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ABSTRACT  17 

Free (FAA) and combined amino acids (CAA) were investigated on size-resolved samples of 18 

nascent sea spray aerosol (SSA) particles generated during controlled laboratory experiments. 19 

Compared to seawater, the amino acids were strongly enriched on the SSA particles. The 20 

enrichment factors (EFaer) on submicron SSA particles (EFaer∑FAA: 2.5·106 and EFaer∑CAA: 7.9·105) 21 

were 1-2 orders of magnitude higher than on supermicron ones (EFaer∑FAA: 1.0·105 and EFaer∑CAA: 22 

7.3·104) and continuously increased towards smaller SSA particles. Molecular-level analysis 23 

showed that the more polar the FAA, the more they are enriched on the SSA particles (especially 24 

FAAs with polar acid side chains, e.g. aspartic acid: EFaer of 5.8·106). Comparison of the amino 25 

acids present on nascent SSA to those present on ambient marine aerosol particles revealed a 26 

higher complexity of the amino acids of the nascent SSA, suggesting that atmospheric processes 27 

likely reduce the amino acid diversity. In addition, our results highlight that although almost all 28 

the amino acids studied are transferred to the atmosphere via bubble-bursting under controlled 29 

conditions, two amino acids, γ-aminobutyric acid (GABA) and glycine likely have additional 30 

sources to the atmosphere. GABA is likely formed on ambient marine submicron aerosol particles 31 

to a large extent (35-47 % of ∑FAA). Glycine likely originates from long-range transport 32 

processes or photochemical reactions, as discussed in the literature, however our results highlight 33 

the potential for a direct oceanic source via bubble-bursting (~20 % of ∑FAA). Overall, bubble-34 

bursting derived total amino acids made up 11-18 % of the mass of dissolved organic carbon on 35 

the submicron SSA particles. 36 

 37 

 38 
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1. INTRODUCTION  44 

Amino acids contribute to the atmosphere-biosphere nutrient cycle1, 2 and can be separated into 45 

free single amino acids (FAA) and combined amino acids (CAA), which include proteins, peptides 46 

or other combined forms3. Compared to proteins, FAA in particular are forms of nitrogen which 47 

are more accessible to aquatic organisms such as phytoplankton and bacteria4, 5. As such, they are 48 

produced in the ocean where they represent a considerable fraction of the available nitrogen6-8 and 49 

carbon7-9. Although there have been a number of studies focusing on amino acids in the surface 50 

oceans10-13, relatively little is known about the sources of amino acids found on marine aerosol 51 

particles nor their typical concentrations. An improved understanding of the presence of amino 52 

acids on marine aerosol particles is important since their structure implies that they are important 53 
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for ice-nucleating particles (INP)14-17 and cloud condensation nuclei (CCN)18, 19. Previous studies 54 

have shown that amino acids on aerosol particles can have both natural and anthropogenic sources. 55 

They have been observed in volcanic emissions20, during biomass burning events18, 21 and in 56 

emissions from biota1, 8, 22-24. Despite the variety of sources, some amino acids are useful indicators 57 

of aerosol particle age and origin 20, 22, 25-27. The literature usually distinguishes between amino 58 

acids from long-range transport (e.g. glycine20, 27, 28) and more regional marine sources associated 59 

with specific marine phytoplankton or bacteria (e.g. isoleucine, leucine and threonine27, γ-60 

aminobutyric acid (GABA)29, 30 and aspartic acid31). Several studies have grouped amino acids 61 

according to their physico-chemical properties (e.g. "hydropathy" index28, 32), based on the 62 

partition coefficient between water and ethanol33. This divides them into hydrophilic, neutral and 63 

hydrophobic amino acids28, 34. 64 

Despite several studies on amino acids found in the marine environment, a high degree of 65 

uncertainty as to the importance of oceanic versus non-marine amino acid sources remains2, 26. 66 

Matsumoto and Uematsu26 observed that the long-range transport of terrestrial amino acids is the 67 

most important source of amino acids on aerosol particles sampled over the North Pacific. Wedyan 68 

and Preston2 pointed out that particulate amino acids found over the Southern Ocean are of marine 69 

origin based on a positive correlation between the amino acid composition in seawater and in the 70 

atmosphere. These two contrasting studies highlight an important challenge in understanding the 71 

sources of amino acids to the marine atmosphere. Ambient marine aerosol particles are a complex 72 

mixture with numerous potential sources including nascent sea spray aerosol, long-range transport 73 

of terrestrially derived aerosol particles and secondary aerosol produced by volatile precursors. 74 

Therefore, the use of laboratory models of the ocean where nascent sea spray aerosol (SSA) 75 

particles are produced by artificially generating bubbles in seawater as a mean of mimicking sea 76 
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spray production by oceanic breaking waves are often utilized to better understand the ocean-77 

derived sources of organic matter on aerosol particles. For example, Rastelli et al.35 described the 78 

transfer of microbes (abundances of viruses and of prokaryotes) and of labile compound groups of 79 

organic matter (OM; described as sum parameters for carbohydrates, proteins, lipids and DNA) 80 

from seawater to aerosol particles using a bubble-generating system35, 36.  81 

To date and the best of our knowledge, only one study has characterized proteinaceous matter at 82 

the molecular level on natural and artificially generated marine aerosols37 and there are no sea 83 

spray chamber studies that focus on the size-resolved transfer of amino acids at the molecular level 84 

