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Abstract 

 The chemistry and structure of the air-ocean interface modulates biogeochemical processes 

between the ocean and atmosphere and therefore impacts sea spray aerosol properties, cloud and ice 

nucleation, and therefore climate. Protein macromolecules are enriched in the sea surface microlayer 

and have complex adsorption properties due to the unique molecular balance of hydrophobicity and 

hydrophilicity. Bovine serum albumin was used as a model protein to investigate the dynamic surface 

behavior of proteins under several variable conditions including solution ionic strength, temperature, 

and the presence of a fatty acid monolayer at the air-water interface. Key vibrational modes of bovine 

serum albumin are examined via infrared reflectance-absorbance spectroscopy, a specular reflection 

method that ratios out the solution phase and highlights the aqueous surface, to determine, at a 

molecular level, the surface structural changes and factors affecting adsorption to the solution surface. 

Amide band reflection absorption intensities reveal the extent of protein adsorption under each set of 

conditions. Studies revealed nuanced behavior of protein adsorption strongly impacted by ocean 

relevant sodium concentrations, and somewhat surprising, the adsorption was minimally impacted by 

divalent cations. The interfacial chemistry and properties are of interest because ocean surface 
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biogeochemistry remains elusive and increased understanding of the surface in a controlled setting 

will help guide ocean and climate modeling.   

Introduction 

Proteins are an abundant macromolecule in the ocean1–3 and are enriched within the sea 

surface microlayer (SSML).4,5 The SSML is operationally defined as the topmost 1-1,000 μm of the 

ocean, where the atmosphere and ocean have a multitude of transport mechanisms between each 

other.6 Proteins and peptides are transferred into the atmosphere via sea spray aerosols (SSAs) that 

form through wave breaking and bubble bursting at the air-ocean interface.5,7–10 SSAs are known to 

contain particles that nucleate cloud11,12 and ice formation.10 The chemical composition of SSAs is 

directly controlled by the SSML chemistry.13–17 However, the processes controlling surface adsorption 

of proteins are not well understood,5,18,19 and thus requires further investigation into how surface-

active compounds in general are promoted to the air-sea interface under variable conditions, including 

temperature, salinity, and presence of other organic molecules including surfactants. The observations 

presented herein may improve climate models by providing insight into the chemical complexity of 

the ocean and its surface and aid in understanding the biogeochemical processes affecting the ocean 

surface.10,20–24 

Knowledge is limited about protein orientation at the air-water interface.8,25 Surface adsorption 

of proteins is a complicated phenomenon because of their tertiary structures26 which are controlled, 

in part, by hydrophobicity and hydrophilicity.27 This likely influences the organization of proteins at 

the air-water interface.26,27 The structure is also affected by the system’s temperature,28 which is variable 

across the ocean.29 Furthermore, the function of a protein may impact the adsorption process. For 

example, bovine serum albumin (BSA) is a transport protein with well-known binding affinity for fatty 

acids, including stearic acid.30,31  
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Meinders and coworkers previously reported observations and conformational information of 

protein surface adsorption, including studies of 𝛽-casein and egg serum ovalbumin, to the air-water 

interface via infrared reflection-absorbance spectroscopy (IRRAS).32–36 Additionally, the interaction 

with cations at neutral pH has been documented, but the effect they have on modulating protein 

surface adsorption varies in the literature.18,37,38 Langmuir and Waugh presented the first interfacial 

investigation of albumins, highlighting the irreversibility of films formed by proteins on pure water.37 

Jarvis and colleagues presented surface pressure-area (𝚷-A) isotherms of BSA and upon comparison 

to ocean slick samples, their behaviors  were strikingly similar, producing analogous isotherms. 38 More 

recently, Li and coworkers presented evidence that BSA populates the surface in saline solutions more 

readily than in pure water.18 The unknown propensity for BSA to adsorb at the air-water interface is 

motivation to probe more deeply the temperature, salinity, and monolayer effects and relationships to 

the interfacial structure. 

