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ABSTRACT: Triacylglycerols of the seed oils rich in - and/or
ylinolenic acid moieties were separated by silver-ion high-per-
formance liquid chromatography (HPLC) foliowed by on-line
atmospheric pressure chemical ionization-mass spectrometric
(APCI-MS) detection. Mass spectra of most triacylglycerols ex-
hibited abundant [M + H]* and [M - RCO,]" ions, which de-
fined the molecular weight and the molecular association of
fatty acyl residues of a triacyiglycerol, respectively. Silver ions
formed weaker complexes with triacylglycerols containing
ylinolenic acid than with those containing o-linolenic acid, i.e.,
the elution order of molecules was XYT, > XYT,, XT,T, > XT.T,
> XT, T, and T,TT,> TTT, > T,T,To > T,T,T,, where T, <
o-linolenic acid, T, = ylmo‘emc ac:d and X, Y = fatty acids dlf—
ferent from linolenic acid. Furthermore, silver-ion HPLC re-
sulted in partial separation within equally unsaturated triacyl-
glycerols according to differences in the combined number of
acyl carbons. Regioisomeric forms of triacylglycerols were not
determined from the seed oil samples, although differences
were measured with reference compounds in the relative abun-
dances of [M ~ RCO,]* ions formed by a loss of a fatty acyl
residue from the sn-2 position and the sn-1/3 positions. Silver-
ion HPLC/APCI-MS provided valuable information for structure
elucidation of seed oil triacylglycerols: 43 molecular species
were identified from cloudberry seed oil, 39 from evening prim-
rose oil, 79 from borage oil, 44 from alpine currant, and 56 from
black currant seed oils. The quantitation requires to be studied
further, especially in those cases where several molecular
weight species of triacylglycerols eluted in a single chromato-
- graphic peak.
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Silver-ion chromatography is a practical technique for the
separation of triacylglycerols according to differences in un-
saturation (reviewed in Refs. 1-4). Previous studies have
been performed by thin-layer chromatography (TLC) on sil-
ica gel plates impregnated with silver ions. More recent stud-
ies are mostly based on high-performance liquid chromato-
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graphic (HPLC) separation either on a reversed-phase column
(silver ions in the mobile phase) (5) or on a silver-loaded
cation-exchange column (6), or on a silver-loaded silica col-
umn (7). In general, the separation of triacylglycerols on sil-
ver-ion chromatography is based on (i) the number of double
bonds in the acyl chains, (ii) the distribution of double bonds
between the fatty acyl residues within a single molecule,
(i11) the configuration and position of double bonds within a
fatty acyl residue, and (iv) the position at which the fatty acid
is esterified to the glycerol backbone.

The method introduced by Christie (8), based on separa-
tion on a silver-loaded cation-exchange column, has been
most widely used and applied to the analysis of various sam-
ples, such as seed and vegetable oils (8—11), milk fat (12-14),
and fish oils (15-17). The technique has not yet been used for
the analysis of samples containing both o-linolenic acid
(18:3n-3) and y-linolenic acid (18:3n-6) moieties in their tria-
cylglycerols, although resolution of ester derivatives of o-
and y-linolenic acids has been reported (18). Few studies of
oils rich in y-linolenic acid have been conducted by silver-ion
chromatography, for example, evening primrose oil by silver-
ion HPL.C (19) and silver-ion TLC (20), and borage oil by sil-
ver-ion supercritical fluid chromatography (21). Triacylglyc-
erols of the seeds of the plants belonging to the genus Ribes
are relatively abundant both in y- and a-linolenic acids. The
composition of black currant seed oil has been studied, for
example, by reversed-phase HPLC (22-24), high-tempera-
ture gas chromatography (GC) (24), and direct inlet chemical
ionization-mass spectrometry (MS) (24,25). Recently, a sepa-
ration of o- and y-linolenic acid containing triacylglycerols
with an identical number of acyl carbons and degree of unsat-
uration has been obtained by capillary supercritical fluid chro-
matography (25). However, the differentiation of co-eluting
components was not possible with a flame-ionization detector
(FID).

Components separated by silver-ion HPLC are most often
detected with an evaporative light-scattering detector (ELSD)
or with an FID, which, unfortunately, do not produce struc-
tural information on molecular compositions. Therefore,
identification of the components has been done either by col-
lection of the separated HPL.C fractions and analysis of their
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fatty acid compositions as methyl esters by GC, or by com-
parison of the retention times of unknown peaks with those
of reference components. An application of an on-line com-
bination of argentation HPLC, on a silver-loaded silica col-
umn, with MS utilizing electrospray ionization has been re-
ported (26). Mass spectra of triacylglycerols exhibited only
abundant [M + Na]™ ions without information on fatty acid
moieties. Information on both the molecular weights and the
fatty acyl residues of triacylglycerols has been achieved by
combining reversed-phase HPLC separation with atmos-
pheric pressure chemical ionization-mass spectrometry
(APCI-MS) (27,28). Mass spectra of most triacylglycerols
consisted of abundant [M + H]* and [M — RCO,]" ions.

The objectives of this study were to apply silver-ion HPLC
for the separation of o- and y-linolenic acid containing tria-
cylglycerols in seed oils and APCI-MS for identification pur-
poses. Chromatographic separation of triacylglycerols con-
taining o- and y-linolenic acid moieties is essential, because
double-bond positional isomers cannot be distinguished as
such by MS.

EXPERIMENTAL PROCEDURES

Materials. Oils from the seeds of black currant (Ribes nigrum),
alpine currant (R. alpinum), and cloudberry (Rubus chamae-
morus) were extracted with supercritical carbon dioxide at
Flavex (Rehlingen, Germany). Evening primrose oil
(Oenothera biennis) and borage oil (Borago officinalis) were
commercial products purchased from a local health food shop.
The oils were dissolved in n-hexane, after which the triacyl-
glycerols were purified by elution through a short column of
Florisil™ (Fluka Chemie AG, Buchs, Switzerland) with 10
mL n-hexane/diethy! ether (4:1, vol/vol). After evaporating
the solvent with a stream of nitrogen, the triacylglycerols were
dissolved in 1,2-dichloroethane to a concentration of ~10
mg/mL and stored under nitrogen at —20°C. All solvents used
were HPLC-grade supplied by Rathburn (Walkerburn, Scot-
land) or Merck (Darmstadt, Germany). The triacyl-
glycerol standards rac-1,2-distearoyl-3-palmitoyl-sn-glycerol
(rac-18:0-18:0-16:0), 1,3-distearoyl-2-palmitoyl-sn-glycerol
(sn-18:0-16:0-18:0), rac-1,2-dipalmitoyl-3-oleoyl-sn-glycerol
(rac-16:0-16:0-18:1), 1,3-dipalmitoyl-2-oleoyl-sn-glycerol
(sn-16:0-18:1-16:0), rac-1,2-dioleoyl-3-palmitoyl-sn-glyc-
erol (rac-18:1-18:1-16:0), 1,3-dioleoyl-2-palmitoyi-sn-glyc-
erol (sn-18:1-16:0-18:1), rac-1,2-dipalmitoyl-3-linoleoyl-sn-
glycerol (rac-16:0-16:0-18:2), 1,3-distearoyl-2-linoleoyl-
sn-glycerol (sn-18:0-18:2-18:0), rac-1,2-dioleoyl-3-y-lino-
lenoyl-sn-glycerol (rac-18:1-18:1-18:3n-6), 1,3-dioleoyl-2-v-
linolenoyl-sn-glycerol (sn-18:1-18:3n-6-18:1), 1,3-dioleoyl-2-
a-linolenoyl-sn-glycerol (sn-18:1-18:3n-3-18:1), trilinoleoyl-
glycerol (18:2-18:2-18:2), and trilinolenoylglycerol (18:3n-3-
18:3n-3-18:3n-3) were purchased from Larodan (Malmd,
Sweden).

