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An automatic method for the column chromatographic separation of lipid mixtures, 

particularly phospholipids_, utilizing conce.ve gradient elution is described in 

detail. T".ne gradient in this system is produced by an automatic pumping system 

using accurate controlled volurre pumps and variable pumping rates. A discussion 

of the theoretical aspects of gradient elution in relation to non-linear absorption 

isot~herms is included; and se'lt(n-al chromatographic run using the system are presented. 

The system is capable of excellent resolution of natUl~ally occurring phospholipid 

mixtures and is quite reproducible. Considerable flexibility is available in shape 

of the gradient produced by the pumping system allo~ing modification for particular 

tissue extracts containing phoepholipdSin varying ratios. The system is completely 

.,c.a.utow..e.tic and.l' once a run is sta.rted1 operates untended until completion. 
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recently been applied to colman chrcms.tography of lipids ( 3,43 5). Early studies 

with gradient elution aystems considered only gradients in which the concentration 

of the polar or eluting solvent was increa~ed very rapidly et the start of a run 

and then slowly approached lOr:;:fo concentretion.asympt.oticalzyin latter part of the 

r~m; this is often te~med a convex1 gradient. This type of gradient is relatively 

simple to produce in the laboratory tJ bu'i~ is necessarily a much poorer system than 

the corresponding linear or concave gradient in ~hich the eluting solvent is intro-

duced gradually at first s:~d then more rapidly so ~1at a continually increasing 

.· .. rate of c:r.ange of concerrt:ration of the eluting solvent is presented to the col'!.J.Iml. 

In t:b..e stv.dy of se:trU!J'l lit.~ids being carried out in this laboratory { 6, 7); 

stepwise silicic acid colurmu chr~matography of phospholipids proved inadequate, and 

a system of concave gradient elution silicic acid column chromatography lll"aS developedo 

This paper will present the de"t31ls of this system and certain aspects of column 

perfc~~nce will be discussed and tr~ results of several chromatographic runs on 

stand.a:t."d mixtures and mt.ural samples will be shotvn. 

TEEO..'-lli'Z'!G?.L COW3IDBHATION 

YJ.artin and Synge ( 8) developed a theor,Y for :partition chromatography whichg 

'tvhile not rie,"'rous for adsorptions; ca~ be adapted to adsorption processes. lali:shmana.n 

and Lieber~ (9) presented a discussio~ a gradient elution chromatography utilizing 

partition chromatography theor-,1 and concluded that concave gradient elution will 

provide the bes·t possible elution characteristics if the substance t.aa.s an adsorptivity 

described by a non~linear isotherm of the type proposed by Fceundlich (JO) for batch 

c ~ K {c )n •• • • o • • ••• G a •••• (l) s m 

'\'-'here C
8 

is the amount of solute adsorbed by a given emo'U!lt of absorbent, C is 
Ill 

concent:ration of' th3 solut;ep and k and n are constants and n is less than l. 

A more rigorous treatment applying to adsorption clli:"cmatog:raphy ,E.e:t ~ has been 

proposed by de Vault (11) and provides additioxw,l theore-tical support. for the belief 
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that concave gradient elution will give optimwu resolution in absorption column 
a 

cbro~~togl"aphy., If diffusion effects are neglected, s single solute withj.Freundlich 

adsorption isot.herm will elute off !m adsorption column with a: sharp front and a 

.sradvally tapering ·f.ira.iling edge. In prectice d1S.fus1oo e.f.feots t>~ill tend to 

spread the boundary further. deVault bas shot.sn that a substance with a linear ad-

sorption :tsothez-m will elute off a columh uitb. the shape identical to the initial 

U diffusion eff'ects are neglect;ed. 

Concave gradient, elution can. be ccmside:red .. · a ".:Jay to increase the linearity 

of a non"'linear isotherm. For a single substance a gradient can be constructed to 
the 

keep the edsorptivity of that substance alznost alt.rays in the linear region ofja.b-

sorption isotherm. Uith co:.'1plex mixtures this ilil not possible, but by va:rying the 

shape of the gradient 1!1 critical r(;lgions mt~ch il;zproved separations can be obtained 

over stepvlise elution schemesJ) and ":false peaks" caused by discontinuous solvent 

chan.ges can be entirely a. voided. 

Alm e·t al. ( 1) originally proposed a doub!.e reservoir system in ~Jhich an eluting 

solvent
2 

was added to a mi:d.ng chF.!mber containing a carrier solvent. As the rates 

in'~o and out the mixing ch·amber ~<?ere eq:t.m.l; the volu.rce 111 it remir..ed constant. The 

gradient produced was convex and given by the equation 

0 0 0 • • .0 o o 6 ~ D Q ' • ~ 0 ~ (2) 

where C~ is tbe c~~position of solvent leeViug the mixing chamber at time, t; in 
~ 

~cerms of tb.e compcai tion of sol vent added 1 C
0

.. R is · tlotv xe te into (or out: of) the 

mixing chamber end V is the volun;e of sol vent in ·the mixing chamber • . , 
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Lskshmanan and Liebei'I!an ( 9) added greatly to flexibility of' the double reservoir 

arrangement by allowing the rate into, R1 and out of~ R2, the mixing chamber to be 

independent of each other. In this manner they obtained concave, convex, or linear 

gradie~ts depending on 'tvhether R1 -v;a.s greater, equal to or less than R2, (lnd devised 

rieorous mathematical solutions for each case. More recently several other authors 

have described apparatus for the production and rrtaintenance of' complex gradients ( 1:;2~ 

