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Autoxidation is an autocatalytic free-radical chain reaction respon-
sible for the oxidative destruction of organic molecules in biological
cells, foods, plastics, petrochemicals, fuels, and the environment. In
cellular membranes, lipid autoxidation (peroxidation) is linked with
oxidative stress, age-related diseases, and cancers. The estab-
lished mechanism of autoxidation proceeds via H-atom abstraction
through a cyclic network of peroxy–hydroperoxide-mediated free-
radical chain reactions. For a series of model unsaturated lipids, we
present evidence for an autoxidation mechanism, initiated by hy-
droxyl radical (OH) addition to C=C bonds and propagated by chain
reactions involving Criegee intermediates (CIs). This mechanism
leads to unexpectedly rapid autoxidation even in the presence of
water, implying that as reactive intermediates, CI could play a much
more prominent role in chemistries beyond the atmosphere.

autoxidation | Criegee intermediate | unsaturated lipids

As a consequence of the Earth’s oxygen-rich atmosphere,
reactive oxygen species (ROS) are formed ubiquitously dur-

ing photochemistry, pollution events, smoking, and in vivo during
cellular respiration and as byproducts of biochemical pathways
(1, 2). ROS include hydroxyl (OH) and hydroperoxyl radicals
(HO2), hydrogen peroxide (H2O2), superoxide, and excited states
of O2. ROS degrade organic molecules by initiating and propa-
gating free-radical chain reactions known as autoxidation (3). In
cells, autoxidation of lipids, known as peroxidation (3), disrupts
membrane structure and function and induces oxidative stress and
rancidity in foods. Oxidative stress (3, 4) is widely implicated in
aging, cancer, neurodegeneration, diabetes, and so on (5, 6).
Substantial commercial effort is devoted to antioxidant formulations
to short-circuit autoxidation to prevent disease and prolong the
shelf life of foods, plastics, and other industrial products (7). Ra-
tional design of antioxidants in turn depends upon understanding
the rates, mechanisms, and intermediates involved in autoxidation.
Autoxidation (i.e., lipid peroxidation) is a free-radical chain

reaction that occurs in three phases: initiation, propagation, and
termination (3). For lipids that contain C=C bonds, evidence
gathered since the 1940s shows that autoxidation is initiated via
H abstraction by ROS and other radicals at allylic and biallylic
reaction sites (8, 9). Propagation occurs via H-atom transfer to
peroxy radicals (RO2) to form hydroperoxides (ROOH), which
maintains the radical pool (Fig. 1A). Decomposition and further
reactions of ROOH form additional radical products that am-
plify the chain reaction. However, a number of studies report
reaction products (e.g., epoxides and various scission products)
that are not easily explained by this established mechanism (Fig.
1A), suggesting that other reaction networks are involved (10,
11). Here, we present evidence for an additional autoxidation
mechanism initiated by OH addition to C=C bonds and propa-
gated by pathways involving Criegee intermediates (CIs).
Previous mechanistic studies of lipid peroxidation were typi-

cally initiated by azo compounds (3, 12) to mimic the role of
ROS, which are difficult to study due to their high reactivity and
complex kinetics. The use of azo initiators, as ROS proxies,
preselects the main autoxidation pathways to proceed via the
established H abstraction route shown in Fig. 1A. Thus for OH,
which can both rapidly abstract H atoms as well as add to C=C

double bonds (13), azo initiators may not always capture the
operative pathways in the environment or in biology.
The hydroxyl radical (OH) is readily formed in the environ-

ment/atmosphere photochemically (1) and in vivo (2). Despite its
substantial reactivity toward all major classes of biological mol-
ecules, very few studies have focused on isolating OH reactivity
from other ROS (14). Early studies suggest that the reaction
mechanism of OH with unsaturated lipids might be rather dif-
ferent from other ROS species (13).
The OH-initiated autoxidation of model liquid-phase lipids is

