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ABSTRACT

Aerosol physicochemical mixing state, defined as the chemical, phase, and internal structure of a 

population of aerosols, is complex and under-characterized regarding its role in the atmosphere. The 

compositional and microphysical properties of the aerosol particle strongly impact its atmospheric 

processes, including water uptake and ice nucleation (IN) activities. However, the relationship between 

IN activity and particle microphysics remains underdeveloped, as the aerosol particle IN activity, 

composition, morphology and size are highly intercorrelated. In this article, we demonstrate the 

efficacy of a microfluidic static well trap device for testing both IN activity and effloresced residual 

particle morphology in the same droplet. We link cationic composition with both IN activity and 

residual particle morphology in droplets containing sodium chloride, calcium chloride, and the 

biological ice nucleating particle (INP) Snomax.  Finally, we show a decoupling between IN activity 

and residual particle morphology within the same droplet for the chemical systems studied here.  
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1. Introduction

While aerosols have been studied since the 19th century (Hidy 2019), many of their impacts on human 

health and climate are still under-characterized on a mechanistic level, in part due to the compositional 

complexity of the individual particles. On short spatial and temporal scales, studying the link between 

chemical composition and the generation (Lindsley et al. 2012), transport (Ahlawat et al. 2022), and 

deposition efficiency (Legh-Land et al. 2021) of respiratory aerosols remains a key challenge. On larger 

spatial and temporal scales, systems of aerosols in the atmosphere, known as atmospheric aerosols, 

influence global climate and the energy balance of the earth (Szopa et al. 2021). Atmospheric aerosol 

particles are compositionally complex, and can be comprised of water, organics, soot, dust, salt, and 

biological components (Hinds 1999). For example, inorganic salts can be introduced over the ocean, where 

breaking waves generate sea spray aerosols (SSA) high in sodium chloride, calcium chloride, and other 

salts. Biological matter in aerosols such as pollen (Steiner et al. 2015), bacteria and fungi (Beall et al. 2021), 

and viruses (Reche et al. 2018) can vary seasonally and with geographic location (Burrows et al. 2009). 

Once suspended in the atmosphere, the particles composition and microphysical properties can be further 

altered with aging and changes of ambient conditions. 

Aerosol mixing state, defined as the distribution of physical and chemical properties of particles within 

a suspended aerosol population, is an important predictor of atmospheric interaction parameters in aerosol 

particles. This broad definition of mixing state can be split into two categories: the more well studied 

chemical mixing state, defined as the distribution of chemical species across individual particles within an 

aerosol population, and the less well understood physicochemical mixing state (Riemer et al. 2019).  

Defined by Ault & Axson, physicochemical mixing state refers to the phase and internal structure of the 

particles in an aerosol population, providing both chemical and spatial information (Ault and Axson 2017). 

Chemical and physicochemical mixing states are impacted by the initial chemical composition of the 

aerosol droplet, as well as by atmospheric aging processes in which the droplet undergoes chemical 

reactions, phase changes, and evaporation. Both chemical and physicochemical mixing states change the 
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optical properties of aerosol particles directly (Yao et al. 2022). They impact the ability of particles to act 

as cloud condensation nuclei (CCN), commonly referred to as CCN activity (Vu et al. 2019), (Stevens and 

Dastoor 2019). Chemical mixing state impacts the ice nucleating (IN) activity of individual particles, where 

the particles which can nucleate ice within clouds are referred to as ice nucleating particles (INP). 

Differences in the amount and type of INP can change the overall albedo of clouds by causing portions of 

the cloud to freeze, leading to greater optical extinction through the cloud (Vergara-Temprado et al. 2018). 

Partially frozen clouds, commonly referred to as mixed-phased clouds, are known to be common over 

the Arctic and the Southern Ocean, greatly influencing the radiative budget in these areas (Korolev et al. 

2017). Global climate models are still not fully able to represent the contribution of mixed-phase clouds to 

overall climate (Mccoy et al. 2016). INP enable the heterogeneous freezing that can lead to mixed phase 

clouds, but uncertainties remain in their contribution to global climate (Bellouin et al. 2020) partially 

because different aerosol compositions create a complex set of ice nucleation pathways that are not fully 

characterized (Knopf, Alpert and Wang 2018). Continuing efforts to establish connections between ice 

nucleation activity and the aerosol particles chemical and physical properties are needed, as it is important 

for the predictive power of global climate models (Riemer et al. 2019).

