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ABSTRACT: Poly- and monosaccharides are ubiquitous in the marine
environment and are enriched in sea spray aerosol but the mechanisms for
their enrichment are not fully understood. We expand upon previously defined
co-adsorption mechanisms by investigating the co-absorption of alginate and
its representative monomeric form, glucuronate, to a stearic acid monolayer as
a function of saccharide concentration on an ocean proxy solution. Using
Langmuir isotherms, surface-sensitive infrared reflection—absorption spectros-
copy, and Brewster angle microscopy, we demonstrate that the mechanism of
co-adsorption significantly differs between alginate and glucuronate. We find
that film thickness increases from ~3.5 to 4.8 nm and from ~3.5 to ~3.7 nm
upon co-adsorption of alginate and glucuronate to stearic-d;5 acid monolayers,
respectively, indicating that alginate forms multilayers underneath the
monolayer. Glucuronate shows a different co-adsorption where it likely

intercalates and induces significant reorganization within the monolayer. We quantify the Langmuir adsorption coefficients and half-
saturation concentrations of both alginate and glucuronate co-adsorption to stearic-ds;5 acid. We find that alginate co-adsorption
produces the Langmuir adsorption constants Kjginye = 0.089 =+ 0.015 and Cy 5 ypginaee = 11 + 1.9 mg/L alginate and glucuronate co-
adsorption produces Kycuronate = 0-081 = 0.015 and C 5 giucuronate = 12 + 2.3 mg/L glucuronate. Thus, we demonstrate that the use
of monosaccharides alone as a proxy for saccharide enrichment is insufficient, and we provide important parameters for better

representation of saccharides in marine aerosol investigations.
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B INTRODUCTION

Poly- and monosaccharides can comprise a significant fraction
of organic carbon in sea spray aerosol (SSA) depending upon
the season and biological activity in the ocean."” Estimates
have shown that up to 61% of SSA content by mass comes
from saccharides with the greatest saccharide enrichment
observed in submicron SSA.”~” Saccharide enrichment in SSA
starts with breaking waves entraining air bubbles that become
coated in surface-active organic matter derived from marine
biota."**”® The adsorbed biogenic organic matter is sprayed
into the atmosphere upon bubble bursting.”'”"" Yet, the exact
transport mechanism of saccharides from bulk seawater to the
sea surface microlayer (SSML) remains understudied,"
causing an underestimation of saccharide presence in
SSA.®”'3 Atmospheric processes in the marine boundary
layer are dependent upon SSA composition.'*™*' SSA
containing saccharides, particularly those within marine
microgels, comprise an important fraction of cloud con-
densation nuclei (CCN)**™*° and ice nucleating particles
(INPs),”*™** thus affecting cloud formation and albedo.
Clouds and ice are important regulators of the overall radiative
budget on Earth, scattering and absorbing solar radiation.
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Changes in SSA composition alter the abundance of cloud
condensation nuclei and ice nucleating particles, which
ultimately drive climate processes, like temperature and
weather, in the marine boundary layer.”**™** Without accurate
measures of saccharide content within SSA, studies will be
based on underestimated values, limiting our accurate
understanding of saccharide enrichment.

In the SSML, polysaccharides can aggregate into gels that
can influence the interfacial reactivity.””~*’ These marine gels
are three-dimensional polymer networks hydrated by seawater.
Typically, gels cannot disperse if they are covalently linked, but
gels that are interlinked via ionic and hydrophobic interactions
are much more responsive to changes in the chemical
environment.”* Usually, marine gels are cross-linked by Ca?*
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ions with a random tangled topology, and such organization
can be changed by temperature and pH. Previous Brewster
angle microscopy (BAM) studies revealed that filtered
dissolved organic matter less than or equal to 200 nm in size
self-assembles.””* Free polymeric dissolved organic matter
likely reaches a critical concentration at the air—water
interface, leading to polymer rafts that collapse into nanogels.
These nanogels then diffuse into the bulk subphase and further
aggregate to form microgels.

Previous studies have discussed the electrostatic interactions
between saccharides and lipid headgroups, calculated the
enrichment of saccharides, and measured surface propensity.*®
However, the exact mechanics of such interactions and
enrichment had yet to be defined.'” Recent findings from
Hasenecz et al. showed a specific enrichment of the
polysaccharide alginate in proxy SSA samples that was further
enhanced (EF = 1.6 to 2.4) upon the addition of CaCl, to the
subphase.”” Alginate is a highly abundant oceanic compound
produced by Phaeophyta or brown algae.*® Specifically, alginate
is the most abundant polysaccharide produced by brown algae
and accounts for 15—60% of its dry weight.”” Alginate is a
linear anionic polysaccharide that provides structural function
within the cell walls of brown algae.50 Some bacteria, such as
Pseudomonas, can synthesize alginate, as well.>' However, most
marine bacteria depolymerize algal-based alginate via alginate
and oligoalginate lyase enzymes and eventually to its
monomeric form.*”*> Herein, alginate serves as a vital
substrate for bacterial metabolism and a source of
oligosaccharides and monosaccharides, which can also enrich
the SSML and SSA environments. Poly-, oligo-, and
monosaccharides are all readily available to interact with
oceanic salts, such as CaCl,, which has been shown to facilitate
bridging to such saccharides, co-adsorbing them to the air—
water interface.>”

Recent work from Carter-Fenk et al. measured a cationic
bridging mechanism in which alginate co-adsorbs to a
deprotonated fatty acid monolayer, providing new insights
into the enrichment process of saccharides at the air—water
interface.”® Ca®* facilitates the greatest extent of alginate co-
adsorption among other oceanic-relevant cations such as Na*
and Mg*". This work is foundational in providing empirical
parameters to improve the representation of polysaccharides in
the sea surface microlayer. While polysaccharide representation
and mechanistic transfer to the aerosol environment are
becoming better established in the literature, monosaccharides
may not maintain the same complexity and mechanics as
polysaccharides and require their own systematic studies to
quantify their surface propensity. Saccharide content in the
SSML and SSA was measured throughout two phytoplankton
blooms by Jayarathne et al. and found that enrichment factors
of monomers hydrolyzed from oligo-/polysaccharides were
~1-16 and ~14—1314 for SSML and submicron SSA,
respectively.” Studies are therefore needed to understand the
mechanistic transfer of monomers to the SSA environment to
help explain such enrichment.

