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Abstract: Infant milk formula was used as a model food to compare the
sensitivity of thiobarbituric acid reactive substances (TBARS) and hydroperoxide
methods to UPLC-MS/MS oxylipin analysis for detecting early lipid oxidation.
Two different infant milk formulas were tested during 21 days of storage at 4◦C.
Formulas 1 and 2 contained canola oil and canola oil + 1% docosahexaenoic acid
ethyl ester, respectively. Formulaswere sampled up to 21 days of storage. Formula
2 had higher peroxide values than Formula 1 across all time points. However,
no significant differences over time in TBARS and peroxide values in either for-
mula were observed. Several oxylipins increased in both formulas starting on
day 7 (linoleic acid and alpha-linolenic acid-derived oxylipins in Formula 1 and
DHA-derived oxylipins in Formula 2). These results indicate that free oxylip-
ins are effective in detecting early lipid oxidation and distinguishing between
formulations containing different fatty acids.

KEYWORDS
hydroperoxide, lipid oxidation, milk formula, TBARs, UPLC-MS/MS

Practical Application: We have recently shown that primary oxidation prod-
ucts known as oxylipins can be measured in their free form by ultra-high
pressure liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) to
detect early lipid oxidation. However, a head-to-head comparison of the sen-
sitivity of this approach to conventional spectrophotometric methods has not
been evaluated. Our results indicate that free oxylipin measurements are bet-
ter than conventional methods in detecting early lipid oxidation in milk infant
formula distinguishing between different formulations.

5252 © 2022 Institute of Food Technologists. J. Food Sci. 2022;87:5252–5262.wileyonlinelibrary.com/journal/jfds

 17503841, 2022, 12, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1750-3841.16364 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [17/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:jdemourabell@ucdavis.edu
https://wileyonlinelibrary.com/journal/jfds
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1750-3841.16364&domain=pdf&date_stamp=2022-11-18


EARLY DETECTION OF INFANT FORMULA LIPID OXIDATION 5253

1 INTRODUCTION

Lipid oxidation is the major cause of rancidity and loss
of nutritional quality in foods (German, 1999). It involves
the oxidation of polyunsaturated fatty acids (PUFAs) by
free radicals or singlet oxygenmolecules to generate PUFA
hydroperoxides, which can further oxidize to form more
stable PUFA hydroxy or ketone molecules known as
oxylipins or primary oxidation products (Richardson et al.,
2017; Yang et al., 2009). Oxidized PUFAs can autodegrade
via beta-scission into secondary volatile compounds (e.g.,
malonaldehyde and short-chain ketones) responsible for
many of the sensory properties of foods (Ahmed et al., 2016;
Christi &Harwoo, 2020; Dias et al., 2020; St. Angelo, 1996).
To date, conventional methods used to measure lipid

oxidation in food matrices have relied on the quantifica-
tion of free fatty acids, primary oxidation products such
as hydroperoxides, or secondary oxidation products such
as malonaldehyde (Cesa, 2004; Cesa et al., 2015; Dias
et al., 2020; Drapala et al., 2018; Turoli et al., 2004). Some
other analytical methods, such as gas chromatography
(GC), high-performance liquid chromatography (HPLC),
or near-infrared reflectance (NIR) spectroscopy have also
been used for determining some oxidation compounds
in milk, including odorants (secondary fatty acid oxi-
dation products), cholesterol oxidation products (COPs),
and aldehydes (Daoud et al., 2020; Gorassini et al., 2017;
Siefarth et al., 2013).
Recently, we reported the use of ultra-high pressure

liquid chromatography coupled to tandem mass spec-
trometry (UPLC-MS/MS) for identifying and quantifying
multiple primary oxidation products (i.e., oxylipins) in oils
(Richardson et al., 2017), potatoes (Zhang et al., 2021),
bovine milk (Dias et al., 2020; Teixeira et al., 2021), and
human breast milk (Gan et al., 2020). A key advantage of
UPLC-MS/MS is that multiple primary oxidation products
can be measured simultaneously, thus providing detailed
analytical information on the composition of oxylipins
in food matrices and how they may change with pro-
cessing (Dias et al., 2020; Zhang et al., 2021). Another
advantage is that oxylipins can be detected at nanomolar
concentrations, which is lower than the millimolar limits
of detection of more conventional assays such as perox-
ide value and thiobarbituric acid reactive species (TBARS)
for measuring PUFA hydroperoxides and malonaldehyde,
respectively.
One unresolved question was whether the UPLC-

MS/MS method employed by our group could be used
to detect early lipid oxidation, compared to other con-
ventional assays. In a prior study, PUFA-derived oxylip-
ins decreased in milk following thermal processing, but
hydroperoxide content and TBARS did not change, sug-
gesting that oxylipins may serve as more sensitive markers

of lipid oxidation compared to spectrophotometric assays
(Dias et al., 2020).
In the present study, we tested the hypothesis that

oxylipins measured with UPLC-MS/MS would readily
detect early lipid oxidation in infant milk formula com-
pared to standard conventional oxidation methods such as
TBARS and hydroperoxide value, during refrigerated stor-
age. A secondary aim was to evaluate the impact of milk
formula PUFA composition on lipid oxidation, as current
research has shown that the oxylipin profile of a sample is
related to the precursor PUFA composition of the sample
(Emami et al., 2020; Richardson et al., 2017). Infant milk
formula was used as a model food representative of the
main PUFAs in breast milk.

