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ABSTRACT: Amino acids (AAs), the building blocks of proteins, are enriched by several orders of
magnitude in sea spray aerosols compared to ocean waters. This suggests that AAs may reside at the air—
water interface and be highly surface active. Using surface tension measurements, infrared reflection—
absorption spectroscopy, and molecular dynamics simulations, we show that AAs are surface active and that
salts and low-pH environments are drivers of surface activity. At typical sea spray salt concentrations and
pH values, we determine that the surface coverage of hydrophobic AAs increases by approximately 1 order
of magnitude. Additionally, divalent cations such as Ca** and Mg*" can further increase AA surface

propensity, particularly at neutral pH. Overall, these results indicate that AAs are likely to be found at
increased concentrations at the surface of sea spray aerosols, where they can impact the cloud activation
properties of the aerosol and enhance peptide formation under certain conditions.

mino acids (AAs) are the building blocks of proteins and
thus critical to life. In ocean waters, dissolved free AAs are
an important source of nitrogen and carbon for marine life,
particularly bacteria.' Despite being present in concentrations
of only 1-3000 nM, AAs can be transferred efficiently across
the air—water interface from ocean waters into aerosols.'*
Most notably, Triesch et al. recently demonstrated that AAs
are enriched in sea spray aerosols (SSA) by up to 7 orders of
magnitude, with greater enrichment identified for smaller
aerosols.” While the selective transfer of longer chain fatty
acids across the ocean—air interface has been well-established,
AAs are relatively understudied in marine aerosol chemistry.’
Their presence in SSA is important, as it has been shown that
AAs impact the hygroscopicity and phase state of aerosols.” In
addition, AAs can contribute to the formation of new particles
in the atmosphere.®
The chemical environment within SSA is complex. Within
minutes of emission from the ocean, SSA can be rapidly
acidified from slightly alkaline ocean levels to acidic pH values
from 2 to 4 and can further drop to below pH 0 with
atmospheric aging.”'® Additionally, the ionic strengths of SSA
are much higher than that of the ocean (~0.7 m), containing
up to 5 m sodium chloride."’ It has also been shown that
calcium can be greatly enriched in SSA.%'>'* Magnesium, the
other main divalent cation in seawater, is enriched relative to
sodium in SSA, as well.'®
These low-pH, high-salt, and high-divalent cation conditions
could have an important impact on the behavior of AAs within
SSA. In near neutral aqueous solutions, many AAs are
zwitterions, containing cationic amine and anionic carboxylate
groups. At highly acidic pH levels, the carboxylate ion becomes
protonated and the AA becomes cationic. This can impact the
solubility of the AA and whether it dissolves more readily in
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the core of the SSA or at the air—water interface. In fact,
Herboth et al. used molecular dynamics simulations to show
that phenylalanine (Phe) and valine (Val) have greater affinity
for the interface at low pH, while glycine (Gly) did not.'* It
has also been shown that salts can drive proteins to or away
from the air—water interface."”~"” Determining whether AAs
reside at SSA interfaces is important because the surface of an
aerosol impacts its properties of water uptake, morphology,
and heterogeneous chemical transformations.'* ™ It is also
essential to determine the behavior of AAs and peptides in
aerosols as they are used in food and medicine, including
trileucine as a medicinal aerosol dispersibility enhancer.”'

To quantify the surface propensity of AAs in SSA-like
environments, we applied surface tension measurements and
infrared reflection—absorption spectroscopy (IRRAS) for six
different AAs (structures in Table S1). Leucine (Leu) and
isoleucine (Ile) were chosen as they are the most hydrophobic
AAs at the low pH of SSA.** Phe, Val, and Gly were chosen to
expand on the simulation work by Herboth et al.'* Finally,
methionine (Met) was chosen because its side chain contains a
sulfur atom that displays strong reactivity with atmospherically
relevant species such as hypochlorous acid.”® To further gain
insight into the interfacial orientation and energetics of AAs,
we applied potential of mean force (PMF) calculations to Leu,
one of the most hydrophobic AAs. The overall goal was to
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quantify the enhancement of the surface concentration of AAs = pH1NaCl = pH 6 NaCl
due to the low-pH and high-ionic strength conditions typical of 25 m pH1CaCl, m pH6 CaCl,

SSA to better understand how these key biological building
blocks behave in the marine atmosphere.