13,14). Perhe.ps the ultirrate in flexibility for the production of gradients was 

achieved in the "Var1grad11 designed by Pete:t"son and Sober ( 15) • 

During this study linear as well as convex gradients were found to be inferior 

to concave gradients, and,p hence, will not be discussed further here. 

l{ren ( 3) proposed a system for the specifia production of' a concave gradient 

adapted :from a proposal of' Bo-.:r.an ( 16) • vlhile Wren~ s system gave a wide, uniformly 

varying gradient.; it was not easily adaptable to close regulation of flm-1 :rates or 

an exact mathema.tical description of the resulting gradient. It was possible to 

modify this system, however, to allotvo better regulation as vell as g:rea tly increasing 

the flexibility. 

The siphons and p1•essure differentials were replaced by controlled · volmne pumps. 

The shape of the gradient produced in this system is then given by the differential 
solvent 

equation in terms of Ct the concentration of eluting/leaving the mixing chamber. 

c = 
t 

0 • .• • •• •• .• .• • • • • { 5) 

uJ:1..ere R1 and R2 are as given previously, C
0 

is the concentration of eluting solvent 

added to the mixing chamber 1 and V is the volume of carrier sol vent in the mixing 
0 . 

- ""Z • 

cr..a.nibel· a.t time zero. This equation is simila.r to that given by Iakshn:ana.n and 

Lieberman (9) except that R1 is a. variable of the form: 

~ . . . . . . ~ -~ . . . .. . • • • .. • • ( 4) 
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where a is an arbitra~J constant determined by a pump setting and has units of 

ml/min2
• 

Substituting equation (4) into equation (3) and dti'ferentiating yields 

de at dt 
(V + 6t~ - R t ) 

. 0 2. 2 

. . .. . . . • •. ( 5) 

\<ihich can be solved im:nediately by integration. The forms of the solutions are: 

:---~--------·--
I 
I 
l 
! 
I 
I 
I 

j 
j 
i 

l 

----·---

l_f 2aV0 = R/ 

[ 

2~+£)] . 

c = Co 1- R/( at-R2):t-R2 .................................................................................. ( 6 ) 

v0(R2 +~)(~) 
C C R2 -~R2 -2a~ 

= 0 1-----------~--~--~~--~-
(vo+f-R2t)(at-R2-~)(~) ········································ (7) 

at- R2 +~R/-2aV0 

--;:==2R=2~1an-t ( -R2 _) 
~2aV0 - Rl V2aV0- R2o/ 

C Yo.• 
=C0 1---------~----~--~r-----2R ( at- R v .... " .................. · ·· · · · · · · ·· · · · · ·· ( 8 ) -r:::====== tan-1 2 

(
V S 2 ) .j2aVo-R/ ~2aV0 -R/ o + 2 I - R2t e 

MU-25962 

--------.. _, 



T"tJ.e three solutions are necessary because the radical 
. 2 

and is indeterminate where ± (R-c.> ... 2a.V ) assumes a negative value or zero. 
.. 0 

Figure 1 gives examples of the curves obtained from each solution with varioua initial 

conditions. The curves are sigrno,idal over the full range. The parameters a, R2 and 

V can each be varied independently; thus, one solution is capable of yielding quite 
0 . 

"V-aried s;radients~ Figure 2 illustrates this using equation 7. 

pt;S!GN mt [\.PPA&Il.TUS: Figure 3 is a diagrame.tic sketch of the e.pps.ratus capable of 

producing the gradients described above mathematically. The volume ot solvent 

cf>...ambers shotm in the figure are those that were found convenient tor the 20 gm 

columns most commonly used in this lab ora tory. The critical parts of the assembly 

ere t~~ gradient and monitor pumps and the control for the gradient pump. Both 

pumps are "chroma:tographic mi.niPumps~• No. CH-1;1M-29B designed by the Milton Roy 

Comracy, Philadelphia., Pa. ~hese pumps have no organic solUble substances in the 

liquid head and are capable of pumping quite accurately liquids of low viscosity 

and high vapor pressure. The pumping action is .accomplished by a reciprocating 
.. l . ;_; ~. ' .:.: 

piston whose 'Stroke, can be varied from zero to lOCI/o of capa.ci ty by a micrometer 

adjustn:'8nt. 

The motor on the gradient pump is a 1/15 h.p~·D .. C. motor made by Bodine 

Electrical Company,·Chicago, Illinois1 and is connected to an automatic control 

which increases the rpm of the motor linearly with time, starting at very low rpm. 

This control was designed by Frank Upham of this laboratory's Electronics Division. 

Figure l~ is the sche:matic ctrcuit diagram of this control. 

A linear increase in rpm of the motor produces a linear increase in pumping 

rate. The total volume, V, delivered by the pump at 'time, t, is 

V=~ 
2 

2 
at · ........................... (9} 

a- can be calculated from this relationship by collecting the volume delivered by the 

pump during a specific interval. rile time for the pump motor to .reach 1 ts maximum 

l"pm is taken as t max· : t max is varied by a gear change on the motor control. ~can 
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be varied independently of t by changing the length of the piston stroke. max " .. ,. 
Generally t is constant tor columns of the same size. 