examined using a continuous flow stirred tank reactor (15). Lipid
nanodroplets are introduced as aerosols and exposed to gas-phase
OH, produced in situ (Methods). Reaction kinetics and prod-
ucts are measured in real time using a vacuum UV aerosol mass
spectrometer (16, 17). This approach differs substantially from
previous experiments but is designed to achieve controlled and
quantifiable OH initiation and propagation rates. This is done
by precisely measuring the gas-phase OH concentration ([OH])
and droplet surface area, which together yield, via gas kinetic
theory, a precise measure of the OH-droplet collision frequency
(i.e., initiation rate). From the OH collision frequency and con-
sumption rate of the lipid, an effective reaction probability (γeff)
can be determined (15). γeff is the fraction of OH collisions that
yield a reaction. If the lipid is consumed at or near the OH
collision frequency, then γeff ≤ 1, whereas values larger than 1
indicate the presence of free-radical chain reactions (i.e., au-
toxidation) (18, 19).
Using this approach, the OH reaction kinetics and products

were measured for a series of neat model lipid compounds: squa-
lene (Sqe, C30H50), arachidonic acid (AA, C20H32O2), linoleic acid
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(LA, C18H32O2), oleic acid (OA, C18H34O2), and cis-9-tricosene
(Tri, C23H46). Sqe is a major constituent (∼12%) in human se-
bum (20), while AA, LA, and OA are important unsaturated fatty
acid components of phospholipid cell membranes (3). These
compounds differ in the number of C=C, allylic and biallylic C–H
bonds, and functional groups enabling insight into how molecular
structure alters autoxidation rates and product distributions (3).
Shown in Fig. 2 is γeff as a function of [OH] for Sqe, AA, LA,

OA, and Tri. [OH] is kept low to mimic environmental and bi-
ological conditions where autoxidation occurs. For those mole-
cules with C=C bonds, γeff > 1. For Sqe, at [OH] ∼106 cm−3, γeff
approaches ∼70, indicating that for every OH collision, 70 Sqe
molecules are additionally consumed by radical chain cycling
pathways. At [OH] ∼107 cm−3, γeff is around 21, 31, 8, 6, and 3
for Sqe, AA, LA, OA, and Tri, respectively. γeff is observed to
increase with the number of C=C bonds with the exception of
AA, which exhibits a slightly larger reactivity than that of Sqe
despite having two fewer C=C bonds. This trend points to the
key role that C=C bond number plays both in the initiation and
propagation steps, as discussed below.
For the unsaturated lipids, decreasing [OH] increases γeff,

providing clear evidence for radical cycling (i.e., autoxidation),
since higher [OH] produces a larger radical density in the
droplet, which favors radical + radical termination reactions
(e.g., RO2 + RO2, Fig. 1) (18). In contrast, radical chain cycling
is not observed (γeff < 1) for three saturated compounds: squalane
(Sqa, no C=C double bonds, γeff ∼ 0.5) (15), 2-octyl-1-dodecanol
(γeff ∼ 0.2), and 2-decyl-tetradecanol (γeff ∼ 0.3).
While the observations in Fig. 2 confirm that autoxidation oc-

curs and is consistent with previous studies, the major lipid reac-
tion products that are detected are not. Shown in Fig. 3 is a mass
spectrum recorded for Sqe (m/z = 410) during the OH reaction. A
series of peaks are observed at m/z = 248, 316, and 384 and are
identified as aldehydes (C17H28O, C22H36O, and C27H44O). Other
reaction products are observed at m/z = 322, 390, 458, 526, and
594 and are identified as secondary ozonides (SOZs). The ob-
servation of SOZs is unexpected and together with the aldehydes
are nearly identical to the products typically observed in alkene
ozonolysis reactions. For example, the ozonolysis of Sqe (21)
produces the same five SOZs (SI Appendix, Fig. S3), which are