To determine the impact of ions on the surface propensity of
AAs, the surface pressure of AA solutions as a function of bulk
concentration was first determined for each pH condition
(Figure S1). The surface pressure, 7, was calculated by eq 1

=y -y (1)

where y, is the surface tension of a solution at a given pH and
salt concentration and y is the surface tension of the same
solution with the added AA. For the hydrophobic AAs studied
here, 7 increases with AA concentration, because the surface
activity of the AAs decreases the surface tension of water. A
linear regression was performed on each data set, and the
resulting slope was used to calculate the surface excess
concentration, I', as defined by the Gibbs adsorption equation

(eq 2).*

r— _L(a_’f)
RT\0C ), @)

where C is the AA concentration, R is the gas constant, and T
is the temperature. At a bulk concentration of 65 millimolal
(see the Experimental Methods in the Supporting Informa-
tion), the I values for the hydrophobic amino acids we studied
ranged from 0.1 to 0.8 pmol/m? This is below the I' values
typical of fatty acids and comparable to high mole fractions of
methanol, which makes sense §iven that AAs, on their own, are
only weakly surface active.”””

Next, the impact of each salt on 7 was determined by
measuring a series of solutions in which only the salt
concentration changed. Measurements were made across the
range of solubility for NaCl, MgCl,, and CaCl,, and the
resulting data were typically linear (Figure S1).”” Note that the
non-zero intercepts obtained by linear regression of these data
are expected, because the AA solutions exhibit 7 even in the
absence of added salts. From these data, it is clear that these 65
millimolal AA solutions in the presence of high salt
concentrations exhibit 7 comparable to that of pure AA
solutions of significantly higher concentrations. For example, in
the case of Phe, the 7 values at high concentrations correspond
to monolayers of Phe with packing densities of >15 A%/
molecule.”® To quantify the salt-driven 7 enhancement, we
defined a surface enhancement factor, SEF (eq 3).

T
SEF = 07175

(%)Tcs (3)

where z; and C; are the surface pressure and AA

concentrations at the salt concentration of interest, respec-
tively, which we chose to be S m, a concentration observed for
NaCl in SSA."" A comparison of SEF values for various AA,
salt, and pH conditions is given in Figure 1. These SEF values
represent the minimum surface enhancement expected for AAs
under the given conditions (for further details, see the
Discussion in the Supporting Information).

The data show that surface enhancement at pH 1 is
consistently either greater than or equal to that at pH 6 within
the margin of error. This is consistent with recent data showing
that the cationic form of surface active AAs has the greatest
affinity for the air—water interface.'* The effect is particularly
apparent for CaCl, solutions with the branched chain AAs
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Figure 1. Comparison of SEF values for various aqueous phase
conditions of pH and different salts. Data show the average of
replicate experiments, and error bars reflect one standard deviation.
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along with Met. The exception is Phe, which shows no
statistically significant difference for pH 1 and 6 CaCl,
solutions. This may be due to m-stacking effects making side
chain interactions more dominant than interactions between
the carboxylic acid or carboxylate group and salts.”” Regardless
of the cause, the data are also consistent with the findings of
Grifith and Vaida, who found the equilibrium surface
pressures of Phe solutions at low and neutral pH levels to be
identical within experimental error.”” We also obtained data for
solutions with the cationic and zwitterionic forms of the AA
present at pH 3 (Figure S2), where the average surface
pressure results are between the pH 1 and 6 surface pressures.

