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Field induced droplet ionization mass spectrometry (FIDI-MS) comprises a soft ionization method to sample
ions from the surface of microliter droplets. A pulsed electric field stretches neutral droplets until they develop
dual Taylor cones, emitting streams of positively and negatively charged submicrometer droplets in opposite
directions, with the desired polarity being directed into a mass spectrometer for analysis. This methodology
is employed to study the heterogeneous ozonolysis of 1-palmitoyl-2-oleoyl-sn-phosphatidylglycerol (POPG)
at the air-liquid interface in negative ion mode using FIDI mass spectrometry. Our results demonstrate unique
characteristics of the heterogeneous reactions at the air-liquid interface. We observe the hydroxyhydroperoxide
and the secondary ozonide as major products of POPG ozonolysis in the FIDI-MS spectra. These products
are metastable and difficult to observe in the bulk phase, using standard electrospray ionization (ESI) for
mass spectrometric analysis. We also present studies of the heterogeneous ozonolysis of a mixture of saturated
and unsaturated phospholipids at the air-liquid interface. A mixture of the saturated phospholipid
1,2-dipalmitoyl-sn-phosphatidylglycerol (DPPG) and unsaturated POPG is investigated in negative ion mode
using FIDI-MS while a mixture of 1,2-dipalmitoyl-sn-phosphatidylcholine (DPPC) and 1-stearoyl-2-oleoyl-
sn-phosphatidylcholine (SOPC) surfactant is studied in positive ion mode. In both cases FIDI-MS shows the
saturated and unsaturated pulmonary surfactants form a mixed interfacial layer. Only the unsaturated
phospholipid reacts with ozone, forming products that are more hydrophilic than the saturated phospholipid.
With extensive ozonolysis only the saturated phospholipid remains at the droplet surface. Combining these
experimental observations with the results of computational analysis provides an improved understanding of
the interfacial structure and chemistry of a surfactant layer system when subject to oxidative stress.

Introduction

Lung disease is the third leading cause of death in the United
States and lung disease death rates are still increasing.1 A unique
feature of the lungs is that they are constantly exposed to
airborne environmental insults. Both short- and long-term
exposure of lungs to pathogens, air pollutants, and other irritants
can be a major cause of acute distress and contribute to chronic
injuries such as cardiopulmonary mortality and lung cancer.1-3

Recently, Jerret et al. reported a significant increase in the risk
of death from respiratory causes in association with air pollution
which includes an increase in ozone (O3) concentration.4

Pulmonary surfactant is a lipid-protein mixture that lines
the air-liquid interface of alveolae.5,6 The pulmonary surfactant
comprises ∼90% phospholipids and ∼10% apoproteins by
mass.6 Dipalmitoylphosphatidylcholine (DPPC) is the principal

phospholipid component, which achieves very low surface
tension (∼0 mN/m) upon compression.7,8 However, it adsorbs
and spreads at the air-liquid interface very slowly (0.5 µm2/s)
at the physiological temperature (37 °C), which is below the
temperature (Tm) for its gel-to-liquid crystalline-phase transition
(41 °C).7,8 Unsaturated phospholipids, owing to their higher
fluidity, improve adsorption and spreading properties of sur-
factant at the air-liquid interface.8,9 However, they cannot
produce sufficiently low surface tensions when surfactant layers
are compressed.8,10

An increasing number of studies have focused on the
heterogeneous chemistry of small molecules at the air-liquid
interface, mainly using mass spectrometric11 and spectroscopic12

techniques, as well as theoretical methods.13 Recently, real time
monitoring of surface activity of fatty acids has been reported
by two research groups.12,14 Voss et al. have reported competitive
air/liquid interfacial activities involving palmitic acid and oleic
acid utilizing broad-bandwidth, sum frequency generation
spectroscopy.12 They observed that a mixed monolayer of the
fatty acids was dominated by oleic acid, with palmitic acid
becoming predominant when exposure to ozone results in
oxidation of the oleic acid to more hydrophilic products. Using
a single droplet, Gonzalez-Labrada et al. also reported a decrease
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in air/liquid interface activity of oleic acid after exposure to a
monolayer to ozone.14 Related studies of biologically relevant
systems have only just begun, despite their importance. For
example, Colussi and co-workers recently reported heteroge-
neous reactions of O3 with ascorbic acid15 and uric acid,16 which
are components of the pulmonary epithelial lining fluid, using
ESI mass spectrometry.

