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SEPARATION SCIENCE, 10(3), pp. 331-358, 1975 

SYMPOSIUM ON NEW METHODS OF SEPARATION (continued) 

Bioseparation by Zonal, Centrifuges 

H. W. HSU 
DEPARTMENT OF CHEMICAL AND METALLURGICAL ENGINEERING 
THE UNIVERSITY OF TENNESSEE 
KNOXVILLE, TENNESSEE 37916 

Abstract 

A number of analyses relating to prediction of instantaneous particles position 
in a gradient solution, gradient capacity and stability in isopycnic banding, 
ideal number of septa in a zonal rotor, and an optimal density gradient solution 
for a velocity-sedimentation, etc. has been studied. The purpose of this review is 
to summarize the present status in analyses and operations of zonal centrifuga- 
tion and to indicate the introduction of newer techniques which may open up 
a large number of separation methods by zonal centrifuges. 

M E T H O D S  O F  C E N T R I F U G A T I O N  

Three basic techniques generally used in centrifugal separations are 
(8, 35, 42, 43): (a) the sedimentation-velocity method, (b) the approach- 
to-equilibrium method, and (c) the equilibrium method. With the introduc- 
tion of combinations of these methods in various ways, a large number 
of methods has been developed (1-10) and also a variety of terms has 
been used to describe these centrifuge techniques (ZZ). 

Each centrifugation method is briefly discussed in the following. 

Sedimentation-Velocity Method 

For this method, a centrifugal field of specified force is chosen for the 
system under investigation. Because the rotor is operated at high speeds, 
the solute particles are forced to settle at appreciable rates toward the 
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332 HSU 

wall of the rotor. Thus the sedimentation-velocity technique is basically 
a transport method; the parameter used to describe the transport of 
particles is called the “sedimentation coefficient.” It is simply a measure 
of velocity of sedimentation particles per unit centrifugal force field and 
defined by Svedberg as (12, 13), 

s = (- = Svedberg units E sec( x 
( 0 2 r >  

The rate of particle movement is a function of molecular weight as well 
as particle size and shape, the difference in density between the particles 
and the local sustaining liquid density, the local sustaining liquid viscosity, 
and the centrifugal force field strength. In order to make the characteristics 
unique, the observed sedimentation coefficient is customarily converted 
to the sedimentation medium of water at 20°C for the particle. The 
conversion formula is 

in which 5 = I /p ,  is the specific volume of a particle; pG,T  is the viscosity 
of a sustaining solution at temperature T ;  and pG,T is the density of a sus- 
taining solution at temperature T. 

Sedimentation-Equilibrium Method (14) 

Using the sedimentation-equilibrium method, the concentration dis- 
tribution of particles at equilibrium positions (isopycnic banding) is 
usually studied. The banding solutes move outward from the center of the 
rotor with the velocity V, until the solutes reach their respective locations 
of isodensity in the sustaining solution, then V, vanishes and an equilibrium 
state is established. There are many observable properties which are 
characteristic of systems in a state of internal equilibrium. The effects of 
nonideality in any real system are so significant that the thermodynamic 
approach is usually used in its study. 

The mathematical relationship describing sedimentation equilibrium 
can be obtained from equations which express the criteria of equilibrium 
in the system. Thus the general conditions for sedimentation equilibrium 
in a continuous system are : 

(1) Thermal equilibrium 

Grad T = 0 (3a) 
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BIOSEPARATION BY ZONAL CENTRIFUGES 333 

(2) Mechanical equilibrium 

Grad P = 0 (3b) 

(3) Equilibrium distribution of concentration of various components 
N 

where M i  and V i  are the molecular weight and partial specific volume of 
component i ,  p is the density of the system, w is the angular velocity, r is 
the distance from the center of rotation, superscript ( r )  is for the values 
evaluated at this level, subscript T and P are for constant temperature and 
pressure, Ck is the molar volume concentration (component 0 is the 
principal solvent), .uik = (8pi/8Ck)p,T,cl where p i  is the chemical potential 
of component i and the subscript C, signifies constancy of all molarities 
except that indicated in the differentiation, furthermore, pik  = p k i  due to 
the Maxwell relation. 

It is important to note that the molecular weight of any component 
depends on all components in the system as expressed by the term p i k .  In 
addition, the density p ,  which is introduced through the dependence of 
pressure, is clearly the density of the solution and is a function of position 
in the rotor. Most of the studies on the sedimentation-equilibrium method 
assume that C i  and p are independent of position in the rotor. Density 
changes both because of the variation in the concentration throughout the 
rotor and because of the increase in pressure with distance. But the de- 
pendence of the partial specific volume on concentration is often negligible 
(particularly for proteins). One major disadvantage in the equilibrium 
method is the time required to attain equilibrium. For example, in work 
with certain proteins of very high molecular weight, the time required to 
reach equilibrium might involve several weeks. And, during such long 
intervals, certain proteins and enzymes can be denatured, 

App roach-to-Equilibrium Method (1 5) 

The third centrifugal method, approach-to-equilibrium, preserves sev- 
eral advantages of the equilibrium method while eliminating the excess 
time consumption. This technique employs the principle that in a closed 
system the conditions for equilibrium are fulfilled at all times during the 
run at the meniscus and at the bottom of the rotor. Thus, if the inter- 
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334 HSU 

mediate stages of the sedimentation equilibrium run or the very late 
states of a velocity run are analyzed, molecular weight can be determined 
by evaluating concentration and the concentration gradient at the meniscus 
and the rotor bottom, although these measurements at the meniscus and 
the rotor bottom for a zonal centrifugation are not yet available. 