In addition, the data in Figure 1 show the enhancement in 7
in the presence of CaCl, to be greater than that of NaCl. For
pH 6, we attribute this to the greater affinity of Ca** for
binding with the COO- group compared to the Na" cation. For
pH 1, this is likely due to the increased concentrations of Cl™
that can screen positive charges at the interface to allow more
efficient surface packing.”’ This is supported when the 7 data
for both NaCl and CaCl, are plotted together as a function of
Cl™ concentration (Figure S3). The relationship between
surface pressure and [Cl7] is nearly identical for NaCl and
CaCl, at pH 1, whereas there is a noticeable distinction for the
two salts at pH 6. This indicates the identity of the cation is
more important at pH 6 while the amount of anion is more
important at pH 1.

To probe the impact of the identity of the cation on AA
surface pressure, we compared measurements of samples in
CaCl, and MgCl, solutions (Figure S4). We observed that, at
pH 1, there was no statistically significant difference between
the 7 measurements. This corroborates our hypothesis that the
salt-driven surface activity is dominated by the anion in acidic
solutions. At pH 6, by contrast, the 7 values from CaCl,
solutions are consistently higher than those of MgCl, solutions
for the branched chain AAs. Because the side chains of these
AAs are hydrophobic, it is likely that they are “sticking up” into
the air at the interface, leaving the zwitterionic groups in the
water. The strong ability of Ca** to screen these adg'acent
charges may contribute to stabilization at the interface.”” We
note again that Phe is the exception, possibly due to the
aromatic side chains causing a different orientation at the
interface.””

For a point of contrast, we also measured the 7 of Gly
solutions at pH 1 and 6 in the presence of NaCl and CaCl,. As
the smallest AA and one that is substantially more soluble than
the other AAs measured here, we expected Gly to exhibit less
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surface activity. The results are given in Figure SS, where

negative 7 values indicate Gly behaves more like a solute than a 40

surfactant in the presence of NaCl Interestingly, as the 200

concentration of CaCl, increases, 7 gradually undergoes a
transition from negative to positive, indicating that highly
concentrated calcium solutions can change the role of Gly
from a solute to a surfactant. This is noteworthy, because Gly is
expected to always reside in the bulk solution away from the
interface due to its solubility.”> However, these new data
presented here indicate that under certain conditions this may
not be the case, although we emphasize the effect is small.
To confirm our hypothesis that salts increase the surface
propensity of AAs, we used IRRAS to measure AA solutions
with and without salts present. A representative result is given
in Figure 2 where several (negative) peaks show greater

0.0 -
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0.2 - —3m CaCI2
0.4
2 06—
4
4 -0.8 -
3 _
10 2873 cm”’
4.2 \ -
2058 cm-1_, \ 1 2900 cm
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Figure 2. Representative IRRAS spectra for Leu pH 1 solutions with 0
and 3 m CaCl, concentrations. Enhancements in C—H stretches are
apparent (note peaks are negative).

intensity in the presence of 3 versus 0 m CaCl,. It has been
demonstrated that IRRAS band intensities are not expected to
increase linearly with surface concentration due to exciton
delocalization and the loss of many small bands in the IRRAS
baseline.”* As a result, and due to the potential impact of
different cations on the interfacial structure of water, we have
not attempted to use IRRAS in a quantitative way to compare
the efficacy of different salts in driving AAs to the surface.
Nevertheless, our data corroborate our 7 measurements by
showing that AA peaks are enhanced in the presence of salts.
Additional spectra of other amino acids are given in Figures S6
and S7.