Field-induced droplet ionization mass spectrometry (FIDI-
MS) comprises a soft ionization method to sample ions from
the surface of microliter droplets. FIDI-MS subjects neutral
droplets to a strong electric field, leading to formation of dual
Taylor cones in which streams of positively and negatively
charged submicrometer droplets are emitted in opposite direc-
tions, forming what is essentially a dual electrospray ion
source.11,17-19 It is ideally suited to monitor time dependent
heterogeneous reactions at the air-liquid interface. Previously,
our laboratory demonstrated probing time-resolved ozonolysis
of oleic acid and oleoyl-L-R-lysophosphatidic acid using FIDI-
MS.11 In practice, a quiescent hanging droplet is formed on the
end of a capillary and then exposed to gas-phase reactants for
a variable period of time, followed by FIDI-MS sampling of
molecular species present in the interfacial layer (Figure 1).

In this study, we utilize FIDI-MS for probing air-liquid
interfacial oxidation by O3 of 1-palmitoyl-2-oleoyl-sn-phos-
phatidylglycerol (POPG), representative of the major unsaturated
anionic lipids in lung surfactant. Sampling droplets with an
interfacial layer of POPG exposed to O3 gas over a range of
reaction times reveals the progress of distinct air-liquid
interfacial chemistry. The competition of phospholipids sub-
jected to heterogeneous ozonolysis at the air-liquid interface

is also studied using FIDI-MS. A mixture of the saturated
phospholipid 1,2-dipalmitoyl-sn-phosphatidylglycerol (DPPG)
and unsaturated POPG is investigated in negative ion mode
using FIDI-MS. A mixture of 1,2-dipalmitoyl-sn-phosphatidyl-
choline (DPPC) and 1-stearoyl-2-oleoyl-sn-phosphatidylcholine
(SOPC) surfactant is also studied to understand the air-liquid
interfacial competition of phospholipids with different polar head
groups in positive ion mode. Our results demonstrate that the
relatively more hydrophilic products formed by oxidation of
the unsaturated phospholipid dissolve back in the aqueous phase,
leaving only saturated lipids at the interface. A detailed picture
of the interfacial oxidation of unsaturated lipids by O3 is
provided by molecular dynamics (MD) simulations to support
our interpretation of the experimental results. Solvation energet-
ics of reactants and products are also evaluated by means of
computational modeling. Structures of phospholipids investi-
gated in this study are shown in Scheme 1.

Experimental Section

Chemicals and Reagents. Sodium salts of DPPC, DPPG,
POPG, and SOPC were purchased from Avanti Polar Lipid
(Alabaster, AL). All solvents (water and methanol) were
purchased from EMD Chemicals Inc. (Gibbstown, NJ).

Online FIDI-MS Technique and Heterogeneous Oxidation
by O3. The FIDI-MS instrument used in this investigation was
based on the design previously described by Grimm et al.11 A
∼2 mm o.d. droplet of analyte solution is suspended from the
end of a 28-gauge stainless steel capillary (Small Parts Inc.),
which is located between the atmospheric sampling inlet of a
Thermo Finnigan LCQ Deca mass spectrometer and a parallel

Figure 1. (a) Schematic illustration of FIDI-MS setup for heteroge-
neous reaction study. (b) Quiescent hanging droplet of analyte-
containing solution on the end of a capillary is exposed to gas-phase
reactants for a variable period of time. (c) After a suitable reaction
time, a pulsed electric field stretches neutral droplets until they emit
streams of positively and negatively charged submicrometer droplets
in opposite directions. The reactant and product ions of heterogeneous
reactions enter the capillary inlet of the mass analyzer.