2 MATERIALS ANDMETHODS

2.1 Chemicals

Cumene hydroperoxide (Cat#L06866) and n-Propyl 3,4,5-
Trihydroxy-benzoate (Propil gallate [PG]; Cat#A10877)
were purchased from Alfa Aesar (Haverhill, MA, USA).
Barium chloride (BaCl2; Cat #S25187), acetonitrile (Cat
#A956-1), chloroform HPLC grade (Cat #C607-4), ethyl
acetate (Cat #E196-4), iso-octane HPLC grade (Cat #0296-
1), methanol (Cat #A454-4), methanol LC-MS grade
(Cat #A456-4) were purchased from Fisher Scientific
(Hampton, NH, USA). 1-butanol HPLC grade (Cat #
AC393750010) and isopropanol (Cat #AC184130010) were
purchased from Acros Organics (Morris, NJ, USA). Acetic
acid (Cat #695092), butylated hydroxytoluene (BHT; Cat
#W218405-SAMPLE-K), ethylenediaminetetraacetic acid
(EDTA; Cat #EDS-100G), Iron (II) sulfate heptahy-
drate (FeSO4; Sigma, Cat #F7002), 2-Thiobarbituric acid
(TBA; Cat#T5500), trichloroacetic acid (TCA; Cat#91228),
triphenylphosphine (TPP; Cat #3T84409), and 1,1,3,3-
Tetramethoxypropane (TEP; Cat #108383) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).
Deuterated standards used as surrogates and unlabeled

oxylipins used for compound identification and the
external standard curve were purchased from Cayman
Chemical (Ann Arbor, MI, USA). The nine deuterated
compounds used in the surrogate mix were: d11-11,12-
epoxyeicosatrienoic acid (EpETrE – Cat #10006413),
d11-14,15-dihydroxyeicosatrienoic acid (DiHETrE –
Cat #1008040), d4-6-keto-prostaglandin (PG) F1α (Cat
#315210), d4-9-hydroxyoctadecadienoic acid (HODE –
Cat #338410), d4-leukotrine B4 (LTB4 – Cat #320110), d4-
prostaglandin (PG) E2 (Cat #314010), d4-thromboxane B2
(TXB2 – Cat #319030), d6-20-hydroxyeicosatetraenoic acid
(HETE – Cat #390030), and d8-5-hydroxyeicosatetraenoic
acid (HETE – Cat #334230).
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5254 EARLY DETECTION OF INFANT FORMULA LIPID OXIDATION

For the preparation of the infant milk formulas, instant
nonfat dry milk, canola oil, and lecithin were purchased
from a local supermarket in Davis, CA, USA. Maltodex-
trin was purchased from Grain Processing Corporation
(Muscatine, IA, USA), and docosahexaenoic acid ethyl
ester (DHA ethyl ester; Cat # 9090310) was acquired from
Cayman Chemicals.

2.2 Samples

Infant formulasmust have an appropriate balance ofwater,
carbohydrate, protein, fatty acids, vitamins, and minerals
to provide sufficient growth and maintain the good health
of infants. The three major classes of infant formulas are
milk-based formulas, soy-based formulas, and specialized
formulas, which are usually enriched with nutrients, such
as DHA and AA. Children who receive formula need an
exogenous supply of AA and DHA to achieve fatty acid
levels in plasma like breastfed infants. There are beneficial
effects of PUFA on the cognitive and visual development of
infants (Fang et al., 2020; Guo & Ahmad, 2014; Mendonça
et al., 2017; Nieto-Ruiz et al., 2020).
Hence, two different infant formulas were prepared, one

containing canola oil as the lipid base (Formula 1) and the
other containing both canola oil and DHA ethyl ester as
the source of lipids (Formula 2). The composition of the
formulas was as follows:

Formula 1: 86.69% water; 4% oil (100% canola oil), 8%
maltodextrin, 1.3% milk protein concentrate 0.01%
lecithin.

Formula 2: 86.69% water; 4% oil (99.7% canola oil and
0.3% DHA ethyl ester), 8% maltodextrin, 1.3% milk
protein concentrate 0.01% lecithin.

