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CENTRIFUGAL FAST CHROMATOGRAPH

TECHNICAL FIELD

The present invention relates to an improved centrifugal
chromatograph. In particular, the present invention relates to a
centrifugal chromatograph wherein multiple separations may be
performed simultaneously, rapidly, and relatively inexpensively.
BACKGROUND OF THE INVENTION

High-pressure, high-resolution liquid chromatography has
come into wide use to separate proteins, nucleic acids, metabolites,
drugs, and a wide variety of compounds both in the research labora-
tory, in industry, and in clinical laboratories. The systems now in
use are expensive, and include non-pulsating high-pressure pumps,
valving (often operating at high pressure) for sample introduction,
high-pressure prepacked columns, small uniform beads adapted to
achieve high resolution separations, a spectrophotometer or color-
imeter to monitor each column, and a fraction collector for each
column as essential components. In addition, microprocessor sys-
tems for analysis of the chromatographs, programs to integrate
peaks, and a printer to print out quantitative results are also used.
The systems do not include positive means to prevent anomalous
flow or channelling to insure ideal flow through the column, to posi-
tively remove air bubbles, to prevent a column from running dry
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during use, to prevent anomalous flow and mixing either in the
headspace above the column where flow fans out from the
narrow-bore inlet tubing to the full bore of the separations column,
or where the converse restriction in diameter occurs as liquid leaves
the column and is constricted into the detector flow cell. In addi-
tion, the rapid data processing capabilities of microprocessors are
not fully used; although one microprocessor can now process, man-
age, and display data from a dozen or more columns, microproces-
sors are not so used.

In presently available systems the entire collection of compo-
nents service, drive, and monitor only one column at a time, can
perform only one analysis at a time, is expensive, is subject to a -
variety of operational problems which -may produce anomalous
results, and produces resolution lower than that which should, theo-
retically, be obtained. Additionally, packing new columns or repack-
ing with cleaned column separation materials is difficult if not
impaossible in the field.

One recent development has altered the instrumental require-
ments for high resolution separations. This is the development of
very uniform spherical beads or resins which reduce the back pres-
sure required.to achieve high resolution. Where thousands of pounds
per square inch of pressui'e have been required previously, only hun-
dreds are required now. This means that the pressure requirements
can be met in a centrifugal field at much lower speeds. The
mechanical strength of the beads has also increased to prevent their
deformation under pressure. This higher strength also produces
resistance to deformation in centrifugal fields.

Prior noncentrifugal chromatographs encountered numerous
other problems. There was no automatic compensa'tion for flow
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resistance in different columns. When a number of parallel columns
are fed from one pump in a non-centrifugal system, the flow through
different columns will be slightly different depending on differences
in flow resistance in individual columns.

In column chromatography there has not previously been a
method for preventing anomalous flow such as channeling through
the packing. If the packing is uneven, or if the packing particles are
of different sizes, the resistance to flow in different parts of the
column will be different. Liquid will flow through the lines or chan-
nels of least resistance thereby creating uneven flow. The flow dis-
tortions and channeling decrease resolution. Where there are many
small anomalies, band widening is observed. Where the anomalies
are large, band tilting occurs. Sharp bands which are tilted are also
observed as broadened peaks during elution. Extraordinary efforts
have gone into the production of column packings of spherical parti-
cles of uniform diameter to minimize microanomalous flow, The
vastly improved resolution obtained with homogeneous, uniform,
particle-sized beads demonstrates the key importance of micro-flow
control and minimization of channeling, However, homogenous par-
ticles do not positively prevent anomalous flow. Even with homoge-
nous particles, the packing may be uneven with local particle com-
pression, or clogging due to the formation of precipitates in the
packing may occur. Both conditions produce anomalous flow.

Resolution is also lost during flow through tubing into the
column (laminar mixing), .during radial flow expansion as the fluid
flows from the small bore line leading into the column to the wide
bore column, during the decrease in cross-sectional area at the bot-
tom of the column, and by laminar mixing during flow to and in the
optical flow cell and the intervening tubing.
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Arranging a constant column path length was also difficuit,
The fluid flowing through the chromatographic system may be con-
sidered as being composed of many small fluid elements. In free
fluid flow these may be kept in order by centrifugal force acting on
a density gradient. However, the solutes in these fluid elements are
retarded to different degrees by flow through the separative column
packings, and if the path length through the packing is different for
different solute elements, considerable loss of resolution oceurs. If
there is a free space at the ends of the columns, considerable mixing
oceurs in the absence of a gradient combined with a centrifugal
field.

If there is no free space at the ends of the columns and the
columns merely constriet to a small diameter at each end, then fluid
flowing along the edge of the column will flow through a longer path
than does fluid flowing along the center axis of the column, resulting
in loss of resolution.

Finally, in conventional chromatography careful attention
must be paid to eliminating air bubbles and preventing their forma-
tion. In some instances degassing of eluting solutions is required.

