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HIGH PERFORMANCE LIQUID CHROMATOGRAPHY METHOD
AND APPARATUS '

5 This invention relates generally to chromatography and more particularly to
methods and procedures for effecting iniproved high performance liquid
chromatography (HPLC).

Background of the Invention
The separation process effected through high performance liquid

10 chromatography relies on the fact that a number of component solute molecules in a
sample stream of a fluid (known as the mobile phase) flowing through a packed bed
of particles (known as the stationary phase) usually in a column, can be efficiently
separated from one another. Basically, because each individual sample component
has a different affinity for the stationary phase, each such component has a different

15 rate of migration through and a different exit time from the column, effecting
separation of the components. The separation efficiency is determined by the
amount of spreading of the solute band as it traverses the bed or column.

Such separations, particularly in preparative processes, have significant
limitations. typically occasioned by the batch nature of the processes. Typically, a

20 chromatographic column is first equilibrated by flowing an equilibrating fluid
through the column, the latter is then charged or loaded with a fluid mixture
containing the solute or solutes sought to be separated, and one or more eluant
fluids are flowed sequentially through the column to release bound solute
selectively. The eluted solutes are thus temporally separated in the flowstream

25 emerging at the output of the column and the process may be repeated cyclically.
At typical flow rates and where the concentration of the desired solutes in the initial
fluid mixwre are low, the production of significant quantities of the desired solutes
can be an unhappily slow and very expensive process with current apparatus and
methods that regunire comparatively long cycle times.
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In operation, column 20 is usually first equilibrated by opening valve means

36 and running pump 34 s0 as to permit fluid from reservoir 22 to be pumped at a
predetermined flow rate through column 20 to equilibrate the latter. Then, typicaily

15 valve means 36 is closed and valve means 37 is opened to permit a quantity of fluid
mixture 30 to be pumped into column 20, loading the latter with sohute molecules
that bind to chromatographically reactive surfaces located within column 20.
Lastly, valve means 36 and 37 are closed and valve means 38 is opened to permit
eluant fluid 32 from reservoir 28 to be pumped through the loaded columan. The

20 solute molecules eluted from the column by the eluant fluid are detected, typicaily
optically by detector 39, and may be separated in a known type of fraction collector
3s.

The use of several reservoirs for the equilibrating fluids and eluants, all

being fed alternatively into the column by a pump through extensive conduit and

25 valve systems, leads to mixing of the various fluids, contributes to band spreading,
is wasteful of often expensive eluant fluid, and introduces undesirable delays in
operation occasioned by valve switching and the necessity of transferring the
volume of unexpended fiuids temporarily stored within the conduits and valves.
Such delays until very recently have been considered negligible compared to the

30 relatively long cycle time in the column. There is also the inevitable mixing that
occurs when the various fluids are introduced into and expelled from the same
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Lastly, valve neans 36 and 37 are closed and valve nmeans 38 is_opened to
permit thereby preeluding shagp separations betsesp yelumes of differgat ersing

through the | oaded tﬁ@l:émn, émﬁibuting to greater mixing. It has recently been discovered that the

limitations imposed on such HPLC separations by operation at a mobile phase flow

15 rate dictated as optimal by the Van Deemter curves can be overcome by novel
methods of performing liquid chromatography employing an eluant flow rate
through the chromatography column at a speed corresponding to an average reduced
velocity (as'hereinafter defined) greater than about 5000. It is believed that under
such conditions, turbulent flow of the eluant is induced within the column and it is

20 postulated that such turbulent flow enhances the rate of mass transfer, thus
increasing the throughput/productivity of the column by reducing dramatically the
time required to effect separations. These novel methods of and apparatus for
performing liquid chromatography are described more fully in U.S. Patent
Application Serial No. 08/552193 filed November 2, 1995, the same being

25 incorporated in its entirety herein by reference.

It has been customary to describe the function of an HPLC column in a plot
in which column plate height H is plotted against linear velocity  of the mobile
phase. Since an HPLC process is a diffusion-driven process and since different
solute molecules have different diffusion coefficients, one can consider this latter

30 variable in applying the process to a wide range of solutes of different molecular
weights. Additionally, the size of the particles in the column may differ from
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(Equ. 1) h = a+ b/v + cv, or
(Equ. 2) H = ad,+ bD/u + cud,/D wherein a, b and c are coefficients, and
10 the coordinate / is defined as H/d,, d, being the particle diameter; accordingly k is
a dimensionless coordinate. Similarly, the dimensionless coordinate, the reduced
velocity v, is defined as #d,/D where D is the diffusion coefficient of the solute in
the mobile phase. _
It will be recognized that v is also known as the Péclet number. It should be
15 stressed, however, that the reduced coordinate or Péclet number, v, as used in the
instant exposition of the present invention, is descriptive of fluid flow through the
entire column, and should not be considered as descriptive of flnid flow within the
pores of porous particles that may constitute a packed bed in the column.
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column by one or more eluant fluids. At least the sample mixture and one or more

eluant fluid or fluids are introduced into the column, preferably by rapid injection,
at one or more locations adjacent the proximal or input end of the column so that
the fluid injections form closely bunched but separated fiuid plugs. The fluids may

20 be injected at any reasonable flow rate, but are preferably injected into the column
s0 as to traverse the latter at a high flow rate, preferably at a speed corresponding
to an average reduced velocity greater than approximately 5000. The fluids are thus
fed directly into the column without any intervening common pump or other device
that might tend to promote undesirable mixing prior to introduction of the fluids

25 into the column, and thereafter when in the column in such manner as to maintain
minimized spatial step separation between the plugs as the latter traverse said
column, even at a speed corresponding to a reduced velocity greater than about
5000.

In one variation of the present invention, desired discrete plugs, as

30 hereinafter defined, of the fluid mixture to be separated and one or more eluant

fluids are injected sequentially by separate injectors, the outputs of which are all
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substantially simultaneously inject discrete plugs of the various fluids at the spatially
separated locations.
The term "plug” as used herein in connection with injected volumes is to be
10 understood to mean a mass or volume of fluid that is injécted into a flowstream in a
chromatographic column so as to form a discrete, essentially isomorphic mass
extending substantially completely across the column and preferably having
approximately flat or planar front and rear surfaces extending perpendicular to the
axis of elongation of the column.
15 The foregoing and other objects of the present invention will in part be
obvious and will in part appear hereinafter. The invention accordingly comprises
the appafatus possessing the construction and arrangement of parts exemplified in
the following detailed disclosure, and the method comprising the several steps and
the relation and order of one or more of such steps with respect to the others, the
20 scope of the application of which will be indicated in the claims.
For a fuller understanding of the nature and objects of the present invention,
reference should be had to the following detailed description taken in connection
with the drawings wherein line numerals denote like parts.
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Fig. 1 is a simplified schematic diagram of a typical prior art apparatus;

Fig. 2 is a schematic diagram of apparatus embodying the principles of the
present invention; '

Fig. 3 is an enlarged schematic view in cross-section of a chromatographic
column employed in the apparatus of Fig. 2; _

Fig. 4 is a schematic representation of a typical dual-coil injector useful in
the present invention and shown in a first state;

Fig. § is a schematic representation of the dual-coil injector of Fig. 4, ina
second state;

Fig. 6 is a schematic representation of a single coil injector useful in the
present invention and shown in a first state;

Fig. 7 is a schematic representation of the injector of Fig. 6, in a second
state; and '

Fig. 8 is a schematic representation similar to the embodiment of Fig. 2, but
wherein all injectors feed a single input to the chromatographic column.

Fig. 9 is a schematic representation of an embodiment of an apparatus
embodying the principies of the present invention.

Fig. 10 is a schematic representation of an embodiment of an apparatus
embodying the principl_es of the present invention.

Fig.11 is a schematic representation of an embodiment of an apparatus
embodying the principles of the present invention.

Fig. 12 is a schematic representation of an embodiment of an apparatus
embodying the principles of the present invention.

Fig. 13 is a chromatogram illustrating a preparative separation using the
apparatus of the invention.
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One aspect of the present invention, as shown in f‘ig. 2 and 3, is embodied
in chromatography apparatus comprising a chromatographic column 40 formed as a
packed multiplicity of rigid, solid particles 42 having substantially uniform mean
diameters of not less than about 30 yum. The term "mean diameter” as used herein
is intended to mean the average (mean) diameter or cross-section dimension of the
particles regardless of particle configuration and is not to be construed as limited to
particles that are necessarily spherical or regular solids, the value of such mean
diameter typically being within a distribution of diameters at a confidence
coefficient of about 95%. A preferred aspect of the present invention is the
irregularity of particles' shape. The term "irregular” as used herein is intended not
only to be defined as lacking conformity of form, inasmuch as the particles can be
present in a mixed multiplicity of various polyhedral configurations, but is intended
to include solids of revolution such as generally spherical, conoidal, ellipsoidal and
the like type of particles with rough, uneven or scabrous surfaces.

The particles used in the aforesaid embodiment of the present invention are
formed from materials that are incompressible, which term is to be understood to
mean that the time rate of changes of the densities and volumes of the particles
under pressures of at least about 5 x 10° psi, (including outlet column frit retainer)
remains substantially zero, and the particles therefore will substantially resist plastic
deformation even at such high préssure. The particles of the present invention are
shaped and selected in a range of sizes and shapes such that they can be packed at a
pressure sufficient to form a column characterized in having interstitial channels 44,
as shown particularly in Fig. 3, formed between particles 42. Because of the
irregularity of the particles, it will be recognized that the interior walls of such
channels are necessarily quite rough in configuration. While it is believed that at
Jeast the majority of channels 44 have mean cross-section diameters substantially not
less than about 4 um, the interstitial volume fraction (i.e. the total volume of
interstitial channels 44 between the particles) should not be less than about 45% of
the total volume of column 40. It will be appreciated that typical columns of the
prior art have interstitial volume fractions less than about 45%, more particularly
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with an interstitial volume fraction of not less than about 45%, it is believed that
turbulent flow through the interstitial channels of the column of the present

10 invention can surprisingly be induced at Reynolds numbers well below 10.

In the present invention, means, such as pump 46 coupled to the proximal
end of column 40, is provided for pumping a fluaid, such as a first equilibrating fluid
47 from an appropriate source such as reservoir 48, flowing through at least a
major portion of the interstitial volume in column 40, preferably at a reduced

15 velocity (i.e., ud,/D as above-defined) substantially above about 5000. The latter is
an approximate value at which the slope of the h/\} curve begins to decrease along
the reduced coordinate 4 (i.e. H/d,) axis, indicating an improvement in efficiency
with increasing reduced velocity. It is believed that turbulent flow of the mixture is
induced in the column of the present invention at a flow velocity corresponding to a

20 reduced velocity value of about 5000.

The present invention further includes means, such as loop injector 50 for
injecting plugs of fluid sample mixture 52 into column 40. Typically, where the
present invention is being employed for preparative purposes, the plug of solute
mixture 52 will be as large as practicable to fully load column 40. Mixwre 52

25 contains the solute or solutes of interest, and is pumped into injector 50 by auxiliary
pump 54 from another appropriate reservoir or storage tank S56.

The present invention also includes means, such as at least one loop injector
58 for flowing eluant fluid 60 into column 40. Fluid 60 is pumped into injector 58
by another auxiliary pump 62 from another appropriate reservoir or storage tank 64.