In this study, we expand upon the cationic bridging
mechanism that drives alginate co-adsorption to deprotonated
monolayers by studying glucuronic acid, a commercially
available analogue to mannuronic acid and guluronic acid, as
it is representative of the monomeric form of alginate. We
measured the Langmuir adsorption coefficient and half-
saturation concentration of both alginate and glucuronate to
stearic-d;; acid monolayers using surface-sensitive infrared

reflection—absorption spectroscopy (IRRAS). Langmuir sur-
face pressure—area (II—A) isotherms, in combination with
infrared reflection—absorption spectroscopy, provide structural
insights within the stearic-d;5 acid monolayers. Brewster angle
microscopy (BAM) and non-equilibrium relaxation (NER)
studies provide the means to calculate monolayer thickness as
a function of saccharide concentration. We observe adsorption
of alginate to an insoluble monolayer via cationic bridging,
whereas our monomeric studies using glucuronate suggest co-
adsorption via intercalation. Our data of alginate and
glucuronate co-adsorption to a deprotonated monolayer
suggests that monomer glucuronate surface propensity is a
contributor to saccharide composition but cannot model
alginate polysaccharide representation in SSA.

B EXPERIMENTAL METHODS

Materials. Stearic acid (octadecanoic acid,
CH,(CH,),,COOH, >99%, Sigma-Aldrich) and deuterated
octadecanoic acid (stearic-ds5 acid, CD5(CD,),,CO,H, >98%,
Sigma-Aldrich) were used as received. Stearic acid is a surface-
active molecule and is found to be the second most abundant
fatty acid (with palmitic acid being the first) in marine
samples.” Stearic acid is an insoluble surfactant in water,
having a water(in)-solubility of ~0.00029/100 g at 20 °C.°
The air—water interface gives rise to preferred orientations of
these surface-active molecules such that the hydrophobic
portion persists in the air phase and the hydrophilic portion
interacts with the solution phase making stearic acid a good
proxy for monolayer formation. The compounds were
dissolved in chloroform (HPLC grade, Fisher Scientific) to
prepare ~1.5 mM solutions. Calcium chloride dihydrate
(Certified ACS, Fisher Chemical) was used as received.
Sodium chloride (Certified ACS, Fisher Chemical) was baked
for at least 10 h in a furnace at 650 °C to remove residual
impurities.‘w’58 Alginic acid (sodium salt, ACROS Organics,
Lot: A0406891) and glucuronic acid (sodium salt mono-
hydrate. 99% ACROS Organics, Lot: A0397856) were used as
received from the same batch to maximize homogeneity in
molecular composition. All aqueous solutions were prepared
with nanopure water with a resistivity of 18.2 MQ-cm (Milli-Q_
Advantage A10, EMD Millipore) in glassware cleaned with a
piranha acid bath.****’ The aqueous solutions consisted of
constant marine water concentrations of 476 mN NaCl and 10
mM CaCl, and a varying concentration of alginate or
glucuronate ranging from 0 to 100 mg/L to a total volume
of 1 L. The ionic composition was selected to model the
concentration of the most abundant and enriched cations in
seawater, without complicating spectral interpretation, while
maintaining high ionic strength as in seawater. The nanopure
water has a pH of 5.6 + 0.1 due to atmospheric CO,
acidification.’**® Atmospheric CO, also acidifies the proxy
aqueous solution, so the solutions were initially pH adjusted to
8.7 + 0.1 to ensure that the pH will be approximately 8.2 + 0.1
throughout the experimental measurements. The solution pH
was adjusted by adding microliter aliquots (~72—100 uL) of
0.345 M NaOH solution made from sodium hydroxide pellets
(98% extra pure, ACROS Organics) in nanopure water. The
aqueous subphase solution pH was measured before and after
experiments. During this study, no unexpected or unusually
high safety hazards were encountered.

Langmuir Surface Pressure—Area Isotherms. All
Langmuir surface pressure—area (II—A) isotherms were
performed in the same Teflon Langmuir trough with an area
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of 148.8 cm? fitted with movable Delrin barriers (KSV NIMA,
Finland). The volume of the trough is 135 mL with a depth of
~1 cm. II—-A isotherms provide insights into the overall
monolayer structure, intermolecular interactions, and the co-
adsorption of alginate and glucuronate. Surface pressure was
measured using a platinum Wilhelmy plate. The Wilhelmy
plate, trough, and barriers were thoroughly cleaned with
reagent alcohol (Histological grade, Fisher Scientific) and
nanopure water and dried before each trial. The Wilhelmy
plate was flamed using a hot flame of a Bunsen burner by
holding the plate in the hottest part of the flame for a few
seconds until the plate glows red hot to remove residual
organics. After the aqueous solution consisting of a constant
concentration of 476 mN NaCl and 10 mM CaCl, and a
ranging concentration from 0 to 100 mg/L (step size of 10
mg/L) of alginate or glucuronate was added to the trough, its
surface was checked for contamination by compressing the
barriers and ensuring that the surface pressure did not rise
above 1.0 mN/m. The stearic acid solution prepared in
chloroform was spread dropwise onto the aqueous surface to
form a monolayer using a microsyringe (Hamilton, SO uL).
The chloroform solvent was allowed to evaporate for 10 min.
The barriers were symmetrically compressed at a rate of §
mm/min/barrier. As the barriers are compressed (reducing the
area with the barriers) at a constant rate, changes in surface
pressure are measured as a function of the surface area
available to each molecule (mean molecular area, MMA). A
number of distinct regions are immediately apparent in
examining the isotherm. The regions are called phases, which
are identified as discontinuities in the isotherm. The phase
behavior of a monolayer is mainly determined by the physical
and chemical properties of an amphiphile, the subphase
(aqueous solution) temperature, and the subphase composi-
tion. During the isotherm compression, Brewster angle
microscopy images were taken every 4.85 s (see the Brewster
angle microscopy method section for more details). The
microsyringe was cleaned thoroughly between each trial with
reagent alcohol, set to dry, and then rinsed 8—10 times with
chloroform.