These were just some of the problems encountered'by prior
chromatographs. These, and other problems have been addressed by
the centrifugal fast chromatograph of the present invention.
SUMMARY OF THE INVENTION

It is an object of the present invention to provide means for
performing iqn exchange, gel filtration, affinity chromatography,
and chromatographic separations of any sort rapidly, in multiple
parallel arrangement, efficiently, and relatively inexpensively. '

The above and other objects are achieved by the centrifugal
fast chromatograph (CFC) of the present invention. The CFC
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automatically performs, monitors, and compares multiple sample
elutions, and regenerates the chromatograph columns. The inven-
tion also includes a method of simultaneously conducting gradient
elution of a plurality of samples. The CFC includes a chromatograph
rotor, and a rotor drive. A plurality of chromatographic columns are
equiangularly mounted on the chromatograph rotor and each
chromatographic column has an optical flow cell with transparent
windows. A sample holding transfer disk is located at the center of
the chromatographie rotor. The transfer disk has a plurality of sam-
ple wells equiangularly disposed around its periphery. Each sample
well corresponds to a respective chromatographic column. Stream
apportioning blades are equiangularly disposed on the inner edge of
distributor rings of the chromatograph rotor and direct solution from
sample wells into the chromatographie columns. The stream appor-
tioning blades also apportion the eluting gradient into the
chromatographic columns. Two fluid carrying lines extend from the
region of the transfer disk to each chromatographic column. Both
have valves to direct fluid to an exit drain. One line is connected to
the inner end of the chromatographic column and the other line is
connected to the outer end. A light source is mounted on one side of
the chromatograph rotor near the periphery and is oriented to shine
a light beam through the optical flow cells. A photodetector is
mounted above or below the chromatograph rotor opposite the light
source to detect light shone through the optical flow cells. A gradi-
ent maker is in fluid communication with the chromatographie col-
umns through a distributor ring containing stream apportioning
blades which distributes one eluting gradient into all '
chromatographie columns simultaneously through individual column
feed lines. A microprocessor type computer coordinates the
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operation of the CFC. The microprocessor controls the gradient
‘maker and the rotor drive. It controls the chromatographie process,
monitors the chromatographic process and provides real time CRT
displays of all chromatographic columns. It also controls an auto-
matic pipetter used to load samples into the transfer disk.

The CFC of the present invention includes a mieroprocessor
which both controls and monitors the separations. A cathode ray
tube (CRT) displays the chromatographic separations in real time,
while the gradient maker produces the gradient from solutions and
controls column regeneration. At the start of an analeis the sam-
ples are loaded on the transfer disk in a disk loader. The transfer
disK is loaded into the chromatograph rotor at the start of a run, and
the rotor is accelerated by the rotor drive under control of the
microprocessor. The samples are transferred by centrifugal force
from the transfer disk, between respective matching stream appor-
tioning blades, and into their respective column feed lines. Since
the transfer disk and the apportioning blades attached to the distrib-
utor ring all rotate together, each sample flows uniquely between
one matching pair of blades and into one column. The eluting gradi-
ent then flows against the same blades, and is apportioned to follow
the samples into the column feed lines. Effluent from the rotor may
be either led to a drain or collected in a corotating fraction collec-

tion ring. Absorbance of the effluent stream is measured by the

light source and the photodetector which provides the signal to the
microprocessor. The rotor position during rotation is determined
using a synchronization signal pickup. Two distributor rings with
apportioning blades, one directly above the other, are used. One
distributes the eluting gradient during analysis, and the other distrib-
utes the regeneration and equilibration solution. An
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inwardly-projecting lip between the two rings prevents crossflow
between the rings.

Operation of the centrifugal fast chromatograph of the pre-
sent invention provides the required hydrostatic pressure for column
packing, chromatographic separation, column regeneration, and
sample loading using centrifugal force. Rotation apportions one
liquid stream into multiple columns and also provides chopping of
the single sensing beam or beams required to achieve reproducible
absorbance measurements. The centrifugal fast chromatograph has
traps to prevent any column from running dry at rest or during rota-
tion, and valving to control the direction of flow through the col-
umns during analysis and column regeneration. Two types of traps
are integral to the design. The first type prevents the columns f rom
draining dry at rest. It includes upwardly-sloping center and edge
lines which connect the inner and outer ends of the columns through
valves to the central distributor rings. The second type functions
during rotation and includes the column and the edge line connecting
the column inward to the valve. If liquid feed is stopped during
rotation, liquid will drain only up to the open valve and the column
will not run dry. If flow is restarted during rotation, air in the feed
line will be displaced rapidly by centrifugally forced liquid; the air
will move centripitally.

Separated fractions may be collected at intervals and the
hydrostatic pressure on the columns may be changed by either
changing the rotational speed or the length of the fluid column
inward of the separation column. Density gradient elution in the
centrifugal field positively stabilizes flow through the system and
keeps sample and separated zones from tilting or being widened by
anomalous flow. A miecroprocessor including a liquid gradient
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generator used with the centrifugal fast chromatograph controls the
entire analytical procedure. The 'centrifugal fast chromatograph
may include means for introducing the entire elution gradient into
the rotor at one time by enlarging the chambers in the distributor
ring, and then for allowing it to flow through the separations col-
umns without additional fluid introduction. Additional optional
means for introducing samples and elution gradients into each col-
umn unit separately and individually during rotation may be included.
Further optionai means for driving the rotor using a printed motor
incorporated into the rotor itself may be used. A printed motor has
its electrical lines and windings "printed" onto plastic-coated metal
which may be integral with the rotor. Printed motors can withstand
the forces created in stronger centrifugal fields. The direction of
liciuid flow during elution may be either centrifugal (referred to as
System A) or centripetal (referred to as System B). The preferred
direction is centrifugal.

