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At a Glance Commentary

Current scientific knowledge on the subject: 

Microplastics are present in the air we breathe and have been found in lung tissue. Experimental 

studies on animals have demonstrated microplastic-induced inflammatory responses and histological 

changes in lungs, while epidemiological studies have suggested links between airborne microplastics 

and respiratory health issues in humans. Especially studies on occupational exposures have shown 

that 15-40% of workers exposed to synthetic fibers develop work-related airway and interstitial lung 

disease. However, a comprehensive understanding of the biological mechanisms underlying these 

associations remains elusive. 

What this study adds to the field: 

The goal of the present study was to investigate if and how inhalable microplastics could affect 

epithelial repair mechanisms. Using a combination of murine and human lung organoids, experimental 

animals and air-liquid interface cultures, we demonstrate that nylon microplastic fibers inhibit airway 

epithelial differentiation, thereby interfering with lung repair processes, through transcription factor 

Hoxa5. A still unknown chemical leaching from nylon was found to be responsible for these effects. 

Our results are a first step towards generating data for risk assessment and establishing much-needed 

safe exposure levels in humans.

Some of the results of these studies have been previously reported in the form of a preprint (bioRxiv, 

9 March 2021, www.biorxiv.org/content/10.1101/2021.01.25.428144v3).

This article has an online data supplement, which is accessible from this issue's table of content online 

at www.atsjournals.org.
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Abstract

Rationale

Microplastics are a pressing global concern and inhalation of microplastic fibers has been associated 

with interstitial and bronchial inflammation in flock workers. However, how microplastic fibers affect 

the lungs is unknown.

Objectives

Our aim was to assess the effects of 12x31 µm nylon 6,6 (nylon) and 15x52 µm polyethylene 

terephthalate (polyester) textile microplastic fibers on lung epithelial growth and differentiation. 

Methods

We used human and murine alveolar and airway-type organoids as well as air-liquid interface cultures 

derived from primary lung epithelial progenitor cells and incubated these with either nylon or 

polyester fibers or nylon leachate. In addition, mice received one dose of nylon fibers or nylon leachate 

and 7 days later organoid-forming capacity of isolated epithelial cells was investigated.

Results

We observed that nylon microfibers, more than polyester, inhibited developing airway organoids and 

not established ones. This effect was mediated by components leaching from nylon. Epithelial cells 

isolated from mice exposed to nylon fibers or leachate, also formed fewer airway organoids, 

suggesting long-lasting effects of nylon components on epithelial cells. Part of these effects were 

recapitulated in human air-liquid interface cultures. Transcriptome analysis revealed upregulation of 

Hoxa5 post-exposure to nylon fibers. Inhibiting Hoxa5 during nylon exposure restored airway organoid 

formation, confirming Hoxa5's pivotal role in the effects of nylon.

Conclusions

These results suggest that components leaching from nylon 6,6 may especially harm developing 

airways and/or airways undergoing repair and we strongly encourage to characterize both hazard of 

and exposure to microplastic fibers in more detail.
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Introduction

Plastic pollution is a pressing global concern and microplastics are a significant part of this problem (1, 

2). High amounts of microplastics have been found in marine environments, air, soils, plants and 

animals, which illustrates how omnipresent this pollutant is (3, 4). Microplastics can enter the human 

body via ingestion, dermal contact, and/or inhalation. Confirmation of human exposure was shown in 

a recent study by Leslie et al. that showed an average of 1.6 µg/ml of plastic in human blood (5). 

Synthetic textile fibers are the most prevalent type of microplastic observed in indoor air (6–10) and 

levels indoors generally are 2-5 times higher than outdoors (11, 12). These fibers are typically 

composed of polyester or nylon and are released into the environment by wear and tear and during 

washing and drying of garments (13). The ubiquitous nature of microplastics indoors is unavoidably 

leading to human exposure via inhalation. Indeed, presence of microplastic fibers in human lung tissue 

was shown in three separate studies (14–16), with polyester being the most commonly identified 

polymer. Furthermore, combinations of degraded and fragmented textile fibers, with an average size 

of almost 2 mm, were found in bronchoalveolar lavage fluid samples, suggesting that large textile 

fibers are also able to reach the lower airways (17). Studies from workers in synthetic textile, flock and 

polyvinyl chloride industries indicate that inhalation of levels of around 7 mg/m3 or 1 million fibers/m3 

of such microfibers can be harmful (18). Up to 40% of factory workers were found to develop work-

related airway and interstitial lung disease (19, 20). 

Unfortunately, health effects of long-term exposure to inhaled microplastics are greatly understudied 

and explanations for the effects in plastic industry workers are lacking. In this study, we therefore 

investigated effects of long-term exposure to nylon and polyester microfibers on growth and 

differentiation of lung epithelial cells using a murine and human lung organoid model, human air-

liquid interface cultures, and a mouse model of fiber exposure. To extend the applicability of our 
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findings, we investigated both standardized and environmentally relevant fibers. These ranged from 

uniform, well-defined nylon 6,6 (nylon) and polyethylene terephthalate (polyester) fibers to fibers 

generated from locally sourced undefined nylon and polyester fabrics and irregularly shaped nylon 

particles generated within the Momentum consortium (momentummicroplastics.nl) by grinding and 

sieving of larger pieces of nylon.

Some of the results of these studies have been previously reported in the form of an abstract (21, 22).

Materials and Methods

Full experimental details are available in the data supplement.

Production of fibers and leachate

Microfibers of standardized dimensions and nile red-labeled nylon were produced as described before 

(23) from polyethylene terephthalate (ES305710, Goodfellow, UK) or nylon 6,6 (AM325705, 

Goodfellow). Environmental polyester and nylon microfibers were prepared from commercially 

available fabrics. Microfibers were characterized using scanning electron microscopy and dimensions 

were determined as described in the data supplement. Nylon leachate was produced by incubation of 

nylon in phosphate buffered saline (PBS) for 7 days at 37°C. Leachate was characterized by mass 

spectrometry as described in the data supplement. Nylon microplastic particles in sizes 1-5 µm and 5-

10 µm were supplied by the Momentum consortium (https://momentummicroplastics.nl).