:max 

The motor is started, hot<~ever, at an rpm somewhat greater than zero, approximately 

1/20 of its maximum rpm. This produces a small deviation in the value of a pre· 

dieted by equatio~ (9), and consequently in the gradient for times close to zero. 

Fib~1re 5 presents a calculated and observed gradient over the first 4oo minutes of 

a run in Which t had a value of lOCO minutes. For runs with t equal to or 
me.x · · max 

greater tr.au 1000 minutes the effect of this small deviation f'rom the theoretical 

gradient should be negligible. However, on short runs corrections must be applied. 

The· second or monitor pump, also a "chromatographic rnini.PU.mp" identical. to the 

gradient pump except that a COllstant speed .ILC. motor is used in place of' variable 

speed motor on the gradient pump, is used to transfer the eluting solvent from the 

mixing chamber to the column at a constant rate; R
2

• Originally, gravity and pressure 

feeds lrere used in place of tr.ds pump but were inadequate to maintain a constant 

:flow rate tor any extended U:me period. A metering value} attached to this pump at 

the outflow increases its accuracy. Experimentally, this pump delivered 1 * .o8 ml/min 

't'lhen pwping e. gradient which varied :from 100ft, chloroform to 100% methanol during 

1000 minutes. 

CQTJJt•:\H HOL'§J;N.G: · A glass column housing which ws we. ter jacketed and similar to the 

design of Hirsch and Ahrens (17) was used. 'I'he laboratory water supplied was found. 

to vary only 3°C,. making thermostatic control unnece.ssary. A medium porosity f'ritted 

glass disc4 held in place by e. carefully machined Teflon gasket which in turn rested 

on a slight constriction at the bottom of' the column supported the packing in the 
. 4 . . 

column. A coarse porosity disc was used to protect the top ot tr~ column from 
. . . 

disturbance after packing. T~flo:n stopcocks5 :wem used throUghout the ~pperatus to 

prevent leakage and eliminate the need for stopcock grease. 
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J;FE?A,Rx;PT.OJI .Ql COL~I fACIO:l;IG: As the monitor pump is· capable of maintaining a 
rate · 

conste,nt :flow/against high back pressures, no filter aid was added to the silicic 

acid packing.· Columns were packed ~ith ptll."e silicic acid obtained from Mallinckrodt · 

Chemical Co • .~~ 100 mash, tvhich was re-sieved to give a fraction passing 100 mesh but 

retained by a 325 mesh screen. The sieved silicic was then washed with successive 

portions of distilled water, methano16, and acetone and dried for 24 hours at l20°c, 

then stored in a sealed jar. 

To pack a column, . 20 gm oi' silicic acid was weighed and heated between ll0° to 

130° C for 48 hours in a vacuum oven immediat~ before use, then cooled and slurried 

~ith a solvent and poured &Jil the slurry into the column housing. A minimum amount 

of addi·tional solvent was used to wash the packing down the column and the coarse 

porosity glass disc placed on top of the packing. The disc was pressed down until 

the column appeared closely packed under visual inspection. The extra solvent 

above the level.of the disc was removed, and the charge added to the column~ 

QRRO?-tj.T00.HAPHIC PROCEDURE; The lipid extract was added to the column in the same 

solvent used to prepare the column packing. If neutral lipids were being analyzed, 

nornal hexane ~;as uood; if only the phosph.olipida tiere of interest, chloroform was 
the 

used. The charge was added to/column in 2 ml of solvent and washed onto the colu.mn 

with an .additional 2 ml. Hhen neutral lipids were being fractioDated, gradient 

elution with a gradient of etb.yl ether in normal hexane is begun immediately after 

• the cr.arge is placed on the column. W.Uen the gradient reaches pure ethyl ether 1 a 

~~thanol in chloroform gradient can be started to fractionate the phospholipids. 

I:f, as was the case in most studies carried out here1 neutral lipids 'iiiere not 

sepa:ra ted in the same run, the column l-te.s prepared wi.th chloroform. Before the 

gradient separation o~ the phospholipids was begun, 1000 .llll ot.' chloroform vere run 

thrcugh ~he colmi'.n ·to r<::~move ali neutral lipids .in a single fraction (8) * The flow 
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rate ~chrough a 20 gm colU!llh t-~as ~ ml per minute. ~he charge added to t,h~ column 

yielded good resolution tor mqst mixtures when it was betiJeen ; and 4 mg of 

phospholipid per g ot silicic acid. A $lightly higher value -was found for the 

neu-t,ral lipids. The resolution of the neutral lipid and phospholipids .tractions 

.:..,~a:s" :found to be independent and, hence1 a 50•50 mixture of phospholipids and neutral 

lir;id eould be added to the column a:'c 8 to l2 mg per s of silicic acid. No single 

cooponent should exceed 3 mg per g of sUicic acid in this J;?ystcm. 

