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The role of cholesterol in bilayer and monolayer lipid membranes
has been of great interest. On the biophysical front, cholesterol
significantly increases the order of the lipid packing, lowers the
membrane permeability, and maintains membrane fluidity by
forming liquid-ordered–phase lipid rafts. However, direct observa-
tion of any influence on membrane chemistry related to these
cholesterol-induced physical properties has been absent. Here we
report that the addition of 30 mol % cholesterol to 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) or 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phospho-(1′-rac-glycerol) (POPG) monolayers at the air–water
interface greatly reduces the oxidation and ester linkage cleavage
chemistries initiated by potent chemicals such as OH radicals and
HCl vapor, respectively. These results shed light on the indispens-
able chemoprotective function of cholesterol in lipid membranes.
Another significant finding is that OH oxidation of unsaturated lip-
ids generates Criegee intermediate, which is an important radical
involved in many atmospheric processes.
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Cholesterol (chol) universally comprises up to 30 mol % of the
lipids in eukaryotic plasma membranes (1). This large

amount of cholesterol modulates a plethora of biophysical
properties of lipid membranes. For both bilayer and monolayer
membranes, experimental and theoretical efforts have provided
evidence that cholesterol has unique abilities to increase the
order of lipid packing (1–4), lower the permeability (5, 6), and
maintain the fluidity and diffusion rate (1, 2, 4) at the same time.
Lateral phase studies of cholesterol/phospholipid complexes show
that the formation of a liquid-ordered phase (lo) is responsible for
the seemingly contradictory coexistence of tight packing and high
fluidity in both monolayer and bilayer membranes (4, 7). The
small, dynamic, tightly bundled cholesterol–lipid assemblies,
known as lipid rafts in the lo phase, are considered to be the mi-
croscopic mechanism for cholesterol’s unique functions in bilayers
and monolayers (8–10). To date, the indispensable roles of cho-
lesterol in lipid membranes are mainly discussed in the context of
physical properties, and studies targeting the biochemical functions
of cholesterol in membranes are scarce. Does cholesterol play a
chemical role that could ultimately affect health? Only a few
studies have attempted to answer this question. It has been hy-
pothesized that cholesterol might function as a sacrificial antioxi-
dant since oxidized cholesterols (oxysterols) are often detected in
blood (11). It has also been suggested that cholesterol can lower
the damage of phospholipid layers caused by ionizing radiation-
initiated oxidation, inferred by indirect means such as the mea-
surement of the fluorescence lifetime of other additives (12, 13).
The oxidation products were not identified in these studies.
Given that investigations of the biochemical as opposed to the

biophysical role of cholesterol are long overdue, here we report
the direct observation of cholesterol’s function in reducing the
chemical damage of the saturated lipid 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC) and the unsaturated lipid 1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG) monolayers
resulting from exposure to oxidants and strong acids at the air–
water interface. The role played by cholesterol in restructuring
membranes in a manner that provides a chemoprotective function
is summarized in Fig. 1. Interfacial monolayers of phospholipids
are ubiquitous in nature, present as the coating of natural waters
(14), comprising half of bilayer cell membranes, and 80 mol % of
the exposed surface of pulmonary alveoli that is directly in contact
with air, in which DPPC takes up to 50 mol % of all of the pul-
monary phospholipids (15). Hence, lipid monolayers are often the
frontier that engages destructive chemical processes. The chemical
reactions in the current study are initiated by singularly potent
hydroxyl radicals (OH) and hydrochloric acid (HCl) vapor, two
representative chemicals that are able to chemically attack phos-
pholipids in a manner that is potentially harmful to human health.
OH is an oxidant that exists both in the atmosphere and in vivo
(16–18). Its lifetimes in these two environments are ∼1 s (16) and
1 ns (18), respectively. Once inhaled or generated in vivo, it can
rapidly attack virtually all molecular species. Present both in the
atmosphere and in vivo, HCl is chosen as a representative strong
acid, which can degrade membrane phospholipids through acid-
catalyzed hydrolysis reactions (19).
Detailed experimental methods are provided in Materials and

