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Summary 

This report, the third under the Joint National 
Institutes of Health-Atomic Energy Commission 
Zonal Centrifuge Development Program, describes 
work on methods for separating subcellular par­
ticles, including viruses, being carried out at the 
Biophysical Separations Laboratory of the Oak 
Ridge· Gaseous Diffusion Plant and at the Biology 
Division of the Oak Ridge National Laboratory. 

The major efforts during this period have been 
directed toward the development of integrated 
centrifugal systems for isolating trace quantities 
of virus from tissues, plasma, and culture fluids. 
It has been found that when the sedimentation 
rates of subcellular particles are plotted against 
the particle banding densities, a vacant area, or 
"window," appears in the area where most viruses 
would be plotted. To exploit this "virus window," 
it has been necessary to develop methods for 
separating masses of particulate material first on 
the basis of sedimentation rate and second on the 
basis of density, and to adapt analytical methods 
to the description of the separations. To trans­
late these theoretical possibilities into reality, 
the B-IV zonal centrifuge has been developed, 
together with methods for multiple-fraction iso­
pycnic banding. The resolution of the system has 
been studied using.a variety of biological ma­
terials, and several types of virus particles have 
been recovered in a high state of purity from 
tissue breis. The applicability of this system to 
the problem of searching human tumors for virus-
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like particles is now being explored. Before this 
can be effectively done, however, a survey of 
normal tissue components isolated by these sys­
tems is required. By use of a simplified system 
for particle isolation, virus-like particles have 
been consistently recovered from human leukemic 
plasma. 

Isolation of virus particles by continuous-flow 
centrifugation has .been examined both theoretically 
and experimentally. A rotor (B-V) capable of 
sedimenting particles as small as Echo 28 has 
been constructed and successfully tested. Since 
many viruses are inactivated by pelleting, the 
possibility of devising a high-speed continuous­
flow centrifuge in which. the virus particles are 
sedimented into a density gradient has also been 
examined. Two systems (B-VI and B-VII) designed 
and built during this period showed both the 
feasibility of this approach and the difficulties 
to be overcome. On the basis of this work, rotor 
B-VIII has been built and successfully tested. 

The low-speed A-IX rotor has undergone ex­
tensive tests with cell fractions from plant and 
animal sources, and the high-speed C series 
rotors have been gradually moved from the level 
of experimental test systems to that of biological 
experimentation. 

The program continues to be an interesting and 
a productive experiment in the adaptation of 
defense-oriented technologies to biomedical pur­
poses. 
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I. I ntrod uction 

The Oak Ridge installation of the Atomic Energy 
Commission (AEC) was originally organized to 
achieve difficult separations. These included the 
separation of uranium isotopes by two large­
scale processes, the separation of plutonium and 
other fission products, and the isolation of nu­
merous radioisotopes froni contaminating sub­
stances. It has been of interest to determine 
whether certain of the skills, techniques, fa­
cilities, and individuals associated with these 
AEC programs could be adapted to the solution 
of difficult separation problems encountered in 
biomedical research. The separation of sub­
cellular organelles and viruses presents problems 
which are comparable in difficulty with some of 
the isotopic separations. If small virus particles 
existing at levels as low as, for example, one 
particle per cell are to be isolated, it will be 
necessary to achieve purifications ranging from 
10 6 to 108 fold. The centriole, a key organelle in 
the process of cell division, has not been isolated 
from mammalian cells to date owing to the lack of 
high-capacity high-resolution separation systems. 
It is not unlikely that other cell components which 
occupy only a small fraction of the cell mass re­
main to be discovered. 

The common denominator of our present interests 
is the virus particle. Evidence has accumulated 
suggesting that ionizing radiation may activate 
latent oncogenic viruses in animals. The mecha­
nisms involved are obscure. However, virus in­
fection is known to produce chromosome breakage 
in tissue culture and may conceivably cause the 
specific chromosomal abnormalities observed in 
human leukemic cells. The central experimental 
difficulty is that the definitive experiments which 
are possible in animals cannot be done in man. 
The problem of whether human leukemia, for ex­
ample, may involve a virus released by radiation 
is not amenable to a simple solution. 

The direct approach, that of looking for the virus 
by physical means, brings to one focus certain of 
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the interests existing in the AEC, the National 
Cancer Institute, and the Biophysical Separations 
Laboratory at Oak Ridge. Specifically, the develop­
ment of virus-isolation techniques is germane to 
the problems of the cause of human cancer gener­
ally, the relation of radiation to human neoplastic 
disease, especially leukemia, and the physical 
problem of the separation of particles in centrifugal 
or other physical systems. From the biophysical 
viewpoint many virus particles are nearly ideal test 
objects for the study of separation methods. 
Viruses can be detected over an extremely wide 
range of concentrations by biological and physical 
methods, they exist in a size range which falls 
within the size spectrum of subcellular particles, 
and they are, in many instances, both nearly 
spherical and of uniform size and density. Thus 
the problem of isolating trace quantities of virus 
from cells and tissues is of interest from many 
points of view. The problems to be solved are, 
for the most part, concerned with the development 
of separation methods having the highest resolution 
that can be obtained. Only as the physical, 
colloid-chemical, mathematical, metallurgical, and 
engineering problems involved are solved can the 
parallel biological problems be attacked. Initially, 
therefore, this program must be concerned with the 
development of tools, their perfection, and their 
calibration. As this is accomplished, emphasis 
can be shifted to their application to pertinent 
biological problems. 

It should be emphasized that concentration on 
the isolation of one type of subcellular particle -
the virus - does not diminish the applicability of 
the systems developed to the isolation of other 
subcellular particles. On the contrary, the iso­
lation of particles suspected to be heterogeneous 
in their physical properties can best be done after 
it has been demonstrated that the polydispersity 
observed is not due to low resolution of the iso­
lation system. 



II. Biomedical Applications of Zonal Centrifuges 

A. ISOLATION OF TRACE AMOUNTS OF VIRUS 
FROM TISSUES 

N. G. Anderson C. L. Burger 
W. W. Harris 

We shall address ourselves first to the problems 
of whether, in theory, trace amounts of various 
types of virus particles can be isolated in a high 
state of purity from tissues; second, to the various 
methods by which such separations might be 
accomplished; and third, to experimental studies 
with model systems. 

1. Viruses and Subcellular Particles 

Initially the question must be asked: Are most 
virus particles sufficiently different from the 
particles found in broken cell suspensions to 
allow their isolation by physical methods in a 
reasonable state of purity? On purely theoretical 
grounds it is evident that particles having very 
different densities may have the same sedimenta­
tion coefficients in a given solvent. This follows 
from the fact that the sedimentation rate of a 
sphere is proportional to the product of the square 
of the particle radius and the difference in density 
of the particle and the solvent. In the case of the 

uniform spherical viruses, we wish to isolate 
particles of one radius and one density. Separa­
tions based on sedimentation rate are sensitive 
to both parameters, while isopycnic separations 
depend, obviously, on density alone. To make 
separations of maximal resolution, therefore, it is 
necessary to perform both a rate-zonal and an 

.equilibrium, or isopycnic, fractionation. The 
choice of the order of the separation depends on 
several considerations. Cell nuclei, which may 
have the same equilibrium density as certain vi-
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ruses,are disrupted or extracted by the high salt 
concentrations employed in most equilibrium 
centrifugation procedures, . including those using 
cesium chloride. Such extracted nucleoprotein 
would not behave as do nuclei in subsequent 
rate-zonal separations. Other cell components 
may also be altered by salt extraction. An addi­
tional disadvantage is that in equilibrium studies 
with presently available systems, sufficient 
centrifugal force to band soluble proteins sharply 
in a relatively short time is not generally avail:" 
able. Banded virus particles may therefore not be 
free of contamination by smaller particles which 
have not reached their isopycnic points. Further, 
the rate separations, which do not involve expen­
si ve materials, but which do require relatively 
large volume gradients, may be done at a lower 
speed than that usually required for isopycnic 
banding. 

To maximize the particle radius dependence of 
the rate separations, the difference in denSity 
between the particle of interest and the solvent 
should be maximized, and the separations carried 
out at the lowest density practicable. This is 
evident from the fact that the effect of radius 6n 
sedimentation approaches zero as the term (p -
p ), where p is the density of the particle ~nd o p 
Po' the density of the solvent, approaches zero 
(i.e., particles of any radius may band at the same 
density level if they have the same density). 
These considerations suggest that the maximal 
separation for scanning purposes may be obtained 
by first separating subcellular particles on the 
basis of sedimentation rate in a zonal centrifuge 
and then subfractionating the fractions obtained 
on the basis of density alone. Alternate methods 
adapted to the problem of isolating specific 
particles will be discussed in subsequent reports. 
Of interest here is the question: Will such 
separations yield relatively pure vi ruses? 



2. Virus Window 

Restating the above question more precisely: 
If all cell constituents, with the exception of 
viruses, are plotted with the sedimentation rate 
in water at 20°C along the abscissa and banding 
density along the ordinate, will there be a vacant 
space, or "window," in the area where most 
viruses would fall? If viruses are theoretically 
separable by such a combination of methods, at 
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what concentration in a tissue can they be de­
tected using available physical detection methods? 

Data on the sedimentation rates and densities 
of viruses and various cell components are given 
in Fig. II-A-l. The values for the sedimentation 
coefficients are corrected to water at 20°C. In 
practice, separations dependent on density alone 
are made in salt gradients. The isopycnic point 
of a given particle is not the same in all gradients; 
it will depend on the degree of hydration of the 
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particle in a given medium, the permeability of the 
particle to the solutes used to make the gradients, 
and the extent of the solute binding. The banding 
densities given, unless otherwise stated, are for 
cesium chloride. In other gradients the values 
may be numerically different, but the overall 
distribution of viral and cell component densities 
would tend to remain the same. The values for the 
sedimentation rates of proteins are those for rat 
liver (Anderson and Canning, 1959) which do not 
differ greatly from the values for rat brain, kidney, 
and testes. The density ranges for soluble tissue 
proteins have not been determined in CsCI; how­
ever, they probably do not vary greatly from the 
value of 1.295 reported for bovine serum albumin 
(BSA) and for human hemoglobin (Cox and Schu­
maker, 1961). Values for the sedimentation co­
efficients of ribosomes and polysomes are for 
rabbit reticulocytes (Gierer, 1963), and the 
densities are those extrapolated from Escherichia 
coli ribosome data (Tissieres et al., 1959). It is 
assumed that polysome densities would not be 
very different. The range of sedimentation coeffi­
cients shown for "microsomes" is that observed 
with rat liver in the zonal ultracentrifuge, and the 
densi ty range was obtained by banding in CsCI 
fractions separated in the zonal ultracen trifuge. 
The sedimentation rates for mitochondria are cal­
culated from the data of de Duve et al. (1959) and 
of Thomson and Klipfel (1958). Nuclear sedimen­
tation coefficients are calculated values assuming 
diameters ranging from 6 to 12 11 and an average 
density of 1.040 (Falzone et al., 1962) in dilute 
buffer. The CsCI densi ty is estimated on the 
assumption that nuclei contain 77% protein and 
19% DNA (Hale and Kay, 1956) and that the 
isopycnic densities would be the sum of the 
density of each component times the percentage 
present. In practice, the nucleoprotein would 
dissociate, at least partially, and would probably 
yield several bands. The nuclear isopycnic 
density is therefore a calculated value given to 
indicate a region where separations of nuclear 
from nonnuclear materials would be difficult. 
The position of glycogen is taken from studies on 
the distribution of sedimentation coefficients of 
material isolated from liver (Meyer and Zalta, 
1958; Bell et al., 1948; Polglase, Brown, and 
Smith, 1952). The banding density in CsCI is 
taken from experimental studies carried out in 
this laboratory (Anderson, unpublished) using 
glycogen isolated from rat liver. The value is 
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slightly higher than that previously reported (Bell 
et al., 1948; Bryce et aI., 1958). Ferritin was 
isolated from human leukemic spleen by zonal 
centrifugation followed by isopycnic banding. 

Deoxyribonucleic acid (DNA), which would not 
ordinarily be fourid free in homogenates of mamma­
lian cells, but would be encountered in bacterial 
homogenates,. and might be found extracted from 
viruses during the preparation of pathological 
tissues, is also included in Fig. II-A-1. The 
banding density range is taken from Schildkraut, 
Marmur, and Doty (1962), and the range of sedimen­
tation rates includes that of single DNA molecules 
from T2 phage (Hershey, Burgi, and Ingraham, 
1962) and a variety of published values. Ribo­
nucleic acid (RNA) has a density in CsCI at the 
limits of the density available wi th this salt. The 
density of 2.0 observed in cesium formate (Davern 
and Meselson, 1960) has therefore been used. 
The sedimentation rate range is taken from a 
number of sources (Cheng, 1962); (Cox and Arnstein, 
1963). The accurate positioning of cell compo­
nents from various tissues in the sedimentation 
rate-banding density (hereafter termed S-p) plot 
will require much additional experimental work, 
and some of the values used here must be treated 
with reservation. 

Data on the following viruses are taken from 
published studies: adenovirus 2 (Green, 1962; 
Kohler, 1962); equine abortion virus (Darlington 
and Randall, 1963); foot-and-mouth disease virus 
(Breese, Trautman, and Bachrach, 1960; Trautman 
and Bachrach, personal communication); mouse 
encephalomyocarditis virus (Faulkner et al., 
1961; Hansen and Schafer, 1962); Newcastle 
disease virus (Rott, Reda, and Schafer, 1963; 
Stenback, 1963); ¢X 174 (Sinsheimer, 1959; 
Eigner, 1962); polio virus (Holland et al., 1960; 
Polson and Levitt, 1963); mouse polyoma (Craw­
ford and Crawford, 1963; Howatson and Crawford, 
1963; Mayor, 1961; Melnick, 1962; Winocour, 
1963); reovirus 3 (Gomatos and Tamm, 1963); Rift 
Valley fever virus (Naude, Madsen, and Polson, 
1954; Polson and Levitt, 1963); Rous sarcoma 
(Crawford and Crawford, 1961; Epstein, 1956, 
1958; Epstein and Holt, 1958); and Shope papilloma 
virus (Breedis, Berwick, and Anderson, 1962; 
Crawford and Crawford, 1963). 

It is evident from an examination of Fig. II-A-1 
that a "window" appears in the S-p plot which 
includes a minimum amount of non viral material, 
and that a large fraction of known viruses would 



fall in it. In those instances where a virus has 
the same banding density as a part of the micro­
somal fraction, it is evident that the virus cannot 
be completely separated from contaminating mate­
rial by centrifugal procedures. Chemical (Kovacs, 
1962) or enzymatic dissection may then be neces­
sary. Since the microsomal particles have a 
wide range of sedimentation rates, however, it 
should be possible to isolate the virus from the 
majority of the microsomal mass. The amount of 
endoplasmic reticulum present which gives rise to 
microsomes varies widely in different cells and 
tissues but is low in many tumors and in some 
cells used for virus production. 

These considerations have prompted us to ex­
plore methods for large-scale separation of sub­
cellular constituents which would be analogous 
to the separations shown diagrammatically in 
Fig. II-A-1. 

3. Detection of Virus Porticles 

Infectivity in a suitable test system will remain 
the most sensitive method for detecting virus 
particles. The physical methods for detecting 
viruses isolated in a reasonable state of purity 
include absorbance in the ultraviolet, light 
scattering, electron microscopy, and measurement 
of fluorescence after conjugation with fluorescent 
antibodies. The usefulness of each of these 
methods depends on the concentration of virus 
achieved. By the use of negative staining tech­
niques, particle counting methods, or sectioning 
of pellets, it appears that the identification of 
virus particles on a morphological basis is feas­
ible at the level of one particle per cell if the virus 
is obtained in a pure form in the same concentra­
tion in which it existed in the source tissue. For 
example, if liver containing 4 x 10 8 cells/ g is 
used, then the final virus concentration (4 x 
10 8/ml) would be at the lower limits of detection 
using spray counting methods (Dourmashkin, 1962; 
Breese and Trautman, 1960) but well within the 
range of the Sharp counting technique (Sharp and 
Beard, 1952; Sharp and Overm_an, 1958; Smith and 
Benyesh-Melnick, 1961). 

For detection of most viruses by ultraviolet 
absorbance measurements, somewhat larger 
amounts of virus will be required. The number of 
optical density units necessary will depend on 
the optical density of the gradient itself, the 
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length of the light path, and the volume in which 
the virus is recovered. If the lower limit is 0.1 ab­
sorbance unit, then 13 x 10 12 particles of the 
small foot-and-mouth disease virus (Trautman, 
personal communication), 1.2 x 10 9 physical 
particles of poxvirus Ooklik, 1962), or 2.3 x 10 6 

vaccinia particles (Plartterose, Nishimura, and 
Salzman, 1962) would be required. This limit 
may be lowered by the use of long light path cells 
(Reither, personal communication), electronic 
methods for extending spectrophotometric ranges, 
or refined small-volume banding methods. The 
conclusion is, however, that if small virus particles 
are to be detected by ultraviolet absorbance, the 
concentration per unit volume must be 10 to 100 
times higher than is found in the starting tissue, 
assuming that only one virus particle is found per 
cell. For very large viruses, however, the direct 
absorbance measurements would probably suffice. 

Light scattering as a method of detecting virus­
sized particles in gradients is capable of much 
greater sensitivity than absorption measurements. 
As will be shown in subsequent sections, this 
method is sensitive below the level where elec­
tron microscope counting is ordinarily done. At 
the arbitrary lower limit of interest here ('V 10 8 

particles/ml), light scattering appears to be the 
gradient monitoring method of choice. 

It is concluded that if methods can be developed 
which will allow only those particles having a 
narrow range of sizes and densities characteristic 
of a given virus to be isolated, and if the final 
concentration is equal to or greater than the con­
centration in the tissue of origin, then virus parti­
cles which exist at a level as low as one particle 
per cell can be isolated and described. Since the 
mass of a virus varies from approximately 10- 6 

(Rubin, 1962) to 10- 8 of that of a cell, the purifi­
cation (as distinguished from concentration) re­
quired is from a million to 10 million fold. 