The ingredients were mixed using a homogenizer sys-
tem (PolyTron, PT-2500E, Kinematica) for 5 min at
20,000 rpm. The total volume for each formula was 2 L,
which was further separated into four batches of 500 ml.
Each formula was sampled at baseline (time point 0; 1
aliquot of 15 ml of each batch, n = 4 for each formula) and
frozen at −80◦C. The milk formulas were then stored at
4◦C for 21 days. Aliquots (n = 4) of each sample were col-
lected on 1, 3, 7, 14, and 21 days of storage and frozen at
−80◦C until further analysis.

2.3 Free oxylipin measurements

Free oxylipins were extracted from 200 µl of infant for-
mula. Ice-chilled methanol (600 µl) was used to pre-
cipitate proteins, and the samples were spiked with

10 µl of an antioxidant mixture containing 0.2 mg/ml
of each ethylenediaminetetraacetic acid (EDTA), buty-
lated hydroxytoluene (BHT), triphenylphosphine (TPP),
and 10 µL of a 2-µM deuterated surrogate standard mix
containing d11-11(12)-EpETrE, d11-14,15-DiHETrE, d4-6-
keto-PGF1a, d4-9HODE, d4-LTB4, d4-PGE2, d4-TXB2, d6-
20-HETE, and d8-5-HETE in LC-MS grade methanol. The
antioxidant mix was prepared by mixing 0.6 mg/ml EDTA
in water, 0.6 mg/ml BHT in methanol, and 0.6 mg/ml
TPP in water:methanol (1:1; v/v) at a 1:1:1 ratio (v/v/v),
and filtering the mixture through a 0.45-µm Millipore
filter (Millipore Corporation, Bedford, MA, USA; Cat
#SLHVM25NS) to remove solid particles.
Free oxylipin extracts were vortexed and centrifuged

at 0◦C at 15,000 × g for 10 min. The methanol con-
tent was adjusted to 15% methanol by mixing ∼770 µl
of supernatant with 3.3 ml of distilled water. Oxylipins
were purified with 60 mg Oasis HLB solid-phase extrac-
tion (SPE) columns (3 cc, Waters Corporation, CA, USA;
Cat #WAT094226), washed with one column volume of
ethyl acetate and two column volumes of methanol, and
conditioned with two column volumes of SPE buffer con-
taining 0.1% acetic acid and 5% methanol in ultra-pure
Millipore water.
The columns were dried for 20 min under vacuum

(∼15 psi), and the oxylipins were eluted with 1.5 ml of ethyl
acetate and 0.5 ml of methanol (LC-MS grade). The sam-
ples were then dried using nitrogen and reconstituted with
100 µl of methanol. The reconstituted samples were trans-
ferred to Ultrafree-MC centrifugal filters (0.1 µm;Millipore
Merck, #UFC30VV00), centrifuged at 11,998× g for 20min
at 0◦C and analyzed by UPLC-MS/MS.

2.3.1 UPLC-MS/MS analysis

Oxylipins were analyzed on a 1290 Infinity ultra-high-
pressure-liquid chromatography (UHPLC) instrument
coupled to a 6460 QQQ MS/MS with electrospray
ionization (ESI) and Jet Stream Technology (Agilent Tech-
nologies, Santa Clara, CA, USA). Oxylipins were separated
using a ZORBAX Eclipse Plus C18 column (ID: 2.1 mm;
length: 150 mm; particle size; 1.8 µm; Agilent Technolo-
gies). The mobile phases (A and B) consisted of: 0.1%
acetic acid in ultrapure water and acetonitrile:methanol
(80:15, v/v) with 0.1% acetic acid.
The samples were eluted according to the following gra-

dient profile: 35% B as the initial condition; 40% at 3 min;
48% at 4 min; 60% at 10 min; 70% at 20 min; 85% at 24 min;
100% at 24.6 min, and 35% at 26.1 min. The total run time
was 28 min. The flow rate was 0.3 ml/min from 0 min
to 3 min, it was reduced to 0.25 ml/min between 3 min
and 24.5 min, increased to 0.35 ml/min from 24.6 min to
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EARLY DETECTION OF INFANT FORMULA LIPID OXIDATION 5255

27.5 min, and then reduced to 0.3 ml/min at 27.6 min until
28 min. The sample injection volume was 10 µl.
The triple quadrupole was operated in negative ESI

mode. Oxylipins were identified under optimized dynamic
multiple reaction monitoring (dMRM) conditions sum-
marized in Table S1. The drying gas temperature was
300◦C with a flow rate of 10 L/min, sheath gas temper-
ature was 350◦C at a flow of 11 L/min and the nebulizer
pressure was 35 psi. Identification of compounds was
achieved by plotting a standard curve for each ana-
lyte. Deuterated surrogates used to quantify detected
oxylipins in the infant formula samples are shown in
Table S2.

