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Abstract
Increased evidence from animal and in vitro cellular research indicates that the metabolism of eicosapentaenoic acid (EPA)
can inhibit carcinogenesis in many cancers. Free radical-mediated peroxidation is one of many possible mechanisms to
which EPA’s anti-cancer activity has been attributed. However, no direct evidence has been obtained for the formation of
any EPA-derived radicals. In this study, a combination of LC/ESR and LC/MS was used with a-[4-pyridyl 1-oxide]-N-tert-
butyl nitrone to identify the carbon-centred radicals that are formed in lipoxygenase-catalysed EPA peroxidation. Of the
numerous EPA-derived radicals observed, the major products were those stemming from b-scission of 5-, 15- and 18-EPA-
alkoxyl radicals. By means of an internal standard in LC/MS, this study also quantified each radical adduct in all its redox
forms, including an ESR-active form and two ESR-silent forms. The comprehensive profile of EPA’s radical formation
provides a starting point for ongoing research in defining the biological effects of radicals generated from EPA peroxidation.

Keywords: ESR spin-trapping, EPA-derived radicals, LOX-catalysed peroxidation, on-line LC/ESR, on-line LC/MS and

LC/MS2

Abbreviations: ACN, acetonitrile; EIC, extracted ion current chromatogram; EPA, eicosapentaenoic acid; ESR, electron

spin resonance; HOAc, glacial acetic acid; HPLC/LC, high performance liquid chromatography; IS, internal standard; LOX,

lipoxygenase; MRM, multiple reaction monitoring; MS/MS, mass spectrometry; POBN, a-[4-pyridyl 1-oxide]-N-tert-butyl

nitrone; PUFAs, polyunsaturated fatty acids; TIC, total ion current chromatogram; tR, retention time

Introduction

Eicosapentaenoic acid (EPA) is one of the major

dietary v-3 polyunsaturated fatty acids (PUFAs). As

a dietary supplement, EPA is incorporated into

cellular lipids about 20-times more efficiently than

when it is synthesized in the body from dietary

linolenic acids [1]. Unlike most of v-6 PUFAs, which

tend to be unhealthy due to their inflammation- and

tumour-promoting activities [2�4], intake of a certain

amount of v-3 PUFAs, such as EPA, has been

associated with the decreased incidence, growth and

spread of a variety of experimental tumours [5,6]. A

negative correlation between a high intake of dietary

EPA and the growth of certain types of cancer has

been demonstrated in many experimental and epide-

miological studies [7�9]. For instance, consumption

of seafood (low in the v-6 PUFA arachidonic acid,

Correspondence: Steven Y. Qian, PhD, Department of Pharmaceutical Sciences, College of Pharmacy, Nursing, and Allied Sciences, North
Dakota State University, Fargo, ND 58105, USA. Tel: (701) 231-8511. Fax: (701) 231-8333. Email: steven.qian@ndsu.edu

ISSN 1071-5762 print/ISSN 1029-2470 online # 2009 Informa UK Ltd.

DOI: 10.1080/10715760802567606

Free Radical Research, January 2009; 43(1): 13�27

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

3/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



but rich in EPA) has been reported to be associated

with reducing the risks of renal, lung and colorectal

cancers [10�12], while consumption of fish oil (a

major source of EPA) has also been correlated with

reduced risk for a variety of human diseases, includ-

ing cancer, atherosclerosis, asthma, neurodegenera-

tive disorders and prolonged bleeding time [13�16].

Among many proposed mechanisms, free radical-

mediated lipid peroxidation is the most popular one

contributing to EPA’s bioactivities, particularly the

associated anti-cancer activity [17]. Lipid peroxida-

tion is a well-known free radical chain reaction in

which many types of free radicals are formed in three

steps: initiation, propagation and termination

[18,19]. The starting point for the study of EPA

radical-related bioactivity is to determine what kinds

and amounts of free radicals could be formed in its

peroxidation. However, mainly due to the lack of

appropriate methodologies, no direct evidence has

previously been found for either the formation of

EPA-derived radicals or their associated bioactivities.

Electron spin resonance (ESR) combined with the

spin-trapping technique is a unique method of study-

ing the unstable free radicals formed in many

chemical and biological systems [20�22]. In this

technique, spin trap compounds are used to convert

unstable free radicals to relatively stable radicals (spin

adducts) in order to measure them by ESR. One of

the most common spin traps, the nitrone compound

a-[4-pyridyl 1-oxide]-N-tert-butyl nitrone (POBN),

preferentially reacts with carbon-centred radicals

formed during lipid peroxidation in vitro and in vivo

[23�25]. However, since many POBN adducts share

identical or similar hyperfine couplings [26], the six-

line ESR spectra that are typically observed for

POBN adducts in such studies cannot give complete

structural and quantitative information for individual

trapped radicals. To overcome this limitation of ESR,

a combination of the LC/ESR and LC/MS techni-

ques has recently been developed [27�30], enabling

one to identify the detailed structures of free radicals

formed from lipid peroxidation of many PUFAs in

the presence of POBN.

This study used LC/ESR and LC/MS to analyse

the spin adducts of carbon-centred radicals formed

from soybean lipoxygenase (LOX)-catalysed EPA

peroxidation in the presence of POBN. Two classes

of EPA-derived radicals, including lipid dihydrox-

yallylic radicals (+L(OH)2) and a variety of radicals

formed from b-scission of lipid alkoxyl radicals, were

identified. Among them, the three major LOX-

catalysed products were the free radicals stemming

from b-scission of 5-, 15- and 18-EPA-alkoxyl

radicals. Using an appropriate internal standard,

this study also comprehensively quantified each

POBN adduct by simultaneously profiling all its

redox forms, including the POBN adduct itself

(ESR-active) and two ESR-silent forms, namely the

hydroxylamine and nitrone adducts. The ability to

also profile ESR-silent forms of radical adducts

greatly improves the sensitivity and reliability of

radical detection and creates a new approach for

ongoing investigation of EPA peroxidation and its

associated bioactivities.

