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ABSTRACT 

Ice nucleating particles (INP) in sea spray aerosols (SSA) are critical in estimating cloud 

radiative forcing and precipitation with implications in climate change. Laboratory experiments 

simulating the ocean-atmosphere environment are becoming increasingly popular for studying the 

nature of INPs in SSAs. Understanding the ice nucleating characteristics of bulk seawater and the 

sea surface microlayer (SSML) can provide valuable information about the emitted SSA. Samples 

for this study were collected from a waveflume during a phytoplankton bloom and analyzed with 

complementary methods. The primary method used is a polydimethylsiloxane (PDMS) based 

microfluidic static well array, designed and fabricated to trap droplets and measure the ice 

nucleation (IN) spectra of nanoliter-scale droplets of bulk seawater and SSML. Droplets were 

subsequently dehydrated in situ until efflorescence and dried residual particle morphology was 

correlated to the droplet IN temperature. Four distinct morphologies were found in the effloresced 

droplets, among which the aggregate and amorphous morphologies were present in larger amounts 

in the SSML compared to bulk. These particles also had a different IN spectra, nucleating ice at 

warmer temperatures than the single and fractal crystal morphologies. The microfluidic studies 

were complemented by micro-Raman spectroscopy and immersion freezing measurements of 

larger droplets assessing IN sensitivity to heat and organic carbon removal in an ice spectrometer 

(IS).  This study highlights the compositional diversity of marine samples and paves the way for 

novel multiplexed microfluidic approaches to study the chemical and biological complexity behind 

the IN activity of aerosol liquid samples in an integrated platform. 
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INTRODUCTION 

Clouds are key contributors in modulating Earth’s climate through their albedo and atmospheric 

lifetimes 1–3. Ice nucleating particles (INPs) are a special class of atmospheric particles that 

facilitate the formation of ice crystals in cloud drops at temperatures warmer than the homogeneous 

ice nucleation temperature of pure water of -38°C 4. INPs control the size and concentration of 

liquid vs. frozen cloud drops 3,5, where clouds comprised of more ice crystals have larger  particle 

sizes and have lower albedo than those composed of mainly liquid drops 6–8, thus shortening cloud 

lifetime. Ice nucleation also controls precipitation and the water content of clouds by scavenging 

water vapor from liquid droplets 3,9. INPs are emitted from various sources, including mineral 

dusts from arid regions 10,11, from plants and soils, anthropogenic activity 12,13 and, marine sources 

5,14. 

Oceans cover 71% of the Earth’s surface and hence sea spray aerosol (SSA) is potentially a 

major source of INPs, as well as cloud condensation nuclei (CCN), to the atmosphere 15. SSA is 

created by wave breaking, bubble bursting, or through gas phase emissions and secondary organic 

aerosol formation in the atmosphere 16. Characterization of marine INP sources is an active area 

of research for both laboratory and field studies 5,17, and INPs have been measured in bulk seawater 

as well as the sea surface microlayer (SSML) 18–28. These studies found that the SSML is more 

enriched with INPs compared to the bulk overall 19–21 and that the IN activity of SSA can be 

explained by the INP type and concentration in the underlying bulk seawater and SSML 29. The 

exact INP concentration, and the variation of this concentration between the bulk and SSML, 

depends on multiple factors such as the chemistry of the seawater 29, composition of the SSML 30 

and the abundance, size and characteristics of the biogenic INP sources 19,30,31.  
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In general, surface properties as well as the physical and chemical phase state of an aerosol play 

an important role in aerosol processes such as ice nucleation (IN), CCN, light scattering and 

adsorption, and gas-particle partitioning32. In IN, the particle size 33,34 and morphology 35,36 have 

been correlated with IN activity. Specifically, heterogeneous IN at lower temperatures has been 

shown to be influenced by morphology 37–40 and organic surface coatings 41 of effloresced salt 

particles. However, these studies have been performed on model or simplified salt solutions. There 

are very few studies that attempt to correlate the IN property of marine samples with the 

morphology of the SSA upon collection onto a substrate after drying. In studies measuring IN 

properties of SSA collected from a waveflume or from smaller tanks, McCluskey et al. 31 and Lee 

et al. 42 examined the morphology of wet and dried SSA particles on substrates with a scanning 

electron microscope and atomic force microscope respectively. The INP morphology was 

correlated to biomarkers such as chlorophyll concentration, and heterotrophic bacteria counts. 

The range of instrumentation to study INPs includes both “online” instruments such as 

continuous flow diffusion chambers 43,44 and continuous flow tubes 45, and “offline” measurements 

such as  differential scanning calorimeters 46, static cold plate based freezing assays 47–49, optical 

traps 50, and electrodynamic balances 51. The last two can also be used to observe the phase states 

(solid, liquid, semi-solid) and morphologies of aerosol particles. Other instruments used to study 

phase state include optical microscopy with droplets on a substrate 52, tandem differential mobility 

analyzers 53,54, or particle bounce using impactors 55. 