(individual FAAs and CAAs). In this work, we have generated nascent SSA using a well-85 

characterized laboratory chamber38-40 to investigate the transfer of amino acids from the ocean to 86 

the atmosphere under controlled conditions. Previous studies using this laboratory system have 87 

focused on the transfer of inorganic compounds39, 40 and the formation of the sea spray aerosol 88 

particles in relation to changing environmental parameters (e.g. air entrainment and water 89 

temperature)38. 90 

The aim of this study was to investigate the distribution of amino acids on size-resolved nascent 91 

SSA particles that were formed exclusively via bubble bursting. To this end, we refer to the FAA 92 

and CAA as both (a) individual compounds as well as (b) hydrophilic, neutral and hydrophobic 93 

groups of compounds. By simultaneously studying the concentrations of amino acids in seawater 94 

and on the aerosol particles formed, their (selective) transfer under controlled conditions is studied 95 

in detail for the first time. Finally, we compare our laboratory measurements conducted with North 96 

Sea water with measurements of ambient marine aerosol particles obtained at the Cape Verde 97 

Atmospheric Observatory (CVAO)41 to derive indications for SSA transfer, long-range transport 98 

and the in-situ atmospheric formation of the amino acids.  99 
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2. EXPERIMENTAL  100 

2.1 Sampling 101 

This study was part of the MILAN (sea-surface microlayer at night) campaign, which took place 102 

from 03/04/2017-13/04/2017 in the Wadden Sea region of the south-eastern North Sea42. During 103 

MILAN, several field experiments that focused on air-sea exchange were conducted in the Jade 104 

Bay, Germany, as described in detail by Stolle et al.42. For this study we collected three discrete 105 

seawater samples from 0.5 m depth (~100 L sample volume per sample), which were used for 106 

subsequent generation of nascent SSA in the sea spray aerosol chamber (SSAC). These samples 107 

are referred to as cycle 1 (C1: 04/04/2017-05/04/2017), cycle 2 (C2: 06/04/2017) and cycle 3 (C3: 108 

08/04/2017-09/04/2017) in Stolle et al.42. Using this chamber, nascent SSA was generated as 109 

described in Salter et al.40. However, we include some details pertinent to this study here. For 110 

further information the reader is referred to the SI. One important detail to note about the system 111 

used is that is generates nascent sea spray aerosol using a circular plunging jet driven by a 112 

peristaltic pump which introduces a periodicity to the flow of slightly faster than 1 pulse per second 113 

(> 1 Hz) which differentiates it from the continuous circular plunging jets used in the literature43. 114 

The use of a plunging jet rather than submerged sintered glass filters (also called frits or diffusers) 115 

that were deployed in many early laboratory studies on sea spray aerosol44 is important. This is 116 

because it has been shown that differences in the sea spray aerosol particle production mechanism 117 

are projected onto the composition of the aerosol particles produced. For example, a pulsed 118 

plunging‐waterfall apparatus has been shown to reproduce the size‐resolved chemical composition 119 

of sea spray aerosol particles generated by breaking waves more accurately than submerged 120 

sintered glass filters45. Although our plunging jet has a different geometry (it is circular rather than 121 

planar) and periodicity (> 1 Hz) compared to the aforementioned plunging waterfall (typically 122 
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< 0.2 Hz) it is likely to be more representative of aerosol production by breaking waves than 123 

submerged frits. The reader should also be aware that the relatively low flow rate of the plunging 124 

jet used in this study (2.7 L min−1) compared to other circular plunging jet systems used in the 125 

literature (which have flows typically > 3 L min−1) along with the relatively large surface area of 126 

the water (1735 cm2) means that bubble interactions with the walls of the chamber are limited. The 127 

relatively low flow of the plunging jet also meant that we never observed three-dimensional foams 128 

in the chamber during our experiments which can suppress the ability of aerosols generated by 129 

bursting bubbles from entering the headspace of the chamber. A 13-stage low pressure impactor 130 

(LPI) was used to sample the aerosol particles generated with a sampling time of 24 h each. From 131 

here onwards we refer to the stages as LPI˗1 (0.029-0.060 µm), LPI˗2 (0.060-0.104 µm), LPI˗3 132 

(0.104-0.165 µm), LPI˗4 (0.165-0.253 µm), LPI˗5 (0.253-0.391 µm), LPI˗6 (0.391-0.634 µm), 133 

LPI˗7 (0.634-0.990 µm), LPI˗8 (0.99-1.60 µm), LPI-9 (1.60-2.45 µm), LPI˗10 (2.45-3.96 µm), 134 

LPI˗11 (3.96-6.57 µm), LPI˗12 (6.57-10.16 µm) and LPI-13 (>10.16 µm). As such, LPI˗1-LPI˗7 135 

comprise the submicron, and LPI˗8-LPI˗13 comprise the supermicron SSA particles. Pre-136 

combusted (4 h at 850 °C) quartz fiber filters (Whatman QM-A) were used as the collection 137 

substrate. The substrates of each LPI stage were transferred to precleaned glass vials where they 138 

were extracted immediately in 100 mL of ultrapure water (Arium®611, Sartorius, Göttingen, 139 

Germany) for 1 h. The samples were subsequently split into fractions for analysis as described in 140 

Stolle et al.42. In addition, blank samples of the individual LPI stages were generated by inserting 141 

filters into the LPI without active sampling. These blanks were extracted in ultrapure water and 142 

used for the different analyses as blanks. The aerosol particle samples for biological investigations 143 

were collected using an impinger (BioSampler® Bioaerosol Collection Device, SKC inc., USA) 144 

connected to BioLite+ sampling pump (SK Inc., USA) according to the manufacturer’s instruction. 145 
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The impinger was intensively rinsed and cleaned with 70 % ethanol and filled with autoclaved 146 

seawater as the collecting medium prior collection. Aerosol particles were sampled using a 147 

different air-flow (9 or 12 L min-1) for a duration of 30 min up to 4 hours (see Table S4).  148 

