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ABSTRACT 

The retention behavior of phosphatidic acids (PA) and phosphatidic acid methyl esters (PM) was studied by reversed-phase ion-pair 
high-performance liquid chromatography (HPLC). The HPLC systems consisted of mobile phases of acetonitrile-methanol-water 
containing tetraalkylammonium phosphates (TAAP) and stationary phases of alkyl-bonded silica and polystyrenedivinylbenzene 
resins. The lipid solutes were more strongly retained when using mobile phases containing larger TAAP at higher concentrations. The 
results are indicative of an ion-pair retention mechanism. Molecular species of PM were readily resolved despite the complete insepara- 
bility of PA under all conditions used. Except for tetrabutylammonium phosphate, there was a linear correlation between the loga- 
rithmic capacity factors (k’) of PM (or PA) and the total number of carbon atoms of TAAP. The significant concentration dependence 
of separation factors for certain PM components was related to the size effect of TAAP. A normal-phase HPLC method for the 
separation of PA from other polar lipids is described. 

INTRODUCTION 

Phospholipids (PL) are widely distributed in 
plant and animal cells. These polar lipids play an 
important role in regulating the movement of 
charged and uncharged molecules. Soybean oil con- 
tains phosphatidic acid (PA), phosphatidylcholine 
(PC), phosphatidylethanolamine (PE) and phos- 
phatidylinositol (PI) as the four major consitutents 
of its polar lipids. It also contains a small percent- 
age of phosphatidylserine (PS). The change in PL 
composition with time has been related to the sta- 
bility of soybean oil during storage [l]. The determi- 
nation of PL in crude and degummed oil provides 
useful information on the extent of PL deteriora- 
tion caused by stressed soybeans. As PA has been 
found to be the predominant product of PL decom- 
position, it was necessary to assess the variation in 
its molecular species distribution with the period of 
storage. To this end, an effective analytical method 
was required for the separation of PA components. 

A number of techniques for the separation of mo- 

lecular species of neutral PL (i.e., PC and PE) are 
known and numerous reports on the reversed-phase 
high-performance liquid chromatography (HPLC) 
of PC and PE have been published [2-lo]. Whereas 
the ionic charges in PC and PE are internally neu- 
tralized within the molecules, PA, PI and PS are all 
negatively charged compounds requiring external 
counter ions to form neutral species. Few studies 
have been conducted for the speciation of these neg- 
atively charged PL into molecular species using ion- 
pair methodology. Most recently, mixtures of soy- 
bean PI have been resolved by reversed-phase ion- 
pair HPLC [l I]. Although sporadic reports on in- 
direct determinations of PA derived from PC are 
available [12-141, methods for the direct determina- 
tion of PA molecular species have remained ob- 
scure. This paper describes reversed-phase ion-pair 
HPLC techniques for the separation of molecular 
species of PA and its monomethyl ester, phospha- 
tidic acid methyl ester (PM). 

There are many publications [6,15-261 dealing 
with normal-phase HPLC separations of PL class- 
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es. However, the scarcity of published information 
on reproducible normal-phase HPLC methods for 
the separation of PA from other PL classes provid- 
ed the impetus for this normal-phase HPLC work. 

EXPERIMENTAL 

Chemicals and reagents 
Phospholipid standards PA, PC, PE, PI, PM and 

PS were obtained either from Avanti Polar Lipids 
(Pelham, AL, USA) or Sigma (St. Louis, MO, 
USA). Commercial PA and PM were used in all 
HPLC analyses. Both compounds were prepared 
from egg PC by the manufacturers. Commercial 
PM was prepared by methanolysis of PC in the 
presence of phospholipase D. Tetraalkylammoni- 
urn phosphates were obtained from Regis (Morton 
Grove, IL, USA). HPLC-grade acetonitrile and 
methanol were purchased from J. T. Baker (Phil- 
lipsburg, NJ, USA). HPLC solvents tetrahydro- 
furan and ammonia solution were obtained from 
EM Science (Gibbstown, NJ, USA). Chloroform 
used in normal-phase HPLC was a product of Mal- 
lincrodt (Paris, KY, USA). A Waters-Millipore 
(Milford, MA, USA) Milli-Q water purifier was 
used for obtaining ultra-pure HPLC water. 