30 In the embodiment shown in Fig. 2, yet another loop injector 66 is also shown for
injecting a second elnant fluid 68 into column 40. The latter is fed into injector 66
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be 15 stressed, however, that the reduced coordinate or Pecl et
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i nvention, is descriptive of -fluid flow through the entire
col um, and sW8dF t be considered as descriptive of fl uiRFWPBHPIRPG hin

t he ) pores of porous particles that nmay constitute a packed

bed in the col umyy ; third auxiliary pump 70 from another appropriate reservoir or storage tank 72.
i It will be appreciated that pumps 46, 54, 62 and 70 may be any desired type of
known pump and are not to be limited to mechanical pumps, but may be any known
system for imposing pressure on the respective fluid to cause the latter to flow at
5 the desired flow rate. It will be understood that additional injectors for other eluant
fluids may also be provided as desired. For example, Figures 10 through 12 depict
embodiments that include additional eluant fluids 120, 124, and 128, in reservoirs
122, 126, and 130, respectively, in a variety of configurations to allow optimat
flexibility in delivery of a particular eluant fluid to the flow path of the
10 | chromatographic system of the invention.

Any injection means may be employed to apply sample and eluant fluids to
column 40 in accordance with the present invention, so long as the means allows a
measured amount of fluid to be delivered into the flow path. For example, the
injection means may include a loop injector or a section of tubing, in combination

15 with a pump means. Alternatively, the injection means may be driven by the action
of gravity applied to the flow path.

In the embodiment shown in Fig. 2, input conduit 74 is coupled from the
output of pump 46 to input end 75 of column 40, and injectors 50, 58, 66 are all
connected to input conduit 74 at different locations spaced apart from one another

20 between pump 46 and input end 75 of column 40. Operation of each injector can be
manually controlled or antomatically controlled to inject respective plugs of sample
mixture 52 and eluant fluids 60 and 68 into the proximal end of column 40,
preferably at speeds corresponding to reduced velocities above about 5000. In
accordance with the invention, manually controlled operation of the injectors

25 encompasses operation mediated by human intervention, either to perform loading
of the injector, to perform injection of the sample or eluant fluid into the flow
stream of the system into the column, or to perform both aspects of the injection
process. Automatically controlled operation of injectors is defined herein as
operation which does not require human intervention to perform loading of injectors

30 and/or injection of sample or eluant fluid into the flow stream of the system into the
column. In the preferred embodiment, the automatically controlled injectors are
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injector. The apparatus of the invention may optionally include both manually
5 controlled and automatically controlled injectors.

The injectors may be operated to inject the respective fluid plugs
substantially simultaneously or in a timed sequence. For example, where the
injection coil, as hereinafter described, in injector 50 is sized to deliver a 100mL
plug, the corresponding coils in injectors 58 and 66 may be sized to provide plugs

10 of, for example, 5 mL each of cluant fluids, and generally would have injection -
coils with correspondingly smaller volumes. In such case, it is desirable to place
sample injector 50 at a location more remote from the input end of column 40 than
the other injectors to avoid having to inject the small amounts of eluant into column
40 through the large diameter coil conduit in injector 50 and avoid the consequent

15 mixing that would tend to occur. Figure 10 depicts a configuration of the
chromatography apparatus of the invention in which the sample injection means 100
and eluant injection means 102, 104, 106, 108, and 110 are connected in series, and
the sequence of operation of the various injection means is controlled by flow
switching valve means 82, 84, 86, 88, 90, and 92. In Figure 11, sample injection

20 means 100 and eluant injection means 102, 104, 106, 108, and 110 are connected in
such a way that sequential delivery of the various fluids to the flow path is
accomplished, under the control of flow switching valve means 82, 84, 86, 88, 90,
and 92. The embodiment of Figure 12 depicts a configuration that allows delivery
of a second equilibrating fluid 47’ to the flow path from reservoir 48’, through the

25 action of pump means 46'. Valve means 80 operates upstmam of flow switching
valve means 82, 84, 86, and 88, for example, to apply an elution gradient to the
flow path. It will be apparent that the spacing and location of the sample and eluant
injectors relative to the column and any input conduit thereto may be other than that
shown in the drawings.

30 Injection in preparative LC is particularly important inasmuch as loading of
the sample across the entire column cross-section is generally preferred as
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wi thin the chromatographic colum and in which mnimzed spatial separation
Is 10 mai nt ai ned between bodies of fluids prior to introduction
into the columm and while t hose traverse the col um.
To.these ends the present invention is directed to novel nethods of and
appar atus forW éWW%Fh1ng liquid chronatography wherein at |ReNPSOA®I&ol ute
m xture 15 sanple I s | oaded onto a chronmat ography col um and |s

fslugisgg“e%'y el ut ‘ﬁ%nﬁ&ng% &-‘f‘nse  of the total co Onep&éﬂu%“mtﬁ{e Pident invEtioh, ?agﬁ) -

| east re an

fluid or fluids ahﬂetldikhibhﬁugﬁékdlmtwpbdiﬁbnﬁd)hummpnfaﬂ&ﬂ&bhmbw and Rinflloyed
I nj ection, one. or. nore | ocat.ions ?H%JD' acent the proximl or

i nput end of the &ﬂ’iﬁfﬁ“‘g@qlﬁﬁ?@d"d“m“i’mﬁsw‘ preferadly; 3;substantially dlator o
cl osely bunched bgﬁnﬁ%ﬁﬁét(? ?&?exﬁiddﬁ?mtﬁ@ﬁxn&bf‘él ﬁgoaaaﬂomecoxmm, not be
| ow

I njected at any reasona but are preferably injected into the
colum § only forsthe foregoing neasens bus and also ta maintain a eelativelly sharp surfaceaf

preferably at a spe I L . - d
vel ocity greater ﬁﬁ%ﬁ%%%w OfWﬂHbd fﬂmddéaﬁ&guﬁ%ﬁﬁéﬁ%‘fﬁjﬁce
fed directly intopicssredatiill eibird dhit thdPug orvohinss injegted itoOsluAH 4D iPmodnFer

devi ce that m ght tend tod?qrom)te undesi rabl e m xj ng prior
to introduction oFtQ“MYé‘?sE'B" velocity as RiEEL: or

when in the col unp,; 5%&& ﬁu{dﬁ ’%‘515 anaﬁ?sv ed
spatial step separauﬂ% tme?“ghe plugs as the Iatt rm’%%t\? rse gﬂez
col um, 1@ven at aendseofdachplvgewhere tieplugsarsadjasentde oneanothert y greater than
about

present invention, deg’?&eﬂ“ﬁf’fswgsﬁﬂg&ﬂﬁ ig@u%ml&gnga?e&&%ﬁéﬂggtﬁ%%t he

defined, of the f byidhuBimolécoRs bétohe bediitb ThRehatogeaphitallp Active snrfatbs inithe

column. The solute molecules eluted from the column by the eluant fluid are
detected, typically optically by detector 78, of a type and in a manner well known in

15 the prior art, disposed at the distal end of column 40. For superior results, the
eluant flow through column 40 is preferably at a velocity corresponding to a
reduced velocity of above about 5000, so that band spreading of solute eluted by the
eluant fluid from the column in the present invention is an inverse function of the
Reynolds number for the eluant fluid and a direct function of the magnitude of the

20 diffusion coefficient of the solute in the efuant fluid. It should be understood,
however, that the present invention is applicable to chromatography in which the

flowstreams through the column are laminar inasmuch as the present invention tends
10 minimize the amount of eluant employed in either case.
In one embodiment of the present invention, column 40 is formed by
25 packing particles having a mean diameter not less than about 30 pm, preferably
under pressure of at Jeast about 5x10° psi to insure that the column formed will
include substantially no voids except for interstitial channels 44 formed between
particles 42 in contact with one another, i.e. column 40 has a substantially uniform
bulk density. Columns 40 formed in this manner, regardless of whether or not the
30 particles are porous or non-porous, should exhibit interstitial fractions of about 45%
or higher. Lower interstitial fractioné, typically around 35% for porous, non-rigid
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fluids are injected sequentially by separate injectors, the outputs of

whi ch are all WD 97/ 26532
PCT/ US97/ 01096 connected to a commn input port |ocated at
the input of t and each of _ whi ch i nj eErRESIice Pe

operated to switch Tnjection of fluid plugs rapidly in and out
of the main streamof fluid running fromthe main punp.

Yet another vari at igafys@ters partidles Swiltnot BXIEI ihe eduibite kadused Med velocinf exdeptiat pl e
5 injectors each connected at a separate |ocation spatially
separ at ed from one UapkSEPiably high pressure that will tend fcqligpse of raptitre the ¢S on’ of

the chromat ographi c col wpdepe igﬁégﬁlglf&nfaﬂon of the desired unifornSaERSiyA¢EtnkAh Wth

simul t aneously inject discrete s of the various fluids at t'he spatially
separ at ed | ocat i onghe preferred interstitial fraction and priclude collapseundgt opetating pressire cthe:

ol o0 1 S ol o S rmion i R R

chromat ogr aphi ¢ col dépasdrily wm@%@gﬂm;@aﬁm@pmmmmaﬁldbmgisspWrggni C

mass ext endi ng substantially_ conpletely across the col unmn

and preferably havipsgferably up 1o pressures as high as about 1 x 10* psi. To that end, the preferred
particles are formed from materials such as alumina, titania, silica, zirconia,
vanadia, carbon and combinations thereof.

10 The method of the present invention therefore requires that the flow through
at Jeast a majority of the interstitial channels in the chromatographic column must
be turbulent. It is postulated that the turbulent flow profile is aimost flat, as
distinguished from the typical parabolic flow profile characteristic of laminar flow
through a chromatographic column. More importantly, it is believed that when

15 turbulent flow is induced, a radial component of velocity is superimposed upon the
normal diffusion process, altering the normal diffusional process and the band-
spreading kinetics in a favorable manner with respect to the efficiency of the
column. It is further postulated that in order to induce and sustain turbulent flow
through the column, there is a critical relationship between the diameter of the

20 flowing channel and the linear flow velocity. The need for particles that are rigid
and can ﬁithstand changes in pressure without plastic deformation, as above-
indicated, is therefore very important in such case.