Estimation of exposure concentrations

Exposure concentrations were extrapolated from occupational exposures of around 7 mg/m3 (18), a 

deposition efficiency of around 20% for cylindrical particles (24), and the assumption that a factory 

worker would inhale around 8000 liters of air per 8-hour shift (25). Assuming a perfect distribution 
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over a pair of lungs of around 1 kg would result in a concentration of around 11 µg/g of lung tissue 

each day, corresponding to roughly 11 µg/ml of culture medium in organoid cultures. We therefore 

investigated 2000-5000 fibers per well of organoids corresponding to 16-39 µg/ml of nylon and 49-

122 µg/ml polyester. For the Momentum nylon particles (momentummicroplastics.nl) we tested 1, 

10, and 100 µg/ml.

Animal experiments

All experiments were performed according to strict governmental and international guidelines on 

animal experimentation under licenses IVD 15303-01-004 (Groningen) and ROB-55.2Vet-

2532.Vet_02-19-150 (Munich). C57BL/6 mice (males and females, 8-14 weeks) for organoid 

experiments were bred at the central animal facility of the University Medical Center Groningen. 

Female C57BL/6 mice for in vivo exposure experiments were purchased from Charles River (Sulzfeld, 

Germany). These mice received an intratracheal instillation of nile red-labeled nylon or unlabeled 

nylon fibers or leachate suspended in 50 µl PBS containing 0.05% bovine serum albumin. After 7 days, 

mice were sacrificed and lung tissues were collected for lung organoid cultures.

Human lung tissue 

Epithelial cells for organoids were isolated from nontumerous lung tissue anonymously donated by 

individuals with or without COPD undergoing surgery for lung cancer or lung transplantation for COPD 

and not objecting to the use of their tissue. Primary bronchial epithelial cells for air-liquid interface 

cultures were isolated from resected lung tissue from non-COPD patients or healthy tracheal-

bronchial tissue donors. Known clinical characteristics of all patients are listed in table 1. The study 

protocols were consistent with the Research Code of the UMCG or the scientific board of the 

Maastricht Pathology Tissue Collection and the local Medical Ethics Committees, as well as with Dutch 

national ethical and professional guidelines (www.federa.org). 
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Lung organoid cultures 

Lung organoids were grown from primary human or mouse lung CD31-CD45-Epcam+ cells co-cultured 

with human MRC5 or mouse CCL206 fibroblasts as previously described with minor modifications (26, 

27). For most experiments, 5000 polyester or nylon reference or environmental microfibers were used 

per condition. Fibers were directly mixed in with Matrigel/cell suspensions, added on top of Matrigel, 

or equivalent amounts of fiber leachate or 5 µM LE135 (TOCRIS #2021) were added to the medium 

during organoid culture. The number and size of organoids was manually quantified using a light 

microscope (Nikon, Eclipse Ti), only including organoids larger than 50 µm in diameter.

Human airway organoids (27, 28) 

20,000 human CD31-CD45-Epcam+ cells were resuspended with 5000 nylon fibers in droplets of 50 μl 

growth factor reduced BME2 (R&D #3533-010-02) and added on pre-warmed 24-well suspension 

culture plates (Greiner #M9312) with 500 μl of airway organoid medium with or without 2.5 µM LE135 

per well (28). After 21 days, the total number and the size of organoids was quantified, only including 

organoids larger than 100 µm in diameter.

Air-liquid interface (ALI) cultures

Primary bronchial epithelial cells were seeded in coated transwell inserts, grown submerged until 

reaching 95% confluency and subsequently airlifted and cultured for 26-32 days. ALI cultures were 

continuously exposed to 40-50 µg/ml nylon microfibers starting either one day after seeding or upon 

airlifting. Transepithelial electrical resistance was monitored at an approximately 7-day interval.  

PCR

Total RNA was extracted from ALI cultures that were exposed to 40 µg/ml nylon microfibers starting 

one day after seeding and cultured at air-liquid interface for 26 days. RNA was reverse transcribed 

into cDNA for real-time quantitative PCR. Gene expression levels of keratin 5, P63, FoxJ1 and Scgb1a1 
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were normalized to the average expression of housekeeping genes cyclophilin A and RPL13A by using 

the 2-ddCt method.

Histology

Organoid cultures in Matrigel were stained for ACT and pro-SPC with primary antibodies as described 

previously (26). Isolated organoids and ALI cultures were stained using immunohistochemistry for P63, 

ACT and Scgb1a1 (organoids and ALI cultures), ProSPC and Ki67 (organoids) and FoxJ1 (ALI cultures) 

according to sample- and antibody-specific protocols. 

Isolation of epithelial cells and fibroblasts from organoid cultures and RNA sequencing

Epcam+ (epithelial cells) were isolated from fresh lung tissue and 7-day old organoid cultures using 

anti-Epcam microbeads. These were used together with the Epcam− (fibroblasts) cells from 7-day old 

organoid cultures for RNA isolation and subsequent RNA sequencing as previously described (29). The 

RNAseq data have been deposited to the Gene Expression Omnibus GEO with dataset identifier 

GSE238065.

Data analyses

For RNA sequencing data, principal component analyses were performed in R using the R package 

DESeq2 (version 1.26.0) to visualize the overall effect of experimental covariates as well as batch 

effects (function: plotPCA). Differential gene expression analyses (treated vs. nontreated) were 

performed with the same R package (default settings; Negative Binomial GLM fitting and Wald 

statistics; design=~mouse+condition), following standard normalization procedures. Genes with 

differential expression >2 (nylon-treated versus nontreated epithelial cells or fibroblasts) and a false 

discovery rate (FDR) smaller than 0.05 were considered differentially expressed for that specific cell 

type. Volcano plots were made in R studio using ggplot2 and clustering heat maps were made using 

BioJupies. Pathway analysis was done using Metascape. Cellular deconvolution of bulk RNA 

sequencing data from Epcam+ cells was done using MuSIC (30) with a single cell sequencing dataset 
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from Angelidis et al. (31) for freshly isolated epithelial cells and a dataset from Choi et al. (32) for 

epithelial cells isolated from 7-day organoid cultures.

