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ABSTRACT

A LOW SPEED ROTOR
FOR THE
SEPARATION OF WHOLE CELLS
by
William Manning Saxton
Master of Science in Biology

Applications of a low-speed centrifuge rotor designed
to separate whole cells at very low g-forces in partially
reoriented, shallow density gradients are presented.

The

particle separation chamber was fabricated using Lucite
so that gradient behavior and particle sedimentation could
be monitored visually during rotor operation
stroboscopic illumination.

by using

Runs were recorded on video-

tape for later study and frame-by-frame analysis.

Rotor

performance was tested using a model system consisting of
polystyrene microspheres of known sizes and densities.

The

resolution obtained exceeded that of previously reported
centrifugal separations.

Cells from an ascites-grown

tumor were separated into three discrete subpopulations.
Cells comprising each subpopulation were characterized in
terms of size distributions and sedimentation rates.
Experimental results are discussed in relation to theoretical considerations about the behavior of particles in
partially reoriented density gradients.

vii

INTRODUCTION

Throughout the development of centrifugation, efforts
have been concentrated for the most part on extending the
upper limit of centrifugal force for use in isolating or
characterizing smaller and smaller particles.
last twenty years, however,

Over the

there has been increasing

interest in the use of very small centrifugal forces for
separating mixtures of large particles such as whole cells.
This interest was motivated by the realization that
rigorous studies of tissues must account for the heterogeneity of the constituent cells (21).
A heterogenous mixture of cells can be separated into
homogenous subpopulations by sedimentation through a
"density gradient"--that is, a column of liquid the density
of which progressively increases in the direction of sedimentation (18).

Although there are methods for separating

cells which do not employ sedimentation (e.g. affinity
techniques and fluorescence-activated cell sorting), these
methods yield small numbers of isolated cells.

Methods

based on sedimentation can provide high yields.
The simplest sedimentation methods employ cylindrical
chambers filled with density gradients which use the
Earth's gravity ("unit gravity") for sedimentation.

More

complex methods which are often faster and yield even
greater numbers of cells employ centrifugal force with
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swinging-bucket and zonal rotors.
In most cases, separations of particle mixtures by
sedimentation require the use of density gradients.

The

presence of a density gradient stabilizes such separations
against mixing that can be caused by convection and mechanical disturbances (1, 7).

Density gradients are divided

into two classes depending upon whether they are used to
separate cells on the basis of the cells' sedimentation
rate (rate or velocity sedimentation) or density (isopycnic
sedimentation).
The instantaneous rate of sedimentation

dx~t

of a

particle during centrifugation is given by the equation

dx/dt

=

2 r 2 ( Pp -Pm )w 2 x

where

is the particle's radius,

density,

Pm

particle,

n

(1)

9n(f/fo)
~

is the particle's

is the density of the medium surrounding the
is the viscosity of that medium,

fifo

is the

ratio of frictional resistance encountered by a particle
to that of a sphere of equal volume,
rotor's angular velocity, and

X

w is the centrifuge

is the distance between

the particle and the axis of rotation (18).

It can be

seen that as a particle approaches a point in a gradient
where the density equals its own (isopycnic point), its
sedimentation rate will approach zero.

Thus, in an

appropriate gradient, particles having different densities
will sediment to different points and their separation
will have been achieved.

To minimize the effect of
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differences in particle densities, sedimentation can be
performed using a gradient in which the greatest density
is less than that of the particles.

This is called rate

or velocity sedimentation.

remains small relative

to PP the first order term

When

Pm

Wp-P~remains

unchanged and has much less effect on
second order term

essentially

dxMt

than the

Thus differences in particle size

become much more important in sedimentation than differences in density.

Since for most cells the range of cell

size (6-50 um) is much greater than the range of cell
density (1.06-1.15 gm/ml), rate sedimentation is usually
the method of choice (19).
There are two opposing problems associated with
centrifugal cell separations:

(1) whole cells have a

very rapid rate of sedimentation; and (2) cells are highly
susceptible to osmotic stress.

To reduce the rate of

sedimentation one could use a steep gradient but such a
gradient will have high solute concentrations and thus
high osmolarity.