In the puzzle of physical and chemical properties that contribute to the physicochemical mixing state 

of an aerosol population, particle morphology is one important piece. Particle morphology in the 

atmosphere can be a spectrum of shapes and phases, with some particles being nearly spherical, and others 

having highly disordered fractal shapes or multiple phases. As aqueous droplets evaporate, they form dry 

residual particles, whose shapes and sizes may be dependent on composition (Hasenkopf et al. 2016), ion 

type (Ott and Freedman 2021), drying rate (Altaf and Freedman 2017) , aging (Kaluarachchi et al. 2022), 

Peclet number (Wang et al. 2021), and confinement (Kohler, Pierre-Louis and Dysthe 2022). Residual 

particles of different morphologies behave differently in the atmosphere, and the link between particle 

morphology and IN activity is still currently being investigated. IN activity has been shown to be a function 

of composition (Baustian et al. 2012; Demott et al. 2003; Peterson and Tyler 2003), particle size (Reicher 

et al. 2019), and surface chemistry (Zhang et al. 2020). However, the relationship between IN activity and 
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particle morphology is less clear. In biomass burning aerosol, particle source can change the morphology 

and IN activity of the resulting aerosol (Mahrt et al. 2023), and atmospheric aging removes organic surface 

coatings on biomass burning aerosol enhancing their IN activity (Jahl et al. 2021). Some studies in inorganic 

(Gao et al. 2022) and urban (Hasenkopf et al. 2016) aerosols have suggested IN ability is linked to particle 

morphology. Advanced methods are needed to aid in relating IN activity and residual particle morphology 

for individual particles of a given size and composition.

Single particle measurement techniques are important tools for studying physicochemical properties of 

particles of varying composition, shape, and size. Krieger, Marcolli, and Reid reviewed common methods 

of isolating single aerosol or model-aerosol particles for chemical analysis, and subsequent measurement 

of important aerosol properties like hygroscopicity and particle morphology (Krieger, Marcolli and Reid 

2012). The authors identify ways in which single particles are isolated, such as with electrodynamic 

balances (EDBs) and optical tweezers. Atmospheric parameters like hygroscopicity, hygroscopic growth, 

morphology, and phase separation can then be observed by measuring mass changes and observing phase 

domains with optical microscopy. For the study of INP, immersion freezing and continuous flow diffusion 

chambers (CFDC) have been used to explore the IN activity of multicomponent aerosol droplets from 

marine (Demott et al. 2016) and overland (Suski et al. 2018) environments. Immersion freezing can be 

combined with Raman spectroscopy for chemical analysis (Mael, Busse and Grassian 2019). 

Microfluidic methods have emerged comparatively recently in the field of atmospheric aerosol science, 

as a complementary approach to single droplet work. A review into current microfluidic methods for 

studying droplets, including those of atmospheric relevance, has been given by Roy, Liu, and Dutcher in 

Annual Reviews of Physical Chemistry, 2021. Briefly, fluid flows can be used to determine the changing 

optical, thermodynamic, and rheological properties of a droplet through time, leading to information about 

events like freezing and phase separation. Examples of flow-through devices for ice nucleation include the  

MINCZ (Isenrich et al. 2022) and the flow-through devices used by the Murray group (Tarn et al. 2021) 

and the Dutcher group (Roy, House and Dutcher 2021). Alternatively, trapped droplets can be observed 

with an optical microscope under decreasing temperature and/or relative humidity (RH), and information 
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about the number and type of phase transitions, as well as effloresced particle morphology, can be linked 

to droplet composition. Examples of static devices for ice nucleation include the WISDOM (Reicher, Segev 

and Rudich 2018) and the static well arrays used by the Sullivan group (Brubaker et al. 2020) and the 

Dutcher group (Nandy et al. 2019). Microfluidic techniques can be combined with Raman spectroscopy for 

chemical analysis, and microfluidic devices can be temperature controlled to study low temperature phase 

changes and freezing. (Roy et al. 2021; Roy et al. 2020). Because of the ability to combine temperature and 

RH control in a single microfluidic device, microfluidic platforms offer unique opportunities for elucidating 

the relationship between IN activity and residual particle morphology.

In their 2021 article, Roy et al. utilized a static well trap microfluidic device to collect a freezing assay 

of ~150 nanoliter-volume seawater and sea surface microlayer (SSML) samples (Roy et al. 2021). These 

same droplets were then dried, and information about the size and shape of the residual particles was 

obtained using optical microscopy. Information about particle composition was further explored using 

Raman spectroscopy, as well as heat and chemical treatments. The authors concluded that residual particle 

morphology and IN activity in the same aerosol particle were potentially related, with particles resulting in 

aggregate or amorphous appearing to have a slightly warmer IN spectrum than those with a crystalline 

morphology. The study was performed with seawater-based samples, with a range of ion types present. 

In this article, we seek to explore this possible relationship between particle morphology and IN activity 

using the Roy et al. microfluidic method for coupled freezing and efflorescence experiments on the same 

droplets, but now utilizing a model aqueous aerosol system comprised of known amounts and ratios of 

inorganic salt and organic material. In section 2, we discuss the method adapted from Roy et al. for freezing 

and residual particle morphology testing in a microfluidic well device and outline the compositional ratios 

of salts and organics used in our model system. In section 3, we show the efficacy of our device in capturing 

complex biological IN behavior in Snomax bacteria and demonstrate the important role of the Ca2+ cation 

in both freezing behavior and residual particle morphology. In section 4, we discuss the interaction between 

the Ca2+ cation and the biological particles in our model system and explain how our results suggest 

decoupling of IN activity and residual particle morphology in the same droplet.
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2. Methods

To fabricate the microfluidic devices used in all freezing and drying experiments, a “master mold” was first 

created using standard photolithography techniques, as detailed in previous works (Narayanan 2011), (Stan 

et al. 2009), (Roy et al. 2020), (Narayan et al. 2020). The mold is used to pattern polydimethylsiloxane 

(PDMS) with the device features. The PDMS device is fixed to a PDMS-coated glass slide as a backing. 