When the banding solutes move outward from the axis with the velocity 
V,, before solutes reach their respective zone of isodensity in the gradient, 
diffusion and sedimentation by mutual interference produces a pseudo- 
equilibrium state in a nonuniform system, where the diffusional fluxes of 
solutes vanish. In this pseudo-equilibrium state, there always exists a 
relationship between transport coefficients essentially derivable from 
classical thermodynamics. 

The simultaneous occurrence of sedimentation and diffusion in any 
isothermal fluid mixture, the flux of component i, may be described as 
(13) : 

N 
Ji  = Cisiw2r - Dih Grad 

k = l  

The set of N independent equations is nothing more than a concise state- 
ment of the linear phenomenological laws for sedimentation and diffusion 
obtained from the irreversible thermodynamics which includes the defini- 
tions of the sedimentation coefficient si and the multicomponent diffusivity 
Dik. After a certain period of time of centrifugation, concentration gradients 
have been built up, and diffusion processes occur which counteract the 
separation by sedimentation. All irreversible processes stop when, by 
counterbalance of the two types of transport phenomena, the flux of solutes 
vanishes everywhere. This is equivalent to the attainment of sedimenta- 
tion pseudo-equilibrium. Thus one has 

J i = O ;  i = l , 2 , 3 , . . , N  ( 5 4  

Therefore, the pseudo-equilibrium conditions may be written, according 
to Eqs. (4) and (Sa), 

N 

h= 1 
Cisiwzr = D ,  Grad C,; i = 1, 2, 3, . . . , N 

On the other hand, thermodynamics for sedimentation equilibrium given 
in Eq. (3c) must also hold. One defines lpihl as the determinant of all 

and the foliowing determinant, 
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. . .  . . .  

. . .  
P N l  - * * P N  k - 1  M N ( l  - i jN"P) PN k + l  P N N  

and solves the set of Eqs. (3c) with respect to Grad c k  (k = 1,2, 3, . . . , N ) .  
The expressions thus obtained are to be inserted into Eq. (5b). One then 
obtains 

N 

This is the general relationship between sedimentation coefficients si and 
multicomponent diffusion coefficients Dik for any fluid mixture (since 
D ,  and si depend only on the local state variables, the conclusion, though 
derived from equilibrium conditions, remains valid for any state outside 
equilibrium). 

Equation (7) shows that the sedimentation coefficient depends on the 
concentration and the diffusivity of the sedimenting materials. The degree 
of departure, however, varies markedly from one substance to another. 
This dependence, of itself, can provide some information about the 
physical properties of the macromolecules under investigation. Further- 
more, the multicomponent diffusivity of the sedimenting materials, of it- 
self, is highly concentration dependent. Because of this dependence of the 
sedimentation coefficient on concentration, three complications may 
arise : 

(1) The sedimentation coefficient may not be constant throughout the 

(2) The sedimentation coefficient may have to be determined at 

(3) The dependence of the sedimentation coefficient on concentration 

experiment. 

infinite dilution. 

may cause distortion in the shape of the boundary. 

These three phenomena must be taken into consideration if experimental 
data are to be interpreted with significance. The most serious consequence 
of the dependence of the sedimentation coefficient on concentration is its 
effect on the shape of the boundary. Diffusion will cause band broadening, 
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which inevitably affects all systems. Another consequence from diffusion 
is that an initially stable band may rapidly develop instability at its lower 
boundary if a density inversion is created there by diffusion of a gradient 
material (16, 17). When an equilibrium band is broad, the effective density 
gradient is more likely to depart from linearity. Consequently, the resolu- 
tion on separation is greatly reduced by this effect, unless there is a mea- 
sure to calibrate the exact density gradient. In order to facilitate the 
calibration, one has to know all the diffusivities of the sedimenting mate- 
rials in the density gradient. Those diffusivities are highly concentration- 
dependent, and usually none of them is available in the literature. 

ZONAL CONTRIFUGATION 

A zonal centrifuge rotor is basically a cylindrical pressure vessel which 
spins about its own axis with a means of introducing and recovering a 
liquid density gradient and samples either dynamically (while rotating) 
or statically (at rest); the mechanical structure is such that measurements 
of quantities such as concentration gradient and sedimentation velocity 
bands, which are measured by an optical method in an ultra-analytical 
centrifuge run, are not easily made during zonal centrifuge runs. It is thus 
necessary to rely on a refined theory of mathematical modeling for 
prediction of such quantities. 

Since the first zonal centrifuge was built by Anderson (18) in 1954, 
over 50 different zonal centrifuge designs have been evaluated. These 
have been grouped into a series of classes according to the range of speed, 
the material of construction, etc. A detailed summary of classification 
appears elsewhere (5). 

Loading 
Dynamic Loading 

To load a zonal rotor during rotation requires fluid lines connecting to 
both the center and the edge of the rotor. Hydrostatic pressure is equalized 
by leading both lines back very close to the axis of rotation. When a single 
seal is used the two lines are coaxial, with the line connected to the rotor 
center in the center of the seal. The edge line therefore comes into the 
seal a few millimeters from the axis, thereby creating a small difference in 
hydrostatic pressure between the two lines during rotation. This difference 
is largely equalized by the presence of fluid in the edge lines, which is 
denser than that found in the center line-the density difference being 
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that between the underlay or cushion under the gradient and the overlay 
solution over the sample. 

