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SUMMARY

'An automatic wethod for the columm chromatographiéiseparation of lipid mixtures,
particularly phospholipids, ﬁtilizing concave gradlent elution is described in
detail. The gradient in this system is produced by an asutomatic pumping sysiem
ﬁsing accurate controlled volume pumps and veriable pumping retes. A discussion
of the theoretical aspecis of gradient elution in relation to non~linear absorption
isotherms is included; and several chromatographic run using the system are presented.
The System is capable of excellent resolution Qf naturally occurring phospholipld
mixtures'and is quite reproducible. Considerable flexibiiity iz avaeilable in shape
of the gradlent produced by the pumplng systex aliowing modification for particular
tiszgue extracts conﬁaining phospholiddSin varying ratics. The system is completely

..automatic and, once a run is started, operates untended until completion.
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Gradient elution, first introduced by Alm et sl. {(1,2) in 1948, has only
recently been applied to column chromatography of lipiGS'(j,&,S)f Early studies
with gr&éient elution aystem& considered conly gradientsvin which the concentration
of the polar or eluting solvent was increaszed very rapidly‘at the start of & run
~and thea slowly approached 1003 eoncentr&tipa.aayﬁptotiéaliyfi; latter part of the
ruﬁg thia is often termed a convexl'graéients' This ty@e'gf'gréﬁient_is reiatively
gimple %o prodﬁee in the i&bo&atowyg but is necessarily & much poorer system than
the cbrreaponding linear or coumcave gradient in which the eluting so;vent is intro-
duced gradually at Tlrst and then more rapidly SQ that a.contimgally increzasing
L.rate of éhénge of goacemt?atioﬁ of the eluting solvent is p:esentea'to the coluxm.

In the study of serum liplde being cerried out in this laboratory (6,7),
stepwise silicic acid cplumm chronsiography of phospholipids proved inadequate, and
a systen of councave gradient elution silicic acid column chromatography was developed.
This paper will present the debtalls of this system and certain sspects of column
perforrmace will be diccussed and the results of several chromatographic runs on
gtendard mixtures and natural semples will be shown.

TEECGRETICAL CONSIDERATION

Martin and Synge {8) developed a theory for partition chromatography which,
while nob rigoro&s for adscrpﬁiomy can be adagted to adsorption processes. Lakshmanan
~and Lieberman {9) presented a discussica & gradient elution chromatography utilizing
partition chromatography theory and concluded that comcave gradient elution will
provide the best possible elution charscteristics if.the subgtance has an adsorptivity
degeribed by o non=linear isotherm of the type prppased by Preundlich (X)) for tatch
processes and pathematically represented by the equation: |

CE;::sK(C_)n e 6 b b o e i e s o e s e e o {l)
m ‘

-

concentration of the solute, end k and n ore constants and n is less than 1.
A more rigovous treatment applying to adsorption chrematography per fe has been

proposed by de Vault {11) and provides additional thecretical support for the belief
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. that concave gradient elutlon will glve optimum reuolution in absorpuion eolumm

o . a
chromtography. If diffusion effects are neglectad, & slngle solute wﬁtn/Freundlich
adscrption isotherm will elute off an adsorption column with & sharp front and a
graduslly tapering trailing edge. In practice diffusion effects will tex d to

Spread the bcund&ry furtherg deVault has shown that a substance with a linear ad-
sorption lsotherm will elute off a column with the shape identicgsl to the imnitial
abeorpblon band on»the column, which will ke rectoppular in & well paclked colunn,

if diffusion ef”ectsva?e neglected. ‘

Goncave gradient elutlon can be considered ... & way 50 increase the linearity

of & non~linear isotherm. For & single substance e gradient can be comsiructed to

§

keep the adsorptivity'cf that substance aimost always in the linesy reglom oﬁ/g%?
sorpticn isotherm. With complex wizxtures this is not pogsible, bubt by varying the
shape of tha gradient in cfitxcal rogl oms wach dmproved separations can be obiteined
over stepwise elution schemes, and "false peaks" caused by discontinuous solvent
changes can be eatirely avoidsd.
| EXPERIMENTAL APPARATUS
Alm et al. (1) criginslly proposed & double reservolr systenm in whiéh an elutihg
solvent 2 wag added to a wmining chenber coptaining a carrier sclvent. As the rates
into and out the mixing chamber were equal, the volure in it remined constant. The
gradient produced was convex and given by the equaticn
_ 5T

. ‘ : , B S RRER
G = C €7°e ) 4. 8 6 & ® & e o 6 e 0 4 6 0 € e & (3)

where C& i3 the caﬂpoaition of solvent leaving the mixing chauber at time, t, in
terms éf the compcﬁitien cf salv&a@ added, Gow R is flow'rate'into {or out of) the

mixing chamber and V is the volume of solvent in the mixing chamber.

ki
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Lakshmahan and Lieberman (9) added greatly to flexibility of the double reservoir
arrangerent by allowing the rate into, Rl and out of,'Rz,'the mixing chamber to be
independent of cach other. In this manner they cobtained concave, convex, or linear
gradients depending on whathér Rl was greater, squal to or less than Ra, éﬁd deviged
rigorous matherstical solutions for each case. More recently several other’authors
‘have described apparatus fdr the production and meintenance of complex gradienfs (;2,
13,1%). Perhaps the timate ié flexibility for the production of gradients was
achieved in the “Varigrad" designed by Peterson and Sober (15). L

| During this study linear as well as convex gradients were.found to be inferior
to concave gradients, and, nence, will not be discussed furthe: her;.

