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Granulocyte Seperation by Modified Centrifugal Elutriation System (40105)
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Current laboratory methods for the sepa-
ration of granulocytes are, to a greater or
lesser degree, damaging to the cells. The
methods most frequently used are isopyknic
density-gradient centrifugation and separa-
tion by the reversible adhesion to nylon or
glass surfaces. The harmful effects of these
procedures have been reported by a number
of investigators (1, 2). These methods subject
the cells to the physical trauma of repeated
centrifugation and packing, are laborious and
giving low granulocyte yields. Clearly, there
is a need for a better technique for separation
of granulocytes.

A new process, CE,' has been recently
introduced and successfully used for the iso-
lation of a number of different cell types
(3-7). In this process sedimentation of cells
by the centrifugal force is counteracted by the
opposing force of liquid flow. The cell sepa-
ration results when a portion of the cell pop-
ulation has a sedimentation rate slower than
the fluid velocity and is washed out from the
separation chamber, while more rapidly sed-
imenting cells remain suspended in the cham-
ber. The retained cells are eluted either by
increasing the flow rate or by decreasing the
rotor speed. During this separation process,
cell packing and prolonged contact with for-
eign surfaces are avoided. This method allows
the use of any physiologically suitable me-
dium, produces a high yield of cell fractions
with a high degree of purification, and re-
quires a relatively short processing time.

In an attempt to utilize CE for separation
of granulocytes from whole human blood,
McEwen et al. (8) reported that it was nec-
essary first to enrich the leukocyte population
by Dextran-sedimentation of blood before
the lymphocyte-free granulocyte preparation
could be obtained by elutriation. Because
potential advantages of CE promise to elim-
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inate many shortcomings of the previous
techniques, we have investigated the feasibil-
ity of employing CE for the one-step separa-
tion of granulocytes from whole human
blood. This investigation and our earlier stud-
ies (9, 10) show that, with proper modifica-
tion, the CE process is most effective for
separation of granulocytes from whole hu-
man blood without the need for the leukocyte
enrichment step.

Materials and Methods. Blood collection.
Blood (5 ml) was collected by venipuncture
from healthy volunteers. It was immediately
diluted tenfold with HBSS? which effectively
prevents blood clotting for several hours. This
method was adapted from the procedure re-
ported by Chodirker et al. (11) in which blood
clotting was prevented by twentyfold dilution
with saline containing 0.1% bovine serum.
For comparison, blood was anticoagulated by
heparin (10 U/ml), and then used either un-
diluted or diluted tenfold.

Cell separation system. The Beckman JE-6
elutriator rotor was used in the Beckman J-
21 preparative centrifuge. In order to achieve
maximal cell yield and minimal dilution of
the purified granulocytes, the flow system of
the Beckman elutriator has been substantially
modified by the senior author. The main
modification is in providing the means for
reversing the direction of fluid flow through
the separation chamber in the rotor while the
system is in operation. This is accomplished
by using a compound valve which reverses
both the direction of fluid flow and at the
same time changes the exit line from waste to
sample collection. The diagramatic represen-
tation of this new flow system is shown in
Fig. 1. Changing the centripetally oriented
flow after the completion of elutriation to the
centrifugal direction aligns the action of both
the fluid drag and the centrifugal force. This
facilitates the evacuation of granulocytes
from the separation chamber. As a result, the

2 HBSS refers to Hanks’ balanced salt solution.
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concentrated suspension of granulocytes can
be collected in aliquots of small volume (5 to
8 ml). In contrast, elution of cells by the
original Beckman system yields collected cells
in aliquots of much larger volume (150 ml).
Once the cells are eluted, the system is ready
for the next run, so that many blood samples
can be successively processed. By reversing
back and forth the direction of flow, it is
possible to unclog the separation chamber
from cell pellet while the system is in opera-
tion should cell packing occur. Another mod-
ification of the Beckman system is that the
mixing chamber was replaced with the in-
verted sample bottle as shown in Fig. 1. Dur-
ing the loading step the diluted blood is dis-
placed by air from the sample bottle and
driven along the fluid line into the rotor, and
into the separation chamber.

