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[57] ABSTRACT

A centrifuge rotor and method for gradient density separa-
tion which supports a generally cylindrical volume of
sample solution with its axis inclined to the spin axis at an
angle which is optimized for maximum separation efficiency
while reducing contamination by undesirable centrifugates
upon reorientation of the desirable centrifugates. The sample
solution is contained in a centrifuge tube which is closed at
its top end by a top portion which is supported by a support
cap. The undesirable centrifugates are pelleted to the end
corners of the inclined centrifuge tube. The rotor and
method are particularly adapted, for example, for separa-
tion of nucleic acid into plasmid DNA and chromosomal
DNA by density gradient centrifugation. The optimum angle
is determined based on the relationship 6=Tan"' (D/15L)">
where D and L are respectively the diameter and length of

the cylindrical volume of the sample solution and 6 is the
angle of inchination.

40 Claims, 2 Drawing Sheets
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1

OPTIMUM FIXED ANGLE CENTRIFUGE
ROTOR

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-

cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to centrifuge rotors and,
more particularly, to centrifuge rotors which support centri-
fuge tubes at an angle to the spin axis for density gradient
separation.

2. Description of Related Art

Essentially, a centrifuge is a device for separating par-
ticles suspended in a solution. A centrifuge includes a rotor
which supports several containers of sample solution for
rotation about a common spin axis. As the rotor spins in the
centrifuge, centrifugal force is applied to each particle in the
sample solution; each particle will sediment at a rate which
1s proportional to the centrifugal force experienced by the
particle. Centrifugal force 1s dependent on the mass of the
particle, the rotational speed of the rotor, and the distance of
the particle from the spin axis. The viscosity and density of
the sample solution also afiects the sedimentation rate of
each individual particle. At a given centrifugal force, density
and liquid viscosity, the sedimentation rate of the particle is
proportional to its molecular weight, and the difference
between its density and the density of the solution.

One of many methods of centrifugal separation is by

1SOpycnic separation, a form of density gradient centrifuga-

tion. Such a method permits the separation of several or all
of the particles 1n a sample mixture according to their
densities. The method involves a supporting column of fluid
(hereinafter referred to as “density gradient flmd”) whose
density encompasses the whole range of densities of the
sample particles and increases toward the bottom of the
centrifuge tube. The density gradient fiuid typically consists
of one or more suitable low molecular weight solute in a
solvent in which the sample particles can be suspended.
Upon centrifugation, each particle will sediment only to the
position in the centrifuge tube at which the density of the
density gradient fluid 1s equal to its own density, and there
it will remain. The isopycnic technique, therefore, separates
particles into zones or bands solely on the basis of their
density differences, independent of time.

Density gradients have been used extensively in the
separation and purification of a wide variety of biological
materials. For example, nucleic acids have been studied
extensively by density gradient methods. For purposes of
discussion, 1sopycnic banding type density sradient centrifu-
gation techmiques will be discussed below in connection
with DNA banding. In the past, cesium chloride has been
successfully used as the density gradient fluid in DNA
banding. Under the influence of centrifugal force, the cesium
chloride salt redistributes in the centrifuge tube so as to form
the required concentrations to create a density gradient. This
is often referred to as the self-generating gradient technique
in which a continuous density gradient 1s obtained at equi-
Iibrium when the diffusion of cesium chlonide towards the
spin axis balances the sedimentation away from the spin axis
at each radial location along the centrifuge tube.
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A nucleic acid may be separated into plasmid DNA and

chro

osomal DNA by using the cesium chloride density

2

gradient. In addition RNA and proteins in the nucleic acid
are separated. The plasmid DNA is separated from the
chromosomal IDNA by their differences in buoyant density,
the plasmid DNA being more dense. More particularly, the
plasmid DNA and chromosomal DNA are isolated 1into
isopycnic bands at different radial positions from the spin
axis, the plasmud DNA being more dense forms a band at a
larger radial distance from the spin axis. In addition, RNA
which is heavier forms a pellet at the furthermost radial
location in the centrifuge tube and proteins being the lightest
particles are “floated” to the innermost radial position close
to the spin axis to form a pellet. The RNA and protein are
usually not of interest to DNA studies and undesirable as
they are a source of contamination of the DNA bands.