Kren (3) proposed & system for the specific production of & conecave gradient
adapted from a proposal of Bosan (16). While Qren”s system gave a wide, unifornmly
- varying gradient; it was nol easily adaptable to close regulation of flow rates or
an exnet mathematical description of the resulting gradicnt. It wvas poésiﬁle to
medify this system, howevar, o allow better regulation ag well as greatly increasing
the flexibility.

The siphons and pressure differentials vere replaced by controlledfvolume DUrIps.
. The shape of the gradient produced in this system is then given by the differentisl

solvent
equation in terms of Ct the concentration of eluting/leaving the miying charber.

o feom s fon
¢, fonl C. R, at
Ve ledt"fRQd't

where Rl and EQ are as given previcusly, CO is thevconcéntration‘of,eluting solvent

°. 6 % e & ; s e @ ; L (5)

added to the mixing chember, and Vs is the volume of carrier solvent in the mixing
chasber at time zero. This éépaﬁion is similar to that given by lLakshmznan and

Lieberman (9) except that Rl is a variable of the form:

Rl = at 8 % 4 _® e o ®w 0 ® e & 6 & & & B & o @® (h)
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‘where a is an arbitrary constant determined by a pump setiing and has units of

Substituting equation {4) into equation (3) and differentiating yields

( de ) = , atr dt . . .'.‘ « 6 o s 0(5)
¢ =C VvV #&8% =Rt '
S e ) -'(:° 2. - 2 )

which can be solved lmmediately by integration. The forms of the solutions are:

2
If 2aV, <R/
( %)
v <R, + /R =2av, )(JR,’-zovo)
C=¢o [1- fa R (7)
R\
o2zt )
i at—R, + Rf—ZaVo J
2
“: 20V°> R2
2R2 tan~! —Rz
y A/2aVy—R,? & 2a%-R7Y
C=C, |1~ 2"
0 R tan-n( at — R, ) ......................................... ( 8 )
(Vo e R,')e +/2aV,—R 2 2aV,—R;2

MU.25962
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The three solutions are necessary because the radical i*.(R2 - QeVO) appears
2
ard is indeterminate where % (R{3 - aavo) assumes a negative value or zero.
Figure 1 gives examples'cf the curves obtained from each solution with various initial

conditions, ”he curves are sigmoidal over the full range. The paraméters B, Ra and
VO can sach be varied inﬂependently; thus, one solution 1s capable of yielding quite
varied gradients., Figure 2 illustrates this using equation 7,‘ |

DESICH QF APPARATUS: Figure.3 is a dlagramatic sketch of the apparatus capable of
produeing the cradientsvdescribed above mathematiéally. The volume of solvent
ehambers shown in the figure are those that were found convenient for the 20 gnm
columns most commonly used in this laboratory. The critical parte of the agsembly
are the gr&dient and monitor pumps and the control for the'gradient pump. Both
pumps are "chromatographic ﬁiﬁiP&mps" No. CHﬁMM-eéB designed by the Miltpn Roy |
Company, Philsdelphie, Pa. These pumps have no organic soluble substances in the
liquid head and are capable of pumpinnguite accurately liqﬁids of low viscosity

& and high vapo“ pressure. The pumping action is accomplxshea by a reciprocating

~ piston whose’ streke can be varied from zerc to 100% of capacity by a micrometer
adjustment.

The motor on the gradient pump is a 1/15 h.p.~D.C. motor made by Bodine
'béiéétiic a2l Company, Chicago, Illinols, and is connected to an automatlc control
which increaseslthe rpu of the motor linearly with time, starting at very low rpm.
This control was designed by Frank Uphem of this laboratory'é Electronics Division.
Flgure 4 is the schematic circuit diagram of this control.

A linear increase in rpm of the motor produces a linear incremse in pumping
rate. The total volume, V, delivered by the pump at time, t, is

V=l ate Y .‘.4. v e v . , B )]
2 S ’ ' ‘ B
a can be calculated from this relationship by cclleéting the volume delivered by £he
puzp during a épecific interval. The time for the pump motor to reach its maximum

L .{ m Yr - ) . k4
rpm is teken as t . L is varigd by a gear chanse on the motor contrql. o can



be varied independently of ¢ o by changing the length of the piston stroke.