When loading starts, the light-end of the gradient is introduced to the 
edge of the rotor during rotation. Centrifugal force at this state in the load- 
ing cycle makes the rotor act as a pump which draws the gradient in. 
Since most gradient engines pump at a constant rate, dissolved air in the 
gradient tends to form air bubbles in the edge line due to the negative 
pressure in this line. The air bubbles cause little difficulty until the rotor 
is nearly full. At that time the hydrostatic pressure due to the fluid in the 
main rotor chamber is only partially balanced by fluid in the edge line, 
resulting in a high back-pressure. To solve this problem, a gradient- 
producing device which forms the gradient as fast as it is drawn into the 
rotor is required. When the gradient is in the rotor, additional dense fluid, 
termed the underlay or “cushion,” is added to the edge until the rotor is 
full. Flow through the rotor is now reversed and the sample layer is intro- 
duced through the center line, displacing an equal volume of the underlay. 

In all dynamically loading rotors, tapered surfaces exist which serve to 
funnel particle zones into the center exit line during the unloading and 
also to minimize mixing of the sample with the gradient and the overlay 
during loading. To leave the sample in contact with these slanted surfaces 
would result in a starting sample of uneven thickness which is too close 
to the axis of rotation, i.e., in a low centrifugal field. Hence a solution 
having a density slightly less than that of the sample layer, termed the 
“overlay,” is added to move the sample layer out into the rotor and free 
of the core surface. At this juncture, flow is reversed several times and 
small volumes of fluid are run alternately to the center and the edge to 
ensure that all entrapped air has been expelled. This illustrates an addi- 
tional function of the overlay and the underlay, which is to provide the 
fluid volume necessary to allow the sample and gradient to be moved back 
and forth radially in the spinning rotor. 

The rotor is now accelerated to operating speed. With some rotors the 
seals are left attached during the entire run. It should be noted that the 
centrifugal force field has a very considerable stabilizing effect on a liquid 
density gradient. 

Static Loading 

Static loading is generally done through a tube connected to the bottom 
of the centrifuge rotor. The overlay, sample, and gradient may be intro- 
duced in that order, or the sample and overlay may be carefully added 
from the top after the gradient is in position. An alternate method is to 
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fill the rotor with dense underlay and then, by withdrawing part of the 
underlay from the bottom, draw in the gradient, sample layer, and overlay 
from the top. During acceleration and reorientation these isodensity 
levels become paraboloids of rotation described by the equation 

Z = r Z o 2 / 2 g  + Zo (8) 

where r is the distance from the axis of rotation, Z is the vertical distance 
from the bottom of the rotor, and 2, is the minimum of the vertical 
distance of the paraboloid which is a function of the angular velocity w 
(in radians per second) and can be above the bottom or below the bottom 

In an earlier work (20) we concluded that one has to bring the rotor as 
slowly as possible up to a pseudo-steady-state rpm, the minimum rpm at 
which the isodense paraboloid will stop changing its shape with an increase 
of rpm; then, after this speed is reached, the rate of acceleration of the 
rotor does not appreciably affect the shearing forces in the liquids. Be- 
cause no further variation of interfacial area occurs, dispersion due to the 
shearing forces in each layer disappear. However, our theoretical and 
experimental studies (22) later indicated that the previous conclusion was 
incorrect. The dispersion of sample layers in centrifugation is independent 
of the rate of acceleration in the startup of a rotor. The dispersion of 
sample layers (the resolution) depends on the configuration of a rotor and 
loading levels. With a given rotor at a given loading level, a loss of resolu- 
tion due to dispersion from the changes of interfacial area is a constant. 

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, A, may be written as 

(20, 21). 

A = ds [?I 
dt time (9) 

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

ds 
d = Ji A d t  = J,;T;dl = S ( t )  - S(0) 

From Figs. 1 and 2 the paraboloid interfacial area as a function of speeds 
of revolution and the loading levels of liquid for K-I11 and J-I rotors, 
one finds that an isodensity interfacial areas approach a constant value 
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0 I00 200 300 

REDUCED ANGULAR VELOCITY, S1-w *R/9 

FIG. 1.  Variation of reduced interfacial area with respect to speeds of revolution 
for a K-I11 rotor. a = reduced liquid loading level, /3 = ratio of core radius 

to rotor wall, H = height of rotor, and R, = inside radius of rotor. 
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FIG. 2. Variation of reduced interfacial area with respect to speeds of revolution 
for a J-I rotor. y = ratio of height to rotor wall. 

(completely oriented) after a certain rotational speed for a given liquid 
loading level. A rotational speed, rpm = 60w/2~ ,  is directly proportional 
to an angular velocity o = sec-'. Thus Eq. (10) may be rewritten 

dS 
G = Jl$ dt = lo dt + SIC f dt = s(t ,)  - S(0) 

in which t ,  is the time required to reach a completely reoriented paraboloid 
configuration, and o, is the angular velocity at which the paraboloid 
configuration is completely reoriented. From Eq. (ll), one may see that 
S(oc) is a function of rotor configuration and liquid loading level only. 
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This finding is in agreement with our experimental investigation (22) 
on two-dimensional transient flow patterns and shear stress distributions, 
in which we have found that changing the rate of acceleration produces 
no noticeable effect in any flow patterns, shear stress distributions, or 
their magnitudes during transient periods for a given rotor. 

From the foregoing analysis, we would like to  make the following sug- 
gestions: One should accelerate a rotor quickly to reduce total operation 
time, so that a dispersion due to a molecular diffusion will be minimized. 
Control of rotor acceleration or deceleration is a very difficult task. There- 
fore, the control is unnecessary. Furthermore, at high speeds the fluctua- 
tion of a rotor speed is less than that at lower speeds and a smooth opera- 
tion is easier to obtain. 

We feel that the improvement of zonal centrifugation should be directed 
to an improvement in loading and unloading methods to reduce the 
dispersion from these operations. The next step will be to improve rotor 
configuration so that dispersion from shearing force by the reorienting 
gradient can be minimized. 