Injectors useful in the present invention are commercially sold as, for
example, Model 3725 and Model 3725-038 manual injectors available from

25 Rheodyne Incorporated of Cotati, California, Model E-45 automatic injectors
available from Valco Instrument Company, Inc. of Houston, Texas, and similar
injectors provided by these and several other manufacturers. A schematic diagram
of a typical double-loop injector of such type, employing the symbols used by the
mamufacturer, is shown in two alternative states in Figs. 4 and 5. In each such

30 Figure, the injector inciudes first input port 80 connected to the output of main
pump 46, first injector loop coil 82, first output port 84 connected to input end 75
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approximately flat or planar front and rear surfaces extending

perpendi cul ar to the axi s of elongation of the colum. 15
The foregoing and ot her objects of the present invention will in part be
obvious and will in part appear hereinafter. The invention accordingly
conpri ses  WO9726532 t he apparatus possessing the constBQFESFEH%N
arrangenent of parts exenplified in the followi ng detail ed

di scl osure, and t d .S r S ors

the relation and Jgr%a‘g}ri’g{)@ ? 8%%#"*’% éoé]&é’ﬁ%ﬁe%stﬁg‘ﬁs‘;“ﬁ ﬁ?él‘g‘gf?@é{’m?%s?’he

ot heL s, It he 20  second inje@aOp6p Coil 88]&mmebdm]§ixfpunpmi 99vivhich divchdrgdsao mastecat ed
in the clains. o " For _a fuyller understandi ng of the
nature and obj ect®d gieapsfor syitching or; yalving the yarious nput and °“‘P“tP°?‘%g‘59"§Hce

shoul d be had to difigetQbopiileg detailed description taken in connection
with the drawi ngs wherein |line nunerals denote |ike parts.
5 The operation of the injector of Figs. 4 and 5 can be advantageously

described in connection with injection of sample fluid from reservoir 56 but it is to
be understood that the description applies equally as well to injection of eluant fluid
from corresponding reservoirs. Thus, in operation, it can be initially assumed that
in the first state of the injector as shown in Fig. 4, coil 82 is already filled with
10 sample fluid 52. In Fig. 4, the internal valving of the injector is shown as
connecting input port 80 to one side of coil 82, the other side of the latter being
connected to output port 84. Thus, as fluid pumped by pump 46 is introduced
abruptly, by the switching or valving action of the injector, into and through port
80, the fluid pressure imposed serves to hydraulically force the sample fluid out of
15 coil 82, replacing the sample fluid with fluid 47 from reservoir 48, and injecung the
sample fluid from coil 82 through port 84 into column 40 as a plug. This switching
action of the injector also serves to connect input port 86 to one side of second loop
coil 88, filling the latter as loop coil 82 is emptied of sample fluid, the other side of
coil 82 being connected to port 90 so that any excess sample fluid is discharged to
20 waste through port 90.
As shown in Fig. 5, when the injector is switched to its second state, the
internal valving of the injector is shown as connecting input port 80 to one side of
coil 88, the other side of the latter now becoming connected to output port 84,
Thus, as fluid pumped by pump 46 is again introduced abruptly, by the switching or
25 valving action of the injector, through port 80, the fluid pressure imposed serves to
force hydraulically the sample fluid contained in coil 88 out through port 84 into
column 40 as another plug. This switching action of the injector also serves to
connect input port 86 to one side of first loop coil 82 filling the latter with sample
fluid again. The other side of coil 82 becomes connected to output port 90 so that
30 any excess fluid is discharged to waste. The injection of plugs of fluid 52 into

column 40 are typically followed with injections of one or more plugs of eluant
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- 6- WD 97/ 26532
PCT/ US97/ 01096 Brief Description of the Draw ngs
Fig. 1is a sinplified schematic diagramof a typical prior art apparatus;

Fig. 2 is a sckg ,di agram of apparatus embodying the pringl t he
5 preser‘fg3 i nventi on; Fig. Wsﬁm%

enl arged schematic view in cross-section of a chromatographic

col um enpl oyed lnﬂlﬁtﬁwrﬁtL&wfafﬁvgofiﬁndﬂthatwﬂlowursunplybypermiﬁiu@a4 is
a schematic representation of a typical dual c0|I l.Jector useful .in

the present invent ifiw efthe laemio nrocegd geriatim throy more of the several injectors.
While the structure and operation of the injectors has been described in

terms of double loop coil injectors, it will be understood that it is not so limited.
5 For example, as shown in Figs. 6 and 7 wherein like numbers denote like parts,
single loop injectors with by-pass switching can also be employed. In Figs. 6 and
7, all of the parts of the injectors are identical to those of Figs. 4 and 5 except that a
by-pass conduit 92 of minimal storage capacity is used to replace loop coil 82. It
will be apparent that yet other known types of injectors can also be advantageously
10 employed in the apparatus of the present invention.

Switching operation of a plurality of injectors is preferably under the control
of means, such as a known computer or controller to optimize switching time and
obtain the desired sequence of plug injections into column 40. Injectors of the type
described are preferred inasmuch as they tend to provide desirably sharp transition

15 boundaries between adjacent phugs of fluid, thus reducing mixing.

As shown in Fig. 2, injectors 50, 58 and 66 are coupled to input conduit 74
to column 40 at spaced-apart locations, and it will be understood that in such case,
all of those injectors can be operated simultaneously by means such as an
appropriately programmed computer, to provide a succession of spatially separated

20 plugs presented to head 76 or may be operated serially to provide even more
flexibility in spacing the location of the plugs as the latter transit cojumn 40. Yet,
as shown in Fig. 8, wherein like numerals denote like parts, all of the injectors may
be coupled directly to port 75 or a single location on conduit 74, and in such case,
all of those injectors can be operated serially to provide a succession of spatially

25 separated plugs presented to head 76.

In the embodiment depicted in Figure 9, solvent reservoir A is in fluid
communication with main pump B, which withdraws equilibrating fluid from
reservoir A and delivers said fluid, under pressure, to column H. A quick
disconnect junction may optionally be included upstream of main pump B in order

30 to allow the end of tubing connecting reservoir A and main pump B to be sealed to
avoid or to minimize leakage and spillage should either occur. Main pump B may
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10 Fig. 5is a schematic representation of the dual-coil

injector of Fig. 4, in a second state;

Fig. 6-is a schematic representation of a single coil injector useful in

t he present invention and shown in a first state;

Fig. 7 is a sMAT@682 representation of the injector of Fi gPCHUSY7/§1086second
15 - state; and Fig. 8 is a schematic

representation sipgilar to.the enbodi nent .of Fig.. but

Whoreinall i nj ochepy it Rwp FeRts. Pty smbftiedas 4 el headed i s
Fig. 9is a éChe”ﬁiiﬁr&sﬁ?&%ﬁ@@C@bﬁeﬁﬂr@&nﬁﬁo@ﬁhﬂﬂh@ﬂ],@ﬁpﬁl@edﬁﬁ&h&tﬂs
enbodying the principles o thepgreéent i_nvention. 20

Fig. 10 is a scheResyuge atdhe eutleh pbmpla,pugp By reqnyered Reing Perssuss sass & anduss
|e:in3?dy ing the pri Wﬁaﬁﬁu&pﬁ ﬂrcﬂﬁﬁﬁkﬁjdﬂ;%ﬁg%@m pressure switch which shuts

11 is a sche representation o an appar at us
enbodyi ny the pri dewpthesysiém tifthe pressueenis abovecapredatermined value. Main pump B
Fig. 12 is a schenmatjgc, represe tion of ap. enbodi ent, of an aratus 25
crbodyi ng the. pr | MO becaBpois AEdeBerkis e b pisgs of e omaidgrapy st at a
Fig. 13 is a chrogpplediesset-beléctddiow tite? Wheda kinfle headed pamp id wed, Lspulée t he

apparatus-of the invention.
dampener E is included to minimize ripples or pulsations in flow rate which may

occur. Pulse dampener E preferably includes a pressurized tetrafluoroethylene

10 (TFE) membrane which flexes during the delivery cycle of main pump B and which
is restored during the "refresh” cycle of pump operation. The pressure applied to
the membrane of pulse dampener E is dependent on the pressure at which main
pump B is operated, being equal to about 80% of the operating pressure of main
pump B.

15 An inline filter F is placed downstream of pressure transducer D to remove
particulate matter from the mobile phase. Preferably a filter capable of removing
particles greater than about 0.5 pm in diameter is employed, though other filters
may also be used in accordance with the invention.

Downstream of inline filter F is an inlet valve X and an outlet valve Y which

20 selectively establish a first flow path and a second flow path, outlet valve Y being in
fluid communication with column H. In accordance with the invention, the first
flow path is in parallel to the second flow path, and each flow path includes at least
one injector valve.

Preferably, a plurality of manual injector valves is provided along the first

25 flow path, as is exemplified in Figure 9 by valves G;, G,, and G;. The manual
injector valves are preferably provided in series with each other, wherein the outlet
of each downstream valve is in fluid communication with the inlet of the adjacent
upstream valve (e.g., the outlet of valve G, is in fluid communication with the inlet
of valve G, and the outlet of valve G, is in fluid communication with the inlet of

30 valve G,). Sample or eluant may be added to the system through any of manual
injector valves G,, G,, and G,, in accordance with the present embodiment. The
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-7- Det ai | ed Description of the Preferred Enbodi nents
One aspect of the present invention, as shown in Fig. 2 and 3, is enbodi ed

in ' chr omat ogr aphy apparatus conprising a chromat ographi ¢ col unm
40 fornmed as a packed nmultiplicity of rigid, soli | s 42
havi ng substant“foa?"fzﬁtzmi formnmean 5 di aneters of no?dp@égsﬁ“? an

about 30 [err]m The term "nean dianeter" as used herein jis

intended to mean 1 hgnMAABEEr A1V 1Y tidi RSOV pditi may 66 Gsed 26 Hererinifié M MOWON Of
t he .particles regardless of particle configuration and is not to

be construed as | i PREAWtertof a specific chromgiographic purifigation sypiricalbe PEAF to yse of
ERETLEE) b e e A o BLPEOle ARG, T s plOB by
coefficient 10 ~ manoil igjocton vehéeso GA\ Gay arideBy may besthe samomér thizempy diffenin
et ongl > e | bRk ik opeien, Ese bR B EecdF HiRes G101 By oo
| acki ng conform ty jofillédo¥iina neddEPoLE ih thé viltechandlelabseimBEy, WhithliRpRisasfitdte | N 2
LOAD and INJECT positions. Fluid is injected into the manual injector valve
while the valve handle is in the LOAD position, using a syringe or other suitable
cannula having a square end. The valve handie is rotated to the INJECT position to

10 inject the fluid from the valve into the flow path to column H.

Preferably, a plurality of automated injector valves K is provided in series
along the second flow path between X and Y, as is depicted in Figure 9. Sample or
eluant fluid is injected from reservoirs M into the second flow path using a pump L
in fluid communication with each antomated injector valve K, as exemplified in

15 Figure 9. EachpumpLisunderﬁnecontro! of a suitable means, such as a
computer program, which detennmes the time of each injection and the flow rate of
fluid pumped. A flowmeter may optionally be included between each pump L and
the respective injector valve K to monitor fluid flow into each automated injector
valve. ' '

20 The column H employed in this embodiment is as described above in
relation to the column depicted in Figure 3. ‘A detector 1 is included downstream of
column H to detect species that elute from column H. A flowmeter J may
optionally be included downstream of detector I, to monitor flow of the mobile
pbase through the system. Similarly, valves N (which are preferably solenoid

25 valves) are included downstream of detector I to divert the eluant stream to a
collection vessel. A valve P is also included downstream of detector I to divert the
eluant flow into a waste vessel.

