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Abstract 
An automated gradient-elution chromatog- 

raphy system was developed specifically for the 
separation of complex mixtures of naturally 
occuring lipids obtained from various tissues. 
It  uses silica gel columns with concave gradients 
of increasing polarity. These gradients offer ad- 
vantages over the convex type because of the 
absorptive properties of most lipid classes on 
silica gel. 

The entire system is operated automatically 
once the charge is placed on  the column. The 
flow rate is constant throughout the run and the 
shape of the gradient is predetermined by se- 
lecting known values for three parameters. The 
selection of the gradient is arbitrary but pre- 
vious knowledge of the chromatographic be- 
havior of the substances to be separated is use- 
ful in determining the shape of the gradient. 
The entire system is controlled by timers, pumps, 
and solenoid valves. Details of the construction 
of the apparatus are described and criteria for 
the selection of acceptable pumps for organic 
solvents are discussed. 

Several examples of the separations obtained 
with the system are described. While silica gel 
was used as the adsorbent, there is no reason to 
believe that other adsorbers cannot be substi- 
tuted for other application. In addition, column 
size and elution times can be changed to provide 
better resolution for the specific problems, greatly 
broadening the application of liquid column chro- 
matography, particularly in the area of routine 
quantitative analysis of nonvolatile substances. 
Nongradient elution can also be performed by 
this apparatus. 

Introduction 
W t=[ILE INSTRUMENTS are commercially available 

hat will perform column chromatographic sepa- 
rations with some degree of automation, it is not yet 
possible for an investigator to readily purchase an 
automated system to perform any chromatographic 
separation under consideration. In this presentation, 
I would like to describe a fully automated system 
for the separation of complex lipid mixture using 
packed silica gel columns. An early version of this 
system was described in 1963 (1). 

Design of System 
Production of Gradient 

Concave-gradient elution was selected on the basis 
of the absorption characteristics of lipids on silica-gel 
columns. Lakshmanan and Lieberman (2), and 
earlier de Vault (3), showed that concave gradients 
should in theory provide optimal elution character- 
istics for substances having absorption isotherms of 
the Freundlich type (4). Fig. 1 illustrates the com- 
mon types of isotherms encountered in nature. A 
substance obeying the Freundlich absorption rela- 
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FIG. 1. Idea l ized  absorp t ion  i so the rm encouutered  in liquid- 

solid co lumn ch roma tography .  Curve I is a l inear  i so therm,  
I I  is  an  inverse  i so therm,  no t  commonly  found  in si]iea gel  
sys tems ,  I I I  is the  common F reuud l i ch  or L a n g m u i r  i so therm 
f r equen t ly  obsm~,ed wi th  ]ipoid subs t ances  on sil ica gel  columns.  

tionship (curve III)  is more strongly bound to the 
adsorber as the concentration of the compound is 
reduced. This effect produces the undesirable tail- 
ing commonly encountered in column chomatography. 

Fig. 2 presents idealized elution patterns for sub- 
stances obeying the absorption isotherms shown in 
Fig 1. It  is obvious that pattern I is most desirable, 
yet pattern I I I  is the result most often obtained in 
practice. Converting III  to I can be accomplished 
with concave gradient elution, if one is dealing with 
a pure compound. Complex nlixtures present a more 
difficult problem, but improved resolution can usually 
be achieved if conditions are carefully controlled and 
optimized for all parameters. 

Fig. 3 is a schematic diagram of the system as op- 
erated in our laboratory. An important difference 
between the current model and that previously de- 
scribed is the replacement of the reciprocating piston 
with a constant infusion, cam-operated gradient 
pinup, designed in our laboratory (Fig. 4), to force 
the polar solvent into the magnetically stirred mix- 
ing chamber. I t  has several unique features. It  is 
a single-charge positive-displacement pmnp of a 
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FI~. 2. Idea l ized  elut ion p a t t e r n s  resu l t ing  from t he  three  
isotherms depicted in the  first i l lus t ra t ion .  No diffusion effects 
were considered. 
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Fla. 3. Schematic diagram of the automated gradient  elution column chromatographic system described in the text. A,  a 
solvent reservoir to facilitate charging of the gradient  pinup, is not used during the run. B is the mixing chamber. C is an 
additional solvent reservoir for nongradient  elution. Operational details are given in the text. 

type sometimes used in hydraulic systems, except 
that  it  is driven by a special cam. The radius of the 
cam is given by the equation 

r = a0 2 [1] 

where 0 is angle of rotation in radians and a is a 
dimensional constant. The pump is so designed that  
the rate increases with time, and this rate, R1, along 
with the initial volume in the mixing chamber, de- 
termines the slope of the gradient. The volume 
pumped at time t is 

V = l~at  2 [2] 

which is similar to equation of acceleration. The 
constant is determined by the physical parameters 
of the pump. 

