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ABSTRACT: 11 

Microplastics have littered the globe, with synthetic fibers being the largest source of 12 

atmospheric microplastics. Many atmospheric particles can act as ice nucleators, thereby 13 

affecting the microphysical and radiative properties of clouds and hence the radiative balance of 14 

the Earth. The present study focused on the ice-nucleating ability of fibers from clothing textiles, 15 

which are commonly shed from normal wear of apparel items. Results from immersion ice 16 

nucleation experiments showed that clothing textiles were effective ice nucleators active from -6 17 
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to -12°C, similar to common biological ice nucleators. However, subsequent lysozyme and 18 

hydrogen peroxide digestion stripped the ice nucleation properties of clothing textiles, indicating 19 

that ice nucleation was biological in origin. Microscopy confirmed the presence of biofilm (i.e., 20 

microbial cells attached to a surface and enclosed in an extracellular polysaccharide matrix) on 21 

clothing textiles. If present in sufficient quantities in the atmosphere, biological particles 22 

(biofilms) attached to fibrous materials could contribute significantly to atmospheric ice 23 

nucleation. 24 

INTRODUCTION: 25 

 Ice particle formation in clouds plays a fundamental role for cloud microphysical 26 

properties, precipitation, radiative balance, lifetime, and electrification 1. At temperatures 27 

warmer than approximately -38°C, freezing of cloud droplets is not spontaneous and occurs with 28 

the help of foreign, ice nucleating particles (INPs) through a process known as heterogeneous ice 29 

nucleation 2. Atmospheric aerosols can contain a diverse range of biological (e.g., bacteria, 30 

fungal spores, pollen grains), organic and inorganic matter (e.g., mineral dust, sea spray), and 31 

anthropogenic (e.g., soot) INPs 3-6. Primary ice nucleation pathways are deposition-, 32 

condensation-, contact-, and immersion-freezing of water onto different surfaces 7. Generally, ice 33 

nucleation plays an important role in plant parthenogenesis 8, artificial snow production 9, and 34 

biomimetic materials 10, and effects on atmospheric glaciation processes and precipitation have 35 

been proposed 11. More recently, higher INP emissions driven by changes in the global climate 36 

(e.g., desertification, agricultural practices, biomass burning, fuel combustion, anthropogenic 37 

pollution) have fueled a renewed interest in INPs research 12-14 and their incorporation into global 38 

climate and cloud models 15-19.  39 
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 More recently, the presence of micro- and nanoplastics (less than 5 mm and 100 nm, 40 

respectively) in the atmosphere has sparked interest in their role as INPs and their ability to alter 41 

cloud microphysics and optical properties XX. Microplastics in atmospheric deposition have been 42 

found in populated, urban areas to the remote polar ice sheets 24-29, with microfibrous materials 43 

being the prevalent type of microplastics in atmospheric samples 24,25,27. Microfibers shed from 44 

apparel during normal wear and cleaning 30. A single person could directly release one billion 45 

microfibers per year from polyester garments to the air. 34. Hundreds of thousands of synthetic 46 

microfibers can be released into the air from a single household-sized drier load 32,33. Combined, 47 

global annual microfiber emissions from clothing are estimated at 6.5 ± 2.9 Tg 34. Given these 48 

quantities of synthetic microfibers from clothing textiles (CTs) in the air, it has been 49 

hypothesized that airborne microfibers could act as atmospheric INPs and play a crucial role in 50 

cloud freezing processes 35. Recent indications of the ice nucleation potential of microplastics 51 

have emerged from laboratory-derived plastic hydrosols or the presence of natural and synthetic 52 

anthropogenic microfiber in hailstones 36,37. The purpose of this study was to assess the ice 53 

nucleating abilities of microfibrous clothing textile materials. We have included both synthetic 54 

and natural clothing textile fibers worn by the same individual for an approximate period of one 55 

year in our study to simulate normal wear and tear of these materials. We postulate that 56 

biological material in the form of biofilm attached to CTs are responsible for warmer freezing 57 

temperatures rather than the fibers themselves. Biofilms are matrix enclosed microbial cells 58 

attached to a surface and/or each other, and the overall strategy of microbes in oligotrophic 59 

environments is to grow as a biofilm on surfaces 38. Biofilm colonization of CT’s occurs as 60 

bacteria from the skin get transferred along with sweat to the CT, once the bacteria adhere to the 61 
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textile they form a biofilm, which is difficult to remove through conventional laundering 62 