Methods. Briefly, monolayers of pure DPPC, pure POPG, 70 mol %
DPPC/30 mol % chol, or 70 mol % POPG/30 mol % chol form
at the ambient air–water interface of a 2-mm diameter water
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droplet that is suspended on the end of a stainless steel capillary
(Fig. 2). This molar ratio is chosen to reproduce the typical
amount of cholesterol present in cell membranes. The OH
radicals (1 × 109 molecule·cm−3) are generated by a dielectric
barrier discharge source (20), and the HCl vapor is from the
evaporation of a Petri dish of 36.5% HCl solution placed un-
derneath the droplet. The HCl vapor pressure is 114 mm Hg
(21), corresponding to 3 × 1018 molecule·cm−3. This number is
significantly higher than the geographically highly variable am-
bient HCl concentration, which has been measured to be around
1 ppb (2.5 × 1010 molecule·cm−3) in southern California (22).
After being exposed to OH or HCl for a period of time, the
compositions of the monolayers are determined using the
interfacially sensitive field-induced droplet ionization mass
spectrometry (FIDI-MS) methodology (Fig. 2) developed in our
laboratory (23, 24). The zwitterionic DPPC is detected as a
sodiated or protonated cation, POPG is detected as an anion
(absent the Na+ counterion), and cholesterol is protonated and
sampled as a dehydrated cation.

Results
Fig. 3A presents the time-resolved oxidation of pure DPPC
monolayer for 0-, 30-, 60-, and 90-s exposure to OH radicals, re-
spectively. The m/z 757 peak is the sodiated DPPC parent cation,
and the peaks with higher m/z are the oxidation products. These
products are initiated by the abstraction of hydrogen atoms from
the palmitoyl tails of DPPC by OH radicals, followed by steps
mediated in part by ambient O2 and NO molecules, forming
carbonyl and hydroxyl functional groups (vide infra). At 90 s,
∼90% of the DPPC is oxidized with the addition of one or more
oxygen atoms. The absence of low mass products indicates that
very little if any cleavage of C–C bonds results from OH-mediated
oxidation. The average number of oxygen atoms per DPPC mol-
ecule as a function of oxidation time is shown in Fig. 3C as black
squares. The observed linear behavior suggests that the hetero-
geneous surface oxidation process can best be described by
Langmuir–Hinshelwood kinetics (20, 25). If OH reacted imme-
diately on contact with the C–H bonds (Eley–Rideal kinetics),
then the data in Fig. 3C would likely exhibit an upward curvature
owing to the introduction of weaker and more reactive C–H
bonds, such as the α-C–H bonds adjacent to a carbonyl group, at
the air–water interface. Instead we argue that OH is accommo-
dated at the surface with high probability, diffuses through the
hydrocarbon layer, and eventually reacts by hydrogen abstraction.
The extent of oxidation is hence determined by the constant flux
of OH at the surface and over the course of time there is no ac-
celeration or deceleration of the rate of oxygen incorporation.
This is depicted by the cartoon on the left-hand side of Fig. 1.
Fig. 3B presents the products from the 70 mol % DPPC/

30 mol % chol mixture monolayer following 180 s of exposure to
OH at a density identical to that used in Fig. 3A. Surprisingly,
with cholesterol present, DPPC is virtually immune to oxidation
by OH radicals even after a much longer exposure time than in

the absence of cholesterol, 180 s (Fig. 3C, red circles). It is thus
evident that cholesterol acts to suppress oxidation. An obvious
question arises from this observation. Is cholesterol playing a
sacrificial role and oxidized in preference to DPPC, analogous to
the antioxidant role played by vitamin C (26), or is the restruc-
tured tightly packed lo phase of the chol/DPPC mixture blocking
access of OH to the lipid? Fig. 3B shows that cholesterol is in the
protonated dehydrated form (m/z 369) as expected when de-
tected by MS (27), and no oxidation products are observed even
though the C–H bond-rich cholesterol is expected to be vulner-
able to OH attack. In light of this, it can be concluded that
cholesterol is not sacrificial, and instead it restructures the lipid
layer in a manner that greatly reduces the uptake of OH radicals,
thus inhibiting the oxidation of both itself and DPPC. This is
illustrated by the right-hand side of Fig. 1, which depicts the
effect of cholesterol on lipid structure and packing.
According to Fig. 3C, it takes about 25 s for OH to oxidize