 149 

2.2 Amino acid analysis 150 

2.2.1 Seawater samples 151 

For the amino acid analysis, seawater samples (25.5 mL) first had to undergo a desalination step 152 

and are then concentrated to several mL as described in Triesch et al.41. The concentrated sample 153 

was divided into aliquots for FAA and hydrolyzed amino acids (THAA) analysis. For FAA, 154 

enriched samples were filtered, derivatized using AccQ-Tag™ precolumn derivatization method 155 

(Waters, Eschborn, Germany), and measured by ultra-high performance liquid chromatography 156 

with electrospray ionization and Orbitrap mass spectrometry (UHPLC/ESI-Orbitrap-MS), as 157 

described in Triesch et al.41. The amino acid analysis includes glycine (Gly), alanine (Ala), serine 158 

(Ser), glutamic acid (Glu), threonine (Thr), proline (Pro), tyrosine (Tyr), valine (Val), 159 

phenylalanine (Phe), aspartic acid (Asp), isoleucine (Ile), leucine (Leu), methionine (Met), 160 

glutamine (Gln) and γ-aminobutyric acid (GABA) (purity ≥ 99 %, Sigma-Aldrich, St. Louis, 161 

Missouri, USA). An overview of amino acid abbreviations is given in Table S1. For the THAA 162 

analysis, 25 µL of ascorbic acid (20 mg mL-1, purity 99 %, Sigma-Aldrich, St. Louis, Missouri, 163 

USA) was added to a 200 µL aliquot of the seawater samples to avoid the oxidation of the obtained 164 

amino acids as discussed in Mandalakis et al.46. Following addition of 250 µL HCl (Supra-quality, 165 

ROTIPURAN®Supra 35 %, Carl Roth, Karlsruhe, Germany), the hydrolysis was carried out at 166 

110 ºC for 20 h. After cooling to room temperature, the hydrolysed filtrate was evaporated to 167 

dryness, absorbed in 500 µL milliQ-water (Millipore Elix 3 and Element A10, Merck Millipore, 168 
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Darmstadt, Germany), filtered, derivatized and measured by UHPLC/ESI-Orbitrap-MS. The 169 

amino acid concentrations were calculated via external calibration and each sample was measured 170 

in duplicate. The blank values for FAA and THAA, which consisted of pre-treated milli-Q 171 

samples, were always 10 % below the measured values of the seawater samples and were taken 172 

into account in the evaluation by subtraction from the seawater measured value. The CAA are 173 

THAA minus FAA, as previously described in the literature1, 47.  174 

2.2.2 Size-resolved sea spray aerosol particle samples 175 

For amino acid analysis, the aliquot (29-31 mL) of aqueous particle extracts of each LPI stage 176 

was reduced to several mL, filtered, derivatized, and measured by UHPLC/ESI Orbitrap-MS as 177 

described in section 2.2.1 and in Triesch et al.41. For the THAA measurements, the enriched 178 

aliquots were first hydrolyzed before being filtered, derivatized and measured by UHPLC/ESI 179 

Orbitrap-MS. The amino acid concentrations were calculated via external calibration and each 180 

sample was measured in duplicate. The FAA and THAA concentrations of the blanks were always 181 

at least 15 % lower than the aerosol particle sample concentrations and the mean of these blanks 182 

were subtracted from each aerosol particle sample. All presented values are blank corrected. As 183 

described in the literature1, 47, CAA are THAA minus FAA. 184 

2.3 Additional measurements  185 

Following collection of the aerosol particle samples using the LPI the particle number size 186 

distribution was measured for at least 1 h. Particle number size distributions with diameters 187 

between 0.015 nm and 10 µm were measured continuously using a differential mobility particle 188 

sizer (DMPS) and an optical particle size spectrometer (OPSS; FIDAS 200, Palas GmbH, 189 

Germany) using an ~12 min integration time. Both size distributions were measured at dry relative 190 



 10 

humidity conditions using Silica diffusion driers that were installed prior the OPSS and DMPS. 191 

The mean particle number size distribution for each of the three cycles are shown in Figure S1.  192 

Sodium (Na+) in the seawater samples and in the LPI substrate extracts was determined by 193 

chemically suppressed ion chromatography (IC; Dionex ICS-2000), see Leck and Svensson48 for 194 

further details.  195 

Prokaryotic microorganisms from seawater and impinger aerosol particle samples were counted 196 

by flow cytometry following a modified protocol from Marie et al.49. Briefly, the samples were 197 

fixed, flash-frozen in liquid nitrogen, and stored at -80 °C until analysis with a Becton&Dickinson 198 

FACSCalibur flow cytometer equipped with a laser emitting at 488 nm (Becton, Dickinson and 199 

Company, Heidelberg, Germany) and measured at a constant flow rate of 35 µL min-1. Prokaryotes 200 

were detected by their signature in a plot of side scatter (SSC) vs. green fluorescence (FL1). More 201 

details can be found in Robinson et al.50. Cell counts are presented as total prokaryotic cell numbers 202 