Thus, the centrifugal fast chromatograph, in a single appara-
tus, includes means for moving premeasured samples from a transfer
disk into each of several columns aligned with the sample chambers
of the transfer disk, means for apportioning one unpressurized gradi-
ent stream equally into all eolumns, and means for providing the
hydrostatic pressure required to achieve the separations using cen-
trifugal force. Means for measuring the light absorption of the
effluent stream from all columns during rotation and means for col-
lecting fractions from all columns (or for rejecting the effluent
stream) are also provided. The present invention also includes
means for regenerating all of the columns and, if necessary, moni-
toring regeneration. Means for positively keeping all zones and
boundaries essentially perpendicular to the direction of radial flow

SUBSTITUTE SHEET

PCT/US88/01897

lid



WO 88/10427 PCT/US88/01897

and for positively preventing channelling and anomalous flow during
gradient elution, means for preventing the columns from running dry
either during rotation or at rest, and means for controlling {low so
that all parts of a sample or separated zone travel through exactly
the same distance in the separation medium during flow between
sample application and detection are also included. The centrifugal
fast chromatograph also has means for insuring that no air bubbles
are retained in the analytical stream, means for collecting samples
at predetermined intervals or for rejecting to waste portions of the
stream which are of no interest, and means for packing or repacking
columns in position.

Flow during elution may be either centrifugal (radially out-
ward), or centripetal (radially inward), with flow in the opposite
directions during regeneration. Most of the design deseriptions dis-
cussed below concern a rotor system (System A) with outboard
elution flow, and center flowing column regeneration.

The types of analysis which may be performed on the centrif-
ugal fast chromatograph include but are not limited to the analysis
of human plasma proteins, nucleotides and their derivatives, amino
acids and their derivatives, urinary metabolites, therapeutic drug
monitoring, monitoring for drugs of abuse, and the analysis of the
proteins of wheat and other seeds.

Various additional advantages and features of novelty which
characterize the invention are further pointed out in the claims that
follow. However, for a better understanding of the invention and its
advantages, reference should be made to the accompanying drawings
and descriptive matter which illustrate and describe preferred

embodiments of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a schematic diagram of a centrifugally driven gra-
dient elution chromatographic system according to the present

‘invention.
Figure 2 is a side view of a centrifugally driven gradient
elution chromatographic system according to the present invention.
Figure 3 is a top view schematic diagram of the chroma-
tograph rotor of the centrifugally driven gradient elution chromat-
graphic system. '

Figure 4 illustrates the operational steps of the chroma- -

tography rotor. ,

Figure 5 illustrates inward elution flow in the chromatography

rotor. |
‘ Figure 6 inu;strates how gradients are used to control flow
through long path flow cells.

Figure 7 illustrates how the path length is controlled in the
chromatographie column through column packing.

Figure 8 illustrates a piston operated valve system used with
the centrifugally driven gradient elution chromatographic system of
the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
The central fast chromatograph of the present invention is a

centrifugally driven gradient elution chromatographic system. This
system is shown diagramatically in Figure 1. A microprocessor 10
both controls and monitors the separations. Cathode ray tube (CRT)
12 displays the chromatographic separations in real time, while gra-
dient maker 14 produces the gradient from solutions 16 and 18 and
controls column regeneration. At the start of an analysis the sam-
ples are loaded on a transfer disk 20 (shown in Figure 2) in disk
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loader 21 which is an automatie pipetter known in the art. Transfer
disk 20 is loaded into chromatograph rotor 22 at the start of a run,
and the rotor is accelerated by drive 24 under control of micropro-
cessor 10, Effluent from the rotor may be either led to drain 26 or
collected in corotating fraction collection ring 28. Absorbance of
light by the effluent stream from light source 30 is measured using
photodetector 32 which provides the signal to mieroprocessor 10.
The rotor position during rotation is determined using synchroniza-
tion signal pickup 34.

Figure 2 illustrates a side view of the system. A control cen-
ter includes a control panel, microprocessor 10, CRT display panel
12, speed and temperature indicators, and gradient maker 14. Cen-
trifugal chromatograph rotor 22 is driven by rotor drive 24 which is
controlled ‘by the control panel of the control center. Chromato-
graphic columns 36 are mounted for rotation on centrifugal
chromatograph rotor 22. The sample-holding transfer dise 20 is
mounted in the center of rotor 22. Optical flow cell 38 having
transparent windows 39 is mounted on centrifugal chromatograph
rotor 22. Light source 30 is mounted opposite photodetector 32,
which may be photomultiplier 40, to measure absorbance of the
effluent stream. Upper or edge line distributor ring 42 for edge line
introduction of the regenerating solution is disposed at the end of
solution feed line 44, which runs from gradient maker 14 on the con-
trol center. Edge line 46 is a fluid carrying feed line having an
antiregurgitation slope disposed between upper distributor ring 42
and line valve 48. Lower or center line distributor ring 50 is dis-
posed at one end of center line 52. Center line 52 is a fluid carrying
feed line having an antiregurgitation slope and is mounted between
the center end of chromatographic column 36 and distributor
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ring 50. Center line valve 54 (Figure 3) is disposed on center line 52
at the center end of chromatographie column 36. Edge line valve 48
is mounted on one end of edge line drain 56. Drain and fraction col-
lecting ring 28 is mounted on the other end of edge line drain 56 and

includes collecting tubes and collecting ports 58 leading to station-
ary drain collecting ring 60. Stationary drain collecting ring 60 is

mounted on the outside of rotor 22 to colleet fluid drained from the
rotor. Feed line 62 runs from gradient maker 14 to center line dis-
tributor ring 50 which is used to elute chromatographic column 38.
‘A horizontal section looking down through the System A
chromatograph rotor is shown in Figure 3. Chromatograph rotor 22
includes a sample holding transfer disk 20 in which a plurality of
sample wells 64 are placed. Sample wells 64 are placed around the
outer edge of transfer disk 20 and correspond to respective chroma-
‘tographie columns 36. Chromatographic columns 36 are connected
to the periphery of transfer disk 20 by center lines 52. Stream