(Mollebjerg et al, 2021).  63 

 64 

METHODOLOGY 65 

 The study included both synthetic and mixtures of natural and synthetic CTs, which are 66 

common types of fibrous material found in atmospheric deposition 24,27. To account for 67 

microfibers shed from apparel during normal wear, clothing textiles were collected from casual 68 

apparel, after approximately one year of wear, and consisted of acrylic, polyester, nylon, or 69 

combinations of cotton, polyester, viscose, elastane, and dryer lint (Table 1). These items were 70 

worn ~2-3 times per month with an equal number of washer/dryer cycles. Clothing had been 71 

washed in cold water (15.6-27.7°C) with household laundry detergent prior to sample collection. 72 

All samples were collected with sterile tweezers into combusted (5 h at 450°C) glass ware. Dryer 73 

lint was visually inspected to remove hair prior to its use as an untreated sample. 74 

Immersion freezing ice nucleation assays were performed following the tube nucleation 75 

procedure with slight modifications 39,XX. Briefly, subsamples of each CT were weighed on a 76 

Mettler Toledo MT5 analytical microbalance (repeatability 0.0008 mg) into eight replicate 1.5 77 

mL screw cap microcentrifuge tubes filled with 1 mL MilliQ water (MQ; 18 MΩ). MQ water 78 

was 0.2 µm filtered using glass filter towers, autoclaved at 121°C, and stored in combusted 79 

(450°C for 5 h) Pyrex bottles. Tubes were vortexed at maximum speed for 30 s to ensure that 80 

CTs were completely submerged. Eight replicates containing 1 mL of MQ served as unamended 81 

controls. To determine the background contamination of microplastic, 100 mL MQ were filtered 82 

onto 0.2 µm black polycarbonate filters and stained with Nile Red 40 (Supplemental Figure S1). 83 
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Using a Neslab RTE 221 chiller with an ethylene glycol bath, ice nucleation of CTs was assessed 84 

between -4°C and -20°C in 1°C increments. The cooling rate was 5 min °C-1. Samples were 85 

equilibrated at each interval for 10 min. Temperature inside the tubes was recorded with a 86 

thermocouple meter.  87 

 88 

Table 1: Types of clothing textiles, average weight per replicate used in ice nucleation assay. 89 
Clothing Textile ID Treatment [mg] 
Acrylic A UN: 0.32±0.07 

W: 0.43±0.04 
L: 0.41±0.10 
H2O2: 0.45±0.06 

Polyester P UN: 0.46±0.04 
W: 0.50±0.03 
L: 0.48±0.03 
H2O2: 0.51±0.02 

50% Cotton, 
50% Polyester 

CP UN: 0.51±0.05 
W: 0.55±0.03 
L: 0.55±0.04 
H2O2: 0.55±0.03 

Dryer Lint L UN: 0.81±0.08 
W: 0.87±0.02 
L: 0.88±0.03 
H2O2: 0.83±0.08 

71% Viscose,  
25% Polyester,  
4% Elastane 

V UN: 0.99±0.03 
W: 1.03±0.04 
L: 1.04±0.04 
H2O2: 0.99±0.05 

Nylon N UN: 0.54±0.06 
W: 0.52±0.02 
L: 0.55±0.06 
H2O2: 0.56±0.04 

55% Cotton,  
34% Acrylic, 
10% Polyester,  
1% Elastane 

C UN: 0.54±0.07 
W: 0.54±0.02 
L: 0.54±0.04 
H2O2: 0.53±0.05 

UN: untreated; W: washed; L: lysozyme treatment; H2O2: lysozyme and hydrogen peroxide 90 
treatment. 91 
 92 
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(TRACEABLE Thermocouple Fisherbrand) and the uncertainty in the temperature 93 

measurement was ±0.3°C. At each interval, the number of tubes frozen was recorded. Four 94 

assays were performed: (i) untreated CTs, (ii) CTs washed and dried, (iii) CTs treated with 95 

lysozyme (i.e., hydrolysis of bacterial cell walls and thereby destabilization of proteins), and (iv) 96 