To date the practical use of gradient reorientation has been chiefly 
continuous-sample-flow-with-banding centrifugation. However, it is a 
potentially useful method for large-scale, low-speed gradient centrifuga- 
tion and also for centrifugation at very high speeds where continuously 
attached seals cannot be used. Use of detachable seals for high-speed rotors 
also presents problems because they are light in weight and have insufficient 
rotational momentum to allow seals to be attached without creating 
turbulence. As discussed below, the turnover effect can markedly decrease 
resolution in rotors loaded at rest. However, it does not affect gradients 
after a separation has been made. Simple methods for inserting the 
sample layer during rotation in rotors otherwise loaded and unloaded 
statically are required. 

Gradient Runs 

In order to design experimental runs, one needs to know the exact posi- 
tion of each particle as a function of time in a given gradient solution. A 
mathematical analysis for prediction of instantaneous positions and 
sedimentation coefficients of each particle was made by Hsu (23). His 
analysis is as follows: 

The sedimentation of a particle which does not behave osmotically in a 
gradient density is a function of the following: (a) the amount and dura- 
tion of the applied centrifugal force field, usually indicated by 0 2 t ;  (b) 
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the density and viscosity of the gradient solution medium; and (c) the size, 
shape, and density of the particles. 

1n.expressing profiles of a gradient solution whose viscosity and density 
increase with radial distance from the axis by the polynomials 

p = po(l + Al’r + &’r2 + A3’r + . .) (1% 

p = po(l + el’r + ~ ~ ’ r ~  + ~ ~ ‘ r ~  + . . .) ( 1 W  

Hsu (24) has obtained mathematical expressions for (a) a particle posi- 
tion as a function of reduced rotation time, (b) an instantaneous particle 
sedimentation velocity in a given gradient solution, (c) an instantaneous 
observed particle sedimentation coefficient in a given gradient solution, 
and (d) the shear-stress exerted by a particle during zonal centrifugation 
runs in a given gradient solution. 

In his derivation, po  and po are the light-end of viscosity and density, 
respectively. The coefficients A; and ci’ are characteristic constants for 
viscosity and density profiles in a rotor as a gradient solution. The reduced 
rotation time AT is defined in terms of (a) radius of a rotor R, (b) angular 
velocity w, (c) the light-end of viscosity and density po and po, (d) size of 
a particle dp, (e) density ratio between particle and the light-end of a gra- 
dient solution po/pp, and (f) the centrifugation time t .  Thus the reduced 
rotation time is given as 

AT = [i- 11--r N 
18 

in which 

Q = P O / P ~  (1 3 4  
Quantitative evaluations of properties of the mathematical expressions 

derived were then made by using the following hypothetical gradient 
solution profiles: 

E2 A3 
p /p0=1  +Ei++2+di3  
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where l j  = l ; / R ,  t i  = E; /R ,  and I: = r /R.  The characteristic constants for 
the gradient solution used were 1 = 0.5, 1.0 (0.5)* 3.0, and E = 0.1 (0.1)* 
1 .O. The numerical studies indicate the following conclusions. 

(1) If the viscosity of a gradient solution decreases while the density of 
a gradient solution increases, a particle sediments much faster than in a 
medium of constant density and viscosity. Therefore, one may conclude 
that the viscosity of a gradient solution is the controlling factor in the 
decision of length of time required for a zonal centrifugation run for 
isopycnic banding and also for velocity sedimentation separation. 

(2) The variation of the viscosity profile indicates that the steeper the 
profile, the longer is the time required for a particle to reach a given 
position. 

(3) The centrifugation time for a particle to reach a certain position 
in a rotor is inversely proportional to the square of the particle diameter 
and to the square of the rotor speed. 
(4) The particle diameter and the rotor speed are also inversely propor- 

tional to each other. If the diameter of a particle is one-tenth that of a 
reference particle, an increase in rotor speed to 10 times the original speed 
will result in the particle reaching the same position at the same time as 
the reference particle traveling at the original speed. 

(5 )  The variation of the density profile also indicates that the steeper 
the profile, the longer is the time required for a particle to reach a given 
position. 

(6) The variation in the density ratio between a particle and the light- 
end of a gradient solution shows the smaller the ratio, the shorter is the 
time for a particle to reach its isopycnic position. 

The mathematical expressions were also tested from the zonal experi- 
mental data, numbers 813 and 859, at the Molecular Anatomy Program, 
Oak Ridge National Laboratory. The mathematical prediction of a 
particle's position in a rotor for a given rotation time agrees excellently 
with experiments for both runs. It is anticipated that these expressions 
will be eventually used in conducting a zonal centrifugation for design and 
predictions. 

The Turnover Effect 

When a particle-rich suspension is layered over a homogenous solution 
made with a freely diffusible solute, particulate material is observed to 

*The number in parentheses indicates the interval for the increment. 
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stream to the bottom of the tube at normal gravitation force field at a 
velocity much greater than that exhibited by individual particles. This has 
been termed the “turnover effect” (1, 8). With very large particles, 
statistical fluctuations in the particle concentration may play a minor role 
in producing these phenomena; however, as proposed by Brakke (24), 
differences in the diffusivity of the gradient solute and the sample particles 
appear to be the major cause. The effect is not prevented when the two- 
solution system is centrifuged at low speed. If a density gradient is em- 
ployed, a marked decrease in this form of convective transport is seen 
(25). Since the shields used in high-speed swinging-tube centrifugation are 
opaque, the magnitude of the effect on published rate studies where no 
internal particle standard is used is not known. The effect has recently 
been examined by Schumaker (11) with no clear-cut decision as to the role 
of diffusion vs local density fluctuations. It is unfortunate that simple 
diffusion theory cannot be applied to the convective disturbances occurring 
at the interface between sample and gradient. The suggestion of Svensson, 
Hagdahl, and Lerner (26) that the sample be applied as a double gradient, 
positive with respect to the gradient solute (increasing in concentration 
in a downward or centripetal direction) and negative with respect to the 
sample, solves this problem at the beginning. However, as shown by 
Berman (27), an initially stable zone may become unstable as it moves 
down the gradient, either because the gradient changes slope and therefore 
capacity, or because the sedimenting zone becomes thinner at some point 
in the gradient and overloads it. Clearly the turnover effect is a serious 
problem which must be solved if effective use is to be made of rate-zonal 
centrifugation for preparative purposes. 