Recently, advances in microfluidic measurements using devices made from a combination of 

glass and poly-dimethylsiloxane (PDMS) have made it possible to perform IN experiments on a 

large number of particles using either static 56–58 or flow-based 59–61 approaches. PDMS, being 

permeable to water, has also led to the construction of trap-based devices where droplet 
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dehydration and phase transitions can be observed over a long duration in a quasi-equilibrium 

manner to map out phase states of aerosols at different relative humidities (RH) 62–64. A recent 

review by Roy et al. 65 lists different microfluidic devices for droplet-based studies. 

For the current work, IN spectra and chemical properties of seawater and SSML are studied 

with three complementary sets of instrumentation to connect IN spectra with dry-particle 

morphology as well as biological and organic contributions. Samples were collected during a large 

multi-institute experiment called SeaSCAPE (Sea Spray Chemistry And Particle Evolution) at the 

Scripps Institute of Oceanography, La Jolla, CA 66. A sealed 30m long channel (“waveflume”) was 

filled with coastal Pacific Ocean seawater collected to a depth of 2m. A piston was used to create 

waves that broke on simulated beach within the waveflume to generate nascent SSA. Both online 

and offline measurements of SSA and the bulk water were performed using an array of physical, 

chemical and biological characterization equipment during SeaSCAPE (described in Sauer et al. 

66).  

Bulk seawater and SSML samples were collected during various stages of a phytoplankton 

bloom in the waveflume. A custom microfluidic INP counter and phase transition device was 

designed based on a recent microwell freezing counter developed by Brubaker et al. 57 and specific 

IN spectra for a given effloresced particle morphology after drying of the droplets were first 

measured. This provided a way to investigate correlations between the IN temperature of a droplet 

and the effloresced residual particle morphology, possibly caused by any potential differences in 

sample constituents. Micro-Raman spectroscopy was performed on the samples to identify 

chemical signatures of effloresced bulk and SSML samples. Finally, the INP population in the 

samples was also measured using an ice spectrometer (IS) that tests large (50 µL) aliquots of 

solutions, as validation for the microfluidic IN spectra results.  In addition, 95°C heat treatment 
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and peroxide digestion was applied to the SSML samples to highlight the contribution of biogenic 

and organic INPs respectively. 

 

METHODS AND MATERIALS 

Bulk seawater and SSML sample collection 

Samples were collected at various stages of an algae bloom from the Scripps Institute of 

Oceanography waveflume at La Jolla, CA in the summer of 2019 during the SeaSCAPE 

experiment 66. The waveflume was filled with coastal seawater from the Pacific Ocean near the 

Scripps Pier at the start of three SeaSCAPE blooms. The bulk seawater samples were collected 

using a 2m long siphon made of Teflon tubing and stored in Nalgene carboys precleaned with 

methanol, ethanol, 0.1 M HCl and ultrapure water. SSML samples were collected using a glass 

plate, and Teflon scraper. The equipment was rinsed in methanol, ethanol and 10% HCl and baked 

in a 500°C furnace for 5 hours to remove any organic contaminants prior to sampling. The plate 

was immersed into the water at 5-6 cm s-1 and retracted, then after a 20 s pause to allow water 

drainage, the scraper was used to scrape off the adhered liquid film into a collection vessel. The 

resulting sampling thickness was about 50 μm 67. A subset of the collected liquids from different 

days during one phytoplankton bloom was shipped frozen to different labs in 50 mL sterile 

centrifuge tubes for downstream analyses. Samples shown here were primarily collected on July 

26, 2019, with data from additional days (August 2, 2019 and August 8, 2019) shown in the ESI. 

The samples were frozen within 1 hour of collection. 
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Microfluidic device design and fabrication 

 

Figure 1: a) Schematic of the static trap-based microfluidic phase and ice nucleation counter device, showing an array of 
individual wells. b) A close up view of a single well showing the dimensions. c) A schematic of the microfluidic device on the cold 
plate with dry N2 gas purging the experimental chamber during a run. 

The microfluidic device designed for this study is based on the combination of two static well 

devices adapted from Sun et al. 68 and Brubaker et al. 57. The single well shown in Figure 1b was 

replicated in rows and columns to create a 17x29 grid with 493 separate wells. The wells are 

connected by an inlet and an outlet to common rails as shown in Figure 1a. There was a filtering 

region just downstream of the inlet to capture any large (~100 μm) particles and prevent clogging 

of the device. The design was prepared in AutoCAD (AutoDesk) and printed on a vinyl 

transparency (CAD/Art Services) to create a photomask. This photomask was used in a standard 

photolithography process in a cleanroom (MNC) to create a negative mold on a 4” silicon wafer. 