CTs sequentially treated with lysozyme and hydrogen peroxide (i.e., digestion of biogenic 97 

material; from here on termed H2O2), to determine any biological induced effects on ice 98 

nucleation associated with CTs XX. Specifically, CTs were treated with 1 mg mL-1 lysozyme in 99 

MQ water at 37°C for one hr. Subsequently, an aliquot from each lysozyme treated CT was 100 

suspended in 2 mL of 30% H2O2 and incubated at 90°C for one hr. To ensure removal of more 101 

recalcitrant organic compounds, the H2O2 digest was extended to 72 h for dryer lint. After both 102 

the lysozyme and the H2O2 treatments, CTs were washed with MQ and dried at 37°C for 24 h.  103 

The fraction [F(T)] of tubes frozen was defined by Vali et al. 41 as  104 

𝐹𝐹(𝑇𝑇) = 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖(𝑇𝑇)
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡

      (Eq.1) 105 

where Nice(T) is the cumulative number of frozen tubes at temperature (T), and Ntot is the total 106 

number of tubes. 107 

The cumulative number of ice nucleation sites per volume [K(T)] and the cumulative 108 

density of ice-active sites per mass [nm(T)] at a certain temperature were calculated as follows 42: 109 

𝐾𝐾(𝑇𝑇) = − ln(1−𝐹𝐹(𝑇𝑇))
𝑉𝑉

     (Eq.2) 110 

𝑛𝑛𝑚𝑚(𝑇𝑇) = K(T)
𝑋𝑋/𝑉𝑉

      (Eq.3) 111 
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where F(T) is the fraction of tubes frozen at temperature (T), V is the volume of the tube, and 112 

X/V is the mass of CTs per tube volume. Differential spectra were corrected for the MQ water 113 

background 42.  114 

 115 

Table 2: Median ice nucleating temperature (INT) of untreated clothing textiles (CTs) and 116 
treatment effects on INTs using T-tests. p-values indicate a statistical decrease in INT. 117 
Significance level: 3 <0.001, 2 <0.01, 1 <0.05 118 
CTs UN INT [°C] UN vs.  

W / L / H2O2 / MQ 
W vs.  

L / H2O2 / MQ 
Lyso vs. H2O2 

/ MQ 
H2O2 vs. 

MQ 
A -9 Yes2/Yes3/Yes3/Yes3 NO/NO/Yes3 Yes1/Yes2 NO 
P -10.5 NO/NO/Yes3/Yes3 NO/Yes3/Yes3 Yes3/Yes3 NO 
CP -9 Yes1/Yes3/Yes3/Yes3 Yes2/Yes3/Yes3 NO/NO NO 
L -7 Yes3/Yes3/Yes3/Yes3 NO/Yes3/Yes3 Yes3/Yes3 Yes1 
V -10 NO/Yes3/Yes3/Yes3 Yes2/Yes3/Yes3 Yes2/Yes3 NO 
N -10.5 NO/Yes2/Yes3/Yes3 Yes3/Yes3/Yes3 Yes1/Yes3 Yes1 
C -9 NO/Yes3/Yes3/Yes3 Yes3/Yes3/Yes3 NO/Yes1 NO 
MQ  -15.5     
UN: untreated; W: washed; L: lysozyme treatment; H2O2: lysozyme and hydrogen peroxide 119 
treatment; MQ: Milli-Q water. 120 
 121 

To visualize attached biofilm (i.e., attached bacterial cells or other DNA containing 122 

matter), CTs were stained with the nucleic acid stain Syto-9 (Invitrogen) for 30 minutes. 123 