apportioning blades 66 in center line distributor ring 50 guide the

fluid sample between transfer disk 20 and center lines 52. Center
line valve 54 is disposed on center line 52 to divert material to waste
during reverse flow during column regeneration. Flow cell 38 having

transparent windows 39 is disposed on the outer end of chroma-

tographic column 36 adjacent the connection to edge line 46. Edge

line valve 48 is disposed on edge line 46 to divert material to waste _

during elution. Two coaxial stream segmentation devices or distrib-
utor rings, upper distributor ring 42 (not shown in Figure 3) which
feeds the edge line, and lower distributor ring 50 which feeds the
center line, are used to apportion the stream into multiple eolumns.
The chromatographie system of the present invention has
superior flow characteristics which result in higher resolution.
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Outward flow during elution (System A), which is preferred, requires
that the sample be placed at the center end of the column, that the
optical flow cell or other detector be at the outboard end of the col-
umn, and that elution be done with a gradient of decreasing physical
density. It also requires that the liquid in the column at the start be
denser than the sample or the starting (heavy) end of the elution
gradient. The implications of these special requirements are dis-
cussed below,

When center elution flow is used (System B), the fluid in the
column at the start is less dense than either the sample or the start-
ing end of the elution solution introduced through the edge line. The
élution fluid exits through center line valve on center line, and the
elution gradient increases in physical density from start to finish.
The sample is'applied to the bottom of the column, through the edge
line, exits through center line valve on center line, and the optical
flow cell is at the top (center end) of the column as shown in
Figure 5. It is feasible to construct a system that will work either
way, and has flow cells at both the tops and bottoms of the columns.

The sequence of events during column packing, column regen-
eration and/or equilibration, and analysis are shown diagramatically
in Figure 4, where the same column is presented in a series of steps
involving column packing, regeneration, and analysis. The valves
may be set to allow change in direction of flow. Specifically, during
column packing, the suspension being packed flows through the
lower stream-segmentation device and into the center line, past the
closed center line valve, and into the column. Liquid flowing out of
the column past the lower frit flows through the flow cell, and to
the open edge line valve to drain. When column packing is com-
plete, a small plug may be introduced into the center lines, and
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moved into position by centrifugal foree. This prevents packing
material from moving and resettling when the rotor is at rest. Slop-
ing of the center and edge lines is used to prevent fluid from flowing
out of the column, flow cell, and outer loop when the rotor is at rest.
In Figure 4A a suspension of inert particles 70 is introduced
into chromatographic column 36 through center line 52. Both edge
line valve 48 and center line valve 54 are set for outward flow, i.e.,
valve 48 is open and valve 54 is closed. The inert particles 70 pack
the lower cone of chromatographic column. The active packing 80
which produces the chromatographic separation is then introduced
and, in Figure 4B, chromatographic column 36 has been partially
packed due to centrifugal force. In Figure 4C, all of the active
packing is in place, and the upper cone of chromatographic column
36 has been partially packed with inert material 70. In Figure 4D,
chromatographic column 36 has been fully packed and an upper
porous pmg 72 has been set in place in center line 52 above the
chromatographie column. In Figure 4E, edge line valve 48 and cen-
ter line valve 54 have been set for inward flow. During rotation, a
washing or regeneration or equilibratiorx liquid 74 is introduced into
edge line 46 through upper distributor ring 42 thereby causing col-
umn regeneration or equilibration. Liquid density is controlled so
that the a liquid whose density is greater than that of the dense end
of the elution gradient is lef tin place in the column. A sample 76 is
piaced In transfer disk 20 adjacent the center line in Figure 4F while
the rotor is stationary. The sample is less dense than the liquid in
chromatographic column. The edge line valve 48 and center line
valve 54 are, once again, set for outward flow through
chromatographic column. In Figure 4G, the rotor is accelerated and
the sample 76 is transferred centrifugally into the rotor and then
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into center line 52. During continued rotation, an eluting
gradient 77 is introduced to the rotor center as shown in Figure 4H.
Gradient elution of chromatographic column 36 has begun although
no separation of the sample 76 oceurs in the inert particles in the
upper cone of chromatographic column. In Figure 4I, constituents 1,
2, 3, and 4 of the sample have separated in chromatographic column
36. In Figure 4J, peaks or bands 1, 2, 3, and 4 representing each
respective constituent of the sample are eluted sequentially through
the cuvet outboard of chromatographic column 36. The peaks move
through the cuvet without backmixing. On completion of the analy-
sis illustrated in Figure 4, column regeneration by back flow occurs
and a solution having a density greater than the dense end of the
eli;tion gradient is left in place. The analysis may be repeated by
beginning with the step illustrated in Figure 4F.

When the flow is backward through the column during column
regeneration and equilibration (hereinafter referred to as System A),
liquid flows in through the upper stream-segmentation device, out
through the edge line, past the closed edge line valve, to the centrif-
ugal (outer) end of the column, and inwardly through the optical flow
cell and column, and out through the open inner line valve to drain
(or collection).