 The structure of bovine serum albumin at the air-water interface was studied through dilational 

surface rheology by Noskov and colleagues in 2010.39 They found that the protein underwent a 

conformational change at the surface where the protein unfolded and elongated along the x-axis, until 

surface pressures of about 12 mN/m when it began to “loop” into the water. Further work by Yuan 

and coworkers expanded on understanding the surface behavior of BSA by determining surface excess 

at variable concentrations of protein and sodium chloride salt.40 The observed “salting up” and “salting 

down” effects were a function of protein concentration; low and high concentrations have salting up 

effects and mid-range concentrations salt down. Ulaganathan and colleagues found that 𝛽-

lactoglobulin was more readily promoted to the surface in ionic solutions, but that the effect 

diminished at higher concentrations (mM scale).41 These results indicate that there is at first a 

stabilizing effect that promotes proteins to the air-water interface in ionic solutions and the effect is 

not linear with ionic strength. The well-studied Hofmeister effect is further evidence of the salting out 
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and salting in effects on proteins.42–46 Generally, anions have a greater effect than cations, yet the 

mechanism is still not fully understood. Current works hypothesized the disordering of water structure 

by the ions is the cause for the observed effect.47 

BSA surface adsorption at the air-water interface is also affected by surfactants. Noskov and 

Mikhailovskaya reported on the reduced globule charge density of BSA when sodium dodecyl sulfate 

(SDS) monolayers were formed at the interface.48 At very low surfactant concentrations, the surface 

adsorption of BSA was observed to decrease and the surface tension was more representative of 

expected values for SDS monolayers. Further surfactant work by Pedraz and colleagues characterized 

a two-step mechanism in which Langmuir biofilms were formed with arachidic acid and BSA.49 The 

process ultimately resulted in co-adsorption, where BSA interacted with the surfactant head groups in 

the solution phase rather than assembly at the interface. 

We present an investigation into the dynamic air-aqueous interfacial adsorption process that 

occurs when BSA is introduced into an aqueous system. To our knowledge, this is the first study that 

evaluates the impact on adsorption as a function of amide peak intensity with varying solution ionic 

strength, temperature, and surface structure. We examine the surface structure and its changes through 

IRRAS measurements, which enables surface-sensitive characterization of the interfacial chemical 

composition. Our approach builds from the simplest system of BSA injected into pure water at 20C 

and we compare the observed changes relative to this system. We connect to oceanic and atmospheric 

relevant conditions using an artificial sea water (ASW) solution and variable ocean surface 

temperatures to understand how protein adsorption is altered. 

Methods 

Materials and Sample Preparation 

Aqueous solutions were made using ultrapure water (MilliQ Advantage A10, resistivity 18.2 

MΩ).  All materials were used as received except for sodium chloride (Fisher Chemical, ≥ 99%, 
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certified ACS) which was baked at 600C for at least 10 hours to remove residual impurities and used 

to make 0.45 M NaCl in water.50 About 35.5 g of Instant Ocean (Instant Ocean ion concentrations 

from manufacturer reported in the SI) salt was used to make 1 L solutions of artificial sea water (ASW) 

based on label recommendations. A 1 mM BSA (Sigma Aldrich, ≥ 98%, heat shock fraction, pH 7) 

solution in water was prepared for injection. BSA solutions of concentrations 1, 50, 100, 250, 500, and 

750 μM were also prepared for analysis via ATR-FTIR and IRRAS. Stearic acid (Sigma Aldrich, ≥ 

98.5%, capillary GC) was dissolved in chloroform (ACROS Organics, ≥ 99.8%, ACS Reagent) to 

make a 3 mM solution for spreading.  Solutions were prepared the day before measurements, stored 

in a glass Pyrex container, and equilibrated to lab conditions overnight. 

Infrared Spectroscopy 

 A PerkinElmer micro-ATR assembly was used to obtain bulk measurements of the BSA 

solutions to confirm amide peak assignment. Infrared Reflection-Absorbance Spectroscopy (IRRAS) 

spectra were collected with a modified PerkinElmer Frontier FT-IR Spectrometer using a custom, lab-

built reflection system with two gold mirrors. Infrared light from the spectrometer source is incident 

on the first gold mirror which is angled such that the light is directed toward the sample surface at 48 

relative to surface normal. The light reflected off the sample surface is collected using a second gold 

mirror and returned to the liquid-nitrogen cooled HgCdTe (MCT) detector. Surface-sensitive spectra 

are obtained by calculating reflectance-absorbance (RA) which is given as RA=–log(RM/RO), where 

RM is the reflectivity of the sample surface and RO is the reflectivity of the reference (background) 

surface. Measurements were taken using unpolarized light in the single-beam mode and averaged over 

400 scans at a resolution of 4 cm-1. IR response was recorded from 4000-450 cm-1 at every 0.5 cm-1. 