While the apparatus of the present invention has been destribed in terms of a
chromatographic column of packed particles, as described in the aforementioned

30 U.S. Patent Application Serial No. 08/552193, the columns useful in the present
invention can also be in the alternative form of a capillary tube defining a hollow,

-17-



m xed multiplicity of various polyhedral configurations, but is intended to

I ncl ude solids of revolution such as generally spherical,
conoidal, ellipsoidal and the |like type 15 of particles with rough,
uneven or scabrous surfaces. The parti cl es used in the
af oresai d emb&AHBM20f the present invention are PCTSH700% 1 om

material § that are incorrpressible which termis to be understood to

mean that the ti Eﬁ’ﬁé’d V,
particl es under "Elo presgﬁ)res 0 riﬁi{g‘ﬁgast a aﬁi@&g l‘Pllﬂﬁ%‘"grr SI

3.45 x 10[err] k Parovided ovithcki clgomatbgmphlcxliyumefmtetmﬂirface The mbaisiformed

remai ns substanti aI Ly an art I cl,es t.nerefo I subst ant lally
resi st iff iR it B e 5 1) By e o

particles of the p&}gﬁ%fﬁmméﬁﬂecmmﬁ,gﬂfm@ﬁ,qh@ﬂﬁaed and sel ect ed in a
range of sizes and shapes such that they can be packed at

pressuredsufficient to“WMW@W@M&Q@@&M@hM@Iﬂ@&M@W&Q i al

O S 44, oSl impR gl i St b Biopen?s LIRS ciFhe B
wi Il be recogni zedvithivedboh s sembnﬁs; providinglan cxlfrexml;chxghthroughput Withalheel s are
necessarily quite rough in co uration. WiiJe it is believed that at

| east the maj orit JPREF ﬂﬁﬁﬂr@?"&dt&‘ﬁ Ws?éﬁ'ﬁems@eéﬁ‘ﬂ‘m(ﬂﬁemlm
substantially not reqmred for a wétﬁﬁﬁmﬁé'lm P@u{s gén&ﬂw’ddﬁkld&laﬁl hkerptitial

vol une fraction (i.e thetotal vol une o -|nterst|t|al channel s
44 bet wd@n the papml@ssfprsﬂcmmg@lmm@mvmmsmm argount of

of the O SyafTh iy aclfs iy A0 36 ol B8 prescf B o

about 45 % nore meing adike aolunn, this eluant volume is reduced to not more than about 8 mL, a
substantial reduction by a factor of about 5 of often expensive eluant.

Figure 13 demonstrates a preparative separation of a-chymotrypsinogen A

15 from lysozyme, using the::appa'rams of the invention. For this separation, a cation
exchange column equilibrated with phosphate buffer (pH 8) was employed. The
proteins were sequentiaily eluted using varying amoumts of NaCl dissolved in
phosphate buffer (pH 8), a-chymotrypsinogen eluting with 200 mM NaCl and -
lysozyme eluting with 2M NaCl. After separation of the two proteins, a cleaning

20 step was performed using NaOH, allowing cyclic repetitions of the separation to be
performed in accordance with the present invention.

Since certain changes may be made in the above apparatus and process
without departing from the scope of the invention herein involved, it is intended that
all matter contained in the above description or shown in the accompanying drawing

25 ~ shall be interpreted in an illustrative and not in a limiting sense.
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\Ié\gT?ZJ/SEZJ%SSEO% rangi ng from about 35%to 42% TH“!“L““MIHL“I“ " |||
¥ *

of particles 42 are chromat ogr aphi cal 'y active eithef per "ses
as is well knowobﬂ”g%e art, or by _ treatment, ﬁ.ﬁ.ngx.,lﬁgﬁtl ng,
wi th any of the fany Known chromat ographically active,

stationary phase |layers, also as well known in the art. 5

Particles 42 may be pellicular, or to increase active surface area, may be
porous with the intraparticle pores typically having nean dianeters |ying
within a What is elaimed iff about 60 Ato 5,000 A As a result of the
particle irregularity, coupled with an interstitial volunme
fraction of not |ess than about 45% it is believed that

turbul ent flow through tihdniamhethest oftpecforming ligwid shromatageapby Mitina chfonpdtegraphy

unbers wel | ol ow SR havicg chRaidgrdpricihy Rl pifabes; ufihe MR s OF powine

nmeans, such as punphffagh $4i@ksidmh @ diseretdVohihedf a liquid mixwure containing ¥ leaét ohel urm
40, is provided for punping a fluid, such as a first equilibrating fluid

47 from an appropri thatis seactiva-with said surfaceso and ejuting fromisaid sunfaces spid salute

| east a i 1 i 8; [« d" R g v, ' | umm

40. preferably at a reduce ,f@%o‘idn?feﬂ;m@elﬁom t@ﬁ#é‘.&l%’e@% e‘r’riéB as

above-defined) subsdomprisingithe sidpoofe about 5000. The latter is

an approxi mate value at which the slope of the h/v curve heging to decrease

along | st o e of Bt ol of an e W o the v

i ndi cating an i npr oyQaREolinih s8tH asCloidtain minimized spatial stefbdplratibs baweén Gid

reduced velocity. It is believed that turbulent flow of the m xture is
discrete volumes as the latter traverse said column.

2. A method of performing liquid chromatography as defined in claim 1
wherein at least said volume of eluant fluid traverses said column at a reduced
velocity greater than about 5000.

3. A method of performh;g liquid chromatography as defined in claim 1
wherein all of said predetermined discrete volumes are injected substantially
simultaneously at positions spatially separated along an extension of the axis of
elongation of s&id column so that said volumes traverse said column as closely
bunched but separated fluid plugs.

4. A method of performing liquid chromatography as defined in claim 1
wherein said discrete volumes are injected sequentially.

5. A method of performing liquid chromatography as defined in claim 4
wherein said sequential injections are effected at positions spatially separated along
an extension of the axis of elongation of said column so that said volumes traverse

said column as closely bunched but separated fluid plugs.
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I nduced in the colum of the present invention at a flow vel oc

corresponding to a 20 reduced velocity val ue of about”m“H"I"“I"“II"”“I
The present invention further includes neans, such as |oop injettor 30 ™ *
i njecting pl %s of fluid sanple m xture 52 into colum 40. Typicall where

t he esent invention is being enployed for B&@B ‘%@e

pur poses; the plug of solute m xture 52 wll be as large as
practicable to fully lga nMng athe
solute or solutes of int gr‘g@‘mn%% ?T:gﬁig %nﬁgﬁapggtagde%@%aﬁl liary

punp 54 from anot Mhmmamqmd mpstmmmreffocte@ammgaesmamlocaed adjacent the

The present |nvent|opo ?ncl udes neans, such as at |east one | oop
i nj ector Wflovvlng eluant fluid 60 into col um 40.
Fluid 60 is punped into injector 58 by another auxiliary

punp 62 from anot her V\iproprl ate reservoir or storage tank 64. 30
In the enbodi ment showh Anmethed obperfopming liguidchrompoeranhy as defined dn eithe claim

o o, is fed |nto I nj ecﬁﬁé@gﬁé%ﬂm&%ﬂéﬂmﬁﬁoﬁﬁgﬂ%&% ©

The latter

-9- volvleOaild fiBHAL a predetermined volume of equilibrating fluid through said

PCT/ US97/ 01096 . - e
column between cyclic repetitions of said injections.

8. In chromatography apparatus including a substantially uniform, elongated
chromatography column containing chromatographically reactive surfaces, means
for injecting into said column a discrete volume of liquid mixture containing at least
one solute that is reactive with said surfaces so as to load said column, and means
for flowing eluant fluid through the loaded colummn, the improvement wherein:

said means for flowing said eluant fluid comprises means for injecting at
least one discrete plug of said eluant fluid into said column adjacent the input of
said column so as to maintain minimized spatial step separation between said plug
and said discrete volume of liquid mixture as said plug and volume traverse said

column.

9. Chromatography apparatus as defined in claim 8 wherein at said column
and said means for flowing are configured such that the flow of said volume of
eluant fluid traverses said column at a reduced velocity greater than about 5000.

10. Chromatography apparatus as defined in claim 9 wherein said means for
injecting provides said plug traversing said column with a substantially plane front
extending substantially perpendicularly to the axis of elongation of said column.

11. Chromatography apparatus as defined in claim 9 wherein said means for
injecting provides said plug traversing said column with a substantially plane end
extending substantially perpendicularly to the axis of elongation of said column.
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by a third auxiliary punp 70 from anot her appropriate reservoj T
tanhk 72. It will be appreciated that punps 46, “IH““HI'LEM
may be any desired type of known punp and are net to ben s
limted to macw'b.ﬁﬂgnpurrps, but may be any known PCT bggm for
| mposi ng pressure on the respective fluid to cause the latter to flowat 5
the desired flowrate. It will be understood that additional injectors for
ot her el uant 12. ChidnkitsiFaphif Mpieatas dxadefinedvin@taiin Sowiskeetn k4id mefmy for
exanpl e, Figures 10 through 12 depi ct o e enbodi ments that

i ncl ude additional iniectingcomprisesd plurality ebindividyal injegtors for jnjectipg F3spective plugs
122, 126, and 130, ?Pgﬂ' \fg,h‘?/ | Q=48 | of configurations to allow
opti mal of bid exti [ thdysglldﬁlqégllhgx% of a particular eluant fluid
to the flow path of ‘the 10 chr omat ogr aphi ¢ system of the

I nvent'i on. Any injection S ] | oyed.t
apply sanple and el uant 14I EPE%“‘EWY ap m%s“&%?ﬁﬁxlgﬁ%%fﬂ‘éﬁg’és
with the present i geptsitiofied fop injédiifg a phirdlity Bﬁﬂiﬂ’éreﬁi?lﬁgﬁt ive spatially
measured amount of fluid to be delivered into the flow path. For exanple,

t he separaed positionpalang pRsExignsion of the axis o glongaties o said column set i on
of tubing, in conbi s . ] AEBR2H i rnatively, the
i nj ection nmeans na;t/%ggi'gpll“éggaﬁ?etsﬁg %M%ﬁaﬂ&g%ﬂ ﬁuﬂ%‘?ﬁ%' gravity
applied to the fl ow path. In the enbodi nent shown in
Fig. 2, input conduit 7

[ | ed  f th . . . t of
46 to input end 75 of ci‘?’h Coi&?ogiﬁp&y%ﬁ?%?sgegw '§§,la“Bé3é‘i‘°$J‘£oEF)ﬁum°“%s for "

connected to input cemfsiling saidinfectost Jof tBAt IR la fafe/Yor saitPREpectiveOpfagy e
anot her 20 bet ween punp 46 and input end 75 of col umm 40.
Operation of each isthstantially simnltaneously. manual |y controlled or

automatically controlled to inject respective plugs of sanple
m xture 52 and eluant fluids 60 and 68 into the proximal end of colum 40,
15. Chromatography apparatus as defined in claim 12 including means for

controlling said injectors so that the latter operate for injecting said respective plugs
sequentially.

16. Chromatography apparatus as defined in claim 15 wherein said injectors
are positioned for injecting plurality of different plugs as sequential injections
effected at one position located adjacent the input of said column.

17. Chromatography apparatus as defined in claim 15 wherein said injectors
are positioned for injecting a plurality of different plugs at respective spatially
separated positions along an extension of the axis of elongation of said column so
that said plugs traverse said column as closely bunched fluid plugs.

18. Chromatography apparatus as defined in claim 12 including means for
cyclically repeating the injections of said plugs of eluant fluid and mixture.

19. Chromatography apparatus as defined in claim 18 including means for
effecting a flow of a predetermined volume of equilibrating fluid through said

21-
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preferably at speeds corresponding to reduced vel ocities abo
I n accordance with the invention, manually co*mm;ﬂuﬂlﬂﬂﬂm " I“I
operation of the injectors 25 enconpasses operation fediated Hy *
human intervention, either to performl oading of the

injector, to WO i njection of the sanple or eluant flui BCHYRHOMOPE | ow

stream of the systeminto the columm, or to performboth aspects of the
i nj ection DI OCessS. onat | cal ontrol |l ed operation of
injectors is defici%‘ﬁmhm cgglcr%peu%;)sgtasmdcimalz%ogé.r ation which does not
require human intervention to perform/loading of injectors 30

and/ or injection of sanple or eluant” fluid into the flow stream of the

systeminto the 20. Chromatography ApRarais as fefingd ot gaimulf wheseiaisaid meeans he
automatical |y congf ﬁljécﬁﬂ%b&hf:&g?%éﬁ{ first and second iﬁjectors connected for injecti
-10- operat ed by actuators such as notors which are

oper at ed under t hrespectinersaid pliigszat respective first ansbsependepatially tseparatgdhpositions

automatically controlled injector of i nventi al s0 .

el Ude. & manua Ot AR exatioR Bf 8t o2 of SonkaitE Bt 1 o Wi ot eay e gy

controlled fourth injétkdi€ tetinectdd for AjEvting respective b4 piugy Stthir® Bnd'Rjrth

optionally include both manually, 5 control |l ed and automatically

control | ed i nj ect$pptially separated positions, said apparatus including means for controlling the
injections by said injectors for cyclically alternating injections of said respective
plugs by said first and second injectors at said first and second positions, with
injections of said respective plugs by said third and fourth injectors at said third and
fourth positions.