Details on photolithography techniques and device fabrication are provided in the online Supplemental 

Information. The device design is based on similar static well trap devices, such as those in (Nandy et al. 

2019), (Roy, Liu and Dutcher 2021). The large well array design for IN studies is based on a similar design 

by Brubaker et al (Brubaker et al. 2020) as shown in Figure 2b, with modifications to the channel 

dimensions and the number of inlet and outlet ports to make loading droplets of the desired working fluids 

more reliable and efficient, as shown in Figure 1a. As shown in Figure 1b, the well diameter is 450 µm; it 

should be noted that volume and confinement can play an important role in both freezing (Alba-Simionesco 

et al. 2006; Ginot et al. 2020) and efflorescence (Li et al. 2018). Volume analysis of droplets from the 

optical microscopy is described in Section 3.1. To load droplets into the microfluidic device, all channels 

are first flushed with filtered silicone oil (Whatman PTFE Filter, 0.1 um). Then, a syringe with a 1.2mm 

needle is used to fill all channels and wells with the sample to be tested. Finally, filtered silicone oil is again 

injected into each channel so that the channels are cleared of excess aqueous sample while droplets of 

sample remain trapped in each well. The array stores 150 droplets total. 

Figure 1

All freezing experiments take place on a temperature-controlled cold stage (LTS 420 with LNP96 

cooling pump, Linkam Scientific). A mirror is placed between the cold stage and the device to reflect the 

image of the device to the reflected light microscope (SZX10, Olympus). Thermal grease (Ceramique 2, 

Arctic Silver) is used to ensure good thermal contact between the mirror and cold plate. Several drops of 

silicone oil are placed between the loaded device and the mirror to enhance thermal contact. Thermocouples 

(K Type Mini-Connector Thermocouple, HUATO Environment Monitoring System and Equipment) are 
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slotted into each thermocouple channel, shown in Figure 2a after the tips are coated in thermal grease. The 

device temperature, defined as the average of the four thermocouple temperatures, is calibrated using the 

known melting points of hydrocarbons, as detailed in the online Supplemental Information. The typical 

standard deviation of the temperature across the four thermocouples was approximately 1°C. Analysis of 

the temperature error is provided in the online Supplemental Information. Pure water and water–salt 

samples, after correcting for freezing point depression, freeze below -20 °C, with an average pure water 

freezing temperature (T50) of -30°C. While above the homogeneous freezing temperature due to possible 

environmental contaminants in the PDMS or impurities in the water (Polen et al. 2018), the background 

freezing is well below the IN spectra for the aqueous Snomax samples studied here. Finally, a custom-made 

acrylic box is placed over the device and cold stage, and dry nitrogen gas at a rate of about 5 SLPM is used 

to purge the atmosphere in the box so that condensation on the device and cold stage surfaces can be avoided 

during experiments. Condensation remains a challenge in the humid summer months, limiting the number 

of tests that can be performed in the summer.

Figure 2

The temperature of the cold stage is dropped to -4°C and held there for five minutes to ensure that 

the thermocouples have been inserted properly by checking the measured temperature. Then, the droplets 

are cooled at a rate of 1°C per minute until all droplets are frozen. A video is taken of the freezing droplets 

with a 1200x1600 px monochromatic camera (acA1600-60gm, Basler) attached to the microscope. After 

all droplets are frozen, the device is warmed to room temperature at a rate of 10°C/minute, and all droplets 

melt. The thawed device is placed in a chamber at <5% RH. The relative humidity gradient in the PDMS 

between the droplets and the dry air causes water molecules to pervaporate from the droplets through the 

device into the ambient air. When all the water evaporates from the droplet, salts, bacterial matter, and 

organic matter are left behind and form crystal structures that differ in shape and optical properties (Nandy 

and Dutcher 2018). The residual crystal or particle left in each well is photographed with a camera (Basler) 

and the pictures are sorted manually to classify the particle type. 

Aqueous samples were prepared using HPLC water (Fisher Scientific). The HPLC water was 
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filtered with a 0.02 µm PTFE Whatman filter before mixing to minimize impurities from the background 

water and salt water samples. Background freezing information can be found in the SI. Snomax (Snomax 

International, Englewood, CO, USA) was stored in freezer at -5°C until use to prevent aging. NaCl (Fisher 

Scientific) and CaCl2 (dihydrous, Millipore Sigma) were used to study salts with two different cations. 

Table 1 shows the concentrations of salts, and Snomax in each mixture.