In most laboratories, density gradient centrifugation of
nucleic acids is carried out using conventional swinging-
bucket, fixed-angle and vertical tube rotors. In a swinging
bucket rotor, centrifuge tubes are hingedly supported. As the
rotor rotates, the centrifuge tubes swing radially outward
from a vertical position to a horizontal position. After a
period of time, as shown in FIG. 1A, the nucleic acid
contained in the centrifuge tubes 18 separates into the
plasmid DNA 10 and chromosomal DNA 12 bands as well
as RNA 14 and protein 16 pellets. Since the density gradient
is formed radially outward from the spin axis, the bands are
parallel to the spin axis 20. After centrifugation, the centr-
fuge tubes 18 return to their vertical position as shown in
FIG. 1B. The iractionated DNA bands are extracted tror
each centrifuge tube using suitable toois. It has been found
that nucleic acid separation carried out using a swinging
bucket rotor requires long run time to allow sedimentation to
take place along the length of the centrifuge tube as indi-
cated by arrow 19. Furthermore, it requires high rotor speeds
in order to provide enough centrifugal forces to effect
separation of the components located close to the spin axis
20. For a given maximum radial tube position from the spin
axis r, .., the average radial distance from the spin axis
T verage 18 SUDstantially shorter thus giving rise to a smaller
overall centrifugal force at a given rotor speed.

In a vertical tube rotor, sealed centrifuge tubes have been
used in the past such as the Quick Seal® tubes developed by
Beckman Instruments, Inc. as shown in FIG. 2A are sup-
ported vertically during centrifugation. Upon centrifugation,
the 1sopycnic plasmid 22 and chromosomal 24 bands and
protein 26 and RNA 28 pellets are oriented vertically or
parallel to the spin axis 30. After centrifugation, the DNA
bands 22 and 24 reorientate into horizontal layers as shown
in FIG. 2B. The RNA and protein peliets 26 and 28,
however, tend to remain stuck to the centrifuge tube wall. It
will be appreciated that the transition of the DNA bands
during reorientation from the vertical position shown in FIG.
2A to the horizontal position shown in FIG. 2B causes
intermixing of the DNA bands and the pellets as the DNA
bands 22 and 24 sweep across the protein and RNA pellets
26 and 28, thereby resulting in contamination of the DNA
bands. Furthermore, the protein and DNA pellets may detach
from the tube walls when the rotor is at rest and mix the
contents in the tube. Precentnifugation clean-up steps such as
differential centrifugation will be necessary to remove the
protein and RNA particies prior 10 density gradient separa-
tion of DNA bands in order to avoid such contamination.
The additional clean-up steps are time consuming. The
advantage of vertical tube rotor over swinging bucket rotor,
however, 1s in the increased ettectiveness for density gradi-
ent centrifugation which in many instances yiclding sepa-
rations in considerably less time than achieved in swinging
bucket rotors operating either at the same speed or higher
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speeds. The centrifuge tubes being vertical in a vertical tube
rotor are disposed at a larger average radial distance r,,,, 4.
from the spin axis when compared to a swinging bucket
rotor having the same maximum radial tube position r,,_,,
Also, the particle sedimentation path length radially outward
across the width of the centrifuge tube as indicated by arrow
31 is considerably less than that along the length of the

centrifuge tube in the swinging bucket rotor as shown in
FIG. 1B.

The fixed angle rotor is effectively a compromise between
the swinging bucket rotor and the vertical tube rotor. The
centrifuge tubes 32 in a fixed angle rotor are supported at a
fixed angle in the range of 20°-40° to the spin axis during
centrifugation, as illustrated in FIG. 3A. Isopycnic DNA
bands 34 and 36 and pellets 38 and 40 are formed parallel
to the spin axis upon centrifugation. Upon termination of
centrifugation and removal of the tubes 32 from the rotor,
the DNA bands 34 and 36 reorientate to a horizontal position
as shown in FIG. 3B. The probability of contamination of
the isopycnic bands 34 and 36 during reorientation is
reduced 1n the case of the fixed angle rotor. However, for a
given rotor speed and maximum radius r,, ., fixed angle
rotors are inherenily less efficient than vertical tube rotors
due to shorter average centrifuge tube radial distance 1,,,,.,,,.
from the spin axis 42 and increased sedimentation path

length as indicated by arrow 43 for a given tube size.