2.3.2 Surrogate standard recovery

The percent recovery of each surrogate was determined as
follows:

Surrogate recovery (%)

=
Peak area of surrogate in sample

Peak area of surrogate in oxylipin standard mix
× 100 (1)

2.3.3 Ion suppression

Ion suppression was determined by preparing the follow-
ing solutions:

(1) Solution I: 10 µl of a standard solution+ 50 µl blank
methanol sample.

(2) Solution II: 10 µl of methanol + 50 µl of oxylipin
extract from each formula sample.

(3) Solution III: 10 µl of a standard solution + 50 µl of
oxylipin extract from each formula sample.

The samples were analyzed using UPLC-MS/MS, and
ion suppression was determined as follows:

Ion supression (%)

=
Peak area of solution III

Peak area of solution I + Peak area of solution II
× 100 (2)

2.4 Quantification of hydroperoxide
value by spectrophotometric method

Hydroperoxides were measured by mixing 300 µl of each
infant formula with 1.5 ml of isooctane/isopropanol (3:1,
v/v), using a vortex (10 s, three times) and then centrifu-
gated at 14,600 × g for 10 min. The organic solvent phase

(200 µl) was added to 2.8 ml of methanol/1-butanol (2:1,
v/v), followed by the addition of 30 µl of the indicator solu-
tion. The indicator solutionwas preparedwith amixture of
equal parts (1:1 v/v) of (i) 3.94 M ammonium thiocyanate
and (ii) ferrous iron solution (prepared by mixing 0.144 M
FeSO4.7H2O in Mili-Q water and 0.132 M BaCl2.H4O2
solution inHCl 0.4M, 1:1, v/v). The absorbance of the solu-
tion was measured at 510 nm, 20 min after the addition
of the iron. Hydroperoxide concentrations were deter-
mined using a cumene hydroperoxide (CHP) standard
curve (R2 = 0.9998) with concentrations varying from 0
µg.ml−1 to 18.26 µg.ml−1 (Shantha & Decker, 1994).

2.5 Thiobarbituric acid reactive
substance measurement

Lipid peroxidation was also determined using the thiobar-
bituric acid reactive substance (TBARS) assay as described
by Papastergiadis et al. (2012) and Mendes et al. (2009).
This method measures malondialdehyde (MDA), sec-
ondary oxidation products of lipid peroxides, using thio-
barbituric acid (TBA) reagent. The reaction of MDA with
TBA forms a pink-colored complex that is measured spec-
trophotometrically at 532 nm (Papastergiadis et al., 2012).
The infant formulas were vortexed, and approximately
3 ml of each sample was weighed in a 50 ml falcon tube. A
total of 6 ml of 7.5% trichloroacetic acid (TCA) (w/v) with
0.1% (w/v) of ethylenediaminetetraacetic acid (EDTA) and
0.1% (w/v) of PG was added. The mixture was centrifuged
for 10 min at 6000 rpm. For the spectrophotometric deter-
mination, 1 ml of the supernatant and 1 ml of the TBA
reagent (46 mM in 99% glacial acetic acid) were mixed in
a test tube and heated in a boiling water bath for 35 min.
The reaction mixture was chilled, and the absorbance
was measured at 532 nm by spectrophotometry (Thermo
Scientific, GENESYS 10S UV-Vis, USA). For quantifica-
tion, a standard curve of 1,1,3,3-tetra-ethoxypropane (TEP;
approximately 97%) (R2 = 0.9992) ranging from 0.13 µg.g−1
to 2.2 µg.g−1 was prepared.

2.6 Statistical analysis

Data were analyzed with a two-way repeated measures
analysis of variance (ANOVA) followed by Dunnett’s post-
hoc test, using GraphPad Prism 8 (GraphPad Software,
Inc., La Jolla, CA, U). The sample size was 4 per formula,
collected at multiple time points (0, 1, 3, 7, 14, and 21 days).
Statistical significance was set at p < 0.05 (two-tailed).
An unpaired t-test was used to compare the two different
infant formulas at each time points.
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5256 EARLY DETECTION OF INFANT FORMULA LIPID OXIDATION

F IGURE 1 Hydroperoxide (a) and TBARs (b) content, in µg CHP ml−1 and µg MDA g−1 of Infant Milk Formulas, respectively. Notes: *
Statistically different from the control (Initial storage time [0 days]) by two-way repeated measured ANOVA followed by Dunnett’s post-hoc
test with p < 0.05 for Formula 1. + Statistically different from the control (Initial storage time [0 days]) by two-way repeated ANOVA followed
by Dunnett’s post-hoc test with p < 0.05 for Formula 2