There is no convincing evidence that the effect is not entirely due to 
differences in the diffusion coefficients of gradient solute and sample. It 
appears to involve three phases : (a) Diffusion which increases the density 
of the boundary zone in the sample layer and decreases the density in the 
gradient solution beneath. This double effect produces an instability. 

(b) Fluid movement occurs when a sufficiently large volume of unstable 
fluid exists to be moved by gravitational force. To a first approximation 
the size of the moving droplets will be inversely proportional to the 
gravitational field. (c) As the droplets move they gradually disappear as 
their contents mix with the surrounding fluid. The rate at which this 
occurs is inversely proportional to some function of droplet size and 
the diffusivity of their contents. The net effect, given a sufficiently large 
centrifugal field, is to move the minimum particle mass the minimum dis- 
tance required to restore stability. The turnover effect is observed in 
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dynamically loaded and unloaded zonal centrifuges, and would have been 
readily seen with those rotors of the A-series which have transparent end- 
plates. Autocoinpensation of overloaded zones in zonal centrifuges due to 
movement of very small droplets a short distance is a key process and is 
the compelling reason for employing dynamic loading where high resolu- 
tion and capacity are required. Autocompensation appears to occur at 
any level of the gradient where overloading may occur. 

In addition to autocompensation, another process occurs concurrently 
in dynamically loaded rotors. Large sample zone particles which diffuse 
very slowly begin to sediment at a rate which may move them into the 
gradient faster than gradient solutes diffuse into the sample. Diffusion and 
sedimentation may thus partially compensate for each other. 

A further stabilizing effect is provided by the heterogeneity of most 
biological suspensions. The narrow initial sample zone is rapidly spread 
out through the gradient, decreasing the sample load at the sample- 
gradient interface. 

Gradient Capacity and Gradient Shape 

As first pointed out by Svensson et al. (26), the theoretical capacity of a 
gradient is a function of its density slope. Adaptations of their gradient 
capacity equations (8, 24, 26-28) have been presented which suggest 
that the zones would be more Gaussian and less wedge-shaped. Experi- 
mentally, Brakke (29, 30) found that only a few percent of the theoretical 
load could be supported in swinging-bucket rotors. However, in a dynam- 
ically loaded zonal rotor, Spragg and Rankin (31) were able to demon- 
strate 60 to 70% of the theoretical capacity using shallow gradients. 

It now appears that the problem of gradient capacity resolves itself 
into a very simple question; namely, what is the minimum gradient 
required to maintain gradient stability in the rotor? Whether the gradient 
is formed from sucrose, virus particles, subcelluiar components, or a mix- 
ture of these is apparently unimportant. This question remains to be 
answered experimentally for each class of rotor and condition of operation. 
From the data of Spragg and Rankin (31), the minimum gradient appears 
to be about 0.001 g/cc/cm for the B-XIV rotor. The value probably 
depends on rotor volume and configuration, temperature and temperature 
control, gradient viscosity, number of septa and the clearance between 
septa and the rotor wall, and the amount and frequency of vibrations 
originating in the drive system. 

As noted by Berman (27), gradients can be constructed in which initially 
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stable particle bands become unstable during sedimentation and broaden 
by autocompensation. The shape of gradients used for particle separation 
therefore deserves comment. A clear distinction should be made between 
the gradient as produced by the gradient engine (plotted as concentration 
vs volume) and the shape of the gradient as it exists in a spinning rotor 
(plotted as concentration vs radius). A gradient linear with respect to  
volume is concave when plotted as concentration vs radius because of the 
sector-shape of the zonal rotor compartments. 

For the following reasons a gradient convex with respect to radius is 
desired : (a) greatest particle-supporting capacity is needed in the region 
of the sample; (b) as the difference between particle density and gradient 
density diminishes along the gradient, less gradient slope is required to  
support a given mass of particles; and (c) radial dilution in sector-shaped 
compartments decreases the particle concentration in a given zone, again 
requiring a gradient decreasing in slope with increasing radius. 

Stability Analysis of Particle Sedimentation in Gradient Solutions 

In studying the turnover effect, Sartory (16) has used a small perturba- 
tion analysis to  determine whether the disturbance grows or decays in 
time for two layers of stationary diffusing solute in a common solvent in a 
gravitational field. His theory predicts that instability occurs under the 
much wider range of conditions p z o / p l 0  > (D2 /D1)3 /2  for sufficiently long 
times for thick upper layers, and under the conditions ij2O/plo =- (D2/D1>”’ 
for sufficiently long times for very thin upper layers. The quantities pzO 
and p l 0  are initial macromolecular (particle) density and initial gradient 
salt density, respectively. D ,  and D ,  are diffusivities of macromolecule in 
a gradient medium and gradient salt in the medium. 