Table 1

The 5.25:1 NaCl:CaCl2 molar ratio was chosen because of its relevance to enrichment in SSA, where 

Ca2+ is seen to be enriched from seawater, as further detailed in Section 4.2. To test the effects of 

physiochemical degradation on Snomax bacteria, samples were heated in a water bath. Samples labeled 

“HT 7min” were heated to 80°C for 7 minutes. Samples labeled “HT 10min” were heated to 80°C for 10 

minutes. Samples labeled “denatured” were heated to 100°C for 20 minutes.

3. Results

3.1 Comparing to Literature Results for Device Validation

The first step in carrying out the large well array crystallization experiments was to verify that the 

device design performed comparably to other similar devices and methods for measuring the freezing 

behavior of warm ice nucleators like Snomax. To make this comparison, the ice nucleating active site 

density, or the number of ice nucleating active sites per milligram of Snomax bacteria, abbreviated as ηm, 

was calculated. To calculate ηm, the fraction of droplets frozen in the device, called the frozen fraction, is 

first calculated as a function of temperature, as shown in Equation 1.

𝑓(𝑇) =
𝑁𝑓

𝑁
(1)

Where Nf is the number of frozen droplets at a given temperature T, and N is the total number of 

droplets visible in the viewing window. Temperature from the four thermocouples is averaged across the 

device. Once frozen fraction as a function of temperature is calculated, ηm can be modeled as a time-

independent function of temperature, as shown in Equation 2 (Vali 1971).
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𝑛𝑚(𝑇) = ―
ln (1 ― 𝑓(𝑇))

𝑉 × 𝐶𝑚
(2)

Where ηm is ice nucleating active site density (INAS/mg), V is droplet volume, and Cm is the 

concentration of the ice nucleating material in the bulk solution, in this case Snomax. Since droplets in the 

microfluidic device are pressed into a “pancake” shape, volume is approximated as a cylinder with the 

semicircular border, as shown in Equation 3 (Vuong and Anna 2012), (Nandy and Dutcher 2018), 

𝑉 =
𝜋ℎ3

6 +
𝜋ℎ
4 (𝐷𝑑𝑟𝑜𝑝 ― ℎ)(𝜋ℎ

2 + 𝐷𝑑𝑟𝑜𝑝 ― ℎ) (3)

where h is the channel height and Ddrop is the diameter of the droplet.

The ice nucleating active site density measured in our device is plotted in Figure 3, along with values from 

several other works focusing on Snomax IN activity. In theory, ηm should be consistent across temperature 

for any INP. In practice, Snomax is known to have varying ηm over a wide range of temperatures. This 

variation can be caused by age of the Snomax (Polen, Lawlis and Sullivan 2016), storage method (Beall et 

al. 2020), and testing method (Wex et al. 2015).

Figure 3

Our freezing curve and INA density of Snomax bacteria agree with literature values. Snomax has been 

postulated to contain three classes of ice nucleators; class A nucleates ice above -4.5°C, class B nucleates 

ice between -4.5°C and -6.5°C, and class C nucleates ice below -6.5°C (Turner, Arellano and Kozloff 1990). 

It has been theorized in recent work on Snomax that class A and C INP dominate, with few class B INPs 

(Wex et al. 2015), (Schwidetzky et al. 2020). This explains the plateau region of the curves from around -

4.5°C to -6.5°C, which our device captures.

3.2 Freezing Point Depression

The freezing point depression of the saline aqueous mixes,  was calculated using Blagden’s Law ∆𝑇𝑓,

for ideal dilute solutions, given by Equation 4,
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∆𝑇𝑓 = 𝑖𝐾𝑓𝑚 (4)

Where i is the van’t Hoff factor, or the number of cations per molecule of solute, Kf is the cryoscopic 

constant of the solvent, and m is the molality of the solution. Using Blagden’s Law, the freezing point 

depression for each mixture is -3.72 °C for the NaCl containing systems, 5.58°C for the CaCl2 containing 

systems, and 4.02°C for the systems containing a 5.25:1 molar mix of NaCl to CaCl2. The freezing 

temperatures reported here are adjusted by these values in order to compare across samples. In tests of the 

saline aqueous mixtures compared to pure water, these constant offset values for freezing point depression 

accurately matched the freezing curves to within the error bars of our devices.

3.3 Cation Dependency Across Treatments

Figure 4

Frozen fraction versus temperature and cumulative INAS density, K(T), versus temperature are 

shown for the monovalent NaCl and Snomax mixture, the divalent CaCl2 and Snomax mixture, and the 

5.25:1 NaCl:CaCl2 mix in Figure 4. These curves are corrected for freezing point depression. Heat 

treatments were applied because they had a predictable effect on the ice nucleating proteins in the Snomax 

bacteria, flattening the beta helix structures into beta sheets (Roy, House and Dutcher 2021) and inactivating 

the bacteria’s ice nucleating capabilities. The effect of this flattening could then be compared across cation 

differences. In addition, we could observe the effect of gradual Snomax denaturation on final effloresced 

particle morphology. Even after freezing point depression correction, the mixture of 1M divalent CaCl2 

shows a significantly lower freezing activity than the monovalent mixture. The divalent curves are also 

more “spread” than the monovalent curves, with more warm and more cold freezers. To potentially 

distinguish slight differences in INAS density more clearly between the fully monovalent mixture and the 

monovalent – divalent mixture, the derivative form of INAS, k(T), was also calculated for these cases. The 

results of the derivative calculation are included in the online Supplemental Information. The role of cation 

enrichment on the IN activity will be discussed in more detail in Section 4.2.  