3 RESULTS AND DISCUSSION

Lipid oxidation in food involves the continuous forma-
tion of hydroperoxides and unstable primary oxidation
products, which are susceptible to decomposition into
secondary oxidation products (Shahidi & Zhong, 2020).
Therefore, we measured hydroperoxide and TBARS con-
centrations in two infant milk formulas with different
PUFA compositions, stored at 4◦C for 21 days.
Storage time did not significantly alter hydroperoxide

concentrations for both formulas (Figure 1a). However, in
Formula 2, hydroperoxide concentration was significantly
higher than the hydroperoxide concentration of Formula
1, at all time points (Figure 1a). Hydroperoxide concen-
trations ranged between 0.19 µg CHP.ml−1 and 0.44 µg
CHP.ml−1 and from 1.49 to 2.16 µg CHP.mL−1 in Formu-
las 1 and 2, respectively. Consistent with the hydroperoxide
values, storage time did not alter TBARS concentrations
(Figure 1b). However, unlike the hydroperoxide findings,
no statistically significant effects were revealed between
the types of formulas. TBARS values ranged from 0.30 to
0.40 and from 0.36 to 0.46 µg MDA.g−1 for Formulas 1 and
2, respectively (Figure 1b).
Differences in hydroperoxide content between formu-

las may be related to their PUFA composition. Formula 1
lacked DHA, whereas Formula 2 contained 1% DHA ethyl
ester of total fatty acids. These findings suggest that the
presence of longer-chain PUFA such asDHA in the sample
may make the formula more susceptible to oxidation. This
is consistent with a study by Ogasawara et al. (2020) which
studied the development of human milk fat substitutes

(HMFSs). They found that the oxidation stability depends
on the molecular species of the lipid fraction since modifi-
cations in the PUFA-TAGmolecules had a significant effect
on the stability of HMFSs.
The reasons for the inconsistency between hydroper-

oxide and TBARS between formulas may relate to the
specificity of the TBARS assay towards malonaldehyde
(MDA). The degradation of hydroperoxides leads to the for-
mation of hundreds of secondary volatiles which include
short-chain (< 6 carbons) aldehydes, ketones, or alcohols
(Shahidi & Zhong, 2020). The TBARS method used in
the present study only measures one class (MDA) out of
many volatiles. It is possible that the other secondary prod-
ucts of hydroperoxide degradation, not measured in the
present study, differed between formulas. This can be fur-
ther investigated in future studies with head-space GC-MS
methods.
The lack of storage effect on milk samples agrees with

other studies. Semeniuc et al. (2009) studied the oxidative
status of powdered infant formula products stored at 15◦C
for 35 months and observed no significant effect on per-
oxide value and TBARS during storage. A similar trend
was observed for the storage of milk formula emulsions
for 3, 7, 11, and 14 days at 40◦C (Drapala et al., 2018). This
last study and ours presented a high standard deviation for
hydroperoxide content and TBARS. The coefficient of vari-
ation (CV) varied from 0.6% to 139.1% for hydroperoxide
and 0.0 to 119.4% for TBARS analysis, in the Semeniuc et al.
(2009) study, and from 6.22 to 120.66 % for hydroperoxide
and 28.23 to 71.27% for TBARS analysis, in ours. The high
CV observed in both studies could be due to the relatively
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EARLY DETECTION OF INFANT FORMULA LIPID OXIDATION 5257

F IGURE 2 Linoleic acid (LA)-derived oxidized metabolites in infant milk formula (nmol L−1). Notes: * Statistically different from the
control (initial storage time [0 days]) by two-way repeated ANOVA followed by Dunnett’s post-hoc test with p < 0.05 for Formula 1. +
Statistically different from the control (Initial storage time (0 days)) by two-way repeated ANOVA followed by Dunnett’s post-hoc test with
p < 0.05 for Formula 2

low concentration of MDA, which typically forms during
late-stage oxidation, the instability of hydroperoxides, or
the matrix involved.
Because hydroperoxides are unstable, we measured the

concentration of more-stable primary oxidation products
(i.e., oxylipins) with UPLC-MS/MS. The concentration
of free oxylipins derived from linoleic acid (LA), alpha-
linolenic acid (ALA), and docosahexaenoic acid (DHA)
are shown in Figures 2–4, respectively. The content of
each compound in the different time points was com-
pared with baseline (Time 0). As shown in the figures,

PUFA-derived oxylipins increased with storage time for
both formulas; however, those derived from DHA only
increased in Formula 2, whereas those derived from LA
and ALA increased, mainly, in Formula 1.
In Formula 1, LA-derived metabolites, 12(13)-

epoxyoctadeenoic acid (12 (13)-EpOME), 13-hydroxyo-
ctadecadienoic acid (13-HODE), 9-hydroxyoctadecadie-
noic acid (9-HODE), significantly increased by the 14th day
of storage. Also, 9,10-epoxyoctadeenoic acid (9,10-EpOME)
showed a significant increase from 4.81 nmol/L (day 0)
to 14.49 nmol/L on day 21. Formula 2 only presented
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5258 EARLY DETECTION OF INFANT FORMULA LIPID OXIDATION