Generally t is constant for columns of the same size.

| The motor is siarted, however, at an rpm soméwhat greater thaﬁ zero, approximately
l/aU.of its maximum rpma. This produces a small de#iation in ﬁhe value of & pre~
dicted by eguation (9),\&5& consequertly in the gradient for times close to zero.
Figure 5 presents & calcﬁlated and observed gradienﬁ over the fifst 400 minutes of

a run in which t oy 224 8 value of 1000 minutes. For rums with t .. el to or

greatey than 1000 minutes the effect of this small deviation froﬁ thé ﬁheoretical
graéient should be negiigidble. However, on short runs correctionsnmust be applied.
The second or monitor pump, also a "ehromatographic miniPumpf identical to the
gradient pump except that g cogstant speed A.C. motor is used in place of variable
spae& motor on %he'gradienﬁ pump, is used to itransfer the eluting solvent from the
mixing chamber to the column at é constant rate, Re. Originally, gravity and pressure

feeds were used in place of this pump but were inadequate to maintain 8 constant

5 attached to this pump at

Tlow rate for eny extended time period. 4 metering value
the outflow increaées its aceuracy. Experimentally, this pump delivered 1 i +08 mli/min
when pumping’a gradlent which varied froa lOO%Ichloroform tq 100% methanol during

1000 minutes. - | |

oI 30g§§ﬁg:~ A glaés.column'housing which was water Jackebed and similer to the
desisn of Hirsch and Ahrens (17) was used. The 1abora£ory water supplied was found.

to vary on;y 500,‘making thermostatic control unnecessary. A medium porosity fritted :
Zlass discu held in place by a caréefully m&chined Teflon gasket vhich in tu:n rested
on a slight_constriction at the bottom of the column_supported the packing in the

~ column. A coarse porosityldisck vas used‘to'érotect the top of the column from
disturbance after packing. T;flén stopcdckss wereuéed throughou£_thé épﬁaratus to

prevent leakage and eliminate the need for stopcock grease.
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Ebg;&zgzzgg QO $Qﬁ§Mﬁ PACKINGs .As the monitor pump is capable of maintaining a
constant flow/against high back presSdres, no filter aid was added to the silicic
acid packingg Columns were pacxed with pure siligic acid obtained from Mallinckrodt
Chemical Co., 100 mesh, which was re-sieved to givé a'fractioh paseing 100 mesh dbut
retained by a 325 mesh screen. The éieved:silicic vas then washed with successive
pcrtioﬁs of distilled watér; methanol6, and gcetone and dried fo: 2k hours at 12000,
then stored in & sealed jar. _ -
| To pack a column, 20 gm of silicic acid was ﬁeighed and heated between 110° to

130° ¢ for 48 hours in a vacwm oven immediétéy before use, then cooled and slurried
with & solvent and poured ag the slurrj into the column housing. A minimum amount
of additional solventAwas uged to wash ﬁhe packing down the column and the coarse-

. p oros ity glass disc placed on top of the packing. The disc was pressed down wntil
tne olumn appeared closely packed under visual inspection. The extra solvego
above the level of the disc vas removeé, and the charge added totha_column§

HROMATOGRAPHIC PROCEDURE: The lipid extract was added to the columa in the same

sclvent used to prepare the column paékihg. If neutral lipids were being anaiyzed;
normal hexane was uyed; it only the phospholipids vere of interest, chloroform Was
uéea. The ca“rge wes added to/column in 2 ml of solvent and washed onto the columm
with an a‘df* onal 2 ml, When neutral lipids were being fractionatad, gradient
elution with a gradient of ethyl ether in uormal hexane is begun immedzately after
* the charge is placed on the column. ¥hen the gradient reaches pure ethyl ether, a
'meﬁhanol in chloroform gradient can be started to fractibnate the phosp&olipids.
If, as vas tﬁa case 1nlmest'8tudies carried out here, peutral lipids were not
separated in the same rﬁn, the column was prépared"wiih éhloroformq 'Before'the
graé*enﬁ sepurqtion of the phosphe_ipids vas hegun, 1000 ml of'chlofoform were run

ﬁrrvuvh the colmwn %o remove all neutral lipids ina single fracuion (8). The flow



- -9+
! '

rate through & 20 gn column was 1 ml per éinute. ‘The charge added to the column
yielded good resolution for most mixtures when it was between 3 and b mg of
phospholipid per g of éilicia acide A‘alightly highe value was found for the
neutral iipids. ?hﬁ resolution of the neﬁ'ral.iipid and phospholipids fractions
mas: found to be indapéndent énd, hehée, & 50-50 mixture of phospholiplds and neuﬁral
1ipid could be added to the colum at 8 to 12 ng per g of silicic acid; N6 single
component shcgl& excezd 3 mg per g of silicic aeid in this systenm. ‘