The solvent mixture leaving the mixing cham- 
ber is pumped through the eotumn by a reciprocat- 
ing piston pump, a chromatographic "mini-pump" 
(Milton-Roy Company, Philadelphia, Pa.) .  Ct, the 
composition of the solvent leaving the mixing cham- 
ber at time t, is given by 

f CoRld t -  f CtR2dt 
C t = [ 3 ]  

Vo+ f Rldt- -  f R2dt 

where R1 is rate at which the polar solvent enters 
the mixing chamber, Re is the rate at which solvent 
is removed from the mixing chamber, Co is the con- 
eentration of polar solvent added to the mixing cham- 
ber, and Vo is the initial volume of solvent in the 
mixing chamber. Re, Co, and Vo are constant in this 
system. R~ is the differential of Equat ion 2: 

R1 =- at [4] 

With the appropriate  substitutions and differentia- 
tions, Equation 3 can be solved explicitly. The forms 
of the solutions are:  

I f  2aVo = R22 

I C t = C o  1 Re e e ' ~t-R~ [5] 

If 2a¥ 

C t : C  

< R2 2 

1 -  R~ 

-- R2t l i ~ i  
2 ] \  a t - - R 2 + ~ ]  

[6] 

If 2aVo > R~= 

V2aVo -- R~ 
Voe 

= iTl  

The three solutions are necessary because tile radicM 
[ ±  (Re e - -2aVo)]  ~/2 appears and is indeterminate 
where ± (Re 2 - 2 a V o )  assumes a negative value 
or zero. 

In  the first case the gradient produced is inde- 
pendent  of the volume of solvent in the mixing chain- 
ber. In  each of the other solutions the initial volume 
in the mixing chamber enters the equation. The 
equations are ra ther  complicated to handle manually 
but if one is for tunate  enough to have access to a 
computer, they present no problem. One can pre- 
determine various gradients graphically and select 
the corresponding parameters for the flow rate, initial 
v o h me  in the mixing chamber, and the pump con- 
stants with the help of the computer. 

Fig. 5 is a photograph of the apparatus  in a uni- 
tized housing, while Fig. 6 is a close-up view of the 
control panel showing the mixing chambers, solvent 
reservoirs and program timers as well as the control 
for the gradient pump motor. The gradient  pump 
motor is a 1/50 hp DC motor (Bodine Electrical 
Company, Chicago, Ill.). The control, a feedback- 
tachometer, silicon-rectified DC power-supply (de- 
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Fic~. 4. Simplified design drawing of the gt'adient pump. A is ~he cam that drives the piston rod B. Motor No. 1 is used 
during the run to drive the cam, and motor No. 2 is a fast reverse motor for charging the pump chamber, C, before the run; 
an interlocking switch on the eontrol panel (see Fig. 3) prevents simultaneous operation of both motors. The piston, D, 
has a Teflon gasket that forms the seal between the piston and the cylinder wall, E. The cylinder is honed to within 0.0005 in. 
of true round. Limit switches at F and a combined pressure and limit switch at G prevent the cam from overriding the follower. 
Detail "X-X'" is an enlarged cross-sectional view of the combined forward-limit and pressure switch on the chamber face 
plate. Detail "Y" is an enlarged sectional view of the piston and cylinder showing the Teflon seal assembly between the piston 
and the cylinder wall. Teflon is shown in solid black and stainless ~,:teel in diagonal shading in all views. All parts of the 
pump in contact with the solvent are either stainless steel or Teflon. 

s igned  by  G. K. H e l l e r  of Las  Vegas,  Nev . ) ,  insures  
cons t an t  r p m  d u r i n g  the ope ra t i on  of the  system. 

F ig .  7 p r e sen t s  t y p i c a l  g r a d i e n t s  p r o d u c e d  b y  this  
sys tem us ing  va r ious  p a r a m e t e r s .  F ig .  8 p resen t s  
th ree  more  u n u s u a l  g rad ien t s .  Curve  I necess i ta tes  
the  a d d i t i o n  of  n o n p o l a r  so lvent  to the  m i x i n g  cham- 
ber  a t  the  t ime  of the  d i s c o n t i n u i t y  ( the a d d i t i o n  
can be accompl i shed  a u t o m a t i c a l l y  wi th  our  sys t em) .  