F IGURE 3 Alpha-linolenic acid (ALA)-derived oxidized metabolites in infant milk formula (nmol L−1). Notes: * Statistically different
from the control (Initial storage time [0 days]) by two-way repeated ANOVA followed by Dunnett’s post-hoc test with p < 0.05 for Formula 1.
+ Statistically different from the control (Initial storage time [0 days]) by two-way repeated ANOVA followed by Dunnett’s post-hoc test with
p < 0.05 for Formula 2

F IGURE 4 Docosahexaenoic acid (DHA)-derived oxidized metabolites in infant milk formula (nmol L−1). Notes: Values before 14 days
were below the instrument limit of detection (LOD; LOD 17HDoHE = 0.83 nmol/L; LOD19(20)-EpDPE = 0.69 nmol/L; LOD
16(17)-EpDPE = 0.17 nmol/L; LOD13(14)EpDPE = 0.17 nmol/L; LOD 10(11)EpDPE = 0.17 nmol/L). * Statistically different from the control (Initial storage
time [0 days]) by two-way repeated ANOVA followed by Dunnett’s post-hoc test with p < 0.05 for Formula 1. + Statistically different from the
control (Initial storage time [0 days]) by two-way repeated ANOVA followed by Dunnett’s post-hoc test with p < 0.05 for Formula 2

an increase in the 9-oxo-ODE content on the 7th day of
storage.
Similarly, ALA-derived 9-hydroxyoctadecatrienoic

acid (9-HoTrE) and 13-hydroxyoctadecatrienoic acid

(13-HOTrE) present on Formula 1 increased after 14 days
of storage (Figure 3). Formula 2 showed an increase only
in the 9-HoTrE content on the 14th day, from 2.12 nmol/L
(day 0) to 4.51 nmol/L (day 14).
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TABLE 1 Ion suppression of oxidized metabolites in infant milk formula

Precursor Compounds IS
Ion suppression
(%)

LA 9-HODE d4-9HODE 96
13-HODE d4-9HODE 105
9-oxo-ODE d6-20-HETE 92
13-oxo-ODE d6-20-HETE 105
12(13)-EpOME d11-11(12)-EpETrE 88
9(10)-EpOME d11-14,15-DiHETrE 90
12,13-DiHOME d11-14,15-DiHETrE 109
9,10-DiHOME d11-14,15-DiHETrE 92
9,10,13-TriHOME d4-TXB2 88
9,12,13-TriHOME d4-TXB2 91

ALA 13-HOTrE d4-9HODE 108
9-HOTrE d4-9HODE 97

DHA 19(20)-EpDPE d11-11(12)-EpETrE 95
16(17)-EpDPE d11-11(12)-EpETrE 87
13(14)EpDPE d11-11(12)-EpETrE 88
10(11)EpDPE d11-11(12)-EpETrE 90
17-HDoHE d4-9HODE 103

Abbreviations: DiHETrE, dihydroxyicosatrienoic acid; EpETre, epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; EpDPE, epoxydocosapentanoic
acid; HDoHE, hydroxydocosahexaenoic acid; EpOME, epoxyoctadecenoic acid; DiHOME, dihydroxyoctadecenoic acid; TriHOME, trihydroxyoctademonoenoic
acid; HODE, hydroxyoctadecadienoic acid; oxo-ODE, oxo-octadecadienoic acid; HOTrE, hydroxyoctadecatrienoic acid; IS, internal standard; TXB2, thromboxane
B2.

TABLE 2 Recovery (%) of oxidized metabolites in milk Formula 1

Recovery (%)—Formula 1

Precursor Compounds IS T0 T1 T3 T7 T14 T21

LA 9-HODE d4-9-HODE 81.31 ± 31.93 67.3 ± 9.27 66.03 ± 7.84 77.26 ± 20.51 78.29 ± 12 72.25 ± 30.91

13-HODE d4-9 -HODE 81.31 ± 31.93 67.3 ± 9.27 66.03 ± 7.84 77.26 ± 20.51 78.29 ± 12 72.25 ± 30.91

9-oxo-ODE d6-20-HETE 63.49 ± 33.51 57.19 ± 11.48 61.72 ± 10.87 70.87 ± 18.37 70.72 ± 18.69 68.5 ± 29.62

13-oxo-ODE d6-20-HETE 59.86 ± 31.6 53.92 ± 10.83 58.19 ± 10.25 66.81 ± 17.32 66.67 ± 17.62 64.58 ± 27.93

12(13)-EpOME d11-11(12)-EpETrE 68.26 ± 26.35 57.1 ± 8.48 57.1 ± 8.71 68.44 ± 16.48 63.6 ± 9.59 60.36 ± 23.41

9(10)-EpOME d11-14,15-DiHETrE 68.82 ± 26.57 57.57 ± 8.55 57.57 ± 8.78 69.01 ± 16.61 64.13 ± 9.67 60.86 ± 23.6