In most ru..'l'lS where multiple fraction.a.tion t-ms carried out 10 ml aliquots were 

collected. As th$ flow rate throug..~ the column was constant at lllll per :minute, 

. . 7 
tim.e :u:Id.e.xin.g \;as used to collect .fractions • 

!Jl'!Q ?;.(TRhCT!ON; Lil!ids trom serUJ.n and llvcl." tiere ex-tracted as preViously re­
were 

po;j."'ted (8~ 18). Red cell lip.idq extracted in esse.ntie.lly the sruc-e manner except the 

cells were first resuspended and washed twice with 0.9!1 S<:~.line solution. .20 m1 of 

packed cells ivel"e then transferred to 18o ml.. of ;o-so methanol•chloro:rorm solution 

and homocr..::nized for two minutes in a. vlal"ins Blender. IJ:he subsequent extraction steps 

vere carried out as described ( 18). 

Standard samples of l"'': dipulmitoyl pho.sphatidyl ethanolamine and l""a dipa.lmitoyl 

phosphatidyl choline were obtained from Calitorni::l Corporation for .Biochemical 

Research.~~ Los A..'1gelea, California. Sphingo:myelin standards ilere :prep:1red by the 

mathod of P..apport. and ~rner (19) and rechromatographed on silicic acid. Lyso• 

led. thin tfas prepar.::d by the method of .Lpng a.nd :Penny ( 20). Monopho$phoinosi tel was 

prepared from mouse liv~ (18). ~Jo pure phosphatidyl serine or cardiolipin standards 

vtere obtained .. 

. Neutral lipid standards were obtained frC>In the following sources. Palmi tic acid 

e.:nd. tripalmit.:l.n, the Hortnel Foundation, Austin., Minnesota.. Free cholesterol, Armour 

La.borat;o:dcs, Chicas;oJ Illinois. Choleateryllaurate was synthesized from the free 

choles·terol and lauric acid by Dr. D. Kritchevaky. Saturated mono;..end diglycerides 

i,tere ))re:;;e.red .from hydrogena:ted c:ottonseed oil b:Y partial 1-..ydrolysis in lN NaOH :for 

J. bol.U' at ?;7° C and isolated by sUicic $Cid cl'l.l'on:a:~ograpl'>.y. 
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fi!,'t!\r ... YTIC,.bl;. l4BTBODS: Neutro,l lipids \v~:ce characterized by infrared apcctroprJ.Otorootric 

tecbniqu:Js (21,:22) and thin layer cbromatogra:phic me~chods (23). Phospholipids 'i.rere 

also analyzed by Jchese methods and fractions vere tllOnitored by chemical phosphorus 

datermiD$.tions performed as described previously (24) .• The solvent system used for 

separation of the phospholipid m~<ture on the thin layer chromatograms was diisobutyl• 

ketone1 acetic acid, ~~ter (70~20-10 V/V). Spots were developed by sprayins the dried 

plates 'idth concentrated ¥04 and cbarrir~ (18). 

:tn addition, specific chemical de~rmina:t.ion were per:formed on aliquots taken 

from vario'U$ chromatographic fractions by the methods: .lis'ted balo~t: G~cerol w-as 

det.ermined by the method of Van Handel and. ZUversmit (25) as modified by Van Bandel· 

(26}, Ethanolamine e.nd serine by the n..-..ethod o:f Dittmer~ ltl,. {26). Choline by the'· 

procedure of Hhccldon and Collins ( 28), and sugars were analyzed by the enthrone · 

reaction of Radin~ !i:l• (29). S;phingot;iixle tras determined by its infrared .spectre 

~fter isolation from the nau·bl-alized aqu~ous phase of the tranametr..ylation procedure 

(7) with chloroform. 

These tests llere run only on a qualitative 'Qasis to indicate the absence or 

presence of the various compounds. I~o quantitative results were obtained and no 

criterion or purity w~as established. ~!aturally in e.cy specific study more rigorous 

contl~olprocedures ~rould be necossm.-y1 but exa.et procedures would vary with the 

Plll~pose of the separation. 

Figure 6 show the elution patter:1:1 of standard mixture Of neutral .lipids from a 

20 gm silicic acid colu:rnn.i Table I giv~s the recoveries of the various component on 

a. weight basis. ~ne cholesteryl esters and triglycerides were fully resolved, while 

the tree ratty ecids, cholesterol and diglycerides peaks ove~lapped slightly which is 

reflected in the lo1·1er recovery of free fa. tty acids ·and diglycerides -whil.e the 

c!i.olesteroJ. is greater than lOCJ/.! ~ column vas not full¥ activated which probably 

decreased its resolving powe~~ 6ati$faototY me~~ of neutral lipid silicic 
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cr..rot!l9."tography hav'e been developed by 9ther l-TO:rkera (17), so no f\li'ther attempt was 

made to improve this system for neutral lipids. 
obtained 

Figure 7 is the elution pattern of a knotm mixture Of phospholipids/ from the 

som·ces listed. above. All components except lecithin ·and sphingomyelin are well re-

solved. And even these hard to separate cOl:npounds are fairly well resolved. Infrared 

spectrophotometric measurements indicated ·(;bat the collection :tubes 80 throu&}l 95J! 