Recently, experiments have been conducted by Halsall and Schumaker 
(32) to determine the onset of turnover effect in diffusion experiments in 
zonal ultracentrifuge. They have found that the stability criteria for their 
experiment is pz0/ij lo < (D2/Dl)’  They concluded that their discrepan- 
cy from Sartory’s prediction may be due to  inhomogeneity or association- 
dissociation of the sample under study. Recently Meuwissen and Heirwegh 
(33) have shown experimentally that the stability of zones in liquid density 
gradient under a normal gravitational field depends on the strength of the 
supporting gradient. 

Hsu (34) has made an analysis for stability of isopycnic banding in 
zonal centrifugation recently. Due to the isopycnic condition, the analysis 
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can be made by the lumped parameter method and an analytical solution 
can be obtained. The result is summarized in the following. 

A small pertubation analysis has been applied to the generalized Lamm 
sedimentation equation to determine whether the disturbance grows or 
decays in time for two stationary diffusing solutes [a gradient solute (1) 
and a macromolecule (2)] in a solvent (0) in a given centrifugal force field. 
The criterion for the stability has been obtained in terms of normal modes, 
so that the pertubations decay with time. It is found that the stability 
criterion is given by 

It is implied that the stability of an isopycnic banding is determined by 
the band width (tlr), with the maximum band capacity as the right-hand 
of the equation. 

The stability criterion given in the equation presents the unifying theory. 
The theory obtained from the previous observations during centrifugation, 
such as density inversion theory, and the theory from the infinitesimal 
pertubation analysis of diffusional phenomena under one gravitational 
field are inclusively represented. 

It is interesting to note that Meuwissen and Heirwegh's conclusion (33), 
that stability depends on the shape or strength of the supporting gradient, 
is also represented by the terms of [3 - (d In q)/(d In r ) ]  and oZd2r  ' p Z / l 8 q  
!n Eq. (15). If the gradient increases with the cubic of the radius, the term 
[3 - (d In $/(d In r ) ]  drops out. The shape of the gradient is not a factor 
for the stability. If the slope of a gradient viscosity is (d In q)/(d In r )  < 3, 
the contribution of that term to the stability is negative, thus the maximum 
load capacity is reduced. If (d In q)/(d In r )  > 3, the steeper the gradient 
solution the more the stability of a system. In this case the band width 
increases with the slope of a gradient solution, thus the range of the stable 
region increases. The same conclusion can also be drawn for the density 
inversion theory. If the shape of a gradient is (dln q)/(dln r )  < 3, the 
second term on the right-hand side of Eq. (15) is positive. Therefore, the 
following situation has occurred in the gradient, p z  .c Pgrad[3 - (dln ?)/ 
(dln r ) ] ,  since at an isopycnic point p z  = Thus density inversion 
does take place in order to return to the physical stable situation. If 
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(dln $/(d In r )  > 3, i.e., f iz > pggrad[3 - (dln q)/(dln r ) ] ,  the system re- 
mains unchanged with the region. If a system is under one gravitational 
field, i.e., the terms containing o2dZ2r2jj2/l8y drop out, the stability 
criterion becomes 

The criterion is similar to that obtained by Sartory (16) except for the 
powers on the diffusivities. The four diffusivities for three-component 
systems can be obtained by Fujita and Gosting's procedure (38). 

An additional characteristic in addition to previous theories, which 
appears in Eq. (15), is that one would like to increase the right-hand side 
of Eq. (15) so that the stability range can be increased. In order to increase 
the right-hand side of Eq. (15) for a given system, one will set the term 

w2dz2r 'ji2 
< I  

( 4 1  + h ) v  
After rearranging, this becomes 

in which r is the position where ideal isopycnic banding takes place. 
Equation (17) shows that the increasing of angular velocity in a zonal run 
does not improve the resolution. The angular velocity has to be con- 
strained by Eq. (17). The physical interpretation of this phenomena is 
that with too high an angular velocity, the banding solute penetrates too 
deeply into a gradient solution, therefore an instability due to a density 
inversion or lack of strength in a supporting gradient will take place. 
Therefore, the angular velocity also has to be constrained. 

The stability criterion is such a complicated phenomena that one should 
consider all the means to increase the right-hand side of Eq. (15). Thus 
Eq. (15) shows the unification of all previous theories. 

Dispersion Coefficient of Sample in Gradient Solutions 

The use of zonal centrifuges has two primary objectives: (a) separation 
and purification of biological materials from sample mixtures, and (b) con- 
centration of separated biological material from a dilute solution. These 
two objectives are related. An optimum separation and purification is 
achieved by having a high resolution in each separated zone or band, and 
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concentration increases as density of separated biological material in a 
band increases, likewise to achieve a high resolution in a separated zone. 
A band broadening effect in zonal centrifugation is due to a complicated 
phenomena of interaction of diffusion and sedimentation. In our investiga- 
tion (36) we lumped all the contributing factors together and called it dis- 
persion coefficients. In the determination of parameters which affect 
dispersion between sedimenting macromolecules and the sustaining gra- 
dient solution, dispersion coefficients of two sizes of polystyrene latex 
beads (diameters 0.91 k 0.0058 and 0.312 k 0.0022 p) and bovine serum 
albumin (BSA) in sucrose and Ficoll (polysucrose by Pharmacia Fine 
Chemicals, Sweden), 9.5 to 10% w/v step-gradient and 10 to 25% w/v 
linear-with-volume gradient solutions, have been measured in an Oak 
Ridge B-XV zonal centrifuge rotor at 20°C. Dispersion coefficients were 
obtained from experimental data on intensity of UV absorbance of 
macromolecule vs volume fractions using the moment analysis technique. 