CE procedure. The CE procedure starts by
purging air from the assembled flow system
which is facilitated by reversing the direction
of flow several times. The rotor speed is then
set and maintained at 2500 rpm throughout
the entire operation. Rotor speeds lower or
higher than 2500 rpm have been found less
suitable, as will be discussed later. During the
loading of the diluted blood, the rate of the
fluid flow is maintained at 11 ml/min. Fol-
lowing completion of the blood loading the
flow rate is increased to 14 ml/min. After
approximately 15 min, the separation cham-
ber begins to clear at its centripetal side while
remaining turbid at the other side (Fig. 2).
The visible turbid zone upon microscopic
examination was found to consist predomi-
nantly of granulocytes mixed with some red
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cells. To speed up the purification process the
flow rate 1s increased until the boundary of
the turbid zone is displaced to the top of the
wide side of the chamber. Based on a series
of 68 experiments, optimal flow rate for sep-
aration of granulocytes was found to vary
from 14 to 35 ml/min, depending upon the
individual donor. The flow rates from 62 out
of a total of 68 runs were in the range of
14-25 ml/min. Blood specimens used for this
study were obtained from eight subjects. No

-correlation was found between the individual

subjects and the flow rate variations when
measured on different days. However, the
flow rates were highly reproducible from run
to run, when measured on the same day with
blood from the same subject. Following 15
min of elutriation the granulocyte suspension
becomes virtually free of red cells and lym-
phocytes. The concentrated granulocytes are
then collected by reversing the direction of
the flow through the separation chamber. The
entire system was maintained at room tem-
perature throughout the operation.

Dextran-sedimentation. For comparison,
leukocytes were collected by the dextran-sed-
imentation technique (12). Five ml of hepa-
rinized (10 U/ml) blood were mixed with
equal volume of 3% Dextran 5000 (Pharma-
cia, Uppsala, Sweden) in saline and allowed
to sediment at room temperature for 45 min.
The leukocyte-rich supernatant was with-
drawn, centrifuged at 80g for 6 min, and
washed twice with HBSS. The number of
granulocytes per ml was determined by using
a hemacytometer.

Evaluation of granulocyte function. The
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FiG. 1. Flow diagram of the modified centrifugal elutriation system.
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Fi1G. 2. Beckman’s separation chamber in the process of elutriation, photographed with the strobe light. The
bottom two thirds of the chamber contains a suspension of purified granulocytes separated from 5 ml of whole
blood. Clotting was prevented by tenfold dilution of the blood. 2 X enlargement.

function of granulocytes isolated by CE at
different rotor speeds (2500, 3000, 4000 and
5000 rpm) was evaluated for their bactericidal
and phagocytic abilities and their membrane
integrity. The ability of granulocytes to kill
S. aureus was compared to that of dextran-
sedimented leukocytes from the same donor.
Each sample tube contained 0.1 ml cell sus-
pension (I X 10° granulocytes), 0.1 ml AB+
serum, 0.025 ml bacterial suspension (1 X 10°

bacteria), and 0.775 ml HBSS. Samples were
incubated at 37° for 120 min. Then, they
were plated on agar, incubated at 37° for 24
hr and analyzed for bacterial growth. Results
were expressed as the number of bacteria
surviving after 120 min of incubation with
granulocytes (13). Phagocytic function and
membrane integrity of granulocytes were an-
alyzed by our method (14) involving the com-
bined use of fluorescein diacetate, ethidium
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bromide, and zymosan particles. This method
allows easy distinction between phagocytiz-
ing cells, nonphagocytizing cells, and dead
cells.