Statistics

Statistical analyses were performed in either GraphPad Prism 9.0 or in R studio (R Studio 

2022.02.2+485 "Prairie Trillium" Release). For data n<8 nonparametric testing was used to compare 

groups, whereas for n>8 parametric testing was used if data were normally distributed as assessed 

from QQ plots. For comparison of multiple groups, a Kruskall Wallis or Friedman test was used for 

nonpaired or paired nonparametric data respectively, with Dunn’s correction for multiple testing, or 

a paired/unpaired one-way ANOVA for parametric data with Sidak’s correction for multiple testing. 

Differences in organoid size between groups were tested by using the average size of the organoids 

per independent replicate. Data are presented as median ± range and p-values <0.05 were considered 

significant. 

Results

Nylon microfibers inhibit growth of murine lung organoids 

Fibers (aspect ratio 3:1) with a median size of 15x52 µm for polyester and 12x31 µm for nylon (Figure 

1A) were extensively characterized (Figure E1, Table E1) before use in organoid cultures (Figure 1B). 

Based on pilot results (Figure E2), we exposed organoids to 5000 polyester or nylon fibers per well 

(equivalent to 122 μg/ml polyester or 39 μg/ml nylon). This concentration was conceivable in 

occupational exposure situations, had clear effects, and was on the lower end of the spectrum of 

concentrations used in other studies (33). Murine lung organoids commonly develop into ACT+ airway 

organoids or pro-SPC+ alveolar organoids and 14-day exposure to either polyester or nylon fibers 

resulted in significantly fewer and smaller organoids compared to control (Figure 1C-G). The inhibitory 
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effect of nylon was most profound on airway organoids. (Figure 1E-G). In addition, we tested nylon 

6,6 particles from the Dutch Momentum research consortium (https://momentummicroplastics.nl/) 

and found these irregular sphere-shaped particles to be inhibitory in concentrations as low as 1 μg/ml 

(Figure E3). This demonstrated that the harmful effects of nylon fibers are also present at much lower 

doses and with differently shaped nylon.

To exclude cytotoxicity as a cause, we first assessed viability of primary epithelial cells in the presence 

of 39 μg/ml of nylon fibers or leachate and found no effects on the metabolic activity/proliferation of 

these cells (Figure E4A). Furthermore, the number and size of developing organoids during the survival 

and proliferation phase of organoids at day 7 was not affected by nylon (Figure E4B). These results all 

suggest that nylon is not directly cytotoxic.

Nylon microfibers inhibit growth of human lung organoids

Similar results were observed in human lung organoids, that mainly develop into alveolar organoids 

or mixed alveolar/airway organoids (Figure 2A-B). Exposure to nylon fibers resulted in significantly 

fewer human lung organoids, whereas the effects of polyester were less profound (Figure 2C-D). 

Organoid size was not affected by the presence of fibers. To further confirm effects on airway 

development, we specifically tested nylon on dedicated human airway organoids (Figure 2E-F). Again, 

we found that nylon significantly inhibited the number of organoids but had no effects on size (Figure 

2G). As lung tissue was mostly obtained from patients with COPD, we assessed whether having COPD 

influenced the effects of microplastics exposure. We compared outcomes of cultures from COPD gold 

stage IV with cultures from no COPD/mild COPD (GOLD stage I and II) and found no differences in 

outcomes when treated with or without microplastics (data not shown).

Environmental microplastic fibers also impair lung organoid growth
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To test if environmentally-relevant polyester and nylon fibers had similar effects as pristine fibers, we 

also tested fibers made from textile fabrics on murine lung organoids. We first characterized 

morphology (Figure 3A) and chemical composition of these environmental fibers (Figure E5). For 

polyester, we observed a median size of 17x63 µm (Table E2) and for nylon a median size of 57x20 µm 

(Table E2). Similar to reference fibers, 14-day exposure to 5000 environmental nylon fibers resulted 

in significantly fewer and smaller airway and alveolar organoids, while the effect of polyester was 

again less profound (Figures 3B-D).

Nylon leachate causes a reduction in lung organoid growth

We then investigated whether the inhibition by nylon was caused by interactions of cells with fibers 

or by leaching components from nylon. Pristine nylon microfibers were added to organoid cultures 

either in or on top of the Matrigel or equivalent amounts of nylon fiber leachate were added to 

organoid medium (Figure 4A). Both the presence of nylon microfibers on top of the Matrigel as well 

as leachate resulted in significantly fewer and smaller airway organoids compared to control. This was 

not the case for alveolar organoids, that increased significantly in number with nylon leachate (Figure 

4B-D). These data suggest that airway epithelial growth is specifically inhibited by components 

leaching from nylon but alveolar epithelial growth may not be. 

The strong effects observed with nylon leachate suggested that some components and/or degradation 

products may leak and/or form during culture. Mass spectrometry analysis revealed high 

concentrations of cyclic nylon oligomers in the leachate (Figure E6A). However, 53.6 µg/ml of these 

oligomers separately or in combination had no effects on either number or size of organoids (Figure 

E6B). In addition, PEG600 was detected in leachate, but 1 µM up to 10 mM also did not affect 

outgrowth of organoids (Figure E6C). Recent studies showed the most abundant chemicals leaching 

from nylon in sea water were bisphenol A and benzophenone-3 (10, 33) . However, we could not 

detect these in our leachate and importantly, preliminary experiments with different concentrations 
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of bisphenol A (2 ng/ml-2000 ng/ml) or benzophenone-3 (1 nM-10 mM) showed no effects on lung 

organoid growth (Figures S6D-E). 

Nylon leachate mainly affects airway epithelial differentiation

We then investigated if nylon fibers affect developing or established organoids differently. Lung 

organoid cultures have a clearly defined survival and proliferation phase (day 0 to 7), a differentiation 

phase (day 7 to 14), and an established phase (>14 days) (34) (Figure 5A). In contrast to the strong 

effects observed for developing organoids, we found that fibers on top of the Matrigel or leachate 

had no effects on established organoids (Figure 5B and Figure E7A for representative pictures of the 

cultures). However, organoid cultures exposed to nylon leachate or fibers on top of the Matrigel 

during the differentiation phase from day 7 to 14 also contained fewer airway organoids. No effects 

on size were found (Figure E7B,C). This suggests that nylon leachate specifically inhibits differentiation 

of airway epithelial cells and is not directly toxic to cells. 