High-performance liquid chromatography 
In all reversed-phase HPLC experiments, a Spec- 

tra-physics (San Jose, CA, USA) liquid chromato- 
graph equipped with a Model SP8’700 solvent deliv- 
ery system was interfaced with an LDC Analytical 
(Riviera Beach, FL, USA) SpectroMonitor D 
variable-wavelength UV detector. For normal- 
phase HPLC work, a Varex (Rockville, MD, USA) 
Model ELSD IT evaporative light-scattering (ELS) 
detector was used. 

Reversed-phase HPLC mobile phases consisting 
of acetonitrile-methanol-water and various con- 
centrations (0.1-5.0 mA4) of quaternary ammonium 
phosphates were filtered, degassed and pumped 
through a column under isocratic conditions at a 
flow-rate of 1 ml/min. Normal-phase HPLC analy- 
ses were carried out by gradient elution with mobile 
phase solvents of (1) chloroform-tetrahydrofuran 
(THF) and (2) methanol-ammonia solution-chlo- 
roform at a flow-rate of 1 ml/min. 

Several stationary phases were evaluated: (1) Wa- 
ters NovaPak Cl8 (30 cm x 3.9 mm I.D.; 4 pm), (2) 

polymeric resins of macroporous polystyrenedivi- 
nylbenzene (MPD), PLRP-S-100 (25 cm x 4.6 mm 
I.D.; 5 pm) (Polymer Labs., Amherst, MA, USA), 
(3) EM Science LiChrosorb RP-18 (25 cm X 4.6 
mm I.D.; 10 pm) (Alltech, Deerfield, IL, USA), (4) 
Brownlee Spheri-5 RP-8 (22 cm x 4 mm I.D.; 5 
pm) (Applied Biosystems, Foster City. CA, USA), 
(5) Adsorbsphere HS Cl8 (25 cm x 4.6 mm I.D.; 5 
pm (Alltech), (6) EM Science LiChrosorb Si-60 (25 
cm x 4.6 mm I.D.; 10 pm) and (7) EM Science 
LiChrosorb Si-100 (25 cm x 4.6 mm I.D.; 5 ,um). 

Aliquots (5-10 ~1 of 1% solutions) of PL samples 
in chloroform were injected onto a column via a 
Rheodyne (Cotati, CA, USA) Model 7125 injector 
fitted with a lo-p1 loop. Detector signals were mon- 
itored with an OminiScribe recorder (Houston In- 
struments, Houston, TX, USA). 

RESULTS AND DISCUSSION 

Reversed-phase high-performance liquid chromato- 

graphy 
Individual PL classes consist of molecular species 

that differ in the R1 and R2 groups of fatty acids, as 
shown in Fig. 1 for the strcture of PA. Notwith- 
standing the existence of non-polar tail groups in 
the fatty acid moieties, reversed-phase HPLC of PA 
in mobile phases containing no ion-pairing reagents 
produced unresolved peaks with little retention 
(Fig. 2A) owing to the inlluence of polar head 
groups of phosphoric acid derivatives. Much like 
phosphatidylinositols (PI), molecular species of PA 
including its monomethyl ester, PM, could be re- 
tained on a reversed-phase column only when cat- 
ionic counter ions (ion-pairing reagents) were pres- 
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Fig. 1. Structures of (I) phosphatidic acid (PA) and (II) phospha- 
tidic acid methyl ester (PM). R’ and R2 are alkyl or alkenyl 
groups of fatty acids. 
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Fig. 2. Reversed-phase HPLC of (A) PM without an ion-pairing 
reagent, (B) PA with an ion-pairing reagent (5 mM PTAP) and 
(C) PM with an ion-pairing reagent (5 mM PTAP). Conditions: 
stationary phase, NovaPak Cis; mobile phase, acetonitrile- 
methanol-water (70:22:8); UV detection at 208 nm. Peaks: 1 = 
16:0-20~4; 2 = 16%18:2; 3 + 4 = 16&18:1; 5 = 18:&18:2; 
6 = 18:1-18:l; 7 + 8 = 18.0-18:1, corresponding to R’ and R* 
groups of fatty acids in PM (Fig. 1). Fatty acid designations: 
160 = palmitic; 18:O = stearic; 18:l = oleic; 18:2 = linoleic; 
20:4 = arachidonic. 