Reflectance and fluorescence images were captured using a Leica TCS SP5 II upright confocal 124 

laser scanning microscope (CLSM) in combination with a 63X Leica HCX APO L U-V-I water 125 

immersion objective (NA 0.90, WD 220 µm). Fluorophore excitation lasers and emission 126 

bandwidths were as follows: For the green-fluorescent nucleic acid stain Syto-9: 488 nm 127 

excitation, 500-550 nm emission collection. The same settings were applied to determine 128 

autofluorescence of unstained CTs. For detecting microplastic contaminants in MQ stained with 129 

Nile Red: 488 nm excitation, 500-550 nm emission collection; 561 nm excitation, 580-700 nm 130 

emission collection; and autofluorescence 405 nm excitation, 450-490 nm emission collection. 131 



 8 

Reflection images of CTs were collected at 488 nm excitation. Z-stacks were collected in 0.64 132 

µm steps. The 3D structure of CTs was reconstructed from the CLSM images using IMARIS 133 

software (9.8).  134 

 135 

 136 

Figure 1: Temperature of freezing for each type of clothing textile and treatment. Grey boxes 137 
represent unamended MQ controls.  138 
 139 

The T50 values were defined as the temperatures at which 50% of the tubes were frozen. 140 

Paired T-tests were chosen to investigate differences between individual treatments as well as 141 

differences between treatments and MQ controls for each CT.  142 

RESULTS 143 
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 Clothing textiles caused freezing at temperatures between -6°C and -12°C (Supplemental 144 

Figure S2), which were considerably warmer than that of all treatments and laboratory blanks. 145 

All ice nucleation temperatures from the untreated CTs differed significantly from the MQ 146 

control (paired T-test, two tailed p-value <0.001) (Table 2, Figure 1A). Dryer lint demonstrated 147 

on average the warmest ice nucleation temperature with a T50 of -7.0°C. When treated with 148 

lysozyme and H2O2, ice nucleation temperatures of CTs shifted to colder temperatures. T50  149 

 150 

Figure 2: Cumulative number of active sites per mass in mg for each CT as a function of 151 
temperature (n=8). Initial numbers of ice nucleation sites of untreated CTs and active sites after 152 
wash, lysozyme, and H2O2 treatment. Spectra were corrected for MQ background. Asymmetric 153 
error bars represent the minimum and maximum of weight corrected ice active sites.  154 
 155 

values decreased between 1.5-5.5°C and 3.5-7.0°C, respectively (Figure 1). Despite this decrease 156 

in ice nucleation temperatures, all but lysozyme treated cotton/polyester CTs differed 157 

significantly from the MQ control (paired T-test, two tailed p-value < 0.01). Ice nucleation 158 
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temperatures for lysozyme treated CTs (exceptions were cotton/polyester and 159 

cotton/acrylic/polyester/elastane) were significantly different from H2O2 treated CTs (paired T-160 

test, two tailed p-value < 0.05) (Table 2). After the removal of organic material by H2O2 161 

treatment, only dryer lint and nylon had significantly lower ice nucleation temperatures 162 

compared to the MQ control (paired T-test, two tailed p-value < 0.05) (Table 2). It should be 163 

noted that in some cases washing CTs with MQ water alone reduced T50 values by 2.5-4.5°C, a  164 

 165 

Figure 3: Images from upright confocal microscopy of untreated clothing textiles (reflectance). 166 
Biological material was stained with the nucleic acid stain SYTO-9 (green fluorescence), imaged 167 
(63x), and analyzed using Imaris software. A= acrylic, P= polyester, CP=50% cotton 50% 168 
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polyester, V=71% viscose, 25% polyester, and 4% elastane, C= 55% cotton, 34% acrylic, 10% 169 
polyester and 1% elastane, N=nylon, L= dryer lint. 170 
 171 

reduction that was statistically similar to the lysozyme treatment for acrylic and dryer lint (paired 172 