formed by reactions of CIs with carbonyl compounds (21, 22).
Extensive experimental checks confirmed that the ozone con-
centration in our reactor is below 1–3 ppb and therefore too
small to account for the observed products (SI Appendix, Fig.
S1). Thus, the detection of SOZs, instead of hydroperoxides
(ROOH, Fig. 1A), formed by OH autoxidation provides a dis-
tinctive fingerprint for the presence of CI. This is consistent
with recent observations by Beauchamp and coworkers (23), who
reported evidence for CI formed during OH reactions.
As further confirmation for the presence of CI, two liquid

alcohols (2-octyl-1-dodecanol and 2-decyl-1-tetradecanol) were
separately added to the nanodroplets comprising Sqe (Fig. 3 and

Fig. 1. Two reaction schemes for the OH-initiated autoxidation of unsaturated lipids. (A) The established lipid peroxidation scheme, which is initiated by H
abstraction at allylic C-H sites and propagated by peroxy radicals (RO2) and hydroperoxides (ROOH). (B) CI-driven lipid autoxidation mechanism, which is
initiated by the OH addition reactions and propagated by chain reactions involving the CI. The reaction of two RO2 radicals are common termination steps in
both mechanisms. Additional termination reactions of CI include their reactions with aldehydes (RC = O) to produce SOZs, with alcohols (ROH) to produce
α-hydroperoxide ethers, and with carboxylic acids (ROOH) to produce hydroperoxide esters.

Fig. 2. Effective reaction probability (γeff) as a function of OH concentration
([OH]). γeff of Sqe, AA, LA, OA, Tri, squalane (Sqa), 2-decyl-1-tetradecanol
and 2-octyl-1-dodecanol as a function of [OH] at an RH of 30%. The data for
Sqa are from ref. 15. Values of γeff ≤ 1 indicate that the reaction is pro-
ceeding at or below the OH collision (i.e., initiation) rate. Values larger than
1 are evidence for radical chain reactions and an overall autoxidation rate
that exceeds the OH collision frequency.
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SI Appendix, Fig. S2). Alcohols are CI scavengers and upon re-
action form distinctive α-hydroperoxide ether products (24). The
alcohol scavengers are saturated and thus competing reactions
with OH, under our reaction conditions, are very slow (Fig. 2).
As shown in Fig. 3B, the SOZ products disappear when adding

the CI scavenger and a series of peaks form and are assigned to
the expected α-hydroperoxide ether products. These products
often do not appear as molecular ions but rather at m/z values
corresponding to the elimination of either H2O2, HO2, H2O, or
OH—likely due to dissociative photoionization. In separate
control experiments, the same CI scavenger was used in the O3 +
Sqe reaction where CIs are known to form. The same set of
peaks are observed (SI Appendix, Fig. S3) thus confirming the
assignments in Fig. 3 for the OH reaction. The six distinct
α-hydroperoxide ether products originate from the reactions (SI
Appendix, Figs. S4 and S5) of the alcohol with the six possible CI
(C3H6O2, C8H14O2, C13H22O2, C17H28O2, C22H36O2, and
C27H44O2) formed in Sqe (21).
As shown in Fig. 3C, increasing the alcohol mole fraction

decreases the quantity of SOZ, which is accompanied by a cor-
responding increase in aldehydes and α-hydroperoxide ether
products. This is a consequence of the competition between CI +
aldehyde reactions to form SOZ and CI + alcohol reactions that
form α-hydroperoxide ethers.
Importantly, increasing the concentration of the CI scavenger