ent in the mobile phases. In order to optimize the 
HPLC conditions and obtain various degrees of re- 
tention and separation of the compounds, a series 
of tetraalkylammonium phosphates (TAAP) were 
evaluated, including tetrabutylammonium phos- 
phate (TBAP), pentyltriethylammonium phosphate 
(PTAP), hexyltriethylammonium phosphate 
(HTAP), heptyltriethylammonium phosphate 
(HTAP), octyltriethylammonium phosphate 
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(OTAP) and dodecyltriethylammonium phosphate 
(DTAP). As there are two negative charges in the 
PA molecule, it requires two cationic ions for neu- 
tralization. In reversed-phase ion-pair HPLC of 
PA, an enhancement of analyte retention was invar- 
iably observed despite the inability of the HPLC 
systems to resolve PA molecular species (Fig. 2B). It 
is probable that concurrent ion-pair formation 
from doublely charged PA might be sterically disfa- 
vored, resulting in inadequate hydrophobic interac- 
tions in chromatographic processes. On the other 
hand, molecular species of phosphatidic acid meth- 
yl ester, PM, were separated on a reversed-phase 
column (Fig. 2C). In this instance, the singlely 
charged anion presumably formed an ion pair with 
a TAAP cation to facilitate hydrophobic interac- 
tions with the hydrophobic phase employed. 

Results of the reversed-phase ion-pair HPLC of 
PM are summarized in Table I. The retention char- 
acteristics of PM components were markedly affect- 
ed by both the size and concentration of quaternary 
ammonium counter ions present in the mobile phas- 
es. The capacity factors (k’) of molecular species 
increased with an increase in the chain length of the 
alkyl group in an alkyltriethylammonium counter 
ion. There was a linear correlation between the log- 
arithmic k’ values and the total number of carbon 
atoms or the longest carbon chain length of alkyl 
groups in the TAAP counter ions (Fig. 3). The line- 
ar correlation data indicate that the total area of 
alkyltriethyl groups in TAAP is available for solvo- 
phobic interactions [27,28]. It should be pointed out 
that all but TBAP in the TAAP series are homo- 
logues of alkyltriethylammonium phosphates. The 
log k’ values of PM in mobile phases containing 
TBAP were found to deviate from the correlation 
lines obtained with other TAAP in the series. Evi- 
dently, structural effects of TAAP on the k’ values 
of PM were primarily controlled by the carbon 
chain length of the largest alkyl group of TAAP. 
These observations are in contrast with those in re- 
versed-phase ion-pair HPLC of PI, where the k’ val- 
ues were entirely governed by the total number of 
carbon atoms in the tetraalkyl groups of TAAP 
[ 111. Hence, among the investigated TAAP counter 
ions, HPLC of PM with TBAP (longest carbon 
chain length = 4) yielded the least retained compo- 
nents, whereas molecular species of PI were least 
retained in HPLC with mobile phases containing 
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TABLE I 

EFFECTS OF THE CONCENTRATION AND THE TYPE OF QUATERNARY AMMONIUM COUNTER IONS ON THE 
CAPACITY FACTORS k’ OF PHOSPHATIDIC ACID METHYL ESTER (PM) 

HPLC conditions: stationary phase, NovaPak C,,; mobile phase, acetonitrile-methanol-water (70:22:8) containing a tetraalkylammo- 
nium phosphate (TAAP) at various concentrations. Commercial PM are derived from egg phosphatidylcholines. For abbreviations, see 
Results and Discussion. For peak identification, see Fig. 2C. 

