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Dispersion in Reorienting Self-Generating Density Gradients®
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Abstract

Dispersion in reorienting self-generating gradient systems for zonal cen-
trifugations was investigated. Dispersions in experimental runs for K-III and
J-1 rotors were analyzed and compared with previously published analytical
results. Various factors that contributed to a sample band broadening due to
dispersion are discussed and evaluated. It is concluded that a control of rotor
acceleration and deceleration may not be important.
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INTRODUCTION

In our mathematical analysis of the area of isodensity surface in reori-
enting a density gradient system in a zonal rotor with core but without
septa configuration, we have shown (/) that the dispersion of sample
layers in centrifugation is independent of the rate of acceleration in the
start-up of a rotor. The dispersion of sample layers (the resolution) de-
pends on the configuration of a rotor and loading levels. With a given
rotor at a given loading level, a loss of resolution due to dispersion from
the changes of interfacial area is a constant. In this note we have evaluated
those dispersion constants for K-III and J-1 rotors experimentally and
verified our previous analysis.

DISPERSION IN REORIENTING DENSITY GRADIENT

A band-broadening effect in zonal centrifugation is due to a complicated
phenomenon consisting of an interaction of diffusion, sedimentation,
and shearing forces resulting from interfacial area changes, etc. We
combined all of the contributing factors and termed it the dispersion
coefficient (2).

During the gradient reorientation, from rest to a stable orientation
in a high centrifugal force field, the shearing forces occurring in a liquid
confined in a closed cylinder will cause an increase in dispersion of a
reorienting gradient system. The dispersion coefficient contributed
from reorientation, §, may be written as

5=% [@] )

dt | time

In a given time period the total dispersion due to reorientation shearing
forces by changing in isodensity interfacial area is

t tdS
az[ 5dt=j—dt=S(t)——S(O) @

Jo o dt
An isodensity interfacial area approaches a constant value (completely
reoriented) after a certain rotational speed for a given liquid loading
level has been reached. A rotational speed, rpm = 60w/2, is directly pro-
portional to an angular velocity, @ = sec™'. Thus Eq. (2) may be rewritten
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in which ¢, is the time required to reach a completely reoriented paraboloid
configuration, and w, is the angular velocity at which the paraboloid con-
figuration is completely reoriented. From Eq. (3), one may see that S(w,)
is a function of rotor configuration and liquid loading level only.

EXPERIMENTAL PROCEDURE AND ANALYSIS

Equations (2) and (3) were used in the analysis of experimental runs
using K-III and J-I rotors. Sample distributions in terms of UV ab-
sorbances after a specified acceleration and deceleration are shown in
Figs. 1 and 2 for K-III and J-I rotors, respectively. The dimensions of
these two rotors are listed in Table 1.

The 435-sec run for the K-III rotor was made by the following pro-
cedures: (1) the rotor was filled with 1 to 349 sucrose gradient solution
from the bottom of the rotor by pumping, (2) a dense sucrose solution
(66 %) was pumped into the rotor from the bottom to remove a 300-ml
fraction of the gradient solution from the top of the rotor and stored in
a funnel, (3) the dense sucrose solution was pumped into the rotor and the
300 to 500 ml fraction of the gradient solution from the top of the rotor
was discarded, (4) a 50-ml sample of yeast RNA (0.62 mg/ml) in 109
sucrose solution was loaded into the rotor from the top, (5) the 0 to 300
ml fraction of gradient solution was returned through a funnel over the
sample layer, (6) the rotor was started from rest to 2000 rpm in 45 sec,
and, finally, (7) the rotor was brought to rest from 2000 rpm in 390 sec.

In the 465-sec run the following procedure was followed: (1) the 0 to
300-ml fraction of 1 to 349, sucrose gradient solution was pumped into
the rotor from the bottom, (2) the 50-ml sample was loaded, (3) the 300 to
500 ml fraction of the gradient solution was discarded from the gradient
pumping line, (4) the rotor was then filled with the rest of the sucrose
gradient solution, and (5) the rotor was started to accelerate to 2000 rpm
in 45 sec and from 2000 rpm to a complete stop in 420 sec.