SUMMARY OF THE INVENTION

The present invention is directed to a centrifuge rotor
optimized for density gradient separation which supports a
generally cylindrical volume of sample solution at an angle
as close to the vertical as possible to maximize separation
efficiency while avoiding contamination of isopycnic bands
during reorientation upon termination of centrifugation, and
a method of obtaining the optimized angle.

According to the present invention, the angle of inclina-
tion of the sample volume to the spin axis is determined
according to the physical dimension of the sample volume.
More particularly, for a cylindrical sample volume, con-
tained for example in a centrifuge tube, having a given
diameter D and length L, the angle of inclination is depen-
dent on the Tan™" (D/15L)°. Conversely, for a given angle
of inclination, the size of centrifuge tubes that should be
used to optimize separation efficiency and minimize con-
tamination of separated isopycnic bands can be determined.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and B illustrate the orientation of isopycnic

bands during and after centrifugation in the case of a
swinging bucket rotor.

FIGS. 2A and B illustrate the orientation of isopycnic
bands during and after centrifugation in the case of a vertical
tube rotor.

FIGS. 3A and B illustrate the orientation of isopycnic

bands during and after centrifugation in the case of a fixed

angle rotor.

FIG. 4 is a perspective view of an optimized fixed angle
rotor according to one embodiment of the present invention.

FIG. 5 1s a side view of the rotor of FIG. 4 partially broken
away to show a sectional view of the sample containing tube
cavity.

FIGS. 6A and B illustrate the orientation of isopycnic
bands during and after centrifugation in the case of an
optimized fixed angle rotor according to the present inven-
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tion.

DESCRIPTION OF THE ILLUSTRATED
EMBODIMENTS

The following description is of the best presently con-
templated mode of carrying out the invention. This descrip-
tion is made for the purpose of illustrating the general
principles of the invention and should not be taken in a
himiting sense. The scope of the invention is best determined
by reference to the appended claims.

FIG. 4 shows a perspective view of a fixed angle centri-
tuge rotor 50 optimized for density gradient separation
according to one embodiment of the present invention. The
rotor 30 has a generally cylindrical body and a plurality of
circumferentially spaced bores or cavities 56, each adapted
to retain a sample containing tube during centrifugation.
Scallops S2 are formed on the cylindrical surface between
adjacent cavities to reduce the overall mass of the rotor.
Referring to the view shown in FIG. §, base 52 of the rotor
1s shaped to fit on a spindle of a drive motor (not shown) for
rotation about a spin axis 54.

The cavities 56 are formed at an oblique angle 8 with
respect to the spin axis 54 of the rotor 50, the bottom of the
cavities being further away from the spin axis 54 than the
cavity opening. With this arrangement, the horizontally
acting centrifugal force has components acting both radially
and axially in each cavity 56, with the axial force component
urging the sample toward the bottom, or outer, end of the
cavity 56. The angle 6 which optimizes separation efficiency
and reduces contamination is determined by a method to be
discussed in detail below.