Column Design 
In i t i a ] Iy  the  sys t em used  a c h r o m a t o g r a p h i c  eot- 

m n n  hous ing  s im i l a r  to t h a t  o r i g i n a l l y  desc r ibed  b y  
H i r s c h  a n d  A h r e n s  (5) .  This  t y p e  of co lumn hous- 
ing  is conven ien t  in  m a n y  respects ,  b u t  in  th is  sys- 
t em i t  h a d  severa l  d i s advan tages .  W i t h  ce r t a in  
solvents ,  i t s  flow r a t e  was too f a s t  fo r  the  p m n p i n g  
r a t e  of the  m e t e r i n g  p u m p ,  and ,  because  of the  re la-  
t i ve ly  l a rge  d i ame te r ,  i t  was  diff icult  to a d d  the  
charge  to t h e  co lumn in a u n i f o r m  layer .  W e  have  
r ecen t ly  d i s c a r d e d  th is  t y p e  of  co lumn in  f a v o r  of  
na r r ow ,  long  co lumns  (90 era) of  p rec i s ion-bore  
glass  t u b i n g  of  2 -10  m m  i n t e r n a l  d i ame te r .  A con- 
ven ien t  co lumn size is 6 m m  I .D.  b y  90 cm in  l eng th ,  

which  wil l  hold  a p p r o x i m a t e l y  18 to 20 g of 100- to 
325-mesh si l ica gel. The co lumn is t b e r m o s t a t e d  b y  
a s l ipover  condenser  j acke t  a n d  connected  to in le t  
a n d  out le t  l ines b y  s ta inless  steel  Swagelok  f i t t ings  
as shown in F ig .  9. Teflon f e r ru l e s  in  the  Swage lok  
f i t t ings  insure  a d e q u a t e  sea l ing  a n d  min imize  b reak-  
age of the  columns.  A p e r f o r a t e d  Teflon d isk  sup-  
p o r t s  the  p a c k i n g  column.  The  i n t e r n a l  res i s tance  
to flow is v e r y  high,  150-300 ps i  in  a we l l -paeked  
column,  as shown b y  a p r e s su re  i n d i c a t o r  on the  out-  
p u t  s ide of the  p u m p .  This  p r e s s u r e  is not  a d i sad -  
v a n t a g e  because  the  " m i n i - p u m p "  a c t u a l l y  works  
be t t e r  a ga in s t  a h igh  back-pressure .  

The  p r e p a r a t i o n  of  the  s i l ica  gel  has  been desc r ibed  
(1) .  Br ief ly ,  a l a rge  q u a n t i t y  of  s i l icie ac id  (Mal-  
l i n c k r o d t )  was res ieved  to 100- to 325-mesh, t hen  
washed  wi th  successive p o r t i o n s  of  d i s t i l l ed  wa te r ,  
m e t h a n o l  and  acetone.  The d r y  p o w d e r  was s to red  
in  sea led  ja r s .  Be fo re  use, a we ighed  p o r t i o n  was  
a c t i v a t e d  to 130C fo r  48 h r  in  a v a c u u m  d r y i n g  oven, 
cooled in a des icca tor ,  a d d e d  to the  eo!umn hous ing  
in  d r y  form,  a n d  packed  in to  the  co lumn w i t h  a 
v ib ra to r .  
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Fro.  7. Grad ien t s  ob ta ined  u s i n g  va lues  fo r  the  three  para -  
meters  as ind ica ted  on the  figure. Curves C~, C~, and  C~ are  
solut ions of  Equa t ions  5, 6, and  7, respectively.  

]~IG. 5. P h o t o g r a p h  of  the  a u t o m a t e d  sys t em in a un i t ized  
hous ing  i~ the  labora tory .  