4. Determination of Sedimentation Rates 

A computer program (report ORNL-3502 and 
Chap. XIV of this report) is used to determine the 
equivalent sedimentation rates (S*), in water at 
20G C, which spherical particles which do not be­
have osmotically would have if found at various 
points in the gradient after a given period of 
centrifugation. The basic equation is a modifica­
tion of that used by Martin and Ames (1961). In a 



zonal centrifuge the position of a given particle is 
determined in the gradient stream recovered 
from the centrifuge at the end of the run. The 
term w2 t used in the calculations therefore refers to 
the centrifugation done during acceleration, at 
speed, and during deceleration. An electronic 
system is therefore used to compute f w 2 dt con­
tinuously during the course of the run. 

In experiments designed for searching tissue 
breis for virus particles, it is desirable to centri­
fuge long enough to spread known virus particles 
between the soluble protein zone and the mito­
chondrial zone. Rat liver mitochondria tend to 
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band isopycnically in sucrose gradients at a 
density level of 1.203 g/cm3 (44.5 w/w % sucrose). 
In practice, virus particles are not allowed to 
reach this density during rate-zonal centrifugation. 

By use of the B-IV computer program, the posi­
tions which particles having a range of densities 
and sedimentation coefficients would have as a 
function of equivalent centrifuge time at 20,000 
rpm were calculated. These are plotted in Fig. 
II-A-2. With the gradient used for these calcula­
tions, a suitable spread is obtained in 1 hr at 
20,000 rpm. This speed and time have been used 
for the majority of the studies made to date. 
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5. Rate-Zonal Separations 

From early studies on the use of centrifugal 
force to stabilize density gradients as they are 
introduced into centrifuge tubes in a spinning rotor 
(Albright and Anderson, 1958), it became apparent 
that the operations of setting up the gradient, 
introducing the sample layer, -separating the vari­
ous particles in a centrifugal field, and recovering 
the separated fractions might well be accomplished 
in a suitable hollow centrifuge rotor during rotae 

tion. The first zonal rotor built in 1955 (Anderson, 
1955, 1956) confirmed this view. Further work re­
sulted in the development of the B-II rotor com­
pleted in 1960 (Anderson, 1962). Unfortunately, 
this rotor was destructively unstable in the region 
of 31,000 rpm. The steps necessary to redesign 
this system for operation at 40,000 rpm have re­
suited in the development of the B-IV system 
described in Chap. VI of this report. Detailed 
procedures for operation and calibration are pre­
sented in Chap. XIII. Since it is now possible to 
obtain highly purified and concentrated suspen­
sions of virus particles from human and animal 
tissues, it has been considered of importance to 
develop methods for containing as much of the 
apparatus as possible in Freon-tight glove boxes 
(see Chap. XI). In addition, all solutions used 
must be sterile and, as far as possible, particle 
free (see Chap. XI). The gradient recovered at the 
end of the run is monitored for ultraviolet ab­
sorbance as it flows out of the centrifuge. In 
addition, total protein (determined by an automated 
method), refractive index, and physical density are 
determined on all the fractions collected. 

6. Isopycnic Banding 

The fractions obtained by rate-zonal centrifuga­
tion must now be banded isopycnically (Meselson, 
Stahl, and Vinograd, 1957) to determine whether 
particles having different banding densities are 
present. Since some viruses are known to be 
inactivated by peUeting, it is not desirable to 
centrifuge particulate material out of the sucrose 
solutions and then resuspend it in CsCI or other 
salt solutions and subsequently centrifuge the 
CsCI suspensions in SWinging-bucket rotors. 
Rather it is important to band the unpelleted 
particles as rapidly as possible by a method which 
would allow as many as 24 samples to be run at 
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once. In previous studies (ORNL-3502) it was 
shown that the shearing which occurs during the 
transition from rotation to rest in a liquid density 
gradient in an angle-head rotor is small and that 
sharp banding of viruses and DNA could be ob­
tained. Larger particles tend to clump under these 
condi tions bu t will still band. To generate a 
large number of gradients rapidly, two methods 
have been employed. In the first the zonal centri­
fuge fractions (forty 40-ml tubes) are transferred 
to Spinco 30 rotor tubes containing 6 to 9 g of dry 
CsC!. During a 14- to 16-hr centrifugation at 
24,000 rpm, the CsCI dissolves to form a steep 
gradient. In the second method the tubes were 
half filled with the particle-containing sucrose 
solutions, and then 10 to 15 ml of saturated CsCI 
was run to the bottom of the centrifuge tube through 

a narrow piece of tubing. The tubes were then 
completely filled with the particle suspension. 
The latter method requires more time but yields 
more reproducible gradie,nts. The details of 
methods for preparing and scanning gradients are 
discussed in subsequent sections. 

7. Virus-Isolation Studies 

The amount of material in a tissue brei having 
the same sedimentation properties as a given virus 
or virus-like particle limits the purification which 
can be achieved by rate-zonal cen trifugation. In 
the previous report (ORNL-3502) the results of 
studies on rat spleen and liver preparations were 
presented. These findings have now been ex­
tended to normal and leukemic mouse spleen, and 
to human spleen from patients with Hodgkin's 
disease. 

8. S-p Plots with Tissue 

The development of particle search methods has 
been guided by a variety of experiments (48 in all 
during this period with the B-II and B-IV zonal 
centrifuge rotors) using animal tissues and viruses, 
bacteriophage, and human autopsy tissue samples. 
The results confirm the presence of a "virus 
window" slightly beclouded by a small number of 
unidentified cell particles. Many hundred electron 
micrographs have been taken of the fractions ob­
tained. Presentation of these is deferred until all 
the necessary control experiments have been done 
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and the interpretations and comparisons are com­
plete. Although the entire search system has been 
assembled only very recently, the studies to date 
bear out the early expectations. The results with 
one complete run using a sample of normal human 

spleen are shown in Fig. II-A-3. A total of 37.8 g 
of tissue was homogenized in 151 g of pH 7.5 
phosphate-N aCl buffer for 1 min using a Sorvall 
motor-driven blade-homogenizer. The brei was 
then centrifuged in 250-ml sterile closed cups 
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at 2300 rpm in the International PR-2. The super­
natant was removed and centrifuged for 2 hr at 
27,000 rpm in the Spirico 30 rotor. The pellets 
were resuspended and combined in a total volume 
of 21 ml and used as the sample in a rate-zon'al 
separation run in the B-IV zonal ultracentrifuge 
using a I-liter gradient extending from 10 to 30% 
(w/w) sucrose with a cushion of 55% sucrose (see 
operating procedure in Chap. XIII). The centri­
fuge was run 1 hr at 20,000 rpm and unloaded at 
5000 rpm. Fractions 6 to 30 were banded at 
24,000 rpm for 8 hr using 8 g of dry CsCl per 
rotor tube. The results are shown in Fig. I1-A-3. 
It should be noted that only a small portion (0.1-
0.2%) of the total sample per fraction collected is 
found in the virus sedimentation rate range. The 
material present in the lower sharp band in the 
isopycnic separations was present in an amount 
too small to be identified as yet by electron 
microscopy. Under these conditions ferritin is 
found in a very pure state at the bottom of the 
CsCl tubes, generally in fractions 6 to 9. These 
results must now be extended using normal tissues 
from a variety of sources combined with biochemi­
cal analysis to identify the various fractions 
separated. 

9. Alternate Procedures 

The method as described here for searching 
tissues is useful for up to about 4 g of tissue 
without precentrifugation. By removing nuclei and 
mitochondria by low-speed centrifugation and 
subsequently sedimenting virus and microsomes, 
the initial vi rus concentration can be increased 
and masses of tissue as large as 50 to 100 g can 
be used, depending on the nature of the tissues 
and the mass of microsomal material present. To 
process larger amounts of tissue, several other 
systems are being examined. Theoretical studies 
on continuous-flow centrifugation (Berman and 
Anderson, in preparation) suggest that serial or 
cascaded centrifuge systems can be constructed 
which will allow the microscopic elements of 
tissue breis to be removed from multi liter batches 
of brei, with subsequent sedimentation of the 
virus in higher-speed continuous-flow rotors such 
as the B-V recently described (Barringer, Ander­
son, and Nunley, in preparation; also Chap. V, 
Sect. A). 
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In the B-V rotor the virus particles are pelleted 
onto a vertical surface and must be removed from 
the rotor at rest. Experiments now in progress 
demonstrate that continuous-flow centrifugation 
can be arranged so that the feed stream flows 
over a density gradient. Particles settling out of 
the stream are therefore also banded at their 
isopycnic position. The gradient is recovered 
from the rotor during rotation. The B-VIII rotor 
used to demonstrate this principle yields peaks 
with the viruses thus far studied. These are 
concentrated into volumes of 40 to 100 ml. The 
virus may be further reduced in volume by banding 
in high-speed rotors such as the experimental 
C-I1 rotor (141,000 rpm, 310,000 x g with 110 ml of 
CsCl solution with an average density of 1.7). 
The application of these alternate systems to 
tissues will be described in subsequent papers. 
To explore the resolution of each Sop separation 
system, a variety of virus-induced tumors and 
infected tissues must be examined. 

B. ANALYTICAL STUDIES ON RIBOSOMES 
ISOLATED WITH THE B-IV ZONAL 

UL TRACENTRIFUGE 

Eric Schram w. D. Fisher 

Although much information is available concern­
ing the role of ribosomes in protein synthesis, 
little is known about ribosome formation - espe­
cially about the synthesis of their structural 
proteins. The experiments reported here were 
performed to gain some insight into the specificity 
and the mechanism of synthesis of these proteins. 

1. Separation of 30S and 50S Ribosomal Subunits 
by Zonal Centrifugation 

Since ribosomes are generally contaminated with 
nascent proteins or with cytoplasmic proteins, the 
choice of the isolation procedure is a crucial step 
in the study of ribosomal proteins. Moreover, the 
quantities of material needed for such a study can 
be obtained only with large-volume rotors. For 
preparative separation, use was made of the B-1 V 
zonal rotor described in Chap. VI. Escherichia 
coli were grown in the presence of 35 S sulfate so 
that the proteins could be selectively traced by 
radi oacti vi ty. 



The purest ribosomal subunits were obtained by 
first isolating ribosomes with an S value equal to 
or higher than 70 in a sucrose gradien t (see Fig. 
II-B-1), and by rerunning this fraction in the same 
gradient after dissociation at low magnesium 
concentration (see Fig. ll-B-2). The optimum 
gradient for the separation of ribosomal subunits 
ranged from 13 to 20% (w/w) sucrose. The buffers 
used had the following compositions: (1) for the 
homogenization of E. coli in the French pressure 
cell and the isolation of 70S particles, 10 - 2 M Tris 
and 10- 2 M Mg2+ (pH 7.4); (2) for the dissociation 
of the 70S particles and the isolation of their sub­
units, 10- 2 M sodium-potassium phosphate and 
10- 3 M magnesium acetate (pH 7.4). 
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The ribosome suspensions obtained by zonal 
ultracentrifugation were first concentrated by 
centrifugation in a Spinco 30 rotor, and the pro­
teins were extracted with hydrochloric acid. The 
efficiency of the separations achieved is indicated 
by the absence of ribonuclease in the 50S fraction. 
Previous studies indicate that this enzyme is 
associated wi th the 30S fraction. 

2. Separation of Ribosomal Proteins by Disk 
Electrophoresis 

In previous studies starch has generally been 
used for the separation of ribosomal proteins by 
electrophoresis. To increase the resolution of the 
separations and to reduce the size of the sample 

required, we have used polyacrylamide gel col­
umns. As anticipated from the basic properties of 
ribosomal protein, the best results were obtained 
using the low-pH buffer system previously used in 
the separation of other basic proteins (Reisfeld 
et al., 1962). Each of the patterns observed in the 
30S and 50S subunits shows approximately a dozen 
peaks which appear consistently, but which differ 
for the two sizes of particles (see Figs. II-B-3 to 
II-B-5). Minor differences were observed between 

I 
505 

UNC LASSIFIED 
PH OTO 65674 

305 

Fig. II·B·3. Disk.Electrophoresis Patterns of Ribo· 

somal Proteins Extracted from 30S and 50S Ribosomal 

Subun its of E. coli. 



the patterns for "native" and . "derived" 50S 
particles. No differences were observed between 
the ribosomes from cultures at rest and those from 
exponentially growing cultures. The amino acid 
analyses of these samples are incomplete at this 
writing. 
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3. Radioactivity Determinations 

Although not apparent from the ultraviolet ab­
sorbance scans of the preparative zonal centrifuge 
separations nor from the patterns obtained with the 
analytical ultracen trifuge, contamination of the 
30S particles by the overlapping soluble protein 
peak can be inferred from the radioactivity curves 
(Fig. II-B-6). Such contamination occurred only 
when the particles had not been prepared from 
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Table II-B-l. Specific Radioactivity of the Ribosomal 

Subunits from E. coli Grown in the Presence of 3SS 

Before Chasing After Chasing 

Native 50S 113 42 

Derived 

30S 145 26.5 

50S 95 17.4 

Ratio of native 50S 1.19 2.45 

to derived 50S 

Ratio of derived 1.53 1.52 

30S to derived 50S 



previously isolated 70S particles and was en­
countered even when the starting material was a 
ribosome pellet prepared by differential centrifuga­
tion. The importance and the necessity of using 
zonal centrifugation for preparative work are 
evident. 

It appears from Table II-B-1 that the specific 
radioactivity (radioactivity vs RNA content) of 
the 30S subunits is 50% higher than that of the 
50S. After chasing with nonradioactive sulfur, 
the same ratio is observed between the specific 
radioactivities of the derived subunits, but the 
specific radioactivity of the native 50S material 
is now found to be much higher than that of the 
derived ones. The radioactivity, before and after 
chasing, of the several fractions isolated by disk 
electrophoresis is now being studied. 

. 4. Discussion 

Green and Hall (1961) have observed differences 
in the physiological acti vi ty and RN A composi­
tion of native and derived ribosomal subunits. 
Such differences do not appear clearly from the 
electrophoresis data in this study, but the radio­
activity data would imply the absence of an 
equilibrium between the two types of particles 
(native ,and derived). Moreover, the higher 
specific, activities found in native 50S after chas­
ing would suggest that these particles are actually 
derived from the 70S particles. The higher 
specific radioactivities found in the 30S as com­
pared to that of the 50S may be ascribed to a 
hi gher protein content if the proteins from both 
the 30S and 50S are found to contain the same 
percentage of cystine and methionine (Spahr, 
1962). This view is further supported by the fact 
that a lower ratio of optical density at 260 mfl to 
optical density at 235 mfl is consistently found for 
the 30S particles. Radioactivity measurements 
now being made on the proteins separated by 
disk electrophoresis will aid in answering some of 
the questions raised above and will also indicate 
whether any of the proteins undergo a higher 
turnover rate than others. 
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C. VIRUS-LIKE PARTICLES IN HUMAN 
LEUKEMIC PLASMA 

C. L. Burger N. G. Anderson 
W. W. Harris T. W. Bartlett 

R. M. Kniseley 

During this report period, a total of 250 coded 
plasma samples from human subjects have been 
prepared for examination by electron microscopy. 
Of these, 40 to 50 were from nonleukemic indivi-'; 
duals. Microscopy data are presently available 
on only 140 of these samples. The correlation of 
particle morphology with diagnosis, treatment, 
and other parameters will be made by computer 
analysis. 

1. Methods 

Samples were prepared as described (Burger 
et al., 1964). However, banding of the virus 
pellet has been explored by a number of techniques 
using greater volumes of plasma per patient to 
facili tate electron microscopy. 

After the resuspended pellets are banded in 
CsCI, photographs are taken of the banding tubes, 
and fractions are then recovered by pumping the 
tube contents through a stainless steel needle and 
into a spectrophotometer modified with, a wave­
shifting mechanism to alternately read 260 mfl and 
280 mil. The sample then passes through a Waters 
refractometer (model 34H), the pump, and finally 
into a fraction collection tube. The fractions are 
then prepared for microscopy as reported (Burger 
et al., 1964). 

The gradient analyzer (designed and fabricated 
by ORGDP Instrument Development Group) used 
for recovery of banded samples is shown in Fig. 
II-C-l. The pump used to withdraw the fluid from 
the tubes is provided with a continuous-speed 
control (front left, below table holding fraction 
collector) which varies rate of withdrawal from 
o to 3.7 ml/min, when using ~ -in.-ID tubing. 

16 
The total volume of fluid within the system, from 
tip of stainless steel needle to end of tubing 
above collection vessel, is 0.5 ml. The tube 
holder, an evacuated double-walled chamber which 
insulates the tube during pumpout, has a light 
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below, permitting visual observation of bands in 
the tube. The screw is removed from the cap of 
the Spinco 30 rotor tube, and a plastic adapter is 
screwed into the opening. The rack holding the 
tube is then raised, after positioning the needle 
over the opening in the adapter. The needle is 
thus positioned at the bottom of the tube, with 
minimum disturbance of the gradient. 

The reference cell of the spectrophotometer 
has been modified by the addition of a variable. 
slit adjustment. The housing above the cell 
compartment of the DB contains the refractometer 
flow cell, modified to reduce the volume and hence 
the lag time of the instrument. The refractometer 
has been further altered by the addition of a fine 
adjustment which permits the operator to set the 
output voltage of the unit between the settings re­
quired through use of the scale and zero adjust­
ment. 

The fraction collector provIdes for eighteen 15-ml 
centrifuge tubes. An event-recording pen marks 
the base of the strip chart each time the fraction 
collector advances, either automatically on a timed 
basis or manually by depressing a control switch. 
A visual record of absorbancy at 260 and 280 mil, 
refractive index, and tube number is thus obtained 
for each sample. 

The tubing used throughout the system may be 
washed with formalin between samples, or new 
tubing may be inserted. The DB and refractometer 
cells are 'not at the moment expendable, but 
disposable DB cells are under study. The impor­
tant feature is that no "memory" or cross con,. 
tamination be detected, and none has been ob­
served as checked by comparing leukemic and 
non leukemic samples. The recorder is equipped 
with a 12-point print wheel; two points record 
refractive index and the others alternate between 
260 and 280 mil. 

