 1.000
seconds | seconds d: d. d * This is the value for ;.
|| e || s |
2 116. . . .
3 121.0 | 120.5 137.1 | 129.8 TABLE II—8
4 1134 | 113.2 115.8 128.7 121.5 The effect on the specific volume of the protein as determined by
S 115.4 116.0 120.0 134.8 125.2 viscosity measurements of diluting serum with
tsotonic sodium chloride (0.90 per cent)

* Viscosity of serum and plasma are expressed in seconds
as com Pared with 71.2 seconds for water at a temperature
of 25.0° C.+0.02° C.

The results of diluting serum with distilled
water, with isotonic chloride, and with M /15 phos-
phate buffer, pH 7.4, to give various protein con-
centrations are given respectively in Tables II—A,
II—B, and II—C. The volume fraction of the
protein in each experiment is decreased by the
dilution, but its specific volume remains constant.

The protein content and relative viscosity of
serum and plasma, together with the volume frac-
tion and the specific volume of their respective

Specific
Volume volume of
i Relative | ¢o tion of | the in
g | e | B | | BN
" ) = X 100
C
L7y ‘f" seconds per cent
8.20 136.5 1.885 13.47 1.64
7.18 1229 1.698 11.27 1.57
6.15 112.7 1.557 9.50 1.54
4.10 95.4 1.318 6.00 1.46
2.05 82.6 1.141 2.92 1.42
1.03 714 1.069 1.50 1.46
0.16 731 1.010 0.20 1.25
0.00 72.4* 1.000

* This is the value for #,.
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TABLE II—C

The effect on the specsfic volume of the protein as determined by
viscosity measurements of diluting serum with
phosphate buffer, pH. 7.4

Vol Pt

tein Time Relative | (20000 | he protein
Pl‘OC N “”:my thr:cmtein ® pre

? = X 100
c
& 1“0"6’ cg" seconds per cent
7.15 118.3 1.594 998 1.40
6.44 112.0 1.509 8.88 1.38
5.72 106.7 1.438 7.80 1.36
4.76 99.9 1.346 6.48 1.36
3.58 89.6 1.208 411 1.15
2.38 85.5 1.152 3.13 1.32
143 80.5 1.085 1.85 1.29
0.57 76.9 1.036 0.81 1.42
0.14 74.6 1.005 0.10 0.71
0.00 74.2* 1.000

* This is the value for t,.

TABLE III

Specific volumes of serum and plasma proteins in late
pregnancy as derived from viscosity measurements

Serum Plasma *
8] 8]
Vol- cm Vol cm
Case Vis. | Rela-| ume | vol- Vis- | Rels-| ume | vol-
num- 5 oos | tive | frac- | ume Pro- tive | frac- | ume
ber A # vis- [ tion | of 0= | 05 | vis- | tion | of
CAEAR-A RS A S A b-d g I
t ity | pro- | tein 4 ity | pro- | tein
T xaoo L Bl LAV
[ 2 L 2
c C
ar::a sec- per e sec- per
per
100 | onds cent 100 | onds cent
cc. ce.
1 | 544 | 100.9| 1.518| 8.98 | 1.65 | 5.70 | 117.3| 1.620| 10.33 | 1.81
2 | 6.56 | 120.9] 1.670} 10.90 | 1.66 | 6.90 | 126.0| 1.740| 11.80 | 1.71
3 111116 1.541] 9.30 | 1.72 | 5.84 | 119.8| 1.655( 10.75 | 1.84
4 | 6.18 | 117.4| 1.622] 10.30 | 1.67 | 6.55 | 123.9] 1.711| 1145 | 1.75
5 | 7.06 | 116.3| 1.606] 10.20 | 1.44 | 7.45 | 124.0] 1.713| 11.46 | 1.54
6 | 6.95 | 115.8] 1.509| 10.00 | 1.44 | 7.37 | 126.5| 1.747} 11.90 | 1.61
7 | 7.28 | 121.0] 1.671| 10.98 | 151 | 7.91 | 135.9] 1.877| 13.39 | 1.69
8 | 6.26 | 116.2| 1. 10.19 | 1.63 | 6.68 | 123.6| 1.707| 11.38 | 1.70
9 | 5.00 | 110.3| 1.523| 9.00 | 1.80 | 5.37 | 120.1] 1.659{ 10.80 | 2.01
1 5.07 | 111.0] 1.533] 9.10 | 1.79 | 5.52 | 123.7| 1.709{ 11.37 | 2.06
11 | 6.11 | 121.4] 1.677| 11.00 | 1.80 | 6.42 | 128.7} 1.778| 12.28 | 1.91
12 | 6. 121.01 1.671} 10.90 | 1.76 | 6.65 | 126.8] 1.751| 11.92 | 1.79
13 | 6.31 | 123.8] 1.710 11.50 | 1.82 | 6.79 | 135.0| 1.865| 13.30 | 1.96
14 | 6.49 | 115.5] 1.595( 10.00 | 1.54 | 6.96 | 121.5| 1.678| 11.05 | 1.59
15 | 6.41 | 112.9] 1.559| 9.55 | 1.49 | 6.91 | 122.8| 1.696| 11 1.63
16 | 6. 126.8] 1.751| 11.95 | 1.71 | 7.52 | 137.0| 1.892| 13.52 | 1.80
17 | 6.67 | 118.0| 1.630| 10.45 | 1.57 | 7.15 | 125.6| 1.735] 11.79 | 1.65
18 | 7.02 | 121.0 1.671] 10.95 | 1.56 | 7.56 | 129.8| 1.793| 12.38 | 1.64
19 | 6.37 | 113.4] 1.566] 9.68 | 1.52 | 6.77 | 121.5| 1.678| 11.05 | 1.63
6.79 | 120.3| 1.662| 10.80 | 1.59 | 7.35 | 132.2| 1.826| 12.80 | 1.74
21 | 6.79 | 1154| 1.5904| 9.98 | 1.47 | 7.28 | 125.2| 1.720| 11.70 | 1.61
6.88 | 113.9] 1.573| 9.73 | 1.41 | 7.33 | 121.7| 1.681] 11.08 | 1.51
Aver-| 6.37 ll7.0| l.ﬁlﬁl 10.25 | 1.62 | 6.82 | 125.8] l.738| 1176 | 1.74
age