Methods 
C h r o m a t o g r a p h y  

Lipid samples for  chromatography  were extracted 
with chloroform-methanol (2/1) solutions and washed 
with 20% water  as previously reported (6). Por- 
tions of the total lipid extracts  were analyzed by 
various chemical procedures described below before 
column chromatography  to determine the quanti ta-  
tive recoveries f rom the column and to obtain a mass 
balance on the components of the sample. The re- 
mainder  of the sample was dissolved in chloroform 
(0.5 ml/100 mg of sample)  and washed onto the col- 
umn with two addit ional  10-ml port ions of chloro- 
form. Fo r  a 20-g column, the loading factor  was 6 
to 7 mg lipid per  g ram of packing. Elut ion was be- 
gun with chloroform at a rate  of 1 m l / m i n  and con- 
t inued until  a minimum of 1000 ml of chloroform 
has passed through the column. Chloroform was 
found to have little or no effect on the migrat ion of 
polar and acidic lipids on the column (6). Even in 
runs in which larger  volumes of chloroform were 
used, no changes were detected in the elution proper-  
ties of the substances eluted later. Recoveries of phos- 
phorus as well as sugars, nitrogen and  sulfate in the 
chloroform fract ion were insignificant. 

When sufficient chloroform had passed through the 
co]unto to remove the neut ra l  lipids, gradient  elu- 

FIG. 6. Close-up view of  the  control  pane l  and  solvent  
reservoirs .  The p r o g r a m  t imer s  and  g r a d i e n t  p u m p  moto r  
control  are  clearly visible.  
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FIG. 8. Some addi t ional  types  of  g r ad i en t s  t h a t  can be pro- 
duced by th is  sys tem.  All curves  are  solut ions  o f  Equ a t i o n  6. 
Curve I necess i t a tes  the  add i t ion  o f  nonpola r  solvent  to the  
mix ing  chambe r  a t  the  t ime  of  the  d iscont inui ty .  Values  for  
the  p a r a m e t e r s  are ind ica ted  on the  figure. 
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]~IG. 9. Cutaway drawing of the column housings currently 
used with the gradient elution system. Swagelok fittings with 
Teflon ferrules are used to seal the inlet and outlet tubing 
to the column. A machined Teflon perforated plug (A-A) is 
inserted in the bottom of the precision bore tubing before the 
Swagelok fitting is attached to support the packing. The 
upper end of the housing is flaired slightly to prevent slippage 
of the fitting (X-X) due to pressure; the cooling jacket is 
slipped over the bottom end of the housing before tile lower 
fitting (Y-Y) is attached. Teflon tubhlg (1~6 O.D.) is used 
throughout the system to minimize dead volumes. All Swage- 
lok fittings are 316 stainless steel. Teflon is shown in solid 
black, stainless steel in diagonal shading, glass in dotted 
shading, and silica gel in broken cross-hatching. 
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tion was begun. (The choice of a gradient  is arbi- 
t rary .  When some prior  information is available on 
the elution characteristics of the mixture,  a gradient  
can be chosen to approximate  a stepwise scheme. 
Af te r  a t r ia l  run, appropr ia te  changes can be nlade 
in the shape of the gradient  to provide bet ter  sepa- 
ration.) The flow rate through the column was main- 
tained at  1 m l /min  dur ing the gradient  elution. 

In  initial runs, fractions containing 10 ml of sol- 
vent were collected dur ing the course of the gradient  
elution by a time-indexed automatic f ract ion col- 
lector. The eluate was collected in screw-cap vials 
with Teflon-lined caps and all tubes were stored at  
low tempera ture  under  N~ until  fu r the r  analysis. 

Analyt ical  Procedures 

Appropr ia t e  aliquots f rom each collection tube 
were subjected to the analyses described below. A 
port ion of the chloroform fraction was rechroma- 
tographed on a small silica-gel column (7) and the 
result ing fractions were analyzed by inf rared  spec- 
troscopy for  tr iglycerides and cholesterol esters (8,9). 

Phosphorus determinations were per formed on 
0.5-ml aliquots by the method described previously 
(9). Galactose analyses were per formed by the an- 
throne method of Radin et al. (10), on 1.0-ml ali- 
quots f rom the various collection tubes. Sulfate  was 
estimated by  a modification of the barium-chloranilate  
procedure of Bertolacini and Barney  (11). Briefly, 

the sample was first hydrolyzed in 1 N HC1 at  90C 
for  2 hr. Then 2.5 ml of p H  4 acetate buffer, 7 ml 
of isopropyl alcohol, and 5 mg of Ba chloranilate 
were added. The tube was shaken intermit tent ly  for  
3 rain and centrifuged. The optical density of the 
superna tan t  was read at  320 m~ and compared with 
a s tandard  curve p repared  in a similar manner.  