The panels above the DB contain the hydrogen 
lamp power supply, zero adjustments for both 
wavelengths, and the electronic controls for the 
refractometer. A series of switches include main 
power, fraction collector power, pump, and 
sample light. The correlation between virus-like 
particles observed in plasma and tissues of the 
same leukemic individuals is under investigation, 
and results will be reported in future communica­
tions. The occurrence of particles other than the 
"R" and "Q" type previously reported (Burger 
et al., 1964) will also be described. 
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D. STUDIES ON THE A-IX ROTOR 

R. E. Cannin g 

As each new rotor system is developed, its per­
formance is examined using test particles as a 
prelude to studies on the separation of more com­
plex biological materials. The A-IX rotor is 
designed for the separation of cells and for 
studies on the distribution of drugs, chemical 
carcinogens, and enzymatic activities among cell 
fractions. Before this can be done, however, 
optimal gradients and operating techniques must 
be developed. 

The performance of the A-IX rotor was studied 
using bovine serum albumin (BSA), rat red blood 
cells (RRBC), and ragweed pollen. In all cases a 
I-liter gradient of 17 to 55% sucrose (p = 1.0719 to 
1.2663) was used with 55% sucrose as a cushion at 
the centrifugal end of the gradient. For the over­
lay, 160 ml of phosphate buffer [pH 7.5, 11 (ionic 
strength) = 0.1] was used. 

The effects of movement of the sam pIe zone 
into and out of the rotor and of disturbances 
occurring during acceleration and deceleration 
were studied using BSA (10 ml of 4% BSA in 8.5 
w/w % sucrose) as the sample. The sample was 
introduced into the rotor at 1100 rpm, after which 
the rotor was accelerated to 4000 rpm (3000 x g at 
Rma) for 15 min. The rotor was then decelerated 
to 1100 rpm and unloaded into 40-ml centrifuge 
tubes through an ultraviolet absorbance monitor. 
The absorbance recorder chart is shown in Fig. 
Ii-D-1. The sample zone was calculated to be 
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1 mm wide in the rotor if no zone broadening 
occurred. The peak width of the sample zone on 
the recorder chart at one-half height is equivalent 
to 3.5 mm, indicating that a small amount of 
broadening had occurred. 

Ragweed pollen (200 mg) was washed with 
alcohol, centrifuged, and suspended in 10 ml of 
8.5% (w/w) sucrose. This sample volume was 
introduced into the rotor at 1100 rpm, and the rotor 
was accelerated to 4000 rpm for 8 min. After 
deceleration to 1100 rpm, the rotor was unloaded 
as described above. Two peaks were observed; 
one, a yellow pigment at the starting zone which 
had an equivalent width in the rotor at one-half 
peak height of 4.0 mm,and the second located at 
a density level of 1.2304 (SO w/w % sucrose). 
Upon microscopic examination of the collected 
fractions, pollen was shown to be localized ex­
clusively in the second peak. 

Similar studies were done using 1 ml of packed 
RRBC diluted to 10 ml with 8.5% sucrose. After 
65 min at 1000 rpm the cells were found to band 
at a level having a density of 1. 204 (46% sucrose). 
Both the pollen and the RRBC appear to have been 
very close to their isopycnic points. 

Preliminary work using the A-IX rotor to separate 
cell particulates has been concerned wi th finding 
the gradient which gives the best separations. It 
appears that a two-part gradient consisting of 
300 ml grading from 12 to 15% (w/w) sucrose and 
700 ml of 38 to 50% sucrose with a cushion of 
55% sucrose gives a useful separation with a 
20% rat liver brei. Ribosomes are not sedimented 
out of the starting layer with this rotor, but the 
remaining major cell components are separated. 
This gradient will be used. to explore the feasi­
bility of employing the A-IX rotor for intracellul';r 
distribution studies. 

E. DEVELOPMENT OF REORIENTING 
GRADIENT CENTRIFUGATION USING THE 

A-VIII ROTOR 

C. A. Price Gretchian Bostian 

Reorienting gradient centrifugation in rotors 
which do not have spinning seals makes possible 
the construction of less· expensive rotors for 
low- and intermediate-speed separations and the 
development of very-high-speed centrifuges (cf. C 
and D series systems). The actual separation of 
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particles during all types of zonal centrifugation 
.occurs by the same process; reorienting gradient 
centrifugation differs from zonal centrifugation as 
previously done only in the manner of loading and 
unloading samples. The rotor is loaded with the 
gradient and sample at rest and is then acceler­
ated to the desired speed for the length of time 
necessary to effect the required separations. At 
the end of the run the rotor is gradually deceler­
ated to rest, and the gradient is recovered by dis­
placement (see report ORNL-3415, p. 16; Anderson 
et al., 1964). The principal question is whether, 
with a given rotor volume and maximum speed, 
conditions can be found such that negligible 
mixing occurs during reorientation. 

1. Resolution 

We have tested reorienting gradient centrifuga­
tion with the A-VIII rotor, a large (loS-liter) 
hollow-cylinder configuration with a vaned core 
(Fig. II-E-1). By use of a removable distribution 
plug and channels in the core, fluids may be con­
ducted either to the base or to the top of the 
rotor. To study reorientation disturbances, we 
layered 20 ml of a solution containing 8% (w/w) 
sucrose and 100 mg of BSA dyed with bromphenol 
blue (BBSA) on top of a 15 to 40% (w/w) sucrose 
gradient. An overlay of 200 ml of water was 
added. The rotor was accelerated to 5000 rpm by 
various schedules and then decelerated accord­
ing to the same schedules. The gradient was 
pumped out at rest and monitored at 280 mil. The 
results obtained with several schedules are shown 
in Fig. II-E-2. The resolution of symmetrical 
peaks, defined here as Q = (absorbancy of peak)/ 
(width at half height), showed surprisingly that 
the poorest Q values were obtained with the 
slowest acceleration schedule. The highest Q 
values were obtained when the rotor was acceler­
ated rapidly through regions of rotor instability as 
previously indicated by runout analysis (report 
ORNL-3s02, p. 33). Another surprising feature of 
this work was that substantial loss of resolution 
occurred after the rotor had accelerated past 
1000 rpm, although reorientation was complete at 
500 rpm. Other experiments showed that zones 
introduced below the top of the gradient suffered 
less distortion than those inserted at the top of 
the gradient. These experiments established that 
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F ig. II-E- l. Components of the A-VIII Rotor System. 

acceptable resolution can be obtained in the 
recovery of a soluble sample introduced near the 
top of the rotor. 

2. Separation and Recovery of Pollen Grains 

The separation and recovery of pollen grains 
was tested using a sample of ragweed pollen 
mixed with BBSA, made up in 8% sucrose, and 
layered over a sucrose gradient. Water was used 
for the overlay. The rotor was then centrifuged 
for various times. (These experiments were per­
formed before the optimum acceleration schedules 
had been established.) After 2 hr at 5000 rpm the 
principal component of ragweed pollen had banded 
isopycnically. The sharpest bands were obtained 
with a concave gradient of hyperbolic shape 
(Fig. I1-E-3). A number of minor component bands, 

including what appeared to be "ghosts," were ob­
served elsewhere in the gradient. The Q values 
of the recovered peaks were little affected by the 
size or the volume of the original sample mixture. 
Longer periods of centrifugation (e.g., 5 and 18 hr) 
resulted in substantial losses of resolution. 
These losses may be inherent in the rotor system 
or may be due to the choice of samples. 

3. Effect of Number of Septa 

Since the septa of the A-VIII rotor are removable, 
the effect of removing some or all of the septa 
may be examined. Preliminary studies indicate 
that substantial loss of resolution occurs when the 
number of septa is reduced, suggesting that the 
optimal number may not be the 18 originally in­
cluded. Further experimental and theoretical 
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studies will be required to' determine the best 
internal configuration for reorienting gradient 
rotors of this size. 

4. Prospects for Further Development 

The most important conclusion that can be drawn 
from this study is that bands can be recovered 
with high resolution after reorienting gradient 
configuration. This means that a simple and 
satisfactory principle exists for the recovery of 
components from high-speed rotors where spinning 
seals are not practical. Whether rotating-seal 
systems should be dispensed with in rotors opera­
ting below 40,000 rpm must await a detailed com­
parison of the reorienting made with the conven­
tional mode in other A and B type rotors. No such 
direct comparisons have been made, but several 
comments are appropriate. 

For speeds below 6000 rpm there are enormous 
advantages to the disk-shaped, transparent A-IX 
rotors. The greatest advantage is that of visual 
observation, so that rate-zonal separations may be 
clearly distinguished from isopycnic ones. Other 
advantages are that diffusion cannot easily disturb 
the gradient even over long intervals and that one 

may observe transient changes in certain proper­
ties of particles during centrifugation. Clearly it 
will be valuable to learn whether (or how) the re­
orienting gradient method may be employed with 
rotors of this shape. 
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III. Theoretical Studies 

A. S. Berman 

A. CONTINUOUS-FLOW CENTRIFUGATION 

In a previous report,l an equation was presented 
which related flow rates to particle properties, 
suspending medium properties, centrifuge proper­
ties, and the desired fractional particulate re­
moval. The equation can be presented in terms of 
the sedimentation coefficient, which is defined by 

(1.1) 

The flow rate equation, in practical units, is 

where 

Q 1 = flow rate, liters/hr, 

rpm = centrifuge speed, revolutions/min, 

VI = rotor volume (77r
2

2L e), liters, 

S = sedimentation coefficient, Svedberg 
units, 

G(f, r /r ) = function of the fractional particulate 
1 2 

removal f and the radius ratio r / r 2 

of the centrifuge, 

r 1 = radius of the core, 

r 2 = radius of the centrifuge bowl. 

The equation for the function G has been given 
previously and for radius ratios greater than 0.8 

1 Joint NIH-AEC Zonal Centrifuge Development Pro­
gram Semiann. Rept. January I-June 30, 1963, ORNL-
3502, pp. 11-14. 
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is well approximated by 

G(f, r /r 2) = f2(3 - 2f) 

- ~ (51' - 81 + 2 (1 -:D . (1.3) 

Figure III-A-1 shows the relationship between 
sedimentation coefficient and flow rate for various 
centrifuge speeds for a nominal B-V rotor with 
r

1 
= 4.92 cm, r

2 
= 5 cm, Le = 25 cm, and f = 0.95. 

If, in addition to r /r > 0.8, the fractional 
1 2 

particulate removal f is greater than 0.9, a useful 
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approximate equation (maximum error about 10%) is 

Q 
V ~ = 80 X 10- 13 (rpm)2 , 

1 

(1.4) 

where the symbols have been defined above. 
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The cluster (Q /V1S) is the flow rate in liters 
per hour per liter of rotor volume per unit sedi­
mentation coefficient. From Fig. m-A-2, this 
cluster can be obtained readily for any centrifuge 
speed. Multiplication of the value so obtained by 
the machine volume and the sedimentation co­
efficient gives the estimated flow rate. 

Fig. III-A-2. Relationship Between Speed and Re-

duced Flow Rate in Continuous Centrifuge Operation 

(Approximate). 



IV. Rotor Design 

The rotor systems developed thus far and those 
in the stage of active planning are shown in 
Table IV-A-l. The systems developed to de­
termine the limits of resolution which can be 
obtained are, unfortunately, often complex. How­
ever, it is proposed to compare each complex 

system with the simplest system which can be 
devised which will achieve comparable centrifugal 
fields. Therefore the theory and operation of 
simple reorienting gradient rotors is being ex­
plored in parallel with development of dynamically 
loaded zonal rotors. 

Table IV-A-l. Zonal Centrifuge Systems Developed at Oak Ridge 

Series No. Material Capacity (ml) RPM (max) g (max) Drive Comments 

A IB Pyrex tubes 2-68 3,000 2,500 PR-2 

A lIB Pyrex bottles 6-250 },200 1,100 PR-2 

A IlIB Aluminum 4000 2,000 939 PR-2 

A IVB Aluminum 625 18,000 23,545 Spinco K 

A VB Lucite 1300 1,000 152 PR-2 

A VI Aluminum 3000 6,000 7,100 PR-2 

A VII Lucite 127 3,000 292 PR-2 

A VIII Aluminum 1450 6,000 2,817 PR-2 

A IX Lucite 1300 4,000 3,200 PR-2 

A X Lucite 300 4,000 3,200 PR-2 Core for A-IX 

A XI Aluminum/steel Two 20-ml cells 6,000 7,100 PR-2 

B IB Aluminum 1450 40,000 125,216 Spinco L 

B lIB Aluminum 1625 20,000 22,738 Spinco L 

B III Aluminum 1450 1,500 176 Spinco L 

B IV Aluminum 1685 40,000 90,952 Spinco L New top bearing 

B V Aluminum 150
b 40,000 90,952 Spinco L New top bearing 

B VI Aluminum 1338
c 

35,000 69,635 Spinco L New top bearing 

B VII Aluminum 1012
c 

35,000 69,635 Spinco L New top bearing 

B VIII Aluminum 952
c 

35,000 69,635 Spinco L New top bearing 

B IX Aluminum 754
c 

35,000 69,635 Spinco L Design stage 

B X Aluminum 600 Design stage, removable seals, Spinco L 

23 



24 

Table IV-A-l (continued) 

Series No. Material Capacity (ml) RPM (max) g (max) Drive Comments 

B XI Aluminum 1500 Design stage, removable seals, Spinco L 

B XII Steel 1700 50,000 142,000 Spinco L Speed with CsCl, 

P = 1.7 

C 18 Aluminum (Not completed) 

C II Aluminum 100 141,000 310,000 Direct electric 

C III Aluminum 500 81,000 172,000 . Direct electric 

C IV Aluminum 1000 66,000 143,000 Direct electric 

C V Aluminum 5000 40,000 91,000 Magnetic/Spinco 

D Steel 10 400,000 1.2Xl06 Magnetic 

8Developed before start of Joint NIH-AEC Zonal Centrifuge Development Program. 

bContinuous flow. 

CContinuous flow with banding. 

A. RIGID ROTOR DYNAMICS 

H. P. Barringer E. F. Babelay 

An unclassified theoretical treatment of rigid 
rotor dynamics applicable to existing centrifuge 
rotors is now available. 1 The equations of motion 
derived from a mathematical model are being 
programmed for an IBM 7090 computer. The use of 
this program in the design of centrifuge rotors will 
be described in subsequent reports. 

B. METALLURGICAL STUDIES 

K. T. Ziehlke 

A second C-III centrifuge rotor failed at 81,000 
rpm shortly after the rotor was loaded with cesium 
chloride solution. The rotor had previously op­
erated for several hours at speed when filled 
with water. Parts of the rotor were examined to 
determine the origin and cause of the failure. 
It is concluded that failure was due to stress 
corrosion caused by beta-phase stringers in the 
aluminum microstructure and to the use of cesium 
chloride. The rotor material was 7075 aluminum, 
an alloy containing 5.6% Zn, 2.5% Mg, 1.6% Cu, 

lR. E. Kelley, Rigid Rotor Dynamics, TID-19804 
(N ovember 1963). 

, 

and 0.3% Cr. The stock was obtained in the T6 
temper, and the rotor was machined without further 
heat treatment. While the nominal yield strength 
of this alloy is 73,000 psi, the operating stress in 
the C-III rotor was calculated to be 52,000 psi. 

The fragmentation that developed during the 
failure was severe, as shown in Fig. IV-B-l, which 
shows the pieces reassembled in their original 
relationship. The breaks were predominantly in the 
radial, longitudinal planes except at the ends, 
where circumferential parting appeared to have 
originated at a sharp corner between the thread 
diameter and the land area that contained the 
O-ring sealing groove. One of these breaks indi­
cated that the crack originating at the corner 
propagated in two stages (Fig. IV-B-2). While 
it is possible that such a crack may have been 
the start of the failure, it was not possible to 
pinpoint significant differences between the two 
zones. Areas of brittle and of ductile failure 
propagation in both zones were revealed in electron 
microscope studies. 

The longitudinal breaks were in a predominantly 
radial pattern and were characteristically brittle, 
even though the 7075-T6 material should have a 
fair amount of ductility. The photomicrograph of 
Fig. IV-B-3 illustrates the brittle nature of the 
failure. Sections taken parallel to the longitudinal 
failure planes showed microstructures similar to 
that of Fig. IV-B-4. The elongated beta (zinc) 

~ 
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Fig. IV-S-1. Reassembled P ieces of the Second C-III Rotor to Fai l at 81,000 

rpm. 0.5X. Reduced 50%. 

Fig. IV-B-2. Two-Stage Propagation of Crack During 

Failure of C-III Rotor. The light area just below the 

bottom thread on the p iece on the left appears to have 

ex i sted as a crack for some time pr ior to formation of 

the darker regions. 2X. Reduced 33.5%. 

• • 
.. . 

Fig. IV-B-3. Section Through Brittle Failure Area. 

The edge of t he fractu re shows litt le deformation. Ten­

s i le tests on 7075-T6 material g ive about 11 % elonga. 

t ion at fa il ure. 250X. Reduced 31 %. 
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F ig. IV-B-4. Microstructure of Rotor Stock in Longi­

tudinal Direction. The stringers are the residue of the 

f3 (zinc-rich) phase in the original ingot structure. The 

strong orientation effect was produced when the ingot 

was forged into bar stock. Normal heat-treating cycles 

would not fully d i ssolve this massive phase. 250X. 

Reduced 31 %. 

phase is brittle and weak in comparison to the 
matrix. Impact tests on similar material 2 showed 
that these inclusions severely weakened the 
707S-T6 stock, even though hardness tests showed 
that it had received the recommended heat treat­
ment. Reheat treatment of the earlier stock re­
duced the volume and continuity of the second 
phase and markedly improved its impact strength. 

Microscopic examination of the inner surface of 
the rotor showed many small cracks in the zinc­
rich beta-phase stringers at the surface. One of 
these cracks is shown in Fig. IV-B-S. Similar 
cracks were found in stress-corrosion test samples 
(Fig. IV-B-6) prepared from the same piece of bar 
stock as the failed rotor. Samples were stressed 
to 52,000 psi (rotor operation) and 70,000 psi 
(about 9S% of the yield stress). Those oriented 
transversely to the bar stock (and rotor) axis 
failed by stress corrosion in 24 and 20 hr re­
specti vely. No failures were encountered in the 
longitudinal samples in a three-week exposure to 
saturated cesium chloride. 