The location of the optical flow cell when elution flow is in
an inward or centripetal radial direction during analysis (hereinafter
referred to as System B) is shown in Figure 5, with the optical flow
cell located centripetal to (above) the column on center line. In
system B, the eluting solution flows through edge line 46 to
chromatographic column 36. The pressure head during elution is
proportional to the distance D to center line valve 54.
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System B has an inherent problem with density reversal in the
edge line. At the start of an analysis the least-dense fluid used fills
the system. The sample is adjusted to be slightly denser, and will

mix rapidly with fluid in the edge line as it is introduced. Once the

sample has passed the hairpin loop at the edge, and begins inward
flow, density-gradient stabilization begins to be effective. As the
gradient flows into the rotor during analysis, constant backmixing
occurs in the edge line, followed by stable flow in the column, flow
cell, and inner line. A solution to the problem of backmixing during

sample introduction is to inject the samples individually through a

self-sealing rubber port 81 at the centrifugal end of the column with
the rotor at rest. This solves the problem, but makes the system less
desirable from the automation viewpoint.

' During sample loading followed by introduction of the gradi-
ent, flow and valve settings are as shown in Figure 5. Column

‘regeneration involves flow of solution in through line 52, and drain-

age out through the exit port of valve 48, i.e., the flow and valve
settings are the same as for column packing.

The CFC has automatic compensation for flow resistance in
different columns that maintains constant flow. In the CFC, the
actual pressure head on each column is a funetion of the length of
the liquid column center of the exit line. If one column has slightly
less resistance to flow than the other columns, fluid will flow more

rapidly, the length of the liquid column will decrease, there will be
less driving pressure, and flow through that column will automati-

cally adjust itself to match the others, provided that the liquid gra-
dient is not introduced too rapidly. The upper portion of the c:olumn
center of the exit line can be expanded to include a large volume of
fluid, up to and including the entire gradient. In a centrifugal field
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large density gradients are stable. Air bubbles will not impede flow
as air bubbles are forced inwardly by the centrifugal field.

During elution with either System A and System B, the gradi-
ent used is a bifunctional gradient, varying first in density or spe-
cific gravity to control flow and maintain fluid segments in their
proper sequence, and second in eluting power, to sequentially elute
components of the mixture being analyzed from the column.

with System A, the liquid in the rotor, the sample, and the
elution gradient must be arranged to be in order of decreasing den-
sity. For much protein and other work involving reverse phase
chromatography, the gradient is one of increasing acetonitrile con~
centration. Acetonitrile has a density or specific gravity of 0.785
g/ml; hence a gradient from water or a customary buffer solution
will grade from a density of approximately 1.000 g/ml to 0.785 g/ml.
The specific gravity will decrease as required for System A. If
sucrose or other inert gradient material is added to the equilibration
solution, optionally to the sample, and to the denser of the solutions
used to make the gradient, a steeper density gradient may be
obtained.

When the gradient normally used is one of increasing salt con-
centration and is therefore of increasing density, an inert
density-increasing material must be added to the equilibration solu-
tion, in lesser amount to the sample, and must be in decreasing con-
centration in the gradient to yield a gradient of decreasing physical
density, but of increasing elution power. This is one disadvantage of
System A when used with columns and elution procedures requiring
very concentrated salt solutions. With System B, which requires a
gradient of increasing density, gradients which are natively of
increasing density may be used directly.
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The disadvanta}ge of System B is sample-zone smearing during
flow through the edge line. This may be minimized by having very
small bore edge lines. The smearing may be of little effect in
instances where the sample is strongly absorbed in a small volume of
column packing material at the start of flow through the column,
thereby reconcentrating the sample at the outset into a small vol-
ume. Injection of the sample at the rotor edge initially also solves
this problem but introduces operational disadvantages. :

 An advantage to System B is that flow is counter to centrifu-
gal force. Therefore flow is tending to resuspend the column pack-
ing, while centrifugal force is tending to pack it down. This sets a
limit to the flow rate without positive positioning of an upper frit.
With System A, flow and centrifugal force are in the same direction,
hence flow and centrifugal force will combine to pack down the
column material more. This is a disadvantage with column packings
which are deformable, and can be overcompressed causing flow
reduction.

- With the systems described here, which use density gradients,
extraordinary control of flow is achieved by centrifugal force. This
is illustrated by considering the effeet of a 0.001 increment in den-
sity in a field of 5,000 g. This produces an effect equivalent to a
difference in density of 5 grams/ml.

The stabilizing effect of the gradient will also be seen in the
optical flow cell. To increase rthe'sensitivity of detection, a long
optical path is desired. This is often attained by using a cylindrical
micro-bore flow cell as shown in Figure 6A in which liquid from
chromatographie column 36 flows into optical micro flow cell 38.
The liquid is illuminated by light from light source 30 which passes
through windows 39. In static systems, this often presents cleaning
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problems, and becomes useless with the presence of small air bub-
bles. In éddition, resolution is lost by laminar mixing. These prob-
lems are not a factor with the centrifugal fast chromatograph. If a
long-path flow cell 38 with a reasonable optical cross-section is
arranged as shown in Figure 6B, then, when no gradient is present,
laminar mixing will greatly increase peak width and decrease resolu-
tion. However, with centrifugal gradient stabilization, no mixing
oceurs as shown in Figure 6C. The zone or peak 100 is stabilized as
it passes through the flow cell. The peak flows through the flow cell
without an appreciable volume change, and the resolution obtained
in the column is not degraded during detection. Figure 6D is an end
view of the flow cell of Figures 6B and 6C, illustrating the very nar- .
row one dimensional cross section.