12,13-DiHOME d11-14,15-DiHETrE 119.59 ± 51.12 101.81 ± 15.24 95.19 ± 15.4 111.82 ± 25.3 116.36 ± 21.28 109.57 ± 53.12

9,10-DiHOME d11-14,15-DiHETrE 119.59 ± 51.12 101.81 ± 15.24 95.19 ± 15.4 111.82 ± 25.3 116.36 ± 21.28 109.57 ± 53.12

9,10,13-TriHOME d4-TXB2 90.91 ± 22.4 78.28 ± 1.12 73.67 ± 11.27 87.19 ± 20.71 81.54 ± 6.31 76.6 ± 23.43

9,12,13-TriHOME d4-TXB2 93.13 ± 22.94 80.19 ± 1.14 75.47 ± 11.54 89.32 ± 21.22 83.53 ± 6.47 78.47 ± 24

ALA 13-HOTrE d4-9HODE 81.31 ± 31.93 67.3 ± 9.27 66.03 ± 7.84 77.26 ± 20.51 78.29 ± 12 72.25 ± 30.91

9-HOTrE d4-9HODE 81.31 ± 31.93 67.3 ± 9.27 66.03 ± 7.84 77.26 ± 20.51 78.29 ± 12 72.25 ± 30.91

DHA 19(20)-EpDPE d11-11(12)-EpETrE 119.56 ± 51.11 101.79 ± 15.24 95.17 ± 15.39 111.8 ± 25.3 116.33 ± 21.27 109.54 ± 53.1

16(17)-EpDPE d11-11(12)-EpETrE 68.82 ± 26.57 57.57 ± 8.55 57.57 ± 8.78 69.01 ± 16.61 64.13 ± 9.67 60.86 ± 23.6

13(14)EpDPE d11-11(12)-EpETrE 68.82 ± 26.57 57.57 ± 8.55 57.57 ± 8.78 69.01 ± 16.61 64.13 ± 9.67 60.86 ± 23.6

10(11)EpDPE d11-11(12)-EpETrE 68.73 ± 26.53 57.49 ± 8.54 57.5 ± 8.77 68.92 ± 16.59 64.04 ± 9.66 60.78 ± 23.57

17-HDoHE d4-9HODE 81.31 ± 31.93 67.3 ± 9.27 66.03 ± 7.84 77.26 ± 20.51 78.29 ± 12 72.25 ± 30.91

Abbreviations: DiHETrE, dihydroxyicosatrienoic acid; EpETre, epoxyeicosatrienoic acid; HETE, hydroxyeicosatetraenoic acid; EpDPE, epoxydo-
cosapentanoic acid; HDoHE, hydroxydocosahexaenoic acid; EpOME, epoxyoctadecenoic acid; DiHOME, dihydroxyoctadecenoic acid; TriHOME,
trihydroxyoctademonoenoic acid; HODE, hydroxyoctadecadienoic acid; oxo-ODE, oxo-octadecadienoic acid; HOTrE, hydroxyoctadecatrienoic acid; IS,
internal standard; TXB2, thromboxane B2.
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TABLE 3 Recovery (%) of oxidized metabolites in infant milk Formula 2

Recovery (%)—Formula 2

Precursor Compounds IS T0 T1 T3 T7 T14 T21

LA 9-HODE d4-9HODE 71.06 ± 21.07 54.37 ± 27.9 69.2 ± 6.39 61.61 ± 11.02 66.72 ± 15.4 69.59 ± 9.81

13-HODE d4-9HODE 71.06 ± 21.07 54.37 ± 27.9 69.2 ± 6.39 61.61 ± 11.02 66.72 ± 15.4 69.59 ± 9.81

9-oxo-ODE d6-20-HETE 62.77 ± 20.06 50 ± 25.75 55.92 ± 16.77 47.83 ± 15.35 61.16 ± 26.91 56.76 ± 5.69

13-oxo-ODE d6-20-HETE 59.18 ± 18.91 47.14 ± 24.28 52.72 ± 15.81 45.09 ± 14.47 57.66 ± 25.37 53.51 ± 5.36

12(13)-EpOME d11-11(12)-EpETrE 62.47 ± 16.57 42.6 ± 22.21 56.89 ± 7.39 50.9 ± 8.51 57.26 ± 11.78 70.04 ± 10.2

9(10)-EpOME d11-14,15-DiHETrE 62.99 ± 16.71 42.96 ± 22.39 57.36 ± 7.45 51.32 ± 8.58 57.73 ± 11.88 70.62 ± 10.28

12,13-DiHOME d11-14,15-DiHETrE 114.14 ± 36.36 81.38 ± 44.5 100.84 ± 15.89 91.32 ± 16.65 98.01 ± 23.6 99.65 ± 7.11

9,10-DiHOME d11-14,15-DiHETrE 114.14 ± 36.36 81.38 ± 44.5 100.84 ± 15.89 91.32 ± 16.65 98.01 ± 23.6 99.65 ± 7.11