Counter ion Concentration 

CmM) 

Capacity factor. k’ 

Component 

TBAP 5.0 5.60 6.68 7.48 

2.5 3.04 3.71 4.25 
1.25 2.30 2.84 3.44 

HTAP 5.0 5.60 6.54 7.75 
2.5 3.31 3.98 4.86 
1.25 2.10 2.64 3.38 

OTAP 5.0 9.51 11.7 
2.5 5.33 6.28 
1.25 3.13 3.90 

DTAP 2.5 12.3 15.0 
1.25 7.08 8.70 
0.544 3.85 4.79 

13.9 
7.40 
4.91 

17.4 
10.2 

5.73 

1 2 3 (do 4 5 

(1.07) 8.02 10.7 
(1.06) 4.52 5.46 
(1.04) 3.58 4.39 

(1.00) 7.75 9.84 
(1.00) 4.86 6.14 
(1 .OO) 3.38 4.05 

(1.08) 15.0 18.5 
(I .07) 7.92 9.58 
(1.00) 4.91 5.93 

(1.08) 19.0 23.8 
(1.05) 10.7 12.7 
(1.00) 5.73 7.22 

6 7 (xl 
____-- 

8 

12.5 15.7 (1.04) 16.4 
6.41 7.62 (1.04) 7.89 
5.33 6.34 (1.02) 6.50 

11.7 14.5 (1 .OO) 14.5 
7.48 8.97 ( 1 .OO) 8.97 
5.53 6.62 (1.00) 6.62 

22.4 27.0 (1.05) 28.4 
11.7 14.2 (1.03) 14.6 
7.71 9.44 (1.00) 9.44 

27.9 36.5 (1.07) 39.0 
15.8 188 (1.06) 19.9 
8.97 11.0 (1 .OO) 11.0 

I 

11 12 13 14 15 16 17 18 

Total Number of Carbons in TAAP 

Fig. 3. Correlation of In k’ of six major molecular species of PM 
with the total number of carbon atoms in TAAP. Reversed- 
phase ion-pair HPLC conditions as in Fig. 2 except for TAAP 
concentrations: 0 = 5 mM; x 2.5 mM; A = 1.25 mM. UV 
detection at 208 nm. 

PTAP (smallest total number of carbon atoms = 
11) [1 I]. When TBAP was used as the counter ion, 
the retention of PI corresponded to a total of six- 
teen carbon atoms on correlation plots [1 11. 

Separations of PM components 3,4,7 and 8 were 
particularily susceptible to variations in the struc- 
ture of TAAP used in the mobile phases (Table I). 
The ammonium counter ions having a larger total 
number of carbon atoms, as in TBAP (C,,), OTAP 
(C,,) and DTAP (C,,), tended to offer better selec- 
tivity [higher values of separation factors (x)] for the 
lipid components of interest. Such structural effects 
appeared to diminish (lower a values) as the counter 
ion concentrations decreased (Table I). Component 
peaks 3 and 4 and 7 and 8 may be attributed to 
reverse positonal isomers. The k’ values of PM ana- 
lytes increased with increasing counter ion concen- 
tration. In general, the observed concentration ef- 
fects of TAAP on the retention behavior of PM are 
similar to those found previously in HPLC of PI 
[11] and aminobenzoic acids [29], but are different 
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TABLE II 

REVERSED-PHASE ION-PAIR HPLC OF PHOSPHATIDIC ACID ON OCTADECYLSILICA STATIONARY PHASES 

Mobile phase: acetonitrile-methanol-water (70:22:8). The commercial phosphatidic acids are derived from egg phosphatidylcholine. 

Stationary 
phase 

TAAP 
concentration 

(mW 

Capacity factor, k’ 

Quaternary ammonium counter ion 

TBAP PTAP HTAP HPTAP OTAP 

LiChrosorb RP-18 5 4.03 8.17 8.54 9.36 9.78 
2.5 2.17 4.90 6.05 7.21 8.67 
1.25 2.08 2.83 3.60 4.63 5.75 

NovaPak C,, 5 4.78 8.27 8.70 9.77 10.1 
2.5 2.34 5.10 6.68 7.89 9.87 
1.25 2.14 2.89 3.74 4.93 6.23 

to those of aprotic ionic compounds [30,31]. The 
cationic counter ion effects (with respect to both the 
concentration and size of TAAP) discussed so far 
are indicative of an ion-pair retention mechanism 
by which solvophobic interactions of PM solutes 
with stationary phases are believed to proceed dur- 
ing HPLC separation processes. 

