
Cation-Driven Lipopolysaccharide Morphological Changes Impact
Heterogeneous Reactions of Nitric Acid with Sea Spray Aerosol
Particles
Christopher Lee,§ Abigail C. Dommer,§ Jamie M. Schiffer, Rommie E. Amaro, Vicki H. Grassian,
and Kimberly A. Prather*

Cite This: J. Phys. Chem. Lett. 2021, 12, 5023−5029 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Lipopolysaccharides (LPS) in sea spray aerosol (SSA) particles have recently been
shown to undergo heterogeneous reactions with HNO3 in the atmosphere. Here, we integrate
theory and experiment to further investigate how the most abundant sea salt cations, Na+, Mg2+,
and Ca2+, impact HNO3 reactions with LPS-containing SSA particles. Aerosol reaction flow tube
studies show that heterogeneous reactions of SSA particles with divalent cation (Mg2+ and Ca2+)
and LPS signatures were less reactive with HNO3 than those dominated by monovalent cations
(Na+). All-atom molecular dynamics simulations of model LPS aggregates suggest that divalent
cations cross-link the oligosaccharide chains to increase molecular aggregation and rigidity, which
changes the particle phase and morphology, decreases water diffusion, and consequently decreases
the reactive uptake of HNO3. This study provides new insight into how complex chemical
interactions between ocean-derived salts and biogenic organic species can impact the
heterogeneous reactivity of SSA particles.

Sea spray aerosol (SSA) particles are one of the most
abundant naturally produced aerosols in our atmosphere.

Yet, their heterogeneous reactivity in the atmosphere is not
well-understood as chemically simple systems have only been
investigated.1−4 Understanding the heterogeneous reactivity of
SSA particles is important for water uptake and cloud
formation which is key to controlling our climate and reducing
one of the greatest uncertainties in current climate models.5

SSA particles are composed of a wide array of inorganic and
organic components, ranging from simple mixtures of sea salt
to entire microbial cells.6−8 The composition of each SSA
particle impacts its climate-relevant properties, including the
interaction with gas phase species like HNO3 that are
important for regulating nitrogen levels in the global nitrogen
cycle.9 Up to 63.9% of SSA particles with aerodynamic sizes
greater than 1 μm (supermicron SSA) contain polysaccharide
signatures, including lipopolysaccharides (LPS), as determined
from Raman microspectroscopy.8 Recently, LPS species have
been shown to undergo acid−base reactions with HNO3 in
SSA particles, changing the paradigm of heterogeneous
reaction between SSA and HNO3 involving only inorganic
species.3,10

LPS is a major component of outer-cell membranes of
Gram-negative bacteria, known constituents of microbial life
within the sea surface microlayer, and a source of SSA
components. The chemical structure of LPS, which primarily
protects microbial cells, is expected to also impact SSA
reaction pathways. Each LPS molecule is composed of three
parts, i.e., (1) Lipid A, (2) inner and outer core

oligosaccharides, and (3) repeating O-antigens, a repetitive
glycan polymer (Scheme 1).11,12 Upon reaction with HNO3,
LPS can undergo acid−base chemistry by becoming
protonated at the carboxylate and phosphate groups located
within the inner and outer core oligosaccharides. This reaction
process displaces coordinating cations (i.e., sodium, calcium,
magnesium). The significance of this heterogeneous reaction
pathway in nascent SSA particles was recently established
through single-particle studies by Raman microspectroscopy
and aerosol time-of-flight mass spectrometry (ATOFMS).10

Different cations are known to elicit unique morphological
properties in LPS monolayers and bilayers.13−16 Coughlin et al.
reported that purified sodium LPS salt forms tube-like
aggregates, while the presence of divalent cations calcium or
magnesium induces the formation of LPS bilayer aggre-
gates.14,15 Many studies have also noted that the high activity
of divalent cations leads to the displacement of monovalent
cations weakly bound to the saccharide headgroups, with
calcium binding more tightly relative to magnesium.13,15−18

The striking sensitivity of LPS aggregate morphology to cation
type, and the high preference for calcium binding, has also
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been associated with the resistance of bacteria to commercial
sanitizers; calcium is suggested to cross-link the saccharide
chains together, preventing membrane penetration by the

weaker cationic surfactants used in sanitizers.13 A similar
mechanism may play a role in the reactive uptake of trace
atmospheric gases by marine aerosols, but the specific impacts
of cation type on LPS-transformed SSA particle morphology
and reactivity remain unclear.
Here, we sought to understand the specific impact of

monovalent and divalent cations on heterogeneous reactions
between LPS-transformed SSA particles and HNO3. Both
simplified salt-LPS model aerosols as well as nascent aerosols
generated from a laboratory-induced phytoplankton bloom
were investigated. ATOFMS was used to reveal how cation
valency drives LPS physicochemical changes in the aerosol
phase, which in turn impacts the aerosol heterogeneous
reactivity toward HNO3.