For this process, a 150μm thick SUEX sheet (DJ Microlaminates) was hot laminated onto the wafer 

before exposing it to UV light using the photomask and curing the sheet before development. The 

microfluidic device itself was created by pouring a mixture of PDMS (Sylgard 184, silicone 
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elastomer, Dow Corning) and the corresponding curing agent in a 10:1 ratio by weight into the 

silicon wafer mold. PDMS was cured overnight in a 70°C oven before the device was cut out with 

a razor and holes were punched for the inlet and outlet with a 1.5 mm biopsy punch. Additionally, 

secondary channels were cut into the device to provide a place for thermocouples during the IN 

experiment. More details can be found in section 1 of the  ESI. For the substrate, a 25x75x1 mm 

glass slide was coated with PDMS in a spin coater (Laurell) at 3500 rpm for 30 seconds and cured 

in an oven alongside the mold. The device and the substrate were plasma etched for 60 seconds 

before pressing them together to form a seal. 

Samples were loaded into sterile disposable 1mL syringes (Norm-Ject) fitted with either a 

100nm pore-size PTFE syringe filter (Whatman) for pure water background IN experiments or 

unfiltered in case of SeaSCAPE samples. Following this, silicone oil (Sigma Aldrich) was injected 

to scavenge out the excess sample from the channels while leaving droplets trapped in the circular 

wells surrounded by silicone oil. The device also allowed quasi-equilibrium dehydration or 

rehydration of the droplets after IN measurements due to the permeability of PDMS to water 62–64. 

Temperature and RH controlled platform 

A temperature-controlled cold plate (LTS 420, Linkam Scientific) was used for the 

experiments. A glass slide with a mirror layer of 500nm aluminum was placed between the 

microfluidic device and the cold plate. Thermal paste (Ceramique 2, Arctic Silver) was applied 

between the mirror slide and the cold plate, and a drop of silicone oil was placed between the 

device and the mirror slide to ensure good thermal contact while providing the best possible 

visuals. To provide a wide field of view, the lid supplied with the stage was removed and a custom 

laser-cut acrylic lid with a rubber gasket on the bottom was used to seal the device from the ambient 

air. A schematic of the setup is shown in Figure 1c. Dry N2 gas was introduced into the experiment 
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chamber through Teflon tubing and a port in the acrylic lid as shown in Figure 1c. For the IN 

experiments, this prevented condensation of water vapor on the outside of the device. For the phase 

experiment, during dehydration, this expedited water evaporation from the droplet as the droplet 

dehydration rate is directly influenced by the RH of the surrounding air.  

Microfluidic experimental procedure 

During a typical experiment, a pre-calibrated thermocouple (T type, 5SRTC-TT-T-36-36-

ROHS, Omega Engineering) was installed inside a precut slit, cut near the center of the device 

between the top thick PDMS layer and the thin PDMS coated substrate. Device temperature was 

measured with this thermocouple during each sample measurement. This temperature was verified 

against melting temperatures of known standard hydrocarbons in the range of -30 to 0°C (see ESI 

Table S2 for details). Thermocouples placed inside different locations on the device during 

temperature calibration runs showed a maximum variation of ±0.69°C at -28.85°C and this is 

reported as the temperature uncertainty of the device. More details on the device temperature 

measurement process can be found in section 1 of the ESI. 

During an experiment, the device was placed on the mirror slide, the top acrylic cover was set 

in place, and the dry N2 flow was turned on. Imaging was performed on a reflective microscope 

(SZX10, Olympus) at different magnification levels and images/videos were recorded with a 

1200x1600 px monochromatic camera (acA1600-60gm, Basler)  

A flowchart of a typical experiment is shown in Figure 2. IN measurement was done 

immediately after loading the device with the sample droplets. The microscope was zoomed out 

to the widest view possible, at which point ~185 droplets were in view simultaneously. Droplets 

were held at 0°C for 10 minutes for equilibration, and then the temperature of the cold plate was 
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lowered at 0.5°C min-1 using the supplied Link software. Frozen droplets turned darker than liquid 

droplets. 

Following this freezing step, the temperature was brought back to 20°C rapidly and held there 

for the dehydration experiment. The camera was zoomed in to keep a 3x3 grid of droplets in view. 

A time lapse video was recorded as the dehydration process happened in a quasi-equilibrium 

manner over the course of a day. Finally, the camera was zoomed in to single wells and all the 

residual particles in the device that were observed for the IN experiment were scanned one at a 

time under the microscope to categorize each into separate morphologies. The bulk and SSML 

sample from 07-26-2019 were measured using the microfluidic device.  