GC. Fatty acid methyl esters were prepared by sodium
methoxide-catalyzed transesterification of the purified tria-
cylglycerol fractions of the seed oils (29). Separations of
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methyl esters on an NB-351 fused silica capillary colump
(25 m x 0.32 mm i.d. with 0.20 pm film; HNU-Nordiop Lid,,
Helsinki, Finland) were conducted with a Varian 3300 gas
chromatograph (Limerick, Ireland) equipped with a split jn.
jector (split ratio 40:1) and an FID. The temperature program
was from 120°C (2 min) with a rate of 3°C/min to 230°C 10
min). The injector temperature was held at 225°C and the de-
tector at 240°C. Helium was used as a carrier gas.

Silver-ion HPLC. Two different HPLC systems were uged:
(i) a Merck Hitachi L-6200A Intelligent pump (Hitachi,
Tokyo, Japan), equipped with an SSI Model LP-21 lo-pulse
unit (Scientific Systems Inc., State College, PA), combined
with mass spectrometric detection, and (ii) a Shimadzy
LC-9A pump (Kyoto, Japan), equipped with a Shimadzy
FCV-9AL low-pressure gradient elution unit, combined with
an ELSD (Cunow DDL21; Cergy-Saint-Christophe, France).

Silver-ion HPLC was performed according to the proce-
dure introduced by Christie (6,8). A cation-exchange column
containing sulfonic acid moieties (ET 250/4 Nucleosil 100-5
SA, 250 mm x 4 mm i.d., 5 pm particle size; Macherey-
Nagel, Diiren, Germany) was loaded with silver ions. Tria-
cylglycerols in 1,2-dichloroethane (~5 uL) were injected onto
the column and separated at ambient temperature using a
ternary solvent gradient consisting of A) dichioro-
methane/],2/dichloroethane (1:1, vol/vol), B) acetone, and C)
acetone/acetonitrile (4:1, vol/vol). The program steps of the
linear gradient were: O min 100% A; 10 min 50% A--50% B;
30 min 70% B-30% C; 60 min 100% C; 70 min 100% C. The
flow rate was 0.8 mL/min. The column was equilibrated for
20 min at the initial conditions before each analysts.

MS. The MS determinations were conducted with a Finni-
gan MAT TSQ-700 instrument (San Jose, CA) equipped with
an APCI source and an ICIS II data system. The MS parame-
ters were optimized for the ionization of triacylglycerols
using loop injection technique. During the HPLC-MS analy-
ses, the vaporizer temperature was 400°C, capillary heater
temperature 200°C, corona current 5 pA, sheath gas (nitro-
gen) pressure 50 psi, and auxiliary gas (nitrogen) flow 5
mL/min. Positively-charged ions with m/z values of
400-1100 were scanned with a scan time of 0.7 s. The HPLC
flow of 0.8 mL/min was introduced into the APCI source
without any splitting.

RESULTS

Fatty acid compositions. The samples studied were selected
to represent seed oils containing (i) only o-linolenic acid,
(ii) only y-linolenic acid, and (iii) both o- and y-linolenic
acids (Table 1). Cloudberry seed oil was the example of an
oil rich in or-linolenic acid (28 mol%). Evening primrose oil
and borage oil were the examples of y-linolenic acid oils. Bor-
age oil contained 22 mol% y-linolenic acid and evening prim-
rose oil 10 mol%. The proportion of a-linolenic acid in these
oils was negligible. The seed oils of black currant and alpine
currant contained significant proportions of both linolenic
acid isomers. Black currant seed oil contained 14 mol% both
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fatty Acid Compositions (mol%) of the Triacylglycerols of Cloudberry, Evening Primrose, Borage, Alpine Currant, and Black Currant Seed Oils

Cloudberry Evening primrose Borage Alpine currant Black currant
Fatty acid Mean? SD Mean? SD Mean? SD Mean? sD Mean? SD
140 0.41 0.02
16:0 3.15 0.07 6.17 0.08 10.76 0.28 5.55 0.07 5.72 0.10
16:1n-7 0.41 0.02 0.16 0.00
16:1n-5 0.46 0.01 0.16 0.01
18:0 1.36 0.00 1.38 0.02 3.61 0.03 1.40 0.02 1.59 0.02
18:1n-9 14.94 0.05 9.09 0.03 16.51 0.02 19.25 0.06 13.49 0.05
18:1n-7 0.64 0.02 0.67 0.01 0.65 0.01 0.94 0.03 0.75 0.01
18:2n-6 40.23 0.16 72.02 0.07 37.19 0.05 41.10 0.08 45.96 0.03
18:3n-6 9.62 0.02 22.41 0.12 9.18 0.03 14.24 0.03
18:3n-3 28.24 0.07 0.21 0.00 0.13 0.00 17.79 0.01 13.81 0.02
18:4n-3 0.13 0.01 3.41 0.01 2.92 0.01
20:0 1.1 0.02 0.25 0.01 0.22 0.02 0.29 0.01
20:1n9 0.74 0.03 0.17 0.01 3.92 0.13 0.87 0.01
20:2n-6 4.42 0.12 0.18 0.01
22:0 0.51 0.00 0.14 0.02
22:1n-9 2.37 0.13
22:2 2.02 0.06
24:1n-9 1.34 0.09
Others 1.38 0.29 0.42 0.03 0.11 0.04 1.39 0.05 0.36 0.02

2Average of three gas chromatographic analyses of fatty acid methyl esters.

vlinolenic and a-linolenic acid, whereas the corresponding
proportions for alpine currant oil were 9 and 18 mol%, re-
spectively. An additional feature of the seed oils of plants be-
longing to the genus Ribes was the presence of stearidonic
acid (18:4n-3). All the oils studied were abundant in oleic
acid (9-19 mol%) and linoleic acid (37-72 mol%).