19 Furthermore, explicit solvent all-
atom molecular dynamics simulations of LPS bilayers under
different cation conditions were performed to provide a
molecular-level explanation of the reactivity behavior.4 Taken
together, these findings can provide substantial insight into the
molecular mechanisms behind cation-driven LPS morphology,
phase, and correlated reactivity.20,21

Chemical changes in LPS-containing SSA particles were
investigated during the Investigation into Marine Particle
Chemistry and Transfer Science (IMPACTS) campaign, where
a phytoplankton bloom was induced using natural Pacific

Scheme 1. (A) Glycan Symbol Representation of Model LPS
Used in This Study. (B) Hard-sphere Atomic Model of LPS
Corresponding to the Diagram in (A).a

aColorcode: white, hydrogen; teal, carbon; red, oxygen; blue,
nitrogen; tan, phosphorous. Detailed chemical structure can be
found in Trueblood et al.6

Figure 1. (A) Seawater chlorophyll-a (green) and heterotrophic bacteria concentrations (orange) with the percentage of SSA-containing
polysaccharides, including LPS6 (blue), over the course of the phytoplankton blooms from the IMPACTS campaign. Period of supermicron SSA
polysaccharide-enrichment for further ATOFMS data analysis is noted by the red box. (B) ATOFMS size histogram of Na-LPS (solid fill) and Mg/
Ca-LPS SSA (dashed fill) from the IMPACTS campaign. (C) Percentage of reacted Na-LPS (solid fill) and Mg/Ca-LPS SSA (dashed fill) detected
by ATOFMS with HNO3 reaction flow tube from the IMPACTS 2014 campaign. Error bars in (C) represent 2σ for the 95% confidence limit.
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Ocean seawater.7,8 The induced bloom in the ocean-
atmosphere interaction facility (OAIF) produced SSA particles
that are representative of those produced over the ocean at
varying biological activities.7,22 While two phytoplankton
blooms were induced from the same seawater during the
IMPACTS campaign (Figure 1A, green trace),7 we focus on
the second phytoplankton bloom in the study due to the
concurrent bloom of heterotrophic bacteria (Figure 1A, orange
marker) in the seawater as well as high enrichment of
polysaccharides in the supermicron SSA population (Figure
1A, blue marker) as identified using Raman spectroscopic
analysis by Cochran et al.8 As each day contains data from tens
to hundreds of thousands of particles, we further zoom into a
single day during the second bloom (Figure 1A, red box)
where 63.9% of the Raman-active supermicron SSA particles
contain polysaccharides.
Using known LPS ion markers from reference ATOFMS

mass spectra of LPS (Figure S1), we isolated 5011 LPS-
containing SSA particles out of a total of 52918 particles (10.6
± 0.3%) for 1 day of the study. Two types of particles were
observed, i.e., (1) LPS-containing SSA with a dominant
sodium signal (herein referred as Na-LPS SSA) and (2) LPS-
containing SSA with dominant Mg and Ca signals (>10% rel.
area intensity of 24Mg+ or 40Ca+, herein referred as Mg/Ca-LPS
SSA), where these particles made up 98.0 ± 0.4% and 42.0 ±
2.2% of the total LPS-containing SSA particles, respectively. In
these SSA particles, Mg/Ca-LPS SSA particles exhibited a
more pronounced second peak in the larger aerodynamic sizes
at 1.9 μm Dva (vacuum aerodynamic diameter, herein referred
to as aerodynamic diameter) compared to Na-LPS SSA
particles (Figure 1B). This can be attributed to either an
increase in particle size or change in shape as ATOFMS
measures the particles’ aerodynamic diameter and a change in
shape leads to an apparent change in aerodynamic diameter.23

Ultimately, when these particles were reacted with 350 ppb
HNO3 at 60 ± 2% relative humidity (RH), a lower percentage
of Mg/Ca-LPS SSA particles reacted (63.6 ± 8.1%) than Na-
LPS SSA particles (91.7 ± 0.8%) (Figure 1C). Given the level
of chemical complexity of nascent SSA particles, we
hypothesize that this shift in size and the associated differences
in heterogeneous reactivity are due to aggregation of the LPS
molecules with divalent cations that are enriched at the air−
water interface of SSML and ejected as SSA particles.24−27 We
sought to investigate the role of cation valency using a more
controlled model system consisting of specific salts and LPS
using a synergistic experimental and computational approach.
Model systems of salt-LPS particles were produced by

atomizing LPS solutions containing different countercations,
namely, Na+, Mg2+, and Ca2+. The ATOFMS, which provides
size-resolved, dual-polarity mass spectra of single particles,19

can detect single soluble and insoluble particles, as well as
agglomerates of different particles across a wide size range
(Figure S2).28 As done in the analysis of the IMPACTS
campaign, select ion markers of LPS, obtained from a reference
mass spectrum (Figure S1), were used to isolate particles
containing LPS from the total population of atomized LPS
particles. In the model systems, the generated aerosols are
called LPS particles to easily distinguish this system with the
complex system of the IMPACTS campaign.
In this study, we determined that morphology and particle

size of LPS particles depends upon the countercation present.
Results from ATOFMS on these model LPS particles revealed
a more pronounced shift from predominantly submicrometer