SCHEME 1: Structures of POPG, DPPG, SOPC, and
DPPC Investigated in This Study
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plate electrode. The droplet is centered between the plate
electrode and the MS inlet, which are separated by 6 mm. A
flow of air containing O3 is directed at both sides of the droplet
by paired ∼1.6 mm (0.063 in.) id pyrex tubes located 1 mm
from the droplet. Ozonolysis reactions occur between 0 and 30 s
after a quiescent droplet is achieved (∼1-2 s). Sampling is
effected by pulsed voltages of 4 and 2 kV applied to the parallel
plate electrode and supporting capillary, respectively. These
voltages are tuned to be just above threshold for initiating FIDI.
The high-voltage initiates FIDI and directs submicrometer sized
charged progeny droplets into the LCQ for mass analysis. POPG
and DPPG are monitored in negative ion mode and DPPC and
SOPC are monitored in positive ion mode. The FIDI-MS spectra
reported in this study were obtained by averaging five to ten
individually acquired spectra from separately prepared droplets.

A pencil-style UV calibration lamp (model 6035, Oriel)
generates ∼20 ppm O3, measured spectrophotometrically using
an absorption cell with 10 cm path length and calculated with
Beer’s Law using the molar absorption coefficient of 1.15 ×
10-17 cm2 molecule-1, in air that continually bathes the droplet
at 1500 mL min-1. POPG (100 µM) or mixtures of 50 µM
unsaturated phospholipid (POPG or SOPC) and 50 µM saturated
phospholipid (DPPG or DPPC) in 1:1 (by volume) water and
methanol feed the droplet source. A recent study of DPPC
monolayer on the surface of a water-methanol mixture reported
a decrease of the lipid density in the monolayer due to the
gradual incorporation of methanol molecules in the monolayer
without significant difference of structural and electrical property
of the monolayer.20 In our study, we assume that the structures
of the lipid surfactant layers on water-methanol mixtures are
similar to their structures on water by itself.

Computational Modeling. The MD simulations were per-
formed with the all-atom CHARMM PARAM2721 force field
using the LAMMPS (large-scale atomic/molecular massively
parallel simulator) code.22 To describe water, we used a flexible
TIP3P potential, which incorporates additional Hooke’s con-
stants, K, of 900 (kcal/mol)/Å2 for the OH bond and 110 (kcal/
mol)/rad2 for the HOH angle to improve the three site rigid
TIP3P model.21 The particle-particle particle-mesh method23

was employed to compute the electrostatic interactions using
an accuracy criterion of 10-4.

The initial structures for the lipid monolayer-water systems
were prepared with 48 hexagonally packed lipids on 3168, 3264,
3744, and 4464 water molecules for the 55, 60, 65, and 70 Å2/
lipid surface densities, respectively. A potential of the form,
E ) ε[2/15(σ/r)9 - (σ/r)3], where ε ) 0.1521 kcal/mol and σ )
3.1538 Å with cutoff distance of 2.7071 Å, was applied at z )
0 to prevent water from diffusing in the negative z-direction.
The dimensions of the simulation cells used were (55.21 × 47.82
× 200.0 Å) for the 55 Å2/lipid, (57.67 × 49.94 × 200.0 Å) for
the 60 Å2/lipid, (60.02 × 51.98 × 200.0 Å) for the 65 Å2/lipid,
and (62.28 × 53.94 × 200.0 Å) for the 70 Å2/lipid surface
densities. The systems were equilibrated for 0.5 ns using 300
K NVT MD simulations by applying a Nose-Hoover thermostat
with a temperature damping relaxation time of 0.1 ps. Then,
2.0 ns NVT MD simulations were performed, and these
trajectories are employed for the analysis of the atomic profiles.