21. Chromatography apparatus as defined in claim 20 wherein said third
and fourth positions are the same as said first and second positions.

22-
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The injectors may be operated to inject the respective fluid plugs

substantially sinmul taneously or in a tinmed sequence. For
exanpl e, where the injection coil, as herei nafter described, in
i njector 50 i Sysy o deliver a 100m plug, the - di ng
coils in lnjec?@%éﬁggiand 66 may be sized to provide plugs Or?ﬂ@%?ﬁ?%@

exanple, 5 meach of eluant fluids, and gen¢sally would have injection

coils with correspondingly smaller volunmes. In such case, it is
desirable to place sanple injector ‘ 50 at a location nore renote
fromthe input end of colum 40 than the other injectors S to
avoid having to inject the small amounts of eluant into colum 40 through
t he | arge di aneter coil conduit in injector 50 and avoid the
consequent m xing that would 15 tend to occur. Figure 10 depicts a
configuration of the chromatography apparatus of the invention

in which the sanple injection nmeans 100 and el uant injection neans
102, 104, 106, 108, and 110 are connected in series, and the sequence of

operation of the various injection neans is controlled by flow
swi tching val ve neans 82, 84, 86, 88, 90, and 92. In Figure 11
sanpl e injection neans 100 and el uant injection 20 means 102, 104,

106, 108, and 110 are connected in .such a way that sequenti al
delivery of the various fluids to the flow path is acconplished, under the

control of : fl ow swi tching val ve neans 82, 84, 86, 88, 90, and
92. The enbodi nent of Figure 12 depicts a configuration that

al lows delivery of a second equilibrating fluid 47" to the flow
path fromreservoir 48, through the action of punp neans 46'. Valve 25

?rea f1 ga2swi t chi ng val ve neans 82, 84, 86, and

Al 0 an elution gradient tg32he flow igh.
spacj and Ipeabﬂgﬁ-oi.th e

r LhTEROR £

means 80 operates up®
88, for -
It will be appahe :
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Injection in preparative LCis particularly inmportant inasmuch as | oading

of the 30 sanpl e across the entire columm cross-section is generally
preferred as pernmitting _ _ permtting better use of the total
col.um packi ng.wéhgrdebd Present invention, sanple i m‘%&'”m&m
distributing head 76 1s positioned at the input end of colum an

enpl oyed to distribute the injected volunes as plugs with

preferably a substantially flat or planar / surface or front

per pendi cul ar to the axis of elongation of 2'tfze colum, not only for 5

t he foregoi ng eassns t and also to.maintain a relatively sharp surface
of ,;:/1//.0//7{//4’; ibgn bet ween adj acent plugs of fluid. Fluid is

i nt roduced a///fﬁj /G7at a pressure that will ensure that the
pl ug or volu =//A/ ed into colum 40 is noving at

substantially thadsane velocity
mnimzing m xi ng o
approxi mat e pl anafi

A
1

gs the f owstr_e%p general ly, thereby
J dj aceg®pl ugs flyyds and preserving the
' ra ug wh 'E‘ggl ugs

~WETHs—DT /gy

are adjacent to o ug m xtjur e | owi ng
t hrough col um 40 t he Iatler a 73 sql ute nol ecul es
becone bound to c ally ive su ces i he G | um.

The sol ute nol ecu d frpmthg.cql um he el t idare

det ect ed,
manner well knownl]i

Dy et400r'_/7, of la type and in a

b7 4 60 68 DET. e

72
R Lys

FIG. 2

54
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N
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15
results,

art,
t he el uant fl ow

di sposed at the distal

vel ocity corresponding to a reduced vel ocity of
so that Rppehspheadi ng of solute eluted by the eluant fj
invention is an inverse function of the

eluant fluid and a direct function of the
t4)9
that the present

5000,
columm in the present
nunber for the

magni tude of the diffusion coefficient of
fluid. It should be understood, however,

end of columm 40. For superior
t hrough colum 40 is preferably at a

above about ]
Pt ile ("¢

20 solute in the el uant

invention is applicable to chromatography in which the flowstreans through

t he colum are | am nar
to mnimze the anount

I n one enbodi nent of the present
25
pref erably under
(3.45x10[err] kPa) at the colum forpg
substantially no voids except for in

i nasnmuch as the present
of eluant enployed in either case.
colum 40 is formed by packing
particles having a nean dianeter ng .less than about 30 [err]m
pressure of at gggysyt about 5x10[err]psi

i nvention,

i nvention tends

| s 44 fornmed between

particles 42 i n contact i.e. colum 40 has a
substantially uniform bul k denS|ty ,‘ S Ofr({))rmedlnthls
manner, regardl ess of whether not Ry arje por ous or
non- por ous, shoul d exhi bit ni" ‘ oo a ﬁfugg%o hi gher.
Lower interstitial fractions, pid “‘Ef%’ﬁéQ- orous, non-rigid
-12-
Z
—80
FIG. 4 i
NAIW
PUKP
70
COLUNN
4
2 [J
fRON 90
SANPLE 5 A o
rokp % WASTE
82 3 4 @-33
Z
801
FROM
wi FIG, 5
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pol ystyrene particles, will not exhibit the requisite reduced fluid

vel ocity except at unaccept ably high pressure that will tend to
col | apse or rupture the particles. ~In order to insure the
formati on of t iL.red uniformdensity colum with the

preferred int ep&éj'??éas# fraction and preclude coll apse under 882’?’3?’.’“%“5‘
pressure, the 5 particles used to pack a colum in the present
invention are rigid solids that nust necessarily be

i nconpressi bl e at packing pressure of at |edd® about 5x10[err] psi
(3.45x10[err] kPa), preferably up to pressures as high as about 1x10[err]

psi (6.9 x 10[err] kPa). To that end, the preferred particles
are formed fromnmaterials such as al um na, titania, silica,
zirconi a, vanadi a, carbon and conbi nati ons thereof. 10 The

met hod of the present invention therefore requires that the flow through at
| east a majority of the interstitial channels ifi?a the chromat ographic colum

must be turbulent. It is postul atcllé¥¥at the turbul ent flow
profile is alnost flat, as dist i Nguif the typica
parabolic flow profile characteristic g i t hrough a

I that when 15
Y90S guperinposed
hes.pyATE

chromat ographi ¢ col uim. Mbre i nport aé?.
turbulent flow is induced, a radb@% corp
upon the normal diff gggapn—pro
di ffusional process and-the bandpyyp 86
favorabl e manner with respect to the ef
It is further postulated that in order

t hrough the columm, there is & a1 el ationship between the
di aneter of the flow ng channel |
FROM
FIG. 6
PUNP

—
FIG. 7 ‘.,
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20 and the linear flow velocity. The need for particles that are

rigid and can w thstand changes in pressure without plastic
deforndti on, as above-indicated, is therefore very i mportant in
such case. I njectors useful in the present in S&%b16Y%6 €

. 0 97126532 1
commerci al_ly sg‘fdyas, for exanpl e, - Model 3725 and Mbdel 3725-038
manual 1njectors avail able from Rheodyne 25 I ncorporated of Cotati,
California, Mdel E-45 automatic injectors available from Val co

I nstrument Conpany, Inc. of Houston, Texas, M¥d sinilar i njectors provided
by these and several other manufacturers. A schematic diagram of a typical

doubl e- | oop i njector of such type, enploying the synbols used
by the manufacturer, is shown in two alternative states in Figs.
4 and 5. In each such Figure, the injector 30 i ncludes first input

port 80 connected to the output of main punp 46, first injector
| oop coil 82, first output port 84 connected to input end 75 of col um 40,

second i nput port 86 connected to the output of auxiliary punp
54, second injector |oop coi
- 13-

96
q7 74 60 68

50 8 66
IWJ. [‘ﬁ;’%h 7

90" JU%%HT
' \

4~78 .
DET. DET
5T

FIG. 8
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WD 97/ 26532

PCT/ US97/ 01096 of columm 40, second input port 86
connected to the output of auxiliary punp 54, . second .
injector loop coil 88, and second output port 90 which di schgeggrbesast e,
and means for WR4$Hg or val ving the various input and output ports

t hrough - different loop coils. 5 ~ The
operation of the injector of Figs. 4 and 5 can be advant ageously
described in connection w injection of s&®le fluid fromreservoir 56
but it isto be understood that the description applies
equally as well tglinecti —eluant—fluid

correspondi ng rese Hr'S. us,

t hat int i rst tle t I nj ecto

coil 82 is already filjl it hA”l le flu

internal valving of i &”sh aéy i

i nput port 80 to one si 9 ’col [~B2, the othey side

connected to outpu . , as fluid pu

abruptly, by the sWt

t hrough port ; t

hydraulically forcdH®O Od Ac

the sanple fluid wi u| f R \

sanple fluid fromcoi | 482 t rdugr rif o8 Tt df colu

swi tching acfion qf thejinjegtor als

input port 86 to on®{Ptdeodrs=eid 24 WASTE coi | SRULLECTIN WaSTE
the latter as loop cofl 82 {s engtied pf safple fluid, the othe¥Ssfide of -
coil 82 being connect to t ﬂ?”so t ¥ excess sample fluid is

di scharged to

FIG. 9

FIG. 10 ([j lj;
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20 | wast e t hrough port 90. As shown in
Fi.g. 5, when the injector is switched to its second state, the
internal valving of the injector is shown as connecting input port 80 to

one side of coil 88, the other side of the 'fﬁfﬁﬁ‘”%3
becom ng conneW¥PEYSY out put port 84. Thus, ‘as purrped

by punp 46 is again introduced abruptly, by the switching or 25
val ving action of the injector, through port 80, the fluid pressure inposed

serves to force hydraulical?A? the sanpl'e fluid contained in
coil 88 out through port 84 into col um 40 as anot her plug.

This switching action of the inj ector also serves to

connect input port 86 to one side of first loop coil 82 filling the latter

wi th sanpl e fluid again. The other side of coil 82 becones

connected to output port 90 so that 30 any excess fluid is

di scharged to waste. The injection of plugs of fluid 52 into
colum 40 are typically followed with injections of one or nore plugs of

el uant — -14-
WO 97/ 26532 /__p
PCT/ US97/ 01096
>
~—D
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fluids 60 and 68, or by a flow of fluid 47 that will occur sinply by

permtting a

flow of the latter to proceed seriatimthrough

one or nore of the several injectors. Wil e the
structure and i of the injectors has been described in
terms of double | 0op coil injectors, it will be understood t hBET/PRI7PL09%, ¢

solimted. 5
| i ke nunbers denote |ike .parts,

by- pass switching can al so be enpl oyed.
of the parts of the injectors are.identical
by-pass conduit 92 of m ni mal
It wil |
i njectors can al so be advant ageously 10

al |
except that a

is used to replace | oop coi
yet other known types of

82.

enpl oyed in the apparatus of the present
Switching operation of a plurality of
such as a known conputer or controller to

control of nmeans,
optim ze switching tine and
plug injections into col umd 40.