Inserted in each cavity 56 is a thin-walled sample con-
tatning tube 38 and a support cap 59 engaging the top of the
tube. The tube 58 shown is a Quick-Seal® tube of the type
disclosed and patented in U.S. Pat. No. 4,301,963 commonly
assigned to the assignee of the present invention and is
incorporated by reference herein. The top and bottom por-
tions of the tube 58 is shown in FIG. § to be hemispherical.
These portions may be shaped differently, e.g. bell-shaped or
conical, and the tube facing surface of the support cap is
shaped accordingly. In the center of the top portion of the
tube 38 is a projection formed initially as a tube-like
extension through which the fluid sample is inserted into the
tube 38, and then hermetically sealed by a suitable process,
such as heat fusion. The sealed end of the tube 58 is closer
to the spin axis than the majority of the tube and its fluid
contents. The body of the tube 38 is generally cylindrical
having internal diameter D and length L. It is apparent that
the dimensions of the substantially cylindrical volume of
sample solution enclosed by the tube 58 is equal to the
internal dimensions of the tube §8. The tube 58 is substan-
tially filled with the sample solution. The cap 59 is free to
slide along the cavity to provide support to the top portion
of the tube 58 against hydrostatic pressure of the contents in
the tube as well as deformation caused by centrifugation
forces. The cap is referred to as a floating cap which has been
described and patented in U.S. Pat. No. 4,304,356 com-
monly assigned to the assignee of the. present invention and
1s 1ncorporated by reference herein. A locking cap (not
shown) may be screwed into the opening of the cavity to
securely retain the tube 58 and cap 59 within the cavity 56.

It 1s envisioned that other types of tubes, seals and support
caps could be utilized in the rotor 50 for density gradient
centrifugation. As an example of density gradient separation,
isopycnic banding of DNA from nucleic acid will be dis-
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cussed below.

Referring to FIG. 6A, the nucleic acid contained 1in the
centrifuge tube 58 is separated into plasmid 60 and chro-
mosomal 62 DNA bands and protein 64 and RNA 66 pellets
upon centrifugation. The bands and pellets are 1n a verfical 5
orientation as a result of radial centrifugal forces. Cesium
Chloride self-generating density gradient solution may be
used to create the density gradient for obtaining the 1sopy-
cnic bands.

Upon the termination of cenmfugatlon and removal of the 10
tube 58 from the rotor 50, the isopycnic DNA bands 60 and
62 reorientate 1nto a horizontal orientation as shown in FIG.
6B. The protein and RNA pellets do not reorientate but
remain in their original position against the end corners of
the centrifuge tube.

According to the present invention, the cavities 56 are
formed such that the dimensions of the volume of sample
solution, in this case the intermal dimensions L and D of the
thin-walled centrifuge tube 58 designed for use with the
rotor, and the angle of inclination of the tube axis 6 approxi-
mately satisfy the relationship:

15

20

0=Tan™" (D/15L)°7 1

This relationship is determined empirically. For thin-
walled tubes, e.g. 10-20 mils wall thickness, the outside 25
diameter may be applied to the relationship (1) without
substantially affecting the results. It 1s noted that the top and
bottom hemispherical portions of the tube 58 beyond the
length L have been “ignored” in formulating the empirical
relationship (1). The reason being that most of the pellets 64 30
and 66 do not accumulate within these hemispherical por-
tions, at least at small 6. Thus, the hemispherical ended tube
58 can effectively be treated as a flat bottom cylinder with
length L to a close approximation. It can be seen that for 6
that 1s small, e.g. iess than 10°, the relationship (1) can be 35
approximated as:

6=(D/15L)°> 2

where 8 1s measured in radians. Small departures from the
relationship may be necessary for manufacturing conve-
nience and design constraints.

Examples of actual fixed angle rotors made in which the
angle of inclination 6 of the sample volume to the spin axis

for given sample volume dimensions (approximately equal
to the dimensions of thin-walled centrifuge tube) approxi-

mately satisfy the relationship (1) and comparisons to the
theoretical © values according to the relationship (1) are
given below (the D and L listed below are nominal outside
dimensions of actual thin-walled centrifuge tubes which
approximate internal dimensions):

40

45

50

theoretical O in g 1n
accordance with actual 55
Example L D relationship (1) rotor made

I 25" 0.625" 7.4° 7.5°
1I. 1.6" 05" 8.25° 8°
1. 1" 0.5" 10.45° 9°
60

It can be seen that Examples I and II satisfy the relation-
ship (1) quite closely within a few percent deviation. For
Example IIl, the deviation is approximately 14% due to
physical constraints necessary to accommodate manufactur-
ing convenience and the more significant effect of the 65
hemispherical top and bottom portions of the tube 58 which
have not been taken into account in the relationship (1).