The tests defined the elution pa t t e rn  of the chro- 
matographic  run. F r o m  this information,  the var-  
ious components were located and the collection tubes 
were combined into fractions, or peaks, as indicated 
in Table I I .  In  this manner  enough material  f rom 
each fract ion was isolated for addit ional analyses to 
establish its identity. The inf rared  spectra of the 
combined fractions were determined, and the material  
isolated f rom each fract ion was analyzed further.  
Sphingosine was analyzed by the method described 
previously (12). Plasmalogens were not analyzed 
quant i ta t ively but  were quali tat ively estimated f rom 
the recovery of f a t ty  aldehydes f rom dimethyl ace- 
tals a f ter  t ransnmthylat ion of the various fractions. 

The homogeneity of the combined fractions was 
established by thin-layer chromatography.  Plates 
were p repared  as described elsewhere (6). Solvent 
systems of vary ing  proport ions of methanol in 
chloroform-water were selected so tha t  each fract ion 
was chromatographed with a solvent of approxi-  
mate ly  the same composition as tha t  tha t  had eluted 
the fract ion f rom the silica gel column. Spots were 
developed either by charr ing with concentrated sul- 
furic acid or by spray ing  the plate with 2', 7',- 
dicMorofluorescein and  viewing under  ultraviolet  
light. In  addition, spots of unsa tura ted  lipids were 
detected by exposure to iodine vapor  and free amino 
groups by spraying with n inhydr in  in aeetone-lutidine 
solution. 

Resu l t s  

Fig. 10 presents an elution pa t t e rn  obtained f rom 
an analysis of a total  l ipid extract  f rom ra t  brain, 
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FIG. 10, ]~lution pattern of polar llpids extracted from w h o l e  

rat brain and chromatographed on a 20-g silica gel column. 
The shape of the gradient is indicated by the dashed line and 
its composition is given along the right ordinate. Neutral 
]ipids were removed from the column by elutlon with chloro- 
form prior to tile gradient elution with methanol in chloro- 
form. Data arc shown for analyses of ga]actose, phosphorus, 
and sulfate from individual collection tubes. 
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along with the results of analyses for  phosphorus, 
galactose and sulfate f rom the individual collection 
tubes. This gradient had a durat ion of 1000 rain, 
af ter  which 5% H=O in methanol was passed through 
the column. As can be seen, the resolution of the 
components is not exceptional. Of interest in this 
pat tern  are the small shoulders on the main galae- 
tose peak at tube 23 and on the phosphorus peak at 
tube 33. In f ra red  analysis indicated that  the ma- 
terial in these tubes differed from that  in the adja- 
cent tubes. Hence, it appeared that  the main peaks 
included two components that  could perhaps be sepa- 
rated by changing the shape of the gradient. 

For  the separation in Fig. 11 the conditions were 
identical except that the time of gradient elation was 
extended to 1200 rain. This more gradual  gradient 
produced better resolution of the shoulders on the 
galactose and phosphorus peaks at tubes 33 and 45, 
respectively. Also, the sulfate peak at tube 58 was 
less overlapped with the neighboring phosphate 
peak, and the phospate peaks at tubes 85 and 95 were 
better resolved. 

Table I gives the results of analyses on the total 
lipid extract  for the various components and the re- 
covery of material from the silica gel column, while 
Table I I  presents a detailed analysis of the chroma- 
tographic fractions from the run shown in Fig. 11. 
Fractions 1, 5, 6, 8, 9, and 10 contained essentially 
all of the phosphorus applied to the column, while 
fractions 2, 3, 4, and 7 contained essentially all of 
the galactose. Fract ions 1 and 2 contained only a 

T A B L E  I 

AnaIysis of Methanol-Chloroform Ext rac t  of Whole ]{at Bra in  and  
R, ecovery f rom Silica-Gel Column 

Compound Weight,  l~eeovery, 
or analys4s mg % 

Total weight  139.0 105 
Cholesterol 24.5 110 
~*hosphorus 3.18 98 
Galactose 4.56 103 
Sulfate 0.37 90 
Sphingosine 8.85 97 
~at~y acid and  fatty aldehTdes 66.7 100 

small fraction of the material  applied to the column 
and were not identified. Fract ion 3 consisted of 
cercbroside; its galactose-to-sphingosine ratio was 
0.91 and its infrared spectrum agreed with that  of 
a known phrenosine sample. Fract ion 4 contained 
the largest amount  of galactose and its galactose-to- 
sphingosine ratio was 0.87; however, the total per- 
centage of galaetose was less than that in h'action 
3. The infrared spectra of this fract ion were quite 
different f rom fract ion 3, whose spectrum indicated 
no ester absorption but considerable amide and hexosc 
absorption. The amide absorption in this compound 
appeared higher than could be accounted for by the 
amino group of sphingosine; hence, this material may 
have contained hexosamine. The data of Weiss (13) 
also indicated excess nitrogen in tiffs fraction. 