The solvation energy, ∆Esolv, of the DPPG, POPG, and
oxidative products of POPG (aldehyde and carboxylic acid) were
evaluated using the Poisson-Boltzmann model,24,25 which is
implemented in the Jaguar V 7.5 package (Schrödinger, Inc.,
Portland, OR). To simplify considerations of the effect of
functional groups on the solvation energies, analogous extended
conformations of all species were employed for the calculations.

DFT calculations were performed with the Becke three-
parameter functional (B3)26 combined with the correlation
functional of Lee, Yang, and Parr (LYP),27 using the 6-31G**
basis set. To describe the water solvation, solvent probe radius
and solvent dielectric constant were set as 1.4 Å and 80.4,
respectively.

Results and Discussion

Interfacial Reaction of POPG with O3. The cis-double bond
of an unsaturated phospholipid reacts with O3 yielding aldehyde
and carboxylic acid products directly from primary ozonide
(POZ) or through energetic Criegee intermediates (CI), while
saturated phospholipids such as DPPG and DPPC remain intact.
In this study we have investigated the heterogeneous reaction
of O3 with POPG as a representative unsaturated phospholipid
in the PS system.

The negative ion FIDI-MS spectra for ozonolysis of POPG
in a water/methanol (1:1 by volume) droplet are shown in Figure
2. Singly deprotonated POPG, observed at m/z 747, is seen as
a dominant species in the FIDI-MS spectrum before O3

application. Products resulting from ozonolysis of POPG appear
at least as early as 5 s after exposing the droplet to O3. The
aldehyde and carboxylic acid products are observed at m/z 637
and m/z 653, respectively. In addition, hydroxyhydroperoxide
(HHP), methoxyhydroperoxide (MHP), and what we assume
to be the secondary ozonide (SOZ) are also observed as products
of POPG ozonolysis at m/z 671, m/z 685, and m/z 795,
respectively. The relative abundance of the reactant POPG
decreases dramatically after 15 s of exposure, and the FIDI-
MS spectrum is dominated by ozonolysis products after 30 s.

Figure 2. Heterogeneous reaction of POPG with O3 as a function of
time. In the absence of ozone, the negative ion FIDI-MS spectrum of
POPG is dominated by the singly deprotonated POPG peak at m/z 747.
POPG is depleted after 15 s of the exposure and oxidation products
are dominated by deprotonated HHP at m/z 671. The aldehyde,
carboxylic acid, and methoxyhydroperoxide products are observed at
m/z 637, m/z 653, and m/z 685, respectively. The SOZ and sodiated
alcohol products show up in the spectra at m/z 795 and m/z 661,
respectively. The structure of each product is shown in Scheme 2.
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The formation of primary ozonide (POZ), which is the first
step in the ozonolysis of POPG at the air-liquid interface, is
described as

The ozone concentration is assumed to be constant during the
reaction, which allows calculating the reaction rate using the
pseudofirst order rate constant k2 ) k1[O3], where k1 ) 4.5 ×
10-16 cm3 molecule-1 s-1 adopted from ozonolysis of OPPC
on NaCl.28 The applied ozone concentration is ∼5 × 1014

molecules cm-3 (20 ppm). The reaction rate is expressed as

Solving eq 2 gives

For 90% and 99% depletion of POPG at the air-liquid interface,
it takes ∼10 and ∼20 s, respectively. This agrees well with the
experimental observation of this study.