Examination of the failure pattern and micro­
structure of the rotor material and the evidence 
from the stress-corrosion tests indicate that the 
failure initiated through stress-corrosion cracking. 

2 Joint NIH-AEC Zonal Centrifuge Development Pro­
gram Semiann. Rept. January I-June 30, 1963, ORNL-
3502, pp. 23 - 30. 
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Fig. IV-B-5. Crack in f3 Phase on Inner Surface of 

Failed Rotor. The principal stress was tensile, at right 

angles to the stringer direct ion. 350X. Reduced 26.5%. 

,.------------------., UNCLASSIFIED 
PHOTO 65681 

Fig. IV-B-6. Cracks in f3 Phase After Stress-Corro­

sion Test. This sample was loaded to approximately 

the stress developed in rotor operat ion. 350X. Re­

duced 26.5%. 

A carefully controlled solution heat treatment, to 
dissolve the beta-phase residue of the original 
ingot structure, would minimize the probability of 
failure from this cause. This conclusion is sup­
ported by the results of an earlier stress-corrosion 



test2 on 7075-T6 sheet stock. The additional me­
chanical work received by sheet stock in its 
reduction to sheet thickness effectively broke up 
the beta phase so that it was readily taken into 
solution during heat treatment. The relatively 
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random distribution of the remaInIng beta phase 
did not furnish paths along which cracks could 
propagate. 

Steel rotors are being considered for high-speed 
operation with concentrated salt solutions. 



v. Low-Speed Zonal Rotors 

H. P. Barringer 

A. ROTOR A-IX 

Drawings suitable for the fabrication of the 
A-IX rotor and seal have been released to the AEC 
Division of Technical Information, Engineering 
Materials Program, for sale as a CAPE package. 
The drawings are included as Appendix I of this 
report. 

B. ROTOR A-X 

The rotor volume (1.3 liters) of the A-IX cen­
trifuge (Fig. V-B-!) is too large for many samples 
and purposes . A new core, designated A-X, has 
been fabricated to fit inside the A-IX rotor . The 
core has two sector-shaped compartments and a 
usable gradient space of 300 ml. The remainder 
of the rotor volume is filled by two sector-shaped 
sections of solid Lucite. 

The design of additional rotors in the A series 
will await the results of comparative studies using 
the A-VITI and the A-IX rotor to determine the 
advantages of dynamic loading as compared with 
the reorienting gradient mode of operation. 

In the B-IV rotor, sedimentation rates are cal­
culated from the known position of the starting 
zone and the position of the separated particle 
zones in the gradient as recovered at the end of 
the run. Volume changes due to changes in 
osmotic pressure experienced by particles sedi­
menting through the density gradient have been 
disregarded sir,ce they appear to be small in the 
small spherical viruses. With cells and mito­
chondria, such as are studied in A series rotors, 
osmotically induced volume changes are appre­
ciable. Theoretical calculations concerning the 
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osmotic volume changes are based on assumptions 
concerning the nonosmotic volume of the particles , 
mem brane permeabili ty and dis tensi bili ty, and 
particle homogeneity - assumptions which require 
experimental examination themselves. It is im­
portant therefore to be able to measure the sedi­
mentation rates of particles as a function of their 
position in the gradient. This is best done by 
measuring sedimentation rates continuously during 
centrifugation. The A-IX rotor has been designed 
with this end in view. A scanning system for 
recording the distribution of particles in the rotor 
at frequent intervals has therefore been designed. 
Details of its construction and operation will be 
included in the next report. 

Fig. V-Bolo Core of Rotor A.X Which Fits Inside A·IX. 

The two section.shoped comportments have a volume of 

approximately 300 mi. The rest of the rotor volume is 

solid Lucite. 

.. 



VI. Intermediate-Speed Zonal Rotors 

H. P. Barringer 

The B series rotors have been limited to the 
speeds available with conventional preparative 
ultracentrifuge drives ("'40,000 rpm) and have 
been designed to separate particles ranging in 
size down to the smallest subcellular particulates 
which are the primary subunits of ribosomes 
('" 30 S). The approach has been to first explore 
the limits of resolution and capacity and then to 
develop the simplest and most inexpensive method 
for achieving the same (or nearly the same) reso­
lution. 

A. B-IV SYSTEM 

The B-I1 rotor 1- 3 demonstrated the basic princi­
ples but exhibited marked instabilities at speeds of 

from 26,000 to 31,000 rpm, depending upon the 
rotors and bearings used. Initially it was thought 
that fluid movement in the rotor produced the 
instabilities observed, and a large number of 
septa (36 in all) were used to achieve a high 
degree of compartmentation. The septa were 
removable, subject to deformation, and they in­
creased the load on the rotor wall. In addition, 
the core was difficult to clean. It was proposed 
that the rotor be redesigned to simplify the core 
and to solve, if possible, the stability problem. 
The latter proved to be the most difficult single 
problem encountered thus far. 

IN. G. Anderson, Nature 199, 1166 (1963). 

2 Joint NIH-AEC Zonal Centrifuge Development Pro­
gram Semiann. Rept. July 1-December 31, 1962, ORNL-
3415. 

3N. G. Anderson, J. Phys. Chem. 66, 1984 (1962). 
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1. Stability Studies 

The B-II rotor is driven by a Spinco model L 
drive in a modified evacuated chamber. The 
physical constants involved in the centrifuge 
drive system, rotor, top bearing, and supporting 
frames were examined for possible sources of 
excitations which could produce the destructive 
high-amplitude vibrations observed. Careful 
experimental measurement, theoretical computa­
tions, and redesign studies of the system com­
ponents were coupled with detailed experimental 
investigations to obtain the information necessary 
to reach 40,000 rpm. 

Proximity distance detectors were installed 
inside the centrifuge vacuum chamber to observe 
and measure movement of the rotor during rotation. 
Near 31,000 rpm a high-amplitude precessional 
motion was observed which was superimposed on 
the normally small amplitude of rotor runout due 
to minor imbalances. The destructive high-ampli­
tude movements were associated with a natural 
forward precessional mode of vibration which 
could exist because of insufficient damping in the 
upper journal bearing. 

2. Damping Bearing 

A variety of types of damper bearings were 
tested in the development of an enclosed journal 
bearing-seal holder with the proper damping 
constants. Damping is accomplished by shearing 
a fluid between parallel plates. One set of plates 
is attached to the self-aligning journal bearing 
and is mounted to allow a small translational 
movement (Fig. VI-A-1). The stationary plates 
are fastened rigidly to the centrifuge frame. The 



UNCLASSIFIED 
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INNER PLATE SUPPORT 
AND SEAL 

Fig. VI·A·I. Top Damper Bearing for B.Type Rotors. 
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axial space between the plates is filled with high­
viscosity silicone oil. An extension of the upper 
journal-bearing housing forms a self-aligning 
holder to position the rotating seal. The completed 
B-IV bearing is shown in Fig. VI-A-la. 

3. Core 

The core in a dynamically loaded B series zonal 
rotor serves three purposes: (1) it compartmental­
izes the rotor volume into sector-shaped chambers, 
(2) it serves to connect the central and peripheral 
portions of each compartment with the seal, and 
(3) it serves to funnel the gradient into and out of 
the rotor with minimal mixing and consequent 
loss of resolution. When it was found that a high 

UNCLASSIF IED 
PHOTO 65683 

Fig. VI·A-Ia. B·IV Top Bearing Assembly. (a) Overflow oil from bearing; (b) cooling water out; (e) oil line in, 

lower bearing; (d) oil line in , to shaft; and (e) co ol ing water in . 



degree of internal compartmentation was not neces­
sary to achieve rotor stability, the possibility of 
using a simple four-vaned core was reconsidered. 
Such a core has the advantage of not bearing 
against the rotor wall, it can be easily cleaned, 
and it is simpler to construct. 

The surfaces in the B-II core which funnel zones 
into the exit line are shown in Fig. VI-A-2. A 
vertical zone approaching the central core surface 
flows in a vertical direction along the core an 
average of 3.2 cm, with an average angle of 4° 
between the zone and the core. The sequence of 
changes in the cross section of a zone during 
unloading are shown in Fig. VI-A-2 (b-f). In the 
B-IV core a different series of surfaces are used 
to achieve the same effect. The core, shown 
schematically in Fig. VI-A-3, is machined from 
two pieces of duraluminum permanently attached 
to each other. The zones approaching the axis 
of the centrifuge are moved horizontally as they 
contact the square central section. The angle of 
contact between a zone and the portion of the 
square section next to the vane is 48. go, decreas­
ing rapidly as the zone reaches the center channel. 
Fluid flows across the face of this portion of the 
core and continuously sweeps toward the center 

(0) ( b) (c) (d) 

UNCLASSIFIED 
QRNL-OWG 64- 5739 

(e) (f) 

.Fig. VI-A-2. Zone Recovery in B-II Core. (a) Sche­

matic of B-II core, with some septa removed. (b-f) De­

tails of zone recovery in B-II core; (b) zone approaching 

core, (t) port of zone recovered, port within core. 
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into the central vertical groove, that part of each 
zone which is in contact with the core. As a zone 
is channeled toward the vertical groove, the rate of 
horizontal flow is increased, allowing the contact 
angle to be diminished to nearly 0°. The particle 
concentration in the film of fluid which is in con­
tact with the core is being continuously decreased 
by sedimentation. This acts to counteract the 
effects of laminar flow. 

To compare the resolution obtainable with the 
two systems, a number or- experiments have been 
performed, including the rate separation of T2 
and T3 phage under identical conditions with the 
B-II and B-IV cores. No differences have been 
noted. To determine whether the starting zone 
thickness was comparable in the two rotors, 
bovine serum albumin samples were run into the 
two rotors under comparable conditions and were 
unloaded through the ultraviolet absorbance 
monitor. As .shown in Fig. VI-A-4, essentially 
identical patterns were obtained, showing that the 
volume occupied by the sample was the same with 
both rotors. 

The B-IV cores have been routinely used for the 
past five months, at speeds up to 40,000 rpm. All 
B-II cores have been retired. 

(0) 

UNCLASSIFIED 
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(d) 

Fig. VI-A-3. Zone Recovery in B-IV Core. (a) B-IV 

core. (b-e) Zone recovery; (b) zone approaching core, 

(e) port of zone recovered, port within core. 
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Fig. VI·A·4. Comparison of Widths of Sample Zones 

in B·II (8) and B·IV (b) Rotors. Sample: 25 ml of 2.5% 

bovine serum albumin in 4.2% sucrose; overlay: 216 ml 

of water; gradient: 17 w/w % sucrose grading into 55 

w/w % sucrose; and centrifugation: rotor loaded at 5000 

rpm, accelerated to 25,000 rpm, maintained at that speed 

for 15 min, and unloaded at 5000 rpm. 

4. B·IV Instrumentation, Containment, 
and Operation 

The instrumentation and operation of the B·IV 
rotor system is described in Chapter XIII, and the 
containment glove bqx is described in Chapter XII. 
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B. MODIFICATIONS OF THE B·IV SYSTEM FOR 
CONTINUOUS·FLOW CONCENTRATION 

OF PARTICLES 

Modifications of the B-IV system for continuous­
flow centrifugation of viruses and other small 
particles are described in Chapter IX. These' 
include the B-V through B-VIII cores. 

C. ZONAL ROTOR SYSTEMS UNDER 
DEVELOPMENT 

The basic purpose in the development of the 
B-IV system has been to devise a high-resolution 
zonal centrifuge for exploring particle separation 
in the ultracentrifuge range. As shown in other 
sections of this report, clean separations. of par­
ticles having sedimentation coefficients as low 
as 20S have been obtained. We wish now to ex­
plore the possibility of achieving the same resolu­
tion with very much simpler rotor systems. Rotors 
B-X and B-XI are therefore being designed to 
determine whether the upper bearing can be elim­
inated from intermediate-speed zonal rotors and 
to explore the difficulties involved in the use of 
Y..,9.vable seals suggested previously. 3 Rotor 
~, a steel counterpart of the B-IV rotor, will 
be used to explore protein separations at 50,000 
rpm. This rotor will have the highest speed of 
the B series. 



VII. High-Speed Zonal Rotors 

A. C-II ROTORS B. C-1I1 ROTORS 

The C-I1 rotors have been repeatedly operated 
at their designed speed of 141,000 rpm. Methods 
for generating gradients for this rotor and for mon­
itoring the recovered gradient are being investi­
gated. A complete C-I1 system has been installed 
in the Biophysical Separations Laboratory to facil­
itate studies with biological materials. The design 
of the rotor is discussed in the previous report. 1 

IJoint NIH-AEC Zonal Centrifuge Program ,Seiriiailn.­
Rept. July 1-December 31, 1962, ORNL-341S. 

Studies on the behavior of gradients in the C 
series rotors during reorientation to determine 
the optimal gradient slope and the best level for 
placement of the sample will be completed before 

- extended studies on the separation of nucleic acids 
on the basis of sedimentation rate or density are 
initiated. In the design of the C series rotors, the 
problem of the effect of shear on high-molecular­
weight nucleic acid has been considered, and pro­
vision has been made for loading the rotor without 
-requiring the sample to flow through narrow tubes 
or orifices. 
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VIII. Ultrahigh-Speed Rotors 

At very high gravitational fields a number of 
interesting possibilities arise. First, if a small 
rotor with a high rate of acceleration can be built, 
the resolution of sedimentation rate studies could 
be increased. Second, banding studies, now 
limited to materials with very high molecular 
weights, can be extended to smaller molecules. 
Third, the effect of high pressure on 'the buoyant 
density of biologically important molecules can be 
examined. We have been interested therefore in 
the development of an ultrahigh-speed rotor with 
transparent end caps which would allow obser':'· 
vatioris and measurements to be made during 
rotation and which would use the reorienting 
gradient principle to permit the gradient to be 
recovered and analyzed at the end of the centrifu­
gation period. The 0 series rotors have been 
designed to explore these possibilities. 

A. 0.1 MAGNETIC SUPPORT SYSTEM 

The 0-1 rotor drive and suspension system is 
designed to produce a magnetic field which will 
support the rotor, damp out oscillations, and, at 
the same time, drive the rotor to the desired speed 
or decelerate it to zero. It is also necessary to 
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know the exact rotor speed at all times. The 
supported rotor is shown in Fig. VIII-A-1, with the 
electrical motor stator surrounding the rotor. A 
block diagram of the system functions and 
the electronics schematic diagram are given in 
Appendix IV. 

The system operates as described in the previous 
report. 1 

The control circuit is built from analog computer 
elements to make the system inexpensive and 
reliable. A high-pass filter in the distance de­
tector circuit eliminates control problems enD. 
countered by stray flux in the rotor which was 
introduced by the stator of the drive system. From 
speed measurements to 90,000 rpm, it appears that 
the rotor can be accelerated to 400,000 rpm (1.2 x 
10 6 x g at R ) in less than 30 min. 

max 
The most difficult problem associated with op-

eration at a very high speed is the development of 
the light damping systems which will be required 
to achieve the full design speed of 400,000 rpm. 
A prototype damper weighing 1.4 g is being 
fabricated. 

IJoint NIH-AEC Zonal Centrifuge Program Semiann. 
Rept. July I-December 31,1962, ORNL-3S02. 
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Fig. VIII-A-l. 0-1 Rotor in Run Stand. Speed: 400,000 rpm [(1.2 X 106) X g]; capacity: 10 ml; material: steel; 

and drive: magnetic. 



IX. Continuous-Flow Rotors 

A. ROTOR B-V 

H. P. Barringer C. E. Nunley 
N. G. Anderson 

Based on theoretical studies previously presented' 
(Chap. III, this report), a continuous-flow centri­
fuge rotor (B-V of the intermediate-speed series) 
has been developed to explore the isolation of 
virus particles from large volumes of culture fluid, 
extracts of tissues, plasma, or natural waters. 

1. Principles of Operation 

For the mass isolation of virus particles for 
experimental or vaccine purposes, a closed con­
tinuous-flow centrifuge system is desirable. The 
requirements are that the feed stream move con­
tinuously into the rotor without heating or spraying, 
that it be accelerated to the tangential velocity 
obtaining at the edge of the rotor chamber before 
entering it, that the stream move evenly across 
the internal rotor wall surface, and that the virus 
particles separated be easily recovered in sterile 
containers with no leakage of aerosols to oper­
ating personnel. 

The chosen configuration is shown diagrammat­
ically in Fig.' IX-A-!. The virus-laden fluid is 
brought into the rotor through a face seal via 
appropriate channels machined in the core and is 
released into a small peripheral receiving chamber 
at the lower end of the rotor. The fluid then flows 
circumferentially to small a·xial slots in the lower 
edge of the core and upward in the annular chamber 
to the exit ports at the top of the core. The latter 
ports lead to the face seal, where the fluid is con­
ducted out of the rotor. It should be noted that 
the four exit channels at the top of the core are 
rotated 45° with respect to the axial slots at the 
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bottom of the core. The total fluid path is there­
fore slightly greater than the length of the core. 

Close temperature control of the rotor and stream 
of fluid flowing through it is not obtained in prac­
tice. A change from 5°C to 6°C in water flowing 
through the rotor at 40,000 rpm produces an ef­
fective force difference (apparent density dif­
ference) of 2.2 g/cm 2 • It cannot be assumed there­
fore that fluid will flow uniformly up the annular 
space between the core and rotor wall. It is more 
likely that it will rapidly traverse the length of 
the rotor either close to the rotor wall if denser 
than the rotor contents or close to the surface of 
the core, if lighter. In both cases the fluid will 
tend to move as a thin sheet. If the thickness 
of a fluid layer in a centrifugal field is increased, 
the time required to sediment particles having a 
given 'sedimentation rate will also increase. How­
ever, the increased dwell time due to the increased 

. cross-sectional area almost exactly compensates 
for the increased thickness. Therefore, once the 
distance between the rotor wall and the core has 
been reduced to the point where the variation in 
centrifugal force across the gap is negligible, 
the width of the gap has little effect on rotor per­
formance, provided it is not narrow enough to pro­
duce viscous resistance to flow. It is of little 
consequence, therefore, if the incoming stream 
flows as a thin sheet along either the core or the 
rotor wall due to tempera ture-induced density dif­
ferences. The quantity of virus in the stream 
flowing through the rotor is assumed to be so small 
that removal of the virus causes no perceptible 
change in fluid density. 