Results. Granulocyte separation. The results
of this study on the use of the modified CE
system for separation of granulocytes from
blood are based on daily experimental runs
conducted over a period of two years. The
systematic study of different flow rates during
the loading of whole blood revealed that the
flow rate must initially be kept low (11
ml/min). To obtain maximal granulocytes
yield the volume of loaded blood should not
exceed 5 ml. Loading larger volume of whole
blood than 5 ml results in considerable loss
in recovery of granulocytes. Apparently, this
is due to overcrowding of cells in the cham-
ber. When tenfold diluted blood is used then
a total of 10 ml whole blood can be loaded
without significantly reducing the granulo-
cyte yield. The initial dilution allows red
blood cells to be continuously eluted from the
separation chamber during loading which re-
lieves the overcrowding and improves the
condition for retention of granulocytes.

The entire procedure for separating gran-
ulocytes from 5 ml of whole blood takes
between 30 and 35 min at 2500 rpm, depend-
ing upon donor. The collected granulocyte
preparation contains approximately 2:1 ratio
of erythrocytes to granulocytes. At this point
very few lymphocytes are present. From 5 ml
of whole blood, the number of lymphocytes
and granulocytes from five separate experi-
ments averaged 2.0 X 10° + 1.9 X 10° and
137 X 10° + 46 X 10° cells respectively. The
few lymphocytes present constituted only
about 1.7% of the total. A complete removal
of both lymphocytes and erythrocytes can be
achieved after about 90 min of elutriation.
Larger blood samples of up to 30 ml after
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tenfold dilution with HBSS can also be proc-
essed with fair yields of granulocytes.

Granulocyte yield. Yields of granulocytes
separated by this procedure from diluted
blood can be as high as 100%. Typically, the
yield approaches 90%, with an average value
of 87%. Lymphocytes present in the separated
granulocyte samples gave an average value of
1.2 + 1.1%. The calculation of granulocyte
yield was based on differential WBC counts
in the samples of whole blood before elutria-
tion and in the collected granulocytes after
elutriation.

Cell evaluation. Granulocytes isolated by
CE at different rotor speeds and different
flow rates were evaluated for their bacteri-
cidal function, phagocytic activity and mem-
brane integrity. The results of these tests are
presented in Table I. It is evident from these
data that, at a rotor speed of 2500 rpm and a
flow rate of 21 ml/min, the ability of granu-
locytes to kill S. aureus is comparable to that
of Dextran-sedimented control cells. How-
ever, with the increase of rotor speed up to
5000 rpm and higher flow rates up to 80
ml/min, there is a significant decrease in the
bactericidal ability of granulocytes. Phago-
cytic function and membrane integrity tests
show an apparent decrease in phagocytic ca-
pacity up to 4000 rpm while membrane integ-
rity did not display significant changes with
increase in rotor speeds. Phagocytic function
of granulocytes obtained at 5000 rpm appears
to approach the level observed with cells
elutriated at 2500 rpm. At this high rotor
speed the elutriation rate is very high (80
ml/min), therefore, a much shorter time (10
min) is required to separate granulocytes al-
most free of lymphocytes and red cells than
that at 2500 rpm (35 min). The shorter proc-
essing time could be one of the reasons for
the recovery of phagocytic function of gran-

TABLE 1. EFFECT OF ROTOR SPEED AND ELUTRIATION RATE ON FUNCTIONS OF GRANULOCYTES

Rotor speed  Elutriation % Phagocytizing

% Nonphagocytiz-

% Killing of S. au-

rpm rate ml/min cells® ing cells % Dead cells reus®

2500 21 56 + 6° 41 + 4 3+£05 92 + 3.1
3000 38 38+4 4 +5 18+3 84 + 1.3
4000 48 28 £ 17 60 = 19 12+2 80 = 1.6
5000 80 50+ 16 41 = 16 9+07 6255

“ As control experiments for phagocytic function, Dextran-sedimented leukocytes were used and the numbers of

phagocytizing cells were between 50 and 63%.
b Standard deviations.