(TCN) and include heterotrophic and autotrophic prokaryotes.  203 

The dissolved organic carbon (DOC) and dissolved organic matter (DOM) composition was 204 

measured using LC-OCD-OND (Liquid chromatography with organic carbon detection and 205 

organic nitrogen detection)51 in both seawater and aerosol particle samples of cycle C2 and C3 as 206 

described in more detail in Table S8. 207 

2.4 Aerosol enrichment factor (EFaer) 208 

A quantitative metric for comparing compounds in the ocean and in the atmosphere is the aerosol 209 

enrichment factor (EFaer)
35, 52-54. To calculate the enrichment factor of the individual analytes in 210 

the different size ranges (LPI) of the sea spray aerosol particles, the concentration of the analyte 211 

relative to the Na+ concentration in the LPI was divided by the analyte concentration relative to the 212 

Na+ concentration in seawater (SW) using equation (1):  213 
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 214 

  𝐸𝐹𝐿𝑃𝐼(1−13) =
𝑐 (𝑎𝑛𝑎𝑙𝑦𝑡𝑒)𝐿𝑃𝐼(1−13) 𝑐 (𝑁𝑎+)

𝐿𝑃𝐼(1−13)
⁄

𝑐 (𝑎𝑛𝑎𝑙𝑦𝑡𝑒)𝑆𝑊 𝑐 (𝑁𝑎+)𝑆𝑊⁄
     (1) 215 

 216 

With respect to the EFaer of the FAAs only Ser, Ala, Pro, Val, Ile, Leu could be quantified in the 217 

seawater samples and used in the calculations of the EFaer in cycle C1. The other FAAs in cycle 218 

C1 (and all FAAs in cycle C2 and C3) were below the limit of quantification (LOQ). In these 219 

cases, LOQ/2 was used here as concentrations for calculating the EFaer for FAA. The LOQ of each 220 

FAA is listed in the SI Table S2. In addition, determining the EFaer for the individual LPI stages, 221 

we have also determined the EFaer for the submicron and supermicron aerosol particle size ranges. 222 

 223 

3. RESULTS AND DISCUSSION  224 

3.1 Transfer of individual amino acids to submicron and supermicron SSA particles 225 

From the measured amino acid and sodium concentrations in seawater and the respective LPI 226 

stages, the aerosol enrichment factor EFaer was calculated (Eq. (1)) to obtain a quantitative metric 227 

for the bubble-bursting derived transfer of amino acids. The average EFaer of FAAs and CAAs on 228 

the submicron and supermicron SSA particles are shown in Figure 1. The variability between the 229 

individual cycles is reflected by the error bars. In addition, the EFaer data sets of the individual 230 

amino acids (both FAAs and CAAs) are listed in the Table S3.  231 
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 232 

Figure 1. Boxplot of the enrichment factor aerosol (EFaer) of the CAA (upper panel) and FAA 233 

(lower panel) on submicron (left) and supermicron (right) SSA particles of C1, C2, C3 of the 234 

laboratory experiment including the mean value (red), the median, the 25th and 75th percentile; 235 

detailed explanation of the boxplot in Fig. S2. 236 

All amino acids except Tyr as CAA were present on the SSA particles in the different size classes 237 

(Figure 1). Hence, the majority of amino acids contained in seawater were transferred to the 238 

atmosphere by bursting bubbles. 239 

The EFaer of ∑FAA (2.5·106) and ∑CAA (7.9·105) in the submicron size ranges were 1-2 orders 240 

of magnitude higher than in the supermicron size range (EFaer∑FAA: 1.0·105 and EFaer∑CAA: 7.3·104), 241 

which is consistent with ambient measurements regarding OM on aerosol particles36, 52, 55. 242 

Furthermore, the differentiation between FAA and CAA showed that the EFaer of ∑FAA 243 

(submicron: 2.5·106) on submicron aerosol particles was generally an order of magnitude higher 244 

than the EFaer of ∑CAA (7.9·105). The EFaer of ∑CAA were in good agreement compared with 245 
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another published controlled laboratory study35 in which an enrichment up to 105 for proteins 246 

(determined as a sum parameter) was observed on submicron aerosol particles. Comparable data 247 

for the EFaer for FAA under controlled conditions were not found in the literature.  248 

As mentioned above, almost all amino acids were transferred, but to a different extent, as shown 249 

in Figure 1. The lowest enrichment within amino acids studied here was found for GABA with an 250 

EFaer as FAA of 8.5·104 (submicron) and as CAA with EFaers of 4.9·104 (submicron) and 8.1·102 251 

(supermicron). Slightly higher enrichments between 4.3·104 (supermicron) and 6.8·105 252 

(submicron) were observed for Pro, an indicator of the presence of algal spores on aerosol 253 

particles56, as FAA. Moreover, it is worth noting that Leu, an amino acid with ice-nucleating 254 

ability15, was also transferred from the ocean to the atmosphere as part of FAA in both submicron 255 

(EFaer: 3.7·105) and supermicron (EFaer: 3.8·104) size range. With EFaers between 9.2·103 256 

(supermicron) and 1.1·106 (submicron) and between 9.3·104 (supermicron) and 1.8·106 257 

(submicron), Phe and Tyr, aromatic amino acids, were transferred via bubble-bursting. Aromatic 258 

amino acids are often not present on ambient aerosol particles or have very low atmospheric 259 

concentrations25, 41. However, it is likely that transferred aromatic amino acids can react rapidly in 260 

the atmosphere due to their short atmospheric lifetime41. The EFaer of Gly ranged from 4.3·105 261 

(supermicron) to 5.5·106 (submicron) as FAA and from 1.2·105 (supermicron) to 3.4·106 262 