Fract ion 5 was not definitely identified. Its 
phosphate-to-fatty-acid ratio was 1.94 and its infra- 
red spectrum, while similar in some respects to that  
of phosphatidyl  ethanolamine, yet differed sufficiently 
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T A B L E  I I  
Analys is  of Chromatography  Frac t ions  Recovered from Grad i en t  E lu t ion  of Total  L ip id  Ex t rac t  of Normal  ~ a t  B r a i n  (See Fig.  11) 

Galac- 
F rac t ion  Combined p Galac- S04 Sphingo- Free  Weigh t  :~atty Fa t ty  tose-to- W t  % 
number  collection tose~ sine, amino nag acids b acid to sphlngo- total  

tubesa /Lg mg t-':,g mg group  mg P ra t io  sine l ip id  
ra, ti9 

1 15 -21  51 - -  0.35 N.A. e 0.6 
2 2 2 - 2 9  11 0.10 0.13 --  0.51 N.A. 0,85 0,9 
3 3 0 - 3 3  3 0,38 0.53 - -  2.04 0.69 0.91 3.7 
4 3 4 - 4 2  1 1,12 1,49 - -  6 . 4 3  2.37 0,87 I1 .6  
5 43--46 97 @@ 2.35 1.50 1.94 4.2 
6 4 7 - 5 3  323 0.04 19 @-i- 9.23 6.72 2.02 16~6 
7 54--62 27 0.24 114 0.30 -~- 3.79 1.43 1,2 6.8 
8 6 3 - 7 5  219 ~--~ 5.11 2.25 1.17 9.2 
9 76 -99  443 --  13.59 8.30 1.93 24,4 

10 9 1 - 1 0 5  70 0,98 - -  2.94 1.43 5.3 

Fou r  ml portions, f rom each 10-ml collection tube were pooled to form combined f r ac t ions ;  hence, va lues  
b Inc ludes  d imethyl  aceta]s f rom plasmalogens.  
e N.A, :  not  analyzed. 

g iven  are 1 / 2 . 5  of total  recovery, 

to rule out identity.  Since this fract ion was not com- 
pletely resolved f rom fract ion 5, i t  was probably  a 
mixture  of the main component  with phosphat idyl  
ethanolamine front fract ion 6. I t  also contained ap- 
preciable quanti t ies of plasmalogens, al though less 
than  the adjacent  f ract ion 6. I t  gave a positive test  
for free amino groups. This fract ion was probably  
phosphat idyl  serine and serine plasmalogen. 

Frac t ion  6 appeared  to consist largely of phospha- 
t idyl  ethanolamine and its plasmalogen analogue, 
I ts  in f ra red  spect rum was typical,  and it  gave a posi- 
tive test for free amino groups. This fract ion was 
slightly contaminated by the adjacent  fractions. 
Fract ion 7, while considerably overlapped by frac-  
tion 6, was p r imar i ly  eerebron sulfate, on the basis 
of its galaetose, sphingosine and sulfate content as 
well as its in f ra red  spectrum. Fract ion 8 was prob- 
ably lysophosphatidyl  ethanolaminc;  its n inhydr in  
reaction was positive and its phosphate-to-fat ty-acid 
ratio was 1.17. I t  inf rared  spectrum was not com- 
pared to a s tandard  but was consistent with this as- 
sumption. No galaetose or sulfate were found in this 
fraction. A small amount  of monophosphoinositol 
(less than  5% of the total material  in the f ract ion)  
might  have been present. Frac t ion  9 was phospha- 
t idyl  choline. I ts  in f ra red  spectrum was identical 
to that  of pure  synthetic phosphat idyl  choline except 
for  differences expected f rom the variat ion in fa t ty  
acid composition. The ratio of phosphate to f a t ty  
acid was 1.93, and no ninhydrin-posit ive substances, 
galactose, or sulfate were present. Very little choline 
plasmalogen was detected in this fraction. 