DPPC with approximately one oxygen atom per lipid molecule.
Since the OH concentration used in our study is three orders of
magnitude higher than the ambient concentration, it would take
7 h to cause the same extent of oxidation by ambient OH radi-
cals. When 30 mol % cholesterol is present, by a rough estima-
tion using the data in Fig. 3C, the same extent of oxidative
damage to pulmonary DPPC by inhaling ambient OH will be
extended to more than 600 h!
Fig. 4A shows the OH oxidation of POPG for 0, 30, 60, and

90 s. The m/z 747 peak is the POPG parent anion. In complete
contrast to the oxidation chemistry of the saturated palmitoyl
groups of DPPC, the oxidation products of POPG appear at
lower m/z as a result of introducing the unsaturated oleyl group.
The oxidation chemistry of POPG is dominated by the highly
reactive double bond of the oleoyl chain. The m/z 637 product is
a result of the double bond cleaved into an aldehyde group, and
the m/z 671 species is from the oxidation of the double bond into
a hydroxyhydroperoxide (HHP) product via a Criegee in-
termediate (CI) (vide infra). Remarkably, CI is an important
atmospheric radical resulting from the reaction of ozone with
olefins (28), and a major contributor to OH radicals in the tro-
posphere (29). Our results provide evidence that OH oxidation
of unsaturated hydrocarbons can in turn generate CI. Fig. 4D
presents the percent conversion to products versus oxidation
time (black squares). The observed linear behavior indicates that
the reaction is fast and limited by the OH flux at the air–water
interface, again consistent with Langmuir–Hinshelwood kinetics
(20, 25). Once more, cholesterol effects a remarkable suppres-
sion of oxidation and only a small fraction of the 70% POPG/
30% chol mixture is oxidized after 180-s exposure time (Fig. 4 B
and D, red circles). As with DPPC, cholesterol is not killed (Fig.
4C). From these results, it can be concluded that the presence of

Fig. 1. Cartoon illustrating cholesterol’s unique ability to increase the order
of lipid packing and lower the permeability and subsequent reaction of
degrading chemicals in lipid layers at the air–water interface.

Fig. 2. Schematic drawing of the FIDI-MS setup and operation.
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30 mol % cholesterol significantly lowers the permeability of OH
into monolayers comprising both saturated and unsaturated
phospholipids at the air–water interface.
It is of interest to compare the different behavior of the sat-

urated and unsaturated lipids observed in Figs. 3 and 4, re-
spectively. The average number of oxygen incorporated into
surface DPPC molecules increases linearly with time. This does
not happen to a significant extent with POPG, indicating that the
OH diffusing through the lipid layer reacts much more rapidly
with the remaining unsaturated oleyl groups than it does with the
already oxidized lipids. This is consistent with the gas-phase
studies of the reactions of OH radicals with hydrocarbons,
where it is observed that olefins are 10–100× more reactive than
their saturated counterparts (30).
In Fig. 5 A and C, the time dependence of the acid-catalyzed

hydrolysis of the ester bonds of a pure DPPC monolayer film
resulting from exposure to HCl vapor is exhibited. The products
involving loss of one of the palmitic acid (m/z 497) tails gradually
increase in intensity with increasing exposure time, a direct evi-
dence of acid-catalyzed hydrolysis. The addition of 30 mol %
cholesterol to the lipid layer mitigates the hydrolysis process (Fig.
5B). After 180 s of exposure time, only 9% of DPPC is hydrolyzed
(Fig. 5C, red circles). In the case of POPG (Fig. 6A), there are two
possible hydrolysis products, the loss of oleic acid (m/z 483) and
the loss of palmitic acid (m/z 509), observed in approximately
equal amounts. Once again, the addition of cholesterol signifi-
cantly reduces the hydrolysis of POPG caused by the HCl vapor
(Fig. 6 B and C). As with OH radicals, it can be inferred that
permeability of HCl is greatly reduced in the combined chol/lipid
interfacial layer. This is an example of directly observed acid-
catalyzed ester cleavage chemistry of membrane lipids at the
air–water interface, demonstrating the efficacy of the FIDI
methodology for studies of complex interfacial chemistry.