The CFC provides constant column path length. This over-
comes resolution loss as illustrated in Figure 7, Figure 7 shows how
the path length is controlled as the eluting gradient moves through
the column packing, and how mixing in a free space at the ends of
the column is overcome by the centrifugal field. In Figure 74, a
fully packed column eluted at rest is shown. Different fluid ele-
ments traverse different distances. Peaks f-rom paths 1 and 2 are
graphically shown along with resolution loss as all paths are summed.
In Figure 7B, the column is also eluted at rest. Mixing occurs in the
free space above the upper and below lower frit 78. Thus, as shown,
the separation distance for all paths is identical, but resolution is
lost in the free spaces at the ends.

If the cones at the end of the column are filled with inert
material 70 which does not contribute to the separation, then in a
centrifugal field the gradient and centrifugal force will stabilize
zones within the cones so that they widen evenly in the cones, and
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little resolution is lost. All fluid elements having the same density
then pass through identical distances in separative packing 80 as
shown in Figure 7C. Retarded solute zones, shown as dark bands, are
therefofe kept sharp and do not tilt,

If strong frits are available which will withstand the centrifu-
gal force, then an open-cone construction can be used at the bottom
of the column as shown in Figure 7D. The frit shown at the top may
be a plug held in place by centrifugal force. Flow is controlled by
the gradient in the céntrifugal foree field in the cones and in the
body of the column, and separated zones are kept perpendicular to
the direction of céntrifugal force as shown, and high resolution is
achieved,

With the CFC there are no "wall effeets" such as occur when
pafticles are sedimented in a centrifugal field. Therefore, the sepa-
ration chamber (i.e., the column) can have almost any configuration
including that of a cube, a cylinder, a sector, or an inverted éector. '

In the CFC, gradient overloading which may cause mixing and
inversions will rarely oceur except at the original sample zone or
-early in the course of elution. Hence the greatest density slope must
occur immediately under the sample initially, and later in those
parts of 'the elution gradient containing the most sample mass. The
"turnover effect" which is well known in density gradient
centrifugation and is due to differential diffusion of the sample solu-
tion down into the gradient, and the diffusion of the gradient solu-
tion back up into the sample will not be a problem in the
chromatograph rotor because of the short time between sample
introduction and initiation of separation which minimizes diffusion,
and because the differences in molecular mass between the gradient
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solution and the sample are not as large as in the zonal centrifuge
separation of subcellular particulates.

Air bubbles are not a problem in centrifugal chromatography
where the centrifugal fields are sufficiently large to move any air
bubbles completely out of the column and flow lines. Thus, even in
very small bore lines filled with air, samples will flow past the air
and quickly displace it centripetally. Also, because gas solubility is a
function of pressure, should any air bubbles (or other gas bubbles)
occeur, they will tend to redissolve rapidly given the pressures exist-
ing in the rotor during rotation.

The design of the system prevents the columns from ever
running dry. The exit lines are all center of the columns, and are
tilted up at some point along their length. Providing the exit lines
inboard of the columns prevents their running dry during rotation.
Traps are thus provided in the lines as an integral part of their
design.

The gradient maker may be of a positive type using differen-
tially driven pumps to mix two or more liquids to produce a liquid
gradient, or a passive type in which two containers having comple-
mentary geometries are drained by gravity through a mixer to form
a gradient. These are well known. One or more liquids are also
required for column regeneration, and these are introduced by
reverse flow through the columns after adjusting either manually or
automatically the feed line and drain line valves. The gradient or
the regeneration solutions flow into the centrifugal chromatograph
during rotation.

The methods for signal acquisition, data processing, signal
averaging, data display, and the analysis of chromatographic data

are well known.
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~In the designs desecribed, the di‘iving forces are generated by
the difference in radius of the center (centripetal) fluid column (r1),
and the radius of the drain exit (r2). Centrifugal force is directly
proportional to radius. Hence, the pressure generated by this differ-
ence in radius is equal to the average r = (r1 + r2)/2 multiplied by the
centrifugal force, multiplied by the liquid density, and multiplied by
the column length. If the pressurizing eolumn extends from 4 cm to
20 em (rl and r2), the centrifugal force is calculated at 12 em, and
the pressure column is 16 e¢m long. At 3000 rpm the centrifugal
force at 12 em results in a pressure head of 19,440 g/cmz, or 276.5
psi. At 4000 rpm the centrifugal force at 12 em results in a pressure
at the bottom of the pressure column of 33,400 gm/cmz, or 489.28
~ psi. '

A variety of methods for operating the two valves attached to
each column are possible. Several are discussed below. In the illus-
trations provided thus far, the two valves are operated separately
and manually. It is evident that since the valves are always oper-
ated simultaneously that each pair may be interconnected, and that
all valves may be operated by one mechanism. The valves may be
pressure operated, centrifugally operated, electrically operated, or
mechanically operated.

Pressure operated valves are illustrated in Figure 8. When
one of the lines attached to the column is full of liquid, the other is
empty out to the exit valve. Hence there is considerable hydrostatie
pressure in one line. If liquid suddenly runs through one set of lines

during rotation, pressure sufficient to close the valve attached to

that line is created. By continuing flow into the line with the closed
valve, the valve is kept closed. When liquid flow in ceases, the lig-
uid level will gradually drop to equal that of the other line (i.e., the
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exit valve level), and sudden liquid introduction into the opposite
line will reverse the valve setting. Operating details are shown in
Figure 8 using a piston operated valve. Figure 8A is a side sectional
view of the chromatograph rotor showing the position of piston
operated edge line valve 48, In Figure 8B, piston operated valve 82
(used for both center line and edge line) is in its rest position prepa-
ratory to column elution. Piston 84 has two head portions and spring
86 biasing piston to the left. Piston has two openings 88, 30 through
its center to permit passage of liquid. First opening 88 provides a
fluid passageway from center line 52 to drain 92 and second opening
90 provides a fluid passageway from edge line 46 to drain 94. When
piston is driven to the left, the edge line-drain connection is open
and the center line-drain connection is closed. In Figure 8C valve is
in position for column regeneration. Edge line is filled during rota-
tion and exerts a pressure on the left of piston sufficient to drive
piston to the right, thereby closing edge line to the drain and open-
ing center line to the drain. Figure 8D is an end view of piston
showing the opening 88 in the center.