(2-decyl-1-tetradecanol) decreases γeff (i.e., autoxidation rate)
for Sqe (Fig. 3D). At an alcohol mole fraction of 48%, the radical
chain length decreases by a factor of ∼2 from a value of 21 (pure
Sqe). It is accompanied by a substantial increase in the apparent
γeff of the alcohol (γeff > 10 in a 30% mixture with Sqe), as it is
increasingly consumed by CI formed in the reaction. Together
these observations show that CI reaction pathways are central
both for the formation of SOZs and α-hydroperoxide ether prod-
ucts as well as for controlling the overall rate of autoxidation.
An additional set of experiments reveals the general impor-

tance of CI in the OH autoxidation of cis-9-tricosene and the
three unsaturated lipid acids (AA, LA, and OA). These include

reactions with OH (and separate control reactions with O3 for
comparison), with and without the CI scavengers (SI Appendix,
Figs. S6–S13). With the addition of the alcohol scavenger to pure
cis-9-tricosene, α-hydroperoxide ethers products appear, thus
confirming the production of CI during OH autoxidation.
For the three fatty acids, the carboxylic acid group can additionally

react with CI to produce hydroperoxide esters (25). These are de-
tected, and confirmed using separate O3 experiments (SI Appendix,
Figs. S8–S13). For AA, α-hydroperoxide ethers are detected with
the alcohol scavenger, while without the scavenger the hydro-
peroxide ester is not and is a subject for future investigation.
From these measurements, we can conclude that the dominant

OH-initiated autoxidation products (e.g., SOZs) arise from CI
pathways, which appear also to play a central role in controlling
autoxidation rates (Fig. 3D). These products are not explained by
the established autoxidation mechanism (Fig. 1A). Additionally,
the substantial changes in the mass spectra observed when
adding alcohol or water (described below) are not consistent
with the established autoxidation mechanism, since peroxy rad-
icals (RO2), unlike CI, do not readily react with H2O or alcohol.
Based these observations and reported CI pathways (26–28),

an autoxidation mechanism is proposed and shown in Fig. 1B.
The initiation step involves the OH addition to the C=C bond of
the lipid and subsequent O2 addition to generate a β-hydroxyl
peroxyl radical (Fig. 1B). This differs substantially from the
established initiation step of H abstraction and is likely unique to
OH (vs. other ROS). Two β-hydroxyl peroxy radicals can react to
form stable termination products or alkoxy radicals. Alterna-
tively, C–C bond scission of the β-hydroxyl peroxyl radical could
produce a CI and α-hydroxyl alkyl radical, consistent with the
recent results of Beauchamp and coworkers (23). In the gas
phase, rapid unimolecular decomposition of the CI can re-
generate OH (27). This OH, in turn, adds to another C=C bond
to propagate the chain reaction. We propose that this is the key
propagation step that explains the large γeff (Fig. 2) and its de-
pendence upon C=C bond number (e.g., Sqe vs. Tri) as well as
the decrease in γeff with the addition of the CI scavenger (Fig. 3).

Fig. 3. (A and B) VUV-AMS of the OH + Sqe reaction products. (C) Reaction products and (D) effective reaction probability as a function of alcohol mole
fraction. (A) Difference mass spectra (unreacted Sqe – reacted Sqe) showing aldehyde products (C17H28O, C22H36O, and C27H44O) and five SOZs. (B) Difference
spectra showing product distribution when the CI scavenger (2-decyl-1-tetradecanol) is added to Sqe. Major products are the same three aldehydes, and six
α-hydroperoxide ethers (with their structures and fragments in colors). (C) SOZs, aldehydes, and α-hydroperoxide ethers as a function of alcohol mole fraction
(2-decyl-1-tetradecanol). (D) γeff of Sqe and 2-decyl-1-tetradecanol as a function of alcohol percentage (2-decyl-1-tetradecanol). All experiments are per-
formed at [OH] (∼1.2 × 107 molecules/cm3) and under RH ∼0%.
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Bimolecular reactions of CI (Fig. 1B) terminate the chain re-
action, such as the reaction with aldehydes to produce SOZs
(22), or with alcohol to produce α-hydroperoxide ethers (24),
which are consistent with the mass spectra shown in Fig. 3.
Water plays a substantial role in vivo and in the environment.