Frac t ion  10 was p r imar i ly  sphingomyelin (on the 
basis of its in f ra red  speetrmn, phosphorus, and 
sphingosine content) ,  with some lecithin apparen t ly  
tailed into the fraction. This fract ion accounted for 
5% of the total  phosphorus applied to tile column; 
no galaetose or sulfate were detected. 

No definite elution peaks were detected following 
sphingomyelin in any of the chromatographic runs, 
al though a small tail ing of phosphorus occurred. No 
lysolecithin or di- or triphosphoinositol was detected. 
These lat ter  compounds are known not to elute f rom 
silica gel with methanol (C. E. Ballou, personal com- 
municat ion) and are lost in the aqueous wash of the 
organic extract.. 

Fig'. 12 is the elution pa t t e rn  obtained with the 
same system but  with an initial loading of only 3 mg 
of total  l ipid per  g ram of silica gel. The major  peaks 
occur at approximate ly  the same time. Resolution is 
somewhat better,  but  the improvement  was not great  
enougb to wa r r an t  the reduced loading. The volumes 
of solvent were inconvenient and the amount  of ma- 

terial recovered in any  one peak approached an un- 
workably small quanti ty.  I f  smaller quantities are 
being used, TLC is the method of choice. 

Bet ter  resolution appears  possible with longer 
gradients. Fig. 13 shows tha t  another ra t  bra in  
lipid chromatographic  pa t te rn  in which the gradient  
was run for 1400 rain and the load factor was ap- 
proximately 7 mg of total lipid per  gram of silica 
gel. There is, however, the danger  of decomposition 
of the lipid on columns as the durat ion of chroma- 
tographic run is extended. We have therefore cooled 
our column to 10C with a circulating water  bath, 
since longer runs appear  to produce better resolu- 
tion. In  earlier work, the column tempera ture  was 
controlled at  20C; temperatures  in this range ap- 
peared to have relatively little effect on migrat ion 
rate. Still lower temperatures  could cancel the bene- 
ficial effects by increasing' the t ime on the column. 
This figure represents the limit of resolution we have 
current ly  been able to achieve with our system. 

D i s c u s s i o n  

Small variations in the shape of the gradient  ap- 
pear  not to produce noticeable effects on resolution. 
Nevertheless, the pinups used to produce the gradient  
must  be accurate and reproducible;  otherwise the 
position of elution peaks can be so shifted as to 
render batch collection procedures useless. In  this 
respect the meter ing pump that  forces the effluent 
tt lrougb the column is the most impor tan t ;  it also 
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has a much greater  effect on the shape of the gra- 
dient than does the gradient  pump. An error  of 5% 
in the pumping  rate of the meter ing p u m p  will pro- 
duce drastic changes in the shape of the gradient  in 
the latter periods of the chromatographic  run. Since 
our Milton Roy Chromatographic  "min i -pump"  works 
best against  a high back pressure, we have installed 
a metering valve on the outlet to increase the back 
pressure. Unfor tunate ly ,  all of the var ie ty  of pumps  
we have investigated are sensitive to the viscosity of 
the fluid being pumped ;  the major  advantage of the 
Milton Roy pump is its lack of sensitivity to changes 
in back pressure. Without  an adequate pump,  this 
system is for all practical  purposes inoperable. 

The gradient  pump,  on the other hand, is much 
less eritcal than  would be expected; the pump  de- 
signed for  this system is excellent but  expensive. An- 
other method of achieving the gradient,  described in 
my earlier paper  (1) will not be described here; 
several other methods have been reported (2,14-18) 
and several commercial units are available. 

One point that  deserves emphasis is that  in systems 
using organic solvents, only stainless steel, glass, and 
Teflon can be used to connect the vessels. Par t icu-  
larly, all stopcocks and glass to metal  or glass to tub- 
ing should have Teflon fittings; in our experience, 
only Teflon provides the qualities necessary for this 
type of appara tus .  Polyethylene tubing tends to 
swell and leak when used with chlorinated hydro- 
carbon solvents. 

The silica gel should be packed t ight ly  into the 
column; any  channeling will render the colmnn use- 
less. The load should be applied to the column in 
a minimum amount  of solvent. This tends to keep 
the initial band of material  narrow, to approach the 
ideal condition of an infinitely thin layer at zero time, 
with result ing narrower  eluting peaks. 