In most runs where mqltiple fractionatioalwas carried dut 10 ml aliquots were
collected. As tha‘flbw rate throughitﬁe.column ﬁas constant at.i ml per minute,
tinme indexing was used %o ecollect fractio&sY. | | |
LGEID BATRACTION: Lipids from serum’and.livcr were exiracted as previously re-
pcrtéd.caa 18), Red cell lipidgfg;g;actgé in essentially the seme manner except the
cells were first resuspen@ed and washed twice with 0.9N saline sclution. 20 ml of
racked ceils'weré %hen'transferré& to 180 ml. of 50~50 methanol*chloroform solution
- and homogenized for two minutes in a wafiﬁg Slenécr. The subsequent extraction steps
vere carried out as descridved (18).

~ Standard somples ofllﬁi dipalmitoyl phosphatidyl ethanolémine and 1= dipalmitoyl

phosphatidyl choiina wére obtained from California Corporaticn for Biochemical
Research, Los Angeles, Califernia. Sphlngomyzlin standards were prepared by the
wathod of Rapport and Lérnar (19) end rechromatographed on siliclc acid. Lyso=
lecithin vas ?regare& by the method of Long and Penny (20); Monophospheinogitol was
prepaved Irow mouse liver (18), o pure ghosphatidyl seriﬁe:or car&iélipin standards
were obtained, | - |

Neutral lipid standerds werc obtained from the following sources.v Palmiﬁic acid
and tripalmitin, the Hormel Foundation, Austin, Minnesots. Free cholesterol, Armour
Laboratories, Chicago, I1lindis, Cholesterjl lauraﬁe‘éas synthesizea from the fres
cholestercl and lauric acid by Dr. D. Xritchevsky. Saturated wmono-end diglycerides
were prepared from hydrogenated cottonseed oil by vartial hydrolysis in 1N NaCH for

1 hour at 37° C axd isolated by silicic aeid chromatographys «
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ATATYTICAL METRODS: Neutral lipids were cgaracﬁerized by infrared spectrophotometric

‘techniques (21,22) and thin layer chromstographic methods (23). Phospholipids were -
also analyzed by these methods and fractions were monitored by chemical phosﬁhorus

. Qeterminations performed aéAdescribed‘previously (2&).'The solvent system used for
eparation of the tphoéyhblipid mixture on the thin layer clﬁromtoérams was dii_g_gﬁu‘cyl?

ketene, acetic 2cid, water {702 O~10 V/V) BSpots were developed by'sPray;hg the dried‘
plates with concentrated H;80) and charring {18) |

In addition, specific chemical determination were performbd on aliqucvs teken
from various chromagagraphic fractzcns by the meﬁhaas‘lisﬁea below: Glycerol vas
determined by the method of Van Handel and Zilversmit (25) as modified by Van Handel
{26), Ethanolamine a_nd serine by the method of Di‘_ctmez" et al. {26). Choline by the-
procedure of Vhocldon and Collins {28), and sugars were analyzad by the aﬂthrone
v'r action of Radin ef ale (29). uphingosine Was aetermzned by its infrared spectra
after 1salutien from the peutralized agueous phase of the transmethylation procodure
{7) with chlozoform.

These tests were run only on a qualitative basls to indicate the absence or
presence of the various compounds. Ho quantitative results were obtained and no'
eriterion of purity wes established. uraluy in any specific study more rigorous
control procedures would be necessary, bul exsel procedures would vary wi h the
ydrpose of the separation.

| RESULTS

Figare 6 shows the elution pattern of standerd mixture of neutral lipids from a
20 gm silicic acid colum. Teble I givés %he'recevéries'of the various component on
o weight basis. The cholesteryl esters and triglycerides were fully resolved, while
| the free fatty acids, cholesterocl end diglycerides peaks overlapped slightly which is

eflected in the lover recoVery of free fatity acide and diglyceri&es while the
ahs_eu%erol i5 greater than 100%. This colum was not fully activeted vhich probably

decreased its resolving powver, vsati$factory methods of neutrsl 1ipid silicic
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chromatography have been developed by other workers {(17), so no further attempt was

made to improve this system for neutral liplds.
cbtained

Figure 7 is the elution patiern of e knOWn mixture of phospholipids/from the
gources listed sbove., All ¢omponentszexcept lecithln and sphingomyelin are well re-
gsolved. And even these bhard to separate compounds are fairly well rgsolved. .Infrared

specirophotometric measurements indicated that the collection. tubes 80 through 95,

