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PCT/ US96/ | 7376 H GH PERFORVANCE LIQUID_ _
CHROVATOGRAPHY _ _ METHOD AND APPARATUS
This invention relates generally to chromatography and nore particularly to
met hods and procedures for effecting inproved high perfornance quuid

chr omat ogr ap Background of the Invlfct%r,

The utility o separatrons by high performance |iquid chrona ograp%y has
been denonstrated over a broad range of é) i cations

i ncl udi ng the anal ysi MHPEWWEMQUID CHROMATO lgbﬂ'lﬁfol ecul es

ranging fromlow to high nol ecul g %?, ﬂq e chr omat ogr aphy,

as in gas chronmat ography, there are stgnifican |m€ations particularly

ari sing out of the tine required for analysis. In order to
understand fully th I mfations, escrj ption of

ief 10
the theoretical basi ‘%’ﬁ“’?ﬂ"er{elﬁﬁe§W§§%&P§P¥W‘%’M@é§“°&f’ Panicularly fo,y -

be useful. thods and cedures Hof SHAFnal | REPCReR x‘ﬁﬁm f act
that a nunber ol?ecorrpoanen rosoI“urese g liftfiro nol ecul 6 &n ‘t‘%ﬁ

stream of a f| whoomasegraphyt @PLO)r ough a packed bed of partrcl es

known as the st!gt h onar& E%Sﬁ[ @Ian be efficiently separated from one
anot her. The 1 al sanpl e conponents are separated
because each conponemé ulifiy of sepafafiosisByt high performance liquid chiofria lb?fa‘ﬁhf Bis Hea?

stationary phase, leading to a different rate of mgration each :
conponent  and dPEIPFEREFrLARTDd TARge ‘ffdP"‘H‘aE‘PP“d'aﬁ‘rb‘fmeh‘t malisic gind gufifiaatien he

col um. of molecues {%gmgm[ 1861 8 Righ ch &P Gighis. G G RRSaR g,

anount of spr ea ing o e ban
as in gas chromatography, there are significant limitations particularly arising out of

the time required for analysis. In order to understand fully these limitations, a brief
10 description of the theoretical basis on which these separation processes are based may
be useful.

The separation process relies on the fact that a number of component solute
molecules in a flowing stream of a fluid percolated through a packed bed of particles,
known as the stationary phase, can be efficiently separated from one another. The

15 individual sample components are separated because each component has a different-
affinity for the stationary phase, leading to a different rate of migration for each
component and a different exit time for each component emerging from the column.
The separation efficiency is determined by the amount of spreading of the solute band
as it traverses the bed or column.

20 The theoretical background for such separations arose in connection with the
so-called "Craig machine” (as described by G. Guiochon et. al. in Fundamenials of
Preparative and Non-Linear Chromatography, Academic Press (1994) at p. 174) where
separations may be considered to be made in a plurality of connected, equal, discrete,
hypothetical stages, each volume of which contains both stationary and moving phases

"25 and in each of which complete equilibrium is established. Each such stage is called a
"theoretical" plate. In such cases the number of theoretical plates in the column is
calculated from the degree of separation. The length of the column per calculated

theoretical plate is called the "height equivalent to a theoretical plate” or H, and is a
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as it traverses the bed or colum. 20 The theoretical
bachground for such separations arose in connection with the

so-cal led "Crai g machine" (as described by G Cuiochon et. al. in
Fundanent al s of Preparative and Non-Linear Chromatography,
Acadenmic Press ('1994) at p. 174) where separations may be

consi dered twowsnemee in a plurality of connected, equal, drcIRUsREEI3T6
hypot heti cal stages, each volume of which contains both stationary and

novi ng phases Jpeaeyre the ghenoﬂx@ﬁjod I e?‘ftﬂr&ﬁem Hh Elﬁ'%t%&:f&ﬁgygu' LI Bﬁeum s

established. Eac suc‘ﬁ ge IS ca

plate. In such smem-y'aimbthanﬂbephasé mobesqustithectiist phiagd #2 rehtlidlyefaﬁt%ﬂdrmthas
calculated fromth [et\)e of , s ration. &negﬁgtl engt h of the colum per
cal cul at ed comp e S rl“ﬁbﬁr Bty POL AU ¢ {v¢ Rhases, apd pf course,

egui val ent to aotdiftticEith 'arepbl% ONontlﬁfhﬂde plate theory is commonly used to
PCT/ U896/ 17376 describe the passage of mnsdm thgough a dheonpitegraphiccolumns to explain band-

band- br oadeni n e S stationary
and the ot her q“%asdﬂ'mﬁg E%gg{glgﬁéb%o?&tg&% L at a relativel y fast rate so
t hat 1 appRying pladhsory (' dhruibdisgraphit doRins, Sy mitt hainde thab gt Veen

the two phases, and of course, no di stinct stages are

observed. Not wiof Biesqhus is gresent nitially e gheyfirsiplate hofeme of the solumo, thsdlstrlbunon
describe the pmﬁnpfs Jnn«?rmﬁ%vu g %ﬂ&o&ﬂ&nﬂa%}k% B%QP%S the en nr;mwul?

expl ai n band- broadening 1n terns a nunber
fact dfs. rapidly distribute itself betweenathptwa plgses|in echtplae vpluine. C h ro mat og r aphic

oi t1ar ]y T et Detaugs calinygharovie it rophin o seRected A RRGs
are the sine qua non particularly of preparative, modern HPLC systems, the namre of
the packing put into the column and manner in which the column is packed, all relative
to the solute sought to be recovered, are of great importance. The various processes
15 that determine relative band broadening with consequent deleterious effects on column
performance are therefore desirably minimized. It was believed that the effect of each
of these processes on the column plate height I can be related by rate theory to such
experimental variables as mobile-phaée velocity «, packing particle diameter d,, and
the solute diffusion coefficient in the mobile phase. The major band broadening
20 processes in HPLC contributing to height equivalent to a theoretical plate, H, are
generally considered to be:
(1) eddy diffusion, ad,
(2) mobile-phase mass transfer, a,d,’ #/D } = Aw"
(3) longitudinal diffusion, bD/u = B/u, and
25 (4) stagnant mobile-phase mass transfer, cd,’u = Cu
where a,, a,, b, and c are plate height coefficients; n is a fractional exponent, A, B,
and C are constants for a given column, and D is the diffusion coefficient of the solute
in the mobile phase.
Adding these various contributions provides the classical expression describing
30 band-spreading, well-known as the Van Deemter equation, that can be written in

simplified form as:



coefficient is constant for the solute concentrations encountered and the

solute wll 10 rapidly distribute itself between the two phases
| ieach plate vol une. Because col umms that provide
m i mum br oadeni ng of separated sanpl e bands are the sine

gua non particularly of preparative, nodern HPLC systens, the nature of

the packing put..i the colum and manner in which the colpsfisbénBacked,
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consi dered to kile traversing the column, resulting ii§ bandespasadibigf dnd Sinpairing [separjtibner r ] .
(2) nobile-phase mass transfer, [err =_Aul err. . (3)
| ongi tudi nal dFf ’F@%n}\sw @mé}lﬁ?]oﬁrpao@g%ough]mecolumn Temains COnSGnL, e, o ant
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alerr], b, and c are platé height coefficients; nis a fractional exponent,
A B flow shronglmghe@olymn. const ants for a given colum, and Dis the

O Oneoot o e bOEnaRl s sytn of s v oo R R
describing 30 the column and is el fiqreeipdificant acdow valns\of tias vélbeity)/ becobdngrater
Bguatl on, Rt O elocitics a negligible hactor contributing to band Sproacding héxause OF fhe process
of axial molecular diffusion of the solute molecules. Such molecular diffusion is
driven by concentration gradients, so the relative contribution to band-spreading
15 becomes less as the length of time in the column becomes shorter.
The C region in Figure 1 varies in opposite sense to B, i.e. its contribution to
H increases with increasing flow rate. As the solute molecules flow faster, the
separation efficiency becomes limited by the ability of the sample components to
diffuse in and out of pores in the particles. The C term therefore represents the mass
20 transfer limitation of this diffusion-driven process.  For this reason, the
chromatographic process exemplified by Fig. 1 has a finite time analysis boundary.
Exemplary of conventional theory, the Van Deemter equation thus teaches that one
must settle on a fixed analysis time to achieve maximum separation efficiency.
A family of curves similar to that of Fig. 1 can be obtained by plotting H vs.
25 p for variations in column diameter, packing particle size, amount of stationary phase
and the like. -According to the rate theory as éxempliﬁed by the Van Deemter
equation, the minima in such family of curves indicates the optimum flow rate of the
mobile phase through the column to minimize band-broadening. Importantly, the curve
asserts that as the flow rate through the column increases in the C region, the column

-30 plate height H and thus the band-broadening also increases.
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PCT/ US96/ 17376 (Equ. 1) H= Au[err]+ B/u + Cu

A typical Hversus u (in cnisec) plot is shown as in Figure 1.

In Figure 1, the A region represents the eddy diffusion termcharacteristic

of " the colum packing, i.e. flow through the colum will find
tortuous chawoastraénd . 5 varying | ength between tREINSAFIBH es.
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A famly of cur =t 't 1g. 1 can be obtained by plotting H

N < (Hqa! 3) fomwmﬂuwmumcwm dl ameter packi ng particle
size, anount of stationary p d.the lik F Accordlgg to
the rate theor ywhge@x@mpvlﬂuw ’b}s dofined an, H&e‘ﬁ‘!"é‘? q: is the particle’ diameter, an

accordingly / is a dimensionless coordinate. Similarly, the dimensioniess coordinate
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

20 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
channels in the interstitial volume between particles in the column, and should not be
considered as descriptive of fluid flow within the pores of porous particles constituting
the packed bed in the column.

25 From Equ. 3, it will be seen that the eddy diffusion term, a*d,, is a function
of I;article size. Thus, the Van Deemter reduced equation predicts that as the particle
size increases the efficiency should decrease. The longitudinal diffusion term, b*D/u,
is shown as a function of both the fluid velocity and the diffusion coefficient, an
inverse relationship indicating that for small molecules at very low fluid velocities, this

30 term will be more significant. As the fluid velocity increases, this term will be

dominated by the mass transfer term. The latter term, c*ud,/D, is shown as a function
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equation, the minima in such famly of curves indicates the optinmmfl ow
rate of the nobi | e phase through the colum to mnimze
band-broadening. Inportantly, the curve asserts that as the
flow rate through the colum increases in the Cregion, the colum 30

pl ate height H and thus the band-broadeni ng al so increases.
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PCT/ US96/ 17376 In describing the function of a HPLC
colum in a plot such as Fi % 1, it has . . been customary, -as
with the Van De®friall theger variables, i.ec Hle pasticle size. the; Bwid Y819y apd the diffusion
plotted agal nst chisfiiedr. Wa!EAiN velogtly iné}Eastih el it Predictl ditihd ad:filahsfer
process is a I Tfusion-driven process and since different
sol ut e nol ecul esermewill doimirate theeffidiefdy withondegerioration proportionalde thieiprodunt of theone

can consider this latter variahQle |n | yi ng t rocess .t Wi de.

range of sol ut eJelgpity;; é’PEH"ke H’BF‘&%&I ng'v%lgﬁﬁf‘sdﬁ‘ﬁgﬁ F?%ﬁﬂ?‘ﬁy?het F@c'ﬂ“‘zye of
the pagticles according to the Van Deeth@feduliio Shodld Yhetkfbre @lwdys @80réuté h A funbtion
colum, and nmay al so be considered as ~ anot her variable, and

li kewi se, the vioftediuid velgeity i thivregion: K aill bpshawy hareingfiey that ghese aspects of
consi dered. |n Qein berief &tblicark 46t PHA'SS: Aty WPHhE nlrBASE lhleaD! e, [ Nt o
account. one 10 vant ageously may enpl oy reduc coor di nat es,
specifically, h in pla:&Giodings inadckiyical Chemistry, Vol. 35, i183&)(3963) ofroposesithat

taught by G ddi ngs and described i Introductign_to Mddern Liquid
g Y ﬂ?e. a* term in Equ. 3?3 coup{;d wri] mass transfer in t?\e moﬂile phase to vield a term

10 that is less than a*d, or c*v alone. Giddings asserts that this coupling theory predicts
that plate height approaches a constant value, i.e., at high flow rates the plate height
is independent of flow velocity, and asserts that he has evidence of a plate height value
as low as 2.5 in liquid chromatography. The same author, subsequently in Journal of
Chromatography, Vol. 13, 301 (1964), writes that “... the value of A cannot be

15 reduced much below 2, i.e., the plate height H cannot be pushed much below two
particle diameters", presenting curves that predict that the optimum plate height is to
be found at a reduced velocity between 1 and 2.

It will be appreciated that minimization of band-broadening is desirable to
insure that one obtains optimum separation of solutes, particularly in analytical

20 chromatography, and product purity, particularly in preparative chromatography.

| While these goals are specifically true in the separation of biological macromolecules
such as industrial enzymes, various proteins for use in therapeutic and diagnostic
procedures and the like, frequently such desired molecules are generated in only minute
quantities in a very large volume of fluid and are very large with a correspondingly

25 small diffusion coefficient. Thus, separation of the desired molecules by HPLC would
be agonizingly slow and unduly expensive if. limited to the mobile phase flow rate
dictated as optimal by the Van Deemter curves. Additionally, biologicals may degrade
in time while in the preparative solution, either thermally or due to the presence of
protéases and the like, so speedy separation is very desirable. The efficiency of

30 production achieved with a fiquid chromatographic separation process for biological

macromolecules can be described in terms of amount-of-product/dollar. To achieve
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Chr omat ogr aphy, 2nd Ed., supra, at pp.234-235, to yield a reduced form of

t he Van Deent er equation as foll ows: (Equ. 2)
~h =a*+ b*/v + c*v, or 15 (Equ. 3) H= a*d[err]+ b*D/u +

c*ud[err]/D ) wherein the coordinate h is defined as Hd[err]

where d[err] is the particle dianmeter, and accordingly his

a di nensi onl ¥Xx97368@4di nate. Simlarly, the dinensionl ess coPCTIUSHAIIT376
v is defined as ud[err]/D where D is the diffusion coefficient of the
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e

velocities, this 30 . termwll be nore significant. As't
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the mass tr anSf&(dﬂtﬁ?Ji&H othHg sAl@tLttlﬁ{)uéheM seFSf’sql{aﬁExr g({rg‘ I's shown as a

function -4-

Similarly, U.S. Patent No. 5,228,989 (hereinafter the '989 patent), a
continuation of a division of the '270 patent, teaches forming columns by packing
particles characterized as having pore structures that are bimodal in that the particles

15 have pores that lie within two different ranges of diameters with a specific ratio of
particle diameter to the mean diameter of the pores of the larger range. U.S. Patent
No. 5,384,042 (hereinafter the '042 patent), a division of the '989 patent, discloses and
claims a matrix formed essentially of the particles claimed in the '989 patent.

Notwithstanding the assertions that the teachings of the '270, '989 and '042

20 patents uncouples the phenomenon of band-spreading from velocity of fluid flow
through a chromatographic column, it should be noted that the validity of the Van
Deemter hypothesis is essentially unchallenged therein inasmuch as these patents state
that the C term will not be completely independent of bed velocity and ascribe the
claimed improved performance to the existence of the two related sets of pores.

25 Another example of pertinent prior art is set forth in Introduction to Liquid
Chromatography, 2nd Ed., Snyder and Kirkland, John Wiley & Sons, N.Y. (1979),
preéently considered one of the authoritative textbooks on the subject, which displays
at p. 238, a table 5.25 characterized as applying to "probably 99% of all LC
separations for the foreseeable future.”. That table is said to dictate the conclusion that

30 "A higher operating pressure generally yields larger N values (assuming L is increased

proportionately)... However, the advantage of a major increase in P (e.g. ten-fold as
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PCT/ US9/ 17376 of all three variables, i.e. the particle
size, the TTurd velocity and the diffusion coefficient. As
the.fluid velocity increases, the equation predicts that the nass transfer
termw ||l domnate the efficiency with a deterioration proportional to the
product of t vel ocity and particle di anet g Il ven
di ffusion coe ?glﬁ"ez'r‘lt , the efficiency 5 accor?ifcr?‘g@?gn?ﬁg Van

Deent tion_shoul d t her ef | d functi .
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be 15 reduced. nuch belfow 2, 1.e,, L‘he pl at e, hej htf H cannot be
pushed much bel ¥, t<hifts o higher values. for example. ) amfnr, g, senapation 'W?’e‘éehf’?fhg%urves

that ;gredict t h ' t I ilesioF 40 fgund at
a red ﬁc ed vel ocl;llﬁ %‘i/eg'b(&e\%g%h r%gggﬁ%%ﬁ“me s'0F dare favored...... £ hﬁcfﬁggg

appr eci at ed t hadecréases withaincreasing samphel niotesulde weight,i thedopsimuarb vatue of d, also

I nsure that one, obtains tinum se tion of | ut es rti.cularly.in
anal ytical 20 decreases. ﬂgc‘ﬂ’ﬁ%ﬂﬁ?ﬁ%ﬁ%ﬁhvse@nﬂ _ a‘ng'fﬂ“Bﬁ?fi ygjue b’érat %gﬁ? arly
in preparative ghigEheRaARWeight of 300,000 would be Wonl £50u16.98 1§04l SmAKIRA the
specifically true in the separation of biological macronol ecul es

such as i ndust rtex cosplngesowith the stagements, ‘direm the prseedingdata, we ses thakspbmicrap g
di ti . | . | " ired
Y11 i A AR 0] s SENG g do

nol ectl es itres 1n a very
| ar ge vol ume of* f.|psésshressbosne 5000epsydé notgxppedr worthwhile for d§bseparatioy” . 25.240).

smal | diffusion coefficient. Thug, separati.on of the desired lLecul.es by
TPLC woul o AS Wil be apparesypereiafte, B rSset IVEoR s ip gl Seroaeipn
limted to the sk @ssBidASarld OACIifb® characteristic of the pridiagd at ed as optimal by
the Van Deenter curves. Additionally, biol 08:? cal s %&ggr ade

in time while in theA theeryaofshtomatogmphy iespounded heM. F (hramategraphy. t he
pr esezrace of D.H. Desty, ed, p. 36, Buttersworths, London, 1958) is based on a number of

assumptions that are correct only for laminar flow through a column. This was
confirmed by J.C. Giddings (Advances in the Theory of Plate Height in Gas
Chromatography, Analytical Chemistry, Vol. 35, No. 4, April 1963, pp. 439-448)
who, noting shortcomings of the Van Deemter equation, asserted that the equation was
25 incapable of successfully predicting a numerical plate height value in chromatographic
columns from independent data because it contains .no provision for fixing the
magnitude of the effective film thickness, and contains errors and omissions relating
to eddy diffusion, gas phase mass transfer and liquid film transfer.
V. Pretorius and T. Smuts (Turbulent Flow Chromatography: a New Approach
30 to Faster Analysis, Analytical Chemistry, Vol. 38, No. 2, Feb. 1966, pp. 274-280)

remark that all previous studies of minimum time required to resolve a given pair of
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(hereinafter  reduced significantly! IEetoﬂEOemtmle)lmm&Emwlem conditibnsake Gblayf | ow
of a fluid m xture aof solutesthrou |)<formed w th

two séts of i ntexpressinR filsganhreds %H?ﬂé’é? ﬂ??aRfMé“&Q‘ﬁ"fé’éﬁa’H{ disparsipn under
that is substanpgidg cffiditons vr&éﬂ% ﬁhﬁrlQ Pfocsﬂéy 508, Eﬁsﬁ‘%ﬁ (WSB)P{bQPESS

the rate of %P(\;/ectlve flul l'ow, ~apparent!y under
pressure gradi eA252, tsssqmg)ttdndenm equitignsrtha a’tﬂdeemed general forms tofi thehéolamal | er

mean di ameter nust exceed a city XC eds he rat

of diffusion of XPFRESISR SERRSE M?‘Fﬂﬁh L“&P“"(Sfa“é %PEW BV esk Préiortuf ef al.