Materials and methods

Reagents

Ethyl alcohol, glacial acetic acid (HOAc), soybean

lipoxygenase (LOX, Type I-B) and ascorbic acid were

purchased from Sigma Chemical Co. (St. Louis,

MO). Eicosapentaenoic acid was obtained from Nu-

Chek-Prep, Inc. (Elysian, MN). High purity a-[4-

pyridyl 1-oxide]-N-tert-butyl nitrone (POBN) was

purchased from Alexis Biochemicals (San Diego,

CA), while deuterium POBN (D9-POBN) was ob-

tained from CDN Isotopes, Inc. (Pointe-Claire, QC,

Canada). HPLC grade acetonitrile (ACN) and LC/

MS grade water were purchased from Mallinckrodt

Baker, Inc. (Phillipsburg, NJ) and EMD Chemicals

Inc. (Darmstadt, Germany), respectively. Chelex†

100 resin (200�400 mesh sodium form) was obtained

from Bio-Rad Laboratories, Inc. (Hercules, CA).

Reaction conditions

All EPA peroxidations were performed in 50 mM (pH

7.5) phosphate buffer aqueous solution which was

treated with Chelex† 100 resin (chelating agent) to

gain a virtually metal-free solution after passing the

ascorbic acid assay [31]. The complete reaction

mixture (1% ethyl alcohol), containing 1 mM EPA,

20 mM POBN and 20 Kunit/mL LOX, was con-

tinuously stirred at 378C and 400 rpm on a Thermo-

Shaker (Boekel Scientific, Feasterville, PA) in the

absence of light.

We found that mixing reaction samples with�20%

ACN (v/v) could improve the reliability of measuring

real time formation of POBN radical adducts because

it completely denatured the LOX enzyme and im-

mediately stopped enzyme-mediated EPA-peroxida-

tion [30]. Thus, at each experimental time point (0.5,

1, 2, 5, 15, 30, 45 and 60 min), aliquots were taken

and mixed immediately with an equal volume of

ACN. After the LOX enzyme was precipitated and

separated from the ACN-sample mixtures using

Microfuge† 22R Centrifuge (Beckman Coulter Inc,

Fullerton, CA) at 5000 rpm for�15 min, the sample

solutions were ready to be analysed for real time

radical formation by off-line ESR analysis. For on-

line LC/ESR and LC/MS analysis, however, the

above enzyme-free ACN-sample mixtures were

further transferred into new tubes and placed in a

VacufugeTM 5301 Concentrator (Eppendorf, Ham-

burg, Germany), where most of the ACN was

evaporated at room temperature in �15 min. These
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enzyme-free concentrated sample solutions were then

either immediately analysed by LC/ESR and LC/MS

or stored at �808C for later analysis.

ESR measurements

Off-line ESR. For the complete reaction system and

relevant control experiments, reaction solutions (with

or without mixing with ACN, 50% v/v) were trans-

ferred to the same ESR flat cell for magnetic field

scans. ESR spectra were obtained with a Bruker

EMX ESR spectrometer equipped with a super high

Q cavity operating at 9.77 GHz and room tempera-

ture. Other ESR spectrometer settings were: mag-

netic field centre, 3494.4 G; magnetic field scan, 70

G; modulation frequency, 100 kHz; microwave

power, 20 mW; modulation amplitude, 1.0 G;

receiver gain, 5.0�104; time constant, 0.655 s; and

conversion time, 0.164 s.

On-line LC/ESR. The on-line LC/ESR system con-

sisted of an Agilent 1200 series HPLC system and the

above Bruker EMX ESR. The outlet of the Agilent

UV detector was connected to the highly sensitive

Aquax ESR cell placed in the ESR cavity with red

PEEK HPLC tubing (0.005 in i.d.). The POBN

radical adducts were monitored at a UV absorption of

265 nm in the HPLC system [32,33], followed by

ESR fixed field detection. There was a 9 s delay

between the UV (LC system) and ESR detection.

LC separations were performed on a C18 column

(ZORBAX Eclipse-XDB, 3.0�75 mm, 3.5 mm)

equilibrated with solvent A (H2O-0.1% HOAc).

The enzyme-free condensed sample solution (40 ml)

was normally injected into the HPLC column by

auto-sampler and eluted at a flow rate of 0.8 mL/min

with gradient elution of (i) 0�40 min: 100% to 30%

of solvent A, 0% to 70% of solvent B (ACN-0.1%

HOAc); (ii) 40�45 min: 30% to 5% of A, 70% to

95% of B; (iii) 45�54 min: 5% of A and 95% of B and

(iv) 54�60 min: 5% to 100% of A and 95% to 0% of

B.

On-line ESR monitoring consisted of a time scan

with the magnetic field fixed on the maximum of the

first line of the off-line ESR spectrum. Other ESR

spectrometer settings were: modulation frequency,

9.8 GHz; modulation amplitude, 3.0 G; microwave

power, 20 mW; receiver gain, 3.8�105; and time

constant, 2.6 s.

LC/MS measurements

The LC/MS system consisted of an Agilent 1200 LC

system and an Agilent LC/MSD Trap SL Mass

Spectrometer. The outlet of the UV detector was

connected with the MS system inlet with Red PEEK

HPLC tubing. Chromatographic conditions were

identical to those used for on-line LC/ESR. However,

the LC flow rate (0.8 mL/min) was adjusted to allow

an input of 30�40 ml/min into the MS system via a

splitter. Positive ions from electrospray ionization

(ESI) were analysed for all LC/MS and LC/MS2

experiments. There was a delay of �35 s between

UV detection and the MS detection.

TIC and EIC (LC/MS). Total ion current chromato-

gram (TIC) in full mass scan mode (m/z 150 to m/z

600) was performed to profile all products formed

from LOX-catalysed EPA peroxidation in the pre-

sence of POBN. Other MS settings were: capillary

voltage,�4500 V; nebulizer press, 20 psi; dry gas

follow rate, 8 L/min; dry temperature, 608C; com-

pound stability, 20%; and number of averaging scans,

50. An extracted ion current chromatogram (EIC)

from the above full scan experiment was obtained to

acquire the MS profile matching the POBN trapped

radical adducts that were monitored as ESR-active

peaks in on-line LC/ESR. An isolation width of m/z9

0.5 Da was used to obtain EICs of protonated

molecular ions of interest.

LC/MS2 identification. LC/MS2 analysis in multiple

reaction monitoring (MRM) mode was performed to

confirm the structure assignment for each POBN

adduct (ESR-active) as well as its two ESR-silent

forms. A 4-Da width was typically used to isolate

protonated molecular ions of interest, including all

redox forms of each POBN adduct. Other settings

were: capillary voltage,�4500 V; nebulizer press, 20

psi; dry gas follow rate, 8 L/min; dry temperature,

608C; compound stability, 20%; and number of

scans, 5.

