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1967.—Oxygen content of 7 ul of blood can be determined by
injecting a blood sample from a calibrated pipette into a
thermostatically controlled glass chamber containing a mag-
netic stirring bar and a solution of ferricyanide and saponin.
The oxygen bound by the hemoglobin is released into physical
solution and the resulting change in oxygen pressure is meas-
ured with an oxygen electrode. A determination can be com-
pleted every 7 min. Replicate determinations have a standard
deviation of 0.14 ml O per 100 ml blood. The difference be-
tween eight mean values of oxygen content determined by this
method and that of Van Slyke and Neill had a mean value of
0.03 ml O: per 100 ml blood (standard error = 0.06). The
method can be used with a microtonometer and gas-mixing
system to construct oxygen dissociation curves from 200 ul of
blood.

blood gases

OXYGEN CONTENT

The oxygen content of blood is an important measurement in
clinical practice and in research on respiration and circulation.
The method described here for making this measurement on 7
pl of blood is based on the tested principle of releasing hemo-
globin-bound oxygen into physical solution and measuring the
resulting change in partial pressure of oxygen (Pos;) with an
oxygen electrode (1, 8-10). Compared to other micromethods
based on this and other principles, the present method requires
one-third or less the sample volume without sacrificing accu-
racy and precision (Table 1).

Oxygen is released from hemoglobin in a water-jacketed
glass chamber constructed to fit over the end of a vertical
Beckman oxygen macroelectrode (no. 315780) (Fig. 1). The
chamber contains a magnetic stainless steel stirring rod and
opens to the outside by a capillary 1 mm in diameter. This
capillary usually is closed with a glass stopper to prevent con-
tamination of the chamber contents with atmospheric oxygen.
The volume of the chamber (about .5 ml in this study) can be
measured by weighing a .5-ml syringe before and after filling
the chamber to the top of the capillary with water.

The chamber can be rinsed with distilled water from a siphon
ending in PE-50 polyethylene tubing. Liquids are removed
from the chamber by a vacuum line, also ending in PE-50
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tubing. A magnetic stirrer actuates the stirring bar in the
chamber. ,

The blood sample is transferred to the chamber with a cali-
brated overflow-type micropipette attached to a .25-ml syringe
and 23-gauge needle with PE-50 tubing (Fig. 1). The micro-
pipette used in this study contained 7.24 pl of blood.

Two solutions are used in the procedure. In one solution,
6 g of potassium ferricyanide [KsFe(CN)g] and 3 g of saponin
dissolved in 1 kg of water are used to release the oxygen bound
by hemoglobin. Some of the ferricyanide solution is equilibrated
with air and placed in a 5-ml syringe to serve as a standard.
Another portion is placed in a well-greased 10-ml syringe and
degassed by plugging the syringe needle with a piece of rubber,
pulling back the plunger to create a vacuum, and shaking. The
extracted gas is expelled and the procedure repeated four or
five times until no more gas is extracted. A trace of caprylic al-
cohol in the syringe reduces foaming.

The second solution is oxygen free and counsists of 1 mg so-

" dium sulfite (Na:SQOs) per 5 ml 0.01 y sodium borate (NasB,O»).
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It is prepared fresh daily by adding sodium sulfite to the borate
solution in a 5-ml syringe, inserting the plunger, and expelling
all air bubbles. '

The current output of the oxygen electrode can be measured
with a variety of devices. In this study, the elecirode was con-
nected to a Beckman dynograph preamplifier with a type 9871
input coupler. The preamplifier drove a 10-inch Honeywell po-
tentiometric recorder. Since the electrode output is markedly
temperature sensitive, water from a bath regulated at 32 =%
0.01 C circulated continuously through the water jacket of the
electrode chamber. This temperature was chosen because it is
sufficiently above laboratory temperature to allow regulation
with a simple heater, yet solutions injected at laboratory tem-
perature equilibrate rapidly.

Each analysis of blood oxygen content consists of two parts:
measurement of the change in Po, when the oxygen bound by
hemoglobin is released into physical solution in the degassed
ferricyanide reagent, and calibration of the electrode by meas-
uring a known Poj (aerated ferricyanide reagent). Periodically,
the electrode reading at a Po, of 0 (sodium sulfite reagent) also
is determined. This reading is fairly stable and need not be
made for every analysis. The oxygen content of the blood sam-
ple can be calculated from the above data together with the
volume of the chamber and the solubility coefficient for oxygen
in the ferricyanide reagent.