  

Figure 2: Flowchart of some of the experimental steps performed. The cooling and warming process takes about ~1 hour while 
the dehydration process often takes >24 hours. 

For the IN experiment, frozen fraction of droplets 𝑓𝑓(𝑇𝑇) as a function of temperature 𝑇𝑇 was 

calculated as 

𝑓𝑓(𝑇𝑇) =
𝑁𝑁𝑓𝑓(𝑇𝑇)
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 1 

Where, 𝑁𝑁𝑓𝑓(𝑇𝑇)  is the number of wells that are frozen at 𝑇𝑇 and 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the total number of wells 

in the view of the camera. The INP concentration in the sample can be calculated using the 

statistical correlation put forth by Vali69: 



11 
 

𝐼𝐼𝐼𝐼𝐼𝐼(#/𝑚𝑚𝐿𝐿−1) =
−ln (1− 𝑓𝑓(𝑇𝑇))
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑚𝑚𝑚𝑚)  2 

The 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 refers to the volume of the droplet at the time of observation and was calculated 

with the following pancake shape assumption 64: 

𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝜋𝜋ℎ3

6 +
𝜋𝜋ℎ
4

(𝐷𝐷 − ℎ) �
𝜋𝜋ℎ
2 + 𝐷𝐷 − ℎ� 3 

Where, 𝐷𝐷 is the observed diameter of the droplet and ℎ is the height of the microfluidic channels 

(150 μm). Droplets that filled the wells completely had a volume of 21nL. Only droplets within 

90% of this maximum were considered for the IN spectra. Measured pure water background 

spectrum was converted into a background heterogeneous INP concentration using Eq. 2 and 

subtracted from bulk and SSML sample gross INP counts. Based on literature 21,23,26 on ice 

nucleation studies with seawater, a standard nominal +2°C correction was applied to undiluted 

bulk seawater and SSML samples to account for the freezing point depression as the salinity of the 

water was not measured for this study. Ninety-five percent confidence intervals were obtained 

from Eq. 2 in Agresti and Coull (1998) 70. 

Environmental cell micro-Raman spectroscopy 

Chemical composition was obtained with micro-Raman spectroscopy. Frozen Bulk and SSML 

samples were melted in a warm water bath at T = 30°C. Following this, approximately 1µL 

droplets of the samples were pipetted onto a hydrophobic substrate. The substrate consists of a 

quartz disc (Ted Pella, 16001-01) coated with Rain-X. These hydrophobic discs containing the 

microdroplets were then placed into an environmental cell (Linkam, LTS 120).  The cell is coupled 

to a micro-Raman spectrometer (Horiba, LabRAM HR Evolution) for spectral analysis as 

previously described in Mael et al. 71. Once in the environmental cell, the droplets were dried for 
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12-48 hours under a flow of N2 at 0.05 L min-1 at 25°C prior to data collection, and then held under 

the same conditions throughout the experiment. Once dried, Raman spectra of different particles 

of varying morphologies (identified with the Olympus optical microscope fitted to the confocal 

Raman system) were collected using 10X objective with 3 exposures of 3 seconds averaged for 

each scan, from 400 to 4000 cm-1. 

Ice spectrometer, heat and peroxide treatment 

Validating measurements of the microfluidic IN spectra, as well as studies into the role of the 

biological and organic contributions to the IN ability were obtained using Colorado State 

University’s Ice Spectrometer (IS). The IS measures immersion freezing INPs in aliquots of water 

arrayed in four 96-well polymerase chain reaction (PCR) plates. These are fitted into aluminum 

blocks with machined wells and encased by cold plates through which coolant is circulated. The 

IS produces immersion freezing spectra reaching to -27°C, with a detection limit of 0.6 INPs mL-

1 and is supported by optimized experimental protocols 43,47,72,73.  

To measure INPs in each sample, and in each serial dilution (several 11-fold dilutions made in 

0.1 µm-pore-filtered deionized water), 32 aliquots of 50 µL were dispensed into PCR trays 

(OPTIMUM® ULTRA, Life Science Products) in a laminar flow hood and placed into the cooling 

blocks. These and a headspace N2 purge flow were cooled at 0.33 °C min-1 using a recirculating 

low temperature bath, and the freezing of wells recorded. Freezing fraction results were corrected 

for INPs in the deionized water used for dilutions, and INP temperature spectra were obtained by 

converting the number of frozen wells at each temperature to the number of INPs mL-1 using Eq. 

2.  

Tests were performed to estimate heat-labile (e.g., proteins) and total organic INPs. For the 

former, 2 mL of SSML were heated to 95°C for 20 min and the sample re-analyzed to measure the 
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reduction in INPs. To quantify organic INPs, 1 mL of 30% H2O2 (Sigma) was mixed with 2 mL 

of sample and digested at 95°C for 20 min under UV-B. This and decomposition of residual H2O2 

are detailed in Suski et al. 74. The sample was then re-analyzed in the IS to measure the reduction 

after the removal of organic INPs. 