Discussion
Fig. 7 presents proposed mechanisms for the OH oxidations of
POPG and DPPC. The OH oxidation of DPPC occurs at the two
hydrophobic saturated alkyl chains that present at the air–water
interface. Since the two palmitoyl tails are rich in reactive C–H
bonds, they are all potential sites of reaction. In Fig. 7A, DPPC is
simplified as R1CH2R2. The reaction starts with step (1), a H

atom abstraction by an OH radical, resulting in an alkyl radical.
Afterward, the alkyl radical generated in step (1) can add an O2
molecule to form a peroxy radical in step (2) since the concen-
tration of ambient O2 is many orders of magnitude higher than
OH. Step (3) is the well-known mechanistic step that involves
NO (31, 32). The ambient NO concentration in the Los Angeles
area is typically ∼1 × 1011 molecule·cm−3 (33), significantly
higher than the OH concentration (∼1 × 109 molecule·cm−3) in
the current study. NO will abstract an oxygen atom from the
peroxy group to yield an alkoxy radical and NO2. From this
alkoxy radical, two different reactions can occur. It can either
react with an O2 molecule to form a carbonyl [step (4)] and a
HO2 leaving group, or abstract a H atom from ambient HO2 to
form a hydroxyl group [step (5)]. The ambient HO2 concentra-
tion is typically ∼2 × 109 molecule·cm−3 (34). Both step (4) and
step (5) are well-documented pathways in the reactions of OH
with saturated hydrocarbons (30, 35). The formation of a car-
bonyl group adds 14 Da to the molecular weight, and the for-
mation of a hydroxyl group adds 16 Da. The initial introduction
of hydroxyl and carbonyl groups into saturated hydrocarbons
creates sites where weakened C–H bonds are more likely to react
further with OH by hydrogen abstraction and subsequently with
O2, NO, and HO2 in accordance with Fig. 7A, resulting in more
combinations of carbonyl (+14 Da) and hydroxyl groups (+16
Da) to the parent DPPC ion, this being accountable for the m/z
771 (DPPC + carbonyl), 773 (DPPC + hydroxyl), 785 (DPPC + 2
carbonyl), 787 (DPPC + carbonyl + hydroxyl), 789 (DPPC + 2
hydroxyl), 801 (DPPC + 2 carbonyl + hydroxyl), 803 (DPPC +
carbonyl + 2 hydroxyl), 815 (DPPC + 3 carbonyl + hydroxyl), and
817 (DPPC + 2 carbonyl + 2 hydroxyl) product peaks in Fig. 3A.
The continuing sequence of reactions ultimately leads to highly
oxidized products, such as those observed in Fig. 3A after oxida-
tion for 90 s, at which time ∼90% of the surface exposed DPPC
is oxidized with the addition of one or more oxygen-containing
functional groups. Similar oxidation patterns of saturated hydro-
carbons by OH radicals are observed for the 18-carbon chain of
stearic acid at the air–water interface (20).
Fig. 7B depicts the reaction mechanisms proposed for the OH

oxidation of POPG. Unlike DPPC, bond cleavage products are

Fig. 4. Results from the OH oxidation of POPG and cholesterol-containing
monolayers at the air–water interface. (A) Time-resolved anion-mode FIDI-
MS spectra including the reactant and products from the pure POPG
monolayer. (B) Anion-mode FIDI-MS spectrum including the reactant and
products from the 70 mol % POPG/30 mol % chol monolayer after 180 s of
oxidation time. The extent of lipid oxidation is greatly reduced compared
with that in A. (C) Cation-mode FIDI-MS spectrum showing chol from the
70 mol % DPPC/30 mol % chol monolayer after 180 s of oxidation time.
There is no evidence that cholesterol is oxidized. (D) Products percentage as
a function of time from the pure POPG (black squares) and 70 mol % POPG/
30 mol % chol (red circles) monolayers.