In order to identify all POBN-related products

(ESR-silent adducts particularly), we designed our

systematic approach as follows: (1) to screen all

POBN-related chromatographic peaks (e.g. monitor-

ing UV 265 nm for molecules with POBN structure)

by comparing UV-chromatogram of POBN control

(non-POBN) system with that of complete reaction

system; (2) to conduct LC/MS analysis for their

possible protonated molecular ions with POBN and

D9-POBN spin trapping experiments; and (3) to

finally confirm structure of POBN adduct (D9-

POBN adduct if need) as well as related redox forms

by conducting LC/MS2 analysis. An LC/MS2 study

of D9-POBN spin trapped products was typically

performed for any peaks of POBN adducts or/and

related redox forms whose structures were not clearly

reflected by fragmentation pattern of LC/MS2 spectra

with POBN alone [30,34,35]. All reaction conditions

of D9-POBN spin trap experiments were the same as

the corresponding POBN spin trapping reaction

system, but with POBN replaced by the same amount

of D9-POBN.

LC/MS quantification. LC/MS settings for quantifica-

tion were identical to the above full scan methods. A

small and known amount of D9-POBN was used
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purely as an internal standard in LC/MS quantifica-

tion. Unlike the above LC/MS2 procedure in which

D9-POBN was used as a spin trap for the purpose of

structure identification, here it was not added until

after the analyte was mixed with a stop-solution (50%

ACN, v/v) to completely denature LOX enzymes

[30]. Based on the average abundance of many types

of POBN radical adducts observed in our complete

reaction system within 1 h of reaction, we chose 2.0

mg/mL as the quantity of internal standard D9-POBN

to add to the ACN-sample mixture. To quantify the

abundance of protonated molecular ions of interest,

the integrated EIC peak of m/z 204 for D9-POBN

was always used as the standard. Quantanalysis

version 1.8 for the 6300 Series Ion trap LC/MS

Agilent In-house Version was used to process the

integration and calculation.

Results

Off-line ESR study of POBN adducts generated from

LOX-catalysed EPA peroxidation

According to the proposed mechanism of EPA

peroxidation (Scheme 1), a variety of structurally

different radicals could form and be trapped in the

presence of POBN. When the complete reaction

system, containing EPA, LOX and POBN, was

subjected to an off-line ESR study, a spectrum typical

(5-, 8-, 11-, 15-, 18-)

58

2) O2 and H

LOOH

Fe2+

LO OL
H2O

POBN/ L(OH)2
m/z 530

(Lipid Dihydroxyl Adduct)
Trapped Radicals from β -Scission of LO

11
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1518
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COOH
O
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O
COOH
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O
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POBN
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1) -H
[M+H]

m/z of POBN Adduct
(m/z of ox/red)

L
∗

†

†‡

*: reaction, relationship, and m/z difference among three redox forms of POBN adduct: 

Oxidized Form (ESR-Silent)    Radical Form (ESR-Active)    Reduced Form (ESR-Silent)

N

H
C RN

O
(H3C)3C

O
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H
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OH
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O

-e, -H +e, +H
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                           (Madd)                  (Protonated Molecule, Madd+1)   (Madd+2)

†: adducts of EPA-alkyl radical and EPA-epoxyallylic radical are below detection limit. 

‡: structure rearrangement from oxygen-centred radical to carbon-centred radical [36].  

R R'

O

R R'

O

Scheme 1. Chemistry of formation of spin adducts of carbon-centred radicals in LOX-catalysed EPA peroxidation, the subsequent redox

reaction and relationship of the three redox forms of the POBN adduct.
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of POBN adducts was detected with hyperfine

coupling constants of aN:15.69 G and aH:2.68

G (Figure 1A). In the control experiment in the

absence of POBN, no ESR signal was observed

(Figure 1B), suggesting that all the EPA-derived

free radicals that are formed are short-lived and that

spin traps such as POBN are required for trapping

and measuring them by ESR.

For the control experiment excluding LOX en-

zyme, a very weak signal was detected (Figure 1C)

because the presence of trace metal ions can cause a

limited reaction from EPA auto-oxidation and sub-

sequent spin trapping. However, in a control experi-

ment in the absence of EPA (Figure 1D), less than 1/

10 the ESR signal intensity as that of the complete

reaction system (Figure 1A) was observed. The

hyperfine coupling constants of aN:15.71 G and

aH:2.62 G (Figure 1D) were consistent with spectra

of the POBN adduct of hydroxyethyl radical

(+C2H4OH) published elsewhere [27,28]. This spin

trapped radical was formed from ethanol oxidation

since the EPA stock solution (in ethanol) was

replaced by the same volume of ethanol in the

experiment.

As shown in Figure 1, the POBN spin trap

technique facilitated ESR detection of carbon-

centred radicals in EPA peroxidation and the results

suggest that the radical adducts formed from the

complete reaction solution mainly resulted from

LOX-catalysed EPA peroxidation. However, lipid

peroxidation is a reaction well-known to be compli-

cated, in which numerous types of free radicals could

form and be trapped in the presence of POBN

(Scheme 1). It is impossible to distinguish either

numbers or types of carbon-centred radicals from

such ESR spectra as Figure 1A because many POBN

radical adducts share the same or similar hyperfine

couplings [26]. To obtain more specific information

about these radicals, we used a combination of LC/

ESR and LC/MS [27�30,34,35].

As a preliminary to subjecting our sample solution

to a high throughput LC/ESR and LC/MS analysis,

we tested the effects of the organic solvent acetonitrile

(ACN) on denaturation of LOX enzyme and attenua-

tion of the off-line ESR signal intensity. When LOX

enzyme was added to the reaction system having

ACN at a proportion�20% (v/v), LOX activity was

completely inhibited and no ESR signal was detected

(data not shown). Therefore, at each experimental

time point, the reaction was stopped by adding an

equal volume of ACN to make a 50% (v/v) sample

mixture for high throughput analysis.