(submicron) as CAA. This indicates that Gly transfer is also possible, although Gly is usually 263 

discussed as photochemical degradation product or a long-range transport tracer28. The highest 264 

enrichment was observed for Asp in the submicron size rang with an EFaer of 5.8·106 as FAA and 265 

with 3.8·106 as CAA. Asp is a tracer for biological activity in the marine environment and is linked 266 

to the presence of diatoms and zooplankton31. Overall, a selectivity of both the transfer and the 267 

enrichment of individual amino acids on the SSA particles is evident as expressed by the different 268 
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magnitudes of EFaer. They cover a range from 102 (GABA in supermicron size range) to 106 (Asp 269 

in submicron size range). This observed selectivity is discussed in more detail in Section 3.2 with 270 

respect to the relationship between enrichment and physico-chemical properties of the amino acids. 271 

In this laboratory-controlled experiment we can exclude additional ambient sources on amino acid 272 

signatures, e.g. long-range transported aerosols as well as contributions through photochemical 273 

reactions. However, it needs to be noted that by using natural seawater in the tank for artificial 274 

SSA studies such as in our study, a sea to air transfer of microorganism can take place as well (SI 275 

Table S4 and described in literature35, 57, 58). In this study, we observed prokaryotic cell numbers 276 

on aerosol samples ranging from 1.4·105-6.3·105 cells m-3. Although we collected only 4 aerosol 277 

samples for microbial quantification, the cell numbers observed are well comparable to previous 278 

reports of artificially aerolised marine bacteria35. Therefore, in addition to direct transfer from the 279 

ocean, the amino acids on the aerosol particles could also be released from biogenic (e.g. 280 

microbial) sources either actively (release of amino acids by living organisms) or passively by 281 

bursting of cell membranes upon aerolisation. Malfatti et al.59 recently showed that enzymes are 282 

transferred and possess a strong activity on aerosol particles. However, under the conditions of the 283 

SSAC, an active (micro)biological contribution is probably small due to the small time-span of 284 

aerosol particle collection in combination with the rather harsh conditions (low water temperature, 285 

strong forces exhibited by bubbling). In general, such mechanisms are generally not yet well 286 

understood, and require further investigation.  287 

 288 

3.2 Transfer of individual amino acids to the size-segregated SSA particles 289 

The high size separation of the SSA particle measurements performed here allow us to gain a 290 

deeper insight into the distribution of the FAAs and CAAs in the different size ranges. Figure 2 291 
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presents the EFaer of the individual FAAs and CAAs at all the stages. The size-resolved 292 

measurements showed that the pattern of increasing FAA and CAA enrichment continues within 293 

the submicron SSA particles, i.e. the smaller the aerosol particles, the higher the enrichment. With 294 

a few exceptions (e.g. Asp in form of CAA), the highest enrichment was generally found for the 295 

smallest particle size (LPI-1: 0.029-0-060 µm) with maxima EFaer of 107.  296 

 297 

Figure 2. Mean EFaer with minimum and maximum of the individual a) FAAs and b) CAAs in 298 

the different LPI stages (LPI-1 to LPI-13) of the laboratory experiment. 299 
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Amino acids, thus, follow the enrichment trend observed for general OM enrichment: the highest 300 

OM enrichments were associated with the smallest size fraction of aerosol particles (geometric 301 

mean diameter of 0.30 µm).60 This shows that amino acids represent a fraction of submicron and 302 

organic-enriched SSA particles.  303 

A closer look at the enrichment of the individual amino acids showed that the hydrophilic amino 304 

acids Asp and Glu usually exhibited the highest enrichment (with an EFaer of Asp up to 1.7·107) 305 

among the submicron FAAs. The neutral amino acids Ser and Gly were likewise strongly enriched. 306 

In contrast, other neutral FAAs (such as Pro) and the hydrophobic FAAs, including the aromatic 307 

compounds, showed a lower enrichment. GABA, that is also classified as hydrophilic amino acid, 308 

showed by far the lowest enrichment (EFaer between 105 and 106 in the submicron particle size 309 

range). The EFaer for the CAA exhibited a similar trend, however less pronounced compared to the 310 

FAAs. Asp, Ser and Gly showed the highest enrichment and the hydrophobic ones were generally 311 

less enriched (103-105). Again, the EFaer of GABA was (when detectable) always at the lower end. 312 

The enrichment of Glu in the form of CAA was not as high as for the FAA, though. 313 

Interestingly, this selective transfer observed for individual amino acids was not detectable when 314 

amino acids were divided into hydrophilic, neutral and hydrophobic amino acids with respect to 315 

their hydropathy index (considering their solubility in ethanol and water)32 (Fig. S3). This shows 316 

that molecular level analysis is required to identify differences in the enrichment of individual 317 

amino acids that exist even within their subgroups. 318 

As the grouping of amino acids based on the hydropathy index was not sufficient to describe the 319 

observed selective transfer and enrichment, other factors or parameters must play a role in this 320 

process. To this end, the next step was to investigate whether the selective transfer of individual 321 

amino acids could be related to their physico-chemical properties describing their surface activity. 322 
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Therefore, the partitioning coefficient between octanol and water (KOW) as well as the topological 323 

polar surface area (TPSA) were considered. All amino acids examined here showed a log(KOW) of 324 

less than -1.28 (Table S5), meaning that they are generally considered polar. However, they still 325 

exhibit differences in polarity, which means that some amino acids are more polar than others. The 326 

TPSA of a molecule is defined as the surface sum over all polar atoms and can serve as an estimate 327 

of the surfactant activity of the investigated compound. The correlations of the surface activity 328 

parameters with the EFaer of the individual amino acids as FAAs and CAAs, respectively, were 329 

investigated. No correlation was found for the CAAs. However, for the FAAs, a correlation of 330 