T-test, two tailed p-value ≥ 0.403), and consistent with removing attached microbes (i.e., 173 

biofilm). Based on the freezing results, the concentration of IN sites of CTs at the onset of 174 

freezing at -6 to- 9°C of untreated CTs was between 0.2-2.8 sites per mg (Figure 2). Overall, 175 

lysozyme and H2O2 treatment reduced ice nucleating particles by ~ one order of magnitude at the 176 

warmer temperature limit (-10 to -12°C). Background subtractions revealed that MQ water only 177 

affected the ice nucleation activity of lysozyme and H2O2 treated CTs in a narrow region 178 

between -14 and -17°C. In the cases of the H2O2 treated polyester and viscose/polyester/elastane 179 

CTs, ice nucleation activity was fully attributed to MQ water at temperatures below -15°C. CTs 180 

and biological residues were visualized with CLSM using auto-fluorescence (Supplemental 181 

Figure S3) and a nucleic acid specific fluorescent stain, while simultaneously imaging the 182 

surface structure of individual CTs (Figure 3). CLSM confirmed the presence of biofilm attached 183 

to CTs as well as their systematic removal by lysozyme and H2O2 treatment (Figure 3, 184 

Supplemental Figure S3). 185 

DISCUSSION 186 

CTs showed remarkably high ice nucleating properties, comparable to those reported for 187 

the most efficient INPs such as bacteria, fungi, and lichen, and were higher compared to other 188 

anthropogenic, and organic and inorganic matter aerosols (Figure 4). These biological INPs can 189 

initialize freezing between -2 to -12℃ 43-45, bracketing the freezing range of CTs found herein. 190 

All CTs showed attached biofilm material, which in some cases had persisted even after a 191 
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household washer and drier cycle, as in the case of dryer lint. Onset of ice nucleation occurred 192 

between -6 to -9℃, with INP numbers varying between ~0.2-3 mg-1. These ranges were similar 193 

to those of some soil and mineral dust samples, whose high ice nucleation activity is attributed to 194 

the presence of biogenic material. INP concentration of 0.01-10 INP mg-1 at -5 to -5.5℃ were 195 

reported for midlatitude soil samples 46, 1-10 INP mg-1 at -5 to -7℃ for permafrost samples 196 

ranging from the active layer to 30,000 years of age 47, and 1-10 INP mg-1 at -5℃ to -6℃ for 197 

glacial dust 48,49. For comparison, 10-1000 ice nucleation sites mg-1 at -6 to -8℃ have been 198 

recorded for dust from agricultural soils, which can be richer in organic material 50,51.  199 

 200 
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Figure 4: Approximate range of ice formation temperatures promoted by common ice 201 
nucleators. Clothing textiles (CT) refer to the fibers tested in this study. Data from references 202 
cited. 203 
 204 

A clear indication of the role of biological compounds to ice formation is the reduction in 205 

ice nucleation activity after their inactivation, removal, or digestion. Lysozyme and H2O2 are 206 

common treatments to digest biological material to determine their contribution to the ice 207 

nucleation efficiency of inorganic particles. Specifically, lysozyme determines the fraction of 208 

ice-nucleating bacteria 11, while H2O2 strips the CTs of biogenic material 50. In the present study, 209 

ice nucleation activity was gradually reduced by lysozyme and H2O2 treatment (Figure 1), 210 

although, some refractory biological material may have persisted (Supplemental Figure S3). Post 211 

H2O2 treatment freezing temperatures were statistically similar to those of MQ-water controls, 212 

indicating that the ice nucleation activity of biological residues was far greater than those of both 213 

basic CTs or, if present, mineral constituents 48,50. Ganguly & Ariya observed treatment-related 214 

(i.e., pH, temperature) changes in the nano- and microstructure of microplastics, which improved 215 

ice nucleation activity 36. These plastics were, however, capped with tetrahydrofuran to ensure 216 

stable hydrosols and differences in freezing were largely attributed to the behavior of 217 

tetrahydrofuran under different conditions 36. Whether exposure of CTs to an acidic pH (30% 218 