Simlarly, U S obE@ieBlotsNGowm %sﬁpﬁﬁ%e@hﬁ bR exbérifientdd and &%Mzﬂﬁ &abrdingdo
he

continuation of a division o atent, teaches form ng col ums by

packilly the new equatigns, ireduses dramaticaily op Jrapsition ﬁé\ﬁ?}'@mﬂb prmberof abolte s
22, ok B S, TS i
employing turbulent rather than laminar flow, analysis times for gas chromatography
are improved by about an order of magnitude. The authors speculate that for
chromatography where the mobile phase is liquid, analysis time should be shortened
15 by a factor of about 10%, based on their extrapolation of the comparison of analysis
times in conventional gas and liguid chromatographies using laminar flow. Pretorius
et al. also argue that the length of open tubular columns used in liquid chromatography
with turbulent flow must be about ten times as long as for laminar flow, that simple
separations would require pressure drops of several atmospheres, and more difficult
20 separations imply pressure drops of more than 100 atmospheres. The use of turbulent
flow liquid chromatography to obtain preparative separations with high accuracy and
high speed would appear to be contraindicated by the teachings of Pretorius ef al., who
notes at page 280, col. 2, that a separation in a tube with a diameter of 0.1 cm. and
a length of 2000 cm. ( with a separation factor of 1.5) would apparently take 24 days,
25 and surmises that with a separation factor of .75, the analysis time might be shortened
to about 6 days. .

The utility of wrbulent flow in capillary chromatographic columns was
advocated many years ago as an attractive means for achieving highly efficient
separations, but was not extended to packed columns since the pressure drop necessary

30 - to obtain turbulent flow was considered too large for practical considerations. Cf. M.

Martin ef. al., Influence of Retention on Band Broadening in Turbulent Flow Liquid

-8-



particle di aneter to the nean dianeter of the pores of the |arger range.
U. S. Patent No. 5,384,042 (hereinafter the '042 patent), .a

divisTon or the ' 989 patent, discloses and claims a matrix
forrmed essentially of the particles clainmed in the '989 patent.
Not wi t-hst andi ng the assertions that the teachings of the '270, '989 and

‘042 20 wo smis724Pat ent's uncoupl es the phenonenon of banperpssagizeg from
velocity of flurd flow t hrough a chromat ographi ¢ col umm, it
shoul d be noted t e validjty e V enter,

hypot hiesis is e@%{g&ﬁéhfpw@ﬁ@n eﬁﬁ‘ﬂ\'esgﬂ 1:*?3?43%%3??)5195(“@ é:oﬁcé?sé%s

state %"ﬂy 1 fSlalz thIdE& Prankfer BITdAL akGInRErkhaNy DeRaRENOpeAL Of

bed vel ocity anavascrl cl ai med i nproved performance to
the existence ofTubke b rmléld Applications pefr ddeal pand Coiled Tubes in Liquid

Dauia o ChroRSlogapilde SHrdnglt, 273 Z247c{ie) nkibiinishy QRusdy

Wley & Sons, Niy.diéchSsJiquid chromatography in thé &atbnlehy regios ibdeause] tl‘mepaiﬁd he
authoritative textbooks on the subject, which dis

238," a table 5. psrmmﬂarﬂwul%é@ %SMWWSO%BS%W‘;FS@WFMWF Fughes >
separations for the,loleseqaR! ﬁ;,gkué]rygsﬁre dro% ﬁ:ﬁb& tabfe, %ﬂd%&&mﬂ' ftv@hﬁ the

concl usi on t hat erati ng ressure enera
yi el ds |arger N difficoleat (ughsinlen pressiires.s Furthereasm recognized that maintenance of the
{) ;g?? (r)|t hoggt el y)statl'onarv Vs?er ina ceo%gt\(/)g&% ﬁeu un erJturrbuiepxtC h&%‘ Sc%n&iﬂox?s &g%g.

WO 97/146724 difficult at best and appeared impractical because of the high shear forces involved.
PCT/ U896/ 17376 in Table 5.25) is onlf\;a rg)ortant for small
se Di

val ues of d[err] andDb8. Hargeeryal A <Campagison/pf Mobile-P! spersion By&ps and
particl es (5-10 errbm and s Raéea'g 'gﬂﬂnée, 'ffsiﬁ _5:55 (@6@), p}e%er&ed‘sa Qﬁdyof%e

10-fol d i ncreasé”
fluid dynamics of flow through columns and recognized that at very high liquid

velocities, turbulence influences the rate of dispersion in the flow. The highest

15 - velocity that is shown in the liquid experiments was log v =3.8 which is approximately
. around a reduced velocity of 6,500. The paper states that at very high velocities and

Reynolds numbers in excess of about 10, the reduced plate height becomes independent

of the velocity. The paper was based on studies conducted with columns prepared with

non-porous glass beads of 500 um diameter packed with column-to-particle diameter

20 ratios of 10 to 30. No chromatographic separations were effected inasmuch as no
solute was retained on the beads. Similarly, H. Kaizuma ez. al., Evaluation of

Coupling and Turbulence by the Dynamical Comparison of Gas and Liquid
Chromatography, J. Chrom. Science, Vol. 8, 630-534 (Nov. 1970), in another study

of the fluid dynamics of flow through columns packed with 500 um non-porous,

25 spherical glass beads that were not chromatographically active, notes that coupling and
. turbulence will cause plate height vs. velocity plots to differ radically from the Van

Deemter form, based on the use of input column pressures up to 123 atm. to get high

velocity extremes. This latter paper shows that a log reduced plate height vs. log

reduced velocity plot for liquids extends to reduced velocities in excess of 8,000 and

30 shows a maximum somewhere around about 5000 before the plate heights (around 10)



in Pyields roughly a 2-fold increase in N. For nuch smaller particles and

| ong separation tines, a 10-fold increase in P can translate
into a ten-fold increase in N 5 However, the experinental
conditions involved are totally inpractical in that separation

times are much too |long, and the values of d[err] are nonoptinum" (\Were N
Is the wo097/16724 nunber of plates, P is the pressure, PdTaIsp§N7m™ws t he
particle size and L is the columm | ength). The text
continues as f y i ' ue

of d shifts %%l \3§ Ry al U E rng@g%rrp etﬁrbgﬁgén orgﬁgtigggaéﬁgﬁ?gmtﬁé of 1
dav At 10 in LC. hi gher operating pressures, |ower values of d[err]

hor east ng sampi e T BLTRSE IR How 18 ESSBRRHIDY iseatt f ABpRh & haiow
decr eases. " Th"cyfxﬂ&ﬂcﬁlﬁiﬂe%ﬁ%e%%nﬂ&%%&&-ie@ﬁén adaereamaguﬂsb%wds idlaye for .

a solute havi ng a nol ecul ar wei ght of 300, 000 woul d be from
about50.03 to ooxgqucosmz;ﬂmmelsacnncalortrarlsxtmﬂwvelgﬁmmtmsmdx he

;gft ieg:agtssalr' gr i h \%&%ﬁ%ﬁsﬁﬁ gﬂga epar at I on oﬁ@r“é‘%% ecul es”

and moves in layers Wl&ﬁﬁumgulabhm fhid@fatipms, ficben mo&gxm@pea‘reguhrmhd\hl |l e
for LC separation (p. 24 5 ) As-w | | a&oare
her ei nafter, iﬁ#dé‘s@h@ﬂ? rflomoihe; %’h‘?rﬁ@d’ﬁ%s?‘gﬁf’m "36'5?1 EEReatly rith the,

to these assert » 8{}? F'ile 9&%&%%@%(}3%3%&%0 §ﬁd reQJuréshﬁ thé iffaia ﬁfxématezo

A theory of chr'g ography expoun Chr omat ogr aphy,
D. H. 10esty, ed,irpguldfy). Buch ﬂowsmbhslpsctibmjor@rmi%&y lﬁesndhtssmmbglrﬂadcrfMer of
assunptions that are correct onIy for lam nar flow through a colum. This

was a3 confirmed by .C. G ddings (Advances in the Theory of

Pl at e Hei ght i 154) vdpr omat ogr aphy, Anal yt | cal Chem stry,
Vol . 35, No. 4, ri’l 1963, 459- not i ng

short com ngs ofwheme p\/larthﬂjﬂmﬂt&ﬂb’q‘xmsbrp iszthe @“!deYFIWt(CWFéC)eddatth)WPWas 25

I ncapabl e of Sugces edi.ct
chr omat ogr aphi c (um me 'gh%ffd?u‘?%'%cégwl 'eng%n ﬂ@g@g‘“ﬁ‘ég’lé&g‘é t
cont gisns no  pr oo dimensidnal urlits thisetvieeas a criterion of the type ofefipid ﬂuwle Fof exaimple,

effective filmthickness, and con ai rors anqg om Ssi.ons

to eddy di ffu5|%ﬁweélé@°%é?é°m§¥ﬁ€§§$€ &&P‘F‘? Pant &'P%Fgm

V. Pretorius anfiod; me"Hbw in'stich Shidbih-walRY t&isHsomhﬂﬁﬁapm atam%lwlw%fgbmach 30
pp

to Faster Analysis, Analytical Chem st rtz Vol . 38, . 2, Fe
274- 280) numbers, e.g.1 ahone labaut 3009,/ |the, flewi wulsb%mxbme@ oFiow #i Reyeolds e
required to r esol %ers%&weennabgef 5108 and 3000 constitutes the critical transition stage. The

20 ~ values of the Reynolds number, as noted above, depend to some extent on the
smoothness of the interior surface of the conduit through which the fluid flows. Where
the interior surface of the conduit is rough, i.e. irregular, the transition to turbulent
flow will occur at somewhat lower Reynolds numbers. Because trbulent flow, at least
in aqueous-type fluids, was largely believed to occur only if the Reynolds number

25 exceeded about 2100, the impracticality of obtaining such flow through the packed bed
of a chromatographic column seemed clear inasmuch as one cannot approach this
Reynolds number except at pressures that would require massive pressure vessels and,
more importantly, collapse porous particles in the column.

Obiects of the I i
30 A principal object of the present invention is to provide improved

chromatographic apparatus and processes for high capacity, high resolution separation

-10-
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PCT/ US96/ 17376 sol utes had been solely concerned with

| amnar Tl ow of the nobile phase. The Pretorius et al. paper
shows that if chromatography is carried out in open tubul ar

colums with turbulent instead of |amnar flow, mninmmanalysis tinme can

be wo 9mnehgduced significantly. Pretorius et al. neg@udobgdssgnder
turbul ent conditions the GoI ay 5 expression fails, and refer

particularly to i es of band digpersion un

Far bul et cona @ Si,r 86 aathen g Hies At BE GreRgpiensst i psenidg et
(1956) ; ibid, gpparatus processé@%ch5€t§m@lﬁgé%e leBeHilRs oY TheSiHOR bitORRerd g%& are
deened general forns of the Go . expression suppose

valid for both inaFPh& fmnaeptamtml anSOllﬂtb%V\ﬂVllPIe&hlblt|M§h@@01a11$tlc curve that is
provide plots s { e, nd calculated
according to 10&%%&%&%%9#2&% @zgé; F?Jgﬁlg&}& é@‘e@h{;ﬁ:”g&n‘&f‘?@ g, 1Gppase

transistion at aasihymobiltsphastWeticitg throughithe HPLC column increased fibgythé Bfse@fient
| am nar to turbulent flow through open tubes, The paper, concl udes that by

enpl oyi ng t ur bulocthe 4 segment andydiminishes as the mblleamw/ y¢lecity; theaugh she golumn

chr omat ogr aphy gﬁ:eht”%tﬂif ude.
The aut hors specu teb?yhg? ﬂ}e&&r F&Jé&i& chr nast@%l 'ﬁ{fgﬁ n@\%éérr@qpiﬁ%

nobi | e phase i ssuch qppanhmsanmdlpymesest asveill sirameticatlyeenbanoe beth dlk spBed and capacity by

a factor of abou Oferrl], sed on t eir extrapol.at,ion f t he conpari son
of analysis f both analvikil Rrgphy, forchath syl #nd Jareg toolbeles

chr ongt ogr aphi eguchigd Biélo, ﬁﬂkﬂﬁfm@i@’vtoﬁbﬁdeﬁdcﬂ%pparamsandprocesses opitatidt with! SO
argue that the len th o en tubul ar colums used in &UI d chromat ogr aphy

wi th turbul ent mpb ities \ponsidagably greatersthan gy élsret | employed witbw,
that simple  ooifcangy d%?vga Yo lls 05 VML e Uil "a58 cesils OB L

several atnosphe
operative with packed particle beds in which the particles are substantially larger that

those commonly used by the prior art, and to provide such apparatus and processes that

15 are operative at pressures considerably below those taught by the prior art for turbulent
flow liquid chromatography. |

Summary of the Invention

To these ends the present invention is directed to novel methods of performing

liquid chromatography wherein a chromatography column or body is formed as a

20 substantially uniformly distributed multiplicity of rigid, solid, porous particles having

substantially uniform mean cross-section dimensions or diameters of not less than about

30 pum, typically 50 um or greater up to, but not limited to, 1000 gm in certain

instances as will be delineated hereinafter. The term "particle” as used herein should

not be construed as limited to any particular form or shape, regardless of symmetry or

25 lack thereof, aspect ratio, regularity and the like. The term "solid" as used herein, is

intended to refer to the physical state of the matter and should not be construed to

exclude porous particles. The particles are selected from a range of various sizes and

shapes and are held together in a body or column as by pressure, sintering and the like

so that interstitial channels having a total interstitial volume of not less than about 45%

30 of the total volume of the column are formed between the particles. The surfaces of the

particles, including the inner surfaces of the pores in the particles, are

-11-



20 separations inply pressure drops of nore than 100
atnospheres. The use of turbul ent flow |iquid chromatography
to obtain preparative separations with high accuracy and

hi gh speed woul d appear to be contraindicated by the teachings of Pretorius
et al., who notes at page 280, col. 2, that a separation in
a tube wth woWaseder of 0.1 cm and a | engedr/usesam™e cm (
with a separation factor of 1.5) would apparently take 24 days, 25

and surm ses t f ght
and purm ses héirontidtbgtaphicflp aét%bioklrjl? &ﬁg%aes ted with ehrohA@gAipfic $&hidndry 'ﬁﬁasE”
utility of turbayesst The owthiod inclgdes chmgﬂgmmmmme Qﬂiﬁmnnsfllmam:xmrc

cifiorent | comlelng eaouk o B FRRE o LB Y o Shrles

col utms since tdugfabéseimssrder & oRd MRCEsiahnY Bdause of the natﬁté abmal shagent
fl ow was considered too |large for _practical considerations

Marti ® et. al. P*hmgd%ﬂ@é’omé‘ﬂfeﬂ?Weﬁ%rﬂ%W‘EFdh@B&‘iﬂB@W@M@ Fl ow

b\bqg'?? 16724 high flow rate, preferaply at an average reduced velocity (as hereinafter (ﬁ'ﬁned)
PCT/ US96/ 17376 greater than about 5000,2and ifghslirg)) imceethinguseanbes. to bAdabnbﬂ‘t&fﬁmaftE#}
e e g LW
glr)grsmt olglr apﬁgt&?ah%sr Ml%%?k%h@éléﬂéﬂ%i%lﬁ?ﬁ%g %mh\?\ﬂ pé?@?:#f*?%l y

decl ilfles 5 the interstitiabvalume, and it)is mmda%mc;lotyrmmyﬂow in fagt ¢nhamoed that
RS R N T
invention further establishes that unexpectedly the combination of chromatographxcally
active particles with very large average diameters, (e.g2. d, of 500 um or more) with
turbulent flow, particularly at high values of reduced flow velocity, v, (e.g. 40,000 or
15 more) provide reduced plate height values of 1 or less.

The methods of the present invention may also include the step, after flowing
the mixture with its solute through the column, of passing eluant fluid through the
column at a reduced velocity also preferably greater than about 5000. As will be
shown, by flowing eluant fluid through the interstitial volume of the column at such

20 reduced velocities, band-spreading experienced by solute eluted from the column will,
quite contrary to the Van Deemter prediction, the band spreading under these
conditions is an inverse function of the Reynolds number for the eluant flow and is a
direct function of the magnitude of the diffusion coefficient of said solute in said eluant
fluid, the molecular weight of the solute being a large factor in the diffusion
25 coefficient.

The invention also is embodied in chromatography apparatus comprising a
chromatographic column formed as a packed multiplicity of rigid solid ﬁarticlcs having
substantially uniform mean diameters of not less than about 30 um. These particles are
shaped and selected in a range of sizes and shapes and packed at a pressure sufficient

30 to form between the particles interstitial channels or spaces defining an interstitial
volume between said particles of not less than about 45% of the total volume of said

-12-



than theory predicts, high pressure drops are unacceptable, and injection
s very difficult at high inlet pressures, Further, it was

r € at nal ni enance of the stationary phase in a
chromat ographic mlieu under turbulent flow conditions was 10

difficult at best and appeared inpractical because of the high shear forces
i nvol ved. WO 97/16724 D.S. Horne et. al., A Conpargrauseeof3ré

Mobi | e- Phase Dispersion in Gas and Li qui d Chr onat ogr aphy,

Sep. Science, 1 , 531-554 (1966 .esen A .

fluid dynam cs éfi‘z‘f"l"oﬁ‘? W@&%ﬁ?&%ﬁﬁﬁ{ﬁ nfg& ?‘g@%ﬁ%&%@%‘c@ha%&g ’a\‘f’é’ v yhaﬁllnéh
liquid , l%een coate8! With loh®r rhoté Rbitoateraphidalle REAEiGNAry hikt Ry&k. In a
di spersion in the flow. The highest 15 ~velocity that is shown in
the |iquid expepieferedsembpodiment, particulagly,wherg thespastigieso®f; tha elupn are near the
around a reduced vel oci t.y, Of : e i i

vel ocities and ﬁlwwer end of thé ac%géglgl @gﬁﬁﬁﬁéﬁﬁ%ﬁﬁé‘gﬁgﬁ'a@%ﬁ'ﬂ% ﬂ?he
reduced pl ate hpieglilar heheremasier defgendent of the velocity. The

paper was based on studies conducied with colums. prepared.w th
non- porous gl ass beaMEansarepy: %’ré’] ﬂqwgﬂ:é?@%ﬁggwgﬁlﬁﬁpﬁmmmwmamduced
col um-to-part| 9&1&1&%&&& AbBut 5000, such réd%&é@v%ld&ft% bEing Belitded tPbe sufficient

chromat ogr aphi ¢ Sepdrati ons were ected inasnuch as no ] N
sol ute was r et aioniaduce mrbtienttfloschf the iBixmiré within at lepst Kamajagpartion of the interstitial
Eval uati on of . uplin nd _Tur bul en ; . L.ca
Conpari son of CHAUmAhe PUXHIg cottbiRing el Bne S%[ﬂ??!(l)’%a g’é&%%’%g s”mgﬁt{éﬁ%w
Sci enge, Vol . 8phRSfyass Thbianventdh/Riither ificlades nivanis $orlftbwing eluant fluid throughof
the fluid dynam cs o? fl ow t hrough col unms_ packed with 500 [er

] rlm
non- por ous, 25 acharged coluspiata ivglaq:nygqelggtgd ich dhat bangsprrading Qfosp{ute elJned by the

chr omat ogr aphi cg| | Ve, : . | Qoth the ds number fi
turbul ence will gf(‘:‘%%tsfgﬁapfré&emﬁgﬂhgﬂ?g%mgée}%@:nggmp otos toR(ei)l”%ogesrmr agf coarl |y
fromthe Van  the eluant flow and dfeleenhagnitiderofithemelechlan weightofitbe sadite imthe elugns| um
acter paper oW thedhissnd o8 Dotfelmny g i g o By b in T
reducgd vel ocit ypdik@bod.0r |iquids extends to reduced velocities in excess

of 8,000 and 30 shows a maxi num sonewhere around about 5000 _before
the plate hei ghts (ahoyetcanether embodiment of the present invention, particularly useful for

-9-

separating solute molecules of relatively small molecular weight (e.g. even as low as
50 or less), a packed bed of particles with average diameters of several hundred
(e.g)500 pm or more) is provided. This embodiment also includes means for flowing
20 through that column a fluid mixture of sample and eluant at a reduced velocity as high
as 70,000 or higher, such reduced velocity being believed to provide the requisite
turbulent flow. At such typical values of d, and v for such column, it has now
unexpectedly been found that the reduced plate height % is inversely related to the
velocity of the mobile phase, and is not independent thereof as believed in the prior art.
25 It has also been found that in chromatographic processes in which solutes
introduced into a packed bed of chromatographically active particulates tend to become
non-specifically bound, such non-specific binding is reduced simply by flowing the
solute in a liquid mixture through the said column at an average reduced velacity

greater than about 5,000, followed immediately with an eluant flow at least at the

30 same average reduced velocity.