APCI-MS of triacylglycerols. APCI of most triacylglyc-
erols yielded very simple mass spectra exhibiting abundant
[M + H]* and {M - RCO,]* ions, which defined the molecu-
lar weight and the molecular association of fatty acyl
residues, respectively. As reported earlier by Byrdwell and
Emken (27) and Neff and Byrdwell (28), the relative abun-
dances of [M + H]* and [M — RCO,]* ions were strongly af-
fected by the degree of unsaturation of a triacylglycerol, e.g.,
saturated molecules did not produce any [M + H] ion,
whereas [M + HJ* ion was the base peak in the mass spectra
of more unsaturated triacylglycerols (typically the combined
number of double bonds in the acyl chains is 24). During the
optimization of the MS parameters, it was observed that the
ionization efficiency of triacylglycerols decreased with in-
creasing capillary temperature. However, the capillary tem-
perature had to be high enough to produce a relatively low
and stable signal background. Therefore, the practical capil-
lary temperature, with the instrumentation and eluent compo-
sition used, was in the range of 170-200°C. The vaporizer
temperature had to be high enough to produce good sensitiv-
ity, the optimum being around 400°C.

Silver-ion HPLC/APCI-MS of reference components. It
was shown by Nikolova-Damyanova et al. (18) that methyl
and phenacyl esters of y-linolenic acid were less retained on a
silver-loaded cation-exchange column than those of o-
linolenic acid. This let us to suggest that it may also be possi-
ble to separate triacylglycerols containing o- and y-linolenic

acid moieties with the technique. Figure 1 shows the separa-
tion of 1,3-dioleoyl-2-y-linolenoyl-sn-glycerol and 1,3-di-
oleoyl-2-a-linolenoyl-sn-glycerol by HPLC on a silver-
loaded Nucleosil-5 SA column. The interaction of y-linolenic
acid containing isomer with silver ion was weaker than that
of o-linolenic acid containing isomer. The components were
separated to the baseline with a resolution of 2.7.

The separation of triacylglycerols on silver-ion HPLC was
also affected by the regiospecific distribution of fatty acids
(sn-2 vs. sn-1/3) in a triacylglycerol molecule (Fig. 2,
Table 2). Isomeric triacylglycerols differing in the position of
unsaturated fatty acids were partially separated, whereas sat-
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FIG. 1. Separation of 1,3-dioleoyl-2-y-linolenoyl-sn-glycerol (peak num-
ber 1) and 1,3-dioleoyl-2-a-linolenoyl-sn-glycerol (peak number 2) by
silver-ion high-performance liquid chromatography-atmospheric pres-
sure chemical ionization-mass spectrometry. The analytical conditions
have been described in the Experimental Procedures section. RIC, re-
constructed ion chromatogram.
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FIG. 2. Separation of triacylglycerols by silver-ion high-performance
liquid chromatography according to the regiospecific distribution of
fatty acids in the sn-2 and sn-1/3 positions. Components were detected
by atmospheric pressure chemical ionization-mass spectrometry. Ana-
lytical conditions have been described in the Experimentai Procedures
section. Peak identifications: 1 = rac-1,2-distearoyl-3-palmitoyl-sn-glyc-
erol, 2 = 1,3-distearoyl-2-palmitoyl-sn-glycerol, 3 = 1,3-dipalmitoyl-2-
oleoyl-sn-glycerol, 4 = rac-1,2-dipalmitoyl-3-oleoyl-sn-glycerol, 5 =
1,3-dioleoyl-2-palmitoyl-sn-glycerol, 6 = rac-1,2-dioleoyl-3-palmitoyl-
sn-glycerol, 7 = 1,3-distearoy!-2-lincleoyl-sn-glycerol, 8 = rac-1,2-di-
palmitoyl-3-linoleoyl-sn-glycerol, 9 = 1,3-dioleoyl-2-y-linolenoyl-sn-
glycerol, 10 = rac-1,2-dioleoyl-3-y-linolenoyl-sn-glycerol, 11 = tri-
linoleoyiglycerol, 12 = trilinolenoylglycerol. See Figure 1 for abbre-
viation.

urated isomers were not separated at all due to the lack of in-
teraction with silver ions. In general, the most unsaturated
fatty acid moiety of a triacyiglycerol esterified to the sn-1/3
position formed stronger interaction with silver ion than that
esterified to the sn-2 position; for example, 1,3-dioleoyl-2-v-
linolenoyl-sn-glycerol eluted slightly earlier than rac-1,2-di-
oleoyl-3-y-linolenoyl-sn-glycerol. With the chromatographic
system used in the present study, rac-1,2-dioleoyl-3-palmi-
toyl-sn-glycerol had slightly stronger retention to the station-
ary phase than 1,3-dioleoyl-2-palmitoyl-sn-glycerol, thus,

METHOD

being an exception of the general rule. A reverse elution order
of these two components or closely related ones has been
achieved both by silver-ion TLC (30) and silver-ion HPL ¢
(7,13,31). However, exceptions to the general elution order
of isomeric triacylglycerols analyzed by silver-ion TLC hg
also been reported (30). Various eluent compositions used i
separate studies may modify the stationary phase differenly,
thus, affecting the sample/stationary phase interaction ang
elution order of molecules. In addition to the regiospecific
distribution of fatty acids, the separation also may be affecteq
by differences in the chain length of the esterified fatty acy]
residues, as was assumed from the good baseline separation
(resolution 3.1) of 1,3-dioleoyl-2-linoleoyl-sn-glycerol and
rac-1,2-dipalmitoyl-3-linoleoyl-sn-glycerol. Adlof (32) has
recently reported the effect of chain length on the separation
of triacylglycerols, diacylglycerol-monoacetates, monoacyl-
glycerol-diacetates, and triacetin.

The regiospecific distribution of fatty acids also had an &f-
fect on the mass spectra of triacylglycerols obtained by
APCI-MS (Table 2). The abundance of [M - RCOz}* ion
formed by a loss of a fatty acyl residue from the sn-2 position
was less than that formed by a loss of a fatty acyl residue from
the primary glycerol positions. As an example, the relative
abundance of [M — 16:0]" ion in the APCI mass spectrum of
1,3-dioleoyl-2-palmitoyl-sn-glycerol was 8.5% of the abun-
dance of the base peak, and in the mass spectrum of rac-1,2-
dioleoyl-3-palmitoyl-sn-glycerol, it was 69.9%. This con-
firms the elution order of these regioisomeric triacylglycerols
discussed above.

Silver-ion HPLC/APCI-MS of seed oils. Triacylglycerols.
of the seed oils studied were efficiently separated by silver-
ion HPLC/APCI-MS as can be seen from the reconstructed
ion chromatograms (RIC) (same as total ion chromatograms)
shown in Figures 3 and 4. The analyses of triacylglycerols by
silver-ion HPLC combined with ELSD produced very similar
separations, differing mainly in the proportions of the sepa-
rated fractions and, therefore, the ELSD chromatograms are
not presented here. The identification of the eluted compo-

TABLE 2

Retention Properties and Mass Spectrometric Fragmentation of Triacylglycerols Analyzed by Silver-lon HPLC/APCI-MS