Brewster Angle Microscopy. The same Langmuir trough
was used during the Brewster angle microscopy (BAM)
imaging. These experiments were performed using a custom-
built setup,"®*°~%* which further allowed for visualization of
the air—aqueous interface during compression Langmuir
surface pressure—area (II—A) isotherms. BAM imaging
provides morphological evidence of monolayer structural
changes. The BAM setup is mounted on a goniometer,
which allows for adjusting the angle of incidence to the
Brewster angle of the aqueous solution, ~53°, from the surface
normal for pure water. The 1.5 mW He-Ne laser source
(Research Electro-Optics, Boulder, CO) emits polarized light
at a wavelength of 543 nm with linear polarization. The p-
polarized light goes through a Glan-laser calcite polarizer for
further purification before being reflected off the aqueous
surface.'*” The reflected light is then collected and collimated
by a 10X infinity-corrected superlong working distance
objective lens (CF160 Tu Plan EPI, Nikon Instruments,
Melville, NY) and a tube lens (MXA22018, Nikon, instru-
ments, Melville, NY; focal length 200 mm) to collect the
collimated beam before going into a back-illuminated EM-
CCD camera (iXon DV887-BV, Andor Technology, Concord,
MA; 512 X 512 active pixels with 16 ym x 16 um pixel size).
Before the stearic acid was spread onto the solution of interest

(constant concentrations of 467 mM NaCl and 10 mM CaCl,
and changing concentrations of 0—100 mg/L alginate or
glucuronate), an image of the background solution was taken
to ensure a gray level of 30 or less. Once this was calibrated,
stearic acid was spread onto the solution of interest and the
experiment was started and an image was recorded every 4.85
s. The BAM images were processed using Image] software
(version 1.52a, National Institute of Health, Bethesda, MD)
and cropped from their original size to show the region of the
highest resolution. The dark regions of the BAM images
correspond to the aqueous surface or to the less condensed
phases of the surfactant, whereas the bright regions correspond
to surfactant-rich areas. In this work, BAM was also utilized
during the II—A isotherm and the non-equilibrium relaxation
(NER) experiments.

Infrared Reflection—Absorption Spectroscopy. Infra-
red reflection—absorption spectroscopy (IRRAS) measure-
ments were performed using a custom-built optical setup®*~®’
to measure the co-adsorption of alginate and glucuronate to a
stearic-d;s acid monolayer as a function of saccharide
concentration. Two planar gold mirrors at 48° relative to the
surface normal were placed inside a Fourier transform infrared
spectrometer (FTIR) (Frontier, PerkinElmer). The incident
unpolarized beam is reflected off the input gold mirror and
onto the surface, where the beam interacts with the interface
and then reflects the output mirror and finally to the liquid
nitrogen-cooled HgCdTe (MCT) detector. Spectra were
collected with polarized light as an average of 400 scans in
the single-beam mode with a resolution of 4 cm™" within the
range of 4000—450 cm™ in 0.5 cm™' increments. IRRAS
spectra of stearic-d;s acid were collected and spread to the
condensed phase in a Petri dish with a subphase solution
volume of 20 mL at a mean molecular area of 20 A%/molecule
onto the aqueous solutions of constant 467 mM NaCl and 10
mM CaCl, concentrations with a varying concentration of
alginate or glucuronate (0—100 mg/L, low regime 0, 0.5, S,
and 10 mg/L and higher regime from 10 to 100 mg/L with a
step size of 10 mg/L). Reflectance—absorbance (RA) spectral
baseline was corrected using a linear or a fourth-order
polynomial in the region of interest. Peak integration was
also used. Both processes were performed using OriginPro 9.
The OH stretching region was analyzed by fitting a line
between 3000 and 3800 cm™! for baseline subtraction, and the
area under the curve was integrated between these points.
Reported Langmuir adsorption coefficients and half-saturation
concentration errors incorporate both spectral and fitting
uncertainties.

The IRRAS spectra were analyzed in the OH stretching
region (3000—3800 cm™'), the COOH stretching region
(1230—1800 cm™), and the CD, scissoring mode region
(1070—1150 cm™"). IRRAS spectra are plotted as reflectance—
absorbance (RA) using eq 1,

R
log[ monolayer ]
I :proxy ( 1 )

where R, ;nolyer i defined as the reflectance of the monolayer
and RP%UXY is the reflectance of the bare aqueous solution
surface.”*””* Thus, only the spectral signal from the interfacial
monolayer is captured. In our IRRAS spectra, both positive
and negative peaks are observed. If the RA values are negative,
then the reflectance of the monolayer is greater than the
reflectance of the proxy aqueous solution (R¢/Ry > 1). If the
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Figure 1. Langmuir IT—A isotherms of (a) alginate co-adsorption to the stearic acid monolayer at pH 8.2 at various alginate concentrations. (b)
Glucuronate intercalation into the stearic acid monolayer at pH 8.2. (c) BAM images provide evidence of the alginate co-adsorption via Ca*
bridging interactions and of the intercalation of glucuronate to the stearic acid monolayer. Additional BAM images of the full compression
isotherms are shown in Figure S1. The scale bar in all images is 50 pm.

RA values are positive, then the reflected signal of the proxy
aqueous solution is greater than that of the monolayer (Ry/R,
> 1). Alginate and glucuronate were also included in the
aqueous solution spectra (Rpmxy) to isolate the alginate and
glucuronate co-adsorbed to the stearic-d;5 acid monolayer.

Monolayer Non-equilibrium Relaxation at a Constant
Surface Pressure. The non-equilibrium relaxation (NER)
experiments were also performed using the same Teflon
Langmuir trough with an area of 148.8 cm” and a volume of
135 mL. Surface pressure was measured using a platinum
Wilhelmy plate. The aqueous solutions contain constant 467
mM NaCl and 10 mM CaCl, with 0, 10, 20, 50, and 100 mg/L
concentration of alginate or 0, 10, 20, 40, 50, and 100 mg/L
concentration of glucuronate. The solution surface was
checked for contamination as described in the Langmuir
surface pressure—area isotherm methods. Stearic acid was then
spread dropwise onto the solution of interest. The monolayers
were compressed by symmetric compression of the trough
barriers to a target surface pressure of 30 mN/m to ensure a
full monolayer formation. The surface pressure was maintained
by continuous motion of the barriers at a maximum rate of
forward/backward motion of 1 mm/min/barrier. The change
in the relative area (A/A,) was then analyzed as a function of
time.