After determining our systems’ freezing behavior observed in the device, the next goal of the 

experiments was to explore the link, if any, between freezing point and crystal morphology. To do this, it 
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was convenient to create five “bins” to sort different final crystal morphologies into. The categories are 

shown in Figure 5. These categories are not discrete: rather, they represent a spectrum of disordered 

behavior in the final crystal morphologies observed in the wells. Similar methods of binning morphology 

into broad categories are used into aerosol science communities, particularly for substrate based single 

particle methods (Kaluarachchi et al. 2022; Lei et al. 2022; Roy et al. 2021).   

Figure 5

Figure 6 shows the percent of each particle type for different mixtures of salt and Snomax, as well as 

across heat treatments. The NaCl mixtures and the divalent – monovalent salt mixtures form very different 

final particles, with the majority of purely monovalent salt particles being single or fractal, as expected, and 

no single or fractal particles present in the monovalent divalent mixture. The ‘coated’ crystal type (shown 

with crosshatches) also emerges with the introduction of the divalent salt, and is not observed in the purely 

monovalent case. Without Snomax bacteria present (“No SM”), the final residual particles for pure NaCl 

are more ordered than when Snomax is present. This is true even when the Snomax bacteria is inactivated. 

The prevalence of the coated particle type may be highest when the Snomax bacteria is partially denatured. 

However, taking the ± 4% error bars associated with device-to-device variability, there appears to be no 

correlation between the level of Snomax denaturation and the final particle morphology distribution 

observed.

Figure 6

4. Discussion 
4.1 Crystal Type versus Freezing Temperature

Figure 7

Overall, there is no dependency observed for the monovalent/divalent mix between final particle type 

and freezing temperature, as shown in Figure 7. In the fully monovalent mixture, there is a weak dependency 

on temperature, where single particle wells appear to freeze at a higher temperature on average than the 

other wells. However, due to low sampling numbers in the “single” category and sometimes the 

“aggregate/amorphous” category, these differences are not found to be statistically significant. Melting and 

Page 11 of 42



then subsequently refreezing after efflorescence and deliquescence in the same wells was carried out for 

the mixture of interest, 1M NaCl:SM. The refreezing behavior is discussed in Section 4.3 and the online 

Supplemental Information.

4.2 Enrichment of Ca2+ and the effects on freezing and particle morphology

Comparing our results to the results of Roy et al 2021 when linking freezing temperature to 

efflorescence particle morphology for real seawater samples, Roy et al attributed the high level of disorder 

in the effloresced particles to the presence of high levels of organics, namely sialic acid. Our results show 

that the presence of biological compounds like Snomax bacteria, even in low concentrations, can also have 

an affect on final particle morphology.  Roy et al may have observed a larger fraction of the coated particle 

type in their studies- this could be due to the presence of other salts besides NaCl and CaCl2, such as MgCl2. 

It is understood that divalent cations are enriched in SSA and SSML (Jayarathne et al. 2016), 

(Mukherjee, Reinfelder and Gao 2020; Oppo et al. 1999), (Mukherjee, Reinfelder and Gao 2020) and that 

these divalent cations lead to the enrichment of other, organic components in SSA (Schill et al. 2018). Ca2+ 

has been shown to be enriched in SSA, though the reason behind enrichment is not agreed upon. Suggested 

mechanisms include Ca2+ complexing to carbonate or organics(Salter et al. 2016), biogenic CaCO3 such as 

calcareous phytoplankton fragments (Hawkins and Russell 2010), (Sievering 2004), and shell fragments 

(Keene et al. 2007). A recent study by de Vasquez et al on the binding of calcium and magnesium ions 

shows that calcium preferentially binds as a contact ion with carboxylate (Vazquez De Vasquez et al. 2021). 

Our estimate for the enrichment of Ca2+ in our 5.25:1 molar ration Na:Ca mixture is based on a 

comprehensive study by Bertram et al. which gives recommendations for the mass fractions of salt used in 

laboratory mimics of SSA (Bertram et al. 2018). It is important to note that a key limitation of microfluidic 

methods is that the size distribution of sea spray and other aerosol is not preserved. Since the homogeneous 

freezing point changes with droplet volume, this could impact our observed freezing results.