Compound M+ HI" M - R,COOJ* [M - R,COOI*

number Triacylglycerol t (mins)  m/z (abundance) m/z (abundance) {ion] m/z (abundance) fion] Resolution (R)
1 rac-18:0-18:0-16:0 3:05 863.8 (n.d.} 579.5 (100.0) = IM - 18:0]"  607.6 (56.4) = M — 16:0]™* Ru" = (.00
2 sn-18:0-16:0-18:0° 3:05
3 sn-16:0-18:1-16:0 9:49 833.8 (8.9) 551.5(33.5)= M- 18:1}* 577.6{100.0) = [IM ~ 16:0}" R3’4 =0.99
4 rac-16:0-16:0-18:1 9:58 833.8(16.2) 551.5 (88.7) = M~ 18:1]* 577.6 (100.0) = [M — 16:0]*
5 sn-18:1-16:0-18:1 14:11 859.8 (20.7) 577.5 (100.0) = [M ~ 18:1]" 603.6 (8.5) = [M ~ 16:0]* Rs,ﬁ =0.74
6 rac-18:1-18:1-16:0 14:24 859.8 (14.9) 577.5(100.0) = (M - 18:1]* 603.6 (69.9) = M~ 16:0]"
7 sn-18:0-18:2-18:0 17:01 887.8 (3.8} 603.5 (100.0) = [M — 18:0]" 607.5 (37.5) = [M— 18:2]* R7’8 =3.09
8 rac-16:0-16:0-18:2 18:06 831.7 (5.4} 551.4 (100.0) = M~ 18:2]7 575.5 (75.6) = [M - 16:0]*
9 sn-18:1-18:3n-6-18:1 28:26 881.8 (100.0) 599.5 (65.3) = M~ 18:1]*  603.4 (59.0) = M~ 18:3]* RQ,IO =0.57

10 rac-18:1-18:1-18:3n-6 28:39 881.8 (90.5) 5995 (50.8) = M~ 18:11*  603.4 (100.0) = M - 18:3]*

11 18:2-18:2-18:2 29:39 879.7 (100.0) 599.4 (51.5)= [M - 18:2]*"

12 18:3n-3-18:3n-3-18:3n-3  44:20 873.7 (100.0) 595.3 (44.9) = M - 18:3]*

3Subscripts refer to the compound numbers. “Co-eluted with the compound number 1. HPLC/APCI-MS, high-performance liquid chromatography/atmos-

pheric pressure chemical ionization-mass spectrometry.

Lipids, Vol. 31, no. 12 (1996)
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FIG. 3. RIC of the triacylglycerols of A) cloudberry seed oil, B) evening
primrose oil, and C) borage oil achieved by silver-ion high-performance
liquid chromatography-atmospheric pressure chemical ionization-mass
spectrometry. A seven-point smoothing has been applied to the chro-
matograms. The analytical details have been described in the Experi-
mental Procedures section. Peak numbers refer to Table 3. See Figure 1
for abbreviation.

nents and their proportions are presented in Table 3 and 4. Al-
most all the molecular species listed in the tables exhibited
both {M + H]* and [M — RCO,]" ions in the mass spectra. Tri-
acylglycerols having together two or fewer double bonds in
their acyl chains formed no or only a weak molecular ion and,
thus, they were identified mainly according to the ions formed

carotenoids, especially in cloudberry seed oil. The quantita-
tive estimates of the separated triacylglycerol fractions were
based on the peak areas in the RIC (APCI-MS) and in the
ELSD chromatograms without corrections according to mo-
lecular response factors. In the present study, no attempt was
made to estimate the relative amounts of different molecular
species eluting in a single chromatographic peak. The propor-
tions of triacylglycerols obtained by the two detection sys-
tems were not always in accordance, which was due to vari-
able detector response of different triacylglycerol species. In
the following, the analysis of each sample by silver-ion
HPLC/APCI-MS will be discussed in more detail.

(i) Cloudberry seed oil. The elution order of the triacyl-
glycerols of cloudberry seed oil, representing an oil rich in
o-linolenic acid, was SSM > SMM > MMM > SMD > MMD >
SDD > MDD > SMT, > MMT, = DDD > SDT > MDT >

Lipids, Vol. 31, no. 12 (1996)
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TABLE 3
identification of the Triacylglycerols of Cloudberry Seed Oil, Evening Primrose Oil, and Borage Oil by Silver-lon HPLC/APCI-MS
Cloudberry seed oil Evening primrose oil Borage oil
Peak Ms? ELSD® MS ELSD MS ELsp
number Abbreviation® ACN:n® Triacylglycerol® % %  ACN:n Triacylglycerol % %  ACN:n  Triacylglycerol % %
1 Not triacylglycerols 01 f Not triacylglycerols <0.1 0.5 Not triacylglycerols «<0.1 nd,
2 SSm 50:1 16:0/16:0/18:18 <01 0.3 50:1  16:0/16:0/18:1 0.1 nd? 501 16:0/16:0/18:1 03 03
52:1 16:0/18:0/18:1 52:1 16:0/18:0/18:1 52:1 16:0/18:0/18:1
54:1 18:0/18:0/18:1 54:1 18:0/18:0/18:1 54:1 18:0/18:018:1
56:1 18:0/20:0/18:1 56:1 18:0/20:0/18:1
58:1 18:0/22:0/18:1 58:1 18:0/22:0/18:1
3 SMM 50:2 16:0/16:1/18:1 02 05 52:2 16:0/18:1/18:1 0.1 nd. 52:2 16:0/18:1/18:1 1.0 07
52:2 16:0/18:1/18:1 54:2  18:0/18:1/18:1 54:2  18:0/18:1/18:1 + 16:0/18:1/20:1
54:2 18:0/18:1/18:1 56:2  18:0/18:12¢:1 + 16:0/18:1/22:1
56:2 20:0/18:1/18:1 58:2  18:0/18:1/22:1 + 16:0/18:1/24:1
58:2 22:0/18:1/18:1
4 SSD 50:2  16:0/16:0/18:2 0.5 nd. 50:2 16:0/16:0/18:2 13 04
52:2  16:0/18:0/18:2 52:2 16:0/18:0/18:2
54:2  18:0/18:0/18:2 54:2  18:0/18:0/18:2 + 16:0/20:0/18:2
56:2  18:0/20:0/18:2 + 16:0/22:0/18:2
582 18:0/22:0/18:2 + 16:0/24:0/18:2
5 MMM 54:3  181/18:1/181 05 32 543 18:1/18:1/181 03 03 543 18:1/18:1/18:1 18 06
56:3 18:1/18:1/20:1
58:3 18:1/18:1/22:1
60:3 18:1/18:1/24:1
6 MMM 50:3 16:1/16:1/18:1 <01 nd.
7 SMD 52:3 16:0/18:1/18:2 1.1 08 52:3  16:0/18:1/18:2 2.1 13 52:3 16:0/18:1/18:2 4.2 81
54:3 18:0/18:1/18:2 54:3  18:0/18:1/18:2 543 18:0/18:1/18:2 + 16:0/20:1/18:22
56:3 20:0/18:1/18:2 56:3  20:0/18:1/18:2 56:3  18:0/20:1/18:2 + 16:0/22:1/18:2
58:3 22:0/18:1/18:2 58:3  18:0/22:1/18:2 + 16:0/24:1/18:2
60:3 18:0/24:1/18:2
8 sDDf 52:4  16:018:2/18:2' 0.1 nd.
9 MMD 54:4 18:1/18:1/18:2 2.2 45 54:4 18:1/18:1/18:2 15 0.7 54:4 18:1/18:1/18:2 © 35 55
564 18:1/20:1/18:2 56:4  18:1/20:1/18:2 56:4 18:1/20:1/18:2
58:4  18:1/22:1/18:2 + 20:1/20:1/18:2
60:4  18:1/24:1/18:2 + 20:1/22:1/18:2
10 SDD 524 16:0/18:2/18:2 33 1.4 524 16:0/18:2/182 137 105 504 16:0/16:2/18:2 86 82
54:4 18:0/18:2/18:2 54:4  18:0/18:2/18:2 52:4 16:0/18:2/18:2
56:4 20:0/18:2/18:2 56:4  20:0/18:2/18:2 54:4 18:0/18:2/18:2
58:4 22:0/18:2/18:2 56:4 20:0/18:2/18:2
60:4 24:0/18:2/18:2 58:4 22:018:2/18:2
11 sDT, 52:5  16:0/18:2/18:3' 03 nd.
12 MDD + SMT, 54:5 18:1/18:2/18:2 8.8 143 54:5  18:1/18:2/18:2 13.7 153 52:4 16:0/18:1/18:3 16.1 23.7
56:5 20:1/18:2/18:2 54:4 16:0/20:1/18:3
56:4 16:0/22:1/18:3
58:4 16:0/24:1/18:3
54:5 18:1/18:2/18:2
56:5 20:1/18:2/18:2
58:5 22:1/18:2/18:2
60:5 24:118:2/18:2
13 SMT, 52:4  16:0181/183 02 nd.