Hence, we examined how water impacts the autoxidation rate of
Sqe. As expected (Fig. 4), the concentration of SOZs decrease
with increasing relative humidity (RH), reflecting the competi-
tion between reactions of CI with water vs. aldehydes as shown in
Fig. 1B (21). Importantly, however, γeff does not change with
increasing RH, indicating that water has no apparent effect on
the magnitude of the autoxidation rate. The CI + H2O reaction
produces a carbonyl product and an additional ROS species—
H2O2 (29, 30), which is likely photolyzed to reform OH thereby
sustaining the autoxidation chain reaction. In vivo or in other
environments, it is likely that OH would be regenerated from
H2O2 via other pathways involving Fenton-type chemistry.
Here we report evidence that lipid autoxidation initiated by OH

is propagated by CI. This mechanism is an additional pathway to
the established one (i.e., initiated by H abstraction and propagated
by peroxy radicals) and is likely unique to OH. Despite the identity
of the initiating ROS, the two pathways are in reality intertwined,
since OH can be formed in the established mechanism either
by the thermal decomposition of ROOH/H2O2 or by Fenton’s
chemistry in biological systems. This mechanism generates many of
the volatile aldehyde products associated with the onset of ran-
cidity in food products and cellular membrane decomposition. The
formation of SOZ products suggests new studies are needed to
evaluate their chemistry in biological environments. More gener-
ally, these results imply that CIs play a much more general role,
beyond atmospheric chemistry, in the oxidative destruction of or-
ganic molecules in a variety of natural and industrial environments.

Methods
Two experimental setups are used to study the heterogeneous oxidation of
lipids. For the lipid oxidation experiments using OH, a continuous flow stirred
tank reactor (CFSTR) was used and is described in detail in refs. 15, 18, and 31.
For oxidation experiments using ozone (O3), a flowtube reactor is used and
is described in further detail in ref. 21. Both reactors operate at atmospheric
pressure and room temperature (25 °C).

Polydisperse lipid droplets are formed via the homogeneous nucleation.
This is done by passing dry N2 through a heated Pyrex tube containing the

neat liquid (either lipid or lipid/alcohol mixture). Furnace temperatures are
adjusted for each lipid (based upon vapor pressure) to achieve stable droplet
formation. For example, 135 °C was used for Sqe and 125 °C for LA. As the
flow passes out of the oven it cools, nucleating droplets (∼106 cm−3) in a log-
normal distribution with an average particle diameter ∼200 nm. The
particle-laden flow is then passed through an annular activated charcoal
denuder to remove any residual gas-phase contributions to the droplets
flow. The final average nanodroplet mass concentrations introduced into
the CFSTR or the flowtube reactor is ∼2,000 μg/m3. Prior to entering the
reactors, the aerosol flow is combined with additional flows containing
oxidant (H2O2 or O3) and variable flows of humidified and dry N2 to control
the RH. A fixed flow of O2 (0.1 standard liter per minute, SLM) is also in-
troduced into the reactor (CFSTR or flowtube reactor).

For the O3 oxidation experiments, the mixture of droplets and gases are
introduced into a flowtube reactor (140 cm long and 2.5 cm inner diameter)
with an average residence time of ∼37 s at a total flow of 1.1 SLM. O3 is
produced by passing the 0.05-SLM O2 through a corona discharge generator
and then diluted by the dry N2 (3 SLM). The O3 concentration (0–10 ppm) is
then measured with an ozone monitor (2B technology model 202M).