Fig. 3. Results from the OH oxidation of DPPC and cholesterol containing
monolayers at the air–water interface. (A) Time-resolved cation-mode FIDI-MS
spectra including the reactant and products from the pure DPPC monolayer. At
90 s, ∼90% of the nascent lipid layer is oxidized by addition of one or more
oxygen atoms, mainly in the form of multiple carbonyl and hydroxyl groups.
(B) Cation-mode FIDI-MS spectrum including the reactant and products from the
70 mol % DPPC/30 mol % chol monolayer after 180 s of oxidation time. There is
no evidence that cholesterol is oxidized and the extent of lipid oxidation is
greatly reduced compared with that in A. (C) The average number of in-
corporated oxygen atoms per DPPCmolecule as a function of time from the pure
DPPC (black squares) and 70 mol % DPPC/30 mol % chol (red circles) monolayers.
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preferred in this case. Step (1) is the heterogeneous uptake of an
OH radical from the gas phase by the double bond at either the
ω − 9 or the ω − 10 carbon, resulting in two different
β-hydroxyalkyl radicals (35). It is reasonable to postulate that
OH attaches to the ω − 9 and ω − 10 carbon atoms with similar
probabilities since they are both near the middle of the mono-
layer, having similar accessibilities to the gas-phase OH radicals.
After OH addition, step (2) involves uptake of an O2 molecule to
form two different β-hydroxyperoxy radicals, one of which can
undergo β-cleavage to an α-hydroxyalkyl radical [step (3)], and
the latter can further react with O2 to form a HO2 leaving group
and an aldehyde molecule [m/z 637, step (4)]. The aldehyde
reacts with H2O to form the hemiacetal product [m/z 655, step
(5)]. The second β-hydroxyperoxy radical formed in step (2) can
also undergo thermal dissociation into a CI and a hydroxyalkyl
radical [step (6)]. This CI product, written in its favored
zwitterionic form, can react with the CI scavenger, H2O, to form
them/z 671 HHP product [step (7)]. This HHP product is a symbolic
evidence of the CI reaction pathway (36) and eventually becomes
an abundant product. To further confirm the CI pathway, two
other CI scavengers (37), methanol and ethanol, were also uti-
lized by forming droplets comprising water/methanol or water/
ethanol (1/1) solutions. Since methanol and ethanol can be
viewed as the OH group in water replaced by a methoxy or
ethoxy, it is anticipated that the products are methoxyhy-
droperoxide (MHP, m/z 685) and ethoxyhydroperoxide (EHP,
m/z 699), 14 and 28 Da, respectively, more than the HHP
product. The products are accordingly observed with the re-
spective mixed solvent droplets (Fig. 8). Since water is present in
the droplets of all of the three systems along with ambient at-
mospheric water and helium flow seeded water vapor from the
DBD source, HHP is observed in all three experiments. There
are also several other hemiacetal product peaks in Fig. 8
resulting from the reaction between the aldehyde (m/z 637) and
water, methanol, or ethanol. Fig. 7B depicts the proposed re-
action mechanism, including steps involving methanol and eth-
anol. The aldehyde generated in step (4) can react with H2O,
MeOH, or EtOH to form the corresponding hemiacetal products
[step (5)]. The CI generated in step (6) reacts with H2O, MeOH,
or EtOH to form the HHP, MHP, or EHP products in step (7).
To explore the energetics associated with formation of the CI,

potential energy surface calculations using C2H4 as a model sys-
tem are presented in Fig. 9. All of the structures are optimized at

the ωB97X-D/6–311++G(3df, 3pd) (38) level of theory with zero-
point energy corrected using the Gaussian09 package (39). The
ωB97X-D functional was chosen because of its good performance
in describing long-distance interactions such as hydrogen bonding.
The addition of OH and O2 to C2H4 lowers the energy from 0 to
−1.27 and −2.63 eV, respectively. Mediated by O2, the β-hydrox-
yperoxy radical can dissociate into a HO2 radical, a formaldehyde
molecule, and a CI, which is 0.55 eV lower in energy than the
reactants. The reaction between CI and H2O to yield HHP further
lowers the energy to −2.35 eV. Hence, the CI pathway is overall
thermodynamically favored for the C2H4 model system, providing
more confidence in the proposed mechanism in Fig. 7B. The
structure of CI is reoptimized at the coupled-cluster level of theory
using singlet, doublet, and perturbative triplet excitations [CCSD(t)]
(40) with the same basis set, and the atomic charge is calculated
with the natural population analysis methods (41). The calculations
on the properties of CI, including the bond lengths, angles, atomic
charges and its further reaction with water closely reproduced
published results (42). One concern relating to the calculated re-
action pathway is the bond cleavage step that forms the CI, which
involves an energy increase of 2.11 eV. This seems a somewhat
high barrier to overcome, since the energy gain from the first two
steps will be quickly dissipated in the condensed-phase environ-
ment. We speculate that there might be other molecules such as
water that can mediate the reaction and significantly lower this
energy barrier. Such a phenomenon was observed between CI
(from the gas phase) and water at the air–water interface, where the
reaction rate leading to HHP is increased by 2–3 orders magnitude by
the participation of other water molecules (43).
It is of particular interest that the OH oxidation products of