For the 1440-sec run the gradient solution and sample were loaded
into the rotor exactly the same as for the 465-sec run. The rotor was
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FiG. 1. Absorbance curves of yeast RNA in K-III rotor runs.

carefully accelerated to 500 rpm in 250 sec, then further accelerated to
2000 rpm in 375 sec, and decelerated to a full stop in 13 min, 35 sec.

In all three runs the sample was loaded in an exact location between
2870 ml of dense fraction and 300 ml of light fraction of the gradient
solution to give the reduced liquid loading level at 0.876 < « < 0.891
[where a = (liquid loading height)/(height of rotor)]. In the 465- and
1440-sec runs, the sample was pumped from the bottom; therefore, the
sample has been moving along the rotor from the bottom to that loading
level.

In Fig. 2, the results of experimental runs on the J-I rotor are presented.
Runs A, B, and E were made by filling the rotor from the bottom with
400 ml of 0 to 34.0%, sucrose gradient solution, 10 ml of yeast RNA
sample solution (2 ml containing 1.22 mg of yeast RNA in 8 ml of 10%
sucrose solution), and 390 ml of 35.5 to 46.4%, sucrose gradient solution.
In Run A the filled solution was set in rest for 130 sec, and then the rotor
was unloaded. In Run B the rotor was set to start from rest to 4000 rpm
in 10 sec and decelerated to rest in 120 sec. Run E was made by careful
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FiG. 2. Absorbance curves of yeast RNA in J-I rotor runs.
TABLE 1
Dimensions of Rotors
Dimension (cm) K-III J-1
Height, H 75.08 38.338
Rotor inside diameter, R,, 13.22 8.890
Core diameter, R, 10.90 7.184

control of acceleration and deceleration of the rotor. The controlling
sequences of the rotor were as follows: (1) the initial acceleration of the
rotor from O to 500 rpm in 4 min, (2) the acceleration from 500 to 2000
rpm in 7 min, (3) the acceleration from 2000 to 4000 rpm in 5 min, (4)
the deceleration from 4000 to 2000 rpm in 5 min, (5) the deceleration
from 2000 to 500 rpm in 7 min, and (6) the final deceleration from 500
rpm to a complete stop in 4 min. The entire run was completed in 1920

sec.
Runs C and D were made in step gradient solutions by loading the rotor
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first with 400 ml of water, then adding the 10 ml of the sample, and finally
adding the 390 ml of the 55.3% sucrose solution. In Run C the rotor
was run exactly as that of Run B for 120 sec, while Run D was made as
Run E for 1920 sec. In all five runs the reduced liquid loading levels were
between 0.500 < a < 0.513.

From Figs. 1 and 2, one sees that a sample band width is sharper when
the rotor accelerates and decelerates at higher speeds. For both types
of rotors the band spreading is less for a shorter period of operation time.

In order to gain an insight into a band spreading or a band dispersion
in reorienting gradient systems, the second moment and dispersion
coefficient in each experimental run were evaluated and are presented in
Table 2. Dispersion coefficients were obtained from the second moment,
{x*», by Einstein’s formula (3)

(x¥y = 2Dt @)

in which D is the dispersion coefficient contributed by molecular diffusion
due to the concentration gradient and shearing forces in changes of
isodensity area due to the gradient reorientation and other dynamic
factors (such as vibration and fluctuation in the rotor speed) and ¢ is the
actual measured time. From Egs. (1) and (2), one also sees that the total
dispersion ¢ defined in Eq. (2) is equal to the second moment defined in
Eq. (4). Thus one has

= (x2> &)
TABLE 2
Relative Second Moments and Dispersion Coefficients from K-III and J-I
Rotor Runs
Dispersion
Second moment coefficient,
Run {x?) (cm?) D x 10? {cm?/sec)
J-I Rotor: Scaling Factor = 1.983 x 10*
A (120 sec) 16.188 6.226
B (120 sec) 16.234 6.244
C (120 sec) 16.369 6.296
D (1920 sec) 16.503 4.298
E (1920 sec) 16.427 4.278
K-I1I Rotor: Scaling Factor = 2.696 x 105
435 sec 42.206 4.851
465 sec 42.256 4.544

1440 sec 42.268 1.467
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The result of Run A for the J-I rotor shows the dispersion due to loading
and unloading and molecular diffusion of the sample in gradient solution
for a 120-sec period. The difference between Runs B and A may be
interpreted as the dispersion due to the gradient reorientation and an in-
crease in molecular diffusion resulting from an increase in interfacial area
during the reorientation. The difference in total dispersion between Runs
B and A is 0.0467 cm?.