Samples were collected using a KSV NIMA Langmuir trough (~135 mL total volume) equipped with 

a surface tensiometer.  
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Solutions at 20C were added to the trough and equilibrated for 10 minutes prior to acquiring 

a background measurement. In lower temperature studies, a ThermoFisher Recirculating Chiller was 

used with a 60:40 water and ethylene glycol solution. The equilibration time was increased to 30 

minutes to ensure complete cooling. For trials with fatty acid monolayers, 18 μL of 3 mM stearic acid 

in chloroform was spread dropwise onto the surface using a Hamilton gas-tight syringe and 10 minutes 

were allowed for solvent evaporation prior to measurement. To all solutions, 50 μL of 1 mM bovine 

serum albumin in MilliQ H2O was injected, which resulted in a final concentration of 0.37 μM. 

Measurements were taken immediately after injection. All data was taken in triplicate. Spectra 

presented were analyzed using custom Python codes, which included conversion from single beam to 

reflectance-absorbance, linear background subtraction, and averaging. Experiments performed are 

summarized in Table 1. The concentration dependence of BSA surface adsorption was evaluated via 

IRRAS measurements after injection of a series of BSA concentrations at 20C in H2O (SI). The 

calculated value corresponds with the weight percent that has stable surface pressure observed in work 

by Graham and Phillips in 1979.  

Table 1. Three different ionic strengths were used to evaluate the adsorption of BSA to the surface 
with and without a competing stearic acid monolayer at both 10 and 20ºC. Experiments outlined 
here are for IRRAS measurements. 

MilliQ H2O 0.45 M NaCl Instant Ocean 

No Stearic 
Acid 

Stearic Acid No Stearic 
Acid 

Stearic Acid No Stearic 
Acid 

Stearic Acid 

10ºC 20ºC 10ºC 20ºC 10ºC 20ºC 10ºC 20ºC 10ºC 20ºC 10ºC 20ºC 

 

Results and Discussion 

We examine protein adsorption to the surface as a function of temperature, ionic strength, 

and surface structure (preexisting monolayer). The amount of BSA adsorbed to the aqueous surface 

corresponds to the intensity of the reflectance-absorbance response. Our results indicate that BSA is 

surface active under all conditions, however the structure of the surface and amount that adsorbs is 
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variable as conditions of the system are modified. Briefly, we evaluate temperature change in the 

system to understand the thermodynamic dependence of protein adsorption. In addition, we 

determine if ionic strength or presence of a monolayer enables co-adsorption to the surface. 

We first evaluated solution-phase measurements of BSA to confirm amide peaks for 

assignment (Figure 1). Amide I is assigned to 1660 cm-1 and amide II to 1540 cm-1.51,51,52 We also note 

that the integrated absorbance is linear with increasing concentration and provide details regarding the 

nature of ATR as a bulk phase measurement with variable path length (SI). Additionally, we ensure 

the ions in each solution do not significantly affect the O-H stretching or bending modes (SI). 

 

Figure 1. FTIR of BSA in water at increasing concentrations measuring solution-phase concentrations 

starting from 1 μM to 1000 μM shown in the amide region, presented with error of one standard 

deviation. The value of the standard deviation is so small it is approximately the thickness of the line 

of each spectrum. 

Solution Effect 

The solution effect on surface adsorption is observed at 20C (Figure 2a). Surface adsorption 

is observed when BSA is injected into all three systems, however the intensity varies as a function of 

ionic composition. At ocean relevant sodium chloride concentration (0.45 M), adsorption is increased 

resulting in more intense negative bands (1660 cm-1 and 1540 cm-1). The addition of divalent cations 
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in ASW results in a relatively small increase in intensity as compared to the NaCl solution, indicating 

that monovalent cations largely influence the adsorption process. ASW solution has even less of an 

effect on the amide II N-H bending at 1540 cm-1 (𝛿N-H). We observe the intensity of the amide I band 

increases with increasing ionic composition (H2O < NaCl < ASW), which is consistent with 

observations described in the literature.40,41  

 

Figure 2a-c. Surface-IR responses in amide region (1800-1450 cm-1) after bovine serum albumin 

(BSA) injection into the H2O, 0.45 M NaCl, and artificial seawater solutions at a) 20C, b) 10C, c) 

difference spectra of 20C – 10C. Here, reflectance-absorbance bands are observed as negative peaks. 