&

o

o

he sphingomyelin pealr, contained Sp the lecithin sdded to tre cclumn while tubes
nuzber 69 through 86, the lecithin pesk, cohtained'approxlmately % of the 5phingo~:
'ﬁwelin. Host Ofﬁthe“‘coﬁtaminaticn is in tubes T7 through 85, Table II gives the
recsvéri@s of the varicus phospholipid in terms of moles percent gﬁésphorus ad&ednto
the column. | . : ‘

in figyxesay 9 and 10 the phospholipid elution patterns cbtained from normal
h@man serum, rormal humen red blood cells, and mouse liver are shown. The shape of
the gr radietl, calumn size and other conditions vere the same in each case. It caan be
seen from these rung that over a wide variation inm the amount of individual ccmponento
pregent, ‘the major phospholipids ere eluted at the seme point in the systen, plus or
minus & collection tubes {20 ml of soiution)., This allows batch collection of the
rajor phospholipids eluted byiauch a.system after initially determining the elution
position of the variousﬂéomponents which will depend on the shape'of gradient used.

Regardless oa the shape of thé gradient however the order of elution ¢f different
phospholipids from silicic acid column :emains constant., Figure 11 summarizes thig
sequence as'qeuermzaed by he analytical me heﬁs listed above for the gradient elution
Trom 20 gm colamns;n this l&boratory. Asid@ from phosphatidyl ethanolamine and
phosphatidyl serine, znd the piammalogen.anélcﬂues of va*ious.pﬁosnholipids most

rally occurring phoqpnolipidn can be separnted bJ this scheme. "Lecithin and

sphingomyelin rlan slirh qu VB”iatiOﬁs in the ratios of the phospholipiﬁs present
in & mixture will effect the resoluﬁion to soma extent although perhaps less then one

would expect and certainly less than in non graaient systems.
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In the semples lnvestigated here no material elute@ off the ecolumn after lyso=

lecithing although the triphosphoinositol reported recently by Tomlison and Eallou {30)

il
. and Dittwer and Dawson (51) would be expected to elute after lysolecithin/it can
be eluted from silicic columng at all.
In gerum and Mver; 1ittls or no cersbrosides or EanﬂliOaAdO are present, and,

hepes, would not ¢ ataminé“e the varicus phospholipid fractions obtained by chromato=
grapiy. In erymhrccytes ard other ﬁiSauas va.ioas amounts of thasa connounas are
present and have been observed to elute with the phospholipids. In chromatogrephy
of the yed loﬁa cell phospholiplds shown in Figuwre 9 curebrcsidé like matcr,al was
found in tubes 15 through 20 and 45 through 60, and amounted %o approximat cl, 10% of
the totael 1lipids extraected from the erythroeytes by me%hanal‘ch_orpform. While ro
detailed studies of the e1mtion eharvacteristics of the cercbrosides were attemptcd, it
‘is feasibia that ﬁheﬁé sphingolipides cen be aisé resolved from phospholipiaa by this
procedure, ‘ | |

The ,hcarhollglas which eluted with 1low ¢0ncc“trations of methanol from the
colamn exhibit much more . oymmnt ric elution peeks than those needing higher concen~
trations. Thus, the primary reason for the overlapping of the lecithin and sphingo-
myelin peaks 1 not the similarities of the migration ra és,,bum the talling of lecithin
fraction Into the sphingomyelin peak caused by this ssymmetry. The synehégién
lecithia gcn@aining only palmiﬁiclacid produced an asymmebtric elution peak és well a8
the matural leciﬁhiﬂsg henaa this tailing can not be atvributed solely to differences
in the Tatiy acid moleties of the molecule. More likely it is a result of the non
linear adscorpiion isotherm of lecithin on silicic scid.

Conversely the distortions of phosnhaﬁkdyl.e nanolamane elution peak &t its base
chsexrved in natural samples is most probably dus tb other, unidentified 1lipids, as.
the pure synthetic phasyhatidyl‘ethanolaminﬁ gave a very symmuﬁr&cal elution pattern.
Generally, the symumetry of the elution pea X 45 iuverseiy related to conceptration of