POPG are very different from those of the OH oxidation of oleic
acid (20), where the double bond is oxidized by adding carbonyl
groups instead of being cleaved, even though the reactive oleyl
functional groups are the same in both cases. This difference might
be due to constraints imposed by the much higher packing density
of POPG compared with that of oleic acid at the air–water interface
(44, 45). The OH oxidation products of DPPC and POPG in this
study are also different from the OH oxidation products of DPPC
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
studied at the surface of micrometer-size NaCl particles and
characterized by diffuse reflectance infrared spectroscopy and

Fig. 6. Results from the HCl vapor degradation of POPG and cholesterol-
containing monolayers at the air–water interface. (A) Time-resolved anion-
mode FIDI-MS spectra including the reactant and products from the pure
POPG monolayer. (B) Anion-mode FIDI-MS spectrum including the reactant
and products from the 70 mol % POPG/30 mol % chol monolayer after 180 s
of exposure time. The extent of lipid degradation is greatly reduced com-
pared with that in A. (C) Products percentage as a function of time from the
pure POPG (black squares) and 70 mol % POPG/30 mol % chol (red circles)
monolayers.

Fig. 5. Results from the HCl vapor degradation of DPPC and cholesterol-con-
taining monolayers at the air–water interface. (A) Time-resolved cation-mode
FIDI-MS spectra including the reactant and products from the pure DPPC
monolayer. (B) Cation-mode FIDI-MS spectrum including the reactant and
products from the 70 mol % DPPC/30 mol % chol monolayer after 180 s of ex-
posure time. The extent of lipid degradation is greatly reduced compared with
that in A. (C) Products percentage as a function of time from the pure DPPC
(black squares) and 70 mol % DPPC/30 mol % chol (red circles) monolayers.
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MALDI-TOF-MS (46). POPC and POPG have the same fatty acid
tails. This difference once again might be a result of the lipid-packing
difference at the air–water interface and the air–NaCl interface.
For the reactions initiated by HCl, molecular dynamics simu-

lations show that the fatty acid ester linkages are submerged in
the aqueous portion of the air–water interface (47). We propose
that HCl dissociates to lower the interfacial pH and effect acid-
catalyzed hydrolysis of the ester linkages. Note that the two ester
linkage sites are not chemically equivalent and the oleyl ester
bond is slightly more submerged at the interface. This might lead
to more effective solvation of the transition state for hydrolysis
and contribute to the slightly higher abundance of the corre-
sponding product observed in Fig. 6 A and B.
Based on the above-presented results and mechanisms, and the

observation that cholesterol itself is not oxidized in any of these
experiments, it can be concluded that cholesterol protects membrane
lipids from chemical damage at the air–water interface by increasing
the packing density of the lipids and lowering the permeability of the
lipid layer to potent degrading chemicals such as OH and HCl.

Conclusion
To conclude, saturated and unsaturated membrane lipids DPPC
and POPG alone at the air–water interface can be greatly damaged
by OH radicals and HCl. The OH oxidation of saturated lipids
results in adding multiple oxygen-containing functional groups,
such as hydroxyl or carbonyl, to the alkyl chains. In contrast, OH
oxidation of unsaturated lipids prefers to cleave the double bond of
the fatty acid chain. Remarkably, our results provide evidence that
OH oxidation of lipids incorporating unsaturated fatty acids can
generate CI, an important species generated by the ozonolysis of
olefins in the atmosphere (28). Mechanisms for these reactions
have been proposed in Fig. 7. The damage caused by HCl to
membrane lipids at the air–water interface is accounted for by
acid-catalyzed hydrolysis reactions, resulting in loss of the fatty acid
chains. The addition of 30 mol % cholesterol to the interfacial
phospholipids restructures lipid layers in a manner that signifi-
cantly lowers their permeability by OH and HCl in lipid layers at

the air–water interface, substantially precluding the chemical
damage initiated by these species (Fig. 1). Cholesterol itself is not
sacrificial in these reactions. Nature has endowed cholesterol-
containing membranes with physical properties that afford pro-
tection from degradation by potent chemical agents.

