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ABSTRACT: A high-performance liquid chromatographic
method, using post-column detection with diphenyl-1-pyrenyl-
phosphine (DPPP), was developed for the quantitative and qual-
itative determination of isomeric lipid hydroperoxides (OOH).
The OOH eluted from a normal-phase column were passed
through a photodiode array detector and then mixed with DPPP
solution in a reaction coil heated at 80°C. DPPP oxide formed
by the reaction with OOH was determined by monitoring the
fluorescence intensity at 380 nm and excitation at 352 nm. The
conjugated diene OOH (13-cis, trans- and 9-cis, trans-OOH) and
nonconjugated OOH (12-cis-trans- and 10-cis, trans-OOH) from
photosensitized oxidation of methyl [inoleate were determined
in a molar ratio of 31:29:19:21, respectively. However, only the
two conjugated hydroperoxides were detected by ultraviolet ab-
sorption at 234 nm. Further applications were carried out for
the determination of OOH of methyl oleate and methyl linole-
nate. This method proved to be useful for the determination of
the OOH containing both conjugated and nonconjugated diene
structures.
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A normal-phase column high-performance liquid chromatog-
raphy (HPLC) method has been applied successfully to sepa-
rate positional isomers of hydroperoxides (OOH) formed as
primary oxidation products of fatty acid esters (1). Ultravio-
let (UV) light absorption at 234 nm due to conjugated dienes
has been used to detect separated OOH isomers. However, the
UV measurement at 234 nm is not specific to OOH (1,2), nor
is it suitable for determination of nonconjugated OOH (3).
One solution to this problem involves HPLC separation of
lipid OOH with post-column chemiluminescence detection
based on luminol or isoluminol oxidation during a reaction of
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hydroperoxides and cytochrome C (4,5). Some applications
to biological systems have also been reported (6-8). Gener-
ally, nonpolar solvent systems based on n-hexane are used in
HPLC for separation of OOH positional isomers (1). How-
ever, a post-column reaction of luminol to luminol oxide pro-
gresses only under aqueous alkaline conditions (6). There-
fore, the number and type of organic solvents used for mobile
phase are relatively limited, as hydrophilic nonpolar solvent
mixtures do not mix well with hydrophobic luminol reagents
in a post-column reaction coil.

Diphenyl-1-pyrenylphosphine (DPPP) is a recently devel-
oped fluorescent reagent which reacts specifically with vari-
ous lipid OOH to form DPPP oxide even though in the pres-
ence of lipid alcohol. The DPPP oxide is excited with UV
light at 352 nm and gives the emission wavelength at 380 nm
(9). This reaction progresses in many different types of sol-
vents (9), and therefore not only a reversed-phase, but also a
normal-phase HPLC separation mode are useful for the DPPP
fluorescence post-column detection. A few applications of
this system have already been reported for analyses of OOH
of triacylglycerol, cholesterol, cholesterol esters, and phos-
pholipids in biological systems (10-12). This study was
aimed at applying the DPPP fluorescence detection HPLC
system to the study of lipid hydroperoxide positional isomers
and their structures.

In this paper, autoxidized and photosensitized-oxidized
unsaturated fatty acid methyl esters (FAME) were used as
model lipids. To evaluate the efficiency of the present methol-
ogy, results were compared to previous studies based on gas
chromatography/mass spectrometry (GC/MS) and HPLC
with UV detection. ‘

MATERIALS AND METHODS

Lipid standard. Methyl oleate, methyl linoleate, and methyl
linolenate of >99% purity were purchased from Nu-Chek-

performance liquid chromatography; OOH, hydroperoxide; TMS, . o
trimethylsilyl; UV, ultraviolet. Prep. Inc. (Elysian, MN). These esters were purified by pas-
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sage through a Sep-Pak silica cartridge (Waters Associates,
Milford, MA) just before use (13).

Chemicals. DPPP was kindly donated by the Tosoh Com-
pany (Tokyo, Japan). Methylene blue trihydrate and NaBH,
(Wako Pure Chemicals, Osaka, Japan) were of reagent grade.
n-Hexane of HPLC grade was used after glass-distillation.
Diethyl ether of reagent grade was purified by a combination
of the first washing with ferrous sulfate—sulfuric acid solution
to remove peroxide impurities followed by distillation in
glass. Methanol, 1-butanol, and acetone (all HPLC grade)
were used as purchased.