LC/ESR, LC/MS and LC/MS2: Identification of ESR-

active products

When a gradient separation is performed in conjunc-

tion with a larger injection of sample containing

organic solvent, it is possible for many analytes to

elute out immediately. Even a small portion of

organic solvent, e.g. 5% ACN in our case, in the

sample mixture could elute sufficient analyte in the

organic phase to create very poor retention behaviour

in an LC separation [30]. Therefore, in order to

obtain a reliable chromatographic separation of

analyte, the above ACN-sample solution mixtures

(50%, v/v) were subjected to evaporation of all added

ACN (returning to the previous volume) before on-

line LC/ESR and LC/MS analysis.

When the above enzyme-free condensed sample

was subjected to on-line LC/ESR and LC/MS

analysis, a UV chromatogram (absorption at 265

nm, Figure 2A) was obtained. Among numerous UV-

active fractions, only a few were ESR active (peaks 1�
11, Figure 2B); six of these peaks could be matched

with corresponding UV peaks (marked with tRs as

ESR peaks 2�4 and 7�9, Figures 2A and B). Under

the same chromatographic conditions, the ESR peaks

2�4 and 7�9 (Figure 2B) were also profiled for their

possible protonated molecular ions (m/z 240, m/z

282, m/z 224 and three m/z 264s) in a full mass scan

or total ion current chromatogram (TIC, Figure 2C),

3460 3470 3480 3490 3500 3510 3520

C. Non-LOX control

B. Non-POBN control

A. Completed reaction system

D. Non-EPA control

Magnetic Field (G)

Figure 1. Off-line ESR spectra of the complete EPA-peroxidation

system and the relevant control experiments. (A) ESR spectrum of

the complete system at 30 min reaction time. The complete system

(50 mM phosphate buffer, pH 7.5, 1% ethanol) contained 20 mM

POBN, 1 mM EPA and 2�104 Units/mL LOX. An ESR field scan

(70 G) was performed and the hyperfine couplings of this spectrum

were aN:15.69 G, aH:2.68 G; (B, C) ESR spectra of POBN and

LOX control experiments. ESR field scans were performed at 30

min reaction time for the complete reaction mixtures absent of

POBN and LOX, respectively; (D) ESR spectrum of control

experiment of EPA. Reaction mixture excluding EPA (adding

EPA stock solution was replaced by addition of the same volume

of ethanol) was subjected to ESR field scan at 30 min. Hyperfine

coupling constants of this spectrum were aN:15.71 G, aH

:2.62 G.
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respectively. An extracted ion current chromatogram

(EIC, Figure 2D) gave an MS profile similar to the

ESR chromatogram (Figure 2B) when the above

protonated molecular ions were selected. Assign-

ments of all ESR-active peaks in Figure 2B were

made following the LC/MS2 analysis consistent with

the proposed mechanism (Scheme 1).

The ESR chromatogram peak 2 and the related

EIC peak (tR:9.6 min, m/z 240, Figures 2B and D)

most likely corresponded to the POBN adduct of

hydroxyethyl radical (+C2H4OH). This radical,

formed from ethanol oxidation, occurred in the

EPA system because ethanol was used to prepare

EPA stock solutions. The LC/MS2 spectrum of the

m/z 240 ion (Figure 3A) in ESR peak 2 was

consistent with the fragmentation pattern of POBN/
+C2H4OH published elsewhere [27�29] and thus

confirmed the assignment of this structure.
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Figure 2. On-line LC/ESR and LC/MS chromatograms of enzyme-free condensed sample mixture from the experiment of Figure 1A. (A)

UV chromatographic separation was performed at absorption of 265 nm with a C18 column (ZORBAX Eclipse-XDB, 3.0�75 mm, 3.5 mm)

equilibrated with solvent A (H2O-0.1% HOAc). Conditions of gradient elution were described in Methods; (B) ESR chromatogram was

obtained in an ESR spectrometer equipped with an Aquax ESR cell. A time scan was performed with the magnetic field fixed on the

maximum of the first line of Figure 1A. There was a 9 s offset due to the connection between UV detection and ESR detection. On-line ESR

settings were described in Methods; (C) On-line MS (full scan or total ion current chromatogram, TIC, m/z 150 to m/z 600) was obtained

with chromatographic conditions identical to those in on-line ESR. The LC flow rate (0.8 mL/min) was adjusted to 30�40 ml/min into the

MS inlet with a splitter; the first 2 min of LC eluants were always bypassed and not analysed for their MS. There was a 35 s delay between

UV and MS measurement. MS settings were described in Methods; (D) Extracted ion current chromatogram (EIC) of four ions (m/z 240,

m/z 282, m/z 224 and m/z 264) from the above full scan was obtained for the MS profile matching the POBN trapped radicals that were

monitored as ESR-active peaks in on-line ESR. ‘�’: the second EIC peak of the m/z 282 that was a radical-unrelated product since no

corresponding on-line ESR peak was observed in B.

18 Z. Shan et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

3/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The ESR chromatogram peak 3 and the related

EIC peak (tR:10.5 min, m/z 282, Figures 2B and D)

appear to correspond to the POBN adduct of the

propionyloxyl radical (+C4H7O2) that was generated

from b-scission of the 5-EPA-alkoxyl radical (Scheme

1). This assignment was confirmed by its LC/MS2

(Figure 3B), which showed the main fragmentation

ions of POBN/+C4H7O2 [28].

The ESR chromatogram peak 4 and its EIC peak

(tR:12.2 min, m/z 224, Figures 2B and D) could be

assigned to the POBN adduct of the ethyl radical

(+C2H5) that was generated from b-scission of the

18-EPA-alkoxyl radical (Scheme 1). The LC/MS2

spectrum of the m/z 224 in peak 4 (Figure 3C)

showed fragmentation patterns that were consistent

with the assignment of POBN/+C2H5 as published

elsewhere [27].

The ESR chromatogram peaks 7�9 and their EIC

peaks (tR:18.6, 18.8 and 19.9 min, m/z 264s,

Figures 2B and D) appeared to be the three isomers

of the POBN adduct of pentenyl radical (+C5H9).