EFaer to log(Kow) and TPSA for the FAAs in the submicron size range was evident (log(Kow): 331 

R2=0.43, p=0.015 and TPSA: R2=0.34, p=0.035; Figure S4). The hydrophilic amino acids that 332 

exhibited the highest EFaer also showed low log(KOW) and high TPSA values (e.g. Asp with EFaer: 333 

6·106 and log(KOW): -4.32; TPSA: 100.62 Å2 and Glu with EFaer: 3·106 and log(KOW): -3.83; 334 

TPSA: 100.62 Å2). However, GABA, as hydrophilic amino acid, showed a lower enrichment 335 

(EFaer: 8·104) compared to Asp and Glu. Regarding the structure of GABA, the amine of butyric 336 

acid, it is noticeable that it does not exhibit an additional acidic group, as is the case for Asp and 337 

Glu. 338 

The polarity of the amino acids seems to play a role in their selective transfer and enrichment. 339 

FAAs that exhibit polar and acidic side chains (as the structurally similar free amino acids Asp 340 

(EFaer: 6·106) and Glu (EFaer: 3·106)) are preferentially transferred and enriched on submicron SSA 341 

particles. Neutral and hydrophobic FAAs are transferred to a lower extent. CAAs that exist in the 342 

form of macromolecules (long-chained dissolved proteins) and exhibit a more hydrophobic nature 343 

(depending on protein composition and structure61, 62) seem to be generally less strongly 344 

transferred to the atmosphere. With regard to the CAA transfer, it can be assumed that, depending 345 
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on the amino acid composition, the proteins may have different physico-chemical properties and 346 

that this may result in a selective transfer.  347 

A possible explanation for the pronounced transfer of Asp and Glu compared to other free amino 348 

acids could be the preferential adsorption of negatively charged amino acids (i.e., the acidic side 349 

chains) due to charging effects on the bubble. Blanchard et al.63 reported that small bubbles 350 

bursting at the ocean surface in the presence of Earth’s positive fair-weather-field produce droplets 351 

that carry a positive charge. Our observation that the more polar the free amino acid, the more 352 

enriched on the SSA particles is, may be related to ionic interactions of amino acids to complex 353 

DOC mixtures. However, this result is in contrast to other studies suggesting that compounds with 354 

hydrophobic functional moieties are preferably transferred within the bubble-bursting.35, 59, 64 355 

Rastelli et al.35 observed the highest EFaer (up to 1.4·105) for lipids and explained this by the 356 

hydrophobic nature and surface active properties of lipids65-67, as well as the possibility of a co-357 

aerolisation process52, 68 that could favor the transfer of lipids from the sea to the air. However, 358 

they also found that for proteins and carbohydrates drivers other than physical factors as discussed 359 

for lipids, are responsible for their transfer and enrichment.35 It needs to be emphasized that most 360 

studies analyze organic compound groups as sum parameters (e.g. sum of lipids, sum of 361 

proteins)35. In the study presented here, however, we show the enrichment of individual 362 

compounds within one organic group and observe several potentially diagnostic differences in 363 

their enrichment on size-segregated aerosol particles. This is important because individual analytes 364 

can provide additional information on potential sources and transport pathways. FAAs can 365 

represent biotracers (Asp, Pro), or compounds with INP properties (Leu). Likewise, CAAs 366 

(proteins) can influence the INP-property of aerosol particles (e.g. bacterial ice-nucleation 367 
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proteins). Such information about the properties and functions of amino acids cannot be obtained 368 

from the analytical sum parameter ‘protein’ alone. 369 

 370 

3.3 Occurrence of amino acids in seawater and sea spray aerosol particles 371 

The amino acid occurrence of both FAA and CAA on the SSA particles was related to the 372 

respective seawater concentrations as shown in Figure 3. CAA mainly consisted of neutral (46 % 373 

of ∑CAA in submicron and 47 % of ∑CAA in supermicron size range), followed by hydrophobic 374 

(34 % of ∑CAA in submicron and 30 % of ∑CAA in supermicron size range), and hydrophilic 375 

amino acids (20 % of ∑CAA in submicron and 23 % of ∑CAA in supermicron size range).  376 

 377 

Figure 3. Averaged percentage composition of amino acids (CAA, left and FAA, right) 378 

differentiated between seawater, submicron and supermicron aerosol particles of the laboratory 379 

experiment. 380 
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Altogether, the composition of CAA in seawater agreed well to the sub- and supermicron SSA 381 

particles. The FAAs, however, showed more distinct differences in the matrices. On the SSA 382 

particles, the hydrophobic FAAs contributed with 18 % to submicron and with 21 % to 383 

supermicron FAAs, while in seawater, they made up a higher percentage (49 % of ∑FAA). On the 384 

submicron SSA particles, the hydrophilic ones contributed with 34 % to the ∑FAA, in the 385 

supermicron range only with a percentage of 12 %. 386 

In seawater, the hydrophilic FAAs were below the LOQ (section 2.4) and the generally lower FAA 387 

concentrations in seawater likely caused the difference in FFA composition (seawater vs aerosol 388 

particles). Moreover, only one cycle (C1) could be used for evaluation, which means that ‘natural’ 389 

variations in FAA seawater concentrations, as reported in the literature11, 34, are not shown here. 390 

In consideration of the carbon content of the amino acids (Table S6), the contribution of ∑FAA 391 

and of ∑CAA to DOC on SSA particles was calculated (Table S7). In the submicron size range, 392 