In order to make the experimental results general and more useful, 
dispersion coefficients were correlated in a dimensionless number, the 
Schmidt number (Sc = po/poD)  as a function of various dimensionless 
parameters. Using results from step-gradient solution runs by a trial-and- 
error method, it is found that the following formula 

Sc = 105[30F1.03(Ta.Q)-1 + 19Seo~'9z]'~02 (18) 
fits all the data points within an average deviation of 2.5% and a maximum 
deviation of 6.3%. Various quantities in Eq. (18) are 

s c  = Po/PoD Schmidt number 

m2tdp2po 

PO 
F =  reduced centrifugal force field strength 

Ta = mdpRpo - Taylor number 
P O  

Q = PoIPp density ratio 

sm2R2p0 
Se = ~ 

P O  
reduced sedimentation coefficient 

z = pot/pR2 reduced time 

The quantities p o  and po are the viscosity and density of the gradient 
solution evaluated over the band-width values, respectively. D is the 
dispersion coefficient between the sample and a gradient solution, instead 
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FIG. 3. A plot of Eq. (18) and general correlation of experimental data points. 
(Data points A were not used in the correlation.) 

I 

~ 

of the customzry term of the diffusion coefficient. If Q c 1, a sedimenta- 
tion takes place until Q = 1 (isopycnic point). 

The results obtained from the linear-with-volume gradient solution 
runs were checked against Eq. (18). A good agreement exists. All the 
data points were within an average of 3.5 % deviation and a maximum of 
8.9 % deviation. They are assumed to be within the range of experimental 
errors, so that a further correlation to improve the results was not made. 
Equation (1 8) and both correlations from a step-gradient solution and a 
linear-with-volume gradient solution are presented in Fig. 3. 
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Equation (18) and Fig. 3 may be used to estimate a dispersion coefficient 
on new biomaterials for which sizes of particles and their sedimentation 
coefficients are available. 

Optimal Gradient Solution for Velocity Sedimentation 

For the velocity-sedimentation method, a centrifugal field of specified 
force is chosen for the system. Because the rotor is operated at high 
speeds, the solute particles are forced to settle at  appreciable rates toward 
the wall of a rotor. Thus it is basically a transport method. As pointed out 
previously (2.9, the viscosity of a gradient solution is the major factor in 
controlling the rate of particle movement. The design of an optimal 
density gradient solution is of importance in the velocity-sedimentation 
method. 

Recently Hsu (37) has obtained analytically the optimal profile of a 
density gradient solution characterized by viscosity and density profiles ; 
which are expressed as functions of radial distance of a zonal rotor, the 
estimation of an optimal centrifugation time, so that the resolution of 
separation by the velocity-sedimentation method will be the maximum, 
and also the prediction of each particle’s position in a rotor when centrifu- 
gation is stopped, so that the separated particles can be collected ade- 
quately. Therefore, the analysis will permit the rational selection of 
optimal operating conditions for mass separation of new biological mate- 
rials by the velocity-sedimentation method. 

By using the maximum principle, a performance index for the velocity- 
sedimentation for Particle 1 and Particle 2 is defined by (37): 

The problem is to find a density gradient solution characterized by 
viscosity q(r) and density p ( r )  which maximize the difference of instan- 
taneous position of two particles in a rotor so that the resolution of a 
separation will be maximum. The constrain conditions associated with the 
performance index equation, Eq. (19), are the Lamm’s sedimentation 
equations for Particle I and Particle 2 together with the following 
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Equations (20a) and (20b) are obtained by combining the definition of 
sedimentation coefficient by the Svedburg and the usual way of converting 
the instantaneous sedimentation coefficient to the standard sedimentation 
coefficient in a 20°C water medium, Eq. (2). The quantity K j  is given as 

ki  = S*'(H~O, 20"C)1(Hz0, 20°C). 

with the boundary conditions that the properties of the light-end density 
gradient solution at the rotor core rc are 

P(rc> = Po 

T @ 3  = T o  

The optimal viscosity profile obtained is 

The optimal density profile is obtained by using the boundary condition, 
Eq. (21a), together with Eq. (22a), which gives 

213 

(22b) 

in which 

a =  

Equations (22) characterize the optimal density gradient solution for a 
velocity-sedimentation in terms of viscosity and density profiles. 

Besides an optimal density gradient solution built in a rotor for a 
velocity-sedimentation, an important problem is that of when and where 
the maximum separation will take place, so that one can stop the centrifu- 
gation run and collect the separated fractions from a rotor either by 
draining the gradient out of the bottom of the rotor or by displacing it 
out of the top by using a heavier gradient solution. The final positions of 
Particles 1 and 2 are found to be 
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II‘-- J 
The optimum centrifugation time thus obtained is 

(24) 

Equation (24) implies that the length of centrifugation for a velocity- 
sedimentation is determined by this formula in which the density gradient 
solution is characterized by Eq. (22). 

These results are based on the assumption that the particles are still 
far away from their respective isopycnic points, so that sedimentation is 
dominant in the mutual interference of diffusion and sedimentation. 
Hence changes of a density gradient solution profile due to diffusion are 
negligible. In a velocity-sedimentation, the centrifugation time is generally 
very short. Therefore, concentrations of macromolecules and a density 
gradient solution do not disperse appreciably by molecular diffusion. 
Also, the partial specific volumes of each component are assumed constant. 
This implies that the solution is regular. The solution may not be regular 
but can be corrected by an activity coefficient. These assumptions are con- 
sidered to be reasonable, and they permit the development of an analytical 
solution with relative ease. 

The estimates of an optimal centrifugation time and the positions of 
particles serve as a guide for designing velocity-sedimentation runs. It is 
perhaps very difficult to build an optimal density gradient solution as 
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specified in Eq. (22) by a single gradient solute. A mixed solutes gradient 
solution probably can provide the viscosity and density profiles as designed. 