9,10,13-TriHOME d4-TXB2 74.98 ± 14.27 61.19 ± 31.14 70.74 ± 5.2 70.12 ± 7.97 71.77 ± 9.52 76.6 ± 4.1

9,12,13-TriHOME d4-TXB2 76.81 ± 14.62 62.68 ± 31.9 72.46 ± 5.33 71.83 ± 8.16 73.52 ± 9.76 78.47 ± 4.2

ALA 13-HOTrE d4-9HODE 71.06 ± 21.07 54.37 ± 27.9 69.2 ± 6.39 61.61 ± 11.02 66.72 ± 15.4 69.59 ± 9.81

9-HOTrE d4-9HODE 71.06 ± 21.07 54.37 ± 27.9 69.2 ± 6.39 61.61 ± 11.02 66.72 ± 15.4 69.59 ± 9.81

DHA 19(20)-EpDPE d11-11(12)-EpETrE 114.11 ± 36.35 81.36 ± 44.5 100.82 ± 15.89 91.3 ± 16.65 97.99 ± 23.59 99.63 ± 7.11

16(17)-EpDPE d11-11(12)-EpETrE 62.99 ± 16.71 42.96 ± 22.39 57.36 ± 7.45 51.32 ± 8.58 57.73 ± 11.88 70.62 ± 10.28

13(14)EpDPE d11-11(12)-EpETrE 62.99 ± 16.71 42.96 ± 22.39 57.36 ± 7.45 51.32 ± 8.58 57.73 ± 11.88 70.62 ± 10.28

10(11)EpDPE d11-11(12)-EpETrE 62.91 ± 16.69 42.9 ± 22.37 57.29 ± 7.44 51.25 ± 8.57 57.66 ± 11.86 70.53 ± 10.27

17-HDoHE d4-9HODE 71.06 ± 21.07 54.37 ± 27.9 69.2 ± 6.39 61.61 ± 11.02 66.72 ± 15.4 69.59 ± 9.81

Abbreviations: DiHETrE, dihydroxyicosatrienoic acid; DiHOME, dihydroxyoctadecenoic acid; EpDPE, epoxydocosapentanoic acid; EpETre, epoxye-
icosatrienoic acid; EpOME, epoxyoctadecenoic acid; HDoHE, hydroxydocosahexaenoic acid; HETE, hydroxyeicosatetraenoic acid; HODE, hydroxy-
octadecadienoic acid; HOTrE, hydroxyoctadecatrienoic acid; oxo-ODE, oxo-octadecadienoic acid; TriHOME, trihydroxyoctademonoenoic acid; TXB2,
thromboxane B2.

DHA-derived compounds were only detected in For-
mula 2, which contained added DHA. 17-HDoHE, 19(20)-
EpDPE, 16(17)-EpDPE, and 10(11)-EpDPE increased begin-
ning from day 14 of storage compared to day 0 (Figure 4).
The results suggest that PUFA composition determines the
type of oxylipins that change due to storage.
In addition, to assess the possibility of the matrix inter-

fering with the detection of oxylipins, ion suppression
and the percent of surrogate recovery were measured. Ion
suppression ranged from 87% to 103% (Table 1), suggest-
ing minimal matrix effects on the compounds measured
( a value of 100% reflects no matrix effects). The surro-
gate standard recoveries ranged from 53.92 to 119.59% in
Formula 1 (Table 2) and 42.60 to 114.14% in Formula 2
(Table 3), reflecting similar losses of some compounds
during the extraction across all storage time points and
between formulas. This means that the observed differ-
ences in oxylipin concentrations between Formulas 1 and
2 are real and unrelated to ion suppression or surrogate
extraction recoveries.
An interesting but unexpected finding in the present

study is that the addition of DHA (in Formula 2) spared
the oxidation of LA and ALA. This suggests some form of
competition among PUFA molecules for oxidation. In this
particular case, DHA appears to have been preferentially
oxidized over LA and ALA (Formula 2) which is in agree-

ment with the notion that highly unsaturated fatty acids
are more easily oxidized than less unsaturated fatty acids
(Matsushita, 1990).

4 CONCLUSION

The findings from this study demonstrate that changes
in infant milk formula lipid oxidation during 4◦C stor-
age were detected by oxylipin analysis with UPLC-MS/MS
but not hydroperoxide or TBARS measurement. Specific
oxylipins were altered during storage, depending on the
PUFA composition of the infant formula. When DHA
was present, DHA-derived oxylipins changed over time
(Formula 2). In its absence, mainly LA and ALA-derived
oxylipins changed over time (Formula 1). These signatures
could be used to identify the extent of lipid oxidation in
specific food products based on their PUFA composition.
Finally, UPLC-MS/MS analysis of oxylipins effectively
detects lipid oxidation in the early stages, potentially
allowing for more accurate shelf-life estimations.
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