Table II summarizes HPLC data for PA to show 
the influence of TAAP on the capacity factors, k’. 
The general trends of counter-ion effects on the re- 

tention of PA are similar to those noted in the 
HPLC of PM, even though there was no indication 
of component resolution of the former in all experi- 
ments performed. Correlation of In k’ values with 
the total number of carbons or the number of the 
carbons on the largest alkyl group in TAAP, ex- 
cluding TBAP, yielded linear plots. It is unclear 
how TAAP participated in ion-pair formation with 
the double negative charges of PA molecules. Nev- 
ertheless, an ion-pair mechanism appeared to be 

TABLE III 

REVERSED-PHASE ION-PAIR HPLC OF PHOSPHATIDIC ACID METHYL ESTER (PM) UNDER VARIOUS CONDI- 
TIONS 

Mobile phase: (A) and(B) acetonitrile-methanol-water (65.8:13.7:20.5); (C) and (D) acetonitrile-methanol-water (70:22:8). The source 
of PM is same as in Table I. For peak identification, see Fig. 2C. 

Stationary 
phase 

TAAP Concen- 
tration 

(mM) 

Capacity factor, k’ 

Component 

1 2 3 (a) 4 5 6 7 (a) 8 

(A) Spheri-RP-C, (5 pm) DTAP 3.11 
0.78 

(B) PLRP-S (5 pm) DTAP 0.78 
0.195 

(C) LiChrosorb RP-18 HTAP 5.0 
(10 pm) 2.5 

(D) Adsorbsphere HS C, 8 TBAP 5.0 
(5 pm) 1.25 

PTAP 1.25 

15.6 17.8 19.6 (1.14) 22.4 
4.61 5.20 5.82 (1.00) 5.82 

14.0 14.0 17.8 (1.08) 19.3 
6.41 6.41 7.89 (1.04) 8.19 
5.05 6.11 7.29 (1.00) 7.29 
3.21 4.00 4.93 (1.00) 4.93 

13.4 15.9 18.1 (1.09) 19.7 
7.22 8.63 9.96 (1.06) 10.6 
6.04 7.30 8.48 (1.00) 8.48 

26.6 
7.19 

26.4 
11.9 
8.86 
5.86 

23.7 
12.9 
11.0 

29.4 33.4 (1.13) 37.6 
8.24 9.68 (1.11) 10.7 

26.4 37.1 (1.00) 37.1 
16.5 11.9 (1.00) 16.5 
10.4 12.9 (1.00) 12.9 
7.14 8.57 (1.00) 8.57 

27.6 32.3 (1.07) 34.4 
15.3 17.9 (1.06) 19.0 
12.5 15.4 (1.00) 15.4 



198 S. L. ABIDI 

I 
6 

6 

03) 

2 

3 

4 

6 

0 

Fig. 4. Reversed-phase ion-pair HPLC separations of PM on various alkyl-bonded silica phases. Conditons: stationary phases, (A) 

octylsilica, Spheri-5 RP-8, (B) NovaPak C,,, (C) Adsorbsphere HS Cl8; mobile phases, (A) acetonitrile-methanol-water 

(65.8:13.7:20.5) containing 1.56 mM DTAP, (B) and (C) acetonitrile-methanol-water (70:22:8) containing 1.25 mM TBAP. UV 

detection at 208 nm. 
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TABLE IV 

EFFECTS OF PHOSPHORIC ACID AND AMMONIA SOLUTION ON CAPACITY FACTORS, k’, OF PM AND PA ON AN 
MPD PHASE IN REVERSED-PHASE ION-PAIR HPLC 

HPLC conditions: stationary phase, MPD; mobile phase, acetonitrile-methanol-water (70:18:12) containing 5 mMdodecyltriethylam- 
monium phosphate (DTAP). The sources of PM and PA are the same as in Tables I and II, respectively. For peak identification, see Fig. 
2c. 