meihanol needed to remove the s&bsﬁ&nce fron the colum. The shape of the elution

sradient can also infiuence the shape of obe eluticn neal
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| DISé%géIOﬂ |
“ The feéults presented in this sﬁudyrindicaté that concave gradient elution
‘providesa ﬁedhniqua capable of separating lipid mixtures with good resolution and
wiﬁhout_th@.nécesaity-ef‘multiple solvent changes during %he run. Not only sre so~
called “false peaks” avwidéd‘buk th¢ method 1enda'i£aeif o complét@ automaﬁion.
. Once a run is started no atteﬁtion need be payed to it until it is finiahzd, thus,
allowirg a~run to-éontipue overnlght and for,extgnded periods nothfeasicle ir manual
oparations. _ _: . o » : |
| ¥nile Hirech and Abrens (3.?-) as'well asg Eanahan et gz__'l_,.(_.‘éz) S.ad prgvioﬁsly in~-
diéated'that gzadieﬁﬁ eiution'cbiumn,ehrCmatoéraphy’did not offer any advantages
over gtepwise schemes and, in qu‘act,. actually reéuced the. resolving power of the column,
anlyAconVex gradi@nts vere inveﬁtigaued.by thege wdrkers¢ Conversely, the present
study indicates that concave gradient eiutién of Phosﬁholipid_mixﬁures yields better
separations theh any constant solvent or stepwise system operated under comparable
onditions. | |
The activation of the column packing to the same state 1s sbsolutely necessary
to obtain reproducible results from run to run, and & packing is gaod for only one
run in this.syﬁﬁem.i ﬁo sqlveﬁ regunvwnation was ablﬂ to retwrn & packed ecolumn to
ite iniﬁialvdegree.of aétiv&ﬁionw ertherﬂOfcg/column packinu that was not fully
activated showed poorer resolving pover and shorter;elutionltimes than fully activatéd
colurmse The wosh preminent c¢hange observed vith deactivated colums was a shortened
~retention time for %he-véricus lipids,,éither aeutral'lipiﬁs or phospholipids.e
Several suthors (53,54,35) have added water to their solvents in stepwise elutioﬁ
systems. In the recent scheme of Néwman, Chiu and Zilversmi% (55)'the'authors in-
dicated that additmns of 373 H,0 to thelr meth&nol greatly improved the resolutiocn of
the system. .Addiﬁion o % H o to thé methanol (the commerical reagent grade methanol
 used here had JO5% Hé@),p@qduaea 1no ncticgablehimngVGment-in;resolution with the ’

gradient elution system reported heres . o
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'uwlTﬁe initinl choicé,af'a gradient ié arﬁitrary."whéﬁzééﬁe prior kﬁowledge éf ‘
the elution characteristics of the syét&m ié aveilable; a gradient picked to approxi-
mte a stepwise gcheme can be chopsen. I two components are not well resolved, a
| r@&uction in the slope of the grédiaﬂt;will often provide & better SGpéfation.'Somﬁ“ o
timﬁs it is‘pcﬁsiblé to sepérate campounds having iden%ical.elution tim@s under éﬁe

zet of ondxtionw by apbropriate chanuges iﬂ the ghape of the graazent.

Tha Lmtal cost of dupl,catina snch equapmcnt sbculd be under 2,C00 dollars which,
while high relative to mostvcpromatograph¢c systems, is not particularly expensive
compared 1o many'aommonly used amalytical instruments founé in modern leboratories.
 The.superior performance of the systen ia belleved to Qarranﬁ thé’adaed cost.

In operaﬁian the'syshem vas fouzd to be very reliable. A reliable auﬁoéatic '
vfrgaﬁion collzctor and indexing device is/?ecea51ty for monitoring runs during develop=
vﬁéﬁﬁai stages af én iﬁ?@é%i@&ﬁiﬂne Batch collection can be used after the reproducibil-
xuy of the system for 4 gaven nixtire has been deue mi?%d- It is advantageous %o use
f nLSuer timer to supply power to all comno&ents of tho system. The timer then
aatomatically shaﬁs of< ll apparatua aﬁ tha end of th» run,

The usa of thls 8y$tuﬂ for preauuing concave gradicnﬁs is not restricted to
silicic acia co1u¢n cnromatogr yhy‘of 1ipids. Any column chramatographic $ystem would
be applicable as would meny ion exchange separations. Plez and ﬁorris (30) huve als
ready indicated that gra&ign% eluﬁion cf‘gmina acid.hyﬁrclysaues on ion exchange column g
using buffered sbluﬁions of:dif arent ionic strength éreaﬁly»enhanc&s fhe‘operatio;@

Another modification of this systen involves the addition of a gecond gradient
DUER leading_ta the mixing chauber, which would &dd a third solvent 0 the mixing
.chamb@r,‘aﬁd ilead te'teriiary,.rather'thén binafy graéients. The mathematics of this
type of gystem have alréady been investigated by the authar and pre sent no unuswal
gifficulties.  ' ther such eempiex gradientscan provide aﬁdxtional advanﬁages to the -