To elucidate how differentiation was affected by nylon, we investigated several markers of 

differentiation and proliferation in 14-day control and nylon-exposed organoids (Figure 5C). Visually 

the cultures were different with many more big and hollow organoids (airway-like structures) with 

multilayer walls in control cultures than in nylon-treated cultures. The latter contained more smaller 

clump-like structures (alveolar-like structures) and the airway-like organoids tended to be smaller, 

more branched/disorganized and with thinner walls. We stained sections of these organoid cultures 

for several markers that indicate differentiation to more terminally differentiated epithelial cell types: 

p63 for basal cells, acetylated alpha-tubulin (ACT) for ciliated cells, secretoglobin family 1A member 

(Scgb1a1, also known as CC10) for club cells, and prosurfactant C (pro-SPC) for type II cells. 

Additionally, we also stained for proliferation marker Ki67 to again exclude effects of nylon on 

proliferation of cells. The hollow airway-like organoids in control cultures clearly expressed airway 

markers P63, ACT, and Scgb1a1 and not alveolar marker pro-SPC. The branched and thinner-walled 

airway-like organoids in nylon-treated cultures contained fewer cells expressing ACT and Scgb1a1 and 
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no expression of pro-SPC. P63 expression was abundantly present in nylon-treated organoids (in both 

airway and alveolar-like organoids) but was more present in the cytoplasm of cells and less localized 

to the nucleus compared to control organoids. In addition, the more clump-like alveolar-like structures 

did not express either acetylated alpha-tubulin or Scgb1a1 but did express pro-SPC in some structures. 

Lastly, in both control and nylon-treated cultures we found Ki67-positive proliferating cells, with no 

obvious differences between the two conditions. This again confirmed nylon was not inhibiting 

proliferation on day 14 of culture.

We then also investigated the effects of nylon leachate on human airway epithelial differentiation in 

ALI cultures of primary bronchial epithelial cells. Basolateral exposure of these cultures to 40-50 μg/ml 

nylon fibers, either one day after seeding or upon airlifting, resulted in thinner epithelial layers, but 

only in donors that developed well in untreated control conditions, highlighting interdonor variability 

(Figure 5D). Both treatment strategies did not affect transepithelial resistance in a negative way 

(Figure E7D). We then stained a well-developed and a less-developed donor, that were exposed to 

nylon upon airlifting, for airway epithelial markers. After nylon exposure, only the well-developed 

donor had less staining for ciliated cells (ACT and FOXJ1), basal cells (P63+) and club cells (Scgb1a1+), 

again indicating that to visualize effects of nylon, cells in control conditions need to be differentiating 

well (Figure 5E and Figure E8). In addition, we found more mRNA expression of basal cell markers 

keratin 5 (Krt5) and P63 (Trp63), less expression of ciliated cell marker Foxj1 and no changes in club 

cell marker Scgb1a1 in cultures exposed from the start (Figure E7E). Summarizing, treatment with 

nylon does not impair epithelial proliferation but specifically inhibits differentiation to more terminally 

differentiated airway epithelial cells.

Exposure to nylon inhibits airway epithelial developmental pathways and stimulates expression of 

Hox family genes

To better understand the mechanisms behind the observed effects on epithelial differentiation, we 

performed bulk RNA-sequencing analysis on freshly isolated epithelial cells and epithelial cells and 
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fibroblasts isolated from 7-day organoid cultures exposed to 2k or 5k nylon fibers. This time point was 

chosen to capture transcriptomic changes before cellular composition changes had set in. 

Cellular deconvolution of bulk RNAseq data from freshly isolated epithelial cells showed that around 

70% of epithelial cells going into the organoid assay were type II epithelial cells, ±15% were ciliated 

cells and, ±10% were type I epithelial cells (Figure E9A), which was consistent with data using flow 

cytometry to identify cell types (35). After 7 days of organoid culture these identities had changed 

dramatically to around 70% proliferating epithelial cells and 30% alveolar intermediates positive for 

keratin 8 (Figure 6A). The latter can differentiate into alveolar epithelial cells after damage in vivo (36) 

. Treatment with 2000 nylon fibers did not affect those proportions, but treatment with 5000 nylon 

fibers resulted in fewer alveolar intermediates and a concomitant increase in stromal cells. This may 

be an indication of epithelial-to-mesenchymal transition (EMT) of these epithelial cells because they 

were positively selected for Epcam and were therefore unlikely to be fibroblasts. We investigated 

expression of EMT markers N-cadherin (Cdh2), vimentin (Vim), T-Box transcription factor 3 (Tbx3), 

snail family transcriptional repressor 2 (Snai2), Twist1 (Twist family BHLH transcription factor 1), and 

Acta2 (α-SMA) and found all of them to be expressed at higher levels in organoids treated with 5000 

nylon fibers, while expression of epithelial adhesion marker E-cadherin (Cdh1) was lower (Figure E9B). 

All of which points at development of EMT (37).

Both concentrations of nylon had an enormous impact on epithelial gene expression as depicted in 

volcano plots (Figures 6B,C) and unsupervised clustering heat maps (Figure E9C). Pathways for 

downregulated genes were highly enriched for epithelial development and function, while those 

identified for upregulated genes were highly enriched for mRNA translation and protein synthesis 

(Figure 6D,E, see supplemental data tables 4 and 5 for full list of pathways). 
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We then investigated the expression of individual genes in both top-5 enriched pathways in more 

detail. Many of the downregulated genes represent important epithelial populations in the lung. The 

genes associated with specific epithelial populations are listed in table E3. The expression of these 

genes correlated well with our histological findings that airway epithelial cells were most affected by 

exposure to nylon fibers, while alveolar epithelial cell growth was less affected (Figure 6F,G). 

Proliferation markers in epithelial cells were not greatly affected, confirming nylon mainly affects 

epithelial differentiation and not proliferation (Figure 6H). Expression of genes for signaling molecules 

essential for epithelial differentiation and growth were also dose-dependently downregulated by 

nylon (Figure E9D). The genes prominently upregulated after nylon exposure were mostly encoding 

for ribosomal proteins including Rpl38 (Figure E9E), which regulates expression of homeobox (Hox) 

genes that are important for cell and tissue identities (38). Interestingly, Hoxa4, Hoxa5, Hoxc9, and 

Hoxb3 were all significantly higher after nylon exposure (Figure 6I), with Hoxa5 being most profoundly 

induced.