-13-
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PCT/ US96/ 17376 begin to drop. The paper concl udes that
turbul ence does not appear to be inportant in LC

Wth respect to the flow of an inconpressible viscous fluid through a

hol | ow cylindrical pipe or tube of uniformcross-section
and rel ati vewpwmensh walls, it has 5 | ong beerPCRASGMI3Z€d t hat

there is a critical or transition flow vel oci ty separating steady _
laminar flow (i.e. VRS Erepbifg RACSE dB) e@fs%?ﬂk%rd%éxﬁlﬁ%hﬁd?f@:'u lflga& P@olW?&RC' ty)
and the fluid noves |n | ayers wi thout irregular large
fluctuations, fandrwill inpart appear heareinafigr:| Ehe inveution accordingly comprlsesmhatappdxsatusor

turbulent, flow sure aries. no ear th the

square of the vE 5??%%80115}{3“}0810@? 5%55"["\?8 e’ﬁ?@i gﬁ‘?é‘% "leﬁf%ﬂmﬂ ui d
fluctuate 10  detailed discloshre! mudha friedhod cOmpising me@ev“eedl siePs BRBhE rflRibrl 4hat €7 N5
of the Reynol ds nunber Re defi ned Equ. 4)

Bud/ [ err] order of one or more gfcsueh |§‘°P% withresnegs ® @Gr@hql’y- @g/semeepé The,

ISthef|UId ve dlarreter (crr)
and [err] is th@?kﬁ%&@ﬁ%@? y (gﬁcmse"ﬁ ?ﬁe Reynol ds nunbe havi ng 15
no di nmensi onal uni tsFoﬁhﬁﬂesmde&ndmga:fdmﬂaﬁneamwjedmefﬁlypmsait ifvention,f | ow.
For exanpl e t Drdlnrllnycolf the

, | .knQwn
Reynol ds nunberquege@ﬁél‘q“ld@i@“dtpé@gﬁ {l g%‘ déscription taken 1 nBeCEgn Withe

flowin Such S fd?a»vﬁgéﬁﬂerémﬁénuﬁ.eia&raea&e,ukagmsat hi gher Reynol ds
nunbers, a ove about _3000 the flow w |l e turbulent. Flow at

Reynoles B about 2100 and 3000 constitutes the

critical tranS|t|on tae - f I
nunber, as noted ab 6’ d%ﬁ%ﬁgaqgmr grtthrr]ltDe\éﬂﬁ#%r@ wﬁ&?a%&?cgﬁm
snmoot hness of tbﬁwl]ﬁi@tﬂi&pﬁﬁ&mﬁ(mmndwt t hrough which the fluid

flows. Were the interior surface of the conduit is rough,
i.e. irregul ar, the Figadds@;sshematicidiagsm of apparatus embodying the principles of the

present invention;

15 Fig. 3 is an idealized, enlarged view of a portion through one embodiment of
the column of Fig. 2;

Fig. 4 is a graph of pore size distribution for selected batches of porous
particles with different coatings, in which intrusion volume of the particle pores is
plotted against the logarithm of the molecular weight of selected solutes;

20 Fig. 5 is a graph of the measured data of a chromatographic column prepared
according 1o the principles of the present invention with nominally 50u ,
unfunctionalized porous alumina particles, illustrating the efficiency of the column as
a function of the fluid flow velocity through the column at various flow rates through
the transition between laminar and turbulent flow, plotted in reduced coordinates;

25 Fig. 6 is a plot similar to that of Fig. 5, illustrating the efficiency of a column
of nominally 20 particles plotted in reduced coordinates as in Fig. 5, as a function of
the fluid ﬂow' velocity through the column, indicating that turbulence could not be
attained with particles of that size, given the pressure constraints used in the Example
graphed in Fig. §;

30 Fig. 7 is another plot similar to that of Fig. 5, based on an Example using
nominally 10u particles, clearly indicating that the turbulence could not be attained
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floww Il occur at sonewhat | ower Reynol ds nunbers. Because turbulent flow,
at | east in aqueous-type fluids, was largely believed to
occur-onry 11 the Reynol ds nunber 25 exceeded about 2100, the
i npracticality of obtaining such flow through the packed bed

of a chromat ographi c col unm seened cl ear inasnuch as one cannot approach
this wo 9merzeReynol ds nunber except at pressures thagcmosssararequire
massi ve pressure vessels and, nore inportantly, collapse
porous particles_n the colum. . hj ect s . the | nventian 30
A or T ne pal objab pales ShA e, given e pEEREr Pt GisR 46 n el Sdphed

chr omat ogr aphi Cipfgasat us and processes for high capacity, high resolution
separation -10-

WO 97/ 16724 Fig. 8 is a plot of the data obtained from Examples 1, 2 and 3, with regard to

PCT/ US96/ 17376 . of . . : ' t ject of
t he present invélwtblaglﬁplie%supodrgg gﬁsy@%sﬂ%ﬁ%gﬁhe%%mﬁr*appg}%lgﬂlgirx@%
processes whi chthegriaphsf Figso51 et @achi ngs of the prior art, when used

in HPLC for separatign of solutes, will exhibit a characterjstigc curtve that
s Bt e pcaraa ot prabisTeel 18P tosh SR SRR & Pireescd bigh,
that band- br oadgpidigial BE; i t fl fréif Ol RIRPL B RDaSerYRl[ci ty
t hrough t he Hm@%%ﬂﬁ%ﬂ%ﬁgg‘g’egu??gm ‘_t’“r']éat%S segnent ] ] to the
A segnent and dHALQ eélemnad thenpresepbinvention packed svithcparticleshwith gaminak avesagerm

I ncreases beyond.the, A s t. he l.ec r . ' are
to provide QishehSions OFﬂgggﬁnvaa?ﬁ%trétpg 1§en%§a6|‘r3é8%§1§té§e %@g‘&i’ﬁ"r H’éﬁggln% ical |y

enhangg bot h t h@agRARSoReTinGaRBWI ketuced plate height 2 vs. poh chipdeb; anal yti cal and

preparative chromatography for both small and | arge nol ecul es
g"g. 10 1s a graph of the analysis of one of the same test solutes, eluted at the

same flow rates from a column of the same size particles, and plotted in the same
coordinates on the same scale, all as in connection with Fig. 9, in which however the
particles are derivatized instead to provide an anion exchange capability;

15 Fig. 11 is a graph of the analysis of one of the same test solutes used in
connection with Fig. 9 eluted in the same manner from a chromatographic column of
the present invention packed with particles of nominally 20u derivatized to provide an
anion exchange capability, plotted in the same coordinates as in Fig. 9;

Fig. 12 is a graph of the analysis of the same test solutes used in connection

20 with Fig. 11 eluted in the same manner from a chromatographic column of the present
invention packed with particles of nominally 10p derivatized to provide an anion
exchange capability, plotted in the same coordinates and scale as in Fig. 11;

Fig. 13 is a chromatogram of preparative chromatography obtained in the
separation of human transferrin and bovine serum albumin in a mixture thereof using

25 the principles of the present invention;

Fig. 14 is a plot of data obtained from injecting at several different very high
flow rates, samples of acetone in water into an HPLC column using a packed bed of
very large particles;

Fig. 15 is a plot of data obtained from injecting a sequence of the same samples

30 as into an HPLC column and eluting the samples first at a turbulent flow rate, followed
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10 such as bi ol ogi cal s and the like, to provide such apparatus
and processes operative with nobi | e phase vel ocities
considerably greater than any heretofore enpl oyed with

significantly inproved results, to provide such apparatus and processes
that are - operative with packed particle beds in which the
particles arwodah&Ranti ally | arger that t hoSRCTARINEIING used
by the prior art, and to provide such apparatus and processes that 15

are operative ajy PLASHHHR Fa@%ﬁiﬁfsﬁ%hoﬁ-@h&mctﬁiﬁﬁﬂg {PHdR ofRécdvay Bf " art
for turbul ent uid chronat ograp

Summary of the slatmleraslacfnncnonofthecumulatwemass ofsamplg sphrgg@, andds t he present

chr omat ogr aphy vher a1t 1% B POkl A5 EIhre £ ayeres of e e stweles 35
substantial l'y UgiofHPINC dbitinhi 2t eREing tHe! sampies Ky a0 irbudésfl flowOlated folﬁ)%@us
particles having substantially uniform mean cross-section

di men§i ons or diyanlaminas flow vaig, to dlpstrate aﬂn-mmc binding in terms of cumglatiyengrt m

certan * 0\ Skl S SFAE nlifi uPs i Sor e il ol o bl SOAH,

term "particl e"DégiledcPéschigtionn shoul d not be construed as
limted to any partlcul ar formor shape,. regardless of synmetry or 25

| ack thereof, aspectThearessnt %‘E’@W“&r%‘% "Qﬁﬂ"g 13 R‘E"beﬁ?g d?nEYﬁr?éioﬂ‘PHmeas
used herein, is; nal_wisdom régﬂta‘?lﬂij?auﬂocﬂrﬁﬂl%gﬁaﬁw he tﬁme?' ﬁlﬁ}ouiﬁaﬁo? of

the matter and ourfn(? not e cons excl ude porous
partil®l es. The q:mmletelbvemcmle sEoreexanplel, s moted rabovge thé VanDesmtersiquationaind

and the Tike ke o 505 whde eiSiafe ek ol o Bl PESRE Shdpe Brob "

interstitial vomviBoR{s tebved @6 Estiblishnthe iddlidi@Oofthe3Van Deemter equationGhekd @et Ot al
vol une of the colum are forned between the particles. The surfaces of the

particles, inclmebilgphaseflowicturtilent.aces of the pores in the particles, are

One aspect of the present invention, as shown in Fig. 2 schematically, is
15 embodied in chromatography apparatus comprising a chromatographic column 20
formed as a packed multiplicity of rigid, solid particles 22 that, in a first embodiment
of the present invention, have substantially uniform mean diameters of not less than
about 30 um. The term "mean diameter" as used herein is intended to mean the
average (mean) diameter or cross-section dimension of the particles regardless of
20 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 typicaily being
within a distribution of diameters at a confidence coefficient of about 95%. Indeed, a
preferred aspect of the present invention is the irreguiarity of particles’ shape, as will
be delineated hereinafter. The term "irregular” as used herein is intended not only to
25 be defined as lacking conformity of form, inasmuch as the particles can be present in
a mixed multiplicity of various polyhed_ral configurations, but is intended to include
short fibers as well as solids of revolution such as generally spherical, conoidal,
ellipsoidal and the like type of particles with rough, uneven or scabrous surfaces.
The particles of the present invention are preferably formed from materials that
30 are incompressibie, 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
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PCT/ US96/ 17376 chromat ographi cally active, as by being
coated win chronat ographi c stationary phase | ayers. The

met hod i ncludes the step of flowing through the colum a fluid m xture
containing at | east one solute or suspended phase that is interactive with
the particl ewo 97116724 surfaces in order to | oad thepEisvgrrzzéecause
of the nature of the particles and 5 packi ng in the col um,

the fl f the _fl th J
hi Sh fIO\c,)VwOr at ee @Bﬁ‘g{ﬁ? ine {eh\:fg Eltﬁ%t%ﬁ?&ﬁﬂﬁ%ﬂwimm@g 2680 @ndythe o

def i ned) partlcles ther&bﬁaw sttadntiaAROrsish BAbtic adtdrhdtiohUVe Gt shéh hight ai n
i nstances to be descri bed herei nafter, reduced vel ocitl es

val ues as hi gh pessspes. 0D particlgs i e prq:sz:ntu igvegtion arg shaned and seleptad in@onnge of

o1 1" il b Y40 MR A

maj or portion o

post ul st ed t hat cimscherized inthaving ididrstitial mmmmmwnmmbﬂmy in Fig. 3, formed .
rate of mass transfer, thus _increasing the dynamc capamty of the col umn.

The present between particles 22, Bepause,pf the jrregularity of s pasticiss, it il berresgnizeded| y

t he conbi nation wth
very | arge aver gg{e ?gﬂngﬁﬁgi@hm%sr Tre nFces%Bﬂ’[ gmtc]a]%%ﬁ/ﬁln%%@\# 1
turbul ent flow, Winletulstblekmlegrﬂmtaﬂeqh&mailajmyofchmdels%haﬁmeaneﬂrmsmbguonv,

(166?' | 22,8000 Ordi%gmeters substantially no ese's)HgQr v dzg he uclﬁlgl\u tvéh?x%fﬂqhﬁgﬂ? gersmgf

al so jmcl ude t hgheSbRAP voliink X iritérSidal Shannels 24 between the ﬂahitléi?] §ﬁddld3ndiﬂﬂehedst S
solute through the colum, of passing eluant fluid throu

colurm at a redthap@baus 5% Wh%%% vpluaref splppn 20e Jt will bmmr@mmaomcams

}Mn!t Ier 21? itial vofxfme o?f lﬁ%@'}moartb ?‘r‘h‘jca s%%éid%tﬂafc l%qeé%aﬂgggmt“(}% Toore

vel oci ties, bangarsipuladyliragingx fromi abootdSBytos4d %t eThe suréates ob patticles A2l aren
will, ite.contrary to the Van ent er I’edICLIOI’l the band

spreadi ng under clgrﬁggtggraphlc ally active cither PST,96 2% is YRl knownqn | of
the Regynol ds nugbgy chdting! Wih %']'%Wthef MY Bivivni éuélnatogra?hlcally actwe sﬁnbﬁﬁ&

function of the megnitude of the diffusion coefficien said solute’in
sai d el uant phase layers, also a3 wellknawneintes artul ar  wei ght of the solute being

a large factor int i(ﬁl gnl ﬁg lf?!@
The invention al so Pgﬁgn%o e llﬁ:ular (t)o lrn% pny apparﬁa tsareé\bare gerﬁ%lya
chr omat ogr aphi c paohswith ﬂmﬂnmdmslepoqamqudlyrhdvhgpbean diayneefs lying| fzbr ex:im;ﬁb
i cl havi .
particles havi "Yithin a range of about 60 A to 5,000 A. As a resuit of the particle irregularity,

20 coupled 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
invention can surprisingly be induced at Reynolds numbers well below 10. |
The interstitial volume, V,, for a column formed of porous particles, can be
defined as:
25 (Equ. 5) Vi=V-V, -V,
where V is the total volume of the empty column;
V, is the total volume of pores in the particles themselves; and
V, is the total volume of the skeletons or frameworks of the particles.
The interstitial volume, V;, for a column formed of non-porous particles, can
30 be defined as:
(Equ. 6) Vi=V-V,

-17-



substantially uni form nean di aneters of not |ess than about 30 [err]m

These particles are shaped and selected in a range of sizes
and shapes and packed at a pressure sufficient 30 to form
between the particles interstitial channels or spaces defining an
interstitial vol une between said particles of not |ess than
about 45% of WOne¥/i6tW4al vol ume of said PCT/US96/17376

-12- WO 97/ 16724

PCT/ US96/ 17376 where V. is the total voftie'Bf the sigey f aces of those particles are
chr omat ogr aphi cal?r;' ab{si v%,o as by ha\tllllerfgl it been coated with one

or nore chromat ogr apHg ¢athisionsanalysis,reawel]-phavere techmigues carl be 8sed to determine the
preferred enbodj nent rticul arl ere the particles of the colum are
near the mteréhti.al 83‘8%@ AR E‘ﬁﬂ“‘%’f ‘\’,}At}ﬁ@mé’(‘,’ﬁ éﬁ)@gl& PLCQURREofporQus petticlesct i on
di nensi ons, the par tjnGh&gresénfinvention, means, such 4s Floup *e&{h%'p?ﬁyfi}nﬁ{ nd

0 oug?‘n t he

defi ned. . .. Means are provided for W ng "t hr
colum? a fluid efoelumn2Qyis providetl for flowing through at least a majorqoition of thesintetseiciait

bout 5000, . vel oc ' l.ieved t fficient

ot nduce & ur bufePer f Bl e ok ah MottBrng 15itet Fuch e eheigi B mioran o

the interstiti afolute (from an appropriatelobpiiffector Buthiik 27) htth re@ited valbAS %E.,'zﬁ,laﬁt one
p

solute that is interactive with the stationary 10 ase 1 ayers.
The invention f& abve-defiaed)gthat, \inathis fisst embogdiment of uthat present dnvemtioughis

I ] i kS e B R .

el uted by the uant e
functl®n of bot 4t which the lope ofsthe\atvizarvefbegins to decrease along the tréduced covdingte @w and

of the magnitudg o e ool.ecul ar weight of the solute (pn.the el uant
fluid. To this @ﬁdf’*’%’ae“"ﬁ'dvﬁfﬁmﬁlaﬁf TOYEeR s elpiPRG: Wih JRcreasmg trduced

vel ocity great eveldcitg It is believed that turbulent flow of the mixture is induced in the column of

the first embodiment of present invention at a flow velocity corresponding to a
reduced velocity value of about 5000. The present invention further includes means,
15 such as pump 26 for flowing eluant fluid (typically from another appropriate reservoir
or storage tank 30) through a charged column (i.e. column 20 in which at least some
of the chromatographically active surfaces have solute molecules bound thereto as a
result of flowing the solute mixture through the column initiaily). The solute
molecules eluted by the eluant fluid are detected, typically optically by detector 31, of
20 _ a type and in 2 manner well known in the prior art, disposed at the distal end of
column 20. The eluant flow through column 20 must be at a linear velocity
corresponding to a reduced velocity which, for the first embodiment of the present
invention, is above about 5000, so that band spreading of solute eluted by the eluant
fluid from the column is an inverse function of the Reynolds number for the eluant
25 flow and is a direct function of the magnitude of the diffusion coefficient of the solute
in the eluant fluid. It will be recognized, that in view of the relationship between the
molecular weight of the solute and its diffusion coefficient, the band spreading of
solute eluted by the eluant fluid from the column in the present invention can also be
defined as an inverse function of the molecular weight of the solute.
30 Column 20 is typically a hollow, tubular container, formed of a rigid, strong

material such as stainless steel or the like, that is chemically inert or unreactive to the
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15 about 5000. In yet anot her enbodi nent

of the present invention, particularly useful for ______Sseparating__.
sotrute nolecures of relatirvely snall nol ecul ar weight (e.g. even as | ow as

50 or less), a packed bed of particles with average dianeters of several

hundr ed (e.g)500 [err]mor nore) is provided. This
enbodi ment  alzfh ?ﬁ yudes nmeans for flow ng 20 t hr @egRIsbfPBI6C 0l UM
a fluid mxture of sanple and eluant at a reduced velocity as high

as 70,000 or higher, such reduced velocity being believed to provide the
requisite “lds o be passed thrgnghnit. The goluip may dave wn&lh}nswlarimteéfe 8[#rr]

and v for such nd
t hat the reduce T e h{ay Bﬁ?fﬂa?f‘ls qenl{l/tee'}ngle n;/merteerr a%bg@it?% tﬁngﬂS%ﬁh&ﬁdj
velocity of t hethm)hl ioebepbhmmmagmj)hmllylmatem%ep@:ndhng ta Be§ eHormesetbal.i eved in

the prior art. | so been, found t hat
chr omat ogr aphi CCWPR?EQB of MabilgFhase Q’SP‘?H‘%% in Gas a“dbﬁ‘q“'d 8hr°§“ﬁ‘?3’@8%&fpr nto a

packed bed of u‘n ) 3811 E%Q‘g&s)aﬁ{e' m@eﬁﬁfntdf%mtlﬁse&sgaa&a%

non- speC|f|caIIy suc n-specific binding is reduced S|nply y
f1 owi ng the particles is least desimblef &t least at nheidiperi ﬂbvmmswoemc mobilgyphasé; @t waiios|

CoL B A 2V e SRRl Yemars sy s L, R RRY
same average r egvefifdn\€tGiebin¥d however with very high flow rates to achieve turbulent flow,
[Dé‘?'; Us9e/ 17376 <0 mlumn.tn.pamnlz {h]a-gnthf ratine dn nnt appear tn he critical

10 In a preferred embodiment of the present invention, the column is formed by
packing particles having a mean diameter not less than about 30 ym, preferably under
pressure of at least about 5x10° psi to insure that the column formed will include
substantially no voids except for interstitial channels 24 formed between particles 22
in contact with one another, i.e. column 20 has a substantially uniform bulk density.