For exanpl e,

as shown in Figs. 6 and 7 wherein
single loop injectors with
In M/8s. 6 and - 7,
to those of Figs. 4 and 5
st orage capacity
be apparent that

i nventi on.
injectors is preferably under the

obtain the desired sequence of
he type

descri bed are preferred i.038Q to provide desirably sharp
transition 15 IR i adj gcent plugs of fluid, thus
reduci ng mi xi ng. = hoyn in Fig. 2, i ors 50, 58
and 66 are coupled to iFT:‘ . to D 0 at
spaced-apart | ocations, and J i ood'Eg_ﬂ i nt.shch gase,

all of those injectors ¢dn “oper | t aneo ‘E y ﬁaans ch as an
appropriately programed® <3 r8p] de [a succéssidn- tially
separated 20 s presdaiteq o hﬁad 76 ¢r may bs_operated
serially to provide evelT DT E fil exi bRty in spacing the

| ocation of the plugs as [tter gransjt cql ummg Yet ,

as shown in Fig. 8, wher@4 ike. I’Enqte I} parts, all of the

i njectors may E be co ec?iectlytort 75 or a single

| ocation on conduit 74, _ ,

N

8 {Eﬂ ng

FIG. 12

SUBSTITUTE SHEET (RULE 26)



all of those injectors can be operated serially to provide a succession of
spatially 25 separated plugs presented to head 76.

In the-enbodi nent depicted in Figure 9, solvent reservoir Ais in fluid
conmuni cati on w t in punp B, which withdraws equilibratin 1 om
reservoir A any‘ﬁ%(z?’%%rs said fluid, under pressure, to col u%ﬁfrwl%i ck
di sconnect junction nmay optionally be included upstreamof nmain punp B in
order 30 to allow the end of tubing connecting reservoir A and
mai n punp B to be sealed to a¥# d or to mininize | eakage and
spi |l age should either occur. Main pupp B may WO 97/ 26532
PCT/ US97/ 01096 be any suitable punp neans, preferably
enbodi ed as a singl e-headed punp coupl ed to a pressure gauge
C, pressure sensor or transducer D, and pul se danpener E.

Pressure at the outlet of main punp B is nonitored using pressure gauge C
and pressure transducer D in conbination with an interna
pressure switch which shuts

027000,
0250004 —LYSOZYHE
a225%-
-0.20000-

217500 -EHTHOTRY P~
SINOGEW A

2150001 )

o} \L

000 mo0 2000 3000 M0 000 6o 7000 @0
TINE {SECONDS)

FIG. 13
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5; . down the systemif the pressure is above a predeterm ned
val ue. Main punp B shoul d be capabl e of delivering the
nobi | e phase of the chronmat ography systemat a ripple-free,

user.- sel ect ed L}n@\rlvgéﬁ} e M@.aﬁd%@%iﬁi@eéﬂgﬂg%l S%\j{xgte%a%ﬂlbrgfng%ir?gjﬁ%d whi ch

danpener EisPih ed to nrnimze ripplPes or rons n
may reduce efficiency. PUhs eintaragaired obdipalyceswtsn thedhttd@sctidn of
pressurized tetrafl uorgeth ( ) nmenbrane which fl exes

| ene 10 ) TFE
during the defimeleynta, é°§¥m%}1% the, HiSinpnte sepapptiqmof the sample componengs at
restored duri nl - | r u plied
to W L3l B NAR 1EUE ool i RSP Byl BB RS PEeE
preSsure at wiNach,b30,284 describes a continugusnproBess oo pepariting, hyldeocagbeo teiktukes

about 80% of the .operatin ressure. of nain ; unp, B. 15
ATl ine 11 bl adRGiBiE tead oREEE uflectontioe plea boprdaries, AL AR I Waicherove
articul ate Fpoh | OPHERS Byi r j | f
Pe novi ng "ebitfih co %)lggto F??éeé&gr eat @Fx tﬁtﬁiﬁggghétﬁt%té? [%%?%%pﬁmﬁn a%st er
is enployed, sé¢manatonotimer @ther gypacal prior art displacememchadmatoprphiesysiems are
accordance with the.in i.on. .. Downst.ream qf inline
Tilter Fis afteipse im b ob Batms NouS.433 860, Eurqpsasy PAFRE ABpbcaton No.

seljgctivel y epts39 i9hA3 afnhrISGTfIh&‘lfhéigﬁxﬁl PAEnEAD %&ﬁ@nNéﬁWbE/ZﬁBSJ et

valve Y being in fluid conmmunication with colum H In

accordance with theé\ majerproblem ithpeding speed and throughput of $epevatioas fin psiot art

bae i ot or S yetems afisRith b BE'use BF Syt BpeY ¢t Gpefiing (ier
manual inj ect gfe dHsiRmts Fnptised byaHe HeMRnWAE Viah Ddemd®r equations and kv pat h,
as is exenplified in Figure 9 by valves Jerr], Jerr], and Jerr]. The
manual consequent arfangemgemsrofiihe \physigalecqompements if the sysiemed i n seri es
Wi each ot her, rein the outlet. . of reach downstream
ValSe Te i n fiui o SBRisRch T ltBhic s qparing fos, KEn Rk AHATLACAR

: believed to operate with substantially laminar fluid flow, the fluid wave fronts of

the different fluid flows into the column tend to assume paraboloidal
co;iﬁgurations, thereby precluding sharp separations between volumes of different
fluids traversing the column, contributing to greater mixing. It has recently been
20 discovered that the limitations imposed on such HPLC separations by operation at
a mobile phase flow rate dictated as optimal by the Van Deemter curves can be
overcome by novel methods of performing liquid chromatography employing an
eluant flow rate through the chromatography column at a speed corresponding to

an average reduced velocity (as hereinafter defined) greater than about 5000. It is

[ L8]
[¥]]

believed that under such conditions, turbulent flow of the eluant is induced within

the column and it is postulated that such turbulent flow enhances the rate of mass
- transfer, thus increasing the throughput/productivity of the column by reducing

dramatically the time required to effect separations. These novel methods of and

apparatus for performing liquid chromatography are described more fully in U.S.
30 Patent Application Serial No. 08/552193 filed November 2, 19935, the same being
incorporated in its entirety herein by reference.

It has been customary to describe the function of an HPLC column in a

-3-



upstream val ve (e.g., the outlet of valve Jerr] is in fluid comunication

with the inlet of valve Jerr] and the outlet of valve
Jerr] is in fluid communication with the inlet of 30 val ve
Jerr]). Samyi& @rwkich %atunﬁwxa&ehagﬂtey it P1dtRE apykehndab veltRity 3Ndf BF MBHINA!
injector valves (Jerr], err], and Jerr], in accordance wih the present

enbodi ment . Tthase. Since an HPLC process is a diffusion-driven process and since different
- 16- WO 97/ 26 con . . .
PCT/ Use7) 010dglute molstales haVe diremy diffosign copfficiaty A0E 3P SPREIES 1 afEE

path may be %‘?ﬂbﬁeqw@b@ﬁlﬁg e progesk/t6W wide range of solutesPGT diffetedt Snodcufar
specific chromatographic purification enpirically, prior to use of '

t he Saut onmat i ovgightec tAdditiorallye shecsize of theepastieles i thej cotnmiymeay diffgrfpm
acconodat ed by _ - manual injector valves Gerr], Jerr]2, and
Gerr] my be the sanme or they may differ in 5 accordance with
this enmbodi ment. Each of manual injector valves Jerr], Jerr], and Jerr]
is filled via a needle port in the valve handl e assenbly, which depicts
Separate LOAD and I NJECT positions. Fluid is injected into

t he manual injector valve while the valve handle is in the
LOAD position, using a syringe or other suitable

—3A-



cannul a having a square end. The valve handle is rotated to the | NJECT

position to 10 inject the fluid fromthe valve into the flow path
to colum H. Preferably, a plurality of automated
i nj ect or valDetgiléd DesaripticndefithienPeeferred Embodiments al ong the second
flow path betweepn X and Y, .as is depicted in Figure.9. Sanple or o
eluant fluid is 6ﬂf a3Rectof MG RIESRNL Aysntion, g ?R‘H‘gft meFige 2ot 34 isvempbediedién ng

a punp L ' | bt i ' ' A t i,nj ect or
Vel ve K. as TEmatogrphy pppiralis iRy 9 ARARgibhie @RGn A REREASs o)
t he cont r ol pasked multiplicityeofrmigids soladipartisiesal2 baving substantially eaifprthenegw ogr am
whi ch determines th tilme f ech%(ﬂject' n. and,the flow rgte of .. '
fluid punpefdmELLs § &3S ﬁﬁ'ﬂ’a A6 Shum-y THE TR | MeaRy dRmeiete rAsaises hetrin iy
and intended to hiften KRS DRFAge’ @nédH) WirRétey 8F ¥ROsKséRioRlineRioh lotithe f | oW
into each automated injector ) valve. 20

The col unm partieles ssgardiess aftnasticlpisoufigeration and ds detstorbeheenstived @s ilimited to

relation to t cql um depi ct. ,n Figure 3. A tector,l i, included
downst r eam ‘?ﬁrﬂc ef that 4t necggsg}l@@? c,g?# m&g{aééfﬂgijgtﬁ? gg]u[eho;fsugﬂ R 1 om
col um H.  AdibinewRyRtally BalNg within a distribution 8P Hiadibérk Yt Bconfiaént@esbefficient
downstream of detector I, to nonitor flow of the nobile

phad@ t hr ouefhahaue 98 %st Anprefsirrad) aspest, of the \peesent mventéon isrihe jrreglarini of

solenoid 25 __ .. , I s | mcl tre f tector | to
divert the %ﬂﬁlﬁf s%‘??eéa#?cggrg& u'?ég%lér asq’%g&jhg%ﬁ]gsc’fm e@élgggfﬁ'tﬂ al ve P
| §: al so i ncidftired ad Qaukeig eRifoghitgl of €6tn®) inksrhoclflad/ gketpakti€les can be present in a
eluant flowinto a waste vessel. VWi | e the appar at us

of the pres@iedi myldnticish ohariouscpolybessal ernfignrationss neutds ipfended to include
af or aent o 55 Vol oA By phfrice ok 1A HARGHRA) irkine fe-arpe o

t he1gol ummsofusafities witht fo@gipy ®i%eh or scabrous surfaces. i nvention can also be in

the alternative formof_ a capillary tube defining a hollow .
The particles used in the aforesaid embodiment of the present invention are

formed from materials that are incompressible, which term is to be understood to
mean that the time rate of changes of the densities and volumes of the particles under
pressures of at least about 5 x 10° psi or 3.45 x 10* kPa, (including outlet column frit

20 retainer) remains substantially zero, and the particles therefore will substantially resist
pIasfic deformation even at such high pressure. The particles of the present invention
are shaped and selected in a range of sizes and shapes such that they can be-packed at
a pressure sufficient to form a column characterized in having interstitial channels 44,
as shown particularly in Fig. 3, formed between particles 42. Because of the