On the other hand, to reduce osmotic

stress one could choose a shallow and light gradient but
this would allow too great a rate of sedimentation.

A

brief accounting of the history of density gradient cell
sedimentation serves to illuminate current attempts to
resolve these problems.
Behrens is usually credited with the development of
density gradient centrifugation.

In 1938 he reported the

use of a non-aqueous gradient consisting of benzene and
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carbon tetrachloride for the separation of cell components
and for isopycnic measurements (3).

Further work by

Pickels (15), Anderson (2), Kahler and Lloyd (10), and
Brakke (5) led to the development of aqueous sucrose
gradients which have since become the mainstay of modern
density gradient centrifugation.

Sucrose gradients are

used in some cell separations but due to the small size of
the sucrose molecule and consequent high osmolarity they
are usually avoided.

In 1960, Goodman reported the sue-

cessful separation of blood cells in an aqueous gradient
formed using bovine serum albumin (9).

Other non-osmotic

aqueous gradients have since been developed using other
high molecular weight solutes such as calf serum, Ficoll
(polysucrose), and Percell (colliodal silica).
The development of non-osmotic gradients has improved
the results of cell separations substantially but does not
eliminate all problems.

Non-osmotic solutes allow the

centrifugal sedimentation of cells through steep gradients
but the narrow range of cell densities places a limitation
on the resolution attainable in such gradients.

As noted

previously, when attempting to separate cells it is advantageous to minimize the effect of cell density and maximize
the effect of cell size.

This requires the use of low

density, shallow gradients.

To accommodate the use of such

rate or velocity gradients modifications in techniques and
apparatus must be employed.
In 1956, Glick used a continuous sucrose gradient to
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separate cells washed from the peritoneal cavity of a
mouse (8).

Using a swinging bucket rotor he centrifuged

the cells for a total of five minutes, gradually increasing
the speed to produce a maximum of 110 x g.

The rotor speed

was then gradually reduced to zero and four separated bands
of cells were collected.

Glick noted that the positions

of the cell layers were not the isopycnic positions which
would be attained in a run of longer duration.
In 1968, Boone et al reported an alternative to the
separation of cells in swinging bucket rotors (4).

Using

an A-IX zonal rotor, they separated a mixture of human
leukemia cells and rabbit thymocytes.

They employed a

10-20% w/v Ficoll gradient and a rotor speed of 1000 rpm
for 30-50 minutes.

The combination of low centrifugal

force and a gradient of moderate steepness yielded good
separations and large numbers of cells.
A gradient which has been very usefull in cell separations was introduced by Pretlow in 1971 (16).

While

testing shallow gradients of Ficoll he discovered one in
which whole cells sedimented at a constant velocity.

As a

cell moved away from the axis of rotation the increasing
centrifugal force was exactly balanced by the increased
gradient density and viscosity.

The use of such "Iso-

kinetic" gradients maximizes the effect of particle radius
on

dx/dt

constant.

by making the rest of the sedimentation equation
Isokinetic gradients simplify the calculation of

run times and produce separations of high resolution.
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Recently, Childress et al (6) and Sheeler and Doolittle
(19) have described cell separations in zonal rotors using
isokinetic Ficoll gradients.

Use of the shallow gradient

required special centrifugal conditions to prevent cells
from traversing the entire radius of the separation chamber
and forming a pellet.

The sample was applied at 1340 rpm

(90 x g) and the centrifuge drive shut off.

Separation

occurred as the rotor coasted to a stop (16 minutes).
In 1963, Mel introduced an alternative to centrifugal
separation of cells in which the Earth's gravity was used
to sediment the cells through a density gradient (12).
Mel's apparatus consisted of a multilayered step gradient
flowing horizontally across a rectangular chamber.

Cells

were applied continuously at the top of the gradient as it
entered the chamber on one side.

As they traveled hori-

zontally the different cell populations sedimented to
different layers of the gradient.

The layers and their

entrained cells were collected individually as they left
the chamber.