·tue sphingom:yelin peali:J contained 'lfo or the lecithin added to tne col·uznn t-1hile tubes 

11umber 69 through 861 ·the lecithi.."'l peak1 contained approximately ;fo of th:::: ~phingo­

rzyelin. Most o:f .~zhe.'- contaminatic11 is in tubes 77 through 85• Table II gives the 

::recoveries of the various phospholi$d:.d in terms of moles percent phosphor-u.s added to 

the columno 

In figures8; 9 and 10 the phospholipid elution patterne obtained from normal 

ht.ml"1n serum~ normal hu.man red blood ·cells1 end .mouse liver are shown. The sho.pe of 

~the g-.ce.dir;.a:/c) column size end ot,her conditions vJere the sam$ in each case. It can. be 

seen :from tl;.ese ru.."ls tr .. e:t over a \'tide variation L"l the al1l0unt of individual components 

present;, tl"l:e xn.ajol" phospholipids are eluted. at the same point in the system, plus or 

minus 2 collection tubes ( 20 ml of solution). This all~1s batch collection of tlw 

major ~hospllolipids eluted by such a system after initially dete~mining the elution 

position of th.e various components which will depend on the shape of gradient used. 

Regardless of the shape of the gradient ho~1ever the order of elution of different 

phospholipids from si]J.cic acid column re::rains constant~ Figure ll s'UllllT.arizes this 

sequence a$ determined by'the analyticalmethods listed above for the gradient elution 

:from 20 gm colUlllllS in this la.boratory .: · Aside :f'rorn phospba.t;i:dyl ethanolamine and 

phosphat idyl serine~ t::.nd the plasmalogen analogues of various phospholipids most 

naturally occurring phospholipids can be separated by th:ts scr..eme. · L$cithin and 
., 

s:phingonTJelin overlap slight.ly~ . Variations in the ratios of the phospholipids present 

in a mi."\:ture tdll effect the ~esolution to sot'..e extent although perhaps less then one 
' 

' . . 
-would expect and certai~ less than in non gradient systems. 
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In the samples investigated hel .. e no Ir.aterial elu~d off the column after lyoo• 

lec:l.thinjl although the triphospho.inositol reported recently by Tomlison and Ballou ( 30) 
if 

and Dittn.ier aud i::auson (31) -v1ould be e~<:pected to elute after lysol.ecit.hin/it can 

be eluted frO'.n si..l·i cic colU!J.ns at all. 

:present and have been oboerved to elute Yith the phospholipids. In cr.romatography 

of ·the red cloed cell phospholipids shoW'l:l in Figure 9 cerebroside like materia~ was 

f'ound in tubes 15 through 20 and 45 through 60, and amounted to approJd.mately l(f/J o£ 

the total lipids extracted from: the erythrocytes by methanol ~chloroform. i"''h.Ue no 

detailed studies of Ja1e elution characteristic$ of the cerebroaides were attempted; it 

is f'easible that these sphir~golipid.es can be :also resolved frqm phospholipids by this 

The pho~pholipid.s 'Which eluted. tvi.th la-w concentrations ot methanol :from the 

col~Jmn exhibit much more syr~tric elution peaks than those needing higher concen• 

myelin p.eake ie not the simil.aritie.s of tJ1..e migration rates, but the tailing o:f lecithin 

lecitr.d.n con'oo.ining onl;r palmitic acid produce.d. an asy-mme·tr~ elution peek as well as 

the natural lecithins, hence this tailing c.a.n not 'be attributed solely to differences 

in the fat.ty acid moiet.ies of the :molecule~ . !'.i.Ol·e likely it is a result of the non 

linear aclso:rl·y~ion isot;herm o:f lecithin on silicic acid• 

Conversely the distortions of phosphatidyl ethanolamine elution peak at its base 

o"bsel"Ved. :!.:.£ natural samples is most probably dt.w tt> other1 unidentified lipids, as. 

Generally, the symme-~ of the elution ft~ak is inversely related to concentration of 

o:::t.b.anol needed to remove the su"bstance from the coJ.umn. The shape o:r the eJ..ution 



113 I .·. 

DISCUSSION 

Th<i=: ~esults pre$ented in this study .indicate that ~oncave ·gradient elution 

·provides a. -teeh."lique capable of sepa~ating lipid mixtures with good resolution and 

'tdtllou·t the necesflity o:t multiple Solvent changes dur.ing the run. !ict only are so­

called nra.lse peaks;' avoided but the tneth.od .lends .itse.'l.f to compl.ete autonntion. 

Once e. run is started no attention 1»ed be ~yed to it· imt:tl it iS finished., thus, 

allo1-ri.n.g e, run to· continue overn;ight and for extended periods not feasible in .manual 

operations. 