Pentenyl radical can be formed from b-scission of the

15-EPA-alkoxyl radical (Scheme 1). Unlike the three

well-separated m/z 264 isomers observed in previous

studies [27], here two small isomeric peaks over-

lapped almost completely (tR:18.6 and 18.8 min)

due to the different chromatographic conditions in

this study. The LC/MS2 spectra of the m/z 264 ions

in ESR peaks 7�9 are shown in Figures 3D�F,

respectively. Although the main fragmentation ions

of POBN/+C5H9 were consistent with their structural

assignments, the nearly identical LC/MS2 spectra of

the m/z 264 ions in ESR peaks 7�9 did not provide

enough information to differentiate among the iso-

mers.

The EIC peak (tR:17.9 min) marked by ‘X’ in

Figure 2D was also profiled as m/z 282; however, it

was completely unrelated to POBN/+C4H7O2, whose

ESR-active fraction was seen at tR:10.5 min. In

addition to the absence of a matching ESR peak in

Figure 2B, the LC/MS2 analysis of this m/z 282

fraction provided more convincing evidence that it

was not a POBN adduct, as the distinct fragmenta-

tion pattern of the POBN adduct (e.g. a, b, c, and d

ion, Scheme 1) was not detected (data not shown). In

fact, this product was also formed and separated in

the reaction system excluding POBN.

There were other ESR-active products, such as the

ESR chromatogram peaks 1, 5�6 and 10�11 (Figure

1B) that were much more difficult to match with their

protonated molecular ions, since no matching sets of

peaks were found among on-line UV, on-line ESR

and on-line MS (Figures 2A�C). This phenomenon

often occurs when adducts of very low abundance are

co-eluted with other major components. For exam-

ple, the chance to profile or extract possible mole-
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Figure 3. LC/MS2 spectra of selected POBN adducts that were shown as ESR peaks in Figure 2B. (A) LC/MS2 of m/z 240 ion for on-line

ESR peak 2; (B) LC/MS2 of m/z 282 ion for on-line ESR peak 3; (C) LC/MS2 of m/z 224 for on-line ESR peak 4; (D) LC/MS2 of m/z 264

ion for on-line ESR peak 7; (E) LC/MS2 of m/z 264 ion for on-line ESR peak 8; (F) LC/MS2 of m/z 264 ion for on-line ESR peak 9. Note

that fragmentation patterns and a, b, c and d ions of all tested POBN adducts were consistent with the LC/MS2 of POBN adducts published

elsewhere [27,28] as well as the pattern described in Scheme 1.
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cules for ESR peak 1 (tR:7.3 min) was completely

lost when the dominant m/z 195 ion was co-eluted

due to the necessary overdose of the POBN spin trap.

Indeed, to distinguish limited amounts of different

radical adducts from the large POBN peak (m/z 195,

tR 6.8�8 min) represents a challenge in LC/MS.

According to our previous observations, all peaks

(e.g. peak 1 from the on-line ESR) that co-eluted

with POBN very likely corresponded to the isomers

of POBN adducts of dihydroxylinolenic acid radical
+L(OH)2, polar radicals that form during the LOX-

catalysd peroxidation of many PUFAs [27,28]. To

test for this possibility in EPA peroxidation (Scheme

1), a D9-POBN spin trapping experiment was also

conducted for the same LOX-catalysed system. Solid

evidence for the above assignment was provided by

the similarity of fragmentation patterns in the LC/

MS2 spectra for the m/z 530 ion at tR:7.3 min

(Figure 4A, the POBN adduct of EPA-dihydroxyl

radical) and for the m/z 539 ion (Figure 4B, the D9-

POBN adduct of EPA-dihydroxyl radical).

Among many structural possibilities in the pro-

posed mechanism (Scheme 1), there were two radical

adducts (POBN/+C7H11O2 and POBN/+C10H15O2)

with protonated molecular ions of m/z 322 and 362

that appeared to correspond to the remaining ESR

peaks (5�6 and 10�11). Such radicals are generated

from b-scission of 8-EPA-alkoxyl radical (+C7H11O2)

and 11-EPA-alkoxyl radical (+C10H15O2), respec-

tively. As shown in the EIC (Figure 4C), two isomers

of POBN/+C7H11O2 (m/z 322) most likely corre-

sponded to ESR peaks 5�6 at retention times of 15.6

and 16.3 min. The subsequent LC/MS2 of the m/z

322 ions for these peaks provided convincing evi-

dence of this assignment in the form of the consistent

fragmentation pattern of POBN/+C7H11O2 (a, b, c

and d ion, Figure 4D), although there was not enough

evidence to distinguish between the two relevant

isomers (data not shown). Similarly, the structures

of ESR peaks 10�11 were assigned to two larger

isomers of POBN/+C10H15O2 at tR:20.2 and 20.8

min based on the corresponding EIC and LC/MS2 of

m/z 362 (Figures 4E and F). An additional small

fraction also extracted was a third isomer of POBN/
+C10H15O2 (tR:19.3 min in Figure 4E), which was

overlapped by the most abundant isomer of m/z 264,

ESR peak 9, in Figures 2C and D. However, again,

there was not enough detail from the LC/MS2

analysis of those fractions to distinguish between the

relevant isomers.
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Figure 4. LC/MS2 and EICs of additional POBN adducts that were shown as ESR peaks in Figure 2B. (A, B) LC/MS2 spectra of on-line

ESR peak 1 (m/z 530, POBN/+L(OH)2) and m/z 539 ion from the D9-POBN experiment relevant to on-line ESR peak 1 in Figure 2B. The

D9-POBN-related product always has retention times�12 s shorter than its POBN counterpart under our chromatography conditions.

Some unique characteristics were observed for each associated pair of POBN vs D9-POBN experiments due to fragmentations with/without

the loss of the tert-butyl group (b’ and c’ ion); (C, D) EIC and LC/MS2 of m/z 322 for two isomers of POBN/+C7H11O2 at tR:15.6 and

16.3 min; (E, F) EIC and LC/MS2 of m/z 362 for three isomers of POBN/+C10H15O2 at tR:19.3, 20.2 and 20.8 min. Note that the

fragmentation patterns and a, b, c and d ions of all tested POBN adducts were consistent with the pattern described in Scheme 1.
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For the above two assignments, each chromato-

graphic fraction with m/z 322 or m/z 362 in the

POBN experiment had a counterpart in the D9-

POBN spin trapping experiment whose EIC and LC/

MS2 further verified their respective assignments

(data not shown).