 
Temperature Effect 

A decrease in the solution temperature resulted in decreased peak intensity in both amide 

bands (Figure 2c). We observe a slightly less intense amide I band at 1660 cm-1 from carbonyl 

stretching (𝝂C=O) at 20C for BSA in pure water. This slight change could be attributed to 

strengthening of H2O-BSA hydrogen bonds as the temperature is decreased.52 Between 20C and 

10C for the water solution, the amide I and II peak intensities have only a ~1% difference. As shown 

in Figure 2c, the temperature effect on surface adsorption in pure water is minimal yet has a greater 

impact on ionic solutions. We observe a decrease in the 1660 cm-1 𝝂C=O peak intensity at 10C 
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compared to 20C for both 0.45 M NaCl and ASW. The percent difference between peak intensities 

at 20C and 10C for both 0.45 M NaCl and ASW are -5.5% and -5%, respectively. 

Compared with ultrapure water at 20C, a solution with sodium chloride greatly increases the 

intensity of amide I and II bands (Figure 2a). Similar trends of increased intensity in ionic solutions 

are observed at 10C, but the overall intensity is decreased (Figure 2b), demonstrating that the cation 

stabilization of BSA at the interface is disrupted by the removal of thermal energy from the system. 

Our observation indicates that the addition of monovalent cations increases the propensity for protein 

surface adsorption in direct alignment with the “salting-out” effect that is described by the Hofmeister 

series.18,43,44 However, the ionic interactions and surface stabilization process is disrupted at decreased 

temperatures. The effect of the solutions is further emphasized in Figure 3, where the area under the 

curve is analyzed for both amide bands. We assume constant transition moment dipole strength based 

on our ATR analysis; the observed intensity corresponds to surface adsorption as a result. 

 
Figure 3. Integrated peak area for surface amide-I (1660 cm-1) and amide-II (1540 cm-1) bands at 10C 

(dark blue) and 20C (light blue). As noted, the peak area and intensity is a result of surface adsorbed 
protein as confirmed through bulk measurements. 
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BSA is negatively charged under neutral and alkaline conditions and appears to be stabilized 

at the surface by the sodium cations, in 0.45 M NaCl solution, at neutral pH.18,40,41 Increased intensity 

in the amide bands is attributed to the ionic strength of the solution. At 10C, the increase in peak 

area is consistent with increasing ionic strength; from NaCl to ASW, the increase is relatively small. 

However, at 20C, the increase is much larger between the two salt solutions. Also of note is the 

relatively equal peak area observed between the two temperatures in the sodium chloride solution. In 

the difference spectra we observe an amide I band consistent with a change in the adsorption at 

varying temperatures (Figure 2c). From previous literature studies, we assert this observation is 

occurring as a result of changing protein structure, leading to a change in the observed intensity.53 We 

conclude that the surface adsorption of BSA is affected by both temperature and ionic interactions.  

Monolayer Effect 

 The presence of a stearic acid monolayer (~45 Å2/molecule, gaseous phase) changes the 

surface adsorption of BSA at 20C compared to the system with no monolayer at the same 

temperature (Figure 4a). The surface-IR spectra of the BSA/water system at the air-water interface 

with and without a surface adsorbed monolayer show minimal changes in peak intensity and shape. 