In a simpler alternative. Peterson and Evans

separated cells at unit gravity in a stationary gradient
( 14 ) •

A suspension of bone marrow cells was introduced

into the bottom of a specially designed Lucite cylinder.
A continuous sucrose gradient was pumped into the cylinder
beneath the suspension, elevating it as cell sedimentation
began.

When separation of the cell populations was

achieved, fractions were collected by pumping the gradient
out of the top of the chamber.

A modified version of
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Peterson and Evans' apparatus, called a "sta-put device",
was developed by Miller and Phillips in 1969 (13).

Many

variations of the original sta-put technique have since been
used (19, 24, 25, 27) but the basic principles and design
of Peterson and Evans' chamber remain unchanged.

The sta-

put technique is carried out in shallow, low density
gradients yielding rate separations of excellent resolution.
The disadvantage of unit-gravity sedimentation is the amount
of time required for the cells to separate, often several
hours.
In conventional swinging-bucket and zonal rotors operating at normal speeds, whole cells sediment very rapidly.
At lower than normal speeds a bucket or, in the case of a
zonal rotor, the gradient does not completely reorient into
a horizontal position.

A particle zone in such a partially

reoriented gradient sediments unevenly because the centrifugal force acting on the zone is not the same at all
vertical positions.

Fluid swirling caused by changes in

angular velocity and convection currents in parallel
walled tubes contribute to poor resolution (1, 7).
A "hybrid" approach has recently been reported by Tulp
et al (26).

They have adapted a sta-put device for use with

low centrifugal forces in a swinging-bucket rotor.

By

using an extremely thin sample layer they have been able to
achieve cell separations over very short sedimentation
distances.

This approach avoids the wall effects found in

conventional centrifuge tubes.
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This thesis describes the design and application of a
simple low speed centrifuge apparatus for separating cells.
In this system wall effects and gradient swirling were
minimized.

The apparatus was tested using polystyrene

beads as a model system and applied to the separation of
ascites-grown tumor cells.

Good separations were achieved

in partially reoriented density gradients.

MATERIALS and METHODS

Centrifuge Design and Operation

The Reorienting Gradient Cell Separator (RGCS)
(Figure 1) is a rotor containing two separation chambers
supported by an aluminum harness.

The harness is mounted

on a solid aluminum casting which acts as a flywheel to
facilitate smooth acceleration and deceleration.

The rotor

is driven by a tabletop centrifuge anchored to a doublelayered hinged base.

The apparatus may be tilted for load-

ing and unloading (11) by inserting a tapered shim between
the two layers of the base at the side opposite the hinge.
The RGCS chambers are designed to minimize wall effects
which commonly occur in parallel-walled centrifuge tubes.
The chambers were each constructed of six lucite plates
which were machined and glued to produce a sector shape
similar to that of a zonal rotor (Figure 2).

When mounted

in the harness (20 em from the axis of rotation) the side
walls of the chamber are radii of a circle whose center is
the axis of rotation.

Since particle movement is radial,

the chamber walls do not interfere with their sedimentation.
Loading lines were designed to avoid the necessity of
stopcocks or clamps (Figure 2).

When the rotor is at rest

gravity prevents any loss of chamber fluid because the

9
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Figure 1
Reorienting Gradient Cell Separator tilted at the gradient
loading/unloading angle;
chamber,
wheel,

(A) sector-shape Lucite separation

(B) chamber harness (i.e. rotor),

(C) 15 kg fly-

(D) table top centrifuge, and (E) hinged base with

inserted shim.

11

12

Figure 2
Detail of sector-shape separation chamber.
(I) and vent

(V)

Gradient inlet

lines begin with short lengths of stain-

less steel tubing for hose connections.

The 1.6 mm inlet

line extends down through the top and front wall of the
chamber and intersects a 3.2 mm line at 90°;
opens inside the chamber at vertex A.

The 1.6 mm vent

line extends centrifugally through the top,
opens inside the chamber at vertex B.
of the chamber are:

front width,

front

5 em; height,

to rear depth,

180 ml.

4 em;

the latter

turns 90°, and

Inside dimensions
rear width,

8 em; and volume,

5 em;

13

14

inlet and vent are above the top of the chamber.