It is noteworthy that hydroxyhydroperoxide (HHP), meth-
oxyhydroperoxide (MHP), and the SOZ, which are known to
be metastable species in the bulk phase, are observed as major
products of POPG ozonolysis in the FIDI-MS spectra (Figure
2).28 To yield HHP, a Criegee intermediate (CI) or a POZ is
required to react with a water molecule.28,29 Rapid decomposition
of HHP through proton transfers from water molecules yields
reactive oxygen species (ROS),29 which makes it difficult to
observe HHP directly in the bulk phase. The water density at
the air-liquid interfacial region is significantly lower than in
the bulk phase.30 In addition, water molecules in a lipid layer
at the air-liquid interface are observed to be localized within
the lipid headgroup region due to the strong interactions with
polar head groups.31 These conditions allow HHP to be abundant
in the lipid layer at the air-liquid interface, which is a
characteristic of the heterogeneous reaction of POPG compared
to the homogeneous reaction.29 The observed MHP originates
from the reaction of a CI or POZ with a methanol molecule in
the droplet. The proposed reaction mechanisms are shown in
Scheme 2.

A significant abundance of SOZ is observed in the FIDI-MS
spectra after exposing the droplet to O3 for 15 s. The structure
of SOZ (m/z 795) is confirmed by low energy collision induced
dissociation (CID), which yields the aldehyde (m/z 637) and
carboxylic acid (m/z 653) fragments (Figure S1 in Supporting
Information). The peak corresponding to SOZ continues to build
up in the spectrum as the POPG lipid is depleted. We infer that
the observed SOZ is not formed by direct rearrangement of POZ
but rather by recombination of the CI with aldehydes (Scheme
2).28,32 In the bulk phase, however, faster reaction with water
molecules prevents the CI from reacting with aldehyde to form
SOZ.33 A significant amount of the sodiated alcohol product
(m/z 661) is observed after exposing the droplet to O3 for 30 s.
This product is due to the dissociation of SOZ followed by the
association with sodium cation. This suggests that after SOZ is
produced in an anhydrous environment, the newly formed

hydrophilic molecule interacts with sodium cation in the liquid
phase to yield the sodiated alcohol product. These SOZ and
sodiated alcohol products are characteristic of specific air-liquid
interface chemistry during POPG ozonolysis.

Interfacial Reaction of a POPG and DPPG Mixture with
O3. Figure 3 shows negative ion FIDI-MS spectra for the
heterogeneous ozonolysis at several reaction times of a mixture
of DPPG and POPG at the air-liquid interface. Conditions
employed are identical to those used to obtain the data shown
in Figure 2. Singly deprotonated DPPG and POPG, observed
at m/z 721 and m/z 747, respectively, dominate the FIDI-MS
spectrum before O3 application, suggesting that the pulmonary
surfactants DPPG and POPG form a mixed interfacial layer.
The products resulting from the ozonolysis of POPG appear at
least as early as 5 s after exposing the droplet to O3. All products,
including aldehyde (m/z 637), carboxylic acid (m/z 653), HHP
(m/z 671), and MHP (m/z 685), are observed to result from
ozonolysis of POPG in the mixed surfactant system. The relative
abundance of the reactant POPG decreases by half after 15 s of
exposure, while the product abundance continues to increase
after up to 30 s of exposure. The FIDI-MS spectrum is
dominated by DPPG after 45 s.

The absence of any ozonolysis products from the saturated
lipid DPPG indicates that only the unsaturated lipid POPG reacts
with ozone. Several differences are observed from the hetero-
geneous ozonolysis of the DPPG and POPG mixture compared
to the ozonolysis of POPG alone. First, with extensive ozo-
nolysis, the products disappear from the surface of the droplet,
leaving only DPPG at the interface. The ozonolysis products
of POPG are expected to be more hydrophilic than the precursor
(Scheme 2). The data in Figure 3 suggest that these hydrophilic
products diffuse into the aqueous droplet, leaving only hydro-
phobic DPPG in the interfacial surfactant layer. Comparison of

O3 + POPG98
k1

POZ (1)

-
d[POPG]surf

dt
) k2[POPG]surf,0 (2)

[POPG]surf

[POPG]surf,0
) e-k2t (3)

SCHEME 2: Summary of Heterogeneous Oxidation of
POPG with O3 at the Air-Liquid Interfacea

a R′ is H for water and CH3 for methanol.
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the results in Figures 2 and 3 indicate that the overall ozonolysis
reaction of POPG, including the depletion of POPG on the
surface of the droplet, is slower in a mixture with DPPG.