15 Columns 20 formed in this manner, regardless of whether or not the particles are
porous or non-porous, should exhibit interstitial fractions of about 45% or higher.
Lower interstitial fractions, typically around 35% for porous, non-rigid polystyrene
particles, will not exhibit the requisite reduced fluid vetocity except at unacceptably
high pressure that will tend to collapse or rupture the particles.

20 As noted, in order to insure the formation of the desired uniform density
column with the preferred interetitial fraction and preclude collapse under operating
pressure, the particles used to pack a column in the present invention are rigid solids
that must necessarily be incompressible at packing pressure of at least about 5 x 10°
psi, preferably up to pressures as high as about 1 x 10* psi. To that end, the preferred

25 particles are formed from materials such as alumina, titania, silica, zirconia, vanadia,
carbon, various relatively inert metals, and combinations thereof.

The method of the present invention therefore requires that the flow through at
least a majority of the interstitial channels in the chromatographic column must be
turbulent. It is postulated that the trbulent flow profile is almost flat, as distinguished

30 from the typical parabolic flow profile characteristic of laminar flow through a

chromatographic column. More importantly, it is believed that when turbulent flow
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The foregoing and ot her objects of the present invention will in part be
obvi ous and will in part appear hereinafter. The invention
accordingly conprises the apparatus ' possessi ng the
construction and arrangenent of parts exenplified in the foll ow ng

detail ed di scl osure, and the nethod conprising the several steps and the
rel ati on andwo 9716724 order of one or nore of such stemsrwssshImespect
to the others, the scope of the application of which will be

i ndicated in t hg ﬁgﬁ%""@{g‘"ﬂ fcortnﬁom:m of velocity is sy etrﬁgé]osgd ﬁﬁgn il n“ﬁ‘ﬁ?d&ﬁﬂﬂg' ng

of the nature a € present 1nve

ref erence shoul grobss,narrihg thehwriall diffugiorg! ﬂmmslawnﬂaﬁmwm kiakos in @
connection with t he dr.aw nuneral s denote

ke par t o. ""L0 favorsble manner Wi PegEC 52 4%, RGN OEe Py 1 s postlaiod
Fig. 11s an exgimhdkdér R{h&b%ﬁm}éﬁﬁnﬁﬂﬁiﬁnﬁﬂoﬁ‘d{o\i&%%ﬁnﬁ theRd i§@ler eahurmg

pl ate height Hi1s pl otted against u (in cmsec),;
2 is & schemat mladom@pabuwéenatmdmmﬂasoﬁd:bﬂdymghaﬁml pud the ihptasﬂow veﬂtbmty
present inventio i.S_an

view of a port |‘Bﬁéf' BEME%WF&WNB?@“ Temains wns{agteal[t‘ E"Lgﬁe?fhﬁ'r aed

Fig. 2; linear velocity. The néédOfor patticied tiisi AR rigill aB@ con WithQasl Siabp&Uini On
for selected batches of por ous particles with different

coatings, in whpressuterwitheyt plpstip Seformation, em@owmceteé isshaseforesvery important.

R Y B T

chr ongt ogr aphi cthe okdinary mlmrmnisunng for turbulent flowein awhrbnmgographiteolmniicé.pl es
of the present invention wth noni |y 50[e

unf unct i onal i ze%® M8Yided flﬂ"ﬁ?f'i ﬁge}ﬁ%lf @¥@§ %;qa}ekélga,nagqogg supfp a dlo generally of

t he colum as h‘ﬂﬁetnb i ough
t he col um at V%arnfx%tl})go ow rates t rougﬂm(e&m' ’[‘thElyfd tﬁ\éﬂtt‘ragﬁr%élﬁ%?lgﬁ

bet ween | ami nar inathel commuhem miethod/of thecpressut inventiod ice dn themottibinatios of 48

0 o P! louhlll 3 ks Pl pd b e S D

coordisnates as py5k gAs5a fBule dfudiebé Cactors, it is believed that taftmidnk Ufielw f inow
velocity through the colum, indicating that turbu] ence coul d, no

be
attained with peEeMAOEPEE Gojimnssef the P&S%rf“‘fq‘l‘@mbr@s%eﬁ ndiiced At Rayroldsseq

in the Example 4, 11 bel veragphed in Fig. 55 30 Fig.
7 is another pl ot %ﬁrsr#’far ?g%ﬁgt of Fig. 5, based on an Exanpl e using

nominal Iy 10[err] paintcagying outtheaetods nﬂthemsng invention with ther apparais of thsul d
not be attal nedfirst-described embodiment of Fig. 2, a number of different batches of particles were

20 employed to form packed columns. The batches differed primarily in that pore
diameters were manipulated, i.e. altered selectively from the pore diameters of the
uncoated particles, by coating batches of the latter particles with layers of
chromatographically active materials. Pore density distributions for each such batch
of porous particles were determined in a known manner with polystyrene standard

25 solutions formed of several known different molecular weight polystyrenes, each
dissolved in methylene chloride. Specifically, polystyrenes having molecular weights
ranging from 2x10° to 6x10° were employed to determine the exclusion limit and the
intrusion profile of the particles. Each such polystyrene-standard containing solution
was injected into a corresponding bed of porous particles of predetermined size and/or

30 coating. The pore volume was measured by injecting acetone into each such bed as

a total permeating probe, and subsequently a solution of 6x10° molecular weight

20-
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PCT/ US96/ 17376 with particles of that size., given the
pressure constralnts used in the Exanple graphed in Fig. 5;
Fig. 8 is a plot of the data obtained from Exanples 1, 2 and 3, with regard
to * the back-pressure drop in psi neasured against the fluid
| i near veloc“kwnnggpplenentlng 5 t he graphs ofpdringseensze 6, and
7; Fig. 9 is a graph of the analysis of two test

soI utes, each of di fferent, hi | ec Iar wei tein,
eluted at flow l?“é’fsgge'ﬁaﬁﬁf??ly ?ﬁ&ﬂﬁ%’?@ TS ?fr? hg‘ﬁebg‘{fo

HPLC col umm of dalipstiidafdWas héa¥sred byl ua&:dmdetutiohamanml Pércilt irdtrusiofiwas
aver age di mensi ons of %err derivatized to provide a

cation exc hangecaw}%?élaﬁ F‘h%ﬁlu‘loﬁémm&f @rabg less the elution volume; of the exchided t ed

in terns of ?(%Idebyhﬁ ?9& . [err] in cnl sec;
Fig. 10 is a g?éﬁéi#u e "anafysis o "one of the sane test solutes, eluted

at the To 1meaxarefporosity, i mumbtr ofrbacchesodfiparticies wetecexamined sthe first
particles, and plotted_ in the coordi nates gn the samne
-scale, all as ibsi F"EFFS"@FS ﬁ“ﬁ“@s C3-50A1-002); of yneaated, wntunctignalized highly

particles are dﬁ{egmaﬁy éfaged kSR A dnting pAUEIEE hA A hetHinS  BAARE PR ik 1 1V

15 I's a graph of the analysis of one of the sanme
test solutes usamhctualmeandxameter, as deterptinadchyt Canltervanatystsi gf 423 withid 2195 % he

hvent | on packetHEHE pRFPToFBY Sk SathEh B m9Bicis. 1 APl P CHRERB ovi de
2gor dlion At os as 1me%ilﬁxl§iﬂslﬁif€d1 Fobas GRmeHhA,| but YwittD Uiftetedl degreéd sl fumbfonalizing
umnobxhzed polymer coatings for each batch (respectively designated herein as PS-11-
035, PS-9-087, PS-4-090 and PS-10-024) were also examined by the same technique.
The four batches with functionalized coatings represent a range of surface coverage of
2.7 to 6.04 percentage weight loss by thermogravimetric analysis. This weight loss
15 - occurs due to the combustion of the functionalized polymer coating at elevated
temperature during the analysis.

It will be understood that, inasmuch as the particles described are preferably
irregular and are not generally spherical, the term "diameter" as used herein is intended
to indicate the average cross-section dimension of the particle. All of these batches

20 of particles were subjected to a series of polystyrene probes of different molecular
weights, as above-delineated. The resulting data, plotted as log molecular weight
against cumulative percent intrusion, is shown in Fig. 4. It will be apparent that the
curves in Fig. 4 are all approximately log-linear with approximately the same slope,
so that the lightly coated particles exhibit minor narrowing of the pore diameters. The

25 heavily coated particles however indicate that substantial and linear reduction of the
internal pores of the particles had occurred. The diffusion coefficients D,, of the
polystyrene standards were calculated according to the formula set forth by G.
Guiochon et. al. in Fundamentals of Preparative and Non-Linear Chromatography,
supra, at p.142.

30 Individual HPLC columns were prepared using respective batches of irregular,
porous, alumina particles of nominal average diameters of 50u (CT-50A1-002), 20u
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Fig. 12 is a graph of the analysis of the sane test solutes used in
connection 20 wth Fig. 11 eluted in the sanme manner froma
chromat ogr aphi ¢ col um of the present ' i nvention packed with
particles of nomnally 10[err] derivatized to provide an anion

exchange capability, plotted in the sane coordinates and scale as in Fig.
11; WO 97116724 Fig. 13 is a chromat ogram of pr &sIVERIEAB76

chr omat ogr aphy obtained in the separation of human
transferrin an ' @1{@ i ' rpgagn ' 25

t he principl es%@%ﬁﬁg?gém&{ ver?t}?lﬁgg%ﬁu&ﬁ(ﬁ‘u?&kkh& éﬁow]ﬁ Gbo%4 IS
a plot of data Ditams of daélr bawwh wereclurried mtrespectiveahultisolveat miXtures, reacthslgiry
o oS, S sl e o At et Bk et B Gl sl g e

is a plot of d%&swn%wm&ﬂ.w,wws irf préseie OF $x10% pst. NSuch2BRnHE fighes 30

as into an HPLC colum and eluting the sanples first at a turbulent flow
rate, 5f ol | owed exhibited a column-to-particle diameter ratio of at least about 90. The resulting packed
-15-

PCT/ US96/ 17376 columas wm"\,st%\?édl%é,%;m? Rocking, anppratys, gapped and cquilibrated in an

non-speci fi ¢ biggrdjtiate ebrdighfolveht. " ETHRVEPIC Gistét Gised to evaluate these paSl@died as a
function of the cumnulative mass of sanpl e sol ution;

and
Fig. 16 is a plesiumgs used in senngeticadvith te follgwang Exympless emplayrdca sammegsially ne

sanpl es available Mok éltl@)s@ﬂgﬂels%t&ﬂ AT HARE:: Phdthid & { Pfo AMAPERShid St at
a turbulent flowrate, Tollowe
10 which system comprised a pump for delivering fluid into the column and an ultra-violet

detector of varying wavelength capability for examining the bands eluted from the
column, The system for processing data received from the detector was a Model
486/33SX computer available commercially from Acer America, San Jose, California
running a software program identified as "HPLC Chemstation", Rev. A.02.00,
15 obtained commercially from Hewlett Packard Co., Palo Alto, California.
The following are examples of the preparation, testing and use of liquid
chromatography columns embodying the principles of the present invention:
EXAMPLE 1
An HPLC column prepared as described above and packed with batch CT-50Al-
20 002 particles with nominal average diameters of 50u was evaluated by equilibration in
methylene chloride solvent. Standard solutions of various molecular weight
polystyrenes, dissolved in methylene chloride, were injected individually into the
column. Evaluations were effected at flow rates ranging from 0.2 mL/min up to 20
mL/min. The efficiency of each injection was calculated by measuring the peak width
25 at the half-height point of the detected peak. Elution times for each injection were
recorded by measurement with ultra-violet detection at 254 nM. The pressure drop at
each flow rate was measured and tabulated. The resulting efficiency data are
summarized in graph form in Fig. 5, being plotted in terms of reduced parameter
coordinates, # and v.
30
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5 by a lamnar flowrate, to illustrate non-specific binding in
ternms of cunul ative non- specific binding of the sanple as_a _
function of the cunul ative nass of sanple solution,

The. present invention takes advantage of a nunber of discoveries that the
conventional wi sdomregarding |iquid chromatography is neither thorough nor

10 woeagRset el y accurate. For exanple, as noted agavesesifa®s Van
Deenmt er equation is limted to situations where the nobile

phase flow is essentially |am nar and.w nt i nvention
is believed to establish the invalidit Van Deenter equation V\/nere
t he mﬂ}ipmbhm;frémméswm laBdVe and packed with batch CT-

One aspect of the present invention, as shown in Fig. 2 schematica y, is

15 00/ awceated, mnfmmmgmeghlﬁylrmsplaﬂmshweé.Womm@m particles

chr omat ogr aphi ¢ a | tiplici ty of
rigid, solid par ﬁﬂ#mhigvﬁr?% dlameters o]fZO%t e?}%@ﬁeﬁt‘g%‘amd]equ iy@ 18t "t he

preserft inventi Mbem&smmmﬁdeMMsmmrmﬁﬁﬂﬂleﬁMm& Béing'ifecle@S S
t han - about 30 [err]m The term "nean di aneter” as used

herein is intenidyiqugliyintg theyrolumn. Evaluations were s{feqter,at flaveeates. thesfficiency or
cross-section dj C SRR

particle confi ggf:%!taﬁ &tﬂh v?ag%ﬁ%fﬁ%teg %gé%n(r)nst rd&ée%%%gﬁf éhdc 'E'SSSBEﬁ?rP& es
that are tabulated, all incaresrdance Iwithsthé: praceduire set fmrdgmlEvmmptd 1,dbe reshisingal ue

of such nean d| ter I cal a di tr buti on
of dianmeters at® ’E'Eﬁ’{f‘{aégﬁg'é ‘Et\g/%‘%f 1“3’9&16[’“8?073'36'5T “@g%m |"H‘a%8'8:““ lF
prefefged aspecg, of the present invention is the irregularity of particles'

shape as vvi | be delineated hereinafter. The term
"irregular" as used herein is intendedEXAMBIE Y to 25

oresont im0 CRRHBLECForolifle W%“&?Mﬁ%%@%“&%@%ﬁ%

conf i gur at i ons, 002 tuncaatedn uafadetibnalized highlydirregularly shaped, poroussdhmilna phdtieles as
well as solids of revol tlons has ?i erall Fegerlc co oi dal
ers 0 %H.Ia

el |ipsoi dal and™ith® o Wagf Jrn BPlyg%?B?ous
sur f ages standards of various moleculi[‘%@ﬁ tissdIRa u?ine&?ﬁn@élﬂ’&ﬂ&tbé n are
preferablyformadfromrraterlals t hat 30 are |ncorrpreSS|b

which termis tindividuallylintg thewdlumn. niévatnations: ware effedtedeat flomerates, the eﬁ'ncxency
changes of the gengh bliéioR Whs (abAES, dluid\ind et FLeBRacH M nefrEREH didp O, 2

| east about
tabulated, all as set forth in Example 1, the resulting efficiency data being set forth in

Fig. 7 in the same coordinates as displayed in Figs. 5 and 6.
20 EXAMPLE 4
The back pressure for each of the columns eluted in Examples 1, 2 and 3 was
measured and recorded. The data obtained are plotted as pressure drop in pst vs linear
velocity in cm/sec in Fig. 8.
EXAMPLE 5
25 HPLC columns prepared as described above and packed with batch PS-10-011
pariicles with nominal average dimensions of 50, was derivatized with a surface
chemistry containing a functionality so as to be suitable for separation by cation
exchange. The column was equilibrated with a 20 mM neutral pH tris (tris-
hydroxymethylaminomethane) buffer containing 2M NaCl. Samples of 60 mg/ml of
30 BSA (bovine serum albumin) and lysozyme, both obtained from Sigma Chemical Co.,
St. Louis, Missouri, molecular weights of about 67,000 and 13,000 respectively were
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PCT/ US96/ 17376 5 x 10[err] psi, (including outlet colum
frit retainer) remains substantially zero, and the

particles therefore will substantially resist plastic deformation even at
such high pressure. The particles of the present invention
are shaped awbdwgbBdted in a range of si zesP(é'M'éF!‘Q/ﬁ'&@%s such

that they can be packed at a pressure sufficient to forma col umm
character i Zed ' &siaweh%gmb?ﬁo%néb%ake qh,e&aﬁmqhéc@&mm&ﬂmmﬁtem@mgy in
Fig. 3, for ween particles 22. Because of the
irregul ari ty of froined. H mlt/inid ©s10 mk/min| [Th gesnltinp data aeeplotied in Fig. 9 in terms ofhat
the interior makls of such channels are necessarily quite rough in
configuration. u. Wiile it is believed that at |east the

majority of channels 24 have nean crosgEXxMPLES di ameters
substantially not | ess than about 4 [err]m the interstitial volune
fraction (i.e. An HPLC columm prepayed ps Jeseribeg abeve; and packed with batchathids 24

bet ween the par 9’“8@ at#@? 5 %
of the total ﬁéﬁéﬁg‘%leségﬂ% tav??géw‘ﬂ?‘?mbé’s 3{)?00 c‘;"leé"t%eé' t Q'?‘?}& giéf
col ums of the EhieniistryA tontdifing aIQ]hTEthamhe ﬁnicmmhiyrmgasnormnfeeassepdmimﬁﬁout
459 t t 35%t0 42% T
£or% aoc o par ey ppsmbecicatge: Tik SR B RS S o § e
ei ther per se ag A:El $/thi! SQh&Edme BYA Qé’mt}’;‘;ﬁ%ﬂieﬂnaq &ﬁcnlved in the

th any of t he

as by coating, Wi many known chronat ographically active,

stati thary mobile phase, injexiteds int¢ thecealumm jand ebuteds| flowk watem atoording: touthe,
Particles 22 ma eII| ar o] v, L e [
preferably ‘8 'HHBIE&ﬁ‘g&kgt r?hfﬁéﬁﬁﬁgpg%%ﬁloc "Iﬁ %@f'\/‘geé"i‘r
havi ng nean di aggérinfitel ¥hd Etalef28 employed ireFig. 9. vm thin a range of

about 60 Ato 5,000 A\ As a result of the particle irregularity, 20
coupled with an interstitial volune f r ab&AMEIE Inot | ess than about 45 %