* Potassium oxalate was used as the anticoagulant.
Fibrin was determined directly and the value added to
serum protein to obtain the total plasma protein values.

801

TABLE 1V

Specific volumes of serum proteins in parturient women and
their newborn children as derived from
viscostty measurements

Maternal blood serum
(parturient women) Cord blood serum
Case Vol- | ¢ Vol %
num- Vis. | Rela-{ ume | vol- Vis- | Rela~| ume | vol-
Pro- | cos. | BVe | frac- | ume | o o | ‘" | tive | frac- | ume
. : vis- | tion of : : vis- | tion of
tein | ity £ tein | ity
C |tme| x| of || ¢ | time| S| of
4 ity | pro- | tein h ity | pro- | tein
9 tein |o 9 tein |o
¢ |- X100 ¢ |=X100
C
per | sec- per sec- per
per
100 | onds cent 100 | onds cent
cc. ce.
1 | 6.30 | 119.4] 1.650| 10.70 | 1.70 | 4.75 | 97.6] 1.348| 6.46 | 1.36
2 | 5.96 | 120.2| 1.660| 10.82 | 1.82 | 534 | 107.8| 1.480{ 8.59 | 1.61
3 | 6.78 | 124.1] 1.714| 11.50 | 1.70 | 6.10 | 108.0] 1.492| 8.60 | 1.41
4 | 593 | 126.2| 1.743| 11.82 | 1.09 | 5.37 | 105.6| 1.459] 8.10 | 1.51
5 | 7.03 | 123.2| 1.702| 11.31 | 1.61 | 6.29 | 105.1| 1.452| 8. 128
6 | 7.04 | 119.0] 1.644| 10.65 | 1.51 | 6.09 | 107.5{ 1. 852 | 140
7 | 720 | 124.2| 1.715| 11.50 | 1.58 | 5.67 | 97.5| 1.347| 6.45 | 1.14
8 | 6.5¢4 | 126.2| 1.743| 11.85 | 1.81 | 5.80 | 106.9| 1.477| 8.40 | 145
9 | 6.44 | 120.0{ 1.657| 10.80 | 1.68 | 532 | 97.0]| 1 6.35 | 1.19
10 | 7.07 | 124.5| 1.720{ 11.55 | 1.63 | 5.54 | 101.1| 1.396| 7.22 | 1.30
11 | 6.43 | 119.2] 1.646| 10.65 | 1.66 | 6.09 | 104.4] 1. 7.90 | 130
12 | 6.96 | 122.6 1.603| 11.23 | 1.61 | 5.58 | 101.0{ 1.395] 7.20 | 1.29
13 | 6.94 | 122.7| 1.605| 11.25 | 1.62 | 5.36 | 100.4| 1.387) 7.08 | 1.32
14 | 6.79 | 125.6] 1.735| 11.78 | 1.73 | 5.98 | 107.4| 1. 850 | 142
15 | 6.54 | 128.4] 1.773| 12.20 | 1.87 | 5.70 | 107.0| 1.478] 8.40 | 1.47
16 | 5.65 | 114.7 1.584| 9.85 | 1.74 | 5.12 | 100.4| 1.387] 7.10 | 1.39
17 | 6.00 | 121.7} 1.681] 11.08 | 1.85 | 5.58 | 108.6 1.500| 8.70 | 1.56
18 | 6.54 | 122.4{ 1.601] 11.20 | 1.71 | 4.74 | 06.2| 1.329| 6.20 | 1.31
19 | 5.61 | 117.8{ 1.627] 1040 | 1.85 | 4.79 | 100.3| 1.385| 7.05 | 1.47
20 | 6.54 | 130.2| 1.798| 1240 | 1.91 | 5.42 | 106.3| 1.468| 8.28 | 1.53
21 | 6.16 | 115.6 1.597] 10.00 | 1.62 | 5.16 | 100.9| 1.394]| 7.19 | 1.39
22 | 6.11 | 119.5] 1.651] 10.70 | 1.75 | 4.87 5| 1 6.68 137
23 | 6.47 | 118.6| 1.638( 10.57 | 1.63 | 5.65 | 101.6| 1.403| 7.32 | 1.30
24 | 6. 120.7] 1.667| 10.95 | 1.67 | 6.31 6| 1.472) 832 | 1.32
Aver-| 6.49 | 121.9] 1.684| 11.12 | 1.72 | 5.53 | 103.1] 1.424| 7.61 | 1.38
age