chrematographie seﬁaratian of lipla mlzﬁures remaina to be investigated.
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FOOTHOTES 7.
‘* This work Suﬁported'in rert by the United States Atomic’Energy Commission and thei o
U.S. Public Health Se?vica,,-ara-r;ﬁ Nuinbex H-2029 (C-6). | |
vf»~Postdoctérél Feliow{of the National Heart Institute, United Statestuﬁlic Health
| Service. ' ‘ ' | A ”> | _ | | . | o
i.'Alm et al. (1) éroposed:thg.tefmed ”ﬂfadient éiutioﬁ" t§ cover the ﬁeihod of. “
| chromatpgrapﬁy‘discussed ih'théif.pa?er. The authors dlscusoed a gradlent having a
large initialtslope'and‘which gpprcachedvan abs ciasa assymptotically Lakbhmanan
. and Lieberman*(9)bla£er show;d that a gradient of nis type had definlte disadvantages
’-.comnared ‘o a gradlent whoso slope was 1n1t1ally low and graduallj incraased &s the
chromatogran%y wgs continuea. Later investigators have tended to differentlate uhese
two uypus of gradlente by designating the Tirst as a “eonvex gradient" and “the second ,
‘as'a "concave gradient" A %third type of gradlent, called "linear", has_ a constant
slone durlng the chromatography.A,Mathematlca;ly the second.derivative of convex
‘vgraament is negatlveg.o; & concave gradient, positive; and ofva linea:wgfadiént,
zZero. ll | | |
é. The solvénﬁs used in gradient elution systems have a gonfused'noﬁenclatufe.‘Some'
authors.refer‘to different solvents by lgtters 6r numbers, othérs "polar® or “non-
polar® or ";elatively.more polar”.. In this paper a solvent which will not cause a
noticeabie migration'of‘a compduﬁd on a coiumn:during tﬁe usual pericd of a chromato=
graphic run is termﬁd av"carfier.solvent“ referring to thé fact that this solvént ig
a carrier or dlluent for the solvcnt produ01ng the migration 0¢ the compounds on the
column. Thls latter solvent is re‘erred ta as tha "eluting solvent®,
3; Oboalne& from Nuclear Prcducts Co., Cleveland 10, Ohio._
by Obuained from Fischer,anﬁ Poruer Go;, warminsteg Pennsylvania.
5. Kimax brand Teflon Stopcocks obtalned from Kimble Glass CO. through various
laboratory supply houses. .
grade
6. AlL solvents used in all phases of this work were reagent/commerical solvents. The
‘ chloro;orm contained 0. 75p ethanol. |

T« The automatlc fractzon collectsr with time indeying units was obtained from Research

Specialities Co., Richmond, California.
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Figure 2.
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”ICUR& CAETIO

Graph;cul prasenbamion of the graai b s obtalnca under the conditions
1naicazad~en the ilgure for the three fqrms of the solution to equation

3 in the text. curﬁgs‘el,fcz'an& C3 are solutions of equations 65 T, end. -

8 réspéc%iﬁely. ‘The Values of the paramsters a; Vs and R are listed for

2
each selutlon.'r”,A'

4

| Seue O %hc pOuSiblE variationa in %he graaien ts. proauced by this ystém
are shovn. So;utionq ;e.oatgiaeé from mquatlon T R = 1 ml/min. in al;:
CAaSeS. 'Cﬁrﬁe'i'preséﬁts‘é case in whicﬁ addi tzonal solvent was adaed to
rthe mixiug chamber 100 minutes after the start of the ru“;. The values . -

" for a and Vo are listed for each solution:

A diagrevatic sketch of the graa and el@tian'éolumn chrdmatOgraphic’éysiem

' _déscribed in tn° text. A is the eluting solvent reservoir frém Whiéh'the -

solvent is t*aasfesrca to the mixing chanber (B) by the graazenu yum

»pecific yolume of carrier 801vent is pl“ced ln the mixinn chamber before

the start of the,runq The »xact amount is determined by shape of the

graﬁient.and length of the run and gg*gulated vy equauiens 6, 7, or 8a

‘given in the text. The outflow of the mixing chavber is pumped to the

' colum (D) by-the.moﬁiﬁor;pum@w ¢ ie an edditicuel solvent reservolr Tor

by

Figore Fe

Laure b,

non gradient élutions o
Schematic circui% aiagram for the gradient pump motor control.
Curves showing exnﬁriuentally chserved deviation of gz“diant from 1aeality

in 4he &éw gaqcentration range caused byvtha}graéient pump®s initial rpm

‘being greater than zero. Dobted curve iﬁ,experimentally‘oEServed gradient.

. Solid curve is gradient caleulnted by ‘equation 7tin the text.

The experimen»&lly deternined eluticn paaﬁern obtalmea by gradient elutzan

.

'_ cnromaﬁcgraphj vl knawn mixture of neutral li@ias from & 20 g silicie

zeld columna The gradient Vaa émeunyl ether 1o norzal hexsne. The shape
of the gra&ian is shnva on,th~ fzaLre. Tha left ordinete is the optical

dezsity of a 0.15 ml solution of the material, recovered frowm 1.0 ml of
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¢ :
. eluant solvents, in~CCl& in & 5.0 wm poth length cell. The various peak

Flgure 7o

- Floare 8.

heights ere aepeaden% on the specific absorption coefficient of each

‘substance and not directly comparabiev%o each other‘in tha Figure. The

right ordinate is the'p srcent af ﬂicbhjl ether in the gradient. See text

P

for de zails of mﬁthod and yecovery data.