 

RESULTS 

Microfluidic IN spectra 

 

Figure 3: IN spectra measured using the microfluidic device from bulk and SSML of 07-26-2019. (a) Frozen fraction as a 
function of temperature, calculated from the fraction of wells frozen out of all wells in the view of the camera at any given 
temperature. The gray line represents the background pure water spectra. The background was collected after loading the device 
with a syringe of deionized water fitted with a 0.1um PTFE syringe filter. (b) The bulk and SSML samples expressed as INPs ml-1. 
Vertical error bars indicate 95% confidence interval. Horizontal error bars indicate uncertainty of ±0.69°C in temperature 
measurement from thermocouples. The curves have been corrected for freezing point depression. 

IN data of the bulk and SSML collected with the microfluidic device are shown in Figure 3. 

The horizontal error bars represent uncertainty in temperature measurement from the 

thermocouples. The pure water ice nucleation background spectra is plotted in Figure 3a and shows 

a freezing curve spanning around 10°C (between -21 and -31°C) with a steep rise below -30°C. 

The median freezing temperature for ultrapure water in this device is -30.3°C. This curve has  a 
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similar shape and freezing temperature range to other droplet based IN counters 56,57,75. The 

temperature range of the background spectra indicates heterogeneous nucleation, either from 

contaminants in the water or from contact with particles and/or the surfaces already present inside 

the device.  This heterogeneous background freezing shown in Figure 3a restricts the device to 

analyze samples that freeze above the temperature -30°C. 

A prominent feature of these graphs is that the gap in INP concentrations (Figure 3b) between 

the bulk and the SSML is about an order of magnitude at temperatures >-26°C. This enrichment 

in INPs in the SSML may also indicate a compositional difference, and to explore this, the droplets 

were dried after the IN spectra measurement to investigate any overall trends in the efflorescent 

particle morphologies. The microfluidic device allows droplet dehydration directly after IN spectra 

measurement, without having to transport the droplets to a new device. The connection between 

the freezing temperatures of the individual droplets and the effloresced particle morphologies was 

investigated as explained in the following section.  
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Effloresced particle morphology 

Figure 4: (a-f) Droplet morphologies observed in a bulk seawater droplet from 07-26-2019 dehydrating inside a microfluidic 
well. The arrow indicates the progression of the experiment. A particle nucleates in panel b and its size remains relatively constant 
throughout the rest of the dehydration process. The refractive index of the droplet matches the surrounding silicone oil in panel c. 
A new salt crystal, possibly NaCl, nucleates in panel d and keeps growing into a larger cubic crystal until panel f where a 
translucent coating forms over the whole dry particle. Scale bars in the images are 100µm. 

The droplet dehydration process is shown in Figure 4. Note that the reflection of the droplet 

from the mirror surface below gives the appearance of an apparent “doubled” droplet in Figure 4. 

This is an image artifact, not a separate droplet. The fresh, or just-loaded, droplet in Figure 4a is 

relatively large and slowly dehydrates until it reaches the state shown in Figure 4b. At this point, 

a small darker particle emerges from the liquid, and the whole droplet keeps shrinking as it 

evaporates until it reaches the state in Figure 4c. Here, the droplet disappears from view due to the 

refractive index of the liquid in the droplet matching the refractive index of the surrounding oil. 

Following this, the droplet continues to shrink and reappears into view as a second particle emerges 

from a different spot in Figure 4d. The second particle grows and forms a transparent cubic shape 

as seen in Figure 4e. This is an NaCl crystal and has a cubic crystalline structure. Near the very 

end of the dehydration process, a translucent coating appears to form and cover the whole dry 
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particle as shown in Figure 4f. The main part of the dehydration process from Figure 4a to b takes 

about 24 hours, and the remaining part from b to f takes around an hour. 

Figure 5(a-d) shows the types of residual particle morphologies observed after an efflorescence 

experiment. The single crystal morphology has a single large cubic crystal of NaCl surrounded by 

a more amorphous coating or other much smaller crystals, as evident from the transitions shown 

in Figure 4. The fractal crystal morphology has multiple medium sized crystals growing in 

different orientations in a jagged geometric repeating pattern, possibly indicating nucleation from 

multiple sources through smaller particles present in the droplets. The aggregate particle 

morphology has almost a circular shape with many small crystals, forming the outer surface of the 

particle. The amorphous morphology is assigned to particles that have no discernible crystalline 

shape on the outside, which possibly indicates a larger amount of detritus or organics in the initial 

droplet. These form a thicker or more irregular coating on the outside of salt crystals inside the 