H2O2: pH 3.3) and temperature (90°C) impacted the nano- and microstructure of CTs requires 219 

further investigation, treatment, however, did not promote ice nucleation. On the other hand, data 220 

presented herein are supported by the traditional view that ice nucleation of abiotic particles is 221 

governed by biological material 48,50-53. As such, the significant decrease in freezing temperatures 222 

between untreated and successively treated CTs suggests that the CTs themselves did not show 223 

ice nucleation behavior above the freezing temperature of the blank (i.e., ~15.5°C), but rather 224 

acted as carriers for biological INPs (Table 2). 225 
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In their review, Huang and others highlighted the relevance of biological INPs in the 226 

atmosphere and summarized knowledge gaps from both observational and modeling perspectives 227 

to identify interactions of INPs with the global hydrological cycle 5. Observations summarized in 228 

their review led us to conclude that the current low concentration of biological INPs present in 229 

cloud water may only trigger ice formation rather than enhancing precipitation 54-57. Cloud 230 

models suggest that a 2-3 order of magnitude increase in INPs above their typical background 231 

concentration would be required to significantly alter cloud properties 56-58. A caveat of these 232 

models is that they generally consider the ice nucleation potential of intact bacterial cells but 233 

omitted the contribution of bacterial fragments attached to particles or macromolecules; fractions 234 

that could be substantial in certain environments 11,59. Burrows and colleagues identified 235 

coupling INPs abundances and types with cloud processes and model-simulations as one of the 236 

key-research needs to improve climate predictability in the coming century 14. Average estimated 237 

mineral dust concentrations in the upper troposphere range between 0.07 - 2.06 ng m−3 (size: 0.2-238 

20 µm 60); and the role of dust aerosols as seeds for cirrus cloud ice crystal formation in situ has 239 

been highlighted 61. For comparison, atmospheric microfibers may reach concentrations of 0.96 240 

to 13.2 (size: 10-25 µm) ng m−3 and 0.15 to 2.06 (size: 2,000-2,500 µm) ng m−3 on average, 241 

respectively, at the higher altitudes of the planetary boundary layer 34. In the troposphere, small 242 

fibers are more prevalent and estimated to range between 0.27 to 3.67 ng m−3 34, as larger fibers 243 

are unlikely transported over larger distances 34,62. We propose that CTs transport a new and 244 

previously unaccounted source of biological fragments with ice nucleating properties that merit 245 

consideration in cloud modeling approaches. Although caution is advised when extrapolating 246 

laboratory findings to larger systems, biologically stained microfibers are expected to be widely 247 

dispersed and abundant in the atmosphere 24-29 with possible impacts on cloud ice, cloud 248 
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droplets, and precipitation. Research linked with field observations is needed to determine the 249 

lifetime of CTs in the atmosphere and the effect of atmospheric aging on the ice nucleation 250 

efficiency of biological material, to understand the nature of biological material attached to CTs, 251 

and quantify microplastic associated INPs in cloud water.  252 

SUPPORTING INFORMATION 253 

The Supporting Information is available free of charge.  254 

- CLSM image showing the presence of microplastics in MQ water.  255 

- Detailed information on the frozen fraction of differently treated CTs.  256 

- CLSM images of differently treated CTs. 257 
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IN, ice nucleation; INP, ice nucleating particles; CTs, clothing textiles; MQ, MilliQ water; F(T), 281 

fraction of tubes frozen at temperature (T); Nice(T) cumulative number of frozen tubes at 282 

temperature (T); Ntot, total number of tubes; K(T), cumulative number of ice nucleation sites at 283 

temperature (T) per volume; nm(T) cumulative density of ice-active sites per mass frozen at 284 

temperature (T); V volume of the tube; X/V mass of clothing textiles per tube volume; CLSM, 285 

confocal laser scanning microscope; T50, temperatures at which 50% of the tubes are frozen.  286 

SYNOPSIS  287 

Biofilm attached to micro-fibrous clothing textiles promotes ice nucleation.  288 
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