Autoxidation of lipids. One hundred mg of FAME were
dissolved in n-hexane and placed into a glass test tube (10
mm X 13 mm). n-Hexane was flushed out with a nitrogen
stream. Autoxidation of FAME was carried out in air at 35°C
in the dark. The autoxidized FAME was dissolved in n-
hexane and separated by HPLC.

Photosensitized oxidation of lipids. The oxidation of
FAME was sensitized with methylene blue (1 mg/g ester) in a
methanol solution with continuous gentle stirring in a jack-
eted flask cooled to 3°C. The solution in the flask was ex-
posed to a 1000-watt tungsten light source through a 3-cm
layer of water to filter out infrared radiation (14). Methanol
was evaporated under a nitrogen stream in the dark and the
residual photosensitized-oxidized lipid was dissolved in 25%
diethyl ether in n-hexane. The solution was passed through a
Sep-Pak silica cartridge to remove the photosensitizer. The
eluent was made up to 10 mL with n-hexane and 20 pL solu-
tion was injected to the HPLC column.

The HPLC system. A schematic of the HPLC system used
is shown in Figure 1. The mobile phase passed through an
HPLC column with an HPLC pump (model 1050; Hewlett-
Packard, Boise, ID). The eluant from the column was then
passed through a diode array detector (HP 1040A) and subse-
quently to a stainless-steel reaction coil (0.5 mm i.d. X 10 m).
At the inlet of the reaction coil, a DPPP reagent solution was
pumped (HPLC pump, model 45; Waters Associates) and
mixed with the eluent in a T-connector. The reaction coil was
immersed in a water bath heated at 80°C. The eluent from the
coil was cooled to room temperature by passing through a
stainless steel coil (0.5 mm i.d. X 5 m), immersed in a water
tank, and led to a fluorescence photospectrometer (model
650-40; Perkin Elmer, Norwark, CO). The intensity of the flu-
orescence signal was integrated with a chromatographic inte-
grator (Hewlett-Packard model 3390A).

Separation and detection of OOH. A normal-phase column
(Supelcosil LC-Si, 2.1 mm i.d. X 250 mm, 5 ym; Supelco,
Bellefonte, PA) was used to separate positional isomers of
fatty ester OOH. A mixture of 500 mL of n-hexane and 34
mL of diethyl ether was pumped at a rate of 0.6 mL/min. The
DPPP solution (3 mg in a mixture of 200 mL 1-butanol and
200 mL methanol) was pumped at a flow rate of 0.6 mL/min.

Lipid OOH eluted from the column were passed through
the dioide array detector and the absorption due to conjugated
dienes was monitored at 234 nm (1). The fluorescence inten-
sity of the DPPP oxides formed by reacting lipid hydroperox-
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FIG. 1. Diagram of the diphenyl-1-pyrenyiphosphine (DPPP)-fluores-
cence detection high-performance liquid chromatography (HPLC) sys-
tem. A, HPLC pump for a mobile phase; B, HPLC pump for the DPPP
solution; C, reaction coil; D, cooling coil.

ides and DPPP was monitored at 380 nm with excitation at
352 nm (9).

GC/MS. OOH positional isomers separated by the HPLC
column and monitored with the diode array detector were
fractionated before mixing with the DPPP solution by discon-
necting the flow tubing at the inlet of the T-connector behind
the column. Butylated hydroxyanisole (200 ppm) was added
to suppress formation of secondary oxidation products. The
hydroperoxides were reduced to the corresponding hydroxy
esters with NaBH, (15), followed by hydrogenation to avoid
rearrangement of hydroperoxides, and subsequently con-
verted to trimethylsilyl (TMS) ether derivatives by adding
hexamethyldisilazane and trimethylchlorosilane (14).

The TMS derivatives were separated with a gas chroma-
tography (model GC 17A; Shimadzu, Kyoto, Japan) equipped
with a Supelcowax-10 fused silica open-tubular column (0.25
mm i.d. X 25 m, 0.25 um; Supelco Japan Ltd., Tokyo, Japan).