25 irregularity of the particles, it will be recognized that the interior walls of such
channels are necessarily quite rough in configuration. While it is believed that at
leasi the majority of channels 44 have mean cross-section diameters substantially né)t
less than about 4 um, the interstitial volume fraction (i.e. the total volume of
interstitial channels 44 between the particles) should not be less than about 45% of

30 the total volume of columnn 40. It will be appreciated that typical columns of the

prior art have interstitial volume fractions less than about 45 %, more particularly



-17-° el ongat ed channel of substantially uniforminternal
di aneter, the channel being provided with a chromatographically
active interior surface. The tube is forned such that turbul ent’

flow will bepdramddgdadnmtdrssuch psimueorstwioh @ke bpeateditdérothe @bnfol of a
velocity sufficient to create centrifugal forces in the fluid. 5
It has beenCOTBRWET §YsisMm i ARomatigally pentrplled dpiecton 0f fe Bvention may @lsepl et e

cycle clude' J‘Mﬁh\!&lﬁ%ﬂe@&emmﬁ&gg Iaﬁ taFﬂfEﬂgyeto%lé Ydtoniftic &; E&hddled® M

el uant can BE TUn Wt provi an extrenely
hi gh t hr ougingedtor. Whé apperatappéithe irveatioh may optlonally’riathﬂd both iﬁaﬁua:ltyasent

I nveption, the(grgunt of el yt] %SO|M required for a given

vol utre of s and putomatically COREPURY IS0 ess. For exanple, for a 1 x 10
cm 10 C

used in the pr?iglr:"’ffgft%‘ibfs;&niy 'BQ'BpE@Jted’@ fﬂé%t%e %g%@ucttw%'gﬁ#fﬁﬂgor lﬁt{ae pr sent

i nvention usnmjtaaeduskyeon:nﬂ mnmedtdequembuaFnr example, where teuimgection ceipaed t o
not nore than ab

about 5 of ‘FIFHW ﬂ%ﬁ‘?g‘}’%a‘@ﬁﬁgﬁ{"% 0 R'size dtgc eliver Z}E?{B@?LP %&O&@mnst r at esm;l
preparati ve seapbadingkofté il fjédiosBERId 86 HayOsteized fo'HBVide plugs of, for
10 example, 5 mleach of eluant fluids, and generally would have injection coils with
correspondingly smaller volumes. In such case, it is desirable to place saﬁple injector
50 at a location more remote from the input end of column 40 than the other injectors
" to avoid having to inject the small amounts of eluant into column 40 through the
large diameter coil conduit in injector 50 and avoid the consequent mixing that would
15 tend to occur. Figure 10 depicts a configuration of the chromatography apparatus of
the invention in which the sample injection means 100 and eluant injection means
102, 104, 106, 108, and 110 are connected in series, and the sequence of operation
of the various injection means is controlled by flow switching valve means 82, 84,
86, 88, 90, and 92. In Figuré 11, samble injection means 100 and eluant injection
20 means 102, 104, 106, 108, and 110 are connected in such a way that sequential .
delivery of the various fluids to the flow path is accomplished, under the control of
flow switching valve means 82, 84, 86, 88, 90, and 92. The embodiment of Figure
12 depicts a configuration that allows delivery of a second equilibrating fluid 47' to
the flow path from reservoir 48', through the action of pump means 46’. Valve
25 means 80 operates upstream of flow switching valve means 82, 84, 86, and 88, for
exémple, to apply an elution gradient to the flow path. It will be apparent tﬁa; the
spacing and location of the saxﬁple and eluant injectors relative to the column and any
input conduit thereto may be other than that shown in the drawings.
Injection in preparative LC is particularly important inasmuch as loading of the

30 sample across the entire column cross-section is generally preferred as permitting
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15 | ysozyme, using the apparatus of the invention. For this
separation, a cation exchange colum equilibrated with phosphate
buffer (pH 8) was enpl oyed. The proteins were sequentially eluted
usi ng var ylpegnanngjhemerofse Nddhe thtslsodlumd packing. In the prﬁensnhaﬁt@oxbw‘aﬁxyle (pH

8 I
ol it ng i GRIEDRISIRHBRNE APed 7648 parideioshatBe RRHi1oHS 95 HURA4O sndcaramloyed 90
step was p%;tﬂgmeqhamjwed\la&ﬁmeelak ?H—éfﬁra'bﬁpﬁtshﬁﬁ]&ﬂﬁl@fﬂﬁt% lanar

separation to erf or dance w t resem
i nvent i on. surface or front perpexﬁlmder tﬁetheaxns chelngﬁlomyf the cohulen, mottdnky abrove

appg atus a rocess w t hout arti.n mthe .sc of the
D ol o s ERHEGIRE Zrabate Butt andLalso, to maiERiL el ely S MGrRSERE, O

cont ai ned 'd&rﬂah’&n@ﬁ%ﬁwé&ﬂsﬁ"d&hﬁ g9 lof TRAIN Fiikid ti§ entASIR 8P ity IHR8d %a&eﬂang 25
shall be interpreted in an | ratlve and not in alimting sense.

What is cl giressdre that will ensure that the plug orrwcﬂumenmg@te@fintpmoﬂmnmﬁgs Imeping at

Chr ot 00 ABRaa) e S0P TRIRHY 38 Ml nosram ERheETe BEDY minimzing o

t hrough saifixe bm_]ﬂféﬁt 9rug§1bf<¥hﬂdl§§ri@%&smidgmtﬁe fpproxindie! Eﬂmﬁh of the
cont ai ni ng at least one solute that is reactive wth sai sur f aces,

andl®| ut i negnfls Qﬁﬂ@iﬂ miusmhea%é@ Blups azoadjacent to one ang$ernd t heret o, by
flow ng el uan'FT ug of &HEQ 5§3ﬂ<§1nﬁ18' ugh %M%%XR’EE % 1&&”&2'12&&%3

solute molecules become bound to chromatographically active surfaces in the column.

The solute molecules efuted from the column by the eluant fluid are detected,
typically optically by detector 78, of a type and in a manner well known in the prior
15 art, disposed at the distal end of column 40. For superior results, the eluant flow
through column 40 is preferably at a velocity corresponding to a reduced velocity of
above about 5000, so that band spreading of solute eluted by the eluant fluid from the
column in the present invention is an inverse function of the Reynolds number for the
eluant fluid and a direct function of the magnitude of the diffusion coefficient of the
20 solute in the eluant fluid. It should be understood, however, that the present
invention is applicable to chromatography in which the flowstreams through the

column are laminar inasmuch as the present invention tends to minimize the amount

-——

of eluant employed in either case.
In one embodiment of the present invention, column 40 is formed by packing

25 particles having a mean diameter not less than about 30 um, p_referaﬁly under
pressure of at least about 5x10°psi (3.45x10* kPa) at the column formed will include
substantially no voids. except for interstitial channels 44 formed between particles 42
in contact with one another, i.e. column 40 has a substantially uniform bulk density.
Columns 40 formed in this manner, regardiess of whether or not the particles are

30 porous or non-porous, should exhibit interstitial fractions of about 45% or higher.

Lower interstitial fractions, typicaily around 35% for porous, non-rigid
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t he 'step of I njecting said discrete volunmes of eluant fluid
into the flowstreamin said colum so that said discrete volunes
traverse said colum at a reduced velocity greater than about 10 5000
whi | e nai nPIYSHFgNGPHTIRles e Wilk pat pxhibi1the) reguisite seduned fluidwelocitnicdcepit st r et e

| | i . 2. A
hethod of MeagespBly fien fbiele WaEVASENER ColiBie B moure the pasticles. ey o1 &
all of said priadeterwiinaitedhs foreirionodfudie desited uniforei @shsiy kolvamt wath! the

sinmultaneously at 15 _  positions spatially separated al ong an extension
of the axi Prefermed dpgetitighirastiamyangd prsclids collapse undgy operating pregsure) thees

trawerse sajd.: 1&89 'ﬁéf@it Llulg. ol

3. met ho?a(;&%(ﬁ%ger ortﬁﬁjréllig;lk ?fﬁ%u gﬁ%%ﬁtalp y gg aggel %éléje%fﬂlldﬁ dcﬁlgﬁlﬁtl
wher ei n 20 necessadliycbedinsemptessible! atrpeekimgepressuecofat isasyabont 3410¥ psi

4. A met hod ofégﬁrform' ng | jguid chromato hy as defi

' d ] | aim 3
wher ei n sai(3-49 4&@@&?@%&% thF&P%‘@“S? gég{)gépasa&i’oﬂb}sﬁbq&%%?%éd‘tai@ 11.:P>ﬁ)-
separ at ed apAGs 84, the preferred Hﬁl&”‘at@ffo{gﬁg% frohe rdégﬁrﬁksoé?ﬂﬁta'g f&ﬂnﬂi@nasa' d

colum so t'hat said volunes traverse sai ' osel'y’ bunched

umm as
but separ attieahif) silich, diregria, vanadia, carbon and combinations thereof.

10 The method of the present invention therefore requires that the flow through at
least a majority of the interstitial channels in the chromatographic columr; must be
murbulent. It is postulated that the turbulent flow profile is almost flat, as
distinguished from the typical parabolic flow pi'oﬁle characteristic of' laminar flow
through a chromatographic column. More importantly, it is believed that when

15 turbulent flow is induced, a radial component of velocity is superimposed upon the
normal diffusion process, altering the normal diffusional process and the band-
spreading kinetics m a favorable manher with respect to the efficiency of the column..
It is further postulated that in order to induce and sustain turbulent flow through the
column, there is a critical relationship between the diameter of the flowing channel

20 and the linear flow velocity. The need for particles that are rigid and can withstand
changes in pressure without plastic deformation, as above-indicated, is therefore very
important in such case.

Injectors useful in the present invention are commercially sold as, for example,
Model 3725 and Model 3725-038 manual injectors available from Rheodyne

25 Incorporated of Cotati, California, Model E-45 automatic 'ihjectors available from
Valco Instrument Company, Inc. of Houston, Texas, and similar injectors provided
by these and several other manufacturers. A schematic diagram of a typical double-
loop injector of such type, employing the symbols used by the manufacturer, is
shown. in two alternative states in Figs. 4 and 5. In each such Figure, the injector

30 includes first input port 80 connected to the output of main pump 46, first injector
loop coil 82, first output port 84 connected to input end 75 of column 40, second

input port 86 connected to the output of auxiliary pump 54, second injector loop coil
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5. A nmethod of performng liquid chronmatography as defined in claim3
wherein said sequential injections are effected at one position |ocated

adj acent the input of ~said colum. 30 '
-19-, elongated channel of subﬁéntiﬁllyntrﬂimﬁnahtepml fdiarngtery the aghiarthel beippat ogr aphy
as defined in claim2 or aim3 including the steps of _
cycl i cal l yPF%‘BE‘?&{W 3 Fhromay O&Qﬂwy&ct‘é’%l‘@eﬂ?‘éﬁ’r‘@t‘% \C/ilb] f4Bs is formed 54
such {HaP Wirblef ﬂé@‘i@ifneﬁéﬂda%@ed’ﬂl HER i thidudhthi Btefibithcl t N ough

veloc1ty sufficient to create centrifugal forces in the fluid.

sal d colu

5 It has been found with apparatus of the present invention that a complete cycle
involving 100 ml sample plugs, using two different 5 mL eluant can be run within
about 15 seconds, providing an extremely high throughput. With the apparatus and
method of the present invention, the amount of eluting solvent required for a given
volume of sample, is generally considerably less. For example, fora 1 x 10 cm