1 M CaCl2 had a much lower freezing efficiency than 1 M NaCl when mixed with equal amounts 

of Snomax bacteria, as well as a broader spread of freezing temperatures. This trend persisted when the 

Snomax was heat treated. The lower freezing efficiency could be caused by the gelation of the Snomax 
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bacteria, since Ca2+ is known to gel biological components (Richards et al.), (Silva et al. 2003). However, 

the 5.25:1 mixture showed no statistical difference in freezing behavior from the mixture containing only 

NaCl. This suggests that sodium chloride dominates freezing behavior, even in SSA enriched in calcium 

cations. It is only in the phase change of the particles with decreasing relative humidity that a difference in 

phase between a monovalent only mixture and monovalent-divalent mixture is observed. This is further 

confirmed by the results of Roy et al 2021, where bulk seawater and SSML did not show differences in 

freezing behavior but showed differences in final particle morphology. 

4.3 Bacterial entrainment and halotolerance

It has been observed that bacteria can be entrapped within fluid inclusions in salt crystals, both 

laboratory grown (Adamski, Roberts and Goldstein 2006) and naturally occurring in a marine environment, 

and that the bacteria can survive and mutate to become more halotolerant (Elabed et al. 2019). The 

survivability of bacteria in high salinity conditions has become an area of great scientific interest as the 

saline lakes on the planet Mars are studied and modeled (Cesur et al. 2021), (Benison 2019). Many of the 

visible imperfections in the single and fractal particles in our model mixtures could be fluid inclusions; this 

could be confirmed by use of Raman spectroscopy (Haixia and Guoxiang 2015). 

The Snomax bacteria entrained in the fluid inclusions may be denatured partially or fully because 

of exposure to high salinity. In a 2020 study, Karimi et al observed that P. syringae strains isolated from 

Snomax had no IN activity in NaCl solutions above 7% w/w NaCl (Karimi et al. 2020). To explore the 

halotolerance of Snomax bacteria, fully effloresced Snomax-NaCl particles were rehydrated in a 100% 

humidity environment. There was no correlation observed between the freezing order in the first test, before 

drying, and the freezing order in the second test, after drying-deliquescence-partial rehydration with the 

untreated 1 M NaCl:SM mixture. Further discussion of the details of rehydration tests is provided in the 

online Supplemental Information.

Finally, it is important to contextualize our results within the larger research space of freezing behavior 

and efflorescence of confined droplets. It is known that confinement plays a role in freezing, both in 

experiments and in the atmosphere. Experimentally, it has been shown that fluid-fluid and fluid-wall 
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interactions in a confined environment have pronounced effects on freezing, and that the hydrogen bonding 

present in water causes water confined in pores to freeze at lower temperatures than the bulk (Alba-

Simionesco et al. 2006). This pore freezing is theorized to occur in the atmosphere in aggregate dusts and 

other porous particles (Marcolli 2014), and is impacted by solute (Ginot et al. 2020). However, this behavior 

is often observed in pores on the nanometer scale, which are much smaller than our microfluidic wells. 

Confinement is also known to play a role in crystallization (Kohler, Pierre-Louis and Dysthe 2022), and a 

wide range of microfluidic techniques have been used to study crystallization rate and final particle 

morphology under confinement (Meldrum and O'Shaughnessy 2020). While it may be impossible to rule 

out confinement effects in our observations in the current study, it should be noted that all final particles 

compared to each other were under the same degree of confinement.

5. Conclusion
Model marine-origin aerosols were studied using a 150-well microfluidic device in order to establish 

what link, if any, exists between composition, IN activity, and effloresced particle morphology. Droplets 

were loaded into the static 450 µm wells, frozen, thawed, and then dried at room temperature until 

efflorescence of the particle occurred. Particle composition ranged from 1 M NaCl, the totally monovalent 

case, to 1 M CaCl2, the totally divalent case, with an intervening composition of 5.25:1 NaCl:CaCl2 to 

represent the most common enrichment of CaCl2 in SSA. The ice nucleating bacteria Snomax was added 

to represent biogenic INP found in seawater. CaCl2 decreased the IN activity of the droplets, possibly due 

to gelation of the Snomax bacteria forming aggregates with fewer ice nucleating active sites. The addition 

of Snomax bacteria affected the final particle morphology distribution of effloresced particles, and stepwise 

heat treatment of the Snomax, which denatured the ina-Z protein responsible for ice nucleation, did not 

affect the final particle morphology distribution. In addition to organic aerosol and biological INP, the 

method reported in this paper is useful for studying the IN activity of inorganic particles such as dust, 

providing a platform for future studies on the effect of RH cycling on IN activity on a single droplet level.

When comparing the average freezing temperature of final particle categories for NaCl in Section 4.1, 
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freezing temperature and final particle morphology appear to be decoupled. This suggests that final particle 

morphology is more likely rate dependent, volume dependent, and dependent upon the degree of 

confinement of the initial droplet. This theory is further confirmed by the fact that denaturing the Snomax 

with heat has no measurable effect on the final effloresced particle morphology distribution as a whole. 