The lines

also are centripetal to the front edge of the chamber
preventing any loss of fluid while the rotor is spinning.
In a conventional sta-put device the portions of the
chamber into which loading and unloading lines open are
coneshaped in order to produce a smooth fluid flow between
the small cross section of the line and the large cross
section of the chamber.

In zonal rotors such as the TZ-28

a similar effect is achieved by an anular v - shaped groove
in the rotor floor

(20).

Instead of modifying the sector

shape of the RGCS separation chamber to achieve the smooth
transition from line to chamber,
employed.

the geometry itself is

To load and unload the chambers,

the harness is

secured at a 45 degree angle to the hinged side of the
base (Figure 1).

The chamber to be loaded or unloaded

rests farthest from the hinge.

The apparatus is then

tilted 15 degrees from horizontal by inserting a long
tapered shim between the two layers of the base.

In this

position, the vent and inlet open into the chamber at its
highest and lowest vertices.

The vertices create three-

sided pyramids that allow smooth flow of fluid entering
the chamber and fine focusing of particle zones leaving the
chamber.
The density gradient is pumped,

light end first,

into

the separation chamber through the inlet line (Figure 3).
A high density cushion follows the gradient elevating it
until all air is purged from the chamber.

The sample to be
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Figure 3
Stages in the operation of the RGCS:

(A)

gradient is

pumped from an exponential gradient maker through the
inlet line into the separation chamber and a high density
cushion (shaded)
sample,

is pumped in under the gradient;

followed by overlay,

(B)

is drawn into the chamber

through the vent line by withdrawing some of the cushion
through the inlet;

(C)

the centrifuge is then leveled by

removing the shim;

(D)

chamber contents are gently reori-

ented as the rotor is slowly accelerated to operating
speed;

(E) rate sedimentation yields separation of

particle populations;

(F) chamber contents are again re-

oriented as the rotor is slowly decelerated to rest;

(G)

the gradient with entrained particle zones is pumped out
of the chamber through the inlet line and collected as a
series of fractions in tubes.
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fractionated is then drawn gently into the chamber through
the vent line by removing cushion through the inlet line.
An overlay is drawn into the chamber in the same manner.
With overlay,

sample, gradient, and cushion in place,

pump lines are disconnected.

the

The apparatus is then leveled

by slowly removing the tapered shim.

The second chamber,

filled with an aqueous solution, acts as a counterweight.
A two-phase acceleration is employed to minimize
swirling (7) and is controlled using two rheostats
connected in series to the centrifuge drive motor.
rheostat is set at 19.5V.

One

The other is increased to full

potential so as to produce an average acceleration of 6.4
rpm/min;

this brings the rotor to a speed of 70 rpm in

11 minutes.

The gradient is sufficiently reoriented at

this point to resist the swirling forces produced by more
rapid acceleration.

The fixed rheostat is then increased

to quickly bring the rotor to operating speed.

Rotational

speeds are monitored during the slow phase with a stop
watch and during the rapid phase with a stroboscopic
light.

Movement of particle zones within the Lucite

chamber are observed with the aid of the stroboscope until
the desired separation is achieved.
carried out using two phases;

Deceleration is

the speed is decreased

rapidly to 70 rpm and then slowly until the rotor comes
to rest.
For u nloading,
tapered shim.

the apparatus is again tilted using the

A peristaltic pump is connected to the inlet
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line of the separation chamber and the gradient is collected
manually as a series of fractions.

Gradient and Particle Suspensions
Sucrose density gradient profiles isokinetic for polystyrene micropheres of density 1.049 gm/ml were developed
by repeated mathematical solution using a microcomputer.
The reservoir and mixing chamber sucrose concentrations
and mixing chamber volumes needed to generate these isokinetic gradients using an exponential gradient maker were
then calculated.

An isokinetic sucrose gradient varying

from 3.0-4.1% (w/v) was ultimately selected;

to generate

this gradient required a mixing chamber volume of 340 ml
and concentration of 3.0% (w/v).
tion was 5.8% (w/v).