It is believed A column prepared as described above and packed with batch PS-11-090
15 (nominally 20p particles) was derivatized with a surface chemistry containing a
quaternized amine functionality so as provide separation capability by anion exchange.
The column was equilibrated and tested as in Example 5, and the resulting data are
plotted in Fig. 11.
EXAMPLE 8
20 A column prepared as described above and packed with batch PS-11-027
(nominally 10y particles), was derivatized with a surface chemistry containing a
guaternized amine functionality so as provide separation capability by anion exchange.
The column was equilibrated and tested as in Example 5, and the resulting data are
plotted in Fig. 12. '
25 EXAMPLE 9
To illustrate the high speed and resolution of the method of the present
invention as appli.ed particularly to preparative chromatography, an HPLC column
prepared as described above and packed with batch CT-50A1-002 particles with
nominal average dimensions of 50u, was derivatized with a surface chemistry
30 containing'a guaternized amine functionality and evaluated under gradient elution with
a Prosys HPLC instrument manufactured by BioSepra, Marlborough, Massachusetts.
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that turbulent flow through the interstitial channels of the colum of the

present I nvention can surprisingly be induced_at Reynolds ___
numbers-wel 1 bel ow 10. The interstitial volune,

Mlerr], for a colum formed of porous particles, can be

defined as: 25 - (Equ. 5) Vlerr] =V - V[err] - V[ferr]

where V is tigémkpy volume of the enpty col um; PCT/US96/17376

V[err] is the total volune of pores in the particles thensel ves; and

V] is the t I I . k J '
Yy 2, o A eI e

Q/Eifeﬁ 'r f' Sy C@F é’&]h pump so that the totRSmakihiri Adwaate was 120 mL/min. The instruthent afso
=V -Verr
-17- comprised a statigymixer, aguitmaviolet detector measuring at 280 nm, a 5 mL syringe

PCT/US96/ 17376 1, 4er and injection looi“f]ﬁgﬁleyﬁa‘f sbfewire gk%ﬂh%%%’%@g%%%%

particles. I'ntrusion ysi s,
technigue, can bapataad other dati,cinivn serednfor displaying output data. imtonjumttidni with thisl une

i | foi Il | f - ' .
| zdfﬁgugrzszm' Phasch PSR s At HHBLC ot bl e o208 o, Hieeie
en i : i t :
bortion o }nsgrﬁgéllltﬁ?iédrkgé‘l J?Paén? haviky Pivhsiftim fiw 48 JehIl/BiPwad pravide@ast a

maj or _ ] volume, a fluid mxture
(from an appr optheatve pamping sysems being copfignredtogetireg withrad¥-iinction before the mixer

e T O AN RO Sl eftb SRSy § hainhl tow e B¢ 166 HF Rfin.
10 The column was equilibrated with a 50 mM neutral pH tris buffer. A sample
mixture of human transferrin (obtained from Sigma Chemical Co.) of molecular
weight of about 80,000, and BSA (also obtained from Sigma Chemical Co.) of
molecular weight of about 67,000, were dissolved in the buffer at a concentration of
2mg/m] of each component, and the 5 mL injection loop was filled with the mixture.
15 After equilibration of the column in the tris buffer, the sample was loaded onto the
column at a flow rate of 120 mL/mn. After 5 seconds, the mobile phase was changed
via a step gradient to 5% of the buffer with 2M NaCl. After an interval of an
additional 7 seconds, the mobile phase was changed via a step gradient to 20% of the
buffer/NaC] solution. Flow rate switching was performed manually on both
20 instruments by changing the flow rates simultaneously to allow ionic separation of the
protein solutes. The resulting chromatogram, as the ultra-violet trace of the elution at
280 nm, showing the resolution and peaks obtained during the total analysis time of
approximately 15 seconds, is displayed in Fig. 13.
From the plots shown in the Figs. 5-7 inclusive and the data in the Examples
25 above, it is apparent that for the columns formed of the approximately 50 um particles,
the reduced plate height decreases above a reduced velocity value of about 5000, in
contradistinction to the Van Deemter predictions. In columns of 50 um particies that
display such turbulent flow behavior, it is apparent from Fig. 5 that the reduced plate
height returns to a minimum at a reduced velocity of approximately 40,000, and the
30 time of analysis corresponding to this reduced velocity will be reduced by about the

same amount, i.e. approximately 4x10°. The columns formed of 10 ym and 20 um
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as above-defined) that, in this first enbodi rent of the present invention,
1S substantially above about 5000. It will be seen that the
| atter is an approxi mate val ue 10 at which the slope of the h/v
curve begins to decrease along the reduced coordinate h

(i.e. Hd[err]) axis, indicating an inprovenent in efficiency with

i ncreasi ng r WO HIsT24 velocity. It is believed PEEUSIATIE ent
flow of the mxture is induced in the colum of the first

embodi nent of_pbaﬁae;ddﬂ&%ﬂbmn@trelauéﬂsﬁwdfﬁmeh t FPA6W SR 4N &) g hon
reduced vel ocity val ue of about 5000. The present |nvent|on urt er

i ncl udes means, e Figs. 6and7sqml|fprastophmprmmml relationship established by Jarginar
(typically fro ot her appropriate reservoir or storage
tank 30) through a' charged colum (i.e. colum 20 in which at |east sone

of the chromat ogr aphWheh laydesieéd sodute uialychzepresenyin veey bihfll bBceAttREs ROLAREE
thereto as a reSIIIIIt of flowing the solute m xture through

the col unn i nit VEIPMES °f'ﬁ%ids dhe,deading of a chromatographis selymaswith the golble ithe
| fluid f
eluant f1uid ar greithitet ofl scphihfibd Slnlbé £Ahd-Ectlhfing Yondl §Blcfb R exrdusivRlasdely of

atype and in a novvn |n e prior | Spose di'st al
end of preparauvecnhkmmnogiiphyﬂnecaismﬂmprdsémmvemmbmGbmlntﬂélyrlight be

b S er” e’ Rt oton, R o BRI o okl S i Kbt
above about 500fhe coRminRimdRey fBiRAIhRG: Ribeficved it Ml WiBdichde ddaendetddait

fluid fromthe colum is an inverse function of the Reynol ds nunber for the

el uanl0 25 such highspeed-fipw enhances the deadingnf thesolutet moleenleseopte the derivatizadhe

di ffusion coeff ln the eluant fluid. It
will be recogni éeqa%g{wq‘{w%r} %/?@\E/‘vgh&l?ﬁsémr eFa?l“mHshl p between the

mol ecul ar wei ght of Ithwil behlsé frecogidized timt i purifisation of awvleCiles, anhajort domrRscisl
spreadi ng of sol.ute. el uted he eluat fluid fromthe

column in the pPYEERmyis ¢ostand produetiyiy canbe dg mam benrified gerunity
i nverse functiofmef sidee W%Eﬁine%ﬂ@ﬁéas@ﬁ by 1he pAed éﬁitlﬁvenﬁ&lb several ord rs

Colum 20 is typically a Fow, tubul ar contalner fornmed arig
st rondp of magmmm:énsu rgasonabihtocextend shensame Factorcof| savingst h@rbducayltx mat s

?23{” cally iner HeRbnsttAleg %ﬁ.‘d&ﬁﬂ& n hQEmple 9. Since the dynamic capacity of the packed
columns of the present invention is influenced by mass transfer considerations, this
deduction appears quite relevant.

Another discovery, on which another embodiment of the present invention is
20 based, also indicates that the prior art view of liquid chromatography is not accurate.
For example, the Van Deemter equation, even in view of Giddings' coupling theory,
predicts as noted earlier herein that the reduced plate height 4 value is not expected to
be below about 2, even at high flow rates, and that the plate height is independent of
the flow velocity of the mobile phase. It has now been found that, contrary to Van
25 Deemter, the coupling coefficient (the a* term in Equ. 3) is not independent of flow
rate and can assume values well below_ 1 by using turbulent flow velocities through a
packed bed of large particles {e.g. at least 400 pym in average diameter). The
significance of that discovery will be apparent from the following Example.

30
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PCT/ US96/ 17376 ~fluids to be passed through it. The colum ... .
may nave a snall | nside dianmeter, e.g. a fewmm, or may be

of very large internal dianeter, depending on the volune of liquid

that is to be chromatographically treated. According to D.S. Hone et. al.,
A wo o7fgpapar i son of Mobil e- Phase Dispersion in GaSresyditargui d
Chr omat ogr aphy, Sep. 5 Sci ence, 1(5), 531-554 (1966), the

i cal

di spersion of bands in beds packed w m particles
is least desirable, at |east at nediu s for the nobile phase, at
ratios AnétherCahbbdinélit I Rppirata® oP el present HiveRRInCasiRE b asKkedabout

10 and 30 . The present ) invention is concerned however wth
very high flow colums was made employing ippasats similar to that shown in Fig. 2gdn which

colum-to-particle di ter _ratios do not. a o) riti.cal
In a pref elrored ‘é?mﬂiﬁgeﬁi'asoforpﬁ ﬂ.‘?r@s%aﬁgeq N@’Zﬁ‘%ﬁf?ﬁ%ﬁcoﬂ PEEtFIRbY g by
packi ng parti cl ggomigréisivle fariBiay22cha®ing bbistaR@illy @ifom hesh dilkaettrs Jeth[tppicaliy)

pref erably under . pressure of at | east about 5x10[er r‘L psi to
i nsure that theavesagerfiamesessed soyeral hupdred g In this Example, colump 29 wasai4é ky no

voi ds except fogad .St t:m:l @&%I hﬁ%ﬁ"‘ﬁ?&h tge
in contact wit hi%dngﬁrgﬁﬁ'ﬂer, nlla‘f : cglcélr‘rln%Z%&Eaﬁz&a substanﬁégl I %hﬁﬁ‘f %%'r’m
bul k density. 1Seattle, Wash.) with fzhuncin 20290 tifaniunefiits, packed svithepantinles of DpevisilMes s
of whether or nogt the parti rous Oor nQn-poro

C re 0 ,
shoul d exhi bit 03ft Baasansilica &’f@c&%ﬁ@o%%ﬁ?“-ﬂﬂ/&-gﬁmﬁﬁ JiVEraze diameters o
Lower yg nt er sti t hgdye 566 ph é&rbggﬂﬁfl :u“yaéﬂﬁéan%m&,ﬁ5m@fhewmyembmﬁreﬁﬂ & d

pol ystyrene rticles, wll not éxhibit the requisite

reduced fluid vpirticulaty cojusmp20adeserihed chegrinhgfare, the surfaces of partigleyR2pwestsur e
o et | o, AR A AR} D2 MO s, e of dmes of
colum with t heagy 6ff thé bber paiticlesséarlieraeschibed hérein. and pr ecl ude col | apse under
e RN ¢ nvent oNemeabut S T Mot A58 ok A5 A,
e TEPTPLeS) ey RARI B SRRER kT ohaBFi SR e ke
end, the pref er majgbr portion of the interstitial volume of the column, a series of samples of a fluid
mixture from an appropriate source such as reservoir 28. Each such sample was 40
L of acetone diluted with HPLC grade water, injected by an appropriate loop injector
27 (Model 7125 from Rheodyne. L.P., Cotati, Cal.) at several experimental flow rates
20 between about 80 and 140 mL/min. Detector means 31, (comprising Model UV-1000
detector from Thermo Separation Products, San Francisco, Cal., coupled to a Kipp &
Zonen Model BD-112 recorder from Fisher Scientific, Pittsburg, Pa.) was disposed at
the distal end of column 20.
The data resulting from operation of this latterly described liquid
25 chromatography system is set forth in the following table which also shows the relation
of the experimental flow rates, Q, in mL/min, (assuming a diffusion coefficient of 1.5
x 10 cm?/sec for acetone in water) to reduced velocities, v. The table indicates that
at the typical values of d, and v for such column 20, it has now been demonstrated that
the reduced plate height 4 is inversely related to the velocity of the mobile phase, is not
30 independent thereof or constant as believed in the prior art, and can reach values well

below 1. Recovery, even of small molecules such as acetone, was extremely fast in
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25 particles are formed frommaterials such as al um na,
titania, silica, zirconia, vanadia, carbon, various
relatively inert netals, and conbi nations thereof.

The. et hod of the present invention therefore requires that the flow

t hrough at | east a majority of the interstitial channels in
t he chr onat oWOa&p724 col uiMm nust be t ur bul e®PCT/USP6/17376

post ul at ed t hat the turbulent flow profile is alnost flat, as distinguished
30 ] i bty fiuce 0P PeaRIdRleb P p&e&&t i of

| ami nar flowt ough %aﬁ‘xi‘ ’ ! chr omat grap{?&c c% umm ﬁlh(ﬁ&dt&i

i mportantly, i thatthefealassubstantialht compiate tegoteny efithe filjected acetone within less than

-19- WD 97/ 16724

PCT/ US96/ 173761 seconds per sample. ' 4 ced, a radial conponent of velocity
I s superinposed upon the normal diffusion process, altering
the normal diffusional process and the band-spreading kinetics in a
favordbl e manner with respect to the efﬂ!ﬁﬂ&hcy of the colum. It is
further postul g=ee= = ki o ' b
turbul ent fl owd

rel ati onship b en tn raneter € TT1jowW.Nng cnannel
&){ve ﬂ‘ vvherégé‘o' e Dro’dfact of theg

flow velocity Welllok: tels
remai ns constafjggM th chapggs in {hg 1 l'i ndaggvel odijt 1]re
need for parti oL CLigicl Y ' ges—in

pressure W t hopptzpl asti ¢ et or nat | om,ms ablmm i ndi cat ed ,4545 t hq njegpre'Lvery
[ rrportant t—stroutd-pe—rroted—ttrattFroma p-ac al
poi nl0of view. l40 one sgedds0to e 1244 the orfdilfary ¢i082%r i
measuring for turp ent TlTowlin ac romatograp ic colum, I.e.

to provide a flow at a Reynol ds nunber greater than 2000, such a flow
general |l y where y = the average mobile phase linear velocity,

v = the reduced linear velocity;
N = the number of theoretical plates;
15 H = the plate height; and

h = the reduced plate height.

A plot of the values of the flow rate, Q in mL/min, against the measured value
of plate height, H in um, is shown in Fig. 14. From the data provided by Example 10
it is apparent that preparative chromatography using apparatus as described in

20 connection therewith can result in extremely high speed, high capacity separation even
for molecules having molecular weights well below 100.

As illustrated hereinbefore, mass transfer is enhanced by wmrbulent flow and it
is now believed that the mechanism involved is the consequent reduced access to
surface area binding sites on the chromatographic particles. Accordingly, if the

25 postulated mechanism is correct, then non-specific binding should be correspondingly
reduced. Non-specific binding, as that term is used herein, is intended to refer to the
phenomenon in chromatography in which a molecule of sample, trapped at a surface
binding site on a chromatographic particle resists subsequent displacement by elution,
or cannot be removed by elution. In order to establish the truth of this hypothesis, the

30 following study was undertaken:
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cannot be obtained through a densely packed bed. The key to inducing

turbulent flow ~in the colum in the nethod of the present.
iventron 1res 1 n the conbination of the roughness of the
particles together with the high interstitial volume fraction, i.e. 15

>45% As a resutt of these factors, it is believed that turbulent flow in
chr omat ogr apigerfighkmms of the present invention has been ipcdsssi7até
Reynol ds nunbers wel | bel ow even 10.

In carrying out the nethods of the pr t ntion with the apparatus of
t he first-described enﬁ@w&gf Fig. 2, a nunber of

di fferent batches of pailof 048 1RER HILC columns were prepaiedQy @dsckibed aiove pmcked
colums. The batches differed primarily in that po

re ..

di anet ers wer e Faanmipiag.and ¢valuated with instrameniatjon as dessribed: indixample § ¢k sample

di aneters of the. . &aﬂrﬁﬂ i : 'ﬂ&mE of
the latter part WEOW%‘] @%’%Fg&g@ Eéoejjw aféde@ dé%%‘%lﬁgl?%ﬂgrap %@PF@
active materi al ¢f 60ngy/mLoianae mobik phase orrred o tfio bufercin phiB.62 Iyeithc2M NaCl.

of porous particles were determned in WN nner W ol vstyrene
standard 25  After equilibragion gf; %‘E‘F‘B‘FW@’ E‘Pﬁﬂ'eegﬁ‘i‘fﬂ’% ﬂquﬁ’ﬂqcéf”é%?ﬁﬂe
mol ecul ar wei gl R:'G/e?-&)‘l{aﬁf‘@ﬁ)secﬁﬂmy into each column at an Bversge! fkReratatTedueizd ene
chl oride. Specitically, polystyrenes having nol ecul ar wei ghts

P .
rangi ng from 2xvedjeities reater Swn ajoyt $000vReeoveryf thecsample was measwradeas atfanction

exclusion limt and t i ' ' Il gl es.
Each such pol ys? %e%f%ﬁ?}mwéﬁﬁf%ﬁﬂeﬂai é%?‘h?&oﬁ‘wu& B fle ’ﬁ&ﬁegﬁ{vx%g?

i nj eciged into a3ERIIRMOOREH Bétrd:  fob @i® bmpe fiid pareicle eikze Y e ebluni, keal Si ze
and/ or 30 coating. The pore vol une was neasured B i nj ecting '
acetone into eateducsdvelosity) imexcess of 30,000. Once sgiuratjpn pt these high ﬁ\j 'BJFBB‘@,S and

_s;g_sequent 'y a s8leVid, b iy @onihed idind Bk St GiuniR! Bitlat a flow rate of 1 mL/min

bt

corresponding to a more traditional regime of laminar flow in accordance with the
* teachings enunciated in the Van Deemter relationship.