LC/MS study of ESR-silent products: Identification of

redox forms of POBN adducts

Free radicals, including radical adducts, can be either

reduced or oxidized during the system’s reaction

depending on the local redox environment. Under

our reaction conditions, the ESR-active forms of

POBN radical adducts could be converted to two

ESR-silent redox forms of POBN adducts, namely

the hydroxylamine and nitrone adducts (Scheme 1).

The reduction and oxidation of any given POBN

adduct corresponded to the structural changes with-

in91 Da for the protonated molecules during MS

ionization (Scheme 1).

For example, when the EICs of m/z 363 and m/z 361

of control experiments excluding POBN (-POBN,

data not shown) were subtracted individually from

those of the complete EPA-peroxidation experiments

to eliminate fault redox forms of POBN/+C10H15O2,

two possible isomers of the reduced form of such an

adduct were observed as EIC peaks of m/z 363 at tR:

17.2 and 17.9 min (Figure 5A), while only one

oxidized product (or more than one, but not separated

under our conditions) was profiled at tR:14.3 min

(Figure 5B). LC/MS2 studies from POBN spin trap-

ping experiments confirmed these assignments by

showing unique fragmentation patterns of m/z 363

and m/z 361 ions in Figures 5C and D, respectively.

Subsequent LC/MS2 analysis of m/z 372 and m/z 370

from D9-POBN experiments further verified the

assignments (Figures 5E and F).

Similarly, ESR-silent products of other identified

POBN adducts in Figures 2�4 could all be structu-

rally assigned from their EIC and LC/MS2, as listed

in Table I. Note that more isomers for some ESR-

silent adducts were possible than for the original

adduct due to the different positions available to be

protonated (for reduction) or the formation of geo-

metric isomers from the newly formed double bond

(for oxidation), respectively.
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Figure 5. EICs and LC/MS2 of ESR-silent forms of POBN adducts of +C7H11O2. (A, B) EICs of m/z 363 and m/z 361 ions as the reduced

and oxidized forms of POBN/+C7H11O2. The ‘*’ marked EIC peaks represent the portion of the ESR-active form(s) being reduced/oxidized

during MS ionization, while the ‘�’ marked EIC peak represents a radical-unrelated product; (C, D) LC/MS2 of m/z 363 and 361 ions as

the reduced and oxidized forms of POBN/+C7H11O2, respectively; (E, F) LC/MS2 of m/z 372 and 370 ions from the D9-POBN experiment

equivalent to (C) and (D). Note that a D9-POBN-related product always has retention times�12 s shorter than its POBN counterpart

under our chromatography conditions. Some unique characteristics were observed for each associated pair of POBN vs D9-POBN

experiments due to fragmentation with/without the loss of the tert-butyl group (b’ and c’ ion). Note that the EIC of (A) and (B) are actually

the computer-subtracted chromatogram of the EIC of the complete reaction minus that of the -POBN control reaction (to eliminate radical-

unrelated EIC peaks).
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Table I. Retention times, protonated molecular ions and major fragmentation ions observed from LC/MS2 analysis of ESR-silent redox forms of EPA-derived radical adducts.

Radical adducts Redox Mw
$Fragments (m/z)

POBN/+R form (m/z) *tR (min) b�d a�d�O a�d c�O c b a -CO2 -H2O -C3H8

POBN/+C10H15O2 Ox 361 14.3 139 195 305 317 345%

Red 363 17.2, 17.9 109 195% 274 345

POBN/+C2H5 Ox 223 5.7, 10.8 122 179 195 167%

Red 225 6.7 195 205%

POBN/+C5H9 Ox 263 22.0 179 195 207% 245

Red 265 14.9 137 195 207 221%

POBN/+C4H7O2 Ox 281 6.3 123 195 237 263%

Red 283 6.7, 14.3 109 179 195% 225 239 265

POBN/+C7H11O2 Ox 321 27.7 179% 195

Red 323 12.4, 12.6 109 124% 235 263 302

POBN/+L(OH)2 Ox 529 20.5 195 473%

Red 531 6.3 195% 443 473

*Only retention times of radical-related products are listed in this table because these product ions (peaks) are all observed in the computer-subtracted EIC from9POBN experiments, e.g. Figures 5A

and B. These radical-related molecules are also verified from their D9-POBN experiments. Note, without subtracting -POBN experiment, some fault redox forms (radical unrelated molecules) could also

be observed as the relevant EIC peaks, e.g. m/z 363 at tR 7.5 min; m/z 223 at tR 21.2 min; m/z 225 at tRs 10.2 and 10.6 min; m/z 263 at tRs 14.1, 18.1 and 26.5 min; m/z 265 at tR 16.6 min; m/z 281 and

283 at tR 18.1 min; m/z 321 at tR 23.9 min; and m/z 323 at tR 24.7 min.

$Note that fragmentation patterns and a, b, c, and d ions of all tested POBN adducts were consistent with the LC/MS2 of POBN adducts published elsewhere [27,28,30] as well as the pattern described

in Scheme 1.

%Marked fragmentation ions represent the base peak of each product during MS2 analysis.

Note, the redox forms of the m/z 240 ion (m/z 241 and m/z 239) were not analysed because they are EPA-unrelated radicals.
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LC/MS comprehensive quantification of spin-trapped

radicals

Quantification of free radical formation is critical for

evaluation and interpretation of many radical-

mediated biological processes. Our high throughput

LC/MS analysis allowed us to simultaneously identify

all three redox forms of each POBN trapped radical

[30,35]. It has now been refined and extended to a

high throughput LC/MS screen for a comprehensive

quantification of each free radical’s formation, with

D9-POBN used as an internal quantitative standard

rather than a spin trap for radical identification. For

this purpose, 2.0 mg/mL D9-POBN was added as

internal standard after the analyte was mixed with

ACN (to denature and precipitate LOX enzyme and

thereby stop radical generation) for quantifying three

redox forms of all POBN adducts (e.g. peaks labelled

with retention time in EICs of Figure 6 and Tables I

and II). Note that during an MS ionization, POBN

adducts also readily convert to other redox forms. For

instance, due to the ongoing redox reactions inside

the MS source, a portion of POBN/+C5H9 (m/z 264)

was detected as both the oxidized form (m/z 263 ion,

marked with $ in Figure 6C) at tR:19.9 min and the

reduced form (m/z 265 ion, marked with an asterisk

in Figure 6B) although m/z 265 ion might also result

from isotopic contribution. To comprehensively but

not doubly count the quantity of POBN adduct of
+C5H9, we include all redox forms generated both

during the system reaction and inside the MS source

by subtracting 16.6% (isotopic contribution) of total

amount of POBN/+C5H9 at 19.9 min (Figure 6B).