In centrifugally operated valves, centrifugal force either
alone or in combination with hydraulic pressure is used to operate
the valves. Spring loaded valves are well known, and can be
arranged so that they are in one position at rest (due to spring load-
ing), and in the alternate position in a centrifugal field where cen-
trifugal force opposes the spring. Spring tension can be set so that
position change occurs at relatively high speed, making it possible to
regenerate columns at one speed, and elute at a second. It is also
feasible to combine centrifugal operation with hydrostatic
pressure-operated valves so that once the positional change occurs,
hydrostatic force maintains that position,
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In electrically operated valves an electric drive system is
used in the chromatograph rotor to change all valve positions at
once. '

In mechanically operated valves, the valves are arranged so
that they are operated by mechanical movement. For example, the
valves may be arranged so that the members of a pair are one above

the other, on shafts that extend above and below the rotor. With a

vertically-moving non-rotating ring all of the extensions may be
simultaneously pushed down from above, or with a similar ring
placed below the rotor, all may be pushed Lip.

- Detection of valve operation failure may be important in rou-
tine long term operation. If the edge and center line drains open
into separate drain collection rings, then it is a simﬁle matter to
determine that fluid flow exists from one ring, and is absent from
the other. If flow occurs from both collector rings, then valve fail-
ure has oceurred. '

The center line can be enlarged, especially at its inboard end,
to hold a considerable volume of liquid, in the limiting case, the
entire elution gradient volume.

Because the system will not run dry during rotation, there is
no lower limit for the rate of feed of elution buffer. However, if the

elution feed rate is too high, liquid will flow out of the center line

distributor ring. In one modification of the system, this liquid is
guided to the center line collecting ring and is detected. The elution
flow rate may then be inereased until fluid is detected in the center
line collecting ring, and then decreased until the rate of -elution
buffer outflow matches inflow. Similarly, the edge line distributor
overflow may be guided to the edge line collecting ring which
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normally collects no fluid during regeneration, and excess flow dur-
ing regeneration detected.

For most applications fractions are not collected, and the
fraction collector described here is omitted, and the exit lines are
led directly to the drain collecting ring. However, when fraction
collection is desired, then a fraction collector ring is provided which
corotates with the chromatograph rotor of the CFC but can be
indexed around to collect separate fractions from each
chromatographic column. The initial setting of the fraction collee-
tor ring is designed so that each exit line drains through the collee-
tor ring to the drain ring and to waste, This allows column regener-
ation, and also allows the initial part of the elution gradient to be
discarded.

The fraction collector ring may be designed to receive tubes,
but it is more optimally designed to hold flattened collection cham-
bers which allow a very much larger number of collection units to be
compressed into the limited space of the collector ring. Tubes or
flattened collection chambers are angled so that they do not spill
either at rest or during rotation.

The position of the rotor during rotation is sensed by a small
electromagnetic or optical pickup positioned next to the chroma-
tograph rotor, and a similar pickup determines the position of the
collector ring. Using a suitable algorithm the position of the ring
relative to the exit lines is determined, and the identity of the col-
lection vessels being used is known.

To advance the collecting ring one unit (one tube or collecting
vessel), a variety of mechanical, electrical, or hydraulic mechanisms
may be used. The preferred method uses a mechanical brake to
apply a small force to the collecting ring, retarding it relative to the
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chrométograph rotor. A ratcheted escapement mechanism allows
the collector to move only the width of one collecting vessel. The
ratchet is then operated using either downward force applied
through a ring above the rotor, electrical force, or a retarding force
applying pressure to a spring which resets the ratchet when the
retarding force is released. Escapement mechanisms suitable for
this purpose are well known.

It is feasible to use a large seal of teflon or other self lubri-
cating material attached to a central bell-shaped chamber to isolate
the center of the rotor from the rest of the rotor chamber, and to
keep the center at atmospheric pressure while a vacuum is pro-
duced in the rotor chamber. This produces an additional driving
pressure of one atmosphere across the column in the rotor, and also
allows the contents of the collecting vessels to be concentrated by
evaporation or lyophilization in a centrifugal field. This is of great
advahtage when concentration is necéssary. Also, the centrifugal
force makes the drying process much more efficient, and material
does not fly off the evaporation surface due to bumping or boiling. 7

The column fittings can be arranged so that columns may be
prepacked and attached to the chromatograph rotor, or may be
changed as necessary.