We do observe a red-shift in the 𝝂C=O of 2.5 cm-1 and a 5 cm-1 red-shift in the 𝛿N-H mode , indicating a 

more organized surface structure when there is a monolayer present, consistent with previous results 

presented in the literature.36,54 The effect is reversed in a 0.45 M NaCl solution at 20C and we observe 

a blue-shift in each peak, indicating the surface becomes more disordered. This is likely from cationic 

stabilization of stearic acid and BSA. For example, cations will stabilize stearic acid at the interface 

through ion-dipole interactions that include ionic bonds, bridging, and chelation.55–58 We note a 7% 

difference between ASW with and without a fatty acid monolayer, where the lipid monolayer results 

in less intense amide bands.  
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Figure 4a-b. IR response in amide region (1800-1500 cm-1) after bovine serum albumin (BSA) 
injection into each solution with a stearic acid monolayer (~45 Å2/molecule) on the surface at a) 

20C and b) 10C. 
 
 The surface structure and IRRAS response becomes more complicated when the system is 

cooled to 10C and a monolayer is spread. We observe similar 𝝂C=O and 𝛿N-H modes in water with 

similar intensities to 20C with and without a monolayer. The 0.45 M NaCl solution has a much less 

intense 𝛿N-H mode and positive carbonyl stretch, which indicates that the protein is below the surface.59 

We also observe a stronger response in the ASW solution compared to 0.45 M NaCl at 10C; the 𝝂C=O 

mode is positive and 𝛿N-H is more intense. It has been previously discussed in the literature that the 

positive and negative peaks originate from the mathematical conversion from single beam data to 

reflectance-absorbance spectra due to the background subtraction.59 Therefore, positive peaks are 

indicative of sub-surface IR responses. The observed derivative-like peak shape has been presented 

previously in the literature and attributed to the protein surface adsorption process.32,54,60 

 We assert that the BSA must orient differently at the surface when conditions are varied based 

on our experimental results that are supported by literature.25,35,61,62 The changes that occur are not 
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simple or independent of other system variables. Ionic strength, temperature, and lipid monolayers 

have compounding effects on the observed IR response. The least complex system is ultrapure water; 

amide I band intensity varies only slightly when temperature and monolayers are considered. Red 

shifting is observed, as noted, when the stearic acid monolayer is spread and when the temperature is 

reduced to 10C. Thermal energy reduction of the system results in this observed wavenumber shift, 

which is visualized in Figure 5. While only a small change, observing the thermodynamic effect in 

water indicates that the temperature does alter the system and affects how the surface adsorption and 

organization occurs.  

 
Figure 5. Spectra of ultrapure water surface after injection of bovine serum albumin (BSA) at variable 
temperature with and without stearic acid monolayer to emphasize the minimal intensity change in 
the water system. Spectra are offset horizontally for clarity. 
 
 The observed results are summarized in Figure 6. Overall, we observe smaller negative 

intensities on the water and have more IR response in ionic solutions (more negative RA). The 

temperature dependence is evident when comparing 20C and 10C; decreasing temperature decreases 

the amount of BSA adsorbing to the surface. Our results indicate that temperature effects the surface 

structure: decreasing the system’s temperature decreases the adsorption to the surface as reflected in 

the lower IR response. We assert that variable temperatures over the ocean surface must influence 

adsorption to the air-ocean interface and the effect should be considered in climate models. 
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Figure 6. Observed maximum intensity of amide I band (1660 cm-1) for each solution at varying 

temperatures. IR responses from each solution with stearic acid monolayer at 10C are not included 
due to the variability in the amide I and II region.  

 

Conclusions 

 Herein, we have presented evidence supporting the surface activity and adsorption process of 

BSA to the interface under varying ionic strength and surface conditions. The amount of adsorbed 

BSA is dependent on the interfacial chemistry and solution ionic strength at the time it is injected into 

the system. We determine that even in pure water, BSA is surface active. However, ions promote more 

BSA to the surface, consistent with observations previously presented in the literature.18,31 However, 

divalent cations have little effect at ocean relevant concentrations. We conclude that BSA is surface 

active and has a dynamic process through which it adsorbs to the surface that is relevant to proteins 

in the ocean adsorbing to the surface under variable conditions of fatty acid films and variable 

temperatures, and that ocean relevant concentrations of sodium cations facilitate and enhance the 

surface adsorption of BSA.  

 The results presented provide a more nuanced understanding of the effects that ocean 

conditions have on the SSML and interfacial structure. It is necessary to acknowledge that 

observations drawn from our results are dissimilar to the ocean because it is a non-equilibrium system. 
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Future work should aid in determining the effect that the ocean’s dynamic nature has on the surface 

structure.  
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