Y
14 SMT_ + DDD 52:4 16:0/18:1/18:3 19 54:6  18:2/18:2/18:2' 0.6 nd.
54:4 18:0/18:1/18:3
56:4 20:0/18:1/18:3

15 MDTY’ 54:6  18:1/18:2/18:3' 0.2 nd.

(continued on next page)
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Cloudberry seed oil Evening primrose oil Borage oil
peak Ms? ELSD® MS ELSD MS ELSD
qumber Abbreviation? ACN:nP  Triacylglycerol % %  ACN:n Triacylglycerol % % ACNin Triacylglycerol % %
16 MMTY 54:5 18:1/18:1/18:3 03 nd. 54:5 18:1/18:1/18:3 35 15
56:5 18:1/20:1/18:3
58:5  18:1/22:1/18:3 + 20:1/20:1/18:3
60:5  18:1/24:1/18:3 + 20:1/22:1/18:3
62:5 20:1/24:1/18:3
1% MMT 54:5 18:1/18:1/18:3 33 nd
56:5 18:1/20:1/18:3
17 DDD + SDT7 54:6 18:2/18:2/18:2 114 149 52:5 16:0/18:2/18:3 34.7 599 52:5 16:0/18:2/18:3 14.0 145
54:6  18:2/18:2/18:2 54:6 18:2/18:2/18:2
54:5 18:0/18:2/18:3
56:5 20:0/18:2/18:3
17 sDT, 52:5 16:0/18:2/18:3 36 15
54:5 18:0/18:2/18:3
56:5 20:0/18:2/18:3
18 opT, 547 18:2/18:22/18:3° 1.0 nd.
19 MDT.’ 54:6  18:1/18:2/i83 55 1.2 52:6 16:1/18:2/18:3 169 164
54:6 18:1/18:2/18:3
56:6 20:1/18:2/18:3
58:6 22:1/18:2118:3
60:6 24:1/18:2/18:3
19 MDT, 54:6 18:1/18:2/18:3 137 174
56:6 20:1/18:2/18:3
20 DDT7 + MDTai 54:7  18:22/18:2/18:3 02 nd. 54:7 18:2/18:2/18:3 <0.1 nd.
54:6  18:1/18:2/18:3% 54:6 18:1/18:2/18:3
21 DDTY + STYT}, 54:7 18:2/18:2/18:3 208 102 52:6 16:0/18:3/18:3 164 160
54:7 18:2/18:2/18:3
21" DDT, 54:7 18:2/18:2/18:3 211 277
56:7 18:2/20:2/18:3
22 ST, Ty 52:6 16:0/18:3/18:3 1.0 nd
23 DDTai 54:7  18:2/18:2/18:3' 04 nd.
24 DTYYY 54:8  18:2/18:3/183 0.1 nd.
25 MTYTX 54:7 18:1/18:3/18:3 03  nd. 52:7 16:1/18:318:3 23 04
54:7 18:1/18:3/18:3
56:7 20:1/18:3/18:3
58:7 22:1/18:3/18:3
60:7 24:1/18:3/18:3
25' MT,T, 547 18:1/18:3/183 58 1.8
56:7 20:1/18:3/18:3
26 MDTe 54.7 18:1/18:2/18:4
27 DTYT? 54:8  18:2/18:3/18:3 29 0.2 54:8 18:2/18:3/18:3 24 37
27’ DT,T, 54:8 18:2/18:3/18:33 169 8.2
28 DpDTe 54:8 18:2/18:2/18:4 0.2 nd. 54:8 18:2/18:2/18:4 0.1 nd
29 TYTYT‘! 54:9  18:3/183/183 0.1 nd. 54:9 18:3/18:3/18:3 05 0.1
29° 1,771, 54:9  18:3/18:3/18:3 57 12
30 DT,Te 54:9  18:2/18:3/184 <0.1 nd. 549 18:2/18:3/18:4 0.1 nd.

*Fatty acyl residues: $ = saturated, M = monoenoic, D = dienoic, T, = o-linolenic acid, T, = y-linolenic acid, Te = tetraenoic fatty acid moiety. 2ACN is the combined
number of acyl carbons and n the combined number of double bonds in the acyl chains of a triacylglycerol. “The distribution of fatty acyl residues between sn-1, sn-2,
and sn-3 positions has not been differentiated. “Proportions of triacylglycerols based on mass spectrometric (MS} detection. Praportions of triacylgycerols based on
evaporative light-scattering detection (ELSD). The proportion was 23.4% of all peaks in FLSD chromatogram, %ELSD proportions presented here are calculated exclud-
ing the proportion of peak 1. 8The triacylgycerol exhibiting the most abundant [M + HI* ion in the spectrum has been typed in bold font. “n.d. = Not detected or sepa-

rated. ‘Tentative identification.