Materials and Methods
DPPC and POPG were purchased from Avanti Polar Lipids and used without
further purification. Cholesterol (≥99%) was purchased from Sigma-Aldrich
and used without further purification. All solvents (water and methanol) are
HPLC grade and purchased from EMD Chemicals Inc. Solutions of 2 mM of
DPPC, POPG, and cholesterol are firstly obtained by dissolving the chemicals
in methanol, and then diluted by water to make solutions of 100 μM pure
DPPC, 100 μM pure POPG, 70 μM DPPC/30 μM cholesterol mixture, and 70 μM
POPG/30 μM cholesterol mixture for experimental use.

Fig. 2 presents the schematic drawing of the FIDI-MS setup. Briefly, a
hanging droplet of ∼2 mm o.d. (∼4 μL in volume) is suspended on the end of
a stainless steel capillary between two parallel plate electrodes separated by
6.3 mm. Droplets are formed from liquid fed through the capillary using a
motorized syringe pump. The parallel plates are mounted on a translation
stage to allow alignment of an aperture in the electrically grounded plate
with the atmospheric pressure inlet of an LTQ-XL mass spectrometer
(Thermo-Fisher). The capillary is mounted on a separate translation stage to
place the droplet exactly midway between the two plates and to align with
the inlet of the LTQ-XL. Mass spectrometric sampling of the hanging droplet
is accomplished by applying a pulsed high-voltage (typically 3–5 kV, 100-ms
duration, polarity subject to change according to the ions that are sampled)
to the back parallel plate and to the capillary at half the magnitude applied
to the back plate to maintain field homogeneity between the front and back
plate. When a sufficiently high voltage is applied, bipolar ejection of highly
charged progeny droplets less than 1 μm in diameter from the opposite ends
of the suspended droplet is generated. Charged droplets of a specific po-
larity enter the transfer capillary of the mass spectrometer, resulting in the
detection of gas-phase ions. In this study, we apply positive voltage on the
back plate to detect the protonated dehydrated cholesterol, sodiated or
protonated DPPC and related cations, and negative voltage to detect des-
odiated POPG and related anions. When each droplet is initially formed, we
allow 60 s for the molecules to diffuse to the air–water interface before
exposing the droplet to hydroxyl radicals or HCl vapor for a variable reaction
time. After the reactions, we trigger the high voltage to sample both re-
actants and products. Sampling occurs on a millisecond time scale. Each
experiment starts with a fresh drop.

Fig. 8. Mass spectra showing the products of the OH oxidation of the POPG
anion in droplets comprising water, 1/1 water/methanol, and 1/1 water/etha-
nol solutions. The expected products, HHP, MHP, and EHP, are observed from
the reactions between the CI and water, methanol, and ethanol, respectively.

Fig. 7. Proposed mechanisms of OH oxidation of (A) DPPC and (B) POPG.
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Hydroxyl radicals are generated using a dielectric barrier discharge source
(DBDS) composed of a borosilicate tube (1/4-in o.d., 3/16-in i.d.) which acts as

the dielectric material. A tungsten filament inner electrode is sealed within
the tube, and a conductive silver epoxy coating (McMaster-Carr) acts as an outer
electrode. A glass bubbler provides water-saturated helium through the DBDS,
with a flow of 1,000 mL/min monitored by a type πMFC Digital Mass Flow
Controller (model PFC-50; MKS Instruments). A high-voltage ac power supply
(Trek PM04015) biased the inner electrode during experiments at 12 kV (peak to
peak) and 1,000 Hz, while the outer electrode remained grounded. Between the
power supply and the tungsten filament, there is a 1-MΩ resistor used as a cur-
rent limiter. A low-temperature plasma (dielectric barrier discharge) is generated
inside the tube, producing hydroxyl radicals in the gas flow. Compared with
the tropospheric OH radical concentration that was measured to be 1–3 × 106

molecule·cm−3 (16), the DBDS can generate ∼1 × 109 molecule·cm−3 OH radicals
(20) based on the time required to oxidize a monolayer of surfactant with an
average of one oxygen per surfactant molecule. The high intensity of OH radicals
significantly accelerates the oxidation process compared with ambient conditions.

The reactions initiated by HCl vapor are performed by placing a Petri dish
of fresh 36.5%HCl solution underneath the droplet. The dish is big enough to
encompass the whole area of the FIDI setup, so that each droplet can be
exposed to a steady and homogeneous HCl vapor environment.
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