While Hh-sch and Ahrens (l7) as''Well a.s Ha.nahan .~ g!.(32) had previo\lsly in• 

dicated tb.at gradient elution column. cW:-qma.toa;ra.pby did not of:fer any advantages 

over :;rte)?ioJise schemes. and, in :fact, actually reduced. the. ~esolving power of the column, 

only conveJ( gradients -were investigated by these worl<~:er$• Conversely, the present 

study indicates that concave sradient elution of phospholipid mixtures yields better 

separations tba.h a.cy constant solvent or st.e)?Wise system operated under comparable 

conditions, 

The activation of the column packing to the same state is absolutely necessary 

to obtain reprodueibli$ results from run to run., and a packing is good tor only one 

run :i.n this .system. No solvent rejuxnrenat:ion was able to re~urn a packed column to 
a 

its initial degree of activation. Furthermore/ column packing :that was not :tully 

actiw:ted shot-red poorer resolvillg .power and !?horter elution tiltles than :fully activated 

colw..ns~ ·TrioS t..'!O$t ;pr01.ninent ¢hange observed with deactivated coll..lltm.s was a short-ened 

retent,ion time :for the various lip::tdsi eitber neutral lipids or phospholipids• 

s,::veral authors (.331 34,35) have added lfater to their solvents in stepldse elution 

systems. !n the recent scheme of Nei<Jl!lan,; Chiu and. Zil,:versmit (35) the authors in­

dicated that additions of :/P H
2
o to their methanol greatly improved the resolution of 

. . ' ~ 

the system. Ad.di tion of 3-'fo H20 to ~he m,et..l:la.nol (the l!oii:ImCri,cal reagent grade methanol 
• ' • , ~ I 

used here had ~05</o H2o) ,produced no potic~ble improvement in resolutio.'l with the ' 

gradient eJ.ut:iqo system reported hez-e •. , 

.... 



The ini"'cia.l choice of a i-J'Tadient is arbitrar'J• ·t.Jhen some prior k.novTledge of 

elution characteristics of the t$YS"tem is availfo\ble., a gt'S.dient picked to a.pproxi• 

mte a stepwise scheme can be choqse.n. It two components are not well resolved, a. 

reduct;ion in tr..e slope of the sradient will often rrcovide a better separation. Some­

times ;i:t is possible to sep:::u:'ate compound$ ha.Ving identical elution times under one 

set of coudit:l.ons by appropriate changes in the sha:p<:.i of the gradient. 

The total cost of duplicating such equip.'rllent should. be ~der 21 000 'dol.l.a.rs. which, 
. . ' 

while high relative to most chromatographic systems, is not particularly expensive 

cot.j;pared to many commonly used analytical int?tr'l.lll.'!ents found in md~rn lo.boratories. 

T"ne su:perior pe:I'fol"'mnce ct the system is believed to warrant the added cost. 

In operation the .system \vas found to be very reliable •. A reliable automatic 
a 

fraction collector and indexillg device is/necessity for monitol;'i.llg runs during develop-

ll:lental stages or an 1nvesti£fl,tion.. Batch collection can be used after the reproducibil~ 

ity of the S"'JStem for a given mixt'Ul"e has been determined. .It :ts advantageous to use 

a !lBster ·timer to supply povJer to all components of the .system. The timer tlwn 

autc;mticelly shuts otf a.ll apparatus, et the enQ. of the run. 

Tl".e use of this system for pr¢dueing concave gradients is not ;restricted to 

silicic acid column. chromatography ot lipids. Any eolumn chromatographic system \-Iould 
' 

be applicable as t.fould. tlll3.llY ion exchange se:par(itions.. Piez and 14orris (36) have al .. 

;ready indicated that gradient elution o:f amino acid hy"Jrolysates on ion exchange column 

using buffered f;iolutions of different ionic strength greatly enhances the ope.ration. 

Anot.l:ter modification of this system involves the addition of a second gradiel'lt 

pump ~eading to the mixing ch.a.mber, 'Whi<:h woUld a.dd a third sol vent to the mixing 

cr..amber, and lead to tertiax'y,; rather tban binary gradients. The mathen:J.tics of this 

type ot: system have all;-eady qeeri ipvesti@lted by t..l-J.e author and present no unusual 

difficulties. Whether such complex gr:adien~can provide additional advantages to ;the. 

clt .. romatographic separation of ~1pid mixtures rema.ina to be investigated •. 
. ,_ 
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FOOTNOTES 
I 17 1 . 
i-~-· 

* This wol~k .supported in ;part by tr..e United Sta.tes Atomic Energy Commission and the . 

u.s. Publici Rea.:Vi?h Se=fvice, Grs.~t Number H-2029 (c-6). 

t· PostC:octoral .Fellow of the Na.tional.Heart Institute,,United States Public Health 

Service. 

,1.. A1m ~ ll• (1) proposed the_ termed "~adient elution" to cover the method of. 

cP~~etography discussed in their paper •. The authors discussed a gradient having a 
. . '' 

large initial slope and which approached an abscissa a.ssyr.aptotically.. Lakshma.na.n 

, and Lieberman (9) later showed that a gradient of this type had d~finite disadvantages 

. compared to a ~adient whose slope was initially low and gradually increased. as the 

chromatography t.ras continued. Later investigators have tended to differentiate these 

tHo types of gradients. by designating the first as a "convex gradient" and 'the second 

. as a nconcave gradientn. A third type of gradient, called "linear", has a constant 

slope during the chromatography •. J19.thematically the secori9, derivative of convex 

graO.ient is negative; of a concave gradient; positive; and of a. linear gradient, 

zero. 

2. The solvents used in gradient elution systems have a confused nomenclature. Some 

authors refer to different solvents by l~tters or numbers; others "polar., or ''non­

pclartt or "relatively more polar11
• !n this paper a solvent vlhich wUl not cause a 

noticeable migration of a compound on a column during the usual period of a chrolTato· 

' 
graphic run is termed a. "carrier solventu referring to the fact that t.his solvent is 

a carrier or dUuent for the solvent producing the migration of the compounds on the 

column. This latter solvent is referred to as the 'ieluting solvent ... 