6

In the past, tubes of similar dimensions have been used 1n
fixed angle rotors having angle of inclinations between 20°
to 40°. These tubes and rotors do not satisfy the relationship
(1). For rotors with 0 within the range from 20° to 40°, the
D/L ratios should have been approximately within the range
from 1.8 to 7.31 in order to satisfy the relationship (1). Tubes
with such D/L ratios are rather squat and are not believed to
have been used 1n the past.

It has been found that using the centrifuge rotor which has
centrifuge tube axis inclined at an angle 6 to the spin axis
that approximately satisfies the relationship (1), 1sopycnic
60 and 62 bands are obtained which do not come into contact
with the pellets 64 and 66 upon reorientation as shown in
FIG. 5. Moreover, a high separation efficiency is obtained
with the rotor having such an angle of inclination since the
average radius ... 18 large for a given maximum radius.
Thus, the rotor speed can be kept well below the 1imit above
which the rotor will fail due to overstressing. Furthermore,
gradient matenal crystallization, a process where the density
eradient fluid crystallizes causing sudden density change as
a result of high centrifugal force experienced at the further-
most radial position r,, .. of the centrifuge tube, which would
cause rotor damage can be avoided. By keeping the r,, .

closetor,,,,,... the centrifugal forces experienced at r

and r,, Wil not be substantially different for a givgn
average centrifugal force. Still further, precentrifugation
clean-up steps for removing the undesirable RINA and pro-
tein particles are not necessary in order to avoid contami-
nation of the plasmid and chromosomal DNA bands. Thus it
can be seen that by using the relationship (1) to determine
the angle of inclination of the centrifuge tube axis, contami-
nation of the 1sopycnic bands during reorientation can be
avoided without compromising the separation efficiency of
the rotor.

It 1s envisioned that for some centnfugation appiications,
smaller size centrifuge tubes could be utilized in the rotor 50
having cavities designed for receiving larger size tubes 58.
For example, a tube with smaller diameter may be supported
in the cavity by use of an cylindrical adapter as described in
U.S. Pat. No. 4,692,137 commonly assigned to the assignee
of the present invention and incorporated by reference
herein. A shorter centrifuge tube could also be utilized by
providing additional spacers between the supporting cap and
the top end of the centrifuge tube as described in U.S. Pat.

No. 4,290,550 commonly assigned to the assignee of the
present imvention and incorporated by reference herein.

Further, the centrifuge tube need not be completely filled. It
is theorized that as long as the length L and diameter D of
the volume of sample solution and the angle of inclination
O of the volume to the spin axis satisfy the relationship (1),
the advantage of obtaining maximum separation efficiency
and reducing contamination in accordance with the present
invention can be realized.

From the foregoing, it could be summarized that the
dimension of the cylindrical volume of sample solution 1is
relevant to the concept of the present invention. The specific
structure used for containing the solution is not of critical
importance to the practice of the present invention. It is
envisioned that fluid to be centrifuged could be contained in
the centrifuge rotor cavity without using a centrifuge tube,
although the practicality of this has not been explored at this
time.

While the invention has been described with respect to the
illustrated embodiments in accordance therewith, it will be
apparent to those in the art that various modifications and
improvements may be made without departing from the
scope and spirit of the invention. Accordingly, it 1s to be
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understood that the invention is not to be limited by the
speciific illustrated embodiments, but only by the scope of
the appended claims.

[I] We claim:

1. A centrifuge rotor comprising:
a rotor body rotatable about a spin axis; and

means formed on the rotor body for supporting a gener-
ally cylindrical volume of diameter D and length L of
sample solution for centrifugation about the spin axis
such that the cylindrical volume is inclined with its axis
at an angle 0 to the spin axis, where 6, D and L
approximately satisfy the relationship:

B=Tan'(D/15L)"->¢

2. A centrifuge rotor as in claim 1 wherein 0 is approxi-
mately 10.45° or less.

3. A centrifuge rotor as in claim 2 wherein 0 deviates from
the angle calculated from said relationship at given D and L
by approximately 14% or less.