The lipid tails of DPPG adopt a highly ordered arrangement
in a surfactant monolayer.34 In the mixture of DPPG and POPG,
the saturated acyl chains of DPPG may act to shield POPG,
limiting the approach of O3 to the unsaturated carbons of POPG,
with a corresponding slower reaction compared to POPG alone.
Note also that a significant abundance of SOZ is not observed
in the FIDI-MS spectrum of a mixture of DPPG and POPG
(Figure 3). As discussed earlier, SOZ is formed by the
recombination of the CI with aldehyde under an anhydrous
environment (Scheme 2).28,32 In the mixed surfactant layer,
competition on the droplet surface is expected between hydro-
phobic DPPG and the relatively hydrophilic nascent products
of POPG ozonolysis. This accounts for the observed predomi-
nance of DPPG in the FIDI-MS data at long times.

Interfacial Reaction of a SOPC and DPPC Mixture with
O3. We also investigated the heterogeneous reaction of O3 with
a mixture of saturated and unsaturated lipids using SOPC and
DPPC in the positive ion mode (Figure 4). In contrast to
phosphatidylglycerol (PG), the positive ion mode FIDI-MS
spectra of phosphatidylcholine (PC) show additional dimeric
complexes along with monomers as sodiated species. The
sodiated DPPC and SOPC monomers are observed at m/z 756
and m/z 810, respectively. The sodiated complexes at m/z 1489
and m/z 1597 are DPPC dimer and SOPC dimer, respectively.
The heterogeneous dimeric complex of DPPC and SOPC is
observed at m/z 1543. The measured intensity of the homoge-
neous and heterogeneous dimeric complexes are not very
different from the statistical ratio (1:2:1), indicating that DPPC
and SOPC form a well-mixed interfacial layer. The FIDI-MS

spectrum reveals the ozonolysis products after 5 s of O3

exposure. The product at m/z 700 corresponds to the sodiated
aldehyde product of SOPC. The sodiated complex of intact
SOPC and the aldehyde product of SOPC are observed at m/z
1433. With extensive ozonolysis (30 s), SOPC is depleted, and
eventually the aldehyde products also disappear from the
spectrum, suggesting that only DPPC remains in the surfactant
layer.

In contrast to the negative FIDI-MS spectra of POPG, only
aldehyde products are observed from the ozonolysis of SOPC.
The only significant difference between the two lipids is the
nature of the polar headgroup, which is acidic in the case of
the phosphatidylglycerol lipid and amphoteric (zwitterionic) in
the case of the phosphatidylcholine lipid. However, it is not
obvious how this might influence the observed difference in
ozonolysis products. The two mixtures are similar in that at
long times the more hydrophilic oxidation products disappear
from the spectra as they are dissolved into the aqueous phase.

Note also that depletion of SOPC oxidation products occurs
more rapidly from ozonolysis of the mixture of SOPC and DPPC
compared to ozonolysis of the POPG and DPPG mixture. In
forming a surfactant layer the fatty acid chains of the saturated
phospholipid DPPC exhibit less-orderly packing compared to
those of DPPG.34 More random orientation of DPPC fatty acid
chains may cover unsaturated carbons of SOPC less effectively
compared to DPPG, allowing SOPC to react with ozone more
easily.

Water Density at the Position of Unsaturated Carbons in
a Lipid Monolayer. As discussed above, the unique low water
density environment of the air-liquid interface may allow us

Figure 3. Heterogeneous reaction of a 1:1 mixture of POPG and DPPG
with O3 as a function of time. In the absence of ozone, the negative
ion FIDI-MS spectrum is dominated by singly deprotonated POPG and
DPPG at m/z 747 and m/z 721, respectively. The oxidation products of
POPG including aldehyde (m/z 637), carboxylic acid (m/z 653),
HHP (m/z 671), and MHP (m/z 685) are observed after 5 s of O3

exposure. Singly deprotonated DPPG dominates the FIDI-MS spectrum
after 45 s.