¢ The percent killing of S. aureus by Dextran-sedimented leukocytes was 91 + 4.4
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ulocytes (Table 1). Rotor speed below 2500
rpm requires longer than 35 min of elutriation
time and therefore is less desirable.

Granulocytes isolated by this procedure
from blood diluted tenfold without antico-
agulant have a lesser tendency to clump,
particularly upon incubation at 37°, than
those isolated from heparinized blood. Also
they have less tendency to clump than do
Dextran-sedimented cells.

Discussion. The modifications of the Beck-
man centrifugal elutriator concern mainly
with its flow system. By adding new means
for reversing the direction of flow through
the separation chamber and by making dif-
ferent provisions for loading cell samples, this
system becomes more effective for the sepa-
ration of granulocytes than was the original
system as described by McEwen (8). The
advantages resulting from these modifica-
tions are that with this system one can: (a)
separate granulocytes from whole human
blood in one-step procedure; (b) collect con-
centrated cells in small volume; (c) obtain
almost 100% yield of purified granulocytes;
and (d) unclog the separation chamber with-
out stopping the rotor, should cell packing
occur, by simply reversing direction of flow.
Based on the evaluation of the granulocytes’
bactericidal and phagocytic function, and on
their membrane integrity, it appears that our
CE procedure is less traumatizing to the cells
than are the other available methods. It is
simple to perform, requires a relatively short
time, and is suitable for serial processing of
many blood samples. In addition, granulo-
cytes can be separated without the use of
anticoagulants. Therefore, this procedure ap-
pears to have a greater potential than other
available methods for obtaining granulocytes
in the least damaged condition for a variety
of clinical tests, such as chemotaxis, migration
inhibition, NBT reduction, etc., as well as for
a host of scientific studies on the biochemical
nature of granulocytes. Although some of
these clinical tests do not require pure gran-
ulocytes, the use of intact and purified cells
should make the tests more efficient, specific
and sensitive.

The order in which the blood cell types are
distributed in the separation chamber during
elutriation appears, paradoxically, to be the
reverse of that commonly observed during
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the centrifugation of blood. During elutria-
tion, granulocytes occupy the centrifugal side
of the chamber while red cells and lympho-
cytes the centripetal side. It is interesting to
note that Maupin (15) showed that when
blood is entensively diluted with normal sa-
line and then centrifuged, granulocytes are
sedimented first, followed by lymphocytes
and red cells. Since the CE process also in-
volves extensive dilution of blood, this may
be a reason for the analogous distribution of
the blood cells within the elutriation cham-
ber.

Of special interest is the observed repro-
ducibility in the flow rates required to main-
tain granulocytes at a specified level within
the separation chamber when measured on
the same day with the blood from the same
donor. This reproducibility suggests that flow
rate variations are not due to the experimen-
tal error, but rather due to actual variations
in the granulocyte volume or bouyant den-
sity. Thus, CE may offer a new way for
measuring in bulk this important cell param-
eter.

Summary. The Beckman centrifugal elu-
triation system has been modified for a one-
step separation of granulocytes from whole
human blood. A special valve for reversing
the direction of flow permits the collection of
concentrated granulocytes in small volumes
and allows unclogging of the separation
chamber should cell packing occur during
centrifugal elutriation. Blood diluted tenfold
prevents coagulation, reduces the cell trauma
and makes separation more efficient. Main-
tenance of the precise flow rates by visual
monitoring of the granulocyte level in the
chamber during elutriation, when the cham-
ber begins to clear of red blood cells, is essen-
tial for optimal separation. Granulocytes iso-
lated at rotor speed of 2500 rpm are indistin-
guishable in their membrane integrity, bac-
tericidal and phagocytic abilities from those
collected by Dextran-sedimentation. Cell
yields close to 100%, high purty, minimal cell
traumatization, and short processing time
make this technique highly effective in col-
lecting granulocytes for clinical and labora-
tory studies.
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