(submicron) to supermicrometer (supermicron) sizes depend-
ing upon the countercation present (Figure 2). This is

consistent with observations made during IMPACTS. Na-
LPS particles were predominantly in the submicron size range,
whereas Mg- and Ca-LPS particles were in the supermicron
range. In order the visualize the physical changes, we took
transmission electron microscopy (TEM, FEI Tecnai Spirit)
images of the negative-stained29,30 atomized LPS particles and
revealed that Na-LPS particles exhibited long tubular
structures of a single-layered structure, whereas Mg- and Ca-
LPS particles exhibited bilayer sheets as previously observed in
a study that characterized the LPS salts in bulk solution using
TEM.14

It is unclear how this change in the morphology impacts the
heterogeneous reactivity of SSA particles in the atmosphere.
To investigate this, we reacted these model LPS particles in an
aerosol flow tube using 10 ppb HNO3 at 50 ± 2% RH, a lower
and more atmospherically relevant condition.31 These simple
model LPS particles showed very similar behavior to the
complex SSA in Figure 1C. Na-LPS particles were more ∼8
times more reactive with HNO3 (24.1 ± 1.3%) compared to
Mg- (2.5 ± 0.8%) or Ca-LPS (3.7 ± 1.2%) particles. These
results all converge to support our original hypothesis that
changes in LPS-cation structures formed with different

Figure 2. (Left) Transmission electron microscope images of
negative-stained atomized particles, and (right) normalized size
distribution of LPS particles detected by ATOFMS for (A) LPS
spiked with 0.010 M NaCl, (B) LPS spiked with 0.010 M MgCl2, and
(C) LPS spiked with 0.010 M CaCl2. Scale bar on the image denotes
100 nm; the ATOFMS total LPS particles are shown in gray, whereas
the reacted LPS particles are overlaid in red.
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countercations present can change the atmospheric reactivity
of SSA particles.
LPS molecules tend to form bilayer aggregates in the

presence of different divalent countercations as observed here
and in previous studies (Figure 2).14,32 To understand how
these higher order LPS structures could alter heterogeneous
pathways at the atomic level, we performed three all-atom
explicit solvent molecular dynamics simulations of an E. coli
O111 LPS bilayer, the same LPS structure used in these model
experiments. CHARMM-GUI was used to construct the model
systems with coordinating cations.33−35 Each LPS molecule
contained eight O-antigen repeating units, an R1 core, and
Lipid A, and each was conjugated to Mg2+, Ca2+, or Na+

countercations to balance the charges.
To elucidate the impact of the countercation on LPS bilayer

structure, we compared the equilibrium area per molecule and
LPS chain length and orientations. The simulations show that,
under constant pressure, the LPS bilayer in Ca2+ and Mg2+

matrices expanded laterally in area from their initial
postequilibration structures, while LPS in Na+ matrix
contracted laterally. Figure 3A shows how this expansion is
reflected in the area per molecule of the LPS bilayers over the
duration of each molecular dynamics trajectory. On average,
the final area per molecule of Na-LPS molecules (1.91 ± 0.01
nm2) was markedly lower than that of both Ca- and Mg-LPS
(1.98 ± 0.02 and 2.01 ± 0.02 nm2, respectively). Additionally,
in both divalent cation matrices, the LPS chains underwent
vertical compression compared to their Na-complexed LPS
counterparts. In direct comparisons between monosaccharide

units in Ca- or Mg-LPS chains with Na-LPS chains, both
calcium and magnesium cations induced crunching in the
oligosaccharides, resulting in chain lengths consistently shorter
than those of Na-LPS (Figure 3B). This observation is in line
with previous work, which has documented the calcium-
induced collapse of monolayers containing LPS isolated from
Pseudomona aeruginosa.36