The reservoir concentra-

The same values were used to produce

3.0-4.1% (w/v) Ficoll gradients in physiological saline.
Ten percent

(w/v)

sucrose was used as cushion and

cushion volumes selected to prevent particle zones from
reaching the separation chamber's centrifugal wall (e.g.
20 ml for 250 rpm runs and 50 ml for 115 rpm runs).
Distilled water overlay volumes were selected to prevent
sample zones from intersecting the centripetal wall (e.g.
20 ml for 250 rpm runs and 45 ml for 115 rmp runs).
Mixtures of the polystyrene microspheres to be separated were prepared in 2.0% (w/v) sucrose.
runs at 250 rpm consisted of 4 x 10

5

Samples used in

small beads (average
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diameter 20.43 urn) in a sample volume of 5ml.
runs at 115 rpm consisted of 1 x 10

6

Samples for

small beads and 1 x 10

5

large beads (also in 5 ml).
Cell suspensions were prepared using a single cell
tumor derived from the embryoid body teratoma OTT-6050 (22).
The cell line was maintained by intraperitoneal passage in
young male 129-J mice.

Cells were collected and washed

three times in Eagle's minimum essential medium using a
desk top centrifuge.

Pellets were resuspended in 2.0% (w/v)

Ficoll in physiological saline to a final concentration of
2 x 10

5

cells/ml.

Samples of 5 ml were used for separa-

tions.

Separations
Three series of separations were carried out:
microsphere separations at 250 rpm (14 x g);
sphere separations at 115 rpm (3 x g);
cell separations at 250 rpm.

(1)

(2) micro-

and (3)

teratoma

Gradient stability and

particle separation were monitored visually using stroboscopic illumination.

Turbulence caused by swirling was

minimized by adjusting the acceleration or deceleration
rates.

The rotor was maintained at speed until a clear

separation was seen and then decelerated before bands
neared the cushion.

Total run times for 250 rpm separa-

tions were 37 min (14 min acceleration,
and 13 min deceleration).

10 min at speed,

Total run times for 115 rpm sep-
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arations were 45 min (13 min acceleration,

20 min at

speed, and 12 min deceleration).
At the end of each run, 5 ml fractions were collected
manually.

The number of particles in each fraction and

the size distribution of the particles were determined
immediately after collection using a Coulter model ZBI
electronic cell counter with a C1000 Chanelizer and X-Y
recorder.

Three dimensional block histograms were gener-

ated from the data using a Cal-Comp 936 plotter driven by
an HP2100A computer.

RESULTS

To study the stability of density gradients during
operation of the RGCS,

three identical 3.0-4.1% (w/v)

sucrose gradients were used as follows.

The relationship

between density and volume of a gradient collected directly
from the gradient maker was compared to that of a second
gradient collected after loading and unloading the RGCS
chamber.

This relationship in the third gradient was

determined after it had been loaded into the chamber,
accelerated to 250 rpm, decelerated, and unloaded.

Addi-

tion of red dye to the reservoir of the gradient maker
permitted use of a spectrophotometer for gradient profile
analysis.

The resulting curves were essentially identical

indicating that loading and unloading had no detrimental
effect on the gradient.

The effect of acceleration and

deceleration was slight, causing a change in slope in the
top and bottom 10 ml of the gradient.
The ability of heterogenous populations of particles
to be resolved in the RGCS was investigated by separating
mixtures of polystyrene microspheres.

Results of separa-

tions of 9.80 and 20.43 urn diameter beads are presented
in Figures 4, 5 and 6.

At both 3 x g and 14 x g,

beads were separated into three populations.

the

Microscopic

examination of fractions containing the unexpected third
population showed it to consist of "doublets" of the

21
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Figure 4
Perspective plots showing the separation of polystyrene
microspheres by rate sedimentation;
115 rpm (3 x g), and

(B)

(A)

separation at

separation at 250 rpm (14 x g).

Shaded areas represent fractions containing overlay and
cushion.
first.

Gradient fractions were collected dense - end-
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Figure 5
Photograph of a videotape frame from a 250 rpm microsphere
separation.

The three microsphere bands separated in the

gradient are readily seen (i.e. A,
shown to contain (A)

B, C).