To aid in the explanation of these experimental data and to
better understand the behavior of AAs at the air—water
interface, we turned to molecular dynamics (MD) pulling
simulations combined with umbrella sampling. These were
performed as described by Herboth et al.'” From these
simulations, we were able to calculate the potential of mean
force of pulling Leu from a salt solution into the gas phase.
Representative results for Leu are given in Figure 3 (top), and
an image of a Leu cation at the air—water interface is also
shown. The energy minimum corresponds to the air—water
interface and is seen to be 8 + 2 kJ/mol lower for the cation
than for the zwitterion. Additionally, while we observed that
the COOH group of the Leu cation occasionally faced the gas
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Figure 3. Potential of mean force profile and energy well comparison
for a Leu zwitterion and cation (top). The inset shows an expanded
view of the energy minimum. Representative image of the Leu cation
at the air—water interface (bottom).

phase at the air—water interface, the COO™ group of the
zwitterion rarely did so (Figure S8). This is consistent with our
experimental determination that the identity of the salt cation
is less important for highly acidic solutions, where interfacial
carboxylic groups may be less likely to interact with aqueous
ions. Additional details of computations and further data are
given in the Experimental Methods in the Supporting
Information and Figure S9.

The surface propensities of AAs at the air—water interface
are shown to be increased under high-salt and low-pH
conditions as well as in the presence of divalent cations.
These conditions are highly relevant to SSA as it has been
shown that these aerosols undergo rapid acidification after
emission from the ocean.” In addition, water loss after emission
causes concentration of existing components such as NaCl and
CaCl,. Therefore, while AAs may have low surface activity
under most conditions and be most energetically stable in the
bulk solution, the combination of acidification and increased
concentrations of salts and AAs will drive them to the aerosol—
air interface. At the interface, they can more readily undergo
chemical reactions, including peptide formation under certain
conditions, which is of interest from an origin of life
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perspective.”> AAs can be a factor in aerosol hygroscopicity
and cloud formation.*® For example, Marsh et al. found that
AAs are more hygroscopic than predicted by models, likely
because their zwitterionic form makes them behave more like
salts than other organics.37 Therefore, for investigation of
water uptake or even aerosol morphology with the assumption
that the aerosol is coated with organics, it is important to
consider whether AAs driven to the surface as part of this
coating behave more like salts or disrupt the structure of
existing monolayers.” In terms of heterogeneous chemistry, in
addition to the aforementioned reaction of Met with HOC],*®
there are likely a wide range of interfacial reactions possible
with AAs, including acid—base chemistry, given the diversity of
their side chains and the presence of both amine and
carboxylate groups. Combined with the recent demonstration
of the 10°~10"-fold enrichment of AAs from the ocean into sea
spray aerosols,” our data showing that AAs are driven to the
surface by salts and low-pH conditions indicate that AAs may
be more important components of marine aerosol interfacial
chemistry than has been previously realized. These results can
also provide insights into the behavior of free AAs in different
environments where air—water interfaces are present.

B EXPERIMENTAL METHODS

Details of the experimental and computational methods used
in this study are given in the Supporting Information. Briefly,
we note that in this report “pH 1” and “pH 6” are used to
succinctly refer to highly acidic (pH 0.55) solutions and
unadjusted solutions at the isoelectric point of the AA (pH
~5.8—6.1), respectively. These pH values were chosen to
isolate different protonation states of the AAs. The pH 1
solutions caused >97% of the AAs to be in the cationic form
(with lower-pH solutions not being possible due to equipment
corrosion), and the pH 6 solutions caused >99% of the AAs to
be in the zwitterionic form (see Table 1).

Table 1. Amino Acid Speciation Data and Aerosol
Enrichment Factors

aerosol
enrichment cation fraction zwitterion fraction
AA factor” pK,*® present at “pH 1”7 present at “pH 6”
Leu 6.6 X 10* to 2.32 0.983 1.000
1.3 x 10°
e 97 %x10°to 2.26 0.981 1.000
1.8 x 10°
Val 5.1 X 10° to 227 0.981 1.000
7.4 X 10°
Phe 4.1 x 10° to 2.18 0.977 0.999
3.4 x 10°
Met b 2.16 0.976 0.999
Gly 42 x10*to 2.34 0.984 1.000
3.5 x 107

“Aerosol enrichment factors are taken from the range of size-
separated values measured by Triesch et al.’ “Data analysis in ref 5
did not include Met.
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