Figure 5: (a-d) Typical effloresced droplet morphologies observed in microfluidic wells after complete droplet dehydration. 
Scale bars in the images represent 50 μm. (e) Droplet morphologies represented as a fraction of total droplet count observed in 
each sample. The samples contained 405 and 390 total particles respectively.  
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particle, thus concealing them. The distribution of different particle types formed after 

efflorescence is shown in Figure 5e. The total particle counts for droplet morphology were 405 

and 390 in the bulk and SSML samples respectively. The IN spectra for the bulk and SSML 

samples considers smaller subsets of total 173 and 178 droplets respectively. The differences in 

the number of droplets analyzed in the morphology and IN spectra are due to the IN measurement 

requiring particles to be in the camera field of view simultaneously during the experiment, while 

the morphology of the particle could be measured post-experiment by moving the XY stage of the 

microscope one at a time under the camera. Hence, for the morphology measurement, all the 

particles loaded into the device could be examined. The bulk sample has a slightly larger fraction 

of single and fractal crystal particle types when compared to the aggregate and amorphous 

particles. Similar morphology results were obtained for samples from other days (08-02-2019 and 

08-06-2019), shown in Figure S3 in the ESI.  In all cases, SSML contains more aggregate and 

amorphous samples, while the bulk contains more fractal and single crystal structures. 

Statistical significance between the different particle types were tested using Z scores for two 

population proportions. The significance level between similar particle types between samples are 

shown in the P values in Table S3 in the ESI, where there is a trend towards increased aggregate 

and amorphous particles in the SSML sample compared to the bulk. For 07-26-2019, when the 

aggregate and amorphous types are combined into a single ‘non-crystalline’ group, there is a 

statistically significant difference between the bulk and SSML (P = 0.008). Likewise, a combined 

single and fractal crystal group shows statistically significant reduction of crystalline morphologies 

in the SSML sample compared to the bulk. Similar trends were observed for the other dates, though 

the calculated P values were greater than 0.05. Further discussion can be found in the ESI. 
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Figure 6: Frozen fraction curves of each droplet morphology for a given sample. a) 07-26-2019 bulk, b) 07-26-2019 SSML. 
The samples contained 173 and 178 droplets respectively. 

The freezing temperatures of the droplets in a subset of the microfluidic wells were connected 

to the effloresced particle morphology and the resulting frozen fraction curves for each particle 

type are plotted in Figure 6. From the subpanels it is apparent that there is no significant difference 

in the IN temperatures of the single crystal vs. the fractal crystal types in both bulk and SSML. 

However, in both samples, the aggregates and the amorphous category curves start freezing at a 

warmer temperature than the single or fractal crystal droplets. They also generally have different 

freezing curves with more gradual slopes, leading to freezing over a broader temperature range 

compared to the single and fractal crystal particles. This perhaps indicates that the liquid droplets 

in these wells contained a more heterogeneous mix of contents contributing a diverse freezing 

range of INPs, requiring further chemical identification as described in the next section. 

Chemical signatures of particles 

Between 30 and 40 particles were analyzed in the micro-Raman spectroscope for each sample. 

Spectral and optical data for dried droplets from SSML and bulk seawater from the three days are 

shown in Figure 7. All the spectral features identified here were found in different particles in both 
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bulk and SSML samples, and representative of the spectra and morphology found in all three days. 

While this work clearly informs the chemical signature of the samples in general, unique 

connections between morphology and Raman spectra cannot yet be made. Many particles (spectra 

1-7) contain sulfate, identified by the sulfate symmetric stretch ranging from 950 to 1100 cm-1 

(highlighted in orange). The exact frequency of this vibrational mode depends on several factors 

including the coordinating cation (Na+, Ca2+ and Mg2+) and hydration state 76,77. In addition to 

sulfate, particles corresponding to spectra 3 and 5 showed the presence of carotenoids as indicated 

by the two peaks at 1522 and 1154 cm-1 (highlighted in purple) 78. Several particles exhibit 

vibrational peaks indicative of organic compounds (shown in spectra labeled 4, 5, 7) in addition to 

sulfate (highlighted in green). The amount of organics present in the spectrum labeled “5” is much 

higher than in other spectra.  This has been identified as sialic acid as discussed in previous studies 

77,79. Many particles were identified as sodium chloride (spectrum 8) and were found in both bulk 

and SSML as well. These particles were identified because they have no Raman bands in the region 

investigated, and in many cases, clear salt crystal shapes were observed in the optical image. All 

particle spectra identified (1-8) most likely contain various amounts of NaCl, but due to the lack 

of spectral signature this cannot be quantified. Section 5 in the ESI contains a table summarizing 

the Raman spectra assignments.  
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Figure 7: Results from representative (a) spectra and corresponding (b) optical images from dried SSML and bulk single 
particles. Different color bands highlight the significant spectral regions and peaks that correspond with literature values of sulfate 
(orange), carotenoids (purple), other organic compounds (green), possibly sialic acid (5), and water (blue). Green dots on the 
optical images indicate the location spectra were collected. 
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Heat treatment and H2O2 oxidation results 