The bands were

9.8 urn diameter microspheres,

doublets of the 9.8 urn diameter microspheres, and
20.43 urn diameter microspheres.

(B)
(C)
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Figure 6
Photograph of videotape frame from a 115 rpm microsphere
separation.

The three microsphere bands

were shown to contain;

(A)

(i.e. A,

B, C)

9.8 urn diameter microspheres,

(B) doublets of the 9.8 urn diameter microspheres, and
20.43 urn diameter microspheres.

(C)

Notice the difference

between the angle of reorientation of the three particle
zones in this figure and those of Figure 5.

•
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9.80 urn diameter microspheres (particles consisting of two
attached beads).

Although the leading edge of the 9.80 urn

bead zone overlapped the trailing edge of the doublet
zone, it was possible to collect fractions from the doublet
zone in which individual microspheres accounted for less
than 5% of all particles.
The usefulness of the RGCS in a biological system
was demohstrated by the separation of ascites grown teratocarcinoma cells into three distinct subpopulations (Figure
7).

The slowest sedimenting population was made up of

small cells exhibiting a narrow size range.

The middle

population contained large cells with a relatively broad
size range.

The population that sedimented most rapidly

consisted of two size classes; one very large, the other
small and presumably very dense.

Cell viability before

and after runs as measured by the trypan blue dye exclusion test indicated that viability loss during centrifugation was 14%.

Viability loss of cells left in physiologi-

cal saline on the bench top during centrifugation was 10%.
Therefore, cell death due to centrifugation through the
Ficoll gradient was less than 5%.

29

Figure 7
Perspective plot showing the separation of ascites-grown
teratoma cells into three subpopulations.
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DISCUSSION

Use of density gradients as shallow as those used in
the present study have not previously been reported in
centrifugal separations.

Moreover, attempts to separate

particles using centrifugal conditions that do not fully
reorient a density gradient have not previously been
described.

The results of spectrophotometric analysis of

gradient profiles showed that two partial

reorientations

had a small effect on gradient stability that included a
slight flattening at the top and bottom of the gradient.
This was inconsequential since the affected portions were
replaced with cushion and overlay during runs.
The ability to separate mixtures of polystyrene
microspheres using the RGCS suggested its potential to
separate mixtures of cells.

The fortuitous occurrence of

doublets of the 9.80 um beads permitted an estimation to
be made of the resolving power of the system.

Assuming

that a doublet behaves as a single prolate ellipsoid with
an axial ratio of 2:1 and a volume twice that of a single
microsphere, a doublet of 9.80 um beads would be expected
to sediment at the same rate as a 12.14 um diameter microsphere (18).

This difference in diameter (25%) compares

most favorably with the best resolution previously reported
in a microsphere separation (59%)

(17).

Results of cell separations were excellent.
31

Resolu-
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tion of the teratoma cells into three distinct populations
was better than that obtained in the TZ-28 zonal rotor and
as good as that obtained using unit gravity (19).

While

identities of the different types of cells have not yet
been determined, at least one population consists of tumor
cells.

It is well known that teratocarcinoma cells can

spontaneously differentiate into other malignant or benign
embryonic tissues (22).

Therefore it is possible that the

different cell populations result from such spontaneous
differentiation.

Alternatively, the populations contain

nonmalignant cells contributed by the host.

For example,

Stewart et al have reported the presence of great numbers
of host lymphocytes in an ascites-grown mouse myeloma (23).
Although preliminary investigations have shown that host
lymphocytes make up less than 10% of the teratoma used in
the present work, further investigation is warranted.
Maintaining viability is a major concern of all cell
separation methods.

In a conventional rotor, separations

are carried out at high centrifugal forces that maintain
the density gradient in the fully reoriented position.

To

prevent cells from sedimenting against the centrifugal wall
of the rotor steep gradients are employed.

However, the

high concentrations of gradient solutes necessary are
detrimental to cell viability.

In sta-put systems which

operate at 1 x g gradient solute concentrations can be
much lower but separations require several hours.

The

RGCS employs centrifugal forces between 3 and 14 x g.