For OH oxidation in the CFSTR, OH is generated in situ by the photolysis of
gas-phase H2O2 using two 45-cm UV lamps (blacklights, λ ∼356 nm) housed
inside 2.54-cm-diameter GE type 214 quartz sleeves. [OH] is controlled by
adjusting the power of the UV lamps. Gaseous H2O2 is produced by passing
the N2 (0.1 SLM) through a heated bubbler (60 °C) containing a mixture of
50% urea-hydroperoxide (CO[NH2]2·H2O2, Sigma-Aldrich, 97% pure) and
50% sand (SiO2, 50–70 mesh particle size, Sigma-Aldrich). The final concen-
tration of H2O2 in the CFSTR is <10 ppm. An additional flow containing a
gas-phase tracer (such as 2-methyl-2-butene, n-hexane, or n-hexanal) is in-
troduced into the CFSTR in order to determine the OH concentration ([OH])
using a relative rate technique as described in refs. 15, 21, and 32. The tracer
concentration in the CFSTR is ∼200 ppb. Additional checks with and without
the tracer revealed that its presence in the reactor does not alter the overall
chemistry (i.e., kinetics and product distributions). The total flow rate
through the CFSTR was kept at ∼1.1 SLM, yielding reaction times that
span hours.

As described in detail by Che et al. (15) and reviewed briefly here, mea-
surements in the CFSTR occur in three steps. First, prior to each experiment,
the CFSTR is purged for hours with dry N2 (∼10 SLM) to eliminate particles,
tracer, H2O2, O2, etc. from the previous experiment. Then the reactor is filled
with the fresh reagents (lipid particles, H2O2 gas, tracer, dry or humidified
N2, O2) with the lamps off. After a ∼2-h filling time, the lamps are turned on
to initiate the reaction by photolysis of H2O2 to produce OH. The time
evolution of the reaction is monitored by the following instruments. A gas
chromatograph, equipped with a flame ionization detector (SRI Instruments
8610C), is used to monitor the decay of the gas-phase tracer to determine
the [OH]. A scanning mobility particle sizer (TSI 3080L DMA and 3025A CPC)
is used to measure the particle-size distribution. For example, the Sqe par-
ticle size is observed to decrease by ∼5% under dry conditions and by ∼10%
at an RH of 60%. The chemical composition of the lipid aerosol is measured
using a home-made vacuum UV aerosol mass spectrometer (VUV-AMS) lo-
cated at the Chemical Dynamics Beamline (9.0.2), Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory, Berkeley, CA, USA. The VUV
light is filtered by an argon gas filter and a MgF2 window to remove the high
harmonics produced by the undulator. To record mass spectra, lipid droplets
are first vaporized at ∼130 °C and then the gas phase is photoionized using
VUV radiation. Variable photon energies are used for each lipid to minimize
ion fragmentation: for example, 9.6 eV for Sqe and 10.2 eV for LA. This
instrument has been used extensively in prior studies of heterogeneous re-
actions and further details can be found in refs. 19 and 32.

As described in detail in Che et al. (15), by combining the fill and decay
kinetics of the OH tracer (e.g., 2-methyl-2-butene), and the fill kinetics of the
particles and the mass spectral decay signal of the parent lipid compound,
effective reaction probability can be quantified (Figs. 2 and 4). It is very
difficult to determine the absolute concentrations of products due to the
lack of photoionization cross-sections and ion fragmentation probabilities.
Thus, instead the product abundance (%) is reported relative to the
unreacted Sqe signal (Figs. 3 and 4). Reaction products with m/z < 200 are
not shown in spectrum since it is difficult to distinguish these smaller
products from ion fragments produced by the dissociative photoionization
of larger species (e.g., SOZ). Additionally, these smaller products are volatile
and would most likely evaporate from the aerosol (21).

Data Availability Statement.All data discussed in the paper are available in the
main text and SI Appendix.

Fig. 4. Effective reaction probability (γeff) of Sqe, relative fraction of SOZs
and aldehydes as a function of % RH in the Sqe + OH reaction. (Left y axis)
γeff of Sqe and (Right y axis) normalized sum of the five SOZs (C20, C25, C30,
C35, C40) and three aldehydes (C17H28O, C22H36O, C27H44O) as a function of
RH. All experiments are performed at [OH] ∼1.5 × 107 molecules/cm3. These
results indicate that although the product distributions depend upon RH,
the autoxidation rate does not.
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