In addition, considering possibly different ioniza-

tion efficiencies among three redox forms of POBN

adducts, we directly calculated oxidized forms of all

POBN radical adducts (D9-POBN structural analo-

gue) with MS response factor 1:1 in absolute

concentration units (mg/mL), while concentration of

POBN radical adduct and adduct reduced forms have

been calculated in concentration units (mg/mL) by

considering their MS response factors (1:2.05 and

1:2.87, respectively) toward internal standard D9-

POBN (2.0 mg/mL Table II). With consideration of

isotopic contribution, the redox forms of each POBN

adduct in LOX-catalysed EPA peroxidation are

comprehensively quantified as listed in Table II.

This experiment represents the first comprehensive

quantification of the radicals produced from EPA

peroxidation in both their long-lived ESR active

forms and their oxidized or reduced ESR inactive

forms.

Discussion

Increased evidence from recent animal and in vitro

cellular research indicates that the metabolism of

EPA can inhibit carcinogenesis in many cancers. Free

radical-mediated peroxidation is one of many possible

mechanisms to which EPA’s anti-cancer activity has

been attributed. However, even though they are the

most reactive intermediates in its peroxidation, EPA-

derived radicals have previously received no attention

for their possible anti-cancer activities due to the lack

of an appropriate method to measure them directly.

Although the ESR spin trapping technique is a

unique tool for studying radical mechanism of in

vitro or in vivo lipid peroxidation [21�26], its impact

is very restricted by two inherent limitations: (1) spin

trapped radicals, e.g. POBN adducts, can’t be

identified in detail since many radicals share identical

or nearly identical ESR spectra; and (2) detection

sensitivity is extremely low since in vivo radical

adducts are mostly reduced or oxidized to ESR-silent

forms, hydroxylamine and nitrone adduct due to the

presence of numerous reducing or oxidizing agents in

cellular or living systems.

In this work we have used the combination

technique of LC/ESR and LC/MS to comprehen-
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Figure 6. Comprehensive quantification of POBN/+C5H9 via LC/

MS with an internal standard (I.S.) of 2.0 mg/mL D9-POBN. (A)

EIC abundance of m/z 264 ion (ESR-active form of POBN/+C5H9)

at tR:18.6, 18.8, and 19.9 min; (B) EIC abundance of m/z 265

ion as the reduced form of POBN/+C5H9 at tR:14.9 min, as well

as asterisked peak at tR:19.9 min (generated from m/z 264 ion

due to MS ionization as well as isotopic contribution); and (C) EIC

abundance of m/z 263 ion (oxidized forms of POBN/+C5H9) at

tR:22.0 min and peak marked by ‘$’ at tR:19.9 min (generated

from m/z 264 ion due to MS ionization). EIC peaks marked ‘X’

represent radical-unrelated products. Quantanalysis version 1.8 for

Agilent 6300 Series Ion trap LC/MS was used to process the

integration and calculation.
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Table II. Relative quantification of each POBN adduct in all three redox forms formed from LOX-catalysed EPA peroxidation.

POBN/+C5H9 POBN/+C2H5 POBN/+C4H7O2 POBN/+C7H11O2 POBN/+C10H15O2
jPOBN/+L(OH)2

Reaction

Time

(min)

Ox*

m/z 263

Rad$

m/z 264

Red%

m/z 265

Ox*

m/z 223

Rad$

m/z 224

Red%

m/z 225

Ox*

m/z 281

Rad$

m/z 282

Red%

m/z 283

Ox*

m/z 321

Rad$

m/z 322

Red%

m/z 323

Ox*

m/z 361

Rad$

m/z 362

Red%

m/z 363

Ox*

m/z 529

0.5 0.269

0.03

1.759

0.13

0.129

0.01

0.009

0.00

0.099

0.00

0.099

0.0

0.009

0.00

0.049

0.00

0.039

0.01

0.129

0.00

0.049

0.00

0.009

0.00

0.009

0.00

0.029

0.00

0.099

0.05

0.0090.00

1 0.339

0.02

2.339

0.28

0.149

0.02

0.189

0.05

0.209

0.03

0.119

0.01

0.009

0.00

0.099

0.01

0.059

0.00

0.189

0.01

0.069

0.01

0.029

0.00

0.009

0.00

0.049

0.00

0.189

0.02

0.0190.00

2 0.489

0.05

3.189

0.16

0.229

0.03

0.309

0.04

0.249

0.01

0.119

0.00

0.049

0.00

0.119

0.00

0.059

0.01

0.329

0.04

0.089

0.01

0.039

0.00

0.009

0.00

0.079

0.01

0.219

0.07

0.0390.00

5 1.039

0.15

6.549

1.43

0.669

0.11

1.079

0.13

1.139

0.19

0.389

0.05

0.139

0.02

0.379

0.07

0.159

0.03

0.769

0.12

0.079

0.01

0.069

0.01

0. 079

0.03

0. 019

0.00

0.369

0.20

0.0490.00

15 1.289

0.22

7.799

1.06

1.609

0.15

1.069

0.20

0.829

0.15

0.249

0.04

0.179

0.05

0.379

0.06

0.109

0.02

0.879

0.13

0.199

0.03

0.149

0.03

0.069

0.02

0.159

0.02

0.319

0.10

0.1290.02

30 0.909

0.03

5.519

1.31

0.519

0.08

1.439

0.10

1.689

0.05

0.389

0.07

0.179

0.01

0.549

0.03

0.109

0.00

0.549

0.03

0.079

0.01

0.059

0.00

0.039

0.01

0.019

0.00

0.519

0.02

0.0490.01

45 0.879

0.14

5.049

0.67

0.469

0.14

1.659

0.37

1.929

0.28

0.369

0.08

0.219

0.04

0.599

0.10

0.109

0.03

0.609

0.09

0.099

0.02

0.089

0.01

0.109

0.03

0.019

0.00

0.579

0.32

0.0690.03

60 1.109

0.03

9.189

1.04

0.809

0.09

2.749

0.27

3.159

0.22

0.559

0.05

0.409

0.06

1.059

0.11

0.159

0.02

0.699

0.03

0.149

0.03

0.179

0.01

0.089

0.03

0.019

0.00

0.599

0.23

0.2490.07

*Oxidized forms of POBN radical adducts, e.g. nitrone adducts, are structural analogues of nitrone compounds (spin trap POBN as well as its isotope-substitute D9-POBN). Thus, oxidized forms of

POBN radical adducts are directly quantified (1:1) in the absolute concentration unit when D9-POBN (2.0 mg/ml) was used as internal standard.