B RESULTS AND DISCUSSION

Probing Packing and Morphological Features of Co-
adsorbed Poly- and Monosaccharides. Packing and
morphological measurements were collected by II-A iso-
therms in tandem with Brewster angle microscopy (BAM).
Figure 1 informs on stearic acid monolayer organization while
varying the concentration of either alginate or glucuronate in
the subphase. Stearic acid was chosen due to its ocean
relevance and prevalence in nascent sea spray aerosol.'”>>7*7*

Stearic acid is partially deprotonated at ocean pH (8.2), which
is the pH at which these experiments were performed. Thus,
the headgroup interaction and its hydration structure drive the
differences in the TT-A isotherm measurements.’®

All measurements were collected at room temperature (23.0
+ 1.0 °C). Each monolayer was analyzed over an aqueous
solution of a constant NaCl and CaCl, background of 467 and
10 mM, respectively, with 11 varying alginate or glucuronate
concentrations of 0—100 mg/L with a step size of 10 mg/L, as
shown in Figure la,b. According to the literature, dissolved
organic carbon concentrations are approximately 0.7—1 mg
carbon/L.*””* The concentration of saccharides in the ocean is
~20% of the dissolved organic carbon,*”7¢ suggesting that
saccharide concentration is ~0.14—0.2 mg/L. The alginate and
glucuronate concentrations used for the II—A isotherms are
~2—3 orders of magnitude greater than the saccharide
concentration in dissolved organic, which maintains detect-
ability within II-A isotherms. Additionally, high concen-
trations are still relevant due to the evaporative process in aged
sea spray aerosol."*” Our I1—A isotherms are consistent with
previous high-ionic-strength studies.”””’"*" As the barriers
compress the stearic acid monolayer to smaller mean
molecular areas (MMAs), distinct regions are observed.
These regions are referred to as phases, which are
discontinuities in the surface pressure—area isotherms.***
The film undergoes a smooth 2D phase transition, from gas-
tilted condensed (G-TC) to an untilted condensed (UC)
phase. The films reach maximum surface pressure between
~50 and 60 mN/m for alginate and ~60—65 mN/m for
glucuronate. Such high surface pressure indicates that the
stearic acid film on the aqueous solution is resistant to collapse.
This phase behavior could be due in part to Coulombic
repulsions between negative-charged carboxylic moieties and
by contact ion pair formation between the carboxylate and
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Figure 2. (a) IRRAS spectra of the (OH) indicating the significant alginate co-adsorption to the stearic-d;s acid monolayer at different
concentrations. (b) Normalized peak area of the v(OH) of alginate co-adsorption to the stearic-d;5 acid monolayer. All scans have a constant
aqueous solution concentration of 467 mM NaCl and 10 mM CaCl, with a changing alginate concentration (0—100 mg/L). The Langmuir co-
adsorption coefficient, Kyginaer is given as (L/mg) and the half-saturation concentration, C; J2alginates 35 Mg/ L. Error bars correspond to one standard
deviation that has been propagated through the operations used in the normalization calculation.

Ca®* cation.”® The surface pressure plateau could alternatively
be the result of the slow relaxation kinetics caused by the
cohesive forces between the lipids.*”** When alginate is added
to the proxy aqueous solutions (Figure la), the stearic acid
monolayer expands monotonically as a function of alginate
concentration. Thus, the II-A isotherms suggest that alginate
co-adsorbs to the interface, consistent with previous studies
revealing that the mechanism for alginate enrichment or co-
adsorption is via Ca®* bridging to an insoluble monolayer.*”**

In the case of glucuronate (Figure 1b), we also observed
monolayer expansion relative to the stearic acid monolayer
spread in the absence of glucuronate. However, this expansion
is not monotonic. The stearic acid monolayers on the 10—20
mg/L glucuronate solutions are the most expanded compared
to the other concentrations. Upon the addition of just 10 mg/L
of the monomer, there is a 6-fold increase in expansion of
stearic acid for glucuronate compared to alginate. While
alginate is a polysaccharide and made of several units of
monosaccharides, we do not observe a large expansion
proportional to its size increase. However, the drastic
expansion, or increase in the surface area available to one
molecule, increases disproportionately for the monomer
glucuronate, strongly suggesting its presence at the interface
and disrupting the packing®® of stearic acid. This likely
indicates intercalation of glucuronate to the interface, therefore
altering the monolayer structure. Spectral evidence will be
required to clarify if intercalation is occurring. At 50 mg/L
glucuronate, directionality in the trend changes and lower
MMAs are observed compared to the 10—20 mg/L
glucuronate, suggesting monolayer rearrangement. Therefore,
monolayer rearrangement is undergoing several potential
processes: intercalation of glucuronate, stearic acid monolayer
desorption, and cationic bridging. It is evident that the
glucuronate mechanism of co-adsorption is very different than
that of alginate. This also shows that glucuronate is not a valid
proxy system for polysaccharide interactions as it does not
exhibit a similar co-adsorption mechanism to an insoluble
monolayer.

BAM images were taken simultaneously with the isotherms,
showing the changes between alginate and glucuronate
interaction with the monolayer. Increasing saccharide

adsorption and monolayer thickness change the interfacial
refractive index, thereby increasing the intensity of reflected
light from the surface. From the alginate BAM images (Figure
1c (top)), we observe distinctive striations in addition to bright
overall reflection, which supports the previously suggested
divalent cation co-adsorption mechanism. However, stearic
acid with glucuronate (Figure lc (bottom)) shows dimer
images overall with intensely bright spots, which are the likely
formation of aggregates. The small bright spots, likely due to
the formation of aggregates, suggest that the stearic acid
monolayer undergoes a significant reorganization in the
presence of glucuronate, as supported by the pivotal point
from expansion to compression in the UC phase, as shown in
Figure 1b. Additionally, one may expect that increasing the
concentration of glucuronate will result in a multilayered
interface with an increase in film thickness; however, this does
not occur. Instead, the insignificant changes in brightness with
increasing glucuronate concentration point to glucuronate
intercalation into the monolayer, producing the observed
reorganization. Based on these studies, we can argue that the
co-adsorption mechanisms between alginate and glucuronate
are inherently different.