hence, if all other factors are equal, the specific
volume of cord serum protein is lower than ma-
ternal serum protein.

DISCUSSION

No satisfactory reason can be given why the
specific volumes of plasma and serum proteins
differ in the same blood, and in the sera of par-
turient women and their newborn children. How-
ever, a number of interesting possibilities may
be offered. Since plasma and serum proteins dif-
fer only by their fibrinogen content, it is quite
probable that the general shape or configuration
of the serum protein molecule has been changed
due to the separation of fibrinogen. The distri-
bution of the electric charges on these may also
be altered. These factors must play a definite
part in viscosity measurements which in turn
might lead one to false conclusions regarding spe-
cific volume of plasma and serum proteins in
solution.
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Fibrinogen, having a higher molecular weight
than serum albumin or globulin, leads one to sus-
pect it as being the main factor responsible for the
increase in viscosity of plasma over serum. The
concentration of other constituents, such as lipids
and electrolytes, is presumably the same in the
serum as in the plasma. The higher proportion
of globulin in maternal blood (7), as compared
with cord blood, probably explains the increase
in the viscosity of the maternal serum containing
a given weight of total protein, and hence, a higher
specific volume. It has been shown by Nugent and
Towle (8) that as the albumin-globulin ratio for
a given concentration of protein solution increases,
the relative viscosity is decreased, an observation
which is in agreement with the present study.

If it is assumed that blood proteins are hydrated
colloids, the data obtained by application of the
empirical equation would indicate that the plasma
proteins might be more hydrated than the serum
proteins, and that the serum proteins in parturient
women might be more hydrated than those of
their newborn children. It has been reported by
"du Nouy (9) that the specific volume of rabbit
serum protein in solution is 1.645 and in the dry
state is 0.785.

Not all investigators agree as to the state of the
water in blood plasma. Sunderman (10) con-
cluded from freezing point experiments that,
within 2 per cent, the limit of error of his meas-
urements, the content of free water of serum is
equal to the content of total water. From vis-
cosity measurements and data on the protein con-
centration of blood serum, Fishberg (11) con-
cluded that the actual volume of a protein in solu-
tion at any dilution is proportional to the dilution
and that it is unnecessary to assume any hydration
of the protein molecules. He further indicated
that variations in urea and cholesterol concentra-
tions have a profound influence upon the viscosity
of blood serum.

In hydremia in children Jochims (12) found a
parallel fall in plasma viscosity and protein. The
specific viscosity remained constant, indicating that
the excess water of the plasma in no way dis-
turbed the collodial nature of the proteins. He
also stated (13) that the viscosity of the blood
plasma in 21 normal children was not related di-
rectly to the protein concentration as demanded
by Einstein’s formula.
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SUMMARY

1. Potassium oxalate does not change the vis-
cosity time of serum or plasma, but heparin pro-
duces an increase.

2. Dilution of serum with distilled water, iso-
tonic saline, or with M /15 phosphate buffer solu-
tion to a protein concentration as low as 1 per
cent does not alter the specific volume of the
protein.

3. The specific volume of plasma protein is
slightly higher than that of serum protein from
the same blood sample.

4. The specific volume of serum protein is
higher in parturient women than in their newborn
children (cord blood).

5. Factors involved in the variation of the spe-
cific volume of proteins are discussed.
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