To exclude the possibility that these effects on epithelial cells were mediated by fibroblasts, we 

separately analyzed the resorted fibroblast fraction for expression of proliferation genes and 

important growth factors. None of these genes were inhibited by nylon in fibroblasts (Figure E10A-B). 

Hoxa5 inhibitor LE135 restores airway organoid formation in the presence of nylon

To confirm RNA data, we investigated protein expression of Hoxa5 in organoids. Hoxa5 protein was 

highly expressed in many epithelial organoids (Figure 7A) and most nuclei of nylon-exposed organoids 

but hardly expressed in control organoids (Figure 7B). To further assess the role of Hoxa5 in defective 

airway epithelial development, we used a Hoxa5 inhibitor (LE135), a retinoic acid receptor β-specific 

antagonist, which inhibits retinoic acid-induced Hoxa5 expression (39). Our data showed that 

exposure to LE135 in presence of nylon rescued the development of murine airway organoids (Figure 
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7C,D). In addition, we found similar effects in human airway organoids (Figure 7E,F). These results 

indicate that nylon inhibited differentiation of airway organoids through Hoxa5.

In vivo exposure of mice to nylon fibers results in long-lasting inhibition of airway epithelial 

differentiation as assessed by organoid formation

To investigate the effects of nylon on lung epithelial repair, we exposed mice once to either 75k or 

150k fibers or leachate and we isolated lung epithelial cells after seven days for organoid culture 

(Figure 8A). Ex vivo fluorescence imaging on excised lungs of mice exposed to labeled nylon fibers 

revealed that 3 days after exposure many fibers were still present in all areas of the lung. Seven days 

after exposure some fibers were obviously cleared and the remaining ones had accumulated centrally 

(Figure 8B). Nylon treatment did not result in body weight loss (Figure E11). The number of airway 

organoids growing from these in vivo-exposed mice was significantly lower than for control exposure, 

indicating that being exposed once to nylon fibers or its leachate in vivo is sufficient for long lasting 

inhibition of cell differentiation (Figure 8C,D). Nylon exposure did not affect the number of alveolar 

organoids (Figure 8C,E). To investigate whether Hoxa5 inhibition could alleviate the effects of in vivo 

nylon exposure, we treated organoid cultures from either vehicle or nylon exposed mice with LE135 

for 14 days (Figure 8C-E). This resulted in significantly more, but smaller, airway organoids compared 

to untreated organoid cultures derived from nylon or nylon leachate-exposed mice (Figure 8D and 

Figure E12A,C). The number of alveolar organoids was lower and their size was smaller after LE135 

treatment (Figure 8E and Figure E12B,D).

Discussion 

Recent reports have shown that man-made fibers are ubiquitously present in indoor air (6, 11, 40, 41). 

We are therefore continuously exposed to this airborne microplastic pollution (40), but the 

consequences of common household exposure on our lungs are unclear. Evidence from textile factory 

workers indicate detrimental effects on lung tissue during high exposure conditions at levels of around 
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7 mg/m3 or 1 million fibers/m3 (18). Our data now show that both polyester and nylon fibers can impair 

differentiation of human and murine lung epithelial cells, with nylon being the most harmful for airway 

epithelial cell differentiation. The effects of polyester were much milder and confirm previous findings 

by Winkler et al demonstrating that lower concentrations of polyester microplastics (50 µg/ml) had 

no effects on human airway organoid growth (27). The effects of nylon were mediated by compounds 

leaking from nylon that upregulate Hoxa5, which in turn specifically inhibits differentiation of airway 

epithelial cells. 

Components leaching from nylon were found to be consistently harmful for growth of airway 

organoids rather than alveolar organoids, which may explain the bronchiolitis found in nylon flock 

workers and rats exposed to nylon (42–44). Since we were unable to identify the specific culprit(s) 

responsible for this effect of nylon, we concentrated on elucidating the pathway responsible for the 

observed inhibition of airway development and found a role for Hoxa5. Our data suggest upregulation 

of Hoxa5 in epithelial cells inhibits terminal differentiation of airway epithelial cells and instead keeps 

them in an aberrant basal phenotype with EMT characteristics. These findings are supported by work 

from Fujino et al. showing that increased expression of Hoxa5 drives EMT in alveolar epithelial cells 

(45), Yang et al. and Yao et al. showing that nylon enhances EMT (46–48) and Boucherat et al. showing 

that loss of Hoxa5 drives epithelial differentiation towards goblet cells (49). Therefore, upregulation 

of Hoxa5 in epithelial cells by nylon appears to be a determining factor in the impairment of airway 

organoid differentiation and this finding was confirmed when we inhibited Hoxa5 and found 

restoration of airway organoid development. As stromal cells are also known to express Hoxa5, the 

Hoxa5 upregulation with downstream effects we found, could theoretically also be caused by the 

fibroblasts present in the mixed lung organoid cultures. However, we think this is an unlikely 

explanation for the following reasons: 1. The growth-inhibited fibroblasts present in murine organoid 

cultures expressed Hoxa5, but this expression was actually downregulated by nylon, while nylon 

upregulated Hoxa5 expression in epithelial cells. 2. Even human airway organoid cultures that were 

Page 18 of 81

 AJRCCM Articles in Press. Published November 16, 2023 as 10.1164/rccm.202211-2099OC 
 Copyright © 2023 by the American Thoracic Society 



grown without fibroblasts present, were inhibited by nylon and rescued by Hoxa5 inhibitor LE135. 

Incidentally, the inhibition of Hoxa5 also resulted in fewer and smaller alveolar-like organoids. Our 

hypothesis for this finding is that inhibition of Hoxa5 allows more progenitors to develop towards 

airways and that this may reduce the number available for alveolar development.

Whether nylon components directly or indirectly upregulate Hoxa5 remains an open question. The 

upregulation of Hoxa5 may also be the result of inhibition of Wingless/Integrated (Wnt) signalling by 

nylon components. Ordóñez-Morán et al. previously showed a feedback loop between Hoxa5 and Wnt 

in intestinal stem cells, with Wnt signalling suppressing Hoxa5 expression to maintain stemness (50). 

Therefore, inhibition of Wnt family members by nylon components could indirectly result in 

upregulation of Hoxa5. Support for this hypothesis is found in our RNAseq data, which showed 

downregulation of both Wnt4 and Wnt7 concomitant to upregulation of Hoxa5 by nylon.