Interfacial Infrared Reflection—Absorption of Algi-
nate and Glucuronate. Studies have shown that poly-
saccharide enrichment is facilitated by divalent cationic
bridging, and Ca’* induces the greatest extent of alginate co-
adsorption.”">*7**% In this study, alginate and glucuronate
co-adsorption to a stearic-d;5 acid monolayer at constant ionic
composition was experimentally investigated as a function of
alginate or glucuronate concentration. The ionic composition
of the subphase was selected to model concentrations of the
most abundant and relevant cations and to account for high
ionic strength as in seawater. This proxy consisted of 467 mM
NaCl and 10 mM CaCl,.>****” The alginate and glucuronate
concentrations used in this spectroscopy experiment are ~0.5—
3 orders of magnitude higher than the saccharide concen-
tration in dissolved organic, and such concentrations are close
enough to remain relevant in the understanding of saccharide
enrichment in the marine surface microlayer while facilitating
confident interpretation of the physical mechanism driving
alginate and glucuronate co-adsorption. Deuterated stearic acid
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Figure 3. (a) IRRAS spectra of the v(OH) region indicating glucuronate co-adsorption to a stearic-ds5 acid monolayer at different concentrations.
(b) Normalized peak area of the #(OH) region of glucuronate co-adsorption to the stearic-ds5 acid monolayer. All scans have a constant aqueous
solution concentration of 467 mM NaCl and 10 mM CaCl, with a changing glucuronate concentration (0—100 mg/L). The gray spheres show the
30 and 40 mg/L glucuronate data points falling below the reflectance—absorbance value of the aqueous solution containing only the salts. The
Langmuir co-adsorption coefficient, Kyycyronater 1S given as (L/mg) and the half-saturation concentration, C, J2,glucuronater @S Mg/L. Error bars
correspond to one standard deviation that has been propagated through the operations used in the normalization calculation.

was used to spectrally isolate the CD, scissoring mode from
the carboxylate stretching region.””*>*”*® The protonation
state of the carboxylic headgroup of stearic-d;5 acid was
maintained by adjusting the pH value of the subphase solutions
from 5.6 to 8.2. The literature has shown surface pK, shifts to
higher values.*”*"~* A reported surface pK, of stearic acid is
~10.15.”° The pK, values of the alginate monomers guluronic
(G) and mannuronic (M) acids are 3.7 and 3.4, respectively.”
Hence, at seawater pH of 8.2, stearic acid is partially
deprotonated and alginate and glucuronate are completely
deprotonated. Carboxylic acid deprotonation via salts has been
shown at pH values significantly lower than the
K 056779889599

Ca?* Alginate Co-Adsorption Coefficient and Half-
Saturation Concentration. In this study, the OH stretching
region (¥(OH)) was used to quantify changes in interfacial
coverage as a function of alginate co-adsorption. Figure 2a
illustrates the changes in the v(OH) due to the increase in
surface coverage via alginate co-adsorption. The spectra show
how increasing the alginate concentration increases the
reflectance—absorbance value, ultimately increasing its co-
adsorption to the stearic-d;s acid monolayer. The greatest
v(OH) signal enhancement happens around ~3580 cm™". This
region has been well-defined as the surface water molecules
form hydrogen bonds with the carboxylic acid headgroup of a
fatty acid.>*°719%1%" A a result, alginate co-adsorption with
increasing concentration enhances the signal around 3580
cm™! because of the alginate carboxylate hydration.”®

To quantify the co-adsorption of alginate to a stearic-d;5 acid
monolayer, the v(OH) peak area of the film as a function of
alginate concentration was fitted to a Langmuir adsorption
isotherm. The Langmuir adsorption model is a well-known and
accepted method for quantifying how an absorbate forms a
layer on a %iven surface based on equilibration between the
two phases. ">'” The v(OH) peak areas were quantified via
peak area integration and normalized to values between zero
and one. A value of 0 corresponds to the peak area of a 0 mg/L
alginate solution where the solution only contains the aqueous
proxy (467 and 10 mM CaCl,) and a value of 1 corresponds to
the highest peak area, coming from the 80 mg/L alginate in

proxy aqueous solution where alginate co-adsorption to the
monolayer is fully saturated. The reported errors correspond to
one standard deviation and were propagated through the
operations used in the normalization calculation. Because all
v(OH) peak areas are normalized to the peak area of a system
containing only the background proxy aqueous solution
without alginate, any normalized peak area greater than zero
is attributed solely to alginate co-adsorption to the stearic-d;
acid carboxylate headgroup.

Considering the complete chemical system of insoluble
surfactant and soluble saccharide, we employed Langmuir
fitting to calculate adsorption constants. The spectroscopic
results are plotted in Figure 2b as alginate concentration versus
normalized peak area of ¥(OH). The monolayer composition
shows a positive correlation between the peak area and alginate
concentration. The data is fit to a Langmuir model (ecg 2)
based on the work by Burrows et al. OCEANFILMS-2.%'%'*

A=A I<sacccsacc _ Csacc
— “*max — ““max
1+ Ksacccsacc Cl/Z,sacc + Csacc (2)

A and A,,,, are peak intensity and maximum peak intensity of
v(OH), C,,. is the concentration of saccharide, K, is the
affinity coefficient for adsorption, and C,), . is the half-
saturation concentration.”'** Therefore, we analyze and report
the Langmuir adsorption coeflicient and half-saturation
concentration of alginate to the stearic-d;s acid monolayer.
We find K,jgipye = 0.089 + 0.015 L/mg and C, ) gnge = 11 %
1.9 mg/L, as shown in Figure 2b. Alginate exhibits a strong
adsorption isotherm and reaches saturation at relatively low
concentrations.

Glucuronate Co-Adsorption Coefficient and Half-
Saturation Concentration. A similar analysis was performed
for glucuronate, where the (OH) region, shown in Figure 3a,
indicates that glucuronate is also being adsorbed to the stearic-
d3s acid monolayer but to a lesser extent and possibly by a
different co-adsorption mechanism. Based on the v(OH) mode
at ~3580 cm™, it is evident that monolayer rearrangement is
happening at concentrations of 30 and 40 mg/L glucuronates
where the reflectance—absorbance values are less than the
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Figure 4. (a) Monolayer non-equilibrium relaxation at a constant surface pressure of a stearic acid monolayer onto a subphase aqueous solution
containing a constant aqueous solution concentration of 467 mM NaCl and 10 mM CacCl, and a varying alginate concentration of 0, 10, 20, 50 and
100 mg/L. (b) BAM images of each monolayer at various times within the experiment.
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Figure S. (a) Monolayer non-equilibrium relaxation at a constant surface pressure of a stearic acid monolayer onto a subphase aqueous solution
containing a constant aqueous solution concentration of 467 mM NaCl and 10 mM CaCl, and a varying glucuronate concentration of 0, 10, 20, 40,
50, and 100 mg/L. (b) BAM images of each monolayer at various times within the experiment.

reflectance—absorbance value of just the monolayer spread on
the proxy aqueous solution. Such a decrease in the
reflectance—absorbance values could indicate different co-
adsorption mechanisms caused by lipid desorption and/or
monolayer rearrangement.