This behavior warrants further study with varying drying rates, which can be completed in a relative 

humidity control chamber, but which is outside of the scope of this paper. Snomax bacteria appeared to be 

denatured by the highly saline conditions undergone during the drying process. This has wider implications 

in the atmosphere in general, suggesting that halotolerant biogenic INP may remain more IN active through 

RH changes than their non-halotolerant counterparts, and that particle phase change due to RH may 

permanently affect IN activity by denaturing key proteins in biological INP. 
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 Captions

Figure 1. Schematic of the microfluidic device showing a) the view of all wells as well as the inlet and 

outlet channels, and b) detail of one well with relevant dimensions.

Figure 2. a) Simplified schematic of large well array device showing thermocouple channels (not to scale). 

b) Similar design by Brubaker et al. 2020 for a 720 well device. (Brubaker et al. 2020)

Figure 3. Ice nucleating active site density, or ηm, for our microfluidic device compared to several sets of 

literature values (Wex et al. 2015), (Polen, Lawlis and Sullivan 2016), (Brubaker et al. 2020),(Roy, House 

and Dutcher 2021). Horizontal error bars represent uncertainty in the temperature measurement of our 

device.

Figure 4. a) Frozen fraction versus temperature and b) INAS versus temperature for 1 M NaCl and 

0.03mg/mL Snomax (red circles), 5.25:1 Mix and 0.03mg/mL Snomax (purple squares), and 1M CaCl2 and 

0.03mg/mL Snomax (blue triangles) with heat treatments applied. Crosses on plot a) indicate the 

background freezing curve of pure water for these samples.

Figure 5. Example images of each particle category. The categories are as follows: Single crystals a) with 

aggregate and b) without aggregate, c) fractal, d) and e) fully aggregate clusters, and f) amorphous.
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Figure 6. Charts showing the fraction of each particle type for a) 1 M NaCl and b) 5.25:1 Mix. The ± 4% 

error bars represent the average deviation in value between two different devices containing the same 

mixture. Crosshatches in single category in b) represent aggregate surrounding the single particle, which 

was found in all single particles in the 5.25:1 Mix.

Figure 7. The particle distributions and their mean and median freezing temperatures for a) 1 M NaCl, b) 

1M NaCl, 0.03 mg/mL Snomax, c) 1M NaCl, 0.03 mg/mL Snomax heat treated for 7 minutes, and d) 1M 

NaCl, 0.03 mg/mL Snomax heat treated for 10 minutes.
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Snomax (mg/mL) NaCl (M) CaCl2 (M)

Pure NaCl 0 1 0

Pure CaCl2 0 0 1

Pure 5.25:1 Mix 0 0.84 0.16

NaCl+SM 0.03 1 0

CaCl2+SM 0.03 0 1

5.25:1 Mix +SM 0.03 0.84 0.16

Table 1: Ingredients of each mixture.
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1 Calibration And Temperature Error 
1.1 Thermocouple Variance 

Four thermocouples were placed in the device to measure temperature, one in each corner of the 

device. The variance between the four thermocouple temperatures were highly dependent upon the location 

of the airflow above the device. A high flow rate of dry nitrogen gas is required to prevent condensation, 

but if the airstream was close to a thermocouple, the measured temperature would change. When airflow 

was properly balanced, the variance between all thermocouples was approximately 2°C. Temperature of 

the device was measured as the average of the four thermocouples. 

1.2 Calibration Method and Curve 

Like other microfluidic freezing devices of this type, calibration was done using the standard melting 

temperature of hydrocarbons. For our devices, we chose the melting point of water and the melting point 

of dodecyne. We planned to also include the melting temperatures of decane and dodcecane, but found that 

these hydrocarbons dissolved the PDMS device and led to debonding during testing. The final calibration 

curve is shown in Figure S1, with the x-axis representing the measured temperature read raw from the 

actual, corrected temperature obtained by comparing with literature values of the melting point. Warming 

rates of 0.5°C per minute were used to ensure that the process was steady-state. Due to temperature 

gradients across the device, the melting point for dodecyne did not occur at one temperature. Rather, the 

midpoint temperature, when 50% of the wells were melted, was used. It was found that when held at this 

midpoint temperature, the rest of the wells would melt.  
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Figure S1: The thermocouple calibration curve generated from melting point measurements of water and dodecyne. 

1.3 Error Bars for Temperature 

Error bars for temperature measurements were calculated from standard deviation of the melting 

point of water and dodecyne over three tests for each substance. The error value for temperature 

measurements between the melting point of water and dodecyne and below the melting point of dodecyne 

were calculated via linear interpolation/extrapolation. The deviation from test to test was higher at lower 

temperatures, due to the fact that a higher dry nitrogen gas flow rate was required to prevent condensation 

at lower temperatures. The convection introduced in the chamber due to the gas flow rate led to 

thermocouple measurement instability. Error bars for the distribution of particle morphologies were 

calculated by using the average variation between 3 to 5 devices containing the same mixture, dried at the 

same rate. 
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2 Photolithography Techniques and Device Fabrication 

2.1 Photolithography Techniques 

In brief, a 4” silicon wafer (University Wafer, South Boston, MA, USA) was cleaned in “piranha solution”, 

a mixture of sulfuric acid and hydrogen peroxide heated to 120°C. The wafer was then thoroughly dried 

before a sheet of 150 µm SUEX Thick Dry Film Sheets (DJ MicroLaminates, Inc. Sudbury, MA, USA) 

was affixed to the wafer surface. This sheet of solvent-developed negative photoresist polymer ensures an 

even channel thickness across the device. A negative vinyl mask is affixed to the wafer and exposed to UV 

light for the manufacturer recommended duration . Finally, the photoresist is developed in PGMEA 

(propylene glycol methyl ether acetate), leaving behind only the mask pattern to be used as a mold. The 

mold is treated with silane before use to prevent devices from sticking to it.  