The outlet of the column was connected directly to an elec-
tron impact ion source of a quadrupole mass spectrometer
(Shimadzu model QP 5000). The column oven temperature
was programmed from 150 to 220°C at 1°C/min. Injection
port temperature was 250°C. Helium was used as carrier gas.
Mass spectra were acquired using 3 KV accelerating energy,
70 eV electron beam energy, and a source temperature of
260°C by using a computer system (Shimadzu Class-5000).

RESULTS

Separation of positional isomers of methyl linoleate OOH.
Photosensitized-oxidized methy] linoleate showed four peaks
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by HPLC with post-column DPPP fluorescence detection
(Fig. 2A). However, only two peaks were shown by UV at
234 nm (Fig. 2B). MS (data not shown) confirmed the iden-
tity of the positional isomers as follows: 13-cis,trans-, 12-
cis,trans-, 9-cis,trans-, and 10-cis,trans-hydroperoxy methyl
linoleates based on the literatures (15,16).

Typical chromatograms of autoxidized methyl linoleate
OOH detected by fluorescence at 380 nm and absorption at
234 nm (Fig. 2, C and D). Four peaks, including methyl
linoleate 13-cis,trans-, 13-trans,trans-, 9-cis,trans-, and 9-
trans,trans-hydroperoxy isomers, were identified by MS of
the corresponding TMS derivatives of hydroperoxides sepa-
rated by HPLC (data not shown).

Separation of other fatty acid methyl ester OOH. Peak as-
signment was confirmed for every peak component fraction-
ated by HPLC (data not shown). Although methyl 10-
cis,trans- and 9-cis,trans-hydroperoxy monoene hydroperox-
ides could not be detected by UV absorption at 234 nm (Fig.
3B), the isomers were detected by DPPP-fluorescence (Fig.
3A). For photosensitized-oxidized methyl linolenate, the
peaks due to 13-cis,trans-, partially separated 16-cis, trans-
and 12-cis,trans-, 15-cis,trans-, 9-cis,trans-, and 10-cis,trans-
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methyl linolenate OOH were readily measured by DPPP-flu-
orescence detection (Fig. 3C). The nonconjugated hydroper-
oxide isomers, 15-cis,trans- and 10-cis, trans-methyl linole-
nate hydroperoxy, were not detected by UV absorption at 234
nm (Fig. 3D).

Quantitative analyses. Tables 1, 2, and 3 summarize
peak area ratios of OOH of methyl oleate, linoleate, and
linolenate photosensitized-oxidized to different peroxide
values. Previously reported results show that the ratios
of isomeric OOH formed from photosensitized-oxidized
methyl esters were 47.7-51:52.3-49 for methyl oleate (14,
15,17). For 13-cis,trans-, 12-cis,trans-, 9-cis,trans-, and 10-
cis,trans-hydroperoxides, the previously reported ratios were
34.5-35.0, 17.0-17.0, 31.9-32.0, 16.7-17.0 (14,15).

Reproducibility of the determination of hydroperoxides by
this HPLC system was evaluated (Table 4). For the hydroper-
oxides from methyl oleate and from methyl linoleate, good
reproducibility in determination of peak areas was obtained.
However, for the methyl linolenate OOH, the peak areas of
10-cis, trans-hydroperoxy methyl linolenate were not repro-
ducible due to miss integration of peak area. The use of peak
height for quantification may resolve this problem.

10 min 15 20
9-c,t- 9-¢,t-
C D
13-t,t- 9-1,t-
13-c,t-
L 1 L | { L. 1 1
0 min 10 20 10 min 15 20

FIG. 2. Typical chromatograms of methyl linoleate isomeric hydroperoxides. Photosensitized-oxidized methyl linoleate detected by the DPPP-fluo-
rescence detection (A) and by ultraviolet (UV) absorption at 234 nm (B). Autoxidized methyl linoleate detected by the DPPP-fluorescence (C) and
by UV light absorption at 234 nm (D). See Figure 1 for abbreviations; ¢,t-, cis, trans-.
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FIG. 3. Typical chromatograms of methy| oleate and methyl linolenate isomeric hydroperoxides. A and C, photosensitized-oxidized methyl oleate
and methyl linolenate hydroperoxides, respectively, detected by DPPP-fluorescence; B and D, detected by absorption at 234 nm. See Figures 1

and 2 for abbreviations.