The v(OH) region peak areas were also quantified via peak
area integration and normalization between zero and one, as
plotted in Figure 3b. Based on the normalized data in Figure
3b, the 30 and 40 mg/L glucuronate solutions are negative
values relative to the 0 mg/L solution, suggesting that
monolayer rearrangement and/or desorption occur at these
particular glucuronate concentrations. While more sensitive
instrumentation may be needed, we can speculate that the 30—
40 mg/L concentration regime is the most immediate
concentration following saturation. Thus, the Langmuir and
BAM measurements indicate that glucuronate is unreliable as a
proxy system for alginate and does not capture the complexity
of the monolayer enrichment via co-adsorption of alginate.
The Langmuir adsorption coefficient and the half-saturation
concentration of glucuronate to the stearic-d;5 acid monolayer
were determined using the same model described above
(Figure 3b). As the 30 and 40 mg/L glucuronate measure-
ments are negative compared to the other concentrations, the
fitting to the Langmuir adsorption model was inaccurate. To
statistically remove these two concentrations from the fitting
data, a residual analysis was performed; details are shown in

the Supporting Information (SI) section in Figure S2 and
Table S1. By the removal of these two concentrations from the
normalized peak data, the fitting shows an R? value of 0.93. We
also calculate Kgjucuronate 0.081 + 0.015 L/mg and
C 2 glucuronate = 12 £ 2.3 mg/L (Figure 2b). As expected, we
observed a smaller Langmuir adsorption coefficient and half-
saturation concentration for glucuronate. These quantitative
adsorption parameters agree with our qualitative observations
of weakened glucuronate co-adsorption to stearic acid
monolayers via the II—A isotherms and BAM images.
Additionally, the IRRAS spectra corroborate the II—A
isotherm and BAM image evidence of glucuronate-induced
film reorganization and possible desorption into the subphase.
Based on our calculated K,jginae = 0.089 L/mg and Kyucuronate =
0.081 L/mg, we calculated the AG,4, using the molecular
masses of alginate = 296,000 g/mol105 and glucuronate
234.14 g/mol. We obtained an alginate AG,4, = —41.8 kJ/mol
(Pb?*AG,y, = —43 kJ/mol)'*® and a glucuronate AG,4, =
—24.07 kJ/mol. The obtained negative values indicate the
spontaneous character of alginate co-adsorption to a stearic
acid monolayer via strong calcium bridging. Whereas the less
negative glucuronate value suggests that less spontaneous
adsorption and possibly weaker interactions with the stearic
acid are occurring. Therefore, these values suggest differences
in adsorption mechanisms, being calcium bridging vs
intercalation.
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Monolayer Thickness of Co-Adsorbed Alginate and
Glucuronate at the Air—Water Interface. To temporally
assess the co-adsorption of alginate and glucuronate to a
stearic-d;s acid monolayer, non-equilibrium relaxation (NER)
experiments at a constant surface pressure, 30 mN/m, coupled
with BAM were used to calculate thickness as a function of
alginate or glucuronate concentration. The NER experiments
were performed for 3 h (details in the Methods section). While
the NER experiment was running, BAM images were taken
every 120 s for a total of 90 images per trial. Each NER
experiment was performed in triplicate for 10, 20, 50, and 100
mg/L for each saccharide (Figures 4a and Sa). In addition, the
NER of stearic acid on 40 mg/L glucuronate was measured to
understand the anomalous peak area decrease in the IRRAS
spectra. Our results from the underlying solution with alginate
show that the stearic acid monolayer reflectivity enhances as
the concentration of alginate is increased (Figure 4b),
suggesting multilayered alginate adsorption under the mono-
layer. The T, images (Figures 4b and Sb) correlate to the first
image taken as the monolayer is compressed to the desired
surface pressure. We can see that as the concentration of
alginate increases, higher reflectance is observed, which can be
attributed to multilayers under the monolayer.

While we see the formation of a full stearic acid monolayer
on varied glucuronate subphases, the changes in reflectivity are
not as stark. We also observed a slight diminishing in the
brightness at concentrations between 20 and 50 mg/L
glucuronates (Figure Sb). Carter-Fenk et al. reports molecular
dynamic simulations showing the lack of alginate intercalation
into the monolayer. The MD simulations reveal the formation
of a second layer beneath the fatty acid monolayer and suggest
that Ca®" likely serves as a bridge between the two COO~
moieties.”® Glucuronate opposes this finding where it
intercalates into the monolayer and does not form a second
co-adsorbed layer.

To further characterize the changes in film morphology, we
calculated the relative film thickness using the BAM image
data. Using the refractive index of stearic acid (n, =
1.430),"°%'%7 the relative thickness (d) can be determined
from the following equation'”® used to model ultrathin films
(<20 nm)109

_ A\/RP na(n) = nf)
7 sin(26; — 90) In> + nl(n2 = nl)(n2 —nl)

©)

In this equation, 4 is the laser wavelength, R, is the p-polarized
reflectance obtained from BAM images (ie., at 10 mg/L
alginate, the p-polarization reflectance of the stearic acid
monolayer is 3.88 X 107°), n,, is the refractive index of the
stearic acid monolayer, and 6y is the Brewster angle. The
refractive indices of air and salt proxy are n, = 1.00 and n, =
1.334, respectively, where our proxy is defined by a
proportionate average refractive index of the salt in our
solution.*>'"

The monolayer thickness, as a function of alginate and
glucuronate concentration, in Figure 6 shows evidence of the
co-adsorption of saccharides to the interface. It is clear that the
co-adsorption of alginate causes a larger change in the
monolayer thickness evidenced by the increase from ~3.5
nm ([alginate] = 0 mg/L) to ~4.8 nm ([alginate] = 100 mg/
L). Previous studies have shown that the late stages of an algal
bloom had an average thickness of ~5 nm.""" Other studies of
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Figure 6. Film thickness of the co-adsorption of alginate (orange) and
glucuronate (purple) to a stearic acid monolayer as a function of
concentration. (The protonated form of the molecular structures is
shown for reference).