DDT 2§ T,T,>MT,T >DT T,>T,T,T,, where§ = satu-
rated, M = monoenoic, and D = dienoic fatty acy! residue, and
T, = o-linolenoyl residue (Fig. 3A; Table 3). The elution

order was similar to that reported earlier for linseed 0il (6)

with few exceptions. In the present study, one o-linolenoyi
residue formed stronger interaction with silver ion than two
linoleoyl residues, resulting in nearly baseline separations of
MDD and SMT,, fractions, as well as DDD and SDT,, frac-
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TABLE 4

METHOD

Identification of the Triacylglycerols of Alpine Currant Seed Oil and Black Currant Seed Qil by Silver-lon HPLC/APCI-MS

Alpine currant seed oil Black currant seed oil
Peak Ms?  ELSD® MS ELSD
number Abbreviation? ACN:nP Triacylglycerol® (%) (%) ACN:n Triacylglycerol (%) (%)
1 Something other than triacylglycerols 0.1 4.2 Something other than triacylglycerols  <0.1 04
2 S5M 52:1 16:0/18:0/18:1 <0.1 0.1
54:1 18:0/18:0/18:1
3 SMM 52:2 16:0/18:1/18:17 03 <01 522 16:0/18:1/18:1 0.1 01
54:2 18:0/18:1/18:1 54:2 18:0/18:118:1
4 55D 52:2 16:0/18:0/18:2 <0.1 nd#
MMM 54:3 18:1/18:1/18:1 10 02 54:3 18:1/18:1/18:1 04 01
SMD 52:3 16:0/18:1/18:2 16 22 52:3 16:0/18:1/18:2 13 17
54:3 18:0/18:1/18:2 54:3 18:0/18:1/18:2
7 MMD 54:4 18:1/18:1/18:2 3.2 7.1 54:4 18:1/18:1/18:2 21 37
56:4 18:1/20:1/18:2
8 SDD 52:4 16:0/18:2/18:2 5.1 4.0 52:4 16:0/18:2/18:2 51 53
54:4 18:0/18:2/18:2 54:4 18:0/18:2/18:2
9 MDD 54:5 18:1/18:2/18:2 92 175 545 18:1/18:2/18:2 83 15.0
56:5 20:1/18:2/18:2
10 SMT,{ 52:4 16:0/18:1/18:3 0.6 nd. 52:4 16:0/18:1/18:3 0.6 nd
1 SMT, 52:4 16:0/18:1/18:3 10 04 524 16:0/18:1/18:3 0.5 02
54:4 18:0/18:1/18:3 54:4 18:0/18:1/18:3
12 MMT, 54:5 18:1/18:1/18:3 20 09 545 18:1/18:1/18:3 16 06
56:5 18:1/20:1/18:3
13 MMT, 54:5 18:1/18:1/18:3 2.7 nd
14 SDTY+ DDD + MMT, 525 16:0/18:2/18:3 119 172 52:5 16:0/18:2/18:3 15.9 254
54:6 18:2/18:2/18:2 54:5 18:1/18:1/18:3
54:6 18:2/18:2/18:2
15 sDT, 52:5 16:0/18:2/18:3 34 22 52:5 16:0/18:2/18:3 28 13
54:5 18:0/18:2/18:3 54:5 18:0/18:2/18:3
16 MDTy 54:6 18:1/18:2/18:3 46 3.8 54:6 18:1/18:2/18:3 6.1 5.6
56:6 20:1/18:2/18:3
17 MDT, 54:6 18:1/18:2/18:3 7.8 121 546 18:1/18:2/18:3 52 47
56:6 20:1/18:2/18:3
18 DDT7 54:7 18:2/18:2/18:3 <0.1 nd
19 DDTY+ STYTY 52:6 16:0/18:3/18:3 6.1 4.6 52:6 16:0/18:3/18:3 11.6 13.6
54:7 18:2/18:2/18:3 54:7 18:2/18:2/18:3
20 DDT, 54:7 18:2/18:2/18:3 123 147 547 18:2/18:2/18:3 1129
21 ST, T, + MT,T, 52:6 16:0/18:3/18:3 03 nd 526 16:0/18:3/18:3 04 01
56:7 20:1/18:3/18:3
22 MT,},T? 54:7 18:1/18:3/18:3 03 04 54:7 18:1/18:3/18:3 0.5 02
23 MTyTa + MDTe 54:7 18:1/18:3/18:3 + 18:1/18:2/18:4 3.3 1.5 54:7 18:1/18:2/18:4 + 18:1/18:3/18:3 2.6 09
24 MT T, 54:7 18:1/18:3/18:3 20 06 54:7 18:1/18:3/18:3 0.8 0.1
25 DTYTY 54:8 18:2/18:3/18:3 1.0 nd. 54:8 18:2/18:3/18:3 31 10
26 DTyTOL + DDTe 54:8 18:2/18:3/18:3 + 18:2/18:2/18:4 6.3 2.4 54:8 18:2/18:3/18:3 + 18:2/18:2/184 83 40
27 DT.T, 54:8 18:2/18:3/18:3 6.1 2.5 54:8 18:2/18:3/18:3 4.1 1.2
28 MTYTe 54:8 18:1/18:3/18:4 02 04 54:8 18:1/18:3/18:4 0.2 <01
29 MT Te 54:8 18:1/18:3/18:4 06 02 54:8 18:1/18:3/18:4 03 <0.1
30 TVT‘(Ty 54:9 18:3/18:3/18:3 <0.1  nd. 54:9 18:3/18:3/18:3 0.1 nd.
31 T‘yTyT(x + DTYTe 54:9 18:3/18:3/18:3 + 18:2/18:3/184 15 03 54:9 18:2/18:3/18:4 + 18:3/18:3/183 2.2 06
32 LTI, + DT Te 54:9 18:2/18:3/18:4 32 09 54:9 18:2/18:3/18:4 + 18:3/18:3/18:3 2.7 0.6
33 T, T Ts 549 18:3/18:3/18:3 1.3 02 54:9 18:3/18:3/18:3 0.6 <0.1
34 MTeTe 54:9 18:1/18:4/18:4 <0.1 nd 54:9 18:1/18:4/18:4 <0.1 nd.
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Alpine currant seed oil

1319

Black currant seed oil

peak Ms?  ELSD® MS ELSD
jumber Abbreviation® ACN:n? Triacylglycerol® %) (%)  ACNwin Triacyiglycerol (%) (%)
15 TYTyTe 54:10 18:3/18:3/18:4 <0.1  nd. 54:10 18:3/18:3/18:4 0.1 nd
16 TYTaTe 54:10 18:3/18:3/18:4 06 02 54:10 18:3/18:3/18:4 0.7 0.1
37 I, T, 7e 54:10 18:3/18:3/18:4 05 0.1 54:10 18:3/18:3/18:4 0.4 <0.1
18 T,TeTe 54:11 18:3/18:4/18:4 <0.1 nd.
19 I Jele 54:11 18:3/18:4/18:4 01 nd 54:11 18:3/18:4/18:4 0.1 nd.