∑FAA contributed up to 6 % (average 3.5 %) and ∑CAA up to 17 % (average 11 %) to DOC, 393 

while in the supermicron range, ∑FAA only contributed up to 1 % and ∑CAA up to 2 % to DOC. 394 

In previous studies, Zhang et al.1 reported that total amino compounds (FAAs and CAAs) 395 

contributed ~10 % of the DOC in PM2.5 aerosol particles collected in Davis, California. Mandalakis 396 

et al.3, observed with 0.3 % (FAAs) and 1.8 % (CAAs) an average contribution of total amino 397 

acids with ~2.1 % (∑FAAs+CAAs) to WSOC on atmospheric aerosol particles with marine 398 

background over the Eastern Mediterranean. In this study, amino acids (FAAs and CAAs) 399 

contributed 14 % to DOC on submicron and 3 % in supermicron SSA particles, and therefore 400 

exhibited a higher fraction of DOC than described for ambient aerosol particles in the literature. 401 

In particular, the percentage of ∑FAA and ∑CAA on the submicron SSA particles demonstrated 402 

that amino acids comprised a substantial fraction of submicron DOC on the investigated SSA 403 
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particles. Finally, the contribution of amino acids to DOC were compared with results from LC-404 

OCD-OND where specific organic compound groups of DOM are analyzed (more details in the 405 

SI Table S8). The FAAs and CAAs are comparable to the two DOM groups “low molecular weight 406 

(LMW) acids” and “biopolymers (BP)”, respectively. The LMW acids contributed between 5 % 407 

and 9 % (average 7 %) to DOM on submicron SSA particles and up to 0.2 % to DOM for the 408 

supermicron SSA particles (Table S8). They are therefore similar to the FAA contribution to DOC 409 

(up to 5 % on submicron SSA particles and up to 0.6 % on supermicron; Table S7). The percentage 410 

contribution of biopolymers to DOM (12 % on average) on submicron aerosol particles was also 411 

consistent with the CAA contribution to DOC (11 % on average). Overall, it could be shown that 412 

both the molecular analysis of the amino acids corresponding DOM groups show similar 413 

percentages of DOC (14 % amino acids (FAAs and CAAs) on submicron SSA particles) and DOM 414 

( 19 % LMW Acids and BP on submicron SSA particles), respectively. This suggest that the FAAs 415 

and CAAs measured are the major amino acids in this system. 416 

 417 

3.4 Comparison between SSAC and ambient FAAs on aerosol particles 418 

In an approach to distinguish between sources of amino acids on aerosol particles, the percentage 419 

composition of FAAs on aerosol particles obtained here in the SSAC are compared with an 420 

ambient aerosol case study from a tropical observatory (CVAO, as part of the MarParCloud 421 

campaign41, 69). For this comparison, the LPI stages of the SSAC were combined to match the 422 

aerosol particle size distribution of the 5-stage Berner Impactor used at the CVAO34 (see Figure 423 

4).  424 

It is important to note that we are comparing the eutrophic North Sea (SSAC) and the oligotrophic 425 

North Atlantic (CVAO). The FAA concentrations in North Atlantic underlying seawater samples 426 
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(ULW, average ∑FAA: 73.8 µg L-1) were found to be higher compared to North Sea seawater 427 

samples (∑FAA: 4.8 µg L-1). This is consistent with previous studies that have shown that ∑FAA 428 

seawater concentrations can have a high variability within and between different oceanic areas11, 429 

12, 70. Reinthaler et al.11 reported ∑FAA concentrations in underlying seawater ranging from 430 

6.4 µg L-1 (in the subtropical Atlantic) to 29.9 µg L-1 (in the western Mediterranean Sea). van 431 

Pinxteren et al.,12 observed ∑FAA concentrations between 0.5 µg L-1 and 17.3 µg L-1 in 432 

underlying seawater of the Baltic Sea in different temporal seasons. However, at both sampling 433 

sites in this study, the neutral amino acids dominated the FAA compositions of both seawater 434 

samples, followed by the hydrophobic FAAs. In addition, at the CVAO site around 10 % were 435 

composed of hydrophilic amino acids (Fig. S5). 436 

 437 
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Figure 4. Comparison of the percentage composition of FAA on the size-segregated aerosol 438 

particles of the laboratory experiment SSAC (right) and ambient samples at the CVAO (left). 439 

When comparing the composition of amino acids on the aerosol particles, the FAAs of the ambient 440 

aerosol particles measured at the CVAO demonstrated that Gly was dominant in the size range 441 

0.42-10 µm (65-95 % of ∑FAA) and very pronounced in all size ranges, accompanied by some 442 

contribution of Ala (3-26 % of ∑FAA). In the size range 0.05-0.42 µm, a strong contribution of 443 

GABA (35-47 % of ∑FAA) was observed. The SSAC aerosol particles showed a more similar 444 

distribution of amino acids between the different size ranges, with Gly (up to 28 % of ∑FAA), Ser 445 

(up to 26 % of ∑FAA) and Asp (up to 39 % of ∑FAA) being the most prominent amino acids and 446 

a balanced ratio between the hydrophilic and neutral groups. Thus, for both the SSAC and ambient 447 

aerosol particles, the hydrophilic and neutral amino acids were dominant, but the composition of 448 

the individual FAA was quite different (Figure 4, Figure S6). Figure 4 also clearly shows that Gly 449 