' The experimentally determined elution patnern obtained by gradient eluzion

- chrometography of a kuown mixture of phospholipids cbtained from sources

lizted in the texts 20 g “ilic1c acid column. The shape of gradient is

indicated by the dotted lines e gradient uus-mcthanol in chloroform,

- and determined uheor ﬁiCulqy oy eguation 7 of the texu. The values for

the various parameters vere;; a = .0@0? ml/min 3 RQ =1 mi/min; V= 650 wls

- &n&'tmay = 1000 win, After 1600 min. elution was continued with pure

methanol for an sdditional %00 min, Collection tubes 40 to 50, 69 to 83,

75 %o 97, andVQB to 120 centaﬂmea.phosn&atidyl(ethanclamine, lecithin,
'srhlnbomyelln, and lysolecithin ruspﬁctively. Bee text for detail of

'nwthod and racovewy datas

Eyperimwntally‘&etermin@& e¢lution patbern obtained by gradient elution
chromz vography of phosrholzgids exxract@d from norzal human seru». Points

on ihe curve represena phosphorus determinations on sauples Irom every odd

pumber collection tube. The methanol in chlorofornm gradient was produced

by conditions tdentical 4o those described in the capsion to Figure 7.
Weight sdded to coluwmm ves 2;89}mg of P, aﬁd 2.9% mgs wers recovercd as
determined By ¢hemical P analysis. Mﬁim‘éompénents can be located by
reference to Figure’74 See text for detaills of meﬂho&g‘

Bxperimentally de%ermined'eluticn paﬁﬁérn,dbﬁaiéé& by gredient elution
chromaﬁagraghy‘o; yhoaphoiigids extracted fiom vormel) human erythrocytes.
ghgomaﬁographic econditions aie éescribéé in the capilons tb_Figures 7'and 8.
Veight added ta column; 2475 mg,P;'recovery; 277 mg P; Collection tubes
18 to io.anﬂ )6 %o 66 coataine&‘yolyglyceryi ?héséha*ides end monophos~

vhoinosital respectiveiys Main components can be lcca ted by reference to

LI



PIGURE CAPTIONS (Cont?d)

 Figure 7. See text for details of method.

?igu;e 10,

Figure 113

Experine ntaliy‘determined elution y4ttcrn obtained by gradlent eluuicn

chromatography of pho pbolipias extracted from normel mouse liver.

Chrometographic conditions ara‘dascriped in the text and in the captions

bo Pigures 7 and 8. CWedght added ﬁb'cclumn; 2.95 mg P; recovery, 2.90 mg P

Components can be located by‘referenc@ to Figure 7, 8, end .

A schemstic pvesentamion of the relaulvw elution characteristics of
different phospholiplds in the gradient eluuion systenm d@scrxb&dlin the
ﬁext'as determined by chroma%ography of reference compounds and specific

chemical tests on the frastions oblained from chromaicgraphy of natural

phospholipid mLYturas extracted from serum, red cells and liver. Fully

activated colwm eluted with methanol in chloroform gradiemt. The order

”.the-seauenc& will be consiant in any gradient elution although the

particulsy conccntrauﬁcL of metharol at which any individual rbos 1ipid

will eluﬁe from & colunn depends on the size cf_tha column; the flow rate

of the sol ¢ent aLd the shape of th~ gruuﬂeaza
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Teble I

Recoveries of Neutral Lipid From Chromatography of Standard Mixture
- Shown In Figure 6 ”

{Gravimetric Determination)

Lipid Collection Wi, Added to W, Recovered Percent
: ' Tube ' Column mg. : sl s 0 Recovery

- Hunbers ' - , : ,

Cholesteryl 2=10° 58,5 o s8. 9946
laurete v : : o :
Tripalmitin = 11-20 - 59,1 60,7 102.8
Pelmitic acid  22=30 g2 - 19.8 93,4

Free Cholesterol 3L=k6 ~ - 37.9 4043 105.9

" Diglyceride I E _ '

o 47-110 - 12.3 1.1 - 9.2
Monoglyceride o , \ _ '

Total 188.8 -~ 190.0 100.7




Recoveries of thp:w
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Table IT

ipids from Chrormtography of Standsrd Mixture

Bhowa In Pigwe 7

{%3.\. % wi*o.,,yhcvw Added, to the Colx.m)
Phospholipld Collsction pga P added Pz P , Percent
’ Tube 1o column 'Mcw:.rﬁ& Recovery

Humbers : .
3o {(S3pelumitoyl) ‘ _ ’
Hh;:):s ohatidyl 3555 860 885 i00.7 -
ethanolsmine ,
Lz (dipalmitoyl) | o |
phesrhatidyl 6G=85% }.9?5 1940 8.1
choline : : : .
Sphingonyaelin L By T35 758 100.4
Lysolecithin ' 98s120 370 35k 106,5
Total 3961 3957 99.9

% Overlspping tubes anslyzed by infrared spectrophotometry
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