15 The resulting data are represented graphically in Figs. 15 and 16. It will be
recognized that under the foregoing conditions and the nature of the mobile phase
employed, the BSA in the sample is generally unretained, but is known to have non-
specific binding interactions, presumably with the underlying alumina support. It will
be appreciated that non-specific binding can present a serious problem in HPLC

20 inasmuch as inorganic substrates tend to "eat" finite amounts of sample which may be
present in only minute quantities and/or be very valuable. As shown in Fig. 15, under
turbulent flow conditions the percentage of sample recovered reached 100% by the
time the cumulative mass of the injected sample solution had reached 5mg. Under a
laminar flow regime, 100% recovery was not achieved until the cumulative mass of

25 sample solution injected had reached about 13mg, indicating that considerably more
non-specific binding of sample occurred under laminar flow conditions than occurred
under conditions of turbulent flow. Fig. 16 simply restates the data in terms of
cumulative amount of non-specific binding that occurred rather than as recovery,
showing that, for the columns employed, the actual mass of BSA non-specifically

30 bound plateaued or saturated at about 1.2 mg for turbulent flow conditions, but did not
plateau for lJaminar flow until about 3.8 mg of BSA had been non-specifically bound.
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PCT/ US96/ 17376 pol ystyrene as a totally excluded probe. The
transit- or elution tinme through the bed for each standard
was. neasured by ultra-violet detection at 254 nM Percent intrusion was

cal cul ated as the elution volune of each probe I ess the elution volune of

t he excl udedwo 97/16724 probe, divided by the pore vol uPEI/US96/17376

To measure porosity, a nunber of batches of particles were exam ned, the

first . i ' j L CT - 0 of
uncoat ed, unfu nI(t: £ tgﬁrgﬁﬂz g@ “ﬁ“i"g ﬁf”gg” éﬂﬁﬁyﬁg ?Jrﬁﬁieﬂﬂo‘j}r ((Eabgtjlg Qﬁﬁﬁ%ﬁé%@eﬁor ous
alum na particldag tvauomgpesificobinding ain e substanfiallyOmjnimized. buTo that end, in '
an actual nean dianeter, .as determ ne b¥ Coul ter analysis, .of 42 .39[err]
Wi thin a 95 o5 Chromatographic columgsim iicha Sy Pya sampll mybHucet juip dhe cot
particles of nogiy@hd RPbeRbiné nbh-sFeRifiRAIEy bokidd to the columni partiEis!|(RE leertiaREd.

porous alum na, but with different degrees of functionalizing o
i mrobiSl i zed pol therpresericnyention arerusshil in prducing sychd9aEPeoifia hindiag ibymrevdinger ei n

B i med by t heMeamJon iiesAiE e Snple 416 e Rt kol For fovifie ) ibhiih >

functional i zed igmiddiafdp afic? Mieramiple ifjectidhgeiuat fiaidrifo e e, 36t BE injection
2.7 to 6.04 percentage wei ght | oss by the[nogravinetric anal ysis. This

wei ght | oss 15 and the flow of elugnt-flyid baing eptabli UAAYCSRED FPdysed:; Yelocity greater
functionalized ting at el evated tenperature
during the anall)“}%llésﬁ.mi}l“&m{El It will be understood that,

i nasriich as t he par tSindeeertaip shangésauayabeempdedh dheabbve apparatus and process withowgul ar
and are not generally _spherical, the term. "dianeter'.as.used herejn is

i nt ended dep fmp‘l @e Ao0Rt pEhE MveRKion hepein imvolyed, It 1S B’gﬁnﬁ%mﬁﬁ H&n of
the particle. Aldntadted!inQBEatiive dBRTipAGh or shown in the acbmpariyingCdrafvindCstall be
subjected to a series of polystyrene probes of different nolecular

wei ght's, as abointerpreted iean dinstrative apd 804 injalinitipg $€05%| ot t ed as | og nol ecul ar
wei ght agai nst cunul ative percent intrusion, is shown in
Fig. 4. It wll be apparent that the curves in Fig. 4 are
all approximately log-linear with approxi mately the sane sl ope,

so that the lightly coated particles exhibit mnor narrowi ng of the pore

di aneters. The 25 heavily coated particles however indicate
that substantial and |linear reduction of the i nternal pores
of the particles had occurred. The diffusion coefficients Derr] of the

pol ystyrene standards were cal cul ated according to the fornula set forth by
G @Qui ochon et. al. in Fundanentals of Preparative and

Non- Li near Chr onat ogr aphy, supra, at p.142.
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30 I ndi vi dual HPLC col utmms were prepared using

respective batches of irreqular, porous, alum na particles
of nom hal average diameters of 50[err] (CT-50Al-002), 20[err]

-21- WO 97/ 16724 :

PCT/ US96/ 17376 -~ .._(_CF-QON——GG&——-ﬁnd 10[err] (CT-07Al -002),

using the fomwesggpacki ng protocol . 2,,(%{,@%;5,1 Faxip each
batch were slurried in respe “ﬂm ml ﬂ ﬂgl mxtures each slurr

bei ng tranﬁherrea .to’a .macha packed the slurry i nto
respective Is: t‘ubes of 0.46 x 10 cm each, under a

packi ng pressure of 5x10[err]psi. Such columms then 5 exhi bi ted
a colum-to-particle dianmeter ratio of at |east about 90. The resulting
packed 1 1. Chromatageaphy apearstus comprisingt ingombinatipmcki ng appar at us,

capped ang equili brat ate.testing solvent
The HPLC gyst em use% ﬁﬂoﬂn@kg@glpg bp% f%cﬁ?ead%tagmluy uniformly col unms
used in c@nnectdistributed hmuhiplitioy | 6fvirigid,Esolid) qroreusp paiteRs awg@mmer ci al |y

avai | abl e Mbdel 1050 HPLC system frogm Hewl ett Packard Co.. Palo Alto
Californi% 10 © romawsraphlmwcwugwﬁé?ﬁeeoﬁw.pgmflea BAYIRE #veraggel i vering fluid

into the golu 1@1%13@ f varying
wavel engtﬁ cagnl) It B¥h6tq{es§%h§+%3?ﬁm ggr{gtsersu Lllt eﬁﬁ’ﬁ ?eﬁ

col um. The sysshdrpaﬂmles;hemgeetslessghmiabmtr%%eoﬁnhdtcﬂai@Oluhiemfda‘tleCt or was a
Model 86/ 33SX conputer avail able commercially from Acer
Aneri ca, éan ch?gv lifornia running a software program
identified as "HPLCufgafdFor éadfiy saidRaiaced vtk & Qeastlohe solue that is 0Pt ai ned
comercially fromHew ett Packard Co., Palo Alto, California.

The fol | ofi ng Jeastiss with said susfaces; by ﬂp\ypraradw@rmxwemmgnxagaaIQSe of 1iquid

10 solute through said body at a velocity sufficient to induce flow of said
11 mixture within at least a substantial portion of said interstitial volume
12 at a reduced velocity greater than about 5,000.

2. Chromatography apparatus as set forth in claim 1 wherein said mean

2 diameters of said particles are substantially uniform.

1 3. Chromatography apparatus as set forth in claim 1 wherein said
2 interstitial volume comprises a multiplicity of interstitial channels
3 between said particles, at least the majority of said channels having
4 mean cross-section dimensions substantially not less than about 5 gm.

1 4. Chromatography apparatus as set forth in claim 1 wherein said
2 particles are coated with stationary phase layers so as to render said
3 surfaces chromatographically active.

5. Chromatography apparatus as set forth in claim 1 wherein said
2 particles are substantially incompressible so as to substantially resist

plastic deformation at packing pressures up to about 1 x 10* psi.
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chr omat ogr aphy col ums enbodyi ng the principles of the present invention:
EXAMPLE 1 : —An—HPLC—cottm——prepared as descri bed above

and packed with batch CT-50Al - 2 particles with nom nal
average di aneters of 50[err] LI Hl tH quilibration in
met hyl ene chl ori de sol vent. of various nol ecul ar wei ght

pol yst yr enes,Wa@id%tiR4/ed i n net hyl ene chl ori de wer e i nj ect edCIrAuSPe/1786al | y

into the coI urm Eval uations were effected at flow rates
ranging from 0. g NghdPd a%ﬂarams as set forth in cldith/ Mwhereh'gai@f f 1 Ci ency of
each injection was cal cuI ated measuring the peak width 25 at

t he hal f - IZei ght partiches aof fmmuddbmmobrpmaw ofchlumingy silicaetitania; each
I nj ection Were

grded by measurenent with ultra-violet
detection at 252{“}?%‘ ﬁ%"n&raé‘gscﬂfbg’ drop at each flow rate was
measured and tabul ated. The resulting efficiency data are
summari zed in graph formin Fig. 5 being plotted in terns of reduced
par anet er 1 7. Chromatographyrapparais:as sehfosthdn claingh wherein the pores

-22- 75 ]a§17
PCT/ US96/ % 376 in said pamcley\ga\ge _ (ﬁﬁ'neters lying within the range of from EXAVPLE 2

An HPLC cd umm pbp 60 dotoaabonke’;000 Aed above and packed with batch CT-20Al -

()

8. Chromatographv apparatus as set forth in claim 1 wherein said

2 particles are packed together under a pressure of substantially not less
than 5 x 10° psi.

1 9. Chromatography apparatus as set forth in claim 1 including means
2 for eluting loaded solute from said body by flowing an eluant fluid
3 through said body at a velocity sufficient to induce flow of said eluant
4 fluid within at least a substantial portion of said interstitial volume at a
5 reduced velocity greater than about 5,000.
1 10. Chromatography apparatus as set forth in claim 1 including means
2 for eluting loaded solute from said body by flowing an eluant fluid
3 through said interstitial volume at a velocity selected such that band
4 spreading of solute eluted by said eluant fluid from said body is an
5 inverse function of both the Reynolds number for the eluant fluid flow
6 and is a direct function of the magnitude of the diffusion coefficient of
7 said solute in said eluant fluid.
1 11. Chro'matography apparatus as set forth in claim 1 including means
2 for eluting loaded solute from said body by flowing an eluant fluid
3 through said interstitial volume at a velocity selected such that band
4 spreading of solute eluted by said eluant fluid from said body decreases
5 with increasing Reynolds number of the eluant flow.
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002, uncoated, unfunctionalized highly irregularly shaped, porous alum na
particles W th nom nal aver_ge dianeters of 20[err] was
eval uated as in Exanple 1, standards of various
nol ecul ar wei ghts, dissolved in rretliql ene chl ori de bei ng injected

I ndi vidually into the col urm effected at flow rates, the

efficiency wo9mer4 s cal cul at ed,p(_qi,uggm-,gr nes
were recorded and the pressure drop tabul ated, all in

accordance with.4h edu e s the resulti ng

effici enc$ dat al% ﬁ‘r‘% Wg#aﬂ's%séaf%& %r%rldpég?lggmfﬂﬁ | ar to those
di spl ayed2i n Fi fr ¢Rting loaded solufb from said body by flowing eluant fluid through

EXAMPLE 3 An HPLC col umm prepared as_ descrl bed above

and packed wi t hsaihintarstitipl yotmme at a velocity selected suchfbat band spreadin
unfunct i opal i zege Jijgd Uted by ?ﬁ&'éﬁ?&%‘lgﬁ'ﬁ&?‘hxd%&ﬁ&% ﬂréé{'fuﬁ@no‘ﬁart | cl es
err] was

with nom nal average |arre ers o eval uated as I'n Exanple 1,
pol ystyretie 15 of the magnitude efithiadiffosion coefiicientief saill sokud iasaidelugit s, di ssol ved
in met hyl ene chlaride, being injected individually into the
col um. Efal uati¥fls were effected at flow rat es, the efficiency

of each injection was calculated, elution tines were recorded and the
pressure drop tabul ated, all as set forth in Exanple 1, the
resul ti ngleffi clInEhromatagraphy appasatus gamprisingpin combination, Fig. 7 in the

sanme coor gi nates as a%mx&gpﬂlpﬁrﬁhﬂgfo%eaqga Qubse tially unifo

EXAMPLE 4 pressure eacﬁmgf t he col unmms
el uted i n3Exanpdiesibited 2patketl dubtipticity of rigid, solid, porous parsiclesl wathd r ecor ded. The

data obt a| ned are plotted as pressure drQ vs |inear
vel ocity 4n Cmg)éggetﬂgrpplacal algtwe ces, sauP partlclE iavmg substantially

EXAMPLE 5525 umformmeandxameters oﬁ&ﬁsﬁﬁaﬂ%&t@b@ﬂﬂ{ﬁ as described above
and packed with batch PS-10-01 particles wth non nal

aver age dPnensions aneaas)[q;rloa}dmgmsi stefacesawitly tdeast one soluse lhaalse

ot om Y700 ARk oy i S8 e ot £ ool boheaihing spldl THPS 50" o Y
neutral pB tri ssofté thfough said column atavelooitydﬂifﬁdiym tmhmawmhiaane) buf f er

cont ai ni ng 2M Nad . Sanpl es of 60 of BSA (bovi ne serum
al buni n) &nd |y'§8‘£=§rﬁrémﬂ%ﬁwe%?ﬂmﬂﬂrmﬂsr 'gfn‘Hf- aHersitial vokume

St. Louigg M SW&n syl pafticiedhe RGN SeREinPbrekttr Bidn DMt 361800-3. 000

respectively we

1 14. Chromatography apparatus as set forth in claim 13 including means
2 for eluting loaded solute from said column by flowing an eluant fluid
3 through said column at a reduced velocity value of at least about
4 50,000.

15. In chromatography apparatus including a chromatographic column
formed as a bed of a packed multiplicity of rigid solid particles having
substantially uniform mean diameters of not less than about 30 um, the
surfaces of said particles being chromatographically active and wherein
a solute introduced into said bed tends to become non-specifically bound

AN U AW N

to said particles, the improvement including
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-23- WO 97/ 16724
PCT/ US96/ 17376 —drssel—vedhulih_e\bl | e phase, injected into

the colum and eluted at flowr an fromO0.5 nm/min .
to 10 ni/nin. The resulting dat’ﬁ'ﬁi’#"ﬂ'ﬁ" i’””" Fig. 9in terns of
h and u. EXAMPLE 6 5

An HPLC col uwoewiepar ed as descri bed above *and packed with beXUSY6RB764-
037 particles with nom nal average di mensions of 50[err], were derivatized
with a sukface FiShid %R & ua ed- am ne
functi onalr7| ty so as ?%anggorx{ e&ﬂE l%ar at&o n%ﬂglg%aﬁ I‘ﬁ‘"rﬂl|kc>°§1b| lity by

ani on excl8ange. saichevbham atmedmd eqemtb'lgmamrdunabométmﬂ@oahtqlnafxarrpl e

5. and a sanple of 6Q / the s BSA as in Exanple 5 was dissol ved

in the 103 JPM"H@%W%%&&%‘B" ?ﬁrgct ed into the colum and eluted at

flow rat qg accor di NgméghsGE eluting the loaded solﬂé%&ﬂ%ﬁﬂ FiicléCThyr i n Exanple 5.
The resulting data are plotted 1Tn Fig. I n the sane

coor di natlds andflewing eluans finiditheopah Sﬁlﬁcﬂmgﬂ atan average reduced velocity

EXAMPLE 7, A col um prepared as descri bed above and
packed vmlgh bat%ﬁa%mﬂa'b% Tg) (nomnally 20[err] particles)

was derivatized with a surface chem stry containing a
quat er ni zed am ne functlon lity so vi de separation capability by
pertdrming gt o

ani on excHange. 16. A method of ofRatogzaply | OBPHEE Bhd tested as in
Exanpl e 5, and g,p& dgesul ti ng data are plotted in Fig. 11..
3 forming a body of a substantiaily uniformly distributed
4 multiplicity of rigid, solid, porous particles with chromatographically
5 active surfaces, so as to provide an interstitial volume between said
6 particles, said particles having average diameters of not less than about
7 30 um; and
8 loading said surfaces with at least one solute that is reactive with
9 said surfaces, by flowing a liquid mixture containing said solute through
10 said body at a velocity sufficient to induce flow of said mixture within
11 at least a substantial portion of said interstitial volume at a reduced
12 velocity greater than about 5,000.
17. A method of performing liquid chromatography as set forth in
2 claim 16, wherein said particles are irregularly-shaped. '
1 18. A method of performing liquid chromatography as set forth in
2 claim 16 wherein said particles are shapéd and selected such that said
3 interstitial volume between said particles is not less than about 45% of
4

the total volume of said body.
,_,——/
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EXAMPLE 8 20 A colum prepared as descri bed above and
packed with batch PS-11-027 (nomnally 10[err] particles),

was derTvatrzed WIh a surface chem-stry—conrtaining a

quat erni zed am ne functional ity so as r oVvi de separation capability by

ani on exchange. - “ﬁl‘ﬁ lu equilibrated and tested as in
Exanpl e 5, agédAgniesultin ﬂ ,!I " pl ot t eebrikedri@re 12. 25
EXAMPLE 9 o “To'illustrate the hi gh speed and resol ution
of the method of the present |nvent|on as applied

particul adl y t d%r Apmediod o8 PerpRHES nga;mgpmwm gt In

brepared gs- de iRl fid she:agk&%m@:ﬂg&g@@@@ha yaR2 particles

W th om na erage di nensi on err], was derivatized
with a suBface sorasnd sender 3@l surfaces chromatographicaly) activquat er ni zed ani ne

functionality and eval uated under gradient elution with a

Prosys HPLC i nstrunent manufactured by Bi oSepra, Marl borough,

VN\?)SS a/chgsgt US. 20. A method of performing liquid chromatography as set forth in - 24-
7/ 16724

PCT/ US96/ 27376 claim 16 wherein the induced;flogt of) seid tmixtves isgstbstagtiallypunps with a

maxi mum fhow r ﬂ:fn 30 nL/mn for : each punp so that the

total .maxinmum f Wrate was 120 nL/mn. The instrunment al so
conprised a static mxer, an ultraviol et det ector neasuring at 280 nm a 5
m. syring and..i nj et |on Lnternal software

programfgr pr fdesH Wﬁmf’ﬂcg?(?@’? ipg ligurd ¢ tograp%cﬂﬁtsmt n@ ot her data,
and a scregen f%lmﬂll%ﬁhéﬂdmpmewwseﬂai@-sahwm%ﬁim&mwm this

3 will be substantially incompressible so as to resist deformation up to

4 packing pressures of at least 1 x 10* psi.

22. A method of performing liquid chromatography as set forth in
2 claim 16, wherein said particles are formed from one or more of

alumina, silica, titania, vanadia, zirconia and carbon.

23. A method of performing liquid chromatography as set forth in
2 claim 16 wherein said particles are selected to have pores having mean
diameters lying within the range of from about 60 A to 5,000 A.

1 24. A method of performing liquid chromatography as set forth in
claim 35, wherein said step of packing said particles is effected at
pressures of substantially not less than 5 x 10° psi.