The following is a detailed account of the operations involved
in measuring the oxygen content of a blood sample. The cham-
ber on the electrode is carefully filled with degassed ferricyanide
solution from the 10-ml syringe. The chamber is stoppered and
the stirring motor turned on. After equilibration (about 2 min)
the reading of the electrode is noted, the stirring motor stopped,
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TABLE 1. Comparison of sample volume, time, precision, and
accurqey for various methods for blood oxygen content

Accuracy (Mean
Sample [Time per| = Precision, | Diff Comipared to
Methed Vol, u1 Apalysis, | (sp, ml Oa per |Van Slyke Method,
' roin 100 ml blood) | ml O: per 100 ml
blood)
This study 717 0.14 0.03
(10 repli-
. cates)
Dixit and Lazarow 201 15 0.19 not available
®3)
Natelson (7) 30| 20 0.08-0.20 0.004
Roughton and 40| 12 0.13 0.05
Scholander (11)
Laver et al. (8) 50 3 0.21 0.42
Gas chromatog- 50 4 0.14 0.35
raphy (5) _
Mayers and Forster | 400 | 6-7 0.29 <0.37
(10)
Van Slyke and Neill] 2000 | 15 0.04
(13)

the stopper removed, and the blood sample injected, care being
taken to exclude any bubbles. During this procedure the ferri-
cyanide solution overflows the chamber, and an insignificant
part of this overflow re-enters the chamber when the micro-
pipette is withdrawn. The stopper is replaced, the stirring motor
is turned on, and the reading of the electrode is noted after
equilibration (2-3 min). Stirring must be adequate to mix the
blood and ferricyanide reagent thoroughly.

Calibration is accomplished by removing the blood and
ferricyanide reagent with suction, filling the chamber with
aerated ferricyanide reagent and stirring, and emptying the
chamber and refilling again two-thirds full with aerated ferri-
cyanide reagent. The chamber is stirred and left unstoppered,
and the reading of the electrode is noted after equilibration
(about 2 min). It is necessary to let the ferricyanide reagent
equilibrate with a bubble of air in the chamber since the cham-
ber will probably be at a different temperature than that at
which the reagent was originally aerated. The electrode reading
following this method of equilibration is identical to that when
water equilibrated with air at 32.0 C in a water bath is placed
in the elecirode chamber. The reading of the electrode at 0
Po, is determined by injecting the sodium sulfite reagent into
the chamber, stoppering, and stirring until equilibration. If
more convenient, pure nitrogen may be bubbled through the
chamber. Both methods give the same reading. The sodium sul-
fite must be thoroughly rinsed out with distilled water before
the next blood analysis.

The following is an example of the measurements and calcu-
lations made during an analysis of blood oxygen content. Solu-
bility coefficients (¢) of oxygen in the ferricyanide reagent are
shown in Table 2. Barometric pressure = 755 mm Hg, tem-
perature of chamber = 32.0 C, vapor pressure of ferricyanide
reagent = 35 mm Hg (Table 1), Po; in aerated ferricyanide
reagent = (755 — 35) 0.2095 = 151 mm Hg, chamber
volume = 458 pl, sample volume = 7.24 ul.

reading on degassed ferricyanide reagent = 13.7 chart divisions

reading after equilibration of ferricyanide reagent and blood =
64.5 chart divisions

reading on aerated ferricyanide reagent = 87.5 chart divisions

reading at 0 Po, = 8.8 chart divisions
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Thus, 151 mm Hg oxygen corresponds to 87.5 — 8.8 = 78.7
chart divisions, or 1.92 mm oxygen per chart division. The
change in Pos (A Po,) after injecting the blood sample =
(64.5 — 13.7) 1.92 = 97.6 mm.

oxygen content (ml O,/100 ml blood)
(AP0,/760 mm) X a X vol of chamber
X (100/sample size)
(97.6/760) X 0.0252 X 458 X (100/7.24) = 20.5

The accuracy of the electrode method was determined by
shéwing that the change in Po; in the chamber was proportional
to the amount of oxygen introduced, and that the oxygen con-
tents of blood samples as determined by the electrode were
the same as those determined by the procedure of Van Slyke
and Neill (13). The amount of oxygen introduced into the
chamber was varied by injecting various volumes of a single
blood sample equilibrated with air (Fig. 2). The relation be-
tween blood volume and change in Po, was proportional and
was described by the least-squares equation ul blood = 0.0659
A Pos — 0.07 (standard error of estimate = 0.388, N = 16).