Figure 4. Heterogeneous reaction of a 1:1 mixture of SOPC and DPPC
with O3 as a function of time. In the absence of ozone, the positive ion
FIDI-MS spectrum shows the singly charged sodiated DPPC and SOPC
monomoers at m/z 756 and m/z 810, respectively. The singly charged
monosodiated DPPC and SOPC homodimers are observed at m/z 1489
and m/z 1597, respectively. The singly sodiated heterogeneous dimer
of DPPC and SOPC appears at m/z 1543. The oxidation products of
SOPC including monomeric aldehyde product (m/z 700) and the
complex of DPPC and aldehyde product (m/z 1433) are observed after
5 s of O3 exposure. Sodiated DPPC monomers and dimers of DPPC
dominate the FIDI-MS spectrum after 30 s.
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to observe metastable HHP and POZ in the heterogeneous
ozonolysis of POPG. To develop a more detailed picture of the
interfacial environment, we carried out MD simulations for the
POPG monolayer in a water box for 2.0 ns with four different
surface densities (55, 60, 65, and 70 Å2/lipid). These surface
densities are reported as a proper density range for pulmonary
surfactant function from previous theoretical studies.34-36 The
final snapshot in Figure 5a shows the POPG monolayer at the
air-liquid interface monolayer with 60 Å2/lipid surface density
as a representative case. Figure 5b shows the atomic density
profiles of oxygen atoms of water molecules, saturated carbon
atoms, and unsaturated carbon atoms of lipid acyl chains along
(∆z, which is z-direction relative to the averaged position of
the phosphorus atom of POPG. The interaction between POPG
and water occurs in the region of overlapping density. The lipid
headgroup is solvated, reflecting the strong ion-dipole interac-
tions between the POPG phosphate group and water molecules.
However, the water density at the double bond of POPG (5-20
Å) is ∼0.0005 atom/Å3, which is ∼70 times less dense than in
the bulk phase (∼0.035 atom/Å3) when the POPG monolayer
has 60 Å2/lipid surface density. This indicates that a limited
number of water molecules are involved when ozone interacts
with the double bond of POPG. A single water molecule is
required to form a HHP from a CI or a POZ.28,29 Further
reactions with water molecules result in formation of ROS
(Scheme 2).29 The low water concentrations around the double
bond allow HHP to survive sufficiently long to be observed in
the FIDI-MS Spectra. It is noteworthy that SOZ appears after
POPG is depleted on the surface of the droplet (Figure 2). The
fast reaction with water inhibits formation of SOZ from CI when
water molecules are accessible.33 Depletion of the limited
number of water molecules in the hydrophobic portion of the
ordered lipid allows SOZ to form and accumulate in the
surfactant layer.

Solvation Energy of Phospholipids and Ozonolysis Prod-
ucts. We observe composition changes in the lipid surfactant
layer resulting from ozonolysis of saturated and unsaturated
phospholipid mixtures using time-resolved FIDI-MS (Figures
3 and 4). To understand the surface activity of phospholipids
and their oxidized products, DFT calculations were performed
to compute the solvation energy, ∆Esolv, for DPPG, POPG,
and two products (carboxylate and aldehyde) from the
ozonolysis of POPG. The calculated ∆Esolv indicates the
energy difference between the gas phase and the solution
phase. Lower values of ∆Esolv would be expected to correlate
with higher surface activity of molecules at the air-liquid
interface. In addition, ∆Esolv provides a measure of the relative
hydrophobicities of similar molecules. These results provide
a reasonable explanation of the observed disappearance of
the ozonolysis products from the surface of the droplet over
time. Calculations were performed for both neutral and
anionic states of the phosphatidylglycerol group. Table 1 lists
the calculated ∆Esolv values of DPPG, POPG, and the
ozonolysis products of POPG. The solvation of a singly
charged anion is energetically favored compared to the
corresponding neutral lipid by ∼58 kcal/mol. Both anionic
and neutral DPPG and POPG exhibit similar stability in the