2.2 Device Fabrication 

To make microfluidic devices, polydimethylsiloxane (PDMS) polymer (Sylgard 184, Dow) is poured over 

the patterned mold and then degassed in a vacuum chamber and cured for 24 hours at 70°C. Glass slides 

are spin coated with PDMS at 3000 RPM for 30 seconds and are cured for 24 hours at 70°C. Devices are 

peeled from the mold and holes are punched in them using a Militex 1.2mm biopsy punch. Thermocouple 

channels are cut into the sides of the device as shown in Figure 2a. The device is sealed to a coated glass 

slide using plasma treatment (Harrick Plasma). After a post-sealing bake for 24 hours at 70° C, the devices 

are injected with silicone oil (Sigma Aldrich) to fill all channels and left to soak in silicone oil for a 

minimum of five days to ensure that they are sufficiently hydrophobic. 

3 Derivative form of Ice Nucleating Active Site Density 
The common equation used to calculate reported values of INAS density for Snomax-containing 

droplets is that of the cumulative INAS density, shown in Equation S1 (Vali 1971). 

𝐾𝐾(𝑇𝑇) = −
ln�1 − 𝑓𝑓(𝑇𝑇)�
𝑉𝑉 × 𝐶𝐶𝑚𝑚

 (S1) 
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Where K(T) is the cumulative ice nucleating active site density (INAS/mg) at temperature T, V is droplet 

volume, f(T) is the frozen fraction at temperature T, and Cm is the bulk concentration of the ice nucleator, 

in this case Snomax. However, in systems with high droplet statistics spanning a broad range of freezing 

temperatures, the derivative INAS density, k(T), can be useful for distinguishing one type of INP from 

another (Vali 2019).  This is calculated using Equation S2, 

𝑘𝑘(𝑇𝑇) = −
ln �1 − ∆𝑁𝑁

𝑁𝑁(𝑇𝑇)�

𝑉𝑉 × 𝐶𝐶𝑚𝑚 × ∆𝑇𝑇
 (S2) 

Where k(T) is the derivative ice nucleating active site density (ΔINAS/mg*ΔT) at temperature T, ΔN is 

the change in the number of frozen droplets over the temperature range ΔT, N(T) is the total number of 

unfrozen droplets at temperature T, and V and Cm are defined in equation 1. Subtleties in IN activity 

 

 

Figure S2: Derivative INAS, k(T), vs temperature for 1 M NaCl and 0.03mg/mL Snomax (red circles) and  5.25:1 

Mix and 0.03mg/mL Snomax (purple squares) with heat treatments applied. All curves corrected for freezing 

point depression. 
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between the fully monovalent “NaCl+SM” case and the monovalent-divalent “Mix + SM” were of 

interest in our study, so we calculated the derivative INAS for these cases untreated and heat treated.  The 

results are shown in Figure S2. 

For our specific system, derivative k(T) does not elucidate any further differences between the fully 

monovalent case and the monovalent-divalent case. However, it is important to note that the derivative 

form allows for correcting of background noise and for calculating confidence limits specific to each 

temperature used, and is useful in many applications. 

4 Refreezing Experiment 
To explore the halotolerance of Snomax bacteria, fully effloresced Snomax-NaCl particles were 

rehydrated in a 100% humidity environment. The particles deliquesced, but never reached their initial 

volume (at least not in the timescale of the experiment). This led to very high salinity in the wells, to the 

point of supersaturation, which makes it impossible to calculate freezing point depression, which would 

be needed to directly compare the IN spectrum before drying and after reuptake of water. Importantly, 

early-freezing droplets before the efflorescence – deliquescence cycle did not match the early freezers 

after this cycle, suggesting some change to the IN activity of the bacteria. Figure S3 shows the 

relationship between freezing order in the first test, before drying, and freezing order in the second test, 

after drying and then deliquescence and partial rehydration. 
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Figure S3: The freezing order of wells in Test 1 (before dehydration) and Test 2 (after a dehydration-

rehydration cycle, where exposure to a high salinity environment occurred) for untreated mixture with initial 

concentration of 1M NaCl and 0.03 mg/mL Snomax.      
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Figure 1 (grayscale version) 
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Figure 2 (grayscale version) 
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Figure 3 (grayscale version) 
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Figure 4 (grayscale version) 
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Figure 5 (both main text and grayscale) 
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Figure 6 (grayscale version) 
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Figure 7 (grayscale version) 
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