Comparative analyses of blood with the electrode and the
method of Van Slyke and Neill showed that the means of these
two methods agreed over a wide range of oxygen contents
(Table 3). Blood was diluted with plasma to obtain samples
with different oxygen contents. Each sample was equilibrated
with air, and oxygen content determinations by the Van
Slyke method were made on 1-ml aliquots by F. G. Hall. De-
terminations by the electrode method were-made on 7.24-ul
aliquots of the same sample.

The oxygen electrode method can be compared with other
methods commonly used for blood oxygen content (Table 1).
It is as accurate and precise as other micro methods, none of
which are as precise as the macro method of Van Slyke and
Neill. Its outstanding advantages are small sample require-
ments and simplicity. There is no obvious reason why it could
not be used on samples of 1 gl or less by increasing amplifica-
tion, using a smaller electrode, and reducing the electrode

i |
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r16. 1. Cross section of oxygen electrode in glass chamber. A,
water jacket; B, chamber and stirring bar; C, oxygen electrode
and rubber collar; D, glass stopper. The rubber collar is made from
tubing and supports the chamber on the electrode. The stopper is
made from 3-mm glass rod, drawn out and held over a flame until
a ball forms at the tip. A micropipette attached by polyethylene
tubing to a shortened hypodermic needle is shown at E.
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TABLE 2. Relation between temperature, oxygen solubility,
and vapor pressure of the ferricyanide reagent used
in this study

Temperature, °C o™ Vapor Pressure, mm Hg
25 0.0284 23
26 0.0279 24
27 0.0275 26
28 0.0270 27
29 0.0265 29
30 0.0261 31
31 0.0256 33
32 ’ 0.0252 35
33 0.0248 37
34 0.0243 39

¥ o is the volume of oxygen (at STP) absorbed by ! volume of
ferricyanide solution when the pressure of the oxygen iiself,
without the aqueous vapor pressure, is 760 mm Hg. These values
and values at other temperatures may be calculated from refs.

6, 12.

chamber volume. With one electrode, an analysis including
calibration can be completed every 7 min, and 859%, of this
time is spent waiting for equilibration. Two electrodes could
be used simultaneously, allowing an operator to analyze a
blood sample every 3 or 4 min.

A source of error in the oxygen electrode method is drift and
noise in the electrode output. Drift errors are minimized by
calibrating the electrode with aerated reagent following each
determination. Noise can be reduced by adding Na,SO; and a
ground wire to the water circulating around the electrode
chambcx, and placmg a 2-uf capacitor across the electrode
leads.

A second possible source of error is the gain or loss of oxygen
by the ferricyanide solution that overflows the chamber during
injection of the blood sample and re-enters the chamber when
the micropipette is withdrawn. The overflow is about 8 ul.
It consists entirely of ferricyanide solution that has not con-
tacted blood since the blood is injected near the middle of the
chamber and falls rapidly. Only about 1 ul of the overflow
re-enters the chamber. With a 458-ul chamber, addition of 1
ul of ferricyanide solution completely equilibrated with air
would raise the Pos in the chamber by only 0.3 mm. This in-
crease is insignificant; in the example given earlier, it would
alter the calculated oxygen content of the blood by less than
0.49%,. Furthermore, the oxygen electrode method yields val-
ues for the oxygen content of plasma that are within 0.1 ml
O, per 100 mi plasma of the values determined by Van Slyke
and Neill (Table 3), and the line shown in Fig. 2 has an equa-
tion that is not significantly different from a proportional rela-
tion. These observations demonstrate that no significant
amount of oxygen is gained or lost during the overflow and re-
entry of the ferricyanide solution.

Another possible source of error is oxygen consumptlon by
the electrode itself, but this is negligible with the Beckman
macroelectrode. This electrode passes a current of approxi-
mately 400 X 107 amp in a solution with a Po; of 150 mm
Hg. Four electrons flow through the electrode for every mole-
cule of oxygen consumed (2), so that oxygen consumption by
the electrode would change the Po. in the chamber by less

than 0.0005 %/min.

V. A. TUCKER

OXYGEN DISSOCIATION

Conventional methods of determining oxygen dissociation
curves and pH on whole blood require several milliliters of
blood. This is a major technical difficulty (14) since pooled
blood samples are required from vertebrates weighing less than
100 g. There is almost no information on how dissociation
curves of these animals vary among individuals, nor has iy
been feasible to follow temporal changes in individual dissocia-
tion curves after experimental treatment. The method de-
scribed here has been in use in my laboratory for the past
year and permits the construction of dissociation curves for
individual vertebrates weighing as little as 10 g, or for larger
-animals without sacrificing the individual. In addition, the
method is simple and requires only a modest investment in
space and material.