3· Obtained from Nuclear Products Co. 1 Cleveland 10, Ohio. 

4. Obtained from Fischer. and Porter Co.o, Warrllin~te:; Pennsylvania. , 

5. Kimax brand Teflon Stopeocks obtained from Kimble Glass Co. through various 

laboratory supply houses:• 
· grade 

6. All solvents used in all phases of this work were reagent/ commerical solvents. 

I 

The 

chloroform contained o. 751o ethanol •. 

7. The automatic traction collect?r ~..rith time indexing units 'Was obtained from Research 

Specialities Co., Richmond., California.. 
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FIGt.tRE--CP.I"TIOI\fS 

Figure l~ Graphical presentation of the gradients obtained undex< th~o; conditions 

indicated- on the figure. fo:r the three forms of the solution to equation 

3 in the text .• cu..~e.s eli c2 and c,. a.r~ aolutions of equations 61 7, e.nd. 

8 respective?-Y. ~ values of the param,e~ers a~ V 01 and R2 are listed :for 

each solution.; 
.: .1 

Fi~e 2. some of' the possible variations .in the gradients. :p~oduced by this system 

. are she~·. · Solution$ are _obta'i11ed :from EqW9-t:ion. 1. R2- i:; i ml/min. ~n all . 
' . . . . 

cases .. _Curve I presents a ca.$e in Which additional;.s9lvent was added. to 

the miXing cr.ai:uber 100 minutes s.:ft$r the start of 'the run. 

for a and. V0 are 'listed fol.,. each solution• 

Tllevulues ...... 

. Figu!'e '~ A diagrwetic sketch of'. the gradient elution colurtm cbrO:na.tographic system 
. ' . . . . 

- - -

_described in the text. A is. the eluting solvent reservoir fi''J.m which the 

solven~ is tl"'ans:rerred to 'the. mixinz chronber (B) by the gradient pump• 

A $pecific voiU'l.lla of carrier solvent is placed in' the rJ.xing chamber before 
~ . ' 

the start of the ~un. Tl".e exact atr.ount ia determined by shape of the 

gradient and length Of· the rtli.'1 and ~J..cul.a.ted O;f eq_uatiOO.S 61 1; or 8· 

given in the text •. T't'..e outi'low .of the mixing chamber is pumped to the 

c61U!llll (D) by the monitor ·pump. C is an additional solven~, .reservoir for 

non. g4'ad~nt elution. 

Figure 4. Schematic circuit ¢.iagram for the ~d.ient pump motor control. 

Fig..u:e 5.. Curves showing exper:t&.'"'lentally ob$et'V'I;~d d.ev:t,ation of gradient· from ideallty 

in the lO\-t ~oncentration range ca.used by th-e gradient pump's initial rpm 

being .srea.ter ·than zero" Dotted curve i$. experimentally observed g...""adient~ 
. ' 

Solid curve i~ e;:taOi~nt aa.lculs.ted 'Py equation 7 in the text. 

Figure 6.. The exper:i.mentally de·termincd elution. pattern obtained by gradient elui;.iou 
--":! • ' 

chromatography of el. ~own. mixtl.ll"e of neutral .lipids fl .. om a 20 g ailicic 

acid. ~ol~. The 8X'adient :\1aa dietbyl ether in nor""'.ual he:t:tme • T'.ce shape 

ot th~ ~dient is E,3ho"'m on the' fie;ure~ . ~e left ordinate is .the optical 

density of a 0.15 ml solutiorl of the material; l;'ecovered. frau l.O ml of 
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FIGURE. OO"'hl'IONS ( Cont·t d) 
i 

eluan·t .solvent, in qc14 in a 3<>0 rum };lath length cell. T'.ne various l.Jeak 

r.eights are dependent -on the specific absorpt.ion coefficient of each 

· subs ... c.ance and. not directly comr..a.rable to each ether in the Figure •. The 

rig.,.'lt ordil'l.a.ta is the percent c:f dietcyl ether .in the gradient. See tex-t; 

for details of method and recovery data. · 

Figure "f"' The expe.d.tn.:t:mt.ally determined elution :pattern obtained by gradient elution 

indicated '!:r,f the dot,ted line• The gr-adient was methanol. in chloroform, 

· and de·tertnined theoretically by eq'Uation 7 qf' the teA-t. '.The values for 

the va:t-ious ~rar:~etel'S vierei ~ a ~= .0007 ml/min2; R
2 

:o. l ml/min; V0= 650 ml,; 

and tl'Ua}: ;:;. 1000 min~ . After J..OOO min. el'!xtion was continUed with pure 

metl'J8.nol for an addi'cioml 400 m:Ul• Collection tubes 40 to 50, 69 to 851 

75 to 971 and 98 to 1.20 c;:ontained phosphatidyl e;t,hanolmnine, lecitr.J.n1 

sphingomyelin~ and ly$ole~ithin resp~ctively. See ·~xt ror detail of 

. .Figute 8 • Experimentally determined elution pattern obtained b:y gradient elution 

c}l.ro..~tograpby ot · ,l?hospholipids extracted from nol"IDa.l huma.n serum~ .Points 

on the curve represent phosphorus determi.oatioh$ on samples from every odd 

nttmt-er collection tube. · The metll.anol in chlcro:f'orm gradient. tv-as produced 

by cor.d.i tion$ identical to those described in ti'.f;! caption to Fi£$"Ul"e 7 ~ 

Weight &dded. to e¢lu.m!l waa ~·89. tnS of J?> and 2.94 me;. t~ere recovered as 

determined by cv.emical p amlysi$o ~43.in 'components can be J.oca.ted by 

cb.rotntr'c.ogral?by of ;vhoapholipids extracted .from normal hurr:a.n erythrocytes. 