Oxidation of the unsa tura ted  f a t ty  acids of a lipid 
is known to change its migrat ion rate on the column 
(19,20). The system is therefore kept  under  nitro- 
gen dur ing the run  and the solvents are deoxygenated 
by bubbling nitrogen through them before use. 

The resolution of a chromatographic  column often 
appears  to depend on a par t icular  batch of silica gel 
(21). We have tried to overcome this difficulty by 
purchasing a large batch and then using the stan- 
dardized conditions and activation t rea tment  de- 
scribed previously. Even so, f rom time to time 
anomalies appeared  that  could not otherwise be ac- 
counted for. Silica gel f rom other sources f requent ly  
behaved quite differently f rom our material .  

Hea t  activation appears  to be essentiaI for  repro- 
ducible results. Variat ion in humidi ty  changes the 
water  content of silica gel (22,23), and  adsorbed 
water  tends to increase the migrat ion rate  of sub- 
stances on the column (24,25). In  our experience, 
the best results are produced by the highest stage 
of activity (hence, the lowest water  content) that  can 
be obtained. 

In  actual operation, assuming that  alI other fac- 
tors are optimal, the resolution of the column appears  
to depend only upon the shape of the gradient  and 
the flow rate. The flow rate  must  be relat ively low; 
1 ml /min  appears  to be an upper  l imit  with this sys- 
tem, using a 20-g column; when larger  columns are 
used, higher flow rates are possible. The exact mech- 
anism of the effect of flow rate  on performance  of the 
column is not clear. I t  can be assumed tha t  condi- 
tions of t rue  equilibrium occur along the column. 
I f  the flow rate is too high, molecules in solution may  

have insufficient contact with the adsorber to achieve 
a t rue equilibrium condition. I f  the flow is too low, 
back diffusion may  occur; however, the l imiting rate  
is very likely fa r  below those used in practice. A 
more impor tan t  consideration is that  as the flow rate 
is decreased, the lipid molecules remain in contact 
with the adsorbcr for longer periods and are more 
likely to be degraded on the column (26). F rom a 
pure ly  practical  standpoint,  it is usually inconven- 
ient to have chromatographic  runs which last a week 
or longer. When 2400 ml of eluent is passed through 
the column at 1 ml /min ,  three days are required for 
completion; this is already approaching a pract ical  
limit. 

In  our experience, an impor tan t  factor  in the per- 
formance of the eolmnn is that  the elntion volume of 
solvent passing through the eolmnn be sui~ciently 
large that  its composition on entering the column 
is essentially the same as that  on leaving the eolmnn 
at any given time. In  other words, with a column 
that  has a retention volume of 20 ml, the gradient  
must be chosen so that  the difference in composition 
of the eluent in a 20 ml port ion is small. When the 
ratio of polar  solvent is increased too rapidly,  ad- 
ditional compounds will begin to elute and some reso- 
lution is lost. A change of 5% may be acceptable 
in some instances, but  1 or 2% is preferable  for  opti- 
mum performance.  However, the nonlineari ty of the 
adsorption isotherms of the lipids on the silica gel 
column precludes the use of a stepwise elution scheme, 
and, unfor tunate ly ,  the lowest concentration of meth- 
anol that  will begin to elute a compound will not 
remove it f rom the column completely within a rea- 
sonable time. Fur ther ,  the same concentration may, 
in fact, eventually elute a second compound while 
to a limited degree the first one is still retained on 
the column. 

There still remains the problem of compounds with 
identical elution times. This cannot be solved by 
s imply changing the shape of the gradient,  but  dif- 
ferent  solvent systems can be used and new packings 
developed; the work of Rouser and his associates 
(27-29) has been perhaps  the most interesting in this 
regard in recent years. Some of the complex ]ipids 
will probably never yield to simple methods of sepa- 
ration. I see little or no hope of separat ing the plas- 
malogen analogues of the various glycerol phospha- 
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tides by column chromatography of the unal tered 
molecules. The ether-linked phospholipids reported 
by t I anahan  et al. (30) is another ease in point ;  
s t ructura l  differenees between molecules are so unim- 
por tan t  relative to polar i ty  and configuration of the 
molecule as a whole that  the chromatographic tech- 
niques discussed here are of little avail. 

Theoretically, it would seem that  if chromato- 
graphic column eonditions are extremely carefully 
controlled, and all necessary precautions are taken 
to protect  the sample, any  compounds that  ean be 
separated by one-dimensional thin-layer chromato- 
g raphy  with a b inary  solvent system carl be sepa- 
rated on a column. 
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