INTRODUCTION OF NEWER TECHNIQUES (5) 

The sedimentation rate of a particle, its banding density, or both of 
these properties may be altered in a density gradient in a manner useful 
for achieving separations. These factors involved are : 

(1) Precipitation (increase in effective particle size) produced by 

(2) Resolubiliza{ion in a gradient negative with respect to the precipi- 

(3) Alteration in volume and density by change in osmotic pressure or 

(4) Specific binding to ions or substances, altering sedimentation rate 

(5 )  Sequential dissection by sedimentation through zones of im- 

diffusion of a precipitant into a sample zone. 

tating agent. 

biochemical environment. 

or banding density. 

mobilized reagents. 

These techniques, singly or in combination, open up many new interest- 
ing avenues of research. 

Precipitation by a Diffusion Precipitant 

Soluble sample materials of high or of low molecular weight may be 
precipitated by the diffusion of a suitable precipitant into the sample zone. 
Inorganic salts in aqueous solution may be caused to precipitate, often in 
the form of small crystals, as an organic solvent miscible with water (and 
in which the salts are not soluble) is allowed to diffuse in. Similarly, 
organic substances insoluble in water may be precipitated out of alcohol 
or acetone by water diffusing into the sample zone. High-molecular-weight 
substances such as proteins and nucleic acids may be precipitated by water- 
miscible organic solvents or heavy metal salts. The precipitating agent 
may be in either the overlay, in the underlying gradient, or in both. In all 
instances care must be taken to ensure that the proper density increments 
are present to  ensure stability from a gravitational viewpoint. When 
ethyl alcohol is used as a solvent, its density may be adjusted with 2- 
chloroethanol, for example. 

The unique feature about precipitation in a centrifugal field is that 
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precipitated particles sediment out of the sample zone as they increase in 
size. Since precipitation occurs in response to a diffusion gradient, different 
substances may precipitate at different times and levels in the diffusion 
gradient, tending to minimize cross-contamination in the particles formed. 
Particle size will be a function of the centrifugal field used, and with 
reasonably high forces only very tiny particles will be formed. If the 
particles are not soluble at any level as they sediment through the gradient, 
they may be fractionated by isopycnic banding. This method of preparative 
particle separation has not been widely applied to precipitates although 
the crystal densities of a large number of substances are known. 

Gradient Resolubilization 

As precipitated particles are sedimented through a gradient, the com- 
position of the gradient may vary in such a way that the particles go back 
into solution (4,41, 42). One of the advantages of this method is that the 
time during which a substance is precipitated is rather short, especially 
where a high centrifugal field is employed. The rate at which a sedimenting 
particle will dissolve increases as the size of the particle increases. Interest 
in these processes centers chiefly around the possibility of adapting them 
to continuous on-stream protein fractionation. 

Alteration in Volume and Density by Change in Osmotic Pressure 
or Biochemical Environment 

Gradients may be prepared having similar density slopes, but having 
osmotic pressure gradients which may vary, and in the case of specially 
prepared sucrose-dextran gradients, may approach zero (40). Where 
particles differ in their response to an osmotic pressure gradient, the 
gradient may be adjusted to maximize the separation. Mitochondria ap- 
pear to shrink appreciably more than do peroxisomes in sucrose gradients. 
The mitochondria initially sediment ahead of the peroxisomes; however, 
the latter overtake them and band at a slightly denser level. For optimal 
rate separations it appears advantageous not to employ isotonic gradients, 
but rather to let the mitochondria shrink and sediment more rapidly ahead 
of the lysosomes. Sedimentation rates may also be affected by the bio- 
chemical environment quite apart from osmotic effects. The volume 
changes produced in isolated nuclei by small amounts of divalent cations 
(41, 42) and in mitochondria1 volume by ATP or thyroxine are examples 
of this. 
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Specific Binding to Ions or Substances Altering Sedimentation 
Rate or Banding Density 

The banding density of smooth and rough endoplasmic reticulum 
fragments, and subfamilies of these, may be altered by small changes in the 
ionic environment (40). The use of uranium or ferritin-labeled antibodies 
to specifically alter the banding density of an organelle or fragment does 
not appear to have been explored. A simple and frequently used method 
for increasing the sedimentability of haemagglutinating viruses is to allow 
them to attach to red cells which are easily sedimented. As the virus 
desorb, they are easily separated from the red cells by centrifugation (43). 

Sequential Dissection by Sedimentation through Zones of Im- 
mobilized Reagents 

Reagents having low sedimentation coefficients may be incorporated 
at different levels in a density gradient to attack larger particles moving 
through the gradient. At the MAN Program the method was employed in 
early studies on the extraction of histones from nuclei sedimenting 
through gradients of increasing acidity, and more recently detergent 
gradients have been used to solubilize microsomes. As more interest 
develops in the dissection of membranes and ribosomes, these methods 
will probably be more widely employed. 

DISC U S S l O  N 

Preparative zonal centrifugation is now in a state of very rapid growth, 
with new rotor systems and separative techniques appearing at frequent 
intervals. The evaluation of these methods and comparison with other 
methods in a variety of specific instances will require a period of several 
years. 

We conclude the rotor development should proceed in those directions : 

(1)  The limits of speed, capacity, volume, and resolution should 
continue to be explored by using systems which exhaust presently available 
technology. 

(2) The improvement of zonal centrifugation should be directed to 
an improvement in loading and unloading methods to reduce the disper- 
sion from these operations. Therefore, the separated resolution can be 
adequately maintained during the unloading. 

(3) An optimal design for rotor configuration is required for a par- 
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ticular separation. Transport phenomena of particles in a rotor with 
respect to various configurations has to be studied in detail so that various 
factors affecting separation in a rotor can be evaluated quantitatively. 
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