relevant saturated long-chain fatty acids and phospholipids
report an average thickness of ~1.3—3 nm, subject to the
chemical composition of the subphase.’* Surfactants spread on
certain salts can dehydrate the carbonyl group and lengthen
the thickness of the monolayer, as we observe an ~3.5 nm film
thickness for stearic acid on the solution without alginate
(Figure 6).°* Our calculated thickness from alginate goes
beyond the monolayer regime, indicating the presence of a
multilayer film.**""*'"* Aqueous solutions containing glucur-
onate show smaller changes, ranging from ~3.5 to ~3.7 nm,
providing further evidence for minimal co-adsorption of
glucuronate into a second layer at the interface. By using
experimentally collected reflectivity, or albedo values, to
calculate thickness, where our only assumption is the
consistent maintenance of the interfacial refractive index, we
have calculated values based on minimally assumed parameters
that provide highly informative inputs for climate models.
These results reveal the important influence of saccharide co-
adsorption on the interface, thus suggesting that the role of
monosaccharides as a proxy for a more complex system cannot
provide a full picture of saccharide co-adsorption.

Impacts of Alginate versus Glucuronate Co-Adsorp-
tion on Stearic Acid Interfacial Structure. Fatty acid
protonation states have an impact on the co-adsorption of
alginate and glucuronate at the interface. A previous study
demonstrated that there is less alginate co-adsorption at pH 5.8
than at basic pH (8.2).>* It has been suggested that
glucuronate ions bind to Ca®* through three chelation
sites.'*~"'® Thus, for alginate and glucuronate co-adsorption
to take place, the headgroup of the fatty acid has to be partially
deprotonated. In addition to higher solution pH, previous
work has shown that Ca®* facilitates fatty acid headgroup
deprotonation,67’88’95’98’117’118 thereby increasing the number
of potential Ca®" bridging sites for alginate or glucuronate co-
adsorption. Because the carboxylic spectral re%ion (1230—1800
cm™!) displays sensitivity to binding,ﬁz’m’gs'1 71205t is used to
obtain additional insights into the co-adsorption of alginate,”*
glucuronate,”**"*" and the protonation state of the carboxylic
headgroup of stearic-dys acid.””**?>?*'"”" Stearic-d;s acid
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Figure 7. IRRAS spectra of the (a) COOH stretching region provide evidence of the alginate co-adsorption via Ca** bridging interactions to the
stearic-dy acid monolayer at pH 8.2. (b) 5CD, mode region demonstrates the alginate co-adsorption to the stearic-ds5 acid monolayer at pH 8.2.
The spectra show no stearic-ds5 acid lattice packing changes upon adsorption.
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Figure 8. IRRAS spectra of the (a) COOH stretching region of the intercalation interaction of glucuronate to the stearic-d;5 acid monolayer at pH
8.2. (b) 6CD, mode region of the intercalation interaction of glucuronate to the stearic-dys acid monolayer at pH 8.2. At 30 and 40 mg/L, a
reduction in peak intensity is observed, possibly due to desorption of the stearic-d;5 acid at these concentrations caused by monolayer

rearrangement.

spread onto the proxy aqueous solution without alginate or
glucuronate at pH 8.2 is deprotonated, as shown in Figures 7a
and 8a by the presence of the asymmetric (v,g) (1500—1630
ecm™') and symmetric (vg) (~1410 cm™') carboxylate
(COO™) modes and the disappearance of the carboxyl mode
(~1720 cm™). As the alginate or glucuronate concentrations
increase, the peak intensities of the r,(COO™) and
v5(COO™) modes increase. According to previous studies,
this increase in intensity is due to co-absorption of alginate via
divaleélt cationic bridging and the co-adsorption of glucuro-
nate.*>*

Figure 7a shows each of the v,5(COO™) and v5(COO™)
modes splitting into higher- and lower-frequency bands, where
the higher-frequency COO™ bands have been previously
assigned to the alginate carboxylate modes via harmonic
vibrational frequency calculations.” Analogous peak enhance-
ment and broadening were observed for the phosphate
headgroup vibrational modes of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidic acid (DPPA) upon arginine and guanidinium
binding.> Thus, the spectral signatures of fatty acid
deprotonation are highly informative about the energetically
favorable complexation between the lipid carboxylate head-
group, Ca®", and alginate. The spectra characterizing only the

proxy seawater solution do not exhibit the high-frequency
V;s(COO™) mode. Upon the addition of alginate, a high-
frequency band appears and increases as the concentration of
alginate increases, providing direct spectroscopic evidence for
alginate co-adsorption to the stearic-d;s acid monolayer. A
more drastic increase in the alginate 1,(COO~™) mode
intensity is observed between 10 and 30 mg/L, which is
within the calculated half-saturation concentration from the
Langmuir adsorption model. A blue shift is also observed for
the stearic-d;s acid v,5(COO~) mode. While this vibrational
shift is not direct evidence of the alginate co-adsorption to the
monolayer, it is possible that alginate disturbs the stearic-dss
acid headgroup hydration through electrostatic interactions
with the headgroup.””'**

Interfacial film organization was also probed via the stearic-
dss acid 6CD, mode (Figure 7b). All spectra exhibit a §CD,
mode with a center wavelength of 1089 cm™, revealing that
the hydrocarbon chains are packed in a hexagonal lattice
structure.'>>'** The 6CD, mode intensity also increases when
the concentration of alginate is increased within the proxy
aqueous solution. Such signal enhancement is most apparent at
alginate concentrations above 10 mg/L, and it is particularly
evident in the high-frequency regime. Through harmonic
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vibrational frequency calculations, Carter-Fenk et al. showed
that the signal enhancement can be assigned to alginate v,
8(C-0-H), v(C-0-C), and C—H wagging modes.”*
Therefore, the signal enhancement adjacent to the 6CD,
mode is assigned to alginate co-adsorption via Ca®" bridging
with the carboxylate headgroup of stearic-d;5 acid.