 

Figure 8: (a) Intercomparison of INP counts in bulk and SSML between microfluidic device and IS The microfluidic data is 
reproduced from Figure 3b. (b) IS measured INP counts in SSML and bulk seawater for nominal, 95°C heat-treated and H2O2 
digested sample. The data was collected with the automated ice spectrometer using a 96 well plate. The curves have been corrected 
for freezing point depression. The error bars represent 95% confidence intervals. 

Finally, Figure 8a,b shows the INP counts in bulk and SSML samples measured with the IS 

using 50 µL aliquots. The microfluidic device IN spectra has been reproduced in Figure 8a to 

compare with the IS measurements of untreated bulk and SSML samples. In the regions of overlap 

between the two methods (from around -15 to -28°C) there was very close agreement in both INP 

concentrations and spectral curvature for both bulk and SSML samples. As seen with both 

measurements, there is a significant enrichment of INPs in the SSML. Figure 8b shows the INP 

counts after treatment of the SSML samples by heating at 95°C and after peroxide digestion. 

Specifically, the red circles show that a significant portion of INPs active above -22°C in the SSML 

were moderately heat sensitive and deactivated after heating at 95°C due to their biological nature. 

The purple circles show that after H2O2 oxidation, which targets organic INPs, at least 98% of 

INPs were deactivated compared to the untreated SSML. In this case, the INP count was lower 
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than even the bulk seawater, indicating that a major part of the INP population in both bulk and 

SSML was likely organic. 

DISCUSSION 

Previous studies on the ice nucleating properties of SSML and bulk seawater on field or lab-

generated samples show that there is usually large variability in the ice nucleation temperature 

even in a single study 19,21,28–30,80. The variations arise from different conditions at the sampling 

locations such as the water chemistry, local biological activity, SSML composition, and the 

sampling method employed. In particular, results in SSA and seawater (both bulk and SSML) 

collected from waveflumes30,31 have shown significant variability in the IN properties before, 

during and after a phytoplankton bloom. The bulk and SSML INP counts reported with both the 

IS and the microfluidic device reported here are within the range reported in previous studies on 

bulk seawater 19,21,23,24,28,29,31 as well as SSML 20,28–31,80.    

The microfluidic ice nucleation results show clear differences in the INP concentration between 

the bulk and SSML samples, indicating significant enrichment compared to the bulk. Similar 

results have been reported previously 80. Marine biological entities such as heterotrophic bacteria81, 

phytoplankton 27,82, surface active organics20 and gels are enriched in the SSML. 

The morphologies of effloresced particles observed in the microfluidic wells are broadly 

equivalent to the particle types observed in previous studies on SSA impacted onto substrates and 

imaged with atomic force microscopy 42 or scanning electron microscopy 31, i.e. crystalline, 

aggregates and amorphous entities. Due to the high salt content of sea water, the microfluidic 

results show aggregate and amorphous morphology particle counts that are much smaller in 

number compared to the single and fractal crystal morphologies, the latter two types making up 
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81% and 73% of the particles in the bulk and SSML samples, respectively. IN temperatures of the 

aggregate and amorphous morphologies are spread over a wider range of temperatures than the 

single and fractal crystals. Similarly, both the amorphous and aggregates morphologies have  

several degree warmer onset temperatures of freezing than the other types. However, while the 

freezing of the non-crystalline particles does initiate at a warmer temperature, the IN spectra does 

not lie completely to the warmer side of the crystalline particles. We feel further investigations 

with model INPs are necessary to systematically investigate the correlation between residual 

droplet morphology and IN temperature in microfluidic wells. 

The differences in morphology signify an excess amount of organic material present in the 

droplets that effloresced into aggregate and amorphous particles, perhaps related to an 

inhomogeneity present in the specific well or departure from the overall average composition of 

the sample as a whole. This may indicate the presence of larger gels. The single and fractal crystal 

particle freezing curves in both bulk and SSML samples have similar slopes and overall nucleate 

at colder temperatures and with a smaller spread, indicating more homogeneous and perhaps 

inorganic salt contents in the droplets. Further investigation of the chemical composition was 

determined with environmental micro-Raman spectroscopy on effloresced residual particles 

formed from microliter droplets. The Raman spectra show NaCl, sulfate, carotenoids, and other 

organic compounds in particles from both the bulk and the SSML collected from the same day as 

those used in the microfluidic experiments. These samples also included residual particles 

containing some unique signatures of sulfate hydrate salts with organics with peaks in the region 

2905-3005 cm-1. Some of these particles included sialic acid which was not present in the bulk. 