2. System 

The B-V rotor system includes (1) a hollow 
centrifuge rotor dimensionally similar to the B-IV 
zonal rotor described in Chap. VI, (2) an internal 
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Fig. IX-A-J. Schematic Drawing of B-Y Continuous-Flow Centrifuge Rotor. 

core which forms an annular cavity inside the 
rotor (Fig. IX-A-2), and (3). a high-speed contact 
seal for flowing fluids into and out of the rotor 
during centrifugation at speeds up to 40,000 rpm. 
The system, shown diagrammatically in Fig. 
IX-A-l, is driven by a Spin co model L centrifuge 
which had been previously modified for use as 
a zonal ultracentrifuge. 

The rotating seal used on the B-V rotor permits 
one fluid stream to flow on the axis of rotation, 
while the second stream flows as a concentric 
annular cylinder outboard of the axis of rotation 
(see description in Chap. X, section C). Centrif­
ugal force produces a pressure differential between 
the two fluid lines, as given by the equation 

pw2ro 
/).p =--2g , (1) 

where 

/)'P = pressure difference between the two seal 
lines in the rotating part of the seal, 

p = density of the fluid used, 
w = radial velocity in radians per second, 

r 0 = radius of outer fluid line, 
g = acceleration due to gra vity. 

The radii of the fluid lines are 1.07 and 3.81 mm. 
If water is flowing through the rotor at 40,000 rpm, 
the pressure differential would be 18 psi. It is 
undesirable to pump against this pressure differ­
ential since this would require higher seal face 
preloads with the accompanying greater wear rates 
and higher power losses. The preferred flow direc­
tion is for the feed stream to move through the 
center line directly along the axis of rotation and 
then outward to the bottom of the core. Thus the 



particle-containing feed stream has little chance 
to leak to the outside during continuous-flow cen­
trifugation since it must also leak across the 
clarified stream flowing in the opposite direction. 
Rather, such leakage as exists will be more likely 
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to originate from the relatively particle-free ef­
fluent stream; and any seal leakage will be trapped 
in the cooling fluid surrounding the seal. 

The seal is provided with two sliding surfaces 
which preload each other to prevent leakage and 
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Fig. IX-A-2. Core of B-V Continuous-Flow Rotor. Particles are sedimented to the rotor wall. Speed: 40,000 

rpm (90,952 X ~); capacity: 113 ml ; material: aluminum; and dr ive: Spinco L. 



a coolant and disinfectant chamber which contains 
aerosols that might be produced at high speeds. 
The seal is attached to the upper shaft of the 
centrifuge and is located by a holder, which is 
an integral part of the damper bearing. 

The rotor system is shown disassembled in 
Fig. IX-A-3. The core is 25 cm long and is sep­
arated by a distance of 0.08 cm from the inner 
rotor wall (radius 5.0 cm), giving a ratio of R / core 
Rrotor = 0.984. The rotor has been operated with 
the seal exposed or with the entire upper bearing 
seal, cooling circuit, and all associated lines in 
a sealed glove box. The rotor has been operated 
to 40,000 rpm without excessive vibration using 
the new B-IV damper bearing. 

(b) 

, 
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The absence of vanes in the annular chamber 
permits the rotor contents to swirl as the rotor 
is decelerated, thereby tending to resuspend par­
ticles clinging to the rotor walls. 

To recover the sedimented material, the rotor 
is removed from the centrifuge and placed in a 
container (Fig. IX-A-4) having a lower plate 
which matches the lower rotor end cap and which 
prevents rotor rotation when the upper end cap is 
removed. The seal and upper end cap are placed 
in special stainless steel containers for disinfec­
tion and cleaning. The core is removed as shown 
in Fig. IX-A-4 and placed in the second section 
of the container. A sterile rubber policeman on a 
long stainless steel rod is used to wash particle-

UNCLASSIFIED 
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Fig. IX-A-3. Disassembled B-Y Rotor System. (a) Upper end capi (b) rotor chamberi (c) rotor corei (d) seali 

(e) manifold plugi (f) upper bearingi and (g) upper end cap. 
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Fig. IX-A-4. Diassembly of B-V Rotor in Containers for Subsequent Disinfection. Photographed in glove box 

which encloses the top of the centrifuge chamber. (a) Core being lifted out of rotor body; (b) container for disin­

fecting core; (c) upper end cap in its container; and (d) seal container. 

containing sediment off the wall and into the 120 
ml left in the rotor at the end of the run. The 
fluid is then aspirated into a sterile vacuum bottle. 
All containers are then filled with 3% formalin, 
and the glove box used for the entire procedure 
is sterilized with ethylene oxide. The coolant 
line fluid (generally distilled water) is also steri­
lized with formalin. 

An alternate method to be used on multiple runs 
is to resuspend the sedimented particles by rapidly 
decelerating the rotor with an accompanying swirl­
ing of the fl.uid to scrub the surfaces of the an­
nular rotor chamber. The rotor contents can then 
be removed by pumping the fluid out the bottom of 
the stationary rotor or by displacement with com­
pressed air. Repetitive runs can then be made 
without disassembly of the rotor. 

Results obtained with the B-V rotor are presented 
in Chap. IX. 

B. CONTINUOUS FLOW WITH CONTINUOUS 
ISOPYCNIC BANDING 

N. G. Anderson H. P. Barringer 
J. Amburgey 

1. General Principles 

Many viruses are inactivated by pelleting. In 
addition, subcellar particles often tend to aggre­
gate after such treatment and are difficult to re­
suspend. The separations described in this report 
concern particles which are free in solution; in 
the sedimentation rate-isopycnic banding studies 
described in Chap. I, the particles were kept in 
suspension at all times. 

If virus particles are to be concentrated from 
large volumes of solution by centrifugation but 
without aggregation, then some means must be 
found for preventing the virus from colliding with 



a solid surface as it is removed from the flowing 
stream. The possibility has therefore been con­
sidered that the particle-laden stream could be 
made to flow over the surface of a stationary liq­
uid density gradient imprisoned in a spinning 
rotor. The problems to be solved concern the de­
sign of a suitable core which would allow a gra­
dient to be established in the rotor during rotation, 
would allow the particle-containing stream to flow 
over the surface of the gradient with minimal tur­
bulence, and would permit the gradient and the 
banded particles suspended in it to be recovered 
without loss of resolution at the end of the run. 

2. B- VI and B- VII Cores 

Both the B-VI (Fig. IX-B-l) and the B-VII (Fig. 
IX-B-2) cores are tapered cylinders which fit into 
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Fig. IX-B-1. Core of B-YI Continuous-Flow-Bond ing 

Rotor. Core fits chamber of rotor B·II. Speed: 35,000 

rpm (69.635 X g); capacity: 1338 ml; material: alu· 

minum; and drive: Spinco L. 
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the B-IV rotor chamber. These were used to study 
flow in hollow rotors in the presence of gradients. 
In B-VI the feed stream flows top to bottom in the 
rotor, while in B-VII it flows in the opposite direc­
tion. Pressure differences across the two lines 
leading through the seal dictate that the feed 
stream should flow through the center seal line. 
In order to achieve optimal sedimentation, the feed 
stream must enter the rotor chamber at the narrow 
end of the tapered core. In the B-VI core the nar­
row end of the core is at the top, and a manifold 
plug is used to cross the fluid lines to make the 
proper connections. Small air bubbles in the mani­
fold plug interfered with flow through the rotor and 
caused the pressure required to achieve a given 
flow rate to rise sharply with rotor speed. To 
minimize this problem, the B-VII core was so con­
structed that flow into the rotor was directly down 
through the center seal line to the bottom of the 
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Fig. IX-B-2 Core of B-YII Continuous-Flow-Bonding 

Rotor. Core fi ts chamber of rotor B-II. Speed: 35,000 

rpm (69.635 X g); capacity: 1012 ml; material: alu­

minum; and drive: Spinco L. 



core and then to the rotor chamber. The narrow 
end of the core is at the bottom. 

With the B-VII core, water could be made to 
flow over a sucrose or cesium chloride gradient 
with a minimum of difficulty due to back pressure. 
The gradient, when recovered , gave evidence, of 
considerable mixing in the rotor during unloading. 
In the absence of septa, Coriolis forces will pro­
duce laminar mixing and turbulence as fluid is 
caused to flow toward the axis at constant rotor 
speed. It appeared necessary therefore to include 
septa. 

3. Rotor B-VIII 

The B-VIII core (Fig. IX-B-3) incorporates cer­
tain features of the simpler B-VII core but provides 
additional flow lines to the edge of the rotor to­
gether with four integral fins to prevent swirling 
of the rotor contents. The feed stream is admitted 
to the bottom of the core and flows upward along 
the conical surfaces, which are approximated by 
36 facets machined on the core. The fluid exits 
at the large-diameter (upper) end of the core. 
By use of this rotor, gradients could be introduced 
and recovered with relatively little change after 
many liters of distilled water had been allowed to 
flow over them. Studies on virus isolation with 
the B-VIII rotor will be included in the next report. 
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Fig. IX-B-3. Core of B-VIII Continuous-Flow-Banding 

Rotor. Core fits chamber of rotor B-II. Speed: 35,000 

rpm (69.635 X ~); capacity : 952 ml; material: aluminum; 

and dri ve: Spinco L. 



x. Seal Development 

C. E. Nunley 

Loading and unloading of zonal rotors during 
rotation and continuous-flow centrifugation re­
quire fluid line seals which do not heat, shear, 
spray, or cross contaminate the suspensions used. 
In previous reports the development of type "A" 
seals for low-speed rotors and type "B" seals 
for intermediate-speed zonal rotors was considered. 

COOLANT-----iiii:'-, 

TO ROTOR EDGE --__ 

SEAL DRIVE PIN 

O-RINGS 

DYNAMIC FACE SEAL -~m~~~~~~1 

Modifications based on extended experience con­
tinue to be made. 

Ao TYPE "A" SEALS 

In the A-V, A-VI, and early versions of the A-IX 
rotor, the static seal surface was supported by the 
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;------- NUT 

BEARING 
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~----j-ii-------,;-+--- SPRING 

,'-.ii-----j--j-- TO ROTOR CENTER 
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ALIGNMENT PLUG 
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Fig. X-A-l. Type "A" Seal Redesigned to Attach to Rotor. See text. Seal used on low-speed rotors. 
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centrifuge housing. Small vibrational movements 
of the rotor and the rotating seal component about 
its axis were therefore not transmitted to the static 
seal member. Perfect seal alignment was there­
fore difficult to maintain. 

The "A" seal has therefore been redesigned 
(Fig. X-A-l), and the entire seal system has been 
attached to the rotor. The rotating seal housing 
is threaded on the rotor core and positions the 
static, or nonrotating, seal face relative to the 
dynamic, or rotating, seal face through a ball 
bearing. The nonrotating portion of the seal is 
flexibly mounted to provide for alignment of the 
seal faces and sufficient preload to prevent seal 
leakage. Attached to the static seal is a conical 
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aligning plug and a cooling coil through which 
chilled water is circulated to remove frictional 
heat. Components of the seal are shown in Fig. 
X-A-2. 

Modifications being incorporated in the design 
will allow the seal to be attached to and removed 
from a rotor during rotation since, in practice, 
the seal is required only during loading and un­
loading of the rotor contents. Simpler, smaller­
capacity rotors can be designed so that gradient 
work on smaller scales than reported here would 
be possible. The ultimate limits of speed in 
density gradient centrifugation, apart from strengths 
of materials and rotor mechanics, in any system 
other than centrifuge tubes , lie in the seal system. 
A detachable seal will obviate this problem. 

Fig. X-A-2. Components of Type "A" Seo l. 



B. TYPE "B" SEALS 

The "B" seal (Fig. X-B-l) is designed to oper­
ate at 40,000 rpm on the B-type rotor systems. 
The unit (Fig. X-B-2) consists of a housing, a 
manifold, a two-path seal for rotor feed and outlet 
stream, and a secondary seal to contain the coolant­
disinfectant. The sealing surfaces are pre loaded 
by a coil spring located inside the seal housing. 
O-ring seals at all connections permit the seal to 
be readily disassembled for cleaning and inspection 
without the use of special tool'S or fixtures. 

The life expectancy of the seal has not been 
established. However, one seal has operated over 
100 hr at 40,000 rpm with only minor maintenance. 

INLET LINE 
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The two-path plastic seal ring was replaced after 
approximately 50 hr operation; however, inspection 
of the part indicated negligible wear. This seal 
is still performing satisfactorily. 

Since improved centrifuges will require higher 

speeds, tests are being conducted to determine 
the maximum operating speed of the present seal. 
Satisfactory test results have been obtained at 
50,000 rpm. 

Biological infectivity tests on material concen­
trated in the B-V rotor have indicated essentially 
no cross leakage in the seal. Additional testing 
will be done at a later date. 
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Fig. X-B-l. Type "B" Seal for Intermediate-Speed Rotors. Seal is used routinely at 40,000 rpm; satisfactory 

test results of seal at 50,000 rpm have been obtained. 
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Fig. X·B·2. Type "B" Sea l Assembled (Top) and Disassembled (Below). See F ig. X·B·]. 

c. TYPE "B" FLOWo THROUGH SEAL 

Apparently, gas is centrifu ged from the culture 
fluids; and during continuous-flow centrifugation, 
it collects in the center of the rotor, blocking the 
inlet flow of fluid. Thus , for continuous flow of 
fluid through the rotor running at high speed, it 
is necessary to eliminate all bubbles from the 
flow paths inside the rotor. A type liB" seal has 
been modified (as seen in Fig. X-Col) to eliminate 

this problem by the addition of a small-diameter 
tube which extends into the rotating feed line of 
the seal to bleed gases from the rotor. 

Any gases in the rotor will rise to the top of the 
seal and form a vortex, so a simple bleed line 
gives satisfactory results. Tests have shown that 
air bubbles purposely introduced into the feed line 
block the inlet flow line when the bleed line is 
closed, but the block can readily be eliminated 
by opening the bleed line. 



INLET LINE 

COOLANT-DISINFECTANT LIN 

SECONDARY sEAL-----;r"---,,;!:...,,:t:-""""" 
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OUTLET liNE 
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Fig. X-Col. Seal for Use in Continuous-Flow Rotors. B-type seal has been modified by addition of bleed line 

to remove trapped gase s from rotor. 



XI. Gradient Materials 

Zonal centrifugation requires a range of gradient 
materials differing in density, osmotic properties, 
and physiological effects. At the outset, conven­
tional solutes such as sucrose and cesium chloride 
have been used. Even with these, the problem of 
obtaining sterile, particle-free preparations must 
be solved. In future studies, the preparation and 
properties of other gradient materials will be con­
sidered. 

A. PREPARATION OF PURE, STERILE 
SUCROSE FOR ZONAL CENTRIFUGATION 

C. B. Reimer 1 

In terms of mass, most tissue-culture-infected 
fluids. have a very low virus content. In order to 
avoid the necessity for large preconcentrations of 
this material, it is advantageous to use all practi­
cal measures for extending the sensitivity limits 
for detecting viruses by physical-chemical means 
(light scatter, ultraviolet absor ption). ' 

Since the various particulate components segre­
gate as zones in the sucrose gradient, it is imper­
ative that background (noise) in these regions be 
kept as low as possible, so that low virus concen­
trations (signal) can be detected. 

Figure XI-A-l shows the relative transparency 
in the ultraviolet of a specially purified sucrose 
sample, as compared with representative sucrose 
samples generally considered to be pure. In all 
cases the optical path length was 100 mm, and 
the sucrose concentration was 60 g of sucrose per 
100 g of solution. These results were obtained 
by forcing the 60% sucrose solution under 2 atm 
of air pressure through a 3/4-in.-diam by 5-ft-Iong 
carbon column (Pittsburgh decolorizing carbon 

lLilly Research Laboratories, Indianapolis 6, Ind. 
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Fig. XI-A-l. Absorbance of Sucrose Solutions Before 

and After Filtration. As described in text. 

BPL, 30 X 140, washed free of "fines"). The 
flow rate remained relatively constant at 4 ml/min 
(75 min dwell time). This purified material was 
sterilized by pressure Millipore filtration (0.45-{L 
filter, with 1.2-{L and glass fiber prefilters). This 
laboratory process, appropriate for 2 liters, has 
been successfully scaled up to 100 liters. 



B. PREPARATION AND RECOVERY OF 
CESIUM COMPOUNDS 

J. A. Carter 
W. S. Pappas 

R. R. Wright 
C. W. Weber 

1. Experimental Extraction System 

An experimental production-scale cesium recovery 
system has been designed and tested using the 
BAMBP process. 2 The system, shown in Fix. XI­
B-1, consists of five Plexiglas contactor stages. 
As illustrated in Fig. XI-B-2, the organic phase 
is dispersed into the aqueous phase in each stage 
by hollow glass centrifugal stirrers. Compart­
mentalizing each contactor results in a differen­
tial organic level between stages, effecting ex­
ternal circulation of the organic phase without the 
use of external pumps. The organic-aqueous inter­
face serves as a seal to prevent backmixing, thus 
assuring high stage contact efficiency. 

In a demonstration run of cesium chloride plus 
added impurities, the cesium chloride product was 

2joint NIH-AEC Zonal Centrifuge Development Pro­
gram Semiann. R ept. january 1-june 30, 1963, ORNL-
3502. 

Fig. XI-B-l. Cesium Recovery System. Containers 

are Plexiglas. See text. 

49 

ORGANIC 
IN 

CENTRIFUGAL STI RRER 

UNCLASSIFIED 
ORNL-OWG 64-5746 

ORGANI C 
OUT 

Fig. XI-B-2. Schematic of Flow Within Contactor of 

Cesium Recovery System. 

very pure. Concentrations of impurities were com­
parable to those reported for the laboratory system. 2 

The newly designed pumping system performed 
satisfactorily. 