Chromo.tog:,:•aphic conditions Pore described in.the captions to Figures 7 and 8. 

i>Ieight added to c.olu:mn1 2•73 t1g J?~ recovery1 2 .. 77 mg P• Collection tubes 

18 to 30 .&nd. 56 to 66 contai11€:d polygl.yceryl phosphat.ides and monophos-
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FIGL1RE C\PTIOI~$ {Cont.* d) 

. Figure 7• See text tor detail$ of method .. 

:J,"igure 10. EATJCriments.lly determined elutioll pattern obtained by f.:.Tadient elution 

c:P..ronritogrnpby of' :phospholiv:tds eX'!jracted from_ norma.l mouse .liver. 

c:r.rom!:l:tographic c.onditions are described in the text al"'.d in tl'.e captions 
. . . 

.to Figures 7 end 8. }'!eight added to co~unm, 2.95 mg P.; recovery, 2.90 mg P • 
. , 

Components can t--e located. by· reference to li':le;ure 71 8, and 9· 

Figure 11 ... A schematic presentation of the relative elution cha·racteristics of 

different poo.spholipids in the gradient elu:tion system described in the 

te:ll.'t as de·cermined. by chromatogi'aphy of reference compounds :and specific 

phospholipid mixtures extracted, l'rqm ,~erum., red cells and liver. F1.UJ.y 

activated. colt.um1 eluted 1i'<'i th r.:tethanol in chloroform gradier.<t. T'.ne o:r:der 

of' t~ sequence uill be constant 121 arr;; gradient elution althous.lt the 

pa:L·i.icu.lar concentration of methanol at ~;;hich .any i~1divid~ phospl"J.Olipid 

t;:Ul elut¢ from a colum.'l depend$ on the size Of the column; the floW rate 
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Tablo !. 

RecOYeries of ~eutral Lipid From Chroma:togra.phy of Standard !future 
. '·· ... . ::~ · ... : .. 

Shown In rigure 6 

( G:t.·avimetric Determination) 

Lipid Collection t1t. Added to t-lt. Recovered Percent 
Tube Colur:m mg. mg., Recovery 
Numbe,.s 

Cholester-.Yl 2"'10. 58"3 58.l. 99.6 
J.a.m.~ate 

!TipaJmitin ll-20 59·1 60.7 102.8 

,Palmitic acid 81."".50 2.1.2 19 .. 8 93.4 

F".t'ee Cholesterol 31 ... 46 31·9 40 .. 3 105.9 

Diglyceride ]i 
Monoglycerid.e 

4q-uo 12.:; ll.l 90.2 

Total 188.8 190.0 100.7 

.. 
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Table II 

(!>[ole % Phosphorus Added.·to ·~r.e Column) 

Phospholipid . Colle-crtion rem p added ~~ ? Percent. 
Tltbe. to colUJr.n zoecovered Recovery 
Uu:·~b.~~s -

lt"'Ct ( dix;ulrnitoyl) 
phoayr.a tidyl 55""55 88o 885 100.7 ' 

ctl'~molamine 

t-·· ( dit.z.lmi toyl) ..... 
phospr.:a tidyl 69"'85* 1976 l94o 98.1 
choline 

Sphingomyelin 75'"'97* 735 138 100.4 

1.y.soleci thin . 98"'120 370 ·394 106.) 
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Sphingomyelin. llllll!i!ll!lllll!illl!!l!!ll!!!!ll,lllllllllliiiii!IJJjj! 
lecithin plasmalogen IJ//!/111111111!/111!11/!llii!I!IIJI//1111111 

Lecithin 1/lllllll/!lll!llllllll!!liJIIIJ/11/1/JIIIIII 
lll l'l'!i!'l'lllllll'l . i!ilHl:!J 1 1 Lysophosphatidyl ethanolamine (?) 

1/III
II'T'""I''"I!I// llliill!l!llt!!!lili Monophosphoinositol 

lll lll!i'I!Eiiiilll'lll i-,• ' 'd I . lllillilli:Wi1l i"'hospr1ati_ y serme 

11111/l"l"'i'i'"""ll L l!:!i!:l!i!l!ll Ethanolamine plasmalogen 

llllllllli/l)l)J!l!Jil/11 Phosphatidyl ethanolamin_e 

II il'i!!l!!Hii'jl'llllll'jlll!!i!!il!!!!'ijlljlllll . illllililllll d u! ili!iilliil!llil n Cerebros1des (?) 

ll 'j'l!i'III!'J'II · j lliiiiHLI~i Polyglycerol phosphatides 

ll!ll!lllllll///1111,111111 O~idized neutral lipids 
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