DISCUSSION

This study showed that the DPPP fluorescence detection cou-
pled with HPLC is a simple and accurate method to determine
the distribution of OOH isomers of methyl oleate, linoleate,
and linolenate. Autoxidation of methyl linoleate produced
four conjugated positional isomers of monohydroperoxides,
i.e., 13-cis,trans-OOH, 13-trans,trans-OOH, 9-cis,trans-
OOH, and 9-trans,trans-OOH, which can be analyzed by UV
light absorption (1).

However, the nonconjugated singlet oxygen oxidation
products of methyl linoleate, 12-cis,trans-OOH and 10-

cis,trans-OOH, are not detectable by UV light absorption. -

These nonconjugated hydroperoxides are detectable by the
DPPP fluorescence detection system, because DPPP is di-
rectly oxidized by hydroperoxides to form a fluorescent DPPP
oxide. However, in the chemiluminescence detection, several
kinds of oxygen radicals and excited oxygens oxidize lumi-
nol (5). In the chemiluminescence detection, nonconjugated
OOH isomers of methyl linoleate and methyl linolenate were
detectable in HPLC, however, separation between certain iso-
mers was not completed (18). Nonlipid components such as
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sugar, amino acids and ascorbic acid contaminated into a
methanol-aqueous layer in a stage of lipid extraction interfere
with the accurate analysis of hydroperoxides by causing
quenching of the chemiluminescence (5).

It is well accepted that oxidation by singlet oxygen takes
place at both ends of the C=C bond (17). Therefore, photo-
sensitized oxidation of methyl oleate forms only two isomers,
1.e., 9-cis,trans-O0OH and 10-cis,trans-OOH (13-15,17). The
ratios of 9-cis,trans-OOH to 10-cis,trans-OOH reported little
variation; 50:50 by GC/MS (17), 47.7:52.3 by GC/MS (14),
and 51:49 by HPLC (13).

A number of previous studies on measurement of lipid hy-
droperoxide have been carried out by GC/MS. Derivatiza-
tions of OOH, including reduction and hydrogenation of hy-
droperoxy group to the corresponding hydroxy group and
subsequent conversion to TMS ether group, are required be-
fore GC/MS analysis (14,19-21). These derivatizations are
usually time-consuming and can possibly form artifacts dur-
ing treatment of a sample OOH as well as unsaturated lipids.
In contrast, the DPPP fluorescence detection system requires
no derivatization of the sample.

It was also possible to determine monohydroperoxides at
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TABLE 1 TABLE 3
Relative Ratios of Photosensitized-Oxidized Methyl Oleate Relative Ratios of Photosensitized-Oxidized Methyl Linolenate
Hydroperoxide Positional 1somers (%) Hydroperoxide Positional Isomers (%)?
Method pv? 9.¢tb 10-¢tb References 16-G,t-
Methods PV 13-¢t- and 12-¢,t- 15-¢,t- 9-¢,t- 10-ct- Refs.
HPLC/DPPPC 36 50.0 50.0
38 47.5 52.5 HPLC/DPPP 78 17.7 41.7 8.2 18.2 14.2
92 51.3 48.7 85 18.5 40.2 11.6 16.1 13.5
98 50.3 49.7 284 18.2 38.4 134 17.0 13.0
171 50.5 495 286 183 39.4 13.2 16.3 13.9
179 52.0 48.0 634 175 38.5 13.8 169 133
644 175 38.9 135 17.8 123
HPLCY 1727 47.7 52.3 13
GC/MSE 1727 51 49 14 HPLC? 1566 15 40 12 20 13 13
GC/MSE — 50 50 17 GC/MS© 1566 14.0 37.2 13.4 227 12.7 14

“Peroxide value (meg/kg).

bc,t—, cis, trans-.

‘DPPP, diphenyl-1-pyrenyiphosphine.

dseparated corresponding hydroxystearate and detected by ultraviolet at 212
nm. HPLC, high-performance liquid chromatography.

€Analyzed corresponding trimethylsilylated hydroxystearate. GC/MS, gas
chromatography/mass spectrometry.

only picomole levels by this DPPP system. High specificity
and sensitivity to hydroperoxides may be useful for kinetic
studies on oxidation of polyunsaturated fatty acids in a bio-
logical membrane systems including effects of antioxidant
compounds.
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