25. A method of performing liquid chromatography as set forth in
claim 35, wherein said step of packing said particles is effected so as to
form substantially no voids in said column except the interstitial

volumes between those of said particles that are in contact with one

IV I TR C R

another.

i
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Prosys instrunent, a tertiary HPLC punp (Mddel No. 6200A from Hitachi
I nstrunents, Tokyo, Japan) having a maximumflow rate of 30OnL/m n was
provi ded, . the two punping systens being configured together

with a T-junction before the in the Prosys i nstrunent,
eredy ot o e TR, - 5”70

m xture of human transferrin (obtained fromSi gma Chem cal Co.) of

nmol ecul ar ~wei ght of about 80,000, and BSA (al so obtai ned
from Sigma Chem cal Co.) of nmol ecul ar wei ght of about

67, 000, were di 260! Aaonethod bﬁperﬁnrfxﬁwliqmd shromatography as set fofth in

2rrg/rr1 of each clorlq‘)%g tl the?rﬂ_injectionloop was filled with the
m xture. clai 'N‘?% CSERi%i bration of the colum in the tris

buffer, ”? sanpl e V‘@lﬁuﬁé’ﬁgﬁs‘élﬁ@fr&ﬂ%aldb %by flowing aneﬁ@hﬁ!ﬁldat a flowrate
of 120 nL/m. After 5 seconds, the nobil e phase was changed

via a stept gradmmgnaaxmmataweloma@cwmmmofsai elpamn i nterval of

gtn ep gradi ent tguﬁggf%a ah&sﬁﬁﬁ%m&&i’b@?ﬁ t&?ﬁ@%%ﬁgﬁ\éﬁfﬁmanglegwwrgtg
swi t chi ng ¢\as pesdubédslodiytedtérythaabont 5000 i nstrunents by

changing the flow rates sinultaneously to allow ionic separation of the
protein solutes. The resulting chromatogram as the ultra-violet trace of
the elution at 27 A method of perfSithiftigdld Aloitdalfbhy 38 Qét okl nand, peaks
obt ai ned duringthe tofa ana ysis time of approxi mately 15
seconds, % di splaapé wheréin@esl@ofelutmg is effected by flowing said-eloantt he pl ot s

shown in the Figs, ngl ve and t he dat lL.es 25

above, it 1s ap “S*\é’f‘d g ‘&ﬁﬂ%%@?‘\“r@&‘%&’ﬁfﬁ@@ﬁ'ﬂsox. mat el y 50
[err] mpardicl egf solute eluted by sald eIuHﬁ fd Frontl sdid Doy dedredies ARBr eases above a
reduced vel ocity value of about 5000, in contradi stinction
to the VanS DeentieareasingReynpldssumbes of gheaast B9W50 [err]m particl es t hat

di splay such turbulent flow behavior, it is apparent fromFi g. 5 that the
reduced pl ate ~ height returns to a mnimmat a reduced

vel ocity of appr8xi Aahethgd éﬂp&mmmmliqmth@hﬁﬁlatography as set forthnm of anal ysi s

corr espondj ng to, thi duce velo uced b ab ut the
sane armun# éa“ﬁﬁgrﬂ STRI ?§’°p4 r‘Tetlfeﬁk')F@ cﬁj of 10 [err]m

and 20 [ers] m fluid through said body at a velocity selected such that band spreadmg - 25-

4 of solute eluted by said eluant fluid from said body is a direct function

5 of the magnitude of the diffusion coefficient of said solute in said eluant

6 fluid.

1 29. A method of performing liquid chromatography as set forth in

2 claim 26, wherein the step of eluting is effected by flowing said eluant

3 fluid through said body at a velocity selected such that band spreading

4 of sblute eluted by said eluant fluid from said body is an inverse

5 function of the magnitude of the molecular weight of said solute.

30. A method of performing liquid chromatography as set forth in
claim 26, wherein the step of eluting is effected by flowing said eluant
fluid through said body at a velocity selected such that band spreading

S WO -

of solute eluted by said eluant fluid from said body is an inverse

-36-
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WO 97/ 16724 .
PCT/ US96/ 17376 particl es do not show a like relationship of._
plrate height to flow, but rather;—as—shown in the Figs. 6

and-7, conform to t he convent nshi p. establ i shed by | am nar
flow. \/M@i "'# ﬂmﬁ ute may be present in very

smal | concenypabthems in | arge « oI umes of | i @orasediirsreél oadi ng
of a chromat ographi c columm with the soI ute in preparation

for separation :ar. be .a. t L,ne-consunin heref o x nsive aspect of
pr epar atise chrBhets ib%?‘e i‘%a‘?]@g;e ﬂ%‘a‘g?gﬁ‘é ﬁ(f gdn gﬁ TEH ows for

rel ativelyg hi gfruncnonofmemgmmdéaﬁmeldffﬁﬁmtcbéfﬂuemdmﬁd@ehwm not only can
the time required for |oading solute onto t he col um be

mar kedl y 7educedid abeant fluidi s bel i eved that the turbul ence engendered by 10
such high speed fl ow enhances the | oading of the solute nolecules onto the
derivati zed ‘surfaces in the pores of the particles in the
colum. 1 31. A method of perfortning hl]mbehndmgraphpg:ms:efbrmhat in
purlflcatlon of nol ecul es COMMEr Ci 3 concern is
cost, and?pr odudm, ﬁW‘Fﬁﬂ“B@HadJéchpfédreagdmiJﬂtmm diameters i ®purified per
uni t leastgb&liﬁﬁ)mﬁ‘ﬁﬁ? the analysis tinme is decreased by the

pr esent |nvent|on y several orders 15 of magnitude, it is
reasonabl € to ext endailtsteps afiflovingt and ehitingavé effectedmt pedudedc flowi t y as

dermnstraged parra{eggﬁjtlax%é%lngiﬁﬁ%uﬁéﬁwh-e 9. Since the dynam c capacity of the

packed e present invention is influenced by
mass transfer considerations, this deduction appears quite
rel evant. Anot her_  di,scovery, on which anot her

embodi nent of t3e I aupmatogtaphicpERcessswhegein a solute introducgd ity a 5| o j ndi cat es
that the prior ﬁwb&/&fm}d ﬁ%l caf g&r %Bkﬁ‘élek q,eg&ﬁesaﬁ&pr at e.

For exanple, nter even in view of G ddings' coupling
t heory, 3 specxﬁcallybpumiosaépwcniwad meethéd efiredueing such hert- t he reduced

pl ate hei ht h val ] §. not expected to be bel ow about 2,
even at h| gh fIW’H P'é’?mgﬁﬂﬁ'pfl E'1"!?1&""Fﬂfate hei ght is independent of

5 flowing said solute in a liquid mixture through said column at an

6 reduced velocity greater than about 5,000.

33. A method of reducing non-specific binding as set forth in claim 32
2 wherein the flow of said mixture is substantially turbulent.

34. A method of reducing non-specific binding as set forth in claim 32
wherein said step of flowing includes

injecting said mixture into said column at least at said reduced
velocity, and substantially immmediately thereéfter

eluting solute in said mixwre from said column with a flow of

[« SN ¥ TR - VS B oS R

eluant fluid at least at said reduced velocity.

Pt

35. A method of performing liquid chromatography as set forth in
claim 16 wherein said body is formed by packing said particles within

a tubular container so as to form a chromatographic column.

Illﬂialiiilfeinlie'ill




the flow velocity of the nobile phase. It has now been found that, contrary
to.Van 25 Deenter, the coupling coefficient (the a* termin
EqU. 3) 1S not 1 ndependent of flow rate and can assune

val ues well below | by using turbulent flow velocities through a

packed bed of |arge particles (e.g. at least 400 [err]min average

di aneter). TR orr16124 significance of that discoverpgepdobiRse
apparent from t!ﬁe ?ol | owi ng Exanpl e. 30 '

- 26- WD 97/ 16724

PCT/ US96/ 17376 178 EXAMPLE 10
Anot her enbogfianent of apparatus of the present invention using a packed
colum was made enpl oyi ng apparatus simlar to that sho i g8 2, in

whi ch 30 colum 20 was fornmed as a p ed nultiplicity of rigid,
solid, preferaply 5 i nconpr essi particles 22 having
substantially juni form nean di aneters w ypical ly aver age

di aneters of@&evgral hundred In this Exanple, colum 20 was a 4.6 x
100 mm liquid gchr col um from Upchurch (Upchurch Scientific Co.,
Seattle, Waspgy) wit pchurch 20[err]mtitaniumfrits, packed with

particles clt Davisil[err]
15-

0
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10-
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636 Davison silica (WR Gace Co.. Boca Raton. Fla.). having average

di aneters of 10 about 500 [err]mas confirned by optical
mTroscopy. AS In the earlier enbodi nent of particul ate

col utm 20 descri bed herei nbefore, the surfaces of particles 22 were
chromat ographically active. Particles 22 had the attributes, other than of

di aneter, of wo 9716724 any of the other particles earlpeaysdgeasd bed
her ei n. Means such as netering punp 26 (Moddel NP
from Bran & Luebbe, Chicago, 15- | 11. )were coupled to the

proxi mal end of columm 20, for flow ng piwQugh at | east a
maj or portion of the interstitial volunme of the colum, a series of sanples

of a fluid m xture from an appropriate source such as
reservoir 29000088 g—suct—sanpte—was—46 feryit—of—acyqt one
diluted with HPL e watpr, |njected by an appropriatle |oop injlector

27 (Model 712800660 — tatt———Caf—)—at——se at—experji nent al
flow rates 20 Pt nmL/ mp. Detectdr neans
31, (COITpri Si > - ' Hret1ro

Separ at i onsProduc{s, San Fr Lsco, Qal., ed pp

Zonen I\/bdeE B ' %ﬁ; <) was

di sposed al fhe distal| end o :

The data r@ult,m fromaoperation of fhiqlaffz&% ild 25
chromat ogr &phy sys$temis sef forth i the foll pw ng tablg allso shows
the rel ati gJ lié of the exXperinmental flow rates Q 3% /mn,
(assunming & di ffusion coefffcient of |1.5 X 10[err]
cnferr]/segfor ptetone in hater) tolreduced velocities tv The table

I ndi cat es That at the Jtypical values of dferr] and v for
such col um 20, iji has_now been_denorstrated t hat | he
reduced plate height h is pgwersely gpgl ated t he vel ogggy of thgpgrobile
phase, is not 30 24 M%VI ndeg@gdg 4{,&,‘%’{;%’{ Al const’;ant as rbwa eved in
the prior art, and can reach val ue§ wel bel ow 1. Recovery,

even of small nol ecul es such as acetgne, was extprenely fast,
-27- « {T-50AL-002 o PS-11-035(20.14) +PS-9-087(6674) °PS-4—0.90{7M) AFS-Io 24(3.944}
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WD 97/ 16724

PCT/ US96/ 17376 that for each sanple, the width and anplitude
of peak detected by detector 31 indicated that there was
substantially conplete recovery of the injected acetone within |less than

15 seconds per sanple. 5

TABLE wooemera Qnb/mn) [err] (cn's) v=[ er r] d[ ecrjusbente

N=5. 54(t[err]/m{err])[err] H([err]m 100

14. 3 48, 000 82 549 1. 10

120 17.2 57, 000 FAe 454 0.91 10
140 20.0 67, 000 244 410 0.82

where [err] = the average nobil e phase |inear velocity,

v = the reduced linear velocity; N = t he nunber of

t heoretical plates; 15 ' H = the plate height; and

h = the reduced pl ate hei ght. A plot of the val ues of
the flowrate, Qin nL/mn, against the nmeasured val ue of
plate height, Hin [err]m is shown in Fig. 14. Fromthe data provided by
Exanpl e 10 it is apparent that preparative chromatography
usi ng apparatus as described in 20 connection therewith can result

in extrenely high speed, high capacity separation even

&

3

5
L

S S s

h(REOUCED PLATE HEIGHT)

S &

D O

/) 20000 40000 60000 4000 100000 129000 140000 160000
V (REQUCED VELOCITY )
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for nol ecul es having nol ecul ar wei ghts well bel ow 100.

As illustrated hereinbefore, mass transfer is enhanced by turbulent flow.
and 1t I's now believed that the nmechanisminvolved is the
consequent reduced access to surface area binding sites on

t he chromat ographic particles. Accordingly, if the 25
postul ated neggafaég i S correct, then non-specific binding %E?Hkﬂwﬁ@m
as that term

correspondi ngly reduced. Non-specific binding,
is used herein, is intended to refer to the phenomenon in
chromat ogr aphy in which a nol ecul e of sanplLe, trapped at a surface
bi nding site on a chronmat ographic particﬁ%’ esi sts subsequent displ acenent
by el ution, or cannot be renoved by elution. In order to
establish the truth of this hypothesis, the 30 foll ow ng study
was undert aken:
-28- WO 97/ 16724
PCT/ US96/ 17376 EXAMPLE 11
A pair of 0.46 xsaf cm HPLC colums were prepared as described above in
Exanpl e 6, and evaljuated mith ihstrumgntati ¢gn as described in anple 9. A
sanpl e Jogp+—yxture of BSA (SignmalChemidal Co.) was brepare¢d by
di ssol uti on atwa cg ation p - | of 6Qno/ L jin the|l nobil ¢ phase
formed of tri§mw b-8-6R wit-hl 2M Nad
?:. 20 NN )
&I-V-VV d
>
<
~ 100
g
S /w
&
= Jo0
a.00
000  20000.00 4000000 6000000 8000000 100000.00 12000000 14000000 16000000
V{REDUCED VELOCITY)
FIG. 7
1000
900 /,/'
/7
& w -
S 0 —
S s -
w40 ~
S a0 = 0
& 7 / L~
& 0 — —
S 100 — — _ .
S T
o0 020 040 060 080 Lo l20 140 160 180 200

LINEAR VELOCITY u (em/sec)
——10u(T-07AL - 002 =0~ 20ulT-20AL-002 —— 50uCT-50AL-002

FIG. 8



After equilibration of the colums wth buffer, a plurality of 10[err]L

i njections of the sanpl e were nade consecutively into each .
columm at an average flow rate at reduced vel ocities greater

t han about 5000. Recovery of the sanple was neasured as a function

of area. Each columm was first tested at an elution flow rate of the nobile
phase of 10 woemerna 30 nL/mn which corresponds, for thipgraRsgHreeand
particle size I1n the colum, to a reduced velocity I n excess
of 30,000. Once saturation at these high flow rates was

achi eved, the study continued using the sgapggcolums, but at a flow rate of

1 m/mn corresponding to a nore traditional regine of
| am nar flow in accordance with the t eachi ngs enunciated in
the Van Deenter relationship. 15 The resulting data are

represent ed graphdldlyly in Figs. 15 and 16. It will be

recogni zed that unde g ditions and the nature of the nobile
phase 50.00+ enpl oyed, ISt he sanple is generally
unretained, but is kpown to speci fic binding

i nteractions, pr ' support. It will

be appreci.at ed _‘Ehat hon- speci fic binding can present a ous problemin
HPLC 20 %muc as inorganic substrates tend to "eat" finite
anounts of sanple C

present in only mnute
guantities and/or Wv shown in Fig. 15, under
turbulent flow ccfrq i

y
s the percent age: sanpl e recovered reached 100%
by the ime the cunul ative na ed sanpl e

sol ution had reac’fq@@'Srrg. Under a | am nar flow regime, 100%
recovery was not achjeved until the cunul ative mass of 25

sanpl e solution i Creg frad teached—atout—13ng+rndtcat+-mg—t-hat—
considerably nore @00 020 049 048n- d@ci /P& Bhdi# ofbBantBle oléurred
under | aminar flow conditions than occuurfan/sec) under conditions

Cumil at 1 ve. ammunt. of “Rer o ri A o7 BB har—bech S48 TREHE S Man s

recovery, showi ng thWIG‘) fgurms enpl oyed, the actual
mass of BSA non-specifically 30 u pl at eaued or saturated at
about 1.2 ng for turbulent flow conditions, but did not

pl ateau for lamnar flow until about 3.8 ng of BSA had been

non- speci fically bound.
-20-
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WO 97/ 16724
PCT/ US96/ 17376 It is therefore apparent that by enpl oying

turbulent Tl ow conditions 1n HPLC, |osses due to
non-speci fic binding can be substantially mnimzed. To that end, in
chromat ogr aphic colums in which a solute in a sanple introduced into the
col um wo9merz4 My tend to become non-specifically bggRgsdenrizge
colum particles, the teachings of 5 the present I nvention are
useful in reducing such non-specific binding by providing

means for injecting the sanple into theéyl m and neans for flow ng,

substantially i medi ately arter the sanple injection, eluant
fluid into the columm, both the injection and the fl ow of
eluant fluid being established at an average reduced vel ocity greater

t han about 5000. 10 Since certain changes nmay be nmade in

t he -above apparatus and process w t hout -

departing fromthe
scope of the inven%@aﬂ herein involved, it i '
e

contained in the a [ description In the acconpanyi ng draw ng
shal | be 25,004 interpreved in an'illustrative and not in a
limting sense. 1

2000%

1500+

" oo/
18001
5.00%

0.0 : ' * + et ——t '
200 020 040 060 080 oo 120 140 160 180 200
v {em/sec)

FIG. 11

30007
25001
20.00-

S 15.00;
1000}
5.00%

200 4 + —+ $ } + + + - t
000 020 040 060 080 100 120 140 160 180 200
u (ecm/sec)

FIlG. 12



- 30-

WO 97/16724 PCT/US96/17376
778
2269 ml 2405
00529 97
0.0462- 48
00395 76
00327 . 65
w || “s
aufs 00260 ’ 45
0.0192- -45
0.0/25- - 35
0.0058 1 - 24
\-a-lvhfl._nqu.n.lmLu\nnJ
0.00/0 | - 14
0.0077 . ' ' AL . . — i V)
3376 3391 3405 3M./9 3433 H47 3481 475 HI I504
HINUTES
FIG. 13
1000 200
900 180
800: \\ 160
_ 700- %»\ 1.40
v
< 600 120
S s \\\ 100
< == 0.80
300 0.60
200 040
100 0.20
r— 100 720 g 00
8 (ml/min)

FIG. 14



VWhat is clainmed is:

1

1.

conpri sing a chromat ographi c body (20)

Chr omat ogr aphy appar at us

i ncl udi ng

a

pressure-packed bed of a multiplicity of static,

di stii buted,

rigid,

chromat ogr aphi cal 'y active surfaces,

5

di aneters Iylng In a
about 500 [err]m the interstitial

particles being greater than about 45% o

and 8

| oadi ng said surfaces with at
reactive with said surfaces,

10
flow of said m xture
of said interstitial
t han about 5, 000.

forth in claim1 wherein sajggp

a nultiplicity of
3 the majority
substantially not

3. Chr omat ogr aphy
particles are

render said surfaces
4, Chr omat ogr aphy
particles are
substantially resist

vol une at a reduced velocity
K000

| east
by flowi ng a I|quid m xt ure cont ai ni ng
said solute through said body at a velocity sufficient to induce
11 | east a substanti al
12

Wi

4

wosténparticles (22) have aver age,
@ 6 range between about 30
vol une (24) between

thin at

Z.

terstiti

LnronatTgTﬁbﬁV'ﬁ
»

subst ant i

ally uniformy

solid, porous particles (22) with

characterized in that

subst ant i

a

S M
m to

sai d

err

ékhge total vol unme of sald body;
sai d appar at us | udes neans (26, 28) for

one sol

ute that is

portion
greater
bpar at us as set
vol une conpri ses

plastic d

r mat

pressures up to about 6.9 x 10[er4”f’”4<‘l£é([”‘55 M’Jﬂ‘ffﬂ (’”9)

—a—JI30ml/min

4.00

——0— [/ mL/min

FI1G. 15
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2.50
2.00
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1.00-
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interstitial bet ween $ai particles, at |east
of §a|4-€ﬂ_ ving nea 0SS-section di nensions
0.00- . , | o1

appéEatus rth in cffaim1 wherein said

&~ Mafedwtstartofary phasel | ayers so as to
chrdﬁaggg@41 ically [tive. 1
apparatus hs set farth yn cllaim1l whg¢rein said
2 0.4 ' 24 nco ESSI BT m0 as to



1 5. Chr omat ography apparatus as set forth in claim1l wherein
sai d particles are formed fromone or nore of al um na,
silica, titania, vanadia, 2|rcon|a and car bon. -31- 6.
Chr omat ogr aphy apparatus as sét forth in cl a| l“l“”ﬂ“jlmu!ﬁluf)r es in said
2 particles have nmean dianeters |yi ng f rom about
60 A to about 3 5,000 A 1 Thrlomat ography apparat us as
set forth in claiml wherein said partlcles are 2 packed t oget her
under a pressMhatigclaimediisnti al [y not |ess than about 3.45 x 10[err] kPa.
1 8. Chr omat ogr aphy apparatus as set forth in claim21 including

means fbr eluljng Zh:omatogﬂaphjdepba$ﬂhslécﬁn16ﬁsmg & Shrématsbyaphic f)ddSWZOQﬂﬂﬁldﬁié"ant

fluid through said body at. a velocity sufficient to induce flow of

said elfant f% GF%SWIH“PF\‘Fda‘?edI %fa% F‘“&“E;llﬁb%’t‘lfrmﬂﬁl supstantially paifenmly distributed,
interstytial MoluUNEIRE BofoddUpadicles! 982)! Wil GRtSthatbPAPnRRNt activOQurfaces,

4 characterized in that
5 said particles (22) have average, substantially uniform diameters lying in a
6 range between about 30 um, to about 500 um, the interstitial volume (24) between
7 said particles being greater than about 45% of the total volume of said body; and
8 said apparatus includes means (26, 28) for loading said surfaces with at least
( 9 one solute that is reactive with said suffaces, by flowing a liquid mixture containing
10 said solute through said body at a velocity sufficient to induce flow of said mixture
11 within at least a substantial portion of said interstitial volume at a reduced velocity
12 greater than about 5,000.
1 2. Chromatography apparatus as set forth in claim 1 wherein said interstitial
2 volume comprises a multiplicity of interstitial channels between said particles, at least
3 the majority of said channels having mean cross-section dimensions substantially not
4 less than about 5 um.
3. Chromatography apparatus as set forth in claim 1 wherein said particles are
( 2 coated with stationary phase layers so as to render said surfaces chromatographically
active. ' |
1 4, Chromatography apparatus as set forth in claim 1 wherein said particles are
2 substantxally incompressible so as to substantxally resist plastic deformation at packing

pressures up to about 6.9 x 10* kPa.