10 column with a nominal volume of 8 ml, the amount of eluant used in the prior art is
typically about 40 ml. For the present invention using a like column, this eluant
L . volume is reduced to not more than about 8 ml, a substantial reduction by a factor
of about § of often expensive eluant.
Figure 13 demonstrates a preparative separation of a-chymotrypsinogeri_ A from
15 lysozyme, using the apparatus of the invention. For this separation, a cation
exchange column equilibrated with phosphate buffer (pH 8) was employed. The
proteins were sequentially eluted usihg varying amounts of NaCl dissolved in
phosphate buffer (pH 8), c-chymotrypsinogen eluting with 200 mM NaCl and
lysozyme eluting with 2M NaCl. After separation of the two proteins, a cieanfng
20 step was performed using NaOH, allowing cyclic repetitions of the separation to be
performed in accordance with the present invention.
Since certain changes may be made in the above apparatus and process without
departing from the scope of the invention herein involved, it is intended that all
matter contained in the above description or shown in the accompanying drawing

25 shall be interpreted in an illustrative and not in a limiting sense.
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bet ween cyclic repetitions of said injections.

chr omat ogr aphy appar atus including a substantially unlforn1 eIo EHIM “"II"”““I””
chronatogwpphy col umm (40) containing chromatographically react c

sur f aces, ed isy 50, 52, 54) for injecting into said colunn a

di screte volu a | | ute
that 1s react rl\ieq\;/lm tfﬁgsgﬁﬁﬁ%lf?ﬂé&&?h?&nﬁog&phﬁ.@ %)I%gf%mﬁgirasﬁ%ans
for flow dwumhUﬁningfdhnoﬁa(o@ﬁbhﬁdmgughctid&&ukﬁasbedndmdmgnhe §t8gs oMoV URENL
wher ei n: said neans  for flow ng said_eluant fluid conprises

means (5dhregh id colgmn; opecer; maEe discrete volymes @&gthqswb THXWEY e@@awtdpa%a. d
el uant f léi'{ eSsontth hatas geagﬁw Whnﬂ i@ Ghfhcds dnd BRithg & %xﬁ 3hfd s]:?fages Ta‘fc? L(HU% oai d

asto mai ntaln mnim-zed spati step separationb

di screte honhdrthemto Ihyqﬁlmdmgl eiumteﬂlad thmugh phidgcohnmn vﬂkumr¢veam sempnsﬂg
colum, s colum and said neans for flow ng are configured such
that the ?éFﬁpcﬁf sai d vol unme of eluant fluid traverses said colum

at a reduced vgtoght % ﬂrﬁg&g‘% vdieR ﬁ’fﬁpﬁ&9 umn

Chr omat ogr aphy ip%‘ a%us as defi neglélgn claim V\}“I%@glfll’lmgsge msasrailgh ?01

[ nj ecti ngsophau/saikkshssmtcj vplumgst traveesessaidycaluina atcal reduced vdlocitysgresten dianadbopt
fro xt endi n ustant aII dicularly to the axis of

b1 oGt i clbogywhils graisigintig mitiniaed spatal Sep YerFarii IRrPHG A0 A D APRERSS oo

defined ig3 gt qd[fgrzra\yggéghm Smneans for 25 i njecting provides said
pI ug traversing said col urm wth a substantially plane end

"~

2. A method of performing liquid chromatography as defined in claim 1 wherein
all of said predetermined discrete volumes are injected substantially simultaneously at
15 positions spatially separated along an extension of the axis of elongation of said column

so that said volumes traverse said column as closely bunched but separated fluid plugs.

3. A method of pérforming liquid chromatography as defined in claim 1 wherein

20 said discrete volumes are injected sequentially.

4. A method of performing liquid chromatography as defined in claim 3
wherein said sequential injections are effected at positions spatially separated along an
extension of the axis of elongation of said column so that said volumes traverse said

25 column as closely bunched but separated fluid plugs.

5. A method of performing liquid chromatography as defined in claim 3
wherein said sequential injections are effected at one position located adjacent the input of

said column.
30
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wherein said neans for i njecting conprises a plurality

i ndi vidual injectors (50, 58, 66) for injecting respective 30 pl ugs of
said eluant fluid and said |jqui.d pd xture. . .

”20- & Sathodof perbofthitg, Rtk Cuomatograntp s definedhin e sdaim 2 or

claim10 §lifcliding thdlk8pd 6f Sydicall ting BRSinlecARIo Qlid ilkRtd LORnR
plurality o dil?cf ere%t pfugi‘ a?yrgsp)éé?qe\a}emgspatllh%l ﬁy sei)%ﬁ%%ﬂeyé&%b S
posi ti onsandl ong an extension of the axis of elongation of said colum so

Erﬁgislsal g pl uqt?owing a predétre%}lll%re %o u%lllg o{: gclpijlﬂpraztai%g u?f ﬁ'erugqua(iQ %ghfnlnij d
between cyclic repetitions of said injections.

7. In chromatography apparatus including a subsmﬁﬁally uniform, elongated
chromatography column (40) containing chromatographically reactive surfaces, means
10 (50, 52, 54) for injecting into said column a discrete volume of liquid mixtyre containing
at least one solute that is reactive with said surfaces so as to load said column, and means
i for ﬂowiﬂg eluant fluid (60) through the loaded column, the improvement wherein:
said means for flowing said eluant fluid comprises means (58, 60, 62) for injecting
at least one discrete plug of said eluant fluid into said column adjacent the input of said
15 column so as to maintain minimized spatial step separation between said plug and said
discrete volume of liquid mixture as said plug and volume traverse said column, said
column and said means for flowing are configured such that the flow of said volume of

eluant fluid traverses said column at a reduced velocity greater than about 5000.
20 "~ 8. Chromatography apparatus as defined in claim 7 wherein said means for
injecting provides said plug traversing said column with a substantially plane front

extending substantially perpendicularly to the axis of elongation of said column.

9. Chromatography apparatus as defined in claim 7 wherein said means for

25 injecting provides said plug traversing said column with a substantially plane end
extending substantially perpendicularly to the axis of elongation of said column.
10. Chromatography apparatus as defined in claim 7 wherein said means for
injecting comprises a plurality of individual injectors (50, 58, 66) for injecting respective
30 plugs of said eluant fluid and said liquid mixture.
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12. - Chr omat ogr aphy a ed in claim11l includi ng means for.
controlling said inj H!Hmmnﬂ“ﬂm“me | atter operate for injecting said
respective plugs ¢ subst®anti afl y. si mul taneously. 10 13.
Chr omat ogr aphy ! afphnomategraphydeppasius as defingdniniclaion &0 vdienejnrsewhinjdopors are

control ling.said.inj.ector .hat. the |atter operate for .injecting.said
respecti Pe ?Qf&sfor Ihjg&&ng. igﬁﬁ’%ﬁ% tix{l@éren% ptlugs a2 respective 5 A‘?Hﬁ:ﬁ?m ggr aphy
appar at upogiiotkelbRE dn ieRteakioh Bf kBe WRRI Tl dloisgakion iofiseidt WhemA's8 tha said plugs
positioned for injecting plurality of different plugs as sequenti af)

i nj ect i of8vesse said s@lumn anelosely bunchethBpid piHgs.ocat ed adj acent the input of
sai d col um. 15. Chromat ography apparatus as defined in
clam 13 wherein said injectors are positioned for injecting a

plurality of dpffChefiatadraty aipataadeas defigedsinadlaied 1V isctding trechnd Gor
positions along an extension of the axis of elongation _ of said colum so
t hat sai eoRrQilBg said injectors s, that gheslattar eperaienfos dnjectingesajd seapestie plues d

pl ugs. substantiall simultaneatﬁiy Chr omat ogr aphy apparatus as defined in claim10
I ncl udi ng” neans ¥ 8¢ ‘cyclically repeating the injections of said

plugs of eluant fluid and m xture.
10 13. Chromatography apparatus as defined in claim 11 including means for
controlling said injectors so that the latter operate for injecting said respective plugs

{ sequentially.

14. Chromatography apparatus as defined in claim 13 wherein said injectors are
15 positioned for injecting plurality of different plugs as sequential injections effected at one

position located adjacent the input of said column.

15. Chromatography apparatus as defined in claim 13 wherein said injectors are
positioned for injecting a plurality of different plugs at respective spatialiy separated
20 positions along an extension of the axis of elongation of said column so that said plugs

traverse said column as closely bunched fluid plugs.

16. Chromatography apparatus as defined in claim 10 including means for

cyclically repeating the injections of said plugs of eluant fluid and mixture.

25
17. Chromatography apparatus as defined in claim 16 including means (46, 47)
for effecting a flow of a predetermined volume of equilibrating fluid through said column
between cyclic repetitions of said injections.
30



25 -~ ' g M -éppar atus as defined in claim16
i ncl udi ng neans (4 T!lum"lﬂrlﬂlﬁﬂ"ﬂ r effecting a flow of a predeterm ned
vol une of equili brg}_i ng{ fl u'a t hrough sai.d col umm . between cyclic
repetitions ofl&af-Bromfiagiaply, apparawyd as defined in claim 16 wherein sgil means for

Chr omat o Rk @&H@r i L 4G Al i §gg &'n@‘%@ -
I njecti nglrl com§r| se l%tw’i%(la%?tﬂ i ?gfegg%d(;]dg‘g%’gir?éé?%%g{egrfgrc nnle te%%r%
i nj ect i ngaidepipgs ati respective first andi stcoudigpatially sepapated ipositibng slongad exewiot of

spatially, separated pgsitiong along an extensi.on o .. the axis o

o ongat | S S ohielogBROR At SH ST AT, A A B8t GO injortars Eapiecied Tor
confect eqnjo@ting Rspectivelsaidibhdst EAPAR!fokfth SPhThIR! 4p5raRld ddliridhsagglaf our th
spatially 'separated positions, sai pparat us I ncludi ng nmeans for
cont r ol | iapparatvs inclpdingimeans or sentrblling thet imjesctibng by pailiinjgttoys for cyclically
alternati I nj ect.ions of. said respectiv | u by gaid first and second
i ect or &Gl griectivns of s EspEHYE SieS Ty W gnd seermrinierEe At S of
sai d respRéet AndeseBbitd §o§iﬁox%@'x€ig{ fHjedionddr oM rrEipectivg plugs byistid! @ird AHd Patd

third and fourth positions.
injectors at said third and fourth positions.

10
19. Chromatography apparatus as defined in claim 18 wherein said third and
fourth positions are the same as said first and second positions.
15
20
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19. Chromat ogr aphy apparatus as defined in claim18 wherein said t R $ana?y
ffourth positions are the sane as said first and second positions. 1%b35L% - ¢
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chromatographically reactive surfaces in the column is loaded into the column, and a number of plugs of different eluant fluids arc
injected into that column. ‘The injections are made in 2 manner that minimizes the amount of eluant required. In one embodiment, the
injections are made to insure that flow of at Jeast the cluant fluids through the column will occur, preferably with a substantially flat
wave front, at speeds corresponding to reduced velocities greater than about 5,000, i.c. at flow rates sufficient to induce turbulent flow in
those fluids, thereby minimizing the time required for the entire succession of mixture and cluant fluids to traverse the column. In other
embodiments, the injections are made substantially simultaneously at spatially separated points adjacent the entrance to the column or are
made in sequence to a single location adjacent the entrance to the column, in either case the fluids then tend to travel through the column
at a common group velocity as closely bunched fluid plugs.