Sialic acid has been identified as an algae synthesized product 83, and hence its presence in the 

samples is not surprising for these seawater-based samples.  
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Finally, heat and peroxide treatments further differentiated the heat-labile (i.e., biological) and 

total organic components of the INP populations. There was a moderate reduction of INPs after 

heat treatment but a further very large decrease after peroxide digestion. This indicated that the 

INP population in the SSML consisted a mix of heat-labile biological entities and heat-stable 

organic INPs (only 0.5-2% of INPs were inorganic). Interestingly, the peroxide treatment also 

reduced the INP count below that of the bulk seawater, suggesting that the bulk also contained a 

significant amount of organic INPs. This generally agrees with previously observed trends of 

larger amounts of biological and organic INPs present in SSML samples compared to bulk samples 

19,20,31, which also deactivated with heat 19–21,31. The sample analyzed here (07-26-2019) is from 

relatively fresh seawater, sampled three days after the filling of the waveflume. A significant heat 

sensitive INP population in the was found in the SSML at >-20°C, which is also the temperature 

range where the amorphous and aggregate residual particles start freezing earlier than the single 

and fractal crystal particles in the microfluidic device. This result is indicative of higher amounts 

of the warmer INPs in the former morphologies. IS results and effects of heat and peroxide 

treatments from two other sample days (08-02-2019 and 08-06-2019) are presented and detailed 

in section 3 of the ESI. 

A future study is planned to perform these treatments on droplets already loaded into the 

microfluidic chip to observe potential links between IN temperature and morphology between 

treated and untreated samples. Confocal Raman spectroscopy could also be integrated inside the 

platform 64 to establish more direct connections between morphology and chemical composition 

of particles. 
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CONCLUSIONS 

In this work, the IN characteristics were connected to particle morphology and composition of 

bulk seawater and SSML from the SeaSCAPE study, using a microfluidic method complemented 

by ice spectrometry and micro-Raman spectroscopy measurements.  

For the microfluidic method, a grid of microfluidic wells was used in a PDMS-based device to 

create ~20 nL droplets and study their ice nucleation temperature. The grid allowed the correlation 

of the temperature at which ice nucleated with the morphology of the particle. Upon drying, bulk 

and SSML samples from the same day showed broadly four different morphologies: single crystal, 

fractal crystal, aggregates and amorphous. The single crystal and fractal crystal types were present 

in a larger fraction of the particles in the bulk sample compared to the SSML sample. When the 

ice spectra of the samples were analyzed according to particle morphology, it was found that, 

droplets which effloresced into aggregate and amorphous particles started freezing at warmer 

temperatures compared to the other two types. Indicating perhaps the presence of a characteristic 

unique organic material (e.g. gels) compared to the largest fraction of drops which effloresced into 

the single and fractal crystal morphologies. 

Micro-Raman spectroscopy of dried microliter droplets of SSML and bulk seawater showed 

the presence of sulfates, organic compounds identified in some cases as carotenoids and sialic acid, 

and sodium chloride. Pure sodium chloride crystals were identified as well. These different 

chemical signatures were present in the bulk and SSML. Ice nucleation was also measured with a 

ice spectrometer. The nominal INP counts had excellent correspondence with the microfluidic IN 

results. The SSML sample was additionally measured after heat treatment at 95°C and H2O2 

digestion to differentiate heat-labile biological INPs and organic matter respectively. INPs in the 

SSML were mostly heat sensitive. but almost entirely organic. The aggregate and amorphous 
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morphology ice spectra from the microfluidic measurements also showed some enrichment of 

warmer, and possibly heat sensitive, INPs in the SSML. 

This study, for the first time, utilizes a microfluidic device to investigate both phase transitions 

and ice nucleation characteristics of aqueous droplets, and provides a platform to correlate 

effloresced residual particle morphology to droplet ice nucleation temperature. The microfluidic 

device results were complemented with ice spectrometer results, with heat treatment and oxidation 

of the bulk and SSML samples, to isolate contributions of heat-labile and insensitive organic INPs 

to the samples and micro-Raman spectroscopy to identify the chemical makeup of the effloresced 

particles. In future studies, the microfluidic device can be modified with only minor changes to 

integrate both heating and Raman spectroscopy in a combined single setup. This will increase ease 

of use and reduce variability among samples and measurement methods. The microfluidic platform 

shown here has the potential to perform these studies with an order of magnitude reduction in 

sample volume and shorter processing time compared to microliter sized droplet-based methods. 

Ultimately, it can contribute significantly to the field of atmospheric chemistry by providing a 

simple and versatile alternative to traditional aerosol instrumentation. 
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