The method uses a continuous gas-flow system similar to
Hall’s (4) with two special features: a method for mixing and
analyzing gas flows to obtain a constant percentage of carbon
dioxide and variable percentages of oxygen, and a micro-
tonometer compatible with the previously described micro-
method of analysis for blood oxygen content. Gas mixtures
flow past an oxygen electrode, pass through a rotating tonom-
eter containing the blood sample and exhaust to the atmos-
phere. The oxygen electrode and tonometer are mounted inside
a glass jar that is submewed in a water bath for temperature
control (Fig. 3).

Gas containing a constant percentage of carbon dioxide
but variable percentages of oxygen is obtained by mixing gas
streams in different proportions from two high-pressure cylin-
ders, one containing the desired percentage of carbon dioxide
in nitrogen and the other in air (or in oxygen-for blood with
low oxygen affinity). Each gas passes from its cylinder (I use
small E cylinders and commercially mixed gases) through a
two-stage regulator set at .2 atm gauge pressuie, a fine needle
valve (such as Whitey ORM2), a manormetric flowmeter, and
a humidifier to a three-way stopcock where it mixes with the
other gas stream.

The humidifiers are made in two halves from 12-mom glass
tubing drawn out at the ends to fit the rubber tubing carrying
the gas. Each half contains approximately 3 cm of loosely
packed glass wool, and the halves are joined together with
rubber tubing. Once a day distilled water is sucked up into the
humidifiers then blown out gently to remove any droplets. In

o
T T

o
T
Blood Volume (pl)
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/ A pO, (mm Hg)
1 Il 1 L 1 1 1

B8O 160 240

riG. 2. Relation between volume of blood injected into a 505-ut
chamber and change in Po, in the chamber.
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TABLE 3. Comparison of blood oxygen content by the method
of Van Slyke and Neill and the oxygen electrode méthod,
ml O per 100 ml blood

Sample | Yoz Shte Mean Electrode Meen | Diff
1 24.15, 24.25 24.20 24,00, 24.20, | 24.23{—0.03
24.60, 24.60,
23.80, 24.20
2 18.36, 18.38{ 18.37 18.08, 17.66, | 17.95140.42
. < 18.10
3 10.45, 10.55| 10.50 '10.64, 10.23, | 10.48[--0.02
10.35
4 9.65, 9.65 9.65 9.73, 9.77 9.75/—0.10
5 | 711,713 7.12 | 7.25,7.05, 7.08/40.04
] # 6.95
6 5.07, 5.00 5.04 5.15, 5.19 5.17|—-0.13
7 2.92, 3.10 3.01 3.05, 3.03 3.04{—0.03
Plasma 0.5 0.49, 0.44, 045, 0.44/40.06
(Ref. 12) 0.37
Mean
diff = 0.03
sE = 0.06

use, the humidifiers are immersed in the constant-temperature
bath.

The three-way stopcock, oxygen electrode (Beckman macro-
electrode no. 315780), and the tonometer are mounted on a
rubber stopper. Gas flows from the stopcock through a chamber
fitted over the end of the oxygen electrode and through a slip-
joint into the tonometer. The stopcock is used in calibrating
the electrode since it selects whether carbon dioxide in nitrogen,
carbon dioxide in air, or a mixture of these flows over the elec-
trode.

Gas flows continuously through the tonometer and exhausts
to the atmosphere. The tonometer has a total volume of ap-
proximately 5 ml and can be rotated at 30 rpm by a
synchronous clock motor. When the tonometer is stationary,
blood can be sampled from it with a micropipette inserted
through a tube attached to the inside wall of the tonometer.
This tube prevents blood spillage when the tonometer rotates.

The rubber stopper and its attached components fit tightly
into a wide-mouth jar that is immersed in a water bath. A hole
drilled in the jar in line with the tonometer opening provides
access to the blood. A tapered piece of Tygon tubing fits into
the hole and forms a dam that prevents water from entering
the jar. The bearing where the shaft from the motor passes
through the stopper is made from close-fitting glass tubing
and is watertight if lightly greased. Electrical connectors at the
rear of some oxygen electrodes must be made waterproof be-
fore submersion.

In my laboratory, the oxygen electrode output is recorded
with the same apparatus used with the electrode for blood gas
measurement. pH is measured on 15 pl of bloed with a
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