Our data uniquely show that nylon fibers especially inhibit differentiating (airway) epithelial cells. 

However, nylon did not affect already developed airway organoids or proliferation of epithelial cells. 

This suggests that nylon is not directly toxic, but that it only interferes with developmental and/or 

repair pathways. It is therefore likely that the potential adverse health effects of nylon are especially 

relevant for young children with developing airways and patients with chronic or acute lung disease, 

who rely on epithelial repair. Recent studies have already shown potential health impacts of 

microplastics in early life and patients with asthma (51, 52). Of note, a recent study by Soltani et al. 

estimated possible household exposure in different types of individuals and found that young children 

(<0.5 years of age) could inhale twice as much microplastics as adults, averaging 45 ng per kg of 

bodyweight per day (12). In addition, microplastics were shown to be present in human placenta and 

in mice this resulted in reproductive toxicity (53, 54). Therefore, the presence of inhalable 

microplastic/nylon fibers in indoor environments is a matter of great concern for children/fetuses who 

still grow their lungs. 
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Nevertheless, this concern is only relevant when concentrations of these fibers are high enough to 

cause adverse effects and this is where data are severely lacking. Studies have shown microplastic 

fibers to be ubiquitously present in houses with an average of 5 fibers per m3 of air (8, 55), but actual 

lung deposition of these microplastic fibers has not been quantified yet. Vianello et al. used a 

breathing thermal manikin to estimate adult human lung deposition by inhalation in daily life (40). 

They showed that on average 9 particles per m3 of air were inhaled by this device. As humans process 

around 11 m3 of air per day, exposure could be around 100 particles per day. This is similar to 

estimations in Australian homes of around 13,000 fibers per year (12). Another comprehensive review 

estimated that annual inhalation of microplastic particles could be between 40,000 and 62,000 

particles/year (56). However, this may be an underestimation as high exposure activities like 

unloading a tumble drier, working with textile materials, or crawling around on carpets were not 

considered. Neither were ventilation habits considered and these factors could all greatly determine 

exposure, although vacuum cleaning was estimated to reduce exposure (12). Therefore, microplastic 

concentrations in indoor environments need to be assessed more widely during a variety of activities 

and conditions to make better estimations of human exposure possible. These can then be compared 

to occupational exposures known to cause adverse effects and animal studies such as ours and 

previous ones (42, 44). For instance, concentrations of 7 mg/m3 or 106 fibers per m3 air were found in 

the nylon flocking industry with many employees reporting respiratory symptoms (18, 57). 

Furthermore, rats exposed once to 10 mg/kg bodyweight developed bronchiolitis (42), but 4-week 

exposure to 57 fibers/cm3 did not lead to adverse effects in rats (44).

A strength of using lung organoids is the opportunity to directly translate ex vivo findings to humans 

(27, 58). As we found comparable negative effects of nylon fibers on epithelial differentiation and 

growth in murine and human organoids, this demonstrates our results are of high relevance for the 

human population. Despite this advantage, lung organoids are a relatively simple model of lung tissue 
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and lack the immune and endothelial compartment present in vivo. Especially having the immune cells 

present could alter how lung tissue responds to these microplastic fibers. For example, innate immune 

cells like macrophages are also among the first cells to come into contact with microplastic fibers 

following inhalation and can respond strongly to inhaled particles and fibers (59). Therefore, future 

studies should also focus on more complex models involving an immune component as well.

A limitation in our work is not having access to a specific Hoxa5 inhibitor. Even though inhibiting 

retinoic acid receptor beta with LE135 has a fairly specific effect on Hoxa5 expression (39), we cannot 

exclude the possibility other proteins were affected by this treatment and contributed to the effect.

In conclusion, as plastic use continues to expand, there may be a corresponding rise in health risks for 

humans. This study underscores the pressing need to delve deeper into the dangers and prevalence 

of microplastic fibers.  Those outcomes will be invaluable to advisory organizations like the World 

Health Organization and Science Advice for Policy by European Academies who recently called for 

more data on effects of microplastics on human health (2). Future research endeavors should 

prioritize analyzing the concentration and prevalence of these fibers in indoor settings and within 

human lung tissues to provide a more accurate assessment of their potential threat to human health.
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Tables

Table 1. Demographics and clinical characteristics of patients whose lung tissue was used for 

isolation of epithelial cells for organoids or air-liquid interface cultures.

Type Sex

(F/M)

Age

(yr)
Smoking 

status
Pack-years

(yr)
FEV1/FVC 

ratio COPD GOLD stage

Lung tissue used for lung organoid cultures

Non-
COPD 0/1 68 ES 15 73 NA

COPD 2/4 62 (52-65)
CS/ES (1), 
CS (1), ES 

(4)
25 (15-58) 46 (21-58) I (1), II (2), IV (3)

Lung tissue used for airway organoid cultures

COPD 4/3 58 (54-61) ES (7) 25 (14-32) 28 (21-30) IV (7)

Lung tissue used for air-liquid interface cultures
Non-
COPD 0/2 73

(72-73) ES Unknown 75 (72-78) NA

Healthy 3 
unknown Unknown Unknown Unknown Unknown NA

F/M: female or male; ES: exsmoking; CS: current smoking; FEV1/FVC: ratio between forced 

expiratory volume in 1 s (FEV1) and forced vital capacity (FVC); NA: not applicable. Values are 

median (interquartile range).
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Figure legends

Figure 1. Effects of microplastic fibers on outgrowth of murine lung organoids. 

(A) Morphology of microplastic fibers of standardized dimensions. Representative SEM micrographs 

of polyester microfibers (15x52 µm) and nylon microfibers (12x31 µm). (B) Murine lung organoid co-

culture model: 5000 polyester or 5000 nylon fibers (equivalent to 122 μg/ml polyester or 39 μg/ml 

nylon) were mixed together with Epcam+ cells, CCL206 fibroblasts, and Matrigel. (C-D) Light 

microscopy images and fluorescence images of acetylated alpha-tubulin (ACT+) airway organoids (red) 

and prosurfactant C (pro-SPC+) alveolar organoids (green). Nuclei were counterstained with DAPI 

(blue). (E) Representative light microscopy images of the different treatment conditions. Yellow 

arrows indicate airway organoids, cyan arrows indicate alveolar organoids, and red and white arrows 

indicate polyester and nylon fibers respectively. (F-G) Quantification of numbers and sizes of airway 

and alveolar lung organoids following 14-day exposure (n=12). Groups were compared using a 

Friedman test with Dunn’s correction for multiple testing. P<0.05 was considered significant.