To understand the impacts of cation valency on the LPS
aggregate dynamics, we compared the atomic-level root-mean-
square fluctuations (RMSF). RMSF calculations indicate that
the O-antigen chains on Na-LPS exhibited a much higher
degree of flexibility than those complexed with magnesium or
calcium, which adopted a more rigid structure (Figure 3C).
These calculations are in line with experimentally measured
compressibilities for salt-LPS monolayers, where Na-LPS
monolayers demonstrate high compressibility compared to
Ca-LPS.37 However, the impacts of cation type on the core
region flexibility of the LPS molecules is much less
pronounced, indicating that specific cation interactions within
the saccharide chains are more impactful to the overall
dynamics of LPS bilayers than interactions with the R1 core or
Lipid A.
To understand how the morphological changes in the LPS

bilayer impact the reactivity of the LPS aggregate, we
calculated the water diffusion coefficients and water density
for each system. The diffusivity of water throughout the LPS
when complexed to sodium was significantly higher than when
complexed to magnesium or calcium (Figure 4A). Addition-
ally, measurements of water density throughout the bilayers

Figure 3. (A) Area per molecule (APM) measurements in nm2 LPS-molecule−1 over each 200 ns trajectory. Replicates are indicated by average
area per molecule over time with the standard deviation shaded above and below, with Ca-LPS in orange, Na-LPS in green, and Mg-LPS in blue.
(B) LPS chain length fractions of Mg-LPS (top) and Ca-LPS (bottom) as fractions of Na-LPS chain length. Error propagation bars are given by
hatches. Dotted lines indicate unity. (C) Atomic-level root-mean-square fluctuations (RMSF) were calculated over the final 50 ns of simulation for
replicates of Na-LPS (left), Mg-LPS (center), and Ca-LPS (right) bilayers. Atoms are colored by RMSF value, with red indicating more fluctuations
and blue indicating less fluctuations. Note that red atoms located at the edges of the simulation box may be due to artifacts of molecules moving
across periodic boundaries and not corrected by the gmx rmsf module.
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indicate that water molecules in the Na LPS bilayers were able
to occupy space between the O-antigen regions of the LPS
molecules. Conversely, the water in Ca/Mg LPS bilayers is
mainly concentrated in the core region of the LPS (Figure 4B).
The dehydration of the saccharide regions as indicated by low
water occupation and diffusion constants in Ca/Mg LPS
bilayers likely accounts for the reduced HNO3 reactivity of
these LPS particle types, as the morphology of these Ca/Mg
LPS particles prevents diffusion of dissolved HNO3 into the
LPS core where it can undergo protonation reactions at the
phosphate and carboxylate sites.
One possible explanation for the cation-dependent differ-

ences in morphology and reactivity of LPS bilayers is that
divalent cations, by chelating two singly charged reactive sites
each, deform the structures of the oligosaccharides while
positioning them into ideal cross-linking conformations, which
simultaneously dehydrates the O-antigen regions and blocks
the movement of water.13,15,16,36,37 Monovalent sodium cations
do not appear to significantly disrupt the alignment of the LPS
molecules; however, divalent cations induce structural
deformation away from the bilayer normal in the oligosac-
charide chains, which increases the molecular footprint of each
LPS molecule and causes the bilayer to expand. Notably, the
increase in area per molecule does not correspond to an
increase in water diffusion throughout aggregate; rather, the
LPS conformations hinder water diffusion by forming a
relatively dehydrated and intertwined network of saccharide
chains, also known as microgels, which have been observed in

marine environments.38 Although the Na-LPS bilayer adopts a
lower area per molecule, the lower specificity of the saccharide
chains to sodium and the alignment of the molecules allows for
greater molecular flexibility. This more flexible structure
promotes the diffusion of water and small molecules such as
nitric acid, which increases the overall heterogeneous reactivity
of Na-LPS aggregates compared to the divalent analogs.
SSA particles have been shown to exhibit a wide range of

heterogeneous reactivities at the single-particle level.1,39

Results from this study provide a detailed atomic-level
examination of the factors that helps explain the observed
variation in reactivity in LPS-containing SSA particles.
Specifically, cation type elicits differences in physicochemical
properties of LPS-containing marine aerosols, highlighting the
role that countercations play on aerosol structure and
atmospheric reactivity. This discovery has important implica-
tions not only for other atmospheric heterogeneous reactions
including oxidation reactions but also in key surface processes
such as water uptake, cloud droplets, and ice nucleation.40−44

This study demonstrates how the addition of biogenically
derived LPS molecules can impact SSA physicochemical
properties and reactivity, warranting further investigations
into how these morphological changes impact relevant
properties including cloud and ice forming abilities.

Figure 4. (A) Water diffusion coefficients of LPS bilayers complexed to either sodium (green), magnesium (blue), or calcium (orange). (B) Water
density measurements for replicate 1 of each countercation averaged over the entire 200 ns trajectory. Water is visualized by color, where Na-LPS is
given by green, Mg-LPS is given by blue, and Ca-LPS is given by orange volume maps, overlaid by corresponding LPS molecules. (C) Schematic
representing how water diffusion impacts HNO3 reactivity based on structural changes in the LPS molecules.
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