Compound Concentration Capacity factor, k’ 
WQ 

Component 

1 2 3 4 5 6 7 8 PA 

H,PO, 0.00 6.26 6.26 7.14 7.74 10.1 10.1 12.9 12.9 4.48 
5.00 8.33 8.33 9.37 9.37 12.9 12.9 16.8 16.8 9.96 
20.0 9.07 9.07 10.3 10.3 14.6 14.6 19.7 19.7 23.1 

Ammonia 
solution 0.00 6.26 6.26 7.74 7.74 10.1 10.1 12.9 12.9 4.48 

15.0 4.93 4.93 6.56 6.56 9.22 9.22 11.3 11.3 3.74 
30.0 3.89 3.89 5.22 5.22 7.59 7.59 10.1 10.1 2.70 

operative during chromatographic processes as re- 
flected in the typical counter ion effects (Table II). 
As briefly stated earlier, the formation of ion pairs 
with both negative charges might be sterically unfa- 
vorable, leaving one unpaired acidic function that 
could inhibit hydrophobic interactions. Esterifica- 
tion of PA to its monoester PM removed one free 
charge and facilitated the separation of molecular 
species by ion-pairing retention processes. Hence, 
neutralization of charges in PA is an obvious pre- 
requisite for the successful HPLC separation of its 
molecular species. 

Table III shows the HPLC results for PM on var- 
ious stationary phases. As expected, the capacity 
factors were higher on octadecylsilica phases than 
on stationary phases derived from macroporous po- 
lystyrene-divinylbenzene, MPD. In the former in- 
stances it was necessary to use lower members of 
TAAP in mobile phases for bringing peaks within 
reasonable retention times. However, the retention 
on octylsilica was lower (partly owing to smaller 
column dimensions) than on MPD, as demonstrat- 
ed in the HPLC data in which the corresponding k’ 
values of PM are compared under identical mobile 
phase conditions at a DTAP concentration of 0.78 
mM (Table III). Of the silica-based stationary phas- 
es, Adsorbsphere HS C1s showed the greatest selec- 
tivity for PM components 3,4,7 and 8. This is attri- 

buted to its high carbon loading (20%), which fa- 
vors hydrophobic interactions. With higher mem- 
bers of TAAP (total carbon number > 16) in the 
series as counter ions, HPLC separations of compo- 
nent pairs 3-4 and 7-8 occurred with enhanced se- 
lectivity (higher u values). These results, coupled 
with the concentration dependence of the CI values, 
are in agreement with earlier findings in analogous 
experiments where a higher efficiency column (No- 
vaPak C1s, 4 pm) was used (Table I). 

Fig. 4 compares separations of PM components 
on various alkyl-bonded silica phases. Although 
Spheri-5 RP-8, an octylsilica column, was made of 
relatively low carbon loading (9%) packings, signif- 
icant enhancement (higher a values) in component 
separation (component pairs 3-4 and 7-8) was ob- 
served in experiments where DTAP was added to 
the mobile phases. Thus, with DTAP as counter 
ions, HPLC of PM led to reasonable separations of 
components 3, 4, 7 and 8, which remained unre- 
solved or partially resolved in most instances. 

In the light of the acidic properties of the title 
compounds and the stability of MPD over a wide 
pH range, we studied the retention behavior of PA 
and PM in acidic and basic media on this stationary 
phase. Table IV shows the effect of phosphoric acid 
and ammonia solution on the k’ values in the re- 
versed-phase ion-pair HPLC of the acidic polar lip- 
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ids. Generally, an increase in k’ values of the ana- 
lytes was demonstrated in HPLC with mobile phas- 
es containing higher concentrations of phosphoric 
acid. Conversely, an increase in the concentration 
of ammonia solution was accompanied by a small 
decrease in the k’ values of the compounds ana- 
lyzed. The pH dependence of both PA and PM in 
protic mobile phases is rationalized in terms of ion- 
suppression phenomena, frequently observed in the 
HPLC of ionic compounds [32,33]. As there was no 
evidence of participation of aromatic moieties of 
MPD in chromatographic interactions with analyte 
solutes, modifications of the mobile phase pH gave 
little improvement in column selectivity for the sep- 
aration of PM molecular species. In comparison 
with results from the HPLC of PM, the concentra- 
tion of phosphoric acid in the mobile phases had a 
greater influence on the retention of PA because of 
the doubly charged acidic characteristics of the par- 
ent compound. 