Hydrocarbon chain conformation of surfactants in a
monolayer can also be determined by evaluating the vy,
Vps(CD,) center frequencies.'”* The CD, stretching region
confirmed that the mechanism of alginate interfacial enrich-
ment is by alginate Ca®" bridging and not by intercalation of
alginate into the stearic-dss acid monolayer (Figure S3a). If
alginate is intercalated into the stearic-d;5 acid monolayer,
changes in the CD stretching modes would be observed. Such
intercalation would disrupt the monolayer, thus reducing the
dispersion interactions between the alkyl tails, causing the CD
stretching modes to blue shift. No spectral shifts were
observed, ruling out intercalation and confirming that alginate
is restrained to the surface region. Furthermore, the size of the
alginate polysaccharide would prohibit intercalation between
fatty acids within the monolayer.

When glucuronate is added to the proxy aqueous solution
instead of alginate, the carboxyl region modes (1230—1800
cm™") do not increase in intensity (Figure 8a). The split of the
asymmetric stretch (~1540 cm™') is not observed, suggesting
that glucuronate Ca** bridging to the stearic-d;5 acid
headgroup is not the primary mechanism of enrichment. The
lack of significant spectral changes with increasing glucuronate
concentration shows that the interaction between the stearic-
d3s acid monolayer and glucuronate is particularly different
than its interaction with alginate. Studies have postulated that
glucuronate enrichment at the interface occurs via co-
adsorption.”***>!?! ‘While this is a possibility, our results
suggest that glucuronate co-adsorption is not facilitated by
divalent cationic bridging interactions. Thus, using glucuronate
as a proxy system for saccharide co-adsorption will not fully
capture alginate’s mechanistic enrichment.

Because changes were not observed in the carboxyl region,
we looked at the 6CD, mode (Figure 8b). The 6CD, mode
centered at 1089 cm™' reveals a hexagonal lattice structure.
The enhancement observed for alginate is not present for
glucuronate, again indicating the differing adsorption mecha-
nisms for these two saccharides. Interestingly, we observed a
decrease in the intensity of the SCD, mode at concentrations
of 30 and 40 mg/L glucuronate, which is consistent with the
shift from expansion to compression observed in the II—A
isotherms (Figure 1b), further supporting monolayer rear-
rangement and potential lipid desorption. The 6CD, peak
areas corresponding to 30 and 40 mg/L glucuronate diminish
by ~20 and 30%, respectively (see Table S2 for peak area
information). We also inspected the CD, stretching region
(Figure S3b). While we did not observe any changes in the
center wavelengths of the vg(CD,) and v,5(CD,) modes, we
did observe a decrease in intensity of these two modes at 30
and 40 mg/L glucuronate. The vg(CD,) and v45(CD,) modes
decrease by 20% for the solution containing 30 mg/L
glucuronate and 30% for the solution containing 40 mg/L
glucuronate, which is consistent with the results of the 6CD,
mode. This reaffirms that monolayer rearrangement is
occurring at these specific concentrations, suggesting that the
monosaccharide enrichment mechanism requires future study.
While our initial findings suggest that there are co-adsorption
differences between polysaccharides and monosaccharides, we

cannot comment extensively if these mechanistic differences
will be transferable to other systems, thus future studies should
be conducted using other polysaccharide and monosaccharide
entities. However, we can state that the main driving force
between alginate and glucuronate is size, impacting the co-
adsorption mechanism, organization, and morphology within
sea surface microlayer proxy films.

B CONCLUSIONS

In this work, alginate and glucuronate co-adsorption
interactions at a proxy sea surface microlayer were measured,
compared, and quantified using Langmuir adsorption model
fitting and film thickness analyses. We expand upon previous
work characterizing the divalent cationic bridging mechanism
driving alginate co-adsorption to deprotonated monolayers by
studying glucuronic acid co-adsorption, as it is representative
of the monomeric form of alginate. We measured the
Langmuir adsorption coeflicient and half-saturation concen-
tration of both alginate and glucuronate to stearic-d;5 acid
monolayers using surface-sensitive infrared reflection—absorp-
tion spectroscopy (IRRAS). Langmuir surface pressure—area
(TT-A) isotherms and IRRAS spectra provided insights into
both the stearic-d;s acid monolayer and co-adsorbed
saccharide structural organization at the air—water interface.
Additionally, Brewster angle microscopy (BAM) and non-
equilibrium relaxation (NER) studies provided further
information on film morphology and monolayer thickness as
a function of saccharide concentration.

We directly observe alginate co-adsorption to an insoluble
monolayer via Ca** bridging and find that 11 + 1.9 mg/L is the
alginate half-saturation concentration. This represents the
concentration at which half of the maximum of alginate co-
absorption is reached. Alginate co-adsorption also increases
film thickness, wherein the monolayer thickness increases from
~3.5 nm in the absence of alginate to a maximum thickness of
~4.8 nm at alginate co-adsorption saturation. Our results show
that alginate reaches a strong adsorption to the interface at a
relatively low concentration in the presence of Ca**. While we
cannot directly compare our studies, we observe similar co-
adsorption mechanisms. Hasenecz et al. observe alginate co-
adsorption via cationic bridging demonstrated by the enhanced
enrichment factor of alginate in aerosol from 1.6 to 2.4 upon
the addition of calcium.”” In our study, we also observed that
the co-adsorption of alginate is dependent on its relative
concentration. Monosaccharide enrichment was not studied in
Hasenecz et al. as a function of calcium, however.

The monosaccharide glucuronate exhibits a strikingly
different interplay between co-adsorption and intercalation
into the stearic-d;s acid monolayer, resulting in an anomalous
desorption and film reorganization for the 30 and 40 mg/L
concentration studies, although this behavior does not persist
for other glucuronate concentrations. We find 12 + 2.3 mg/L
to be the minimum concentration for glucuronate co-
adsorption, indicating weaker glucuronate co-adsorption than
that of alginate. Hasenecz et al. shows no monosaccharide
enrichment at the interface.”” The maximum film thickness of
3.7 nm suggests that glucuronate does not form a second layer
underneath the lipid monolayer. Rather, the film morpho-
logical changes shown in the BAM images point to a
glucuronate intercalation mechanism in the monolayer,
yielding significant monolayer reorganization.

Our detailed study of alginate and glucuronate co-adsorption
to a deprotonated monolayer demonstrates that saccharide size
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impacts the co-adsorption mechanism, organization, and
morphology within sea surface microlayer proxy films.
Therefore, we have shown that monosaccharides alone are
insufficient to accurately model saccharide transport and
enrichment in the sea surface microlayer. From this work, we
provide Langmuir adsorption fitting parameters of both
glucuronate and alginate co-adsorption to a stearic acid
monolayer for implementation within marine systems.
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