Numerous characteristies, advantages and embodiments bf
the invention have been described in detail in the foregoing descrip-
tion with reference to the accompanying drawings. However, the
disclosure is illustrative only and the invention is not limited to the
precise illustrated embodiments. Various changes and modifications
may be effected therein by one skilled in the art without departing
from the scope or spirit of the invention.
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CLAIMS

1. A centrifugal fast chromatograph for automatically
performing, monitoring, and comparing multiple sample elutions,
comprising:

a chromatograph rotor;

a rotor drive for rotating said chromatograph rotor;

a plurality of chromatographie columns equiangularly
mounted on said chromatographie rotor, said chromatographic col-
umns each comprising an optical flow cell having transparent win-
dows disposed at one end of said chromatographic column;

a sample holding transfer disk located at the center of
said chromatographic rotor, said transfer disk having a plurality of
sample wells equiangularly disposed around the periphery of said
transfer disk, each of said sample wells corresponding to a respec-
tive said chromatographic column;

first and second distributor rings coaxially mounted on
said chromatograph rotor;

a fluid carrying center line extending from said trans-
fer disk via said first distributor ring to the inner end of said
chromatographic column and having a center line valve to direct
fluid to an exit drain;

a fluid carrying edge line extending from said outer end
of said chromatographic column to said second distributor ring and
having an edge line valve to direct fluid to an exit drain;

a gradient maker in fluid communication with said
chromatographic columns through both said center line and said edge
line to provide a liquid gradient for column elution and a regenerat-
ing solution for column regeneration;
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stream apportioning blades equiangularly disposed on
the inner periphery of said chromatograph rotor for directing solu-
tion from said sample wells and a liquid gradient stream from said
gradient maker to said chromatographic eolumns;

a valve system for reversing flow through the column
while maintaining centrifugally-generated pressure and flow;

a light source mounted on one side of said chroma-
tograph rotor oriented to shine a light beam through said optical
flow cells; '

| a photodetector mounted on the side of said chroma-
7tograph rotor opposite said one side, and opposite said light source to
detect light shone through said optical flow cells; and

a microprocessor type computer for controlling said
grédient maker, and said chromatograph rotor through said rotor
drive, for controlling the chromatographic process, for monitoring
the chromatographic process, and for providing real time CRT dis-
play of all chromatograph columns. ' '

2. The centrifugal_ fast chromatograph as set forth in
claim 1 wherein said photodetector comprises a photomultiplier.

3. The centrifugal fast chromatograph as set forth in
claim 1 wherein said center and edge lines are sloped and further
comprising a trap, said sloped feed lines and said trap preventing
said chromatographie columns from running dry. |

4. The centrifugal fast chromatograph as set forth in
claim 1 wherein said optical flow cell has a long optical flow path to
increase sensitivity of detection, and in which fluid mixing and loss
of resolution are prevented by centrifugal force acting on a liquid
density gradient.
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5. The centrifugal fast chromatograph as set forth in
claim 1 further comprising distributor rings and wherein said gradi-
ent maker is in fluid communication with said center line and said
edge line through respective gradient feed lines, and respective dis-
tributor rings, each said distributor ring containing apportioning
blades.

6. The centrifugal fast chromatograph as set forth in
claim 5 further comprising a sample measuring and transfer system
to load measured and identified samples into the sample wells of said
transfer disk at rest.

7. _The centrifugal fast chromatograph as set forth in
claim 1 wherein said center line valves and respective said edge line
valves are interconnected and operate simultaneously.

| 8. The centrifugal fast chromatograph as set forth in
claim 7 wherein said interconnected center line and edge line valves
are pressure operated valves and comprise valve pairs, said valve
pairs comprising:

a dual headed piston having first and second head por-
tions connected by an elongate member, each said head portion hav-
ing an opening through its center to permit the passage of fluid, said
first opening providing a fluid passageway from said center line to a
drain and said second opening providing a fluid passageway from said
edge line to a drain; and

biasing means for biasing said piston in a rest position
preparatory to elution.

9. The centrifugal fast chromatograph as set forth in
claim 8 wherein said biasing means comprises a spring.
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10. | A method of simultaneously conducting gra- '
dient-elution of a plurality of solutions using a centrifugal fast
chromatograph comprising the steps of:

placing a sample in a transfer disk of a chromatograph
rotor;

placing gradient solutions in a gradient maker;

transferring a gradient from said gradient maker
through gradient feed lines, distributor rings, and feed lines, and into
chromatographic columns;

eluting the samples by the gradient and by rotating said
chromatographic columns;

monitoring the separated solutions with a photo-
detector and a light source which detect the state of the solutions
through an optical flow cell disposed in each said chromatographic
column; and

simultaneously controlling, monitoring and recording
all aspects of the chromatographie process for said chromatographie
columns.

11. The method as set forth in claim 10 further comprising
the step of:

automatically apportioning the sample into muiltiple
streams using stream apportioning blades on said chromatograph
rotor, thereby transferring equal amounts of said sample into said
chromatographie columns. A

12. The method as set forth in claim 10 further comprising
the steps of:

introducing a suspension of inert particles to pack a
lower cone of said chromatographic columns while center and edge
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line valves are set for outward flow through said chromotographic
columns;

packing said chromatographie columns with active
particles by centrifugal force; '

packing an upper cone of said chromatographie col-
umns with inert particles; and

setting in place an upper porous plug in each said
chromatographic column.

13. The method as set forth in claim 12 wherein samples
are individually injected through self-sealing rubber ports at the
centrifugal end while the rotor is at rest to prevent backmixing.

14, The method as set forth in eclaim 10 wherein hydro-
static pressure provided by centrifugal force assists packing of said
chromatographic columns, loading the sample into said
chromatographic columns, separating the samples during elution,
and regenerating said chromatographic columns.

15. The method as set forth in claim 10 wherein the den-
sity gradient elution in a centrifugal field stabilizes flow of the sam-
ple through said chromatographic columns and prevents anomalous
flow including band tilting, band widening, and channeling.
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