It is important to point out that the numerical values presented in
Table 2 are relative values. The optical absorbances or optical densities
given in Figs. 1 and 2 are all relative values which have been scaled to a
reference value given as a unit value. For a practical estimation of results
presented in Table 2, one has to obtain a scaling factor for K-III and
J-I rotors. In this attempt we have used the results presented in Figs. 2
and 3 (see Ref. /) in conjunction with the value 0.0467 cm? just obtained.
The values of 8, the radius ratio between the core and inside wall of the
rotor, for the K-III and J-I rotors are 0.825 and 0.808, respectively. The
reduced total dispersion evaluated for Run B (x = 0.500, § = 0.808) is
43.0. The annular cross-sectional area of the J-I rotor is 21.54 cm?. There-
fore, the estimated dispersion due to reorientation in Run B is 926 cm?.
The molecular diffusion coefficient of yeast RNA to sucrose solution is
estimated roughly to be 2.6 x 10”7 cm? sec. Therefore, the dispersion
due to a molecular diffusion in a 120-sec run is negligible compared to
the magnitude of reorientation dispersion. The scaling factor for the J-I
rotor is obtained by the method of proportion which gives 1.983 x 10%
The difference between Runs E and B gives dispersion due to the difference
in acceleration or deceleration and other dynamic factors causing disper-
sions. The dispersion arising from those sources totals 0.1927 relative
units.

In our previous experimental investigations we used the technique of
birefringence where a milling yellow dye solution was selected as the
optical solution to study two-dimensional transient flow-pattern and shear-
stress distributions (¢). We have found that changing the rate of accelera-
tion or deceleration produces no noticeable effect in any flow patterns,
shear-stress distributions, or their magnitudes during transient periods
for a given rotor. This experimental finding is in agreement with the
analytical analysis presented in Ref. /. Therefore, we would like to stress
that, in an improvement of resolution for a separation task, a control of
rotor acceleration or deceleration does not contribute to the improvement.
As demonstrated in Eq. (2), a dispersion arising from a gradient reorienta-
tion is a constant for a given rotor and for a given loading level. The
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magnitude of dispersion due to reorientation is much smaller than that
due to loading, unloading, or to the fluctuation in rotor speed or vibration
in a rotating system.

A comparison between Runs B with C and Runs E with C demonstrates
that a smooth built-in gradient system offers a better result than a step
gradient system. A diffusion coefficient is proportional to its concentra-
tion difference. In a step gradient system, the concentration difference
between a sample zone and the gradient solution is higher than in a built-
in gradient system.

In the K-III runs, we attributed the difference in dispersion between a
435-sec run and a 465-sec run to the rate at which the sample moves from
the bottom of the rotor to the loading level. Since they were both ac-
celerated in the same way, just the difference in time to bring the rotor
to a full stop (which may be categorized as being within an experimental
error) was probably the cause of the slight difference in dispersion.

With a limited amount of information, we extrapolated runs of 1440
and 465 sec to zero and subtracted the dispersion due to sample moving;
we thus determined the dispersion due to loading and unloading in
the K-III rotor to be 42.2 reduced units. Then using Fig. 4 in Ref. I,
the scaling factor of the K-III rotor was estimated to be 2.7 x 10°. There-
fore, it is concluded that dispersion due to loading and unloading is the
major factor in loss of resolution.

DISCUSSION

From the foregoing analysis of experimental results we would like to
make the following suggestions: One should run a rotor as fast as possible
in the start-up to reduce the operating time. The band broadening in
gradient reorienting systems, the resolution losses due to reorientation
are much smaller than those due to loading and unloading. The control
of rotor acceleration or deceleration is a very difficuit task; since the
resolution loss due to this factor is negligible, control is unnecessary.
Furthermore, at high speeds the fluctuation of a rotor speed is less than
that at low speed, and smooth operation is easier to attain.

Improvement of the zonal centrifuge should be directed to an improve-
ment in the loading and unloading method to reduce the dispersion
contributed by this operation. Changing of a pumping system to a gravita-
tional loading method by loading a gradient solution from a dense to
a light fraction from the top may be worthwhile.
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