Production ra tes were limited initially by a per­
sistent emulsion in the scrub stages. Addition 
of cesium chloride to these stages, as an emulsion 
breaker, reduced the problem. Contributing to, 
and possibly responsible for, the emulsion problem 
is the long-term erosion of the Plexiglas system 
by the organic materials. A more resistant material 
may solve the problem. 

2. Preparation of Organic Compounds of Cesium 

Pound quantities of cesium tartrate and cesium 
citrate have been produced using the experimental 
extraction system described above. High-purity 
organic salts were easily prepared by using the 
appropriate organic acid to strip the cesium from 
the BAMBP extractant. 



XII. Containment and Sterilization 

In the development of methods for physically 
isolating new viruses and for the large-scale 
isolation of known viruses, the problems of virus 
release, cross contamination of preparations, and 
maintenance of sterility must be seriously con­
sidered. Initially, the high-concentration phases 
of experimental work, including zonal centrifuga­
tion, have been isolated in glove boxes under 
negative pressure. Since some of the procedures 
involve experimentation with new devices under 
development, complete containment is not feasible 
at the outset. However, in future research it is 
important to aim at complete containment of all 
procedures involving live virus. This means that 
all steps from the opening of containers to the 
preparation of electron microscope grids and 
ampul sealing must be adapted to enclosure con­
ditions. Fortunately, the extensive experience 
with remotely operated enclosure systems in the 
Oak Ridge area is available for application here. 

The stainless steel biological safety cabinet 
described in the previous report 1 and used for 
the initial experiments in contained separation 
experiments has been replaced by an improved 
model. The new cabinet is constructed of trans­
parent polyvinyl chloride supported on a framework 
of aluminum rods. One end panel of stainless steel 
plate supports a stainless steel exchange com­
partment. The advantages of the plastic con­
struction are improved visibility, ease of fabrica­
tion, and lower cost. 

Figures XII-! and XII-2 are photographic views 
of two cabinets. The cabinet shown in Fig. XII-! 
is in the Biophysical Separations Laboratory in 
Oak Ridge; that in Fig. XII-2 is at the John L. 

1 Joint NIH-AEC Zonal Centrifut5e Development Pro­
t5ram Semiann. Rept. July I-Dec. 31, 1962, ORNL·3415. 
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Smith Memorial Laboratory for Cancer Research, 
Chas. Pfizer and Co., Maywood, New Jersey. 

The cabinet at Oak Ridge is equipped with a 
forced-air system and pressure controls (Fig. 
XII-3) to maintain a negative pressure on the 
inside of the cabinet. The inert air is filtered to 
minimize cross contamination and dehumidified to 
prevent condensation on optical surfaces of 
analytical instruments. The exhaust air is steri­
lized by an electrically heated incineration system. 
Two ultraviolet lamps are provided for additional 
sterilization. The cabinet has been in use for 
six months with little evidence of deterioration. 
The two exhaust outlets, one near the top and one 
near the bottom, may be opened or closed sep­
arately. After sterilization of the box by ethylene 
oxide, the outlets are opened and the residual 
ethy lene oxide is removed by sterile air flow. 

A plastic (polyvinyl chloride) dry box similar to 
that described above was constructed to contain the 
NCI (Pfizer) centrifuge. This cabinet has a welded 
aluminum frame with an aluminum bulkhead on each 
end. The exchange compartment is of plastic 
construction for better visibility and has two 
gloves. A second door was provided, at the 
opposite end, for loading equipment into the box 
and for cleaning. The spectrophotometer swings 
from the top frame of the box. With this arrange­
ment a new plastic covering can be more easily 
installed and less floor space is required. The 
cabinet will be evacuated by a steam ejector­
sterilizer. 

Both cabinets are equipped with an electrical 
service outlet to supply power to any instruments 
wholly contained in the cabinet (Fig. XII-4). 

When operating techniques (see Chap. XIII) 
become standardized, it is proposed that a single 
cabinet housing all phases, from sample prepara­
tion to virus recovery, be built. 
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Fig. XII-l. Centrifuge and Containment System in Use at Biophys icol Separations Laboratory, Oak Ridge, 

Tennessee. Personnel are dressed for sterile run. Rotor is being passed through exchange port. Sterile collection 

tubes and gradient pump are on cart. 

Fig. XII-2. Centrifuge and Containment System with Control Panels. Units installed at the John L. Smith 

Memorial for Concer Research, Chorles Pfizer ond Co., Maywood, New Jersey. 
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Fig. XII·3. Control Panel on Front of Glove Box in Biophysical Separations Laboratory for Controlling Vacuum 

Within Box. Press ure is controlled by Vari ac; horn sounds if pressure changes from predeterm i ned limits. 

Fig. X\I · 4. Panel on Front of Glove Box in Biophysical Separations Laboratory. Ultrov iolet light, left; switches 

for water pump and other outlets within box. Refrigerat ion switch is for cooling water of seal and damper bearing. 



XIII. Operating Procedures 

N. G. Anderson C. L. Burger 
C. T. Rankin, Jr. 

The procedures outlined in this chapter are those 
currently in use in the Biophysical Separations 
Laboratory for the S-p two-dimensional plot method 
for searching tissues for virus particles. The 
technical problems involved are best illustrated by 
a detailed outline as is given here. 

A. SAMPLE COLLECTION AND 
HOMOGENIZATION 

Sterile, particle-free systems are essential when 
searching for virus or virus-like particles. Any 
breakdown in the chain of events beginning with 
sample collection and ending with grid preparation 
could make the entire operation meaningless. The 
operation procedures outlined have been designed 
to minimize contamination by interfering particles. 

Tissue samples are obtained under sterile con­
ditions during surgery or autopsy. The problem is 
to freeze the samples in such a manner as to 
preserve viral integrity and to develop suitable 
packages for shipping, weighing, and homogeniza­
tion. Liquid nitrogen is the storage medium of 
choice, but seepage of liquified gas into the con­
tainer will produce a potentially explosive con­
dition. A provisional solution to this problem has 
been found by using stainless steel homogenizer 
cups 1 fitted with blowout inserts in the top con­
taining a Millipore filter supported on a porous 
Teflon disk. If the pressure in the container 
exceeds 70 psi, the filter will rupture. Since the 
weight of the container is engraved on the lid, the 
weight of the tissue sample contained in it may be 
readily determined. The tissue container may be 

lServall No. OM 1047. 
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sterilized by ultraviolet light, opened in a glove 
box, and the homogenizer top screwed in place to 
form a closed system. In most instances 9 ml of 
buffer is added for each gram of tissue before 
homogenization. A liquid-nitrogen shipping con­
tainer 2 has been adapted to hold the sample con­
tainer. 

The homogenized sample, if small (4 to 5 g), is 
inserted directly into the rotor following homogeni­
zation. A syringe inserted into the adapter of an 
intravenous injection set,3 with one end connected 
to the rotor center and one end connected to the 
overlay solution, is used for this purpose (Fig. 
XIII-F-2). 

When the sample is larger than 4 to 5 g, it is 
precentrifuged at low speed (1500 rpm, 596 x g at 
Rmax) in an International PR-2 centrifuge (head 
No. 259) for 30 to 60 min to remove the heavier 
components. The supernatant is then sedimented 
for 1 hr at 30,000 rpm in the Spinco 30 rotor, and 
the pellets are resuspended and used as the 
starting sample in the zonal ultracentrifuge. In 
this way tissue samples weighing up to 150 g can 
be used without overloading the gradient or 
monitoring system. 

Homogenization of samples has been performed 
in 8.5% sucrose, in Millera Golder4 buffer, a 
balanced salt solution, or in 0.15 M sodium citrate, 
pH 6.7. The choice of homogenizing medium is 
dictated in part by density since the homogenized 
sample must float on top of the gradient. The 
overlay solution must in turn be less dense than 
the sample layer. 

2Linde container No. BT-2. 

3Cutter code No. 860a 08; Abbott No. 4540. 

4G. L. Miller and R. H. Golder, Arch. Biochem. 29, 
421 (1950). 



B. CLEANING AND STERILIZING 

All parts of the system in contact with samples 
or which may become contaminated must be 
sterilized. At present, reusable components 
(rotors, e.g.) are treated with formaldehyde where 
appropriate, washed, and rinsed with distilled 
water and then either steam or gas sterilized, 
depending upon the material. The rotor and its 
components (including seal, damper bearing, 
gradient engine and associated tubing, Spinco 30 
rotor tubes and transfer crooks used in banding, 
and the glass 40-ml screw-top centrifuge tubes 
used for gradient recovery) are gas sterilized in a 
regular steam sterilizer (American Sterilizer Co.) 
fitted with an ethylene oxide system. Gas 
sterilization requires approximately 8 hr and is 
usually done overnight. The components to be 
sterilized are placed in paper bags which are 
opened in the glove box or, in the case of the 
gradient engine, when the tubes leading to the 
sterile solutions and to the rotor are ready to be 
attached. 

The glove box in which the rate zonal centrifuge 
is housed is sterilized by overnight exposure to 
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ethylene oxide (two 20-0z cans). The outlet 
valves from the box are closed during this process; 
filtered air is pumped through the box, beginning 
early the next morning, to remove residual gas. 

All solutions used are sterilized either by 
filtration or, when feasible, by steam. 

C. ASSEMBLY OF ROTOR SYSTEM 

The components of the B-IV rotor are shown in 
Fig. XIII-C-!. The two end caps of the rotor are 
sealed with O-rings. The four-vaned core is placed 
in the rotor after the bottom end cap has been 
screwed on. The O-ring for the upper end cap is 
placed in position in the groove in the body of the 
rotor, and the manifold plug is screwed into 
pos.ition on the under side of the upper end cap 
(after the guide for the stem of the seal has been 
inserted). The top end cap is then screwed down, 
and the end caps are tightened until small bench 
marks are aligned. The stem guide is essential 
to avoid displacing or tearing the O-ring, found 
within the manifold plug, when inserting the seal. 

Fig. XIII·C·l. Disassembled B·IV Rotor with Bearing and Seal. (a) End cap; (b) seal; (c) bearing and damper 

(d) bottom end cap; (e) rotor chamber; and (£) core. 



After sterilization, the assembled rotor is placed 
in the centrifuge (Fig. XIII-C-2), and the upper 
chamber closure is screwed into position (Fig. 
XIII-C-3). The damper and bearing are positioned 
next (Figs. XIII-C-3 and XIII-C-4). The oil lines 
for the bearing and the cooling water lines for 
bearing and seal are visible in these figures. 

The disassembled seal is shown in Fig. XIII-C-S. 
Its design is explained in Chap. X. The instruc­
tions for use of the seal are as follows: 

1. Handle with care at all times. 

2. The entire seal assembly (see Dwg. No. LDSP­
SK-1881 in Appendix III) plugs into the upper 
rotor bearing after assembly with rotor. Gently 
push seal assembly down to running position. 
DO NOT FORCE. Connect coolant lines and 
feed lines. 

3. Never operate rotor without cooling water on 
seal and upper bearing. 

4. Run rotor at low speed, 'V 5000 rpm, and check 
seal for leaks as follows: 

a. Look for excess water in oil drain line. A 
few drops when rotor is first started are 
normal. 

SS 

b. Check for water in the feed lines, usually 
rotor center line. 

c. While loading gradient into empty rotor, 
watch for droplets of liquid in the rotor 
center line. This indicates leakage across 
inner sealing dam if the droplets are 
gradient, or leakage across outer sealing 
dam if the droplets are coolant. 

d. Check for signs of a bad seal early; this 
can prevent scrubbing a run in the advanced 
stages or completely losing a valuable 
sample. 

S. After use, clean the seal thoroughly as follows: 

a. Flow hot tap water through lines with seal 
removed from rotor but not disassembled. 

b. Take seal housing apart (LEFT-HAND 
THREAD) and inspect rubbing surfaces. 
Finish disassembly, by removing part No. 
13 from part No. S; clean spring and lower 
seal. Dry all parts by blowing with dry air. 
NOTE: CsCI will corrode the stainless 
steel runner (part No. S) if CsCI is used 
in run. Part No. S should be soaked in 

Fig. XIII-C-2. Positioning of B-IV Rotor in Centrifuge Chamber Located in Glove Box. Water pump in back­

ground (right). 
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Fig. XIII-C-3. Positioning of Damper Bearing on Rotor. 

Fig. XIII-C-4. Damper-Bearing Assembly. 



----- ---------------, 
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Fig. XIII - C-S. Disassembled Seal. Rotating portion seen on top of shaft. Edge holes there lead to rotor center, 

center opening to rotor edge. O-ring in coupling (for right) prevents leakage from edge holes of seal to outside. 

ethy 1 alcohol. (See Appendix III for numbered 
drawing.) 

6. Before reassembly for next run, inspect seal 
rubbing surfaces for scratches or indentations 
that may cause leaks; then assemble seal with 
care. NEVER USE SHARP INSTRUMENTS OR 
FORCE PARTS TOGETHER. Visually check 
center tube, part No. 14, for straightness before 
reassembly with rotor. 

The assembled seal is positioned by gently in­
serting the stem through the rotor upper shaft 
extension and, with gentle pressure, moving it 
through the O-ring located inside the manifold 
plug. The upper portion of the seal is supported 
partially by the metal ring around the damper and 
bearing (Fig. XIII-C-6). In practice, an O-ring is 
often used to hold the seal in a given position. 

The cooling lines and the oil lines are next 
connected to the proper outlets provided on the 
seal and bearing assemblies. The completed 
assembly at this point is shown in the centrifuge 
and glove box in Fig. XIII-C-7, and outside the 

centrifuge in Fig. XIII-C-8. A schematic diagram 
of the rotor connections is shown in Fig. XIII-F-J. 

Cooling water flows, respectively, from the 
pumps (Fig. XIII-C-7) through the upper rotor 
bearing, seal, graduated reservoir (not visible in 
photographs), refrigerated heat exchanger, and 
back to the pump. The cooling water circulates 
entirely inside the glove box enclosure, while the 
refrigerant circulates outside. The graduated 
reservoir indicates the amount of water in the 
system and provides visual indication of flow rate. 

Oil lines from the reservoir within the glove box 
(see Fig. XIII-C-2) connect to two outlets on the 
bearing. The oil not only lubricates the bearing 
but aids in sealing the vacuum chamber. The 
overflow oil line from the bearing drains inside 
the glove box into a small plastic bottle. 

The rotor, damper bearing, seal, and oil and 
water lines are shown assembled in Fig. XIII-C-8. 
The short line seen here is for overflow oil. 

SSigma pump model AL 4-300. 



58 

Fig. XIII-C-6. Positioning of Seal Through Damper Bearing and into Rotor Extension of End Cap. 

Fig. XIII-C -7. Rotor Assembly with Cooling, Oil, Edge, and Center Lines Attached. 
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UNCLASSIFIED 
PHOTO 65705 

Fig. XIII -C -S. Rotor Assembled Outside Centrifuge, Showing Seal, Damper Bearing, ond All Lines Attac:hed. 

D. GRADIENT PUMP ASSEMBLY 

The gradient pump6 is shown in Fig. XIII-D-!. 
In use, the pump is sterilized with the pistons 
partially disassembled to permit ethylene oxide 
exposure. The program cam used is one producing 
a 1200-ml gradient linear with rotor volume. 

6Available from Beckman Instruments, Spinco Division, 
Palo Alto, Calif. 

Figure XIII-D-1 shows a typical tissue gradient 
scheme in which the gradient of 1200 ml would 
range from 10 to 30% sucrose with a 400-ml 
"cushion" of 55% sucrose. The pump is located 
outside the glove box. A single Tygon tube 
carrying the gradient to the rotor leads from the 
pump and into the glove box through a metal seal 
located at the rear of the glove box. Gradient 
solutions are in sterile bottles and are connected 
to the pump by disposable transfusion tubing 
connectors. 
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Fig. XIII.D·l. Gradient Pump Assembly, at Rear of Glove Box, with Typical Tissue Gradient Scheme. Program 

cam, left rear; glove box, right. Lines used for connect ion of gradient solution to pump are intravenous injection 

sets (for 10%, cutter No. 860·01 or Abbott No. 4622; for 30-55%, cutter No. 871·00 or Abbott No. 4656). 

E. CALIBRATION OF fw 2 dt INTEGRATOR 

As soon as a sample is placed in a spinning 
rotor, the particles are subjected to a centrifugal 
field. Particles sediment not only during the time 
"at speed" but also during the time required for 
loading, acceleration, deceleration to unloading 
speed, and even during the process of unloading 
the gradient. It is necessary, therefore, to have a 
measure of the total sedimenting force applied to a 
given particle during its time in the centrifuge. A 

system which integrates this parameter with time 
is used for the rotors developed under this 
program. The Lectrocount II (Fig. XIII-E-l) has a 
direct readout for f w 2 dt at any given time. The 
values read are multiples of 106

• 

A proximity probe senses the rpm of the rotor, 
and a test panel is adjusted to match this fre­
quency. The true reading is displayed on the 
speed indicator as rpm , and the integrator uses 
this value in its calculations. 



---------
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Fig. XIII·E·1. Instrumentation for B· or C·Series Rotors. Left rack contains (top to bottom): (1) recorder, (2) 

switches for gradient pump and an accessory, (3) optical density converter including range switch, and (4) hydrogen 

and tungsten lamp controls. Right rack has (top to bottom): (1) Speedomax rpm indicator, (2) Lectrocount integrator 

panel with counter, (3) centrifuge controls (temperature, pressure, above; speed controls and on·off controls, below), 

(4) frequency meter, and (S) frequency test panel. (4) ond (S) are to cal ibrate the rpm device. 

F. INTRODUCTION OF GRADIENT AND 
SAMPLE 

After the rotor and associated tubing are 
positioned, the gradient engine is attached to the 
gradient solution bottles. The line from the 

gradient pump to the rotor seal edge line con­
nection is provided with a glass T which serves 
as a bubble trap and drain line when the sample is 
being introduced into the rotor. 