Normal-phase high-performance liquid chromato- 

graphy 
Normal-phase HPLC separation of PA from oth- 

er PL found in soybean oil has not been thoroughly 
investigated on account of its low natural abun- 
dance and some reported uncertainty associated 
with the HPLC behavior of the compound [6]. As 
PA is the major PL detected in degummed soybean 
oil, it was pertinent to include in this work the re- 
sults of a normal-phase HPLC study. Table V pre- 
sents separation data for PA and four other PL 
classes derived from soybeans. After initial at- 
tempts to reproduce a published procedure [21] 
failed to resolve the PL components with reported 
retention times (the published HPLC data [21] 
might have been obtained before equilibration of 
the HPLC system was reached), the mobile phase 
systems were modified as shown for systems A-F in 
Table V. Normally, baseline separations of PA 
from other PL were achieved with good reproduc- 

TABLE V 

NORMAL-PHASE HPLC SEPARATION OF MIXTURES OF SOYBEAN PHOSPHOLIPID CLASSES 

HPLC conditions: gradient programs for changes in mobile phase solvents 1 and 2 with times (min) were run in one of the two modes 
l-+2-+2+1 and l-+2-+1 (arrows represent stepwise duration times) with duration times shown as (i) 2%2@20. (ii) 30-15.--IO, (iii) 
40-20, (iv) 30-IC-5 and (v) 35-10-5 min. For detailed description of gradient elution, see legend for Fig. 5. Mobile phases: (A) solvent 
1 = CHCi,, solvent 2 = CH,OH-NH,&HCL, (92:7:1): (B) solvent 1 = CHCI,-THF (4:1), solvent 2 = CH,OH-NH,CHCl, 
(92:7:1); (C) solvent I = CHCL,-THF (l:l), solvent 2 = CH,OH-NH,-CHCL, (92:7:1): (D) solvent 1 = CHCI,-THF (1:I). solvent 
2 = CH,OH-NHJHCL, (92:4:4); (E) so vent 1 = CHCI,-THF (1.1). solvent 2 = CH,OH--(C,H&,N-CHCI, (92:4:4). 1 

Stationary 
phase 

Gradient 
elution 

LiChrosorb Si-60 (10 [cm) (A) (i) 20-20-20 
(ii) 30-15-10 
(iii) 40-20 

LiChrosorb Si-100 (5 ,um) 

(B) (ii) 30-15-10 

(C) (i) 20-2g-20 
(ii) 30-l 5--l 0 

(D) (i) 20-20-20 
(ii) 30-I 5-10 
(iv) 30-10-5 

(E) (ii) 30-15-10 
(iv) 30-10-5 
(v) 35-10-5 

Capacity factor, k’ 
___-___ 

Phospholipid class 
-- .____-- .___._ 

PE (a) PI (2) PS (x) PA (a) PC 
____..-__ _ ____._ 

8.52 (1.22) 10.4 (1.00) 10.4 (1.14) 11.9 (1.17) 13.9 
10.2 (1.23) 12.5 (1.05) 13.1 (1.15) 15.0 (1.09) 16.3 
13.0 (1.20) 15.6 (1.03) 16.1 (1.12) 18.0 (1.00) 18.0 

11.2 (1.15) 12.9 (1.11) 14.3 (1.09) 15.6 (1.15) 17.9 

8.24 (1.10) 9.10 (1.02) 9.29 (1.18) 11.0 (1.18) 13.0 
10.4 (1.13) 11.8 (1.03) 12.1 (1.17) 14.2 (1.16) 16.5 

8.90 (1.04) 9.30 (1.06) 9.86 (1.18) 11.6 (1.20) 13.9 
10.4 (1.07) 11.1 (1.06) 11.8 (1.19) 13.9 (1.19) 16.5 
10.9 (1.05) 11.4 (1.06) 12.1 (1.21) 14.6 (1.16) 16.9 