Figure 5. (a) Final snapshot after 2.0 ns of MD simulation of a POPG monolayer at 60 Å2/lipid. Water molecules and chloride ions are shown in
cyan and purple, respectively. (b) Atomic density profiles of POPG monolayer systems as a function of ∆z, where the air/liquid interface is 0
(negative values are toward the water layer, and positive values are toward the lipid). The lipid surface densities are 55, 60, 65, and 70 Å2/lipid.

TABLE 1: Calculated Solvation Energies of Phospholipids
and Ozonolysis Products

solvation energy (kcal/mol)
lipid neutral anionic

DPPG -32.9 -91.5a

POPG -33.6 -91.7a

aldehyde product -38.3 -96.2a

carboxylate product -41.8 -100,a -184b

a Singly charged anion with deprotonated phosphatidylglycerol
group. b Doubly charged anion with deprotonated phosphatidyl-
glycerol and carboxylate groups.
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solution phase. This supports our hypothesis, based on the
observed lipid distribution in the FIDI-MS spectrum shown
in Figure 3, that both DPPG and POPG are colocated at the
surface of the droplet. Carboxylic acid products are more
stable in the solution phase compared to intact DPPG and
POPG by ∼8 kcal/mol. Once the carboxylic acid dissolves
in the solution phase, further stability can be achieved by
deprotonation of carboxyl group. The ∆Esolv of an aldehyde
product is calculated as ∼4.5 kcal/mol less than that of an
intact POPG. However, it is ∼3.7 kcal/mol higher than the
∆Esolv of a carboxylic acid product. This indicates that
aldehyde products have higher surface activity than carboxy-
lic acid products at the surface of the droplet. This agrees
well with the positive ion mode FIDI-MS spectra, in which
aldehyde is the predominant observed product from the
ozonolysis of unsaturated phospholipids (Figure 4).

Conclusions

The FIDI-MS technique is well suited to analyze chemical
reactions of phospholipids at the air-liquid interface. In FIDI-
MS spectra, ozonolysis products distinct from those formed in
both the bulk phase and the gas phase are observed from an
interfacial phospholipid surfactant layer. MD simulations cor-
relate well with experimental observations and provide ad-
ditional insights into the interactions between lipids and water
molecules in the interfacial region. In these simulations the low
water density around unsaturated carbons of the lipid acyl chain
provides a rationalization for the experimental observation of
metastable products resulting from ozonolysis of unsaturated
phospholipids.

In the lung, oxidation of pulmonary surfactant causes
surfactant dysfunction in adsorption and respreading process,
as well as reduction of surface tension.37,38 Once O3 traverses
the air-liquid interface, it decays rapidly concomitant with
the formation of ROS in regions with high water densities.39

However, due to the high reactivity with PS at the interface,
it has been thought that little or none of the O3 can penetrate
the PS monolayer to attack the epithelium cells below.40

Instead of direct attack by O3 and its derivative ROS,
secondary oxidized products of PS, such as HHP, have been
expected to yield cellular damage.40 Our FIDI-MS data
indicate that more than 60% of the heterogeneous oxidation
products of POPG by O3 are peroxides. These products, which
are more water-soluble than the lipid precursors, eventually
dissolve into the bulk liquid where they form ROS29 that can
lead to cellular damage.

These findings provide mechanistic details for the reaction
of ozone with unsaturated phospholipids, leading to possible
damage of the pulmonary system by ROS or direct ozone
exposure. Further studies with more elaborate model systems
comprising surfactant proteins and various lipids could further
clarify the effect of environmental exposures on the lung
surfactant system. We have reported one such study, dem-
onstrating that phospholipid surfactants have a profound
effect in moderating the reactions of the important surfactant
protein B with ozone.19
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