5. Chromatography apparatus as set forth in claim 1 wherein said particles are

2 formed from one or more of alumina, silica, titania, vanadia, zirconia and carbon.
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1 9. Chr omat ogr aphy apparatus_as set forth in claim1 including
nmeans for eluting 2 | oaded_sol ute from: sai-d body by flow ng an el uant
fluid through said interstiti ale”w U"m)'mm'mm t.a velocity selected such
t hat band spreadi ng of solute €l y mant 4 " fluid fromsaid
body is an inverse function of the Reynol'ds®nutrber for the eluant 5

fluid flow and is a direct function of the magni tude of the diffusion

coefficient of sai I ' aj Luant . f.| uj d. .1 10. .

Chr onat dgr aphy- appg:rhg?rﬁ%tog%apzlgta%%’g#% ?Snéeglf 3 CF%%FL&PS&%%B%%H“ said
eluting22  partickgd@ee 90dan! diafnetis S¥ing Wity thy rdnge Wi o bolit/801A ftd Wbsut
through said interstitial 3 volunme at a velocity sel ected such that
band spBeadi n§.20 Aol ute el uted by said eluant 4 fluid from said body
decreases with increasing Reynol ds nunber of the eluant flow.

-32-

7..  Chromatography apparatus as set forth in claim 1 wherein said particles are
2 packed together under a presszire of substantially not less than about 3.45 x 10* kPa.
1 8. Chromatography apparatus as set forth in claim 1 including means for eluting
2 loaded solute from said body by flowing an eluant fluid through said body at a
- 3 velocity sufficient to induce flow of said eluant fluid within at least a substantial
.
4 portion of said interstitial volume at a reduced velocity greater than about 5,000.
1 9. Chromatography apparatus as set forth in claim 1 including means for elﬁting
2 loaded solute from said body by flowing an eluant fluid through said interstitial
3 volume at a velocity selected such that band spreading of solute eluted by said eluant
4 fluid from said body is an inverse function of the Reynolds number for the eluant
5 fluid flow and is a direct function of the magnitude of the diffusion coefficient of said
6 solute in said eluant fluid.
1 10. Chromatography apparatus as set forth in claim 1 including means for eluting
. 2 loaded solute from said body by ﬂowing an eluant fluid through said interstitial
' 3 volume at a velocity selected such that band spreading of solute eluted by said eluant
4 fluid from said body decreases with increasing Reynolds number of the eluant flow.
REPLACEMENT SHEET

09 SEP 1997




1 11. Chr onmat ogr aphy apparatus as set forth in claim1l including
nmeans for eluting 2 | oad body by fl ow ng el uant

fluid through said interstitial “a velocity selected such
t hat band spreadi ng of solute e l]m mu ﬂlﬂ nt fluid 4 fromsaid
body is a direct function of th dlffu5|on coefficient of

5. said solute in said eluant fluid. Chr omat ogr aphy
apparatus as set forth in claiml wherein sald body (20) is 2 a
col um. 1 Chr omat ogr aphy apparatus conprising a

hj ked hed of.
il el Loy S?Eﬁgﬁﬂﬂ‘iﬁ%%‘fy sppacyop A el c Bl T SRR s 66 e Bing
sol i d, Parti cloaded(sdRite frmm sajd body byt figriag fvlmt ickrdéugh S frésaLANbIEme

substa ially uniform nmean i n whjch apparatus a sol ute
i nt roduted |3r/ﬁc?‘é%l?%lty5§°°‘edd Sll?@d'&l@ %!Ld'él?fe%’é%&ﬁé splyte: elyted; by said| gluans flnidt o

sai d pagticl Gﬁoxﬁ(?j;%}d bé‘c[}a sF Eétzﬁﬁcﬂl @f the ma Hf'aE of the diffusion e85 frfﬁﬁqggfy)oo

di ameters of sal partlc es. |e It range fween ab
8 5 [ err]said Solute in said eluant fhxdd appar at us i ncl udes rreans (26, 28) for
injecting a liquid mxture 10 conprising said solute-into said colum
at a reduced velocity greater t han about 5,000 11 so as to |load said
particles W tfp sai ¢heéthitofraphy apparatus as set forth in claim 1 wherein said body (20) is

2 a column.

1 13. Chromatography apparatus comprising a chromatographic column (20)
2 including a pressure-packed bed of a multiplicity of static, substantially uniformly
3 distributed, rigid, solid, particles (22) having chromatographically active surfaces- and
4 substantially uniform mean dianieters, in which apparatus a solute introduced into said
5 bed tends to become non-specifically bound to said particles (22), characterized in
6 that
7 said diameters of said particles lie in the range between about 30 um to 500
8 pm,
9 said apparatus includes means (26, 28) for injecting a liquid mixture
10 comprising said solute into said column at a reduced velocity greater than about 5,000
¢ 11 so as to load said particles with said solute; _
12 said apparatus further includes means (26, 30) for eluting the loaded solute
13 from said particles by flowing eluant fluid through said column at an average
14 reduced velocity greater than about 5000. '

-
4
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12 - sai d appar atus—further includes means (26, 30) for eluting
the | oaded solute 13 fromsaid particles by flow ng eluant fluid
through said colum at an aVHlmH"HHli)“‘uu}” duced velocity greater than
about 5000. 1 - e TINE SR ol of performng liquid

chr omat ogr aphy characterized in 2 form ng a body (20) of
pressure-packed, substantially uniformy distributed, 3 static

nul tipljcity@f rigiyy ' 0US: {4 ‘g%! ] . .

chr orratlogr aphl?aéal |‘§ actc?d\iéf ﬂeﬁ&%ﬂggl&p @;%ﬂég&g%g S tc\#aﬁtoa?toe\l?lzademan'
interst2tial vol urforthingvebodys 30) af préssateepackéd, substhmtiallynatiformly distritsed)t
45% of, the total voQlune of. said hody, said particles having substantially
6 3 uni f SHAYC RRIUPULY Frisiend. PYPHEPIHIERZ2) Figehmmaestekicalinacive3o
[err]mand al@ehcedObh 4s to I%rovidﬁ%ri}xﬂ‘stﬁial volume between safiPHridlesSf Sredtdt HRAGES
with at .1 east one solute that is reactive wth sald surtfaces, y
flowi nd a |i gbour 45%t of ¢he dotahivolume ofiisdids bodyt, esaich ipartigiess having Gdpstantially
vel ocity 10 . sufficient to jnduce, flow of,said mxtyure within at_ | east
= substGant | aMfgrn; Serase Gangtele ine fiing g Bf pieen ghos il aad b 308
vel oci ty gregjper than about 5, 000. 1 15 A met hod of perform ng
l'iquid chromat ography as set forth in claiml16, 2 wherein said
particl®s are irrdoading sajd surfignes with at least one soBite thapisireactivel with sait surfacesig

liquid X hr orr%tyo%%&gya al?qu?f tmfxﬁIrE hcoI u%ln Isrﬂd1 leolute through said body a velocity

10 sufficient to induce flow of said mixture within at least a substantial portion of said
N 11 interstitial volume at a reduced velocity greater than about 5,000.
1 15. A method of performing iiquid chromatography as set forth in claim 16,
2 wherein said particles are irregularly-shaped.

16. A method of performing liquid chromatography as set forth in claim 14
2 wherein said particles are coated with stationary phase layers so as to render said

3 surfaces chromatographically active.

17. © A method of performing liquid chromatography as set forth in claim 14

2 wherein the induced flow of said mixture is substantially turbulent.

1 18. A method of performing liquid chromatograiphy as set forth in claim 14
2 including the step of selecting said particles from materials that will be substantially
3 incompressible so as to resist deformation up to packing pressures of at least about
4 6.9 x 10 kPa.

19. A method of performing liquid chromatography as set forth in claim 14,
2 wherein said particles are formed from one or more of alumina, silica, titania,

vanadia, zirconia and carbon,
REPLACEMENT ST
09SEP %97 | |
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2 V\,herel n sai d particles are coated with stationary phase | ayers so

as to render said 3 sur f aces chromatographically active. 1

17. A met hod of perfor mmm tography .as set forth in claim 14
2 wher e| n the i ndugU!ﬁ "mmm\ xture is substantially

t ur bul ent. A fretthod of performing |iquid chronatography as
set forth in clal m14 2 including the step of selecting said

tiches f t tiall o
2L, o T b YA o e For AT
6.9 x 20[ err JwHeRan said Jarticles aréSelectedAo 'ﬁﬁé‘ﬁ&e@ﬁmﬂ%fuﬁamd"ﬂn&éﬁ%ﬂl wuhm

chromat ography as set forth in claim 14 erein said particles are

f or med 3f r om &htcrasge ob fwmebent 6@ Ado 5.800iAsa, titania, 3 vanadi a,
zirconi a and carbon. - 34-
1 20. A nmethod of performng liquid chronmatography as set forth in
claim 114 21, A method of performing liquid chromatography as set forth in claim 14

2 wherein said body is formed by packing said particles within a tubular container so

3 as to form a chromatographic column.

1 22. A method of performing liquid chromatography as set forth in claim 21,

2 wherein said step of packing said particles is effected at pressures of substantially not -

less than about 3.45 x 10* kPa.

23. A method of performing liquid chromatography as set forth in claim 21,

1

2 wherein said step of packing said particles is effected so as to form éubstantially no
3 voids in said column except the interstitial volumes between those of said particles
4 . that are in contact with one another. '

1 24. A method of performing liguid chromatography as set forth in claim 14
2 including the step of '

3 eluting loaded solute from said body by flowing an eluant fluid through said
4 column at a velocity sufficient to induce flow of said eluant fluid within at least a
5 substantial portion of said interstitial volume at a reduced velocity greater than about
6 5,000.

1 25. A method of performing liquid chromatography as set forth in claim 24
2 wherein the step of eluting is effected by flowing said eluant fluid through said body
3 at a yglocity selected such that band spreading of solute eluted by said eluant fluid
4 . from said body decreases with increasing Reynolds number of the eluant flow.
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2 wherein said particl es are selected to have pores having mean

dianeters lying within 3 of fromabout 60 Ato 5, 000 A 1
21. A met hod of performn d chromato aphy as set forth in claim
14 2 wherein said bodyﬂ”} ﬂm k| ng said particles within a

t ubul ar container so 3 omat ogr aphi ¢ col um. 1

22. A met hod of performng ||qM _C_hroFratography as set forth in claim
21, 2 wherein said step of packing sard particl es is effected at
pressures of substantially not 3 | ess than about 3.45 x 10[err] kPa.

1 1 23. 26A meA hpéthed dfeperfuriiing 1iqumJ icHroThbOETRPIND a8 RBY féteh SRtclAifd A, i n

claim?21, 2 wherein said stePf acking said particles is effect ed
so as t20 for rwhan¢istthestepof glutingds etffected byifthoving saidieluand ﬂum’lﬂle&@mald hedy

cont act wi 1 h SRRt i W Bing readil bt Sofihs Sty i Pt il

chromatgogr ap Woxﬁ?saiﬂeﬁod?%tahdm'é‘ctcfuﬁcttmrﬂéf the magmtuuacdmﬁe QAEFAiSiéh ab@fﬁcféht 8f
el uting | oaded sol ut romsaid bady by flowing an eluant fluid through

said 4 saig) solie dn said\elyamgiflujd.suf ficient to i nduce flow of said el uant
fluid within at least a 5 ° substantial portion of said interstitial

vol ume at a reduced velocity greater than about 6 5, 000. 1.

25. A met h@J. of Aandéthodriofgpdriatitiing cltqumma@gmpﬁgs as gkt forth finiolaied 24m 24
2 wherein the step ?f el uti n% erfect ed by flow_ng said_el yant
fluid througt¥heasin %89?9 eluting i3 pirgctgd by fawing spid cduant Syid threngh ssidh ody

SPr eading of 59l Wiy dicetbaPshchahst ﬁidt!lastﬁreidlﬁﬁ 8f solute eluted by said-eluant fluid

4 from said body is an inverse function of the magnitude of the molecular weight of
5 said solute.

1 28. A method of performing liquid chromatography as set forth in claim 24,
2 wherein the step of eluting is effected by flowing said eluant fluid through said body
3 at a velocity selected such that band spreading of solute eluted by said eluant fluid
4 from said body is an inverse function of the Reynolds number for the eluant flow and
5 is a direct function of the magnitude of the diffusion coefficient of said solute in said
6 eluant fluid. |

1 29. A method of performing liquid chromatography as set forth in claim 24,
2 wherein said particles are selected to have diameters of at least about 500 pum; and

3 said steps of flowing and eluting are effected at reduced flow rates in excess
4 of about 50,000.

1 30.  In a chromatographic process wherein a solute introduced into a packed bed
2 of chromatographically active particles becomes non-specifically bound to said
3 particulates, a method of reducing such non-specific binding, characterized in

4 flowing said solute in a liquid mixture through said column at an reduced
5 velocity greater than about 5,000.
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4 fromsaid body deoreases W|th I ncreasi ng Reynol ds nunber of the

el uant fl ow. 1 26. A nethod of performng liquid
chronatogra“phy as set forth in cWrel n the step of
eluting 1s effected by flowing s el uant f| rough said body 3
at a velocity :sel ected such that b M‘é solute eluted by said
eluant fluid 4. fromsaid bod tnction of the magnitude

of the diffusion coefficient of 5 f séld solute in said eluant fluid.

1 27. A et hod of perforn1ng | i qui d chromat ography as set forth in
claim24, 2 wherein the step of eluting is effected by flow ng said
eluant fluid through said body 3 at a velocity selected such that
band spyeading of solute eluted by said eluant fluid 4 fromsaid body
is an i gverse function of the magnitude of the nol ecul ar weight of 5

sai d sollte. 1 28. A method of performng |iquid chromatography
as set gprth in claim?24, 2 wherein the step of eluting is effected
by flopng said eluant fluid through said body 3 at a velocity

sel ect @d such that band spreading of solute eluted by said eluant fluid 4
fromsdid bglly i a -@ethod\of reducingner-specific hihdinRay setl fosthrinrdbeim 3@ whetedn el uant

fl .
ow 4 the flow of said mixture is substantially turbulent.

32. A method of r;ducing noh-speciﬁc binding as set forth in claim 30 wherein
said step of flowing includes

injecting said mixture into said column at least at said reduced velocity, and

3

4\ substantially immediately thereafter
3 eluting solute in said mixture from said column with a flow of eluant fluid ﬁf;
6 .

east at said reduced velocity.
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5 ' <isa di rect function of the magnltude of the d|ffu5|on coef f i ghupéol - 6.

of said solute in said 6 A net hod of
performng liquid chromat ograp m“ M“ln claim 24 2 wherein
said particles are selected to ave amet érs*of at | east about 500 [err]m

and 3 said steps of flow ng and el ut i ng are effected at
reduced flow rates in excess 4 of about 50, 000. 1 30. In a
chr omat ogr aphi ¢ process wherein a sorul®-introduced into a packed bed 2

of chremat ographically active particles beconmes non-specifically bound to

sai d 31 1jar tcmtdnﬁtdg‘:apl@ apphfmﬁ a@fsef foetliGh RhimUCTchidig 3ReR Forceltfimgli Ng,
characterized in said solute in a liquid mxture

through sai doeéﬂdtﬁwvtatfr% smé@eé)éby fﬂowmg elugat| g throughesaid interstitial slobume
5,000.4 at a velocity selected such that band spreading of solute eluted by said eluant fluid

4 “from said body is a direct function of the magnitude of the diffusioﬁ coefficient of
5 said solute in said eluant fluid.

12, Chromatography apparatus as set forth in claim 1 wherein said body (20) is
a column.

13. Chromatography apparatus as set forth in claim 1, wherein non-specific
binding of said solute to said particles tends to be reduced as the result of introducing

said solute into said bed at a reduced velocity greater than about 5,000 so as to load

AW N =

said particles with said solute.
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31." A nmethod of reducing non-specific binding as set forth in claim30
wher ei n the flow of said m xture is substant‘l“a'H-ﬁuLm% 32.
A met hod of reducing non-specific binding as set hin claim wherein
said step of flowng includes injecting said mx MH’W '? urrp at
reafter

| east at said reduced velocity, and substantiallys

eluting solute in said mxture fromsaid colum with a f1 8w df uant fluid
at 6 east at said reduced velocity.- 36 -

26. A method of performing liquid chromatography as set forth in claim 24,
wherein the step of eluting is effected by flowing said eluant fluid through said body
at a velocity selected such that band spreading of solute eluted by said eluant fluid

from said body is a direct function of the magnitude of the diffusion coefficient of
said solute in said eluant fluid.

h A& W N =

27. A method of performing liquid chromatography as set forth in claim 24,
wherein the step of eluting is effected by flowing said eluant fluid through said body
at a velocity selected such that band spreading of solute eluted by said eluant flnid

from said body is an inverse function of the magnitude of the molecular weight of
said solute.

[V SV

28. A method of performing liquid chromatography as set forth in claim 24,
wherein the step of eluting is effected by flowing said eluant fluid through said body
at a velocity selected such that band spreading of solute eluted by said eluant fluid
from said body is an inverse function of the Reynolds number for the eluant flow and

is a direct function of the magnitude of the diffusion coefficient of said solute in said
eluant fluid.

A L B W e

29. A method of performing liquid chromatography as set forth in claim 24,
wherein said particles are selected to have diameters of at least about 500 pm; and

said steps of flowing and eluting are effected at reduced flow rates in excess
of about 50,000.

AW N -

30. A method of performing liquid chromatography as set forth in claim 14
wherein non-specific binding of said solute by said particulates is reduced as the result
of flowing said solute in said liquid mixture through said body at said reduced
velocity greater than about 5,000.

AW N -
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31. A method of performing liquid chromatography so as to reduce non-specific

binding as set forth in claim 30 wherein the flow of said mixture is substantially
turbulent.

32. A method of performing liquid chromatography so as to reduce non-specific
binding as set forth in claim 30 wherein said step of flowing includes

injecting said mixture into said body at least at said reduced velocity, and
substantially immediately thereafter

eluting solute in said mixture from said body with a flow of eluant fluid at

least at said reduced velocity.
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