4. A centrifuge rotor as in clai
mately 7.5°.

5. A centrifuge rotor as in claim 3 wherein 0 is approxi-
mately 8.0°.

6. A centrifuge rotor as in claim 3 wherein 6 is approxi-
mately 9.0°.

7. A centrifuge rotor as in claim 1 wherein the means for
supporting comprises the rotor body having a cavity inclined
at angle O to the spin axis and a sample container which is
shaped to be received in the cavity.

8. A centrifuge rotor as in claim 7 wherein the sample
container 1s a sealed, generally cylindrical shaped centrifuge
tube substantially filled with the sample solution.

9. A centrifuge rotor as in claim 8 wherein the sample
solution comprises a density gradient fluid and a sample to
be centrifuged by density gradient separation.

10. A centrifuge rotor as in claim 9 wherein the sample is
nucleic acid to be separated into at least plasmid DNA and
chromosomal DNA isopycnic bands.

11. A centrifuge rotor as in claim 8 wherein the means for
supporting further comprises a floating support cap for
supporting the top of the centrifuge tube.

12. In a centrifuge rotor for density gradient centrifuga-
tion of a generally cylindrical volume of diameter D and
length L of sample solution about a spin axis, the cylindrical
volume being supported by the rotor such that its axis is
inclined at an angle O to the spin axis where L, D and 0
approximately satisfy the relationship:

3 wherein 0 is approxi-

0=Tan'(D/15L)%

13. A centrifuge rotor comprising:

a rotor body defining therein a plurality of cavities dis-
tributed axial symmetrically about a spin axis, each
cavity having its longitudinal axis inclined at an angle
0 to the spin axis; and

at least one container for containing sample solution to be
centrifuged, wherein each cavity is shaped to receive
the container and the container has an internal space for
containing a generally cylindrical volume of sample
solution of diameter D and length L, where 6, D and L
approximately satisfy the relationship:

0=Tan"}(D/15L)°"

14. A method of making a centrifuge rotor for density
gradient centrifugation comprising the steps of:

providing a rotor body rotatable about a spin axis;
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8

forming support on the rotor body for supporting a
generally cylindrical volume of diameter D and length
L. of sample solution such that the axis of the volume
is inclined at an angle O to the spin axis, where D, L and
0 approximately satisfy the relationship:

6=Tan'(D/15L)">

15. A method of density gradient centrifugation compris-
ing the steps of:

providing a rotor rotatable about a spin axis;
providing a sample solution;

supporting on the rotor a generally cylindrical volume of
diameter D and length L of the sample solution such
that its axis is nclined at an angle O to the spin axis,
where D, L and O approximately satisfy the relation-
ship:

6=Tan }(D/15L)°3: and

rotating the rotor about the spin axis to cause centgrifuga-
tion. '

16. A method as 1n claim 15 wherein the supporting step
comprises formung a cavity inclined at angle 0 in the rotor
and providing a sample container which 1s shaped to be
received 1n the cavity.

17. A method as in claim 16 wherein the sample container
provided 1s a sealed, generally cylindrical shaped centrifuge
tube which is substantially filed with sample solution.

18. A method as in claim 17 wherein the sample solution
provided comprises a density gradient fluid and a sample to
be centrifuged by density gradient separation.

19. A method as in claim 18 wherein the sample is nucleic
acid to be separated into at least plasmmud DNA and chro-
mosomal DNA i1sopycnic bands.

20. A method as in claim 15 wherein 0 is approximately
10.45° or less.

21. A centrifuge rotor particularly adapted for density
gradient centrifugal separation of a sample comprising:

a rotor body having therein a plurality of cavities distrib-
uted symmetrically about a spin axis of said rotor body,
each cavity having its longitudinal axis inclined at an
angle © to said spin axis and adapted to hold a
centrifuge tube which has a cylindrical sidewall for
containing a generally cylindrical volume of diameter
D and length L of a sample mixture in a density
gradient solution to be centrifuged;

said cavities being configured in the rotor body where 0,
L and D are such that, upon centrifugation at least first
and second pellets of first and second materials are
formed at extreme radial corners of the inclined cen-
trifuge tube and extending along the cylindrical side-
wall of the centrifuge tube and at least one isopycnic
band of a third material is formed vertically in the
density gradient solution between the first and second
pellets, and upon termination of centrifugation the
pellets are stuck to said corers and sidewall of the
centrifuge tube and the isopycnic band reorientates
into a horizontal orientation with its periphery touch-
ing the sidewall of the centrifuge tube but slightly away
from the first and second pellets,

whereby the average centrifugal force on said sample
mixture 1s maximized during centrifugation but there is
no contact between the third material and either the
first and second materials upon horizontal reorienta-
tion of the third material upon termination of centrifu-
gation.
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22. A centrifuge rotor as in claim 21 wherein 0, D and L
approximately satisfy the relationship:

0=Tan " (D/15L)°~

23. A centrifuge rotor as in claim 21 wherein the sample
mixture is nucleic acid to be separated into at least plasmid
DNA and chromosomal DNA isopycnic bands.

24. A centrifuge rotor as in claim 21 wherein
approximately 10.45° or less.

25. A centrifuge rotor as in
approximately 7.5°,

26. A centrifuge rotor as in
approximately 8.0°.

27. A centrifuge rotor as in
approximately 9.0°.

28. A centrifuge rotor as in claim 21 wherein the rotor
includes means for supporting a top portion which extends
from the cylindrical sidewall of the centrifuge tube and
closes top end of the centrifuge tube, said top portion having
at its center a tube-like extension through which a sample
mixture can be inserted.

0 is
0 is

claim 24 wherein

claim 24 wherein 9 is

claim 24 wherein 0O Is

29. A method of density gradient centrifugal separation of

" a sample comprising the steps of:
providing a sample mixture in a density gradient solution;
providing a centrifuge tube which has a cylindrical side-

wall for containing a generally cylindrical volume of

diameter D and length L of the sample mixture and
density gradient solution to be centrifuged;

providing a rotor having therein a plurality of cavities
distributed symmetrically about a spin axis of said
rotor, each cavity having its longitudinal axis inclined
at an angle 9 to said spin axis and adapted to hold the
centrifuge tube, said cavities being configured in the
rotor where 9, L and D are selected such that, upon
centrifugation at least first and second pellets of first
and second materials are formed at extreme radial
corners of the inclined centrifuge tube and extending
along the cylindrical sidewall of the centrifuge tube
and at least one isopycnic band of a third material is
formed vertically in the density gradient solution
between the first and second pellets, and upon termi-
nation of centrifugation the pellets are stuck to said
comners and sidewall of the centrifuge tube and the
isopycnic band reorientates into a horizontal orienta-
tion with its periphery touching the sidewall of the

centrifuge tube but slightly away from the first and

second pellets;

placing the centrifuge tube and its contents into the
cavity; and

rotating the rotor about the spin axis to effect centrifugal
separation of the sample mixture to form at least one
isopycnic band of said third material,

whereby the average centrifugal force on said sample
mixture is maximized during centrifugation but there is
no contact between the third material and either the
first and second materials upon horizontal reorienta-
tion of the third material upon termination of centrifu-
gation.

30. A method as in claim 29 wherein 0, D and approxi-

mately satisfy the relationship:

0=Tan }(D/15L)%>

31. A method as in claim 29 wherein the sample mixture
is nucleic acid to be separated into at least plasmid DNA
and chromosomal DNA isopycnic bands.
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32. A method as in claim 29 wherein O is approximately
10.45° or less.

33. A method as in claim 32 wherein 8 1s approximately
7.5°

34. A method as in claim 32 wherein 8 is approximately
8.0°.

33. A method as in claim 32 wherein © is approximately
9.0°

36. A method as in claim 29 wherein the centrifuge tube
has a top portion which extends from the cylindrical side-
wall of the centrifuge tube and closes top end of the
centrifuge tube, said top portion having at its center a
tube-like extension through which a sample mixture can be
inserted, and wherein the method further including the step
of providing means for supporting said top portion of the
centrifuge tube after it is placed in the cavity.