At this time the rotor chamber is evacuated, the 
refrigeration system (Fig. XIII-F-1) is turned on, 
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Fig. XIII-F-l. Portion of Control Panels for B-Series Rotors, Showing Centrifuge Panel (Above) and Frequency 

Meter for Speed Calibration (Below). 

and the rotor is accelerated to 3000-5000 rpm. 
The centrifugal field will stabilize the gradient 
against the rotor wall. The gradient, light end 
first, enters the rotor (Figs. XIII-F-2 and XIII-F-3), 
is distributed uniformly over the rotor wall, and is 
forced by denser fluid pumped in subsequently 
toward the center of the rotor. The gradient, 
normally of 1200 mI, does not fill the rotor com­
pletely. A "cushion" of fluid denser than that 
used to form the gradient is pumped in until the 
first part of the gradient emerges through the 
center line. At this point, the gradient pump is 
stopped, and the gradient line is clamped off. 
The sample is now ready to be introduced. This 
is done through the center line (Figs. XIII-F-2 and 
XIII-F-4), so that the sample will be placed on top 
(centripetal end) of the gradient. The sample line 
is part of the intravenous set seen in Fig. XIII­
F-2. 

A small pump 7 on the sample line between the 
Y and the rotor ensures cons tant flow during 
sample and overlay introduction. The drip-chamber 
probe is inserted into the overlay bottle and the 

7New Brunswick PA-56 pump. 

line is clamped. The needle of the sample syringe 
is inserted into the medicinal entry, and this line 
is clamped also. The clamp on the bubble-trap 
line is removed and placed on the gradient line 
between the T and the gradient pump, obviating 
any emergence of solution from the rotor to the 
exterior of the glove box. The clamp from the 
sample syringe line is removed, and the sample 
is introduced into the rotor with the syringe, dis­
placing "cushion" from the edge of the rotor 
through the bubble-trap line to a waste container 
inside the glove box. To rinse the sample syringe, 
the clamps are arranged to allow a small amount 
of overlay solution to be drawn into the sample 
syringe, are then rearranged as above, and the 
rinse is added to the rotor . This rinse should 
clear the fluid lines of visible sample, at which 
time the integrator counter is switched on. The 
sample syringe line is now clamped, the overlay 
line opened, and the small New Brunswick pump 
turned on and adjusted to pump from the bottle to 
the rotor. 

Approximately 200 ml of overlay is pumped to 
the rotor, displacing "cushion" from the edge, to 
move the sample zone out from the core. An 
additional 40 ml of overlay is introduced, after 
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Fig. XIII-F-2. Introduction of Sample Through Center Line of Rotor. Edge l ine opened to waste container, right 

rear; overlay solution, left; and DU spectrophotometer with absorbance indicator, rear center. 
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Fig. XIII-F-3. Schematic Diagram af Fluid Lines When Gradient Is Loaded into Rotor. 
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Fig. XIII-F-4. Schematic Diagram of Fluid Lines During Sample Introduction into B-IV Rotor. 

which the clamp from the gradient engine is re­
moved and the pump is started. The flow from the 
edge line of the rotor and from the gradient engine 
will then both pass through the bubble-trap line 
to waste. When all overlay solution has entered 
the rotor, the line from the bottle is clamped, and 
the New Brunswick pump is turned off and removed 
from the line. The sample syringe line is opened, 
and the bubble-trap line is clamped. The flow is 
now from the gradient engine to the edge of the 
rotor, displacing overlay from the center to the 
syringe. By raising the sample line and tapping 
gently, all air bubbles are removed from the rotor. 

When the 40 ml of overlay is recovered in the 
syringe, the gradient pump is stopped and the 
pump line is clamped near the rotor. The only 
line now open to the rotor is that leading from the 
center to the syringe, which is mounted vertically 
in a clamp. The rotor is now accelerated to the 
desired speed for the required time to achieve the 
separation desired. During the course of a run, 
the level can be observed in the syringe reservoir 
and any leakage can be detected. The volume in 
the syringe will decrease by 5 to 10 ml due to 
rotor expansion at higher speeds, but after 
decelerating to unloading speed, the volume should 
be nearly the same as at the beginning. 

G. GRADIENT RECOVERY 

The rotor is decelerated to a speed of 3000 rpm, 
and the separated cell particulates are recovered 
as a spectrum of particle sizes, smallest first. 
The line leading to the rotor center, which had 
been connected to the syringe used for sample 
introduction during the run, is removed and re­
placed by a line leading to the quartz flow cell 
(0.2-cm light path) and through it to the sample 
collecting tube (Figs. XIII-G-1 and XIII-G-2). 

The Gilford absorbance indicatorS and optical 
density converterS unit used on the Beckman 
spectrophotometer and instrument panel, respec­
tively, permit readings of 0.25 optical density 
unit to 2.5 OD units full chart range of the 
Honeywell recorder. Considering the 0.2-cm flow 
cell, the actual range becomes 1.25 to 12.5 
absorbance units. (The operation of the absorbance 
units is as described in the Gilford manual.) The 
gradient is normally scanned at 260 mfl. 

The gradient pump is now set to pump only the 
densest material used (55% sucrose in most virus­
isolation studies). The only lines now open are 
those leading to the rotor edge from the gradient 

SGilford No. 220. 
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Fig. XIII-G-l. Positioning of Flow Cell in DU Spectrophotometer. Rotor contents are d isplaced through flow 

ce II from bottom to top. 

Fig. XIII-G-2. Fraction-Collection Scheme. Beckman DU is moved forward over spinning rotor. Fractions are 

collected in graduated 40-ml tubes. RaFk holds No. 30 rotor tubes with transfer crooks screwed in place. 
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Fig. XIII·G·3. Arrangement of Fluid Lines During Sample Collection. 

pump and that leading from the top of the flow cell 
and connected to the rotor center (Fig. XIII-G-3). 
As the contents of the roto"r are displaced by the 
55% sucrose, the fluid running through the DU 
(Fig. XIII-G-l) is collected in 40-ml centrifuge 
tubes (Fig. XIII-G-2). As each 40-ml tube is 
collected, a fqot-operated switch is depressed to 
activate an event marking pen on the strip-chart 
recorder. This provides a visual record along the 
base of the chart which may be used to correlate 
the presence of a given absorbance peak with its 
location in the recovered fractions. 

H. DENSITY AND REFRACTIVE INDEX 
DETERMINATIONS 

Until recently, the density of the recovered 
fractions was determined by using a manually 
operated Abbe-type refractometer. It is extremely 
difficult to do this in an. aseptic manner and to 
ensure that contamination of the operator does 
not occur. To provide a semiautomatic method for 
determining the density of the recovered fractions, 

a torsion balance has been modified (Fig. XIII­
H-l), mounted in the glove box, and adjusted to 
read density directly. The 40-ml fractions are 
shaken with the screw tops in place, opened, and 
individually placed under the glass bob (Fig. XIII­
H-l). The torsion balance has been modified to 
electronically read and display the results of the 
Archimedes measurement on tape (Fig. XIII-H-2) 
outside the glove box. The printout mechanism is 
activated by a foot pedal. 

I. BANDING METHODS 

The results of. B-IV runs as described above are 
given in Chap. II. Such runs separate subcellular 
particles on the basis of sedimentation rate in 
relati vely short time periods. 

To complete the two-dimensional picture, here 
described as the Sap plot (Chap. I), a variety of 
banding techniques have been explored. 

The system used during this report period is one 
in which the sucrose fractions recovered in the 
B-1 V gradient are pumped into Spinco 30 rotor 
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Fig. XIII-H-I. Torsion Balance Unit Located Ins ide Glove Box for Determining Density of Recovered Fractions . 

Each 40-ml co l lection tube is pas itioned be low table wi th "bob" in fluid. Dens ity is measured on the flota ti on 

princ iple. 

Fig. XIII-H -2. Printout Mechanism for Tors ion Balance Dens itometer. Unit is located in instrument panel out­

side glove box and is actuated by foot peda l. 



tubes (Fig. XIII-I-I) over dry cesium chloride. 
Lucite boxes and racks designed to hold ten 
fraction-collection tubes, ten No. 30 rotor tubes, 
and ten cap screws were fabricated. Transfer 
crooks used to fill the No. 30 tubes are shown in 
Fig. XIII-I-!. The transfer tubes are long enough 
to reach to the bottom of the glass fraction­
collection tubes and have a screw end sealed by 
an O-ring fitting the top opening of the rotor tubes. 
The actual transfer is performed as shown in 
Fig. XIII-I-2. A Lucite transfer chamber, designed 
to hold the racks described, is closed and 
evacuated with a vacuum pump. Air is now slowly 
readmitted to the chamber, and the air pressure 
on the surface of the liquid in the collection tubes 
forces the fractions through the transfer tubes and 
into the evacuated rotor tubes. In practice, the 
tubes are usually tipped to one side so that the 
sucrose fractions trickle down the side of the 
rotor tubes, producing little disturbance. 

After the No. 30 centrifuge tubes are full, the 
rack is carefully removed from the transfer 
chamber, the transfer tubes are unscrewed, and the 
regular screws are inserted into the caps. 

The tubes are then carefully placed in the No. 30 
rotor and spun at 24,000 rpm for 12 to 14 hr. As 
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the CsCl slowly dissolves, a steep gradient is 
formed. The true density of these gradients is 
difficult to assess by any method other than direct 
weighing because of the varying sucrose concen­
trations in the fractions. Sucrose can be removed 
by dialysis, but in practice this is not normally 
done before banding. 

Obviously, a particle will have a different 
apparent density in solutions containing different 
amounts of sucrose and a constant amount of CsCl. 
Here, the problem is not that of measuring density 
per se but rather is that of achieving a separation 
based on density, whatever that density may be. 

At the end of the time required for banding the 
fractions recovered in the B-IV in the Spinco 30 
rotor, the tubes are carefully removed and placed 
in a rack for photography. The rack and special 
camera box designed for this purpose are shown in 
Fig. XIII-I-3. The rack holds 12 tubes, the rotor's 
capacity. The rack is carefully placed in the 
slots designed to hold it in the camera box (Fig. 
XIII-I-4). The light source is in the housing 
beneath the camera box. The internal arrangement 
of the tube holder within the box may be seen in 
Fig. XIII-I-S. Lucite rods were designed with 
concave surfaces such that when the rack with the 

F ig. XIII.I·l. Lucite Rack with Graduated Sample·Collection Tubes (Front), No. 30 Rotor Tubes Fitted with 

Transfer Crooks. and Screws for Rotor Tube Caps (Rear). Entire assembly is gas sterilized before use. 
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Fig_ XIII-I-2. Vacuum Chamber Used in Filling No. 30 Tubes with Recovered Sucrose Gradient Fractions from 

B-IV. Dry CsCI seen in centrifuge tubes. See text for operation. 

Fig. XIII-I-3. Positioning of Rack, with 12 No. 30 Rotor Tubes, in Camera Box. Sucrose fractions from B-IV 

are banded in CsCI, then photographed. 
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Fig. XIII.I·4. Overall View of Camera Box. Light housing seen project ing below. Top openings allow location 

of object with respect to camera (front). 

Fig. XIII·I·5. Lucite Light Pipes and Rack with Tubes Removed from Camera Box. Lucite rods are painted 

black except at the ir ends. Top surface of each is concave to receive centr ifuge tube. Rock has black dividers 

between tubes to prevent light scattering from tube to tube. 



tubes is positioned, the tubes rest on those curved 
surfaces. The Lucite rods are painted black, 
except for their ends, as is the interior of the box 
and the tube rack. The light used is a 60-w 
Lumiline incandescent bulb, which is perpendicular 
to the Lucite rods. 

Gradient recovery is performed in a variety of 
ways. In general, the sample is pumped through a 
DB Beckman spectrophotometer and through a 
Milan refractometer. Recovered fractions, collected 
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in 12-ml glass centrifuge tubes, are then handled 
as described below. A stainless steel tube which 
extends to the bottom of the centrifuge tube con­
nects to a O.2-cm light path flow cell in the DB 
spectrophotometer by polyethylene, Teflon, or 
Tygon tubing of small bore. 

An alternate technique for band recovery involves 
the use of a plastic insert (Fig. XIII-I~) which 
fits into Spinco SW 25 swinging-bucket centrifuge 
tubes. The density of the insert is such as to 

Fig. XIII-I-6. Po lycarbonate Centrifuge Tube with Lucite Insert. Insert floats in grad ient and bands are there­

fore restricted to narrow neck of insert, accentuating band. Recovery of an isodense layer is facilitated. 
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Fig. XIII-I-7. Recovery of Bonded Sample. Needle is lowered by rock-and-pinion device to desired level. Pump 

removes tube contents. Holder (left) for smaller tubes prevents sample worming. 

keep it floating in the gradient at a level which 
ensures that the gradient in the center constriction 
will be similar from run to run and will be in the 
range desired for virus separation. Virus particles 
are therefore constricted into a very small volume, 
which may be visualized by scattered light, and 
removed with a fine needle. 

The rack shown in Fig. XIII-I-7 has been adapted 
from a microscope for positioning the stainless 
steel needle used to recover gradients. In the 
No. 30 rotor tubes normally used, the needle 
would enter through the screw hole in the tube cap. 
The rack-and-pinion device allows exact centering 
of the needle and also positioning with respect to 
individual visible bands. Provision is made with 
this device to keep small tubes (No. 40 or SO) 
chilled during recovery. The holder for these 
tubes is also seen in Fig. XIII-I-7. 

J. PREPARATION OF SAMPLES FOR 
ELECTRON MICROSCOPY 

Salts of any kind are undesirable in samples 
being prepared for electron microscopy since the 

salt background may mask virus or virus-like 
particles. Samples from the No. 30 rotor tubes 
prepared as described are therefore routinely 
dialyzed to remove such salts. Dialysis of re­
covered fractions is performed as illustrated in 
Fig. XIII-]-!. The fraction of interest is taken 
up in a small disposable syringe, the needle re­
moved, and the syringe itself fitted into the top 
of a nylon adapter to which a length of dialysis 
tubing has been previously tied. The entire unit 
is presterilized with steam. The sample is in­
jected into the dialysis sac, and the unit is kept 
in the refrigerator for the required time. The 
sample is pulled back into the syringe and either 
sent to electron microscopy directly or centrifuged 
in a No. 40 or SO Spinco rotor to concentrate 
the material. The grid preparation and techniques 
used in microscopy will be described in subse­
quent reports. 

K. COMMENTS ON OPERATING PROCEDURES 

The rate zonal run diagram, the computer plotter 
chart, and strips of photographs of cesium chloride 



,------------------------------------ -- ----------- ----_ .. _----------

73 

Fig. XIII·J·l. Dialysis Scheme for Removal of CsCI ond Sucrose from Recovered Banded Fractions. See text 

for explan ation. 

banding tubes are mounted as shown in Fig. II-A-3. 
The equivalent sedimentation coefficients (S*), 
the banding densities, and the absorbance may 
thus be interrelated. 

The techniques described in this chapter for the 
recovery of fractions in the B-IV rotor followed by 
banding of the sucrose fractions in CsCl (S-p) have 

evolved during the course of the work. They will 
be altered as time proceeds in order to improve 
resolution or to ensure better containment. A 
number of changes are being tested at the moment 
to determine if the best methods for recovery are 
currently employed. These will be described in 
subsequent reports. 



XIV. Data Reduction 

A. COMPUTER PROGRAM FOR THE B-IV 
ZONAL CENTRIFUGE 

Barbara S. Bishop 

1. Program Modifications 

The Zonal Centrifuge Computer Program was 
revised in the latter part of 1963 to include sub­
routines for plotting even sedimentation coeffi­
cients as a function of tube numbers and density 
and a new method of calculating even sedimentation 
coefficients. The density and viscosity equations 
have also been revised to conform to empirical 
equations derived by E. J. Barber of the Technical 
Division at ORGDP. The B-IV rotor for the centri­
fuge was placed in operation, and the computer 
program now includes the equations for this rotor 
as well as the B-II rotor. 

The plotting subroutine is labeled PL TSED and 
is controlled by column 77 of the identification card 
for each run. If column 77 is 0 or blank, no plot­
ting will occur; if column 77 is 1, the plotting will 
be given as binary output on Tape 14. The ORGDP 
Plotting Package for use with the Benson-Lehner 
plotter is called by PL TSED and includes the 
subroutines BLSCL, ORBL1, and RANGE. 

The new even sedimentation coefficient sub­
routine is labeled SEDEVN and calculates the 
even sedimentation coefficient that most nearly 
approaches the center of the tube with the excep­
tion of 5-tube where the criterion is the middle 
of the sample zone. A sedimentation coefficient 
value is calculated for each tube at the 1.5 density 
level with other densities calculated for the same 
coefficient. The previous subroutine used in this 
manner, labeled EVNSED, gave equally spaced 
coefficients and did not always include a value 
for each tube. EVNSED and SEDEVN are both 
available, and either may be used by a 0 or blank 
control in column 76 for SEDEVN and a 1 control 
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in column 76 for EVNSED on the identification 
card. 

2. Calculation of Density over Extended 
Temperature Range 

The following equation is valid from 0 to 60"C: 

where 

p = density, 
M 1 = 342.30, mol. wt of sucrose, 
M 2 = 18.032, mol. wt of water, 

t = temperature, DC, 

AI' A 2' and A 3 = constants determined from den­
sity data on pure water (A 1 = 

18.027525, A 2 = 4.8318329 X 

10- 4
, A3 = 7.7830857 x 10- 5), 

B l' B 2' and B 3 = constants determined from the 
solution density data (B 1 = 

212.57059, B 2 = 0.13371672, 
B 3 = -2.9276449 x 10 - 2), 

X = mole fraction sucrose calcu­
lated from the relation: 

W/M
1 

+ (100 - W)/M
2 

where X is the weight fraction sucrose, and W is 
the weight percent sucrose. 



3. Viscosity Calculations 

The following equation is valid from 0 to 80°C: 

where 

B 
lOg10 "1= A + --, 

t + C 

"I = viscosity, 
t = temperature, °C, 

C = 146.06635 - 25.251728 [1 

+ (X/0.070674842)2P/2 , 
x = mole fraction. 

The general form of the equation for A and B is 

where Do' D l' D 2' ••. , D n are polynomial coef­
ficients derived from tabulated data. See Table 
XIV-A-1 for polynomial coefficients. 