(14-76 % of ∑FAA) and GABA (35-47 % of ∑FAA) were the only two amino acids that had a 450 

much higher percentage of FAAs on the submicron aerosol particles at the CVAO than on the 451 

aerosol particles at the SSAC (Gly: 11-24 % of ∑FAA; GABA: <0.7 % of ∑FAA). This indicates 452 

that these amino acids (Gly and GABA) have additional sources besides bubble-bursting on the 453 

ambient marine atmosphere. GABA, as an indicator for the microbiological degradation of OM29, 454 

30 and as a microbiological proxy on aerosol particles, seemed to be formed preferably on the 455 

ambient submicron aerosol particles in the size range 0.05-0.42 µm (35-47 % of ∑FAA). This 456 

finding suggests that a microbiological formation of GABA on the aerosol particles is more likely 457 

a stronger source than transfer from the ocean to the atmosphere via bubble-bursting. Furthermore, 458 

the absence of GABA on the aerosol particles of the SSAC supports the assumption that negligible 459 

biological activity has taken place in the headspace of the sea spray simulation chamber under the 460 
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prevailing conditions, as already discussed in Section 3.1. The contribution of Gly to the SSAC 461 

aerosol particles (17 % of ∑FAA, submicron and 28 %, supermicron) compared to Gly on ambient 462 

aerosol samples from the CVAO (36 % of ∑FAA, submicron and 78 % of ∑FAA, supermicron) 463 

shows that Gly can be transferred (~20 % of ∑FAA) from the ocean to the atmosphere via bubble-464 

bursting (Figure S6). Additional formation processes (beyond bubble-bursting) connected to 465 

photochemical reactions and/or long-range transport likely can explain the higher Gly abundance 466 

on the ambient aerosol particles at the CVAO. 467 

In principle all individual amino acids can be transferred into the atmosphere via bubble-bursting, 468 

as shown by the composition of the SSAC aerosol particles. More specifically, the supermicron 469 

aerosol particles (0.990-10.16 µm) generated in the sea spray simulation chamber had a much more 470 

complex chemical composition than the aerosol particles at the CVAO. It should be noted that this 471 

observation does not appear to be related to sensitivity of the analysis (see Section 2.2.2 and 472 

Triesch et al.34). Moreover, the comparison (ambient vs. sea spray simulation chamber) showed 473 

that two amino acids, namely Gly and GABA, have additional relevant sources in the ambient 474 

atmosphere in addition to bubble-bursting. The less complex composition of the FAAs on the 475 

ambient aerosol particles at the CVAO may be due to the fact that chemical conversion reactions 476 

have already taken place in the ambient atmosphere, which partially convert the individual amino 477 

acids to the more stable Gly28, 41. Altogether, this implies that the bursting of bubbles is a clear 478 

source of amino acids on aerosol particles generated by sea spray as almost all amino acids (FAAs 479 

and CAAs) present in seawater in this study can be transferred to a wide range of aerosol particle 480 

sizes. 481 

 482 

4. CONCLUSIONS  483 
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This study shows that almost all amino acids in their free and combined forms have the potential 484 

to be transferred from the ocean to all size ranges of atmospheric aerosol particles via bubble 485 

bursting. The highest enrichments of amino acids (EFaer∑FAA: 2.5·106 and EFaer∑CAA: 7.9·105) were 486 

found on aerosol particles in the submicron size range with a tendency of increasing enrichments 487 

with decreasing aerosol particle size. It was shown that there is a selectivity in the transfer of the 488 

individual amino acids: The more polar the free amino acids are, the more they are enriched on the 489 

SSA particles (especially FAAs with polar acid side chains: e.g. Asp with an EFaer of 5.8·106). 490 

However, physico-chemical parameters alone, such as KOW and TPSA values, are not sufficient to 491 

explain the amino acid transfer to the atmosphere. To further investigate the selective transfer of 492 

amino acids and the strong enrichment of polar amino acids, future experiments should also be 493 

performed in the SSA chamber with pure artificial seawater, free of DOC and spiked with amino 494 

acids, to investigate possible ionic interactions of amino acids with DOC. 495 

The generated SSA particles exhibited a higher complexity regarding the composition of the amino 496 

acids, compared to ambient aerosol particles. The comparison also shows that two amino acids, 497 

Gly and GABA, have sources other than bubble-bursting in the ambient marine atmosphere. 498 

Although Gly can be transferred from the ocean comprising up to 20 % of ∑FAA, other sources 499 

such as long-rang transport and photochemical reactions also play an important role. For GABA, 500 

it can be assumed that bubble bursting plays only a minor role and that the high fraction of GABA 501 

(35-47 % of ∑FAA) is due to (microbiological) formation on the submicron ambient aerosol 502 

particles. In models describing the transfer of OM in general and of proteins as important N-503 

compounds in particular, further formation pathways (transport, (microbial) formation and 504 

(photochemical) transformation processes) should therefore be considered in addition to the 505 
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bubble-bursting transfer. Such pathways have to be investigated in more detail in future studies in 506 

order to be able to estimate which formation mechanism is relevant for the individual compounds.  507 

Overall, this study demonstrated that amino acids transferred via bubble-bursting constitute a 508 

substantial fraction, averaging 14 % of DOC on submicron SSA particles. Even a tracer for aerosol 509 

long-range transport like Gly can originate from the ocean to a high extent. To our knowledge, this 510 

study was the first to analyze amino acids as both FAAs and CAAs in seawater and on size-511 

segregated aerosol particles on a detailed molecular level under controlled conditions to provide 512 

evidence of a selective transfer and enrichment. The determined size-dependent transfer 513 

efficiencies and enrichments can be used to improve future modeling of amino acids as a 514 

substantial fraction of OM in the marine ocean-atmosphere coupled environment. 515 
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