Fatty acyl residues: S = saturated, M = monoenoic, D = dienoic, T_ = a-linolenic acid, T, = ylinolenic acid, Te = tetraenoic fatty acid moiety.
BACN is the combined number of acyl carbons and » the combined number of double bonds in the acyl chains of a triacylglycerol.
The distribution of fatty acyl residues between sn-1, sn-2, and sn-3 positions has not been differentiated.

droportions of triacylglycerols based on mass spectrometric (MS) detection.

eproportions of triacylgycerols based on evaporative light scattering detection (ELSD).
fThe triacylgycerol exhibiting the most abundant (M + HJ”* ion in the spectrum has been typed in bold font.

fn.d. = Not detected or separated.

tions. Furthermore, ST, T eluted slightly after DDT, as a
shoulder peak, and MMTa and DDD eluted in the same peak.
In the case of linseed oil (6), MDD co-eluted with SMT,, and
DDD co-eluted with SDT, whereas MMT_ and DDD were
well separated. Such differences in the elution order of tria-
cylglycerols may be caused by minor differences in the col-
umn performance or in the analytical conditions. The most
abundant triacylglycerols of cloudberry seed oil, separated by
silver-ion HPLC, represented MDD, DDD, MDTa, DDTa,
and DT T, fractions. The most abundant molecular species
of these fractions were 18:1/18:2/18:2, 18:2/18:2/18:2,
18:1/18:2/18:3n-3, 18:2/18:2/18:3n-3, and 18:2/18:3n-3/
18:3n-3, respectively (distribution of fatty acids between
sn-1, sn-2, and sn-3 positions is not differentiated). Overalii,
43 molecular species of triacylglycerols were identified from
cloudberry seed oil.

{ii} Evening primrose oil. The general elution order of the
triacyiglycerols of evening primrose oil (Fig. 3B; Table 3)
was much the same as that for cloudberry seed oil. In addi-
tion, evening primrose contained a small SSD fraction which
eluted between SMM and MMM fractions. Differences were
observed in the retention behavior of triacylglycerols contain-
ing trienoic fatty acyl residues. The presence of y-linolenic
acid resulted in co-elution of MDD and SMT, fractions, and
DDD with SDTy, where Ty = y-linoienoyl residue. Further-
more, the MM TY fraction eluted before DDD + SDT,, fraction.
Comparison of the retention times of the triacylglycerols of
evening primrose oil with those of cloudberry seed oil
showed that SM’ Ty eluted before SMTw MM Ty before MMT o
SDTY before SDT, MDT, before MDT,, DDT, before DDT,,,
MTYTy before MT, T, DTVTy before DT T, and TVTYTY be-
fore 7T T,. Thus, triacylglycerols containing y-linolenoyl
residues formed weaker interactions with silver ions than
molecules containing a-linolenoy! residues. The general elu-
tion profile of the triacylglycerols of evening primrose oil was
very similar to that reported by Christie (19). APCI-MS de-
tection allowed achievement of information on the molecular
composition of the minor constituents as well; therefore,

more components were resolved and identified in the present

study (39 molecular species). Identification of some minor
fractions was only tentative, because a fraction yielding a
similar mass spectrum was identified elsewhere in the chro-
matogram. Differences in the regiospecific distribution of
fatty acyl residues in triacylglycerols as well as the presence
of small amount of a-linoienic acid in evening primrose oil
may partially explain this observation. In general, molecular
species of triacylglycerols containing dienoic fatty acyl
residues were typical constituents of evening primrose
oil. The most abundant fractions separated by silver-ion
HPLC were SDD, MDD, DDD + SDTy, and DDT, consist-
ing of the most abundant triacylglycerols 16:0/18:2/18:2,
18:1/18:2/18:2, 18:2/18:2/18:2, and 18:2/18:2/18:3n-6, re-
spectively.

(iii) Borage oil. The analysis of the triacylglycerols of bor-
age oil by silver-ion HPLC/APCI-MS (Fig. 3C; Table 3) re-
sulted in a more complex separation compared with evening
primrose oil. The main elution order of the triacylglycerols of
both y-linolenic acid oils was similar. An additional feature
of borage oil was the presence of ST. T, which eluted in the
same peak as DDT.. Both borage oil and evening primrose oil
contained small amounts of triacylglycerols with tetraenoic
fatty acyl residues (7e), such as DD7e and DTyTe. Several of
the peaks in the reconstructed ion chromatogram of borage
oil showed a deformed peak shape. This was actually caused
by partial separation of molecular species within a singie peak
representing equally unsaturated molecules. In general, the
molecules eluted in the descending order of molecular
weight, e.g., the elution order of triacylglycerols within the
MMM fraction (peak number 5) was 60:3 (IM + H]" ion, m/z
969.9) followed by 58:3 (m/z7 941.9), 56:3 (m/z 913.8), and
finally 54:3 (m/z 885.8). Moreover, the elution order of mo-
lecular species was 18:1/18:1/24:1 > 18:1/18:1/22:1 >
18:1/18:1/20:1 > 18:1/18:1/18:1. Similar separations were de-
termined within several other peaks containing saturated
and/or monoenoic fatty acid moieties, the chain length of
which varied from C 4 to C,, in borage oil. The same phe-
nomenon was also observed with other oils, but to lesser ex-
tent. Thus, the separation of triacylglycerols by silver-ion
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HPLC is also affected by the chain length of the fatty acyl
residues. Adlof (32) has suggested recently that this kind of
separation may be due to substrate interaction with the free
silanol groups or with the phenylsulphonic acid groups of the
stationary phase. The most abundant triacylglycerol fractions
of borage oil separated by silver-ion HPLC were MDD +
SMT., DDD + SDT MDTT and ST,T, + DDT.. The most
abundant molecular species of these fractlons were
18:1/18:2/18:2, 16:0/18:2/18:3n-6, 18:1/18:2/18:3n-6, and
18:2/18:2/18:3n-6, respectively. In this study, 79 molecular
species of triacylglycerols were identified from borage oil,
which shows the high complexity of the sample.

(iv) Alpine currant and black currant seed oils. The RIC
of the triacylglycerols of both alpine currant and black currant
seed oil (Fig. 4), achieved by silver-ion HPLC/APCI-MS,
were more complicated than those discussed above. The tria-
cylglycerols of the currants were separated into 39 peaks, rep-
resenting molecules from SSM (one double bond) to T7eTe
(11 double bonds). The identification of the molecular species
and their proportions are presented in Table 4. Aliogether 44
molecular species of triacylglycerols were identified from
alpine currant, and 56 from black currant seed oil. The more
complex composition of black currant was mainly due to the
presence of C,, fatty acids in the oil. The elution order of
the less unsaturated triacylglycerols of the currants was
similar to that achieved with a-linolenic acid and y-lino-
lenic acid containing oils, i.e., molecules eluted in the order
of SSM > SMM > §SD > MMM > SMD > MMD > SDD >
MDD. Both isomers of triacylglycerols containing either
one o-linolenoy! or one y-linolenoy! residue were separated
from alpine currant and black currant seed oils. The iso-
mer pairs of SMTY—SMT(X, MMTY—MMTa, SDTY-SDTQ,
MDT-MDT, DDT ~DDT,, MT,Te-MT Te, DT Te-DT e,
and 7. TeTe-T  TeTe were well separated so that the molecule
containing y-isomer had a shorter retention time compared
with the molecule containing o-isomer. Triacylglycerols with
SDT DDD, and MMT _ structures eluted in the same peak
Wthh was in accordance with the results achieved with
cloudberry, evening primrose, and borage oils. Molecules
containing two linolenoy! residues were separated up to three
isomers, which eluted in the order of XT, y followed by
XT T, followed by XT T, where X is a fatty acyl residue dif-
ferent from a linolenoyl residue. The elution order of isomers
was STYTY > ST aTa, MT"{TY > MTYT > MTaTa, DT T, >
DT,T, > DT, T,, and T\ T.Te > T.T Te > T.T Te. Tl‘lll-
nolenoyiglycerols were separated into four isomers which
eluted in the order of TYTYTY followed by TYTYT o TYTaTa, and
finally T T, T,.