4. Volume and Radius Formulas for the B-IV Rotor 

The equation for volume, in cubic centimeters 
for a given radius in inches, is 

V = 164.866(3.35785r 2 
- 1. 11262r - 0.98510). 

The equation for radius, in inches for a given 
volume in cubic centimeters, is 

r = y'0.0018061 V + 0.032082 + 0.16567. 
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Note: Radii are measured from the center of the 
rotor. 

Bo CALCULATION OF THE VISCOSITY OF 
SUCROSE SOLUTIONS 

E. J. Barber P. Bo Wood 

In the treatment of data from the zonal liquid 
centrifuge, the density and the viscosity are two 
of the intensive properties of the sucrose gradient 
which must be accurately known. Both these in­
tensive properties are functions of the measured 
properties of temperature and composition at any 
given point in the centrifuge. Satisfactory equa­
tions for calculation of the density of sucrose 
solutions as a function of the temperature and 
composition were presented previously. 1 A set 
of equations for calculation of the viscosity have 
now been developed to give the viscosity data in 
the National Bureau of Standards tables. 2 

1 Joint NIH-AEC Zonal Centrifuge Development Pro­
gram Semiann. Rept. January l:....June 30, 1963, ORNL-
3502, pp. 64-66. 

2J . F. Swindells. et al., Viscosities of Sucrose Solu­
tions at Various Temperatures; Tables of Recalcu­
lated Values, Nat!. Bur. Standards (U.S.) Circ. 440 
(July 31, 1958). 

Table XIV-A-1. Coefficients for Calculations of A and B as Functions of Mole Fraction 

Polynomial A B 

Coefficients o to 48 wt '70 48 to 75 wt '70 o to 48 wt '70 48 to 75 wt '70 

Do -1.5018327 -1.0803314 2.1169907 X 10 2 1.3975568 X 10 2 

D1 9.4112153 -2.0003484 1.6077083 X 10 3 6.6747329 X 10 3 

D2 -1.1435741 X 10 3 4.6066898 X 10 2 1.6911611 X 105 -7.8716105 X 104 

D3 1.0504137 X 105 -5.9517023 X 10 3 -1.4184371 X 10 7 9.0967578 X 105 

D4 -4.6927102 X 10 6 3.5627216 X 10 4 6.0654775 X 108 -5.5380830 X 10 6 

Ds 1.0323349 X 108 -7.8542145 X 104 -1.2985834 X 10 10 1.2451219 X 10 7 

D6 -1.1028981 X 10 9 1.3532907 X 1011 

D7 4.5921911 X 10 9 _ 5.4970416 X 1011 



Since the tables cover only the composition 
range from 20 to 75 wt % sucrose over the temper­
ature range 0 to BOaC, viscosity values at 5 wt % 
intervals between 0 and 20 wt % were developed 
at 5°C temperature intervals over the range 0 to 
800 C using equations of the form developed by 
the National Bureau of Standards for this purpose: 2 

where 

TJ X 2 
In -= E--+ FX 

e TJo I - X 

TJ = viscosity of the sucrose, 

(1) 

TJ o = viscosity of pure water at a given 
temperature, 

X = weight fraction sucrose, 
E and F = temperature-dependent constants. 

Values of E and F were computed from the vis­
cosity data for pure water and the data for sucrose 
solutionsc6ntaining 20 and 30 wt % sucrose at 
the desired temperature intervals. These equations 
are not valid beyond the range of composition used 
in their development. 

In the approach to fitting the viscosity data, it 
was recognized that water is an associated liquid 
containing clusters of molecules with a high degree 
of structural order and that sucrose is -capable of 
forming hydrogen bonds with the water. Since 
varying amounts of sucrose may be expected to 
affect the structural arrangement of the solution 
more thim varying the temperature, an' equation was 
first sought which would accurately describe the 
change of viscosity at constant composition with 
temperature. Using the "hole" theory of Eyring 
and associates,3 the Antoine or modified Arrhenius 
equation so successfully used in vapor pressure 
treatment was tried. This equation as related to 
viscosity has the form 

B 
10giO TJ = A + -- , 

, t + C 
(2) 

where TJ is the viscosity at constant composition 
and temperature" t is the temperature in °c, and 
A, B, and C are composition-dependent constants. 
When this evaluation is carried out, constants A, 
B, and C are found at any given composition such 

3S. Glasstone, K. J. Laidler, and H. Eyring, The 
Theory of Rate Processes, Chap. IX, McGraw-Hill, 
New York, 1941. 
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that the viscosity data as a function of the temper­
ature are reproduced to about three parts per thou­
sand. The Antoine constant, C, is fitted throughout 
the temperature range as a function of composition 
only by the right-hand negative leg of a hyperbola 
having the equation 

C = 146.06635 - 25.251728 (1 

+ (x/0.070674842) 2]1 !2, (3) 

where C has the dimensions of temperature on the 
centigrade scale, and x is the mole fraction suc­
rose obtained from the relation 

X/342.30 
x= , 

X/342.30 + (1 - X)/18.032 

where X is the weight fraction sucrose. The 342.30 
and 18.032 are the molecular weights of sucrose 
and water respectively. 

Assuming that the value of the Antoine or C 
constant is exactly as calculated from Eq. (3) and 
allowing errors in the tabulated data at any com­
position to be distributed between the remaining 
two constants, values of A and B were found at 
the same compositions used previously. These 
reevaluated constants produced equations show­
ing only negligible losses in accuracy at any 
composition, thus indicating the selection of a 
satisfactory dependence of the C constant upon 
composi tion. 

The limiting viscosity (or A constant) and the 
activation energy (or B constant) 4 so obtained plot 
as smooth functions of the composition. However, 
neither constant could be fitted by any simple func­
tion,4 but a high-<>rder polynomial would fit pro­
vided the data were fitted in two segments with 
those below 48 wt % sucrose being fitted by seventh­
order polynomials in the mole fraction sucrose and 
those above 48 wt % sucrose being fitted by fifth­
order polynomials. In the procedure used, the 
A constant was evaluated as a function of com­
position in such a way that the two equations ap­
plicable at 48 wt % gave the same value of A an'd 

4See Joint NIH-AEC Z~nal Centrifuge Development 
Program Semiann. Rept. January 1-June 30, 1963, 
ORNL-3502, for explanation of names of constants and 
type of treatment attempted earlier. 



dA/ dx at 48 wt %. Assuming that both the A con­
stant and the C constant dependence upon the mole 
fraction were correct, the best values of the B 
constant for each tabulated composition were cal­
culated and fitted at functions of the mole fraction 
in a manner identical to that used in obtaining the 
A constants. The equations for the A constant 
and the B constant have the form 

where the D /s are the coefficients, and x is the 
mole fraction. The coefficients needed to calculate 
A and B for the two concentration ranges are given 
in Table XIV-A-l. 

By use of this set of equations the standard 
deviation in viscosity over the entire range of 
temperature and composition is 2 parts per thou­
sand, and no individual value is in error by more 
than 3 parts per thousand in the temperature and 
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composition ranges of primary interest of 5 to 40°C 
and 5 to 40 wt % sucrose. At temperatures higher 
than 40°C and compositions above 40 wt % suc­
rose, SOme individual values may differ from tab­
ulated values by as much as 8 parts per thousand; 
but even here the standard deviation from the tab­
ulated data at any given composition is only 3 
parts per thousand. The set of equations thus 
express the viscosity as a function of temperature 
and composition well within the allowed deviation 
from the tabulated data of 1%. The equation is 
also of a form which will allow treatment of the vis­
cosity of sucrose solutions by the "free volume" 
approach of Doolittle 5 and Miller6 and may be 
helpful in elucidatin g the effect of the addition 
of sucrose to water upon the structure of liquid 
water. 

5 A. K. Doolittle, The Technology of Solvents and 
Plasticizers, Chap. 13, Wiley, New York, 1954. 

6A. A. Miller, J. Phys. Chern. 67, 1031-35 (1963). 



xv. Ancillary Studies 

A. FLAME IONIZATION ANALYZER FOR 
DETERMINING TOTAL CARBON IN LIQUID 

STREAMS OR SOLID SAMPLES 

R. H. Stevens 

1. General Cons iderations 

A rapid and continuous method for determining 
carbon in solid or liquid organic samples in the 
10- 1°_ to 1O-8_g range has been investigated as 
a new analytical tool in research and routine bio­
analyses. This method has been successfully used 
to detect the presence of puffball spores (4 11) in 
air when used as an air monitor for organic par­
ticulates. It is also a potential instrument for 
monitoring the eluant from miniature ion exchange 
columns and for individually analyzing cells and 
large subcellular particles for carbon content. 

The equipment provides for the direct introduc­
tion of solid or liquid samples into a hydrogen­
flame ionization detector by means of a loop of 
fine wire which passes slowly through the flame. 
A brief description of the analyzer and some 
initial results have been reported. 1 

2. Operation of Equipment 

The instrument operates by collecting and meas­
uring the ionization current produced by carbon 
ions generated during the combustion of the 
sample in the hydrogen flame. This type of de­
tector is commonly used to monitor the gaseous 
discharge of chromatographic columns, and its 
output is essentially a linear function of the 
amount of carbon present in the sample. 

IN. G. Anderson and R. H. Stevens, Joint NIH-AEC 
Zonal Centrifuge Development Program Semiann. Rept. 
January 1-June 30, 1963, ORNL-3502, p. 83. 
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The general operation of the equipment is 
depicted graphically in Fig. XV-A-l. This arrange­
ment differs from the first version 1 in that a 
continuous loop of wire has been provided for 
transporting the sample to avoid the rewinding 
operation necessary with a single" strand. The 
equipment can be arranged in either of two op­
erating modes: as an air monitor to collect 
particulates onto the wire from a flowing air 
stream by the use of an electrostatic precipi­
tator, or as a liquid or solid sampler in which the 
sample is placed manually or automatically on 
the wire. Any solvent present is evaporated over 
a small drying oven. Either sample-acquisition 
step is immediately followed by movement of the 
wire into the flame. Figure XV-A-2 is a photo­
graph of the analyzer showing the continuous loop 
of wire passing axially through a miniature electro­
static precipitator. Figure XV-A-3 is a close-up 
view of the same equipment except that the 
precipitator has been replaced by a small drying 
oven and a microscope has been provided for 
manipulating small samples. 

Dissolved samples are most conveniently handled 
by "hanging" a 1-111 droplet of solution from the 
wire and allowing the solvent to evaporate. The 
drying oven facilitates the latter by providing 
heated air which flows slowly past the droplet. 
Several common solvents such as distilled water, 
absolute ethanol, and methanol have been un­
satisfactory as sample carriers since the signals 
obtained from the nonvolatile residues from 1-111 
aliquots of these liquids are usually sufficient to 
mask the response to 10- 7 g of sample dissolved 
in the droplets. Apparent nonlinearities in the 
analyzer response reported previously I for palmitic 
acid in ethanol were the result of nonvolatile 
solvent residues contributing to the sample signal 
by this mechanism. Carbon tetrachloride (RACS 
grade) may be used as a carrier since its residue 
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ALTERNATE ARRANGEMENT FOR LIQUID AND SOLID SAMPLE DEPOSITION 

WIRE - 0.005-in. DIA 
Pt-40% Rh BUTT-WELDED 
LOOP 

ALL WHEELS AND GUIDES 
MOUNTED ON INSULATED 
BUSHINGS 

DUST LADEN AIR 
ENTERS THROUGH 
TEFLON TUBE WIRE ELECTROSTATICALLY COLLECTS DUST 

WHICH HAS ACQUIRED A CHARGE BY 
PASSAGE THROUGH THE CORONA FORMED 
BETWEEN THE WIRE AND A METAL RING 
INSIDE THE TEFLON TUBE 

Fig. XV-A-l. Schematic Representation of Flame Ionization Analyzer, for Continuous Carbon Analysis. 

is not detectable at the highest sensitivity of the 
equipment. 

An electrical bias of 300 v is applied to the 
wire with the same polarity as that used for the 
ionization chamber biasing electrode; this pre­
vents competitive ion or electron collection by 
the wire which would occur if it were operated at 
the near-ground potential of the collecting elec­
trode screen. Either the positive or the negative 
ion current can be collected by selecting the 
proper polarity of the biasing voltage. 

The wire is normally traversed to the left at a 
lineal speed of I/S to 'l4 ips during continuous 
sampling operation. The required in-flame dwell 
time of the sample for complete combustion is a 
function of the sample volatility and is generally 

less than 1 sec, the period experienced by any 
point on the wire passing through the flame at 
~ ips. Large samples having 1 to 3 sec burnoff 
8 

time frequently require that the wire be stopped 
in the flame until combustion is complete. 

Iridium-rhodium alloy wire, 0.005 in. in diameter, 
has provided a longer loop service life than the 
platinum-rhodium alloy wire used in preliminary 
tests. Wires are precleaned in acid and solvent to 
reduce the amount of "background" carbon present 
on the wire surface. A small hydrogen cleaning 
flame is employed to heat the wire to .about 10000C 
locally before sample acquisition. This step re­
moves dust and other volatile materials collected 
by the wire during passage around the wheels and 
guides. A "run-in" time of several hours is 
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Fig. XV·A·2. Flame Ionization Analyzer Arranged for Air Monitoring of Organic Particulates. 

Fig. XV.A.3. Flame Ionization Analyzer Arranged for Sol id, Liquid, or Solute Sampl ing. 



81 
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(c) 

UNCLASSIFIED 
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Fig. XV-A-4. Detection of Puffball Spores (4 to 5/1) in Air Using Flame Ionization Analyzer as an Air Monitor 

for Organic Particulates. (a) Puffball spores dispersed in filtered air_ Arrows ind icate peaks from individual 

spores collected on the sample transport wire. (b) Puffball spores dispersed in typical unfiltered laboratory air_ 

Arrows indicate individual spore signals identified by peak height. (c) Background signal from filtered air and 

wire noise. 



necessary for new wires to remove dissolved con­
taminants from the wire mass itself by ignition in 
the. cleaning and detector flames. Following this 
period, spurious signals generated by the wire 
are infrequent and of small magnitude. 

Performance. - The work to date has been to 
explore the response of the analyzer to carbon 
and other inte!fering elements when using a hot 
wire in the chamber and to determine the sensi­
tivity of the device. Recent work has shown the 
sensitivity of the analyzer to gaseous samples is 
within expected limits, namely, 0.003 coulomb 
per gram of carbon. The response to solid samples, 
however, is complicated by two effects: pre­
combustion evaporation of the sample from the 
wire when proximal to the flame, and surface 
ionization which may provide positive ions of 
other elements present on the wire when heated in 
the flame. If the sample can be evaporated from 
the wire without loss, a sensitivity comparable to 

. that for gas samples is observed. The combustion 
chamber can be redesigned to overcome the pre­
combustion problem. A dual collection system 
capable of measuring both positive and negative 
ionization currents simultaneously will be nec­
essary to study the surface ionization effect. 

The existing detector and its associated elec­
trometer are not considered optimum for this work 
and presently limit the minimum detectable sample 
weight to a carbon content of about 10- 10 to 
10- 7 g, depending upon the sample type and the 
polarity of the ionization current collected. Puff­
ball spores, nominally 4 to 5 Il in diameter, have 
a calculated carbon content of 2 x 10- 11 g/spore. 
Figure XV-A-4 is a chart record of the detection of 
indi vidual s pores following their collection from 
air onto the wire using the prototype equipment 
shown in Fig. XV-A-2. The unexpectedly large 
response obtained from these spores may be the re­
sult of ionization of other elements present in the 
spore at the time of its combustion on the hot wire. 

The basic sensitivity of 0.003 coulomb per gram 
of carbon applies when using samples evaporated 
onto the wire by the "hanging-drop" method and 
negative ionization current collection. The mini­
mum detectable sample carbon weight for these 
conditions is limited by the sensitivity of the 
existing electrometer and recorder and by back­
ground wire noise to a value of 10- 7 to 10- 8 g. 
Higher-speed electrometers and recorders will be 
required in future work to respond to the fast cur­
rent pulses from the detector during the com­
bustion of smaller samples. 
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B. SUBCELLULAR FRACTIONS OF ASTASIA 
LONGA AS SEPARATED IN THE ZONAL 

UL TRACENTRIFUGE 

P. A. Van Dreal 

Subcellular fractions of log-phase-grown Astasia 
longa have been examined in the B-IV zonal 
ultracentrifuge in preparation for studying changes 
in these constituents during the cell cycle of the 
temperature-synchronized cells. Cells were broken 
by grinding in the cold (4°C) for 30 min in a power­
driven mortar and pestle. The homogenate was 
centrifuged for 10 min at 2400 rpm in an Inter­
national PR-2 centrifuge. The supernatant was 
separated in the B-1 V rotor in a 10 to 30% sucrose 
gradient with a 55% sucrose cushion. The rotor 
was run at 40,000 rpm and unloaded at 101.894 x 
10 6 (j)2 t. Figure XV-B-1 shows the 260- and 280-
mil absorption curves of the material unloaded 
from the rotor. Under these conditions paramylum 
granules and nuclei are found on the wall and/or 
in the initial precipitate. The first peak represents 
the soluble phase. The next three peaks are 
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probably ribosomal. If one assumes a density 
of 1.5, then the computer predicts that tubes 14, 
17, and 21 contain material having sedimentation 
coefficients of 55, 75, and 102 Svedberg units 
respectively. The fifth peak contains mitochondria 
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and membrane fractions. Since mitochondria of 
Astasia appear in electron micrographs as elon­
gated structures, it is not surprising that they 
cannot be isolated unbroken under these condi­
tions. 
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DRAWINGS OF A-IX ROTOR RELEASED THROUGH THE 
OFFICE OF TECHNICAL INFORMATION EXTENSION, AEC, OAK RIDGE 
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Appendix II 

DRAWINGS OF THE B-IV SYSTEM RELEASED THROUGH THE 
OFFICE OF TECHNICAL INFORMATION EXTENSION, AEC, OAK RIDGE 
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Appendix III 

DRAWINGS OF B-II, B-IV, B-VII, AND B-VIII ROTORS AND DAMPER BEARING 
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