Figure 2. Influence of microplastic fibers on outgrowth of human lung and airway organoids. 

(A) Human lung organoid co-culture model. 5000 15x52 µm polyester or 5000 12x31 µm nylon fibers 

(equivalent to 122 μg/ml polyester or 39 μg/ml nylon) were mixed with CD31-CD45-Epcam+ cells, MRC5 

fibroblasts and Matrigel. (B) The morphology of alveolar prosurfactant C (pro-SPC+) organoids (green) 

and mixed acetylated alpha-tubulin (ACT+)/pro-SPC+ organoids (orange) as shown by light and 

fluorescence microscopy. Nuclei were counterstained with DAPI (blue). (C) Representative light 

microscopy images of all treatment conditions. Cyan arrows indicate lung organoids. (D) 

Quantification of numbers and sizes of human lung organoids following 14-day exposure to either no 

microfibers, 5000 polyester, or 5000 nylon fibers  (n=7). Groups were compared using a Friedman test 

with Dunn’s correction for multiple testing. P<0.05 was considered significant. (E) Human airway 

organoid model: 5000 nylon fibers were mixed with CD31-CD45-Epcam+ cells and BME2 gel. (F) 
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Representative light microscopy images of control or nylon-treated airway organoids. Yellow arrows 

indicate airway organoids. (G) Quantification of numbers and sizes of human airway organoids 

following 21-day exposure (n=6). Groups were compared using a Wilcoxon test. P<0.05 was 

considered significant.

Figure 3. Influence of environmentally relevant textile fibers on growth of murine lung organoids. 

(A) Morphology of environmental (environm.) microplastic fibers. Representative SEM micrographs of 

polyester microfibers (17x63 µm) and nylon microfibers (57x20 µm). (B) Representative light 

microscopy images of all treatment conditions. Yellow arrows indicate airway organoids, whereas 

cyan arrows indicate alveolar organoids. (C-D) Quantification of numbers and sizes of airway and 

alveolar organoids (n=6) following 14-day exposure to either no microfibers, 5000 polyester, or 5000 

nylon microfibers (equivalent to 189 μg/ml polyester or 531 μg/ml nylon). Groups were compared 

using a Friedman test with Dunn’s correction for multiple testing. P<0.05 was considered significant.

Figure 4. Impact of nylon microfibers or leachate on growth of murine lung organoids. 

(A) Experimental scheme. 12x31 µm nylon microfibers were added in or on top of Matrigel, or leachate 

of these fibers was added to the basolateral medium (B) Representative light microscopy images of all 

treatment conditions. (C-D) Quantification of numbers and sizes of airway and alveolar organoids 

following either direct exposure to 5000 nylon microfibers (equivalent to 39 μg/ml) in Matrigel or 

indirect exposure (n=6). Groups were compared using a Friedman test with Dunn’s correction for 

multiple testing. P<0.05 was considered significant.

Figure 5. Nylon leachate has no effect on established lung organoids but inhibits airway epithelial 

differentiation. 

(A) Experimental scheme. Organoids were exposed at day 0, 7 or 14 to 12x31 µm nylon fibers/leachate 

for 7-21 days. (B) Quantification of numbers of airway and alveolar organoids following exposure to 

BA
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no or 5000 nylon microfibers (equivalent to 39 μg/ml) or leachate for 7, 14, or 21 days (n=6-12). 

Groups were compared using a one-way ANOVA with a Holm-Sidak correction for multiple testing. 

P<0.05 was considered significant. (C) Representative images of immunohistochemical stainings for 

differentiation and proliferation markers expressed by control lung organoids and lung organoids 

exposed to nylon for 14 days. Positive staining is red and nuclei are blue. P63 = basal cell marker; ACT 

= acetylated alpha-tubulin: ciliated cell marker; Scgb1a1 = secretoglobin family 1A member: club cell 

marker; Pro-SPC = prosurfactant C: Type II cell marker; Ki67: proliferation marker. (D) Average 

thickness of air-liquid interface cultures treated with 40 or 50 μg/ml nylon microfibers on the 

basolateral side for 4 weeks one day after seeding or upon airlifting compared to vehicle-treated 

control cultures. (E) Representative images of immunohistochemical stainings for proliferation and 

differentiation of well-developed air-liquid interface cultures treated with vehicle or 50 µg/ml nylon 

microfibers on the basolateral side upon airlifting for 4 weeks. Positive staining is blue. 

Figure 6. RNA-sequencing analysis of epithelial cells exposed to nylon. 

(A) Estimated proportions of cell types present in Epcam+ cells isolated from organoids on day 7 of 

culture with or without 2000 (2k, equivalent to 16 μg/ml nylon) or 5000 (5k, equivalent to 39 μg/ml 

nylon) 12x31 μm nylon fibers. (B-C) Volcano plots of differentially expressed genes by epithelial cells 

exposed to 2000 or 5000 12x31 μm nylon fibers or not. Upregulated genes are marked in red, 

downregulated genes in blue. Genes were selected with thresholds of fold change >2 and FDR<0.05 

(n=4). (D) Pathway analysis of genes downregulated in epithelial cells by nylon. (E) Pathway analysis 

of genes upregulated in epithelial cells by nylon. (F) Genes associated with airway epithelial cells. (G) 

Genes associated with alveolar epithelial cells. (H) Genes associated with cell proliferation. (I) Genes 

encoding Hox family proteins. 