This
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enables the use of low-density gradients and provides the
advantage of short separation times.

Losses in cell

viability were less than 5% in the teratoma separations.
It is evident from the results presented here that
velocity sedimentation in partially reoriented density
gradients yields excellent particle separations.

This may

seem surprising in view of the fact that the sample zone
in a partially reoriented gradient is not parallel to the
axis of rotation.

When viewed along their planes of

rotation, the radial distance from the axis of rotation to
the top of the zone is greater than the distance to the
bottom of the zone.

Since centrifugal force increases

with increasing distance from the axis of rotation, the
force acting on particles occupying different planes of
rotation in a partially reoriented zone varies.

One would

therefore expect that uneven force would produce nonuniform zone sedimentation.

To obtain greater insight

into this phenomenon, a mathematical model may be developed.
A zone of isodensity in a partially reoriented density
gradient takes the form of a paraboloid of revolution
whose focus lies on the axis of rotation.

The vertical

height, z , above the focus for any point on such a paraboloid of revolution is given by the relationship
(2)

where

w is the angular velocity,

X is the radial distance
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between the axis of rotation and the point of the paraboloid, and

g

is the Earth's gravitational constant (18).

Solving for

X

, we obtain

X=~

(3)

The radial distance of any point above

X on the same para-

boloid is given by

Xu=~
where

h

(4)

is the vertical distance between

X

and

Xu

z in equation (4) and simpli-

Substituting equation (2) for
fying yields

(5)

Since the radial distance, Xu

, is always greater than

the centrifugal force acting on a particle at
greater than at

X

Xu

X

is always

It follows that the sedimentation

velocity of particles occupying the same isodense zone will
increase with increasing height.

Thus in rate centrifuga-

tion, the top of a sample band will travel farther through
a gradient than the bottom.

A mathematical determination

of the actual difference in sedimentation distance for two
particles in a density gradient that is not isokinetic is
complex.

Not only does velocity vary with vertical height

but also with radial distance.

In an isokinetic gradient,

however, sedimentation velocity in any one plane of rotation does not vary with radial distance and the model

35

system is simpler.

It may be argued at this point that a

gradient cannot be isokinetic if it is only partially
reoriented since the sample's starting radius is different
at different vertical levels of the separation chamber.

A

microcomputer program was used to compare isokinetic
gradient profiles for several different starting radii in
the RGCS.

When gradient profiles for starting radii of

20, 21, and 22 em were compared, their slopes were found
to be indistinguishable.

Therefore, the sedimentation

velocities of particles in any one plane of rotation will
remain constant as the particles traverse the gradient.
This occurs despite the fact that the gradient initially
selected is isokinetic for only one starting radius.
The sedimentation velocity of a particle at radial
distance

X is
(6)

, required for a particle at

The amount of time,

.1t

move a distance

is given by

.1X

.1t = 6X
Vx

X to

(7)

Therefore
(8)

It follows that in the time interval 6t

another particle

that starts at a high level in the same isodense zone will
sediment a distance, .1Xu where
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6Xu = !H (Vxu)
( Vxu

(9)

is the sedimentation velocity of the particle

starting at Xu ).

Thus,
(1 0)

By substituting equation

(~)

for

~t

in equation (10) and

simplifying, one obtains
~Xu

=

<~XHXu>

(11)

X

By rearrangement
(12)

It is seen that the ratio of the starting radii of
two particles in the same isodense zone will determine
the ratio of their sedimentation distances.

To minimize

losses of resolution in a system employing partially
reoriented density gradients, one must minimize Xu/X •
may be done in two ways:

This

(1) by reducing the height of the

separation chamber (this results in a reduction of the
absolute difference between Xu

and

X ; or (2) by increas-

ing the distance between the axis of rotation and the
starting zone (this results in a reduction of the relative
difference between

Xu and

X

It is evident that the effectiveness of the RGCS in
cell separations using only 3 x g (72

0

angle of reorien-

tation) is due to the large starting radius of the rotor.
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In conventional rotors employing relatively small starting
radii, the ratio Xu/X is large with the result that uneven
movement of particle zones yields poor resolution.
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