9.10 (1.25) 11.4 (1.00) 11.4 (1.04) 11.9 (1.35) 16.1 
8.81 (1.20) 10.6 (1.00) 10.6 (1.14) 12.1 (1.35) 16.3 
8.29 (1.48) 12.3 (1.00) 12.3 (1.07) 13.1 (1.35) 17.7 
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PE 

mln 
46 8 16 26 66 46 

mh 

I I 1 I I I I I I I I I 
6 16 28 36 46 66 6 16 26 90 46 66 

mln mln 

Fig. 5. Normal-phase HPLC separations of PL classes under gradient elution starting from solvent 1 to solvent 2 in 30 min, staying at 
solvent 2 for 15 min and then returning to solvent 1 in 10 min (solvent cycle 1 +2+2-+1, time period 3Ck15-10 mm). HPLC conditions 

for (A), (B), (C), (D) and (E) as in Table V. ELS detector temperature for (A), (B), (C) and (D) 150°C and for (E) 160°C. 
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ibility and high efficiency. Normal-phase HPLC 
with mobile phases of different polarity and solvent 
strength yielded chromatographic profiles largely 
determined by the polarity of PL solutes. Under the 
conditions employed, the polar lipids exhibited po- 
larity characteristics in the increasing order PE < 
PI < PS < PA < PC. 

The data in Table V indicate that the mode of 
elution had a profound effect on the separation of 
negatively charged PL (PI, PS and PA). For a base- 
line separation of all five components, PE, PI, PS, 
PA and PC, the elution mode of choice was a gra- 
dient program of l-+2+2-+1 (arrows represent 
stepwise duration times) in which solvent 1 [chloro- 
form tetrahydrofuran (THF)] was pumped through 
a cycle via solvent 2 (methanol-ammonia solution- 
chloroform) with corresponding periods of 30, 15 
and 10 min for the duration times (30 min from 
solvent 1 to solvent 2, 15 min hold at solvent 2, then 
10 min from solvent 2 to solvent 1). Representative 
normal-phase HPLC chromatograms showing sep- 
arations of PA from other PL under various condi- 
tions are given in Fig. 5. The order of elution, PE < 
PI < PS < PC, is the same as that obtained with 
Christie’s systems [23,24]. Sphingomyelin would 
elute after PC in the present system. The extent of 
separation between PI and PS, which have close k’ 
values, appeared to be more sensitive to the change 
in the mode of gradient elution than other adjacent 
pairs. Regardless of the stationary phases used, in- 
corporation of THF [34] in mobile phases led to 
better dispersed chromatographic peaks of PA and 
PC [(A) (ii) vs. (B) (ii) and (C) vs. (D), Table V]. 
Further, separations of these two components were 
notably augmented by reducing the basicity of mo- 
bile phases, as indicated in experiments (D) vs. (E) 
and (E) vs. (F) in Table V. The chromatographic 
outcome can be explained in the context of decreas- 
ing polarity of PA (less ionized) in mobile phases 
containing decreased amounts of ammonia solution 
or in mobile phases whose ammonia contents are 
replaced with triethylamine of reduced basicity. 

CONCLUSIONS 

This reversed-phase ion-pair HPLC method rep- 
resents the first direct approach to tackling the ana- 
lytical problems associated with the separation of 
complex mixtures of molecular species derived from 

S. L. ABIDI 

PA compounds. The ion-pairing technique provides 
a mean to delineate the chromatographic character- 
istics of polar lipids in general and other charged PL 
in particular. The correlations data can be used for 
the prediction of unknown k’ values of PA and PM 
analyzed under given mobile phase conditions. For 
achieving separations under specific HPLC condi- 
tions, the method is versatile and can be applied to 
various analytical systems by optimizing reversed- 
phase HPLC variables such as stationary phase 
specfications, mobile phase compositions and types 
and concentrations of ion-pair reagents. The nor- 
mal-phase HPLC-ELS detection method permits 
the simultaneous separation and quantification of 
PL classes in various samples of plant origin (e.g., 
soybeans). The method is reliable and useful for the 
routine analysis of PL samples containing high lev- 
els of PA. 
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