Triacylglycerols of both currants consisted mainly of mol-
ecules with 52 or 54 acyl carbons. In addition, triacylglyc-
erols with 56 acyl carbons were determined in black currant
seed oil, which was in accordance with the determined fatty
acid composition (approximately 1 mol% C,, acids; Table 1)
and other studies (25). The elution profiles of triacylglycerols
of black currant and alpine currant seed oils -achieved by
silver-ion HPLC were very similar as were the molecular
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species compositions of the separated peaks. However
differences were determined in the relative amounts of
triacylglycerol fractions (Table 4). The most abunday
triacylglycerols of alpine currant eluted in the fractiong
representing MDD, SDT, + DDD, MDT , and DDT_ mole.
cules. The most abundant molecular species of these fractiong
were 18:1/18:2/18:2, 18:2/18:2/18:2, 18:1/18:2/18:3p.3,
18:2/18:2/18:3n-3, respectively. The main fractions of black
currant seed oil were MDD, SDTY + DDD + MMT,, DDT’{"”
ST,T,, and DDT,,, and the most abundant molecular specieg
in these fractlons were 18:1/18:2/18:2, 18:2/18:2/18:2,
18:2/18:2/18:3n-6, and 18:2/18:2/18:3n-3, respectively. Dif-
ferences were observed in the proportions of molecules cop-
taining o~ and/or y-linolenoyl residues within equally unsaty-
rated triacylglycerols. Alpine currant contained substantiaﬂy
more 18:1/18:2/18:3n-3 (MDT,, peak number 17) compared
with 18:1/18:2/18:3n-6 (MDTy, peak number 16), whereas the
proportions of these molecular species in black currant seed
oil were nearly equal. Similarly, the relative amount of
18:2/18:2/18:3n-6 + 16:0/18:3n-6/18:3n-6 (DDT_ + ST.T
peak number 19) in alpine currant was clearly less than that
of 18:2/18:2/18:3n-3 (DDT ,, peak number 20), whereas the
corresponding proportions were nearly the same in black cur-
rant seed oil. Such differences were expected: the ratio of the
proportions of y-linolenic acid to o-linolenic acid was ~1:1 in
black currant and ~1:2 in alpine currant seed oil. Among DTT
+ DDTe-molecules, alpine currant contained equal propor-
tions of 18:2/18:3n-6/18:3n-3 + 18:2/18:2/18:4 (peak number
26) and 18:2/18:3n-3/18:3n-3 (peak number 27), whereas the
relative amount of 18:2/18:3n-6/18:3n-6 (peak number 25)
was substantially low. The corresponding triacylglycerols of
black currant seed o0il were richer in y-linolenic acid contain-
ing molecules, i.e., 8% DT.T + DDTe, 3% DTYT and 4%
DT_T, according to quantltanve estimates produced by
APCI—MS

DISCUSSION

The composition and structure of oils containing y-linolenic
acid are of increasing interest due to their possible positive
physiological properties, such as in the treatment of atopic
eczema and diabetic neuropathy, and revealing breast pain
and premenstrual syndrome (33). The physiological effects
of y-linolenic acid oils have mostly been studied with evening
primrose oil and borage oil. The properties of currant seed
oils have not been studied intensively, although currants con-
tain significant amounts of y-linolenic acid and also steari-
donic acid, both of which are A-6-desaturation products. The
medical properties of these oils are due to biochemical mo-
lecular reactions, and thus it is important to achieve informa-
tion on the molecular composition of triacylglycerols. The
chromatographic separation of triacylglycerols containing o-
and/or y-linolenic acid moieties is essential, because triacyl-
glycerols containing these fatty acids cannot be distinguished
as such by MS detection. In the present study, silver-ion
HPLC has been shown to be an efficient method for the sepa-
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nation of o- and y-linolenic acid containing triacylglycerols in
complex mixtures. Furthermore, molecular species contain-
ing stearidonic acid were determined. The on-line detection
of the separated compounds by APCI-MS made it possible to
achieve information both on the molecular weight and the
molecular association of fatty acids of the triacylglycerol mo-
jecular species. The m/z values of [M + H]* ions define un-
ambiguously the number of acyl carbons and double bonds in
the molecule. The identification of relatively saturated tria-
cylglycerols may be problematic, because they do not yield
any or only a weak [M + H]* ion. Therefore, the identifica-
tion of, for example, milk-fat triacylglycerols may be more
difficult, and additional information, such as retention time
data, will be required. The mass spectra of triacyiglycerols
achieved by APCI-MS are affected by the structure of the
molecule, e.g., the degree of unsaturation and the regiospe-
cific distribution of fatty acids between the sn-2 and sn-1/3
positions, as well as by the instrumental parameters of the
mass spectrometer, such as capillary and vaporizer tempera-
tures. At the present stage of the method, no attempt was
made for distinction of regioisomeric triacylglycerols in com-
plex mixtures, although differences were measured in the rel-
ative abundances of [M — RCOz]’r ions formed by a loss of a
fatty acyl residue from the sn-2 position and the sn-1/3 posi-
tions of triacylglycerol reference components. The regiospe-
cific analysis of triacylglycerols would require extensive op-
timization and calibration of the system. The silver-loaded
cation-exchange column showed potential to separate, at least
partially, unsaturated regioisomeric triacylglycerols by using
a ternary solvent gradient. Similar results have been reported
earlier using an isocratic eluent system consisting of acetoni-
trile and hexane (31). It may be possible to separate regioiso-
mers of relatively simple triacylglycerol mixtures with an op-
timized silver-ion HPLC analysis as reported elsewhere (7).
However, the samples of the present study, especially cur-
rants, seem to be far too complex for such separation. The
quantitative estimates presented in this study were based on
uncalibrated systems, i.e., no corrections to the raw data were
done according to different response factors of molecular
species. The quantitative analysis of triacylglycerols requires
to be thoroughly studied. The presence of several molecular
species within a single chromatographic peak makes it diffi-
cult to quantitate single triacylglycerols. The molecular
weights of components eluting in the same peak in silver-ion
HPLC may be differentiated according to their [M + H];
however, a single [M — RCO,]" ion may be a fragment
formed by a loss of one fatty acyl residue from several mole-
cules. It may be possible to modify the elution system and
ionization conditions so that triacylglycerols would yield only
abundant ions consisting of the whole molecule without frag-
mentation. Unfortunately, in such a situation the information
on molecular association of fatty acids is lost. Although quan-
titation may cause difficulties, the on-line detection of tria-
cylglycerols by APCI-MS after separation by silver-ion
HPLC provides valuable information for structure elucida-
tion. Mass spectra yield information on both the molecular
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weight and molecular association of fatty acids of triacylglyc-
erols. Similar data cannot be achieved by GC analysis of fatty
acid methyl esters of the collected fractions separated by sil-
ver-ion HPLC.
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