37. A method of density gradient centrifugal separation of
a nucleic acid sample mixture into at least plasmid DNA and
chromosomal DNA isopycnic bands comprising the steps of:

providing a nucleic acid sample mixture in a density
gradient solution;

providing a centrifuge tube, said centrifuge tube having a
cvlindrical sidewall for containing a generally cylin-
drical volume of diameter D and length L of the sample
mixture and density gradient solution to be centrifuged,
and a top portion which extends from the cylindrical
sidewall of the centrifuge tube and closes top end of the
centrifuge tube, said top portion having at its center a
tube-like extension through which a sample mixture can
be inserted;

providing a rotor having therein a plurality of cavities
distributed symmetrically about a spin axis of said
rotor, each cavity having its longitudinal axis inclined
at an angle 0 to said spin axis and adapted to hold the
centrifuge tube, said cavities being configured in the
rotor where 6, L and D are selected such that, upon
centrifugation at least first and second pellets of first
and second materials are formed at extreme radial
corners of the inclined centrifuge tube and extending
along the cylindrical sidewall of the centrifuge tube
and at least a plasmid DNA isopycnic band and a
chromosomal DNA isopycnic band are formed verti-
cally in the density gradient solution between the first
and second pellets, and upon termination of centrifu-
gation the pellets are stuck to said corners and sidewall
of the centrifuge tube and said plasmid DNA and
chromosomal DNA isopycnic bands reorientate into a
horizontal orientation with their peripheries touching
the sidewall of the centrifuge tube but slightly away
from the first and second pellets;

placing the centrifuge tube and its contents into the
cavity,

providing means for supporting said top portion of the
centrifuge tube after it is placed in the cavity; and

rotating the rotor about the spin axis to effect centrifugal

separation of the sample mixture to form the plasmid
DNA and chromosomal DNA bands,

whereby the average centrifugal force on said sample
mixture is maximized during centrifugation but there is
no contact between the plasmid DNA or chromosomal
DNA bands and the first and second pellets upon
horizontal reorientation of the third material upon
termination of centrifugation.

38. A method as in claim 37 wherein 0 is approximately

10.45° or less.

39. A method of density gradient centrifugal separation of
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a sample mixture into at least one isopycnic band compris-
ing the steps of:

providing a sample mixture in a density gradient solution;

providing a centrifuge tube, said centrifuge tube having a
cylindrical sidewall for containing a generally cylin-
drical volume of the sample mixture and density gra-
dient solution to be centrifuged, and a top portion
which extends from the cylindrical sidewall of the
centrifuge tube and closes top end of the centrifuge
tube, said top portion having at its center a tube-like
extension through which a sample mixture can be
inserted;

providing a rotor having therein a plurality of cavities
distributed symmetrically about a spin axis of said
rotor, each cavity having its longitudinal axis inclined
at an angle less than 10.45° to said spin axis and
adapted to hold the centrifuge tube;

placing the centrifuge tube and its contents into the
cavity;

providing means for supporting said top portion of the
centrifuge tube after it is placed in the cavity; and

rotating the rotor about the spin axis to effect centrifugal
separation of the sample mixture to form at least one
isopycnic band,

whereby the average centrifugal force on said sample

5

10

15

20

25

12

mixture is maximized upon centrifugation and mixing
of the isopycnic band and other pelleted substance can
be avoided upon termination of centrifugation.
40. A centrifuge rotor particularly adapted for density
gradient centrifugal separation of a sample mixture into at

least one isopycnic band, comprising:

a rotor body having therein a plurality of cavities distrib-
uted symmetrically about a spin axis of said rotor body,
each cavity having its longitudinal axis inclined at an
angle less than 10.45° to said spin axis and adapted to
hold a centrifuge tube which has a cylindrical sidewall
for containing a generally cylindrical volume of a
sample mixture in a density gradient solution to be
centrifuged and a top portion which extends from the
cylindrical sidewall of the centrifuge tube and closes
top end of the centrifuge tube, said top portion having
at its center a tube-like extension through which a
sample mixture can be inserted; and

means for supporting said top portion of the centrifuge
tube after it is placed in the cavity;

whereby the average centrifugal force on said sample
mixture 1s maximized during centrifugation and mixing
of the isopycnic band and other pelleted substance can
be avoided upon termination of centrifugation.

- I ® R
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