$ and % The different ionization efficiencies among the redox forms of POBN adduct are measured and calculated using an LOX-catalysed linoleic acid peroxidation as a model system where two main

POBN adducts (POBN/+C8H15O2 and POBN/+C5H11) are formed and their reduced forms can also be obtained following the reaction with a large amount of ascorbic acid. Under our experiment

condition, by comparing MS efficiencies for the above two POBN radical adducts and their reduced forms toward to D9-POBN (2.0 mg/mL, internal standard), we defined response factors of D9-POBN

(standard) vs POBN radical adduct vs reduced adduct forms as 1:2.05:2.87. Thus, those values were used to normalize original MS peak area, e.g. peaks in Figure 6, for data in the Table.

j spin adduct as well as the reduced form failed to produce reliable statistical data, both due to overlap with the necessary overdose of POBN.

Note, the ESR-active peak 2, m/z 240 for POBN/+C2H4OH, was not listed since it was not an EPA-related radical product and has been characterized in many previous studies. Quantanalysis version

1.8 for Agilent 6300 Series Ion trap LC/MS was used to process the integration and calculation. Data are expressed as means9SD from n]3.
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sively profile the spin adducts of carbon-centred

radicals formed from soybean lipoxygenase-catalysed

EPA peroxidation in the presence of POBN. Two

classes of EPA-derived radicals (Scheme 1) were

identified as ESR-active forms: lipid dihydroxyallylic

radicals (+L(OH)2) and a variety of radicals formed

from b-scission of lipid alkoxyl radicals (stemmed

from the Fenton-type reactions of the relevant

LOOHs, Scheme 1). The free radicals that stem

from b-scission of 5-, 15- and 18-EPA-alkoxyl

radicals were observed as three major products in

the order +C5H9�
+C2H5�

+C4H7O2, while the

radicals stemming from b-scission of 8- and 11-

EPA-alkoxyl radicals were two minor products,
+C7H11O2 and +C10H15O2. In addition to identifying

ESR-active forms of each radical adduct by LC/ESR,

ESR-silent forms of each adduct have also been

identified in subsequent LC/MS analysis. By means

of an internal standard in LC/MS, we have also

quantified each radical adduct in all its redox forms.

The additional ability to profile ESR-silent forms of

radical adducts greatly improves the sensitivity and

reliability of radical detection and creates a new

approach for our ongoing investigation of EPA

peroxidation and its associated bioactivities.

During a 1-h reaction, the overall free radical

profiles did not show significant changes in our in

vitro system, as most of the LOX-catalysed radical

reaction appears to occur within the first 45 s, during

which time�90% of the oxygen was consumed in the

reaction solution (data not shown). When pH 8.7

buffer solution (with optimized LOX activity) or

higher concentrations of POBN (�80 mM) were

substituted for our previous conditions [27,28], two

additional classes of radicals were also detected: the

EPA alkyl radical and epoxyallylic radicals (data not

shown).

When the chromatographic fraction of a radical

adduct and/or its redox forms is low, it normally

results in a poor quality LC/MS2 spectrum, whose

fragmentation pattern sometimes fails to contain

enough information to confirm the proposed struc-

ture. In this case, LC/MS2 coupled with a combina-

tion of POBN and D9-POBN spin trapping

experiments offers a unique and powerful identifica-

tion strategy for such structural confirmation

[30,34,35]. For any given trapped radical, the ob-

servation of identical LC/MS2 fragmentation patterns

for both a POBN and a D9-POBN adduct confirms

the structure even with poor quality MS spectra. For

example, identical fragments caused by losing a

radical (+R) from POBN and D9-POBN adducts

(9-Da difference between their protonated mole-

cules) leads to the observation of pair(s) of fragment

ions differing by 9 Da, such as m/z 195 (c ion) and m/

z 204 (c’ ion) as POBN and D9-POBN fragments,

respectively (Figures 4A, B, 5C and F). Other unique

pairs always observed include those involving the loss

of the tert-butyl groups of POBN, i.e. a and b vs a’

and b’ ions (where hydrogen was replaced by deuter-

ium in D9-POBN). In addition, each counterpart of a

given D9-POBN-trapped radical or related derivative

had a retention time�12 s shorter than that of the

corresponding POBN product under our separation

conditions. All of these features make this analysis

extremely valuable for structural identification of all

redox forms of POBN adducts.

The reliability of traditional ESR quantification

protocols, whether internal or external, has always

been suspect since a structurally different standard

compound must be used. In addition, when radical

measurement must be followed with sample hand-

ling, e.g. lipid extraction procedure, chromatographic

separation or even simple dilution/condensation with

an organic solvent for enzyme precipitation, addi-

tional problems are introduced; it is then impossible

to accomplish radical quantification with any type of

ESR standard or protocol appropriately. Based on

our observations, although all redox forms of the

radical adduct most likely share a common moiety

(the nitrone attached to the pyridyl ring) with POBN

as the preferred position for protonation during MS

ionization (Scheme 1), they have different MS

efficiencies [37�38], most likely in the order of

reduced form�radical form�oxidized form

(2.87:2.05:1) under our experiment condition. As a

POBN structural analogue, however, oxidized form

of POBN radical adduct would directly be quantified

(1:1) with internal standard D9-POBN in absolute

concentration unit, while other redox forms, e.g.

radical form and reduced form, would more appro-

priately be normalized with their relative response

factors (calculated from the experiments of a model

system described in footnote of Table II). In addition,

reliable quantification of radical formation should

take into account all its redox forms generated not

only during the system reaction, but also during MS

ionization. Under our condition, since negligible

changes of MS spectra with solvent condition were

also observed for all tested compounds under HPLC

gradient composition of 10�70% ACN, it is no doubt

that our protocol is presently the most comprehensive

for quantitation of radical formation from EPA

peroxidation.
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