Figure 7. Hoxa5 is essential for airway differentiation in organoids after nylon exposure. 
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(A) Hoxa5 expression in murine organoids treated with/without nylon. Fluorescence images of 

acetylated alpha-tubulin (ACT) staining (red) and Hoxa5 expression (green). Nuclei were 

counterstained with DAPI (blue). (B) Representative images of immunohistochemical staining for 

Hoxa5 expressed by control lung organoids and lung organoids exposed to nylon for 14 days. Positive 

(nuclear) staining is red and nuclei are blue. (C)  Representative images of murine lung organoids 

treated with nylon and/or Hoxa5 inhibitor LE135. (D) Quantification of number and size of murine 

airway or alveolar organoids treated with no or 5000 12x31 μm nylon microfibers (equivalent to 39 

μg/ml) and/or LE135 (n=6). Groups were compared using a Friedman test with Dunn’s correction for 

multiple testing. P<0.05 was considered significant. (E) Representative images of human airway 

organoids treated with nylon and/or Hoxa5 inhibitor LE135. (F) Quantification of number and size of 

human airway organoids treated with nylon and/or LE135 (n=3, not statistically compared due to low 

n). 

Figure 8. In vivo exposure of mice to nylon fibers results in long-lasting inhibition of airway epithelial 

differentiation as assessed by organoid formation. (A) Experimental scheme of in vivo nylon 

exposure. (B) Ex vivo fluorescence imaging of nile red-labeled nylon. (C) Representative images of 

airway and alveolar organoids derived from epithelial cells of mice exposed to 75,000k (75k, 

equivalent to 298 µg nylon) or 150,000 12x31 µm nylon fibers (150k, equivalent to 597 μg nylon) or 

the equivalent amount of 150k leachate with or without in vitro treatment with 5 µM of Hoxa5 

inhibitor LE135 (n=8). (D) Quantification of numbers of airway and alveolar organoids from all 

treatments. Groups of nylon-treated mice were compared using a one-way ANOVA with a Dunnett’s 

correction for multiple testing. Organoid cultures derived from these mice and treated with LE135 

were compared with a paired Student’s t test. P<0.05 was considered significant.
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Production of microfibers and leachate 

Reference microfibers and leachate

Polyethylene terephthalate (ES305710, Goodfellow, UK) or nylon 6,6 fibers (AM325705, 

Goodfellow, UK) with filament diameters of 14±3.5 μm and 10±2.5 μm respectively were 

aligned by wrapping them around a custom-made spool, coated with a thin layer of cryo 

compound (KP-CryoCompound, VWR International B.V., PA, USA) and frozen. Aligned fibers 

were cut into similar length parts (±2 cm) using a scalpel (Swann-Morton, UK) and moulded 

onto a compact block that was oriented perpendicular to the base of a cryomicrotome 

(Microm HM 525, Thermo Fisher Scientific, MA, USA). Microfibers were cut at lengths of 50 

μm for polyester and 30 μm for nylon, after which the fibers were thawed, washed with 

200 ml Milli-Q water through a 120 μm filter (Merck Millipore, MA, USA) to remove miscut 

fibers and contaminants, collected by vacuum filtration using 8 μm polycarbonate 

membrane filters (Sterlitech, WA, USA) and stored dry at -20°C.

Nylon leachate was produced by incubation of nylon reference microfibers in phosphate 

buffered saline (PBS) for 7 days at 37°C in the dark, followed by filtration using a 0.2 μm 

syringe filter (GE Healthcare Life Sciences, UK). The leachate was stored at -20°C in dark 

until further use. 

Environmental microfibers

Environmental polyester and nylon textile microfibers were prepared from commercially 

available pure fabrics. White polyester fabric was washed at 40°C in a washing machine 

(Samsung, South Korea) and dried in a tumble dryer (Whirlpool, MI, US). Fibers with an 

estimated filament diameter of 15 μm were collected on the filter of the tumble dryer and 

subsequently frozen with cryo compound and sectioned into lengths of 50 μm using a 

cryomicrotome. White nylon fabric (estimated filament diameter of 40 μm) was cut into 

small squares, stacked, frozen with cryo compound, and cut into lengths of 12 μm. All 

microfibers were thawed, washed with 200 ml Milli-Q water through a 120 μm filter, 

collected by vacuum filtration (8 μm filter) and finally stored at -20°C.
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Nylon microplastic particles

Nylon microplastic particles were supplied by the Momentum consortium 

(https://momentummicroplastics.nl). Briefly, polyamide 6,6 pellets (Wessling, the 

Netherlands) were covered by H2O2, and heated at 80°C with stirring at 200rpm for 3-4 

hours. Polyamide pellets were then dried at 70°C and the dry polyamide was milled in a 

grinding beaker using a 20 mm stainless steel ball and liquid nitrogen cooling. Particles were 

extracted from the beaker with particle-free water. The particle solution was then sieved 

using several filters from 1 mm to 0.1 μm. Particles were dispersed in sterile 0.05% BSA in 

Milli-Q water, and stored at 4°C.

Estimation of exposure concentrations

Exposure concentrations were extrapolated from occupational exposures of around 7 

mg/m3(1), a deposition efficiency of around 20% for cylindrical particles (2) , and the 

assumption that a factory worker would inhale around 8000 liters of air per 8-hour shift (3). 

Assuming a perfect distribution over a pair of lungs of around 1 kg would result in a 

concentration of around 11 µg/g of lung tissue each day, corresponding to roughly to 11 

µg/ml of culture medium in organoid cultures. We therefore investigated 2000-5000 fibers 

per well of organoids corresponding to 16-39 µg/ml of nylon and 49-122 µg/ml polyester. 

For the Momentum nylon particles we tested 1, 10, and 100 µg/ml.

Characterization of microfibers 

Scanning electron microscopy

Samples were prepared for scanning electron microscopy (SEM) analysis on an aluminium 

sample holder using adhesive carbon-coated tape. Excessive microfibers were removed 

using pressurized air, after which the samples were sputter-coated with 10 nm of gold. 

Images were obtained using a JSM-6460 microscope (Jeol, Japan) at an acceleration voltage 

of 10 kV. 
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Dimensions

Digital photomicrographs were captured at 200× magnification using a Nikon Eclipse TS100 

inverted microscope coupled to a Nikon Digital Sight DS-U3 microscope camera controller 

(both Japan), after which microfiber diameters and lengths (median of 200) were 

determined using NIS-Elements AR 4.00.03 software.

Energy dispersive X-ray spectroscopy

Samples were prepared for energy dispersive X-ray (EDX) spectroscopy analysis on an 

aluminium sample holder using adhesive carbon coated tape. Excessive microfibers were 

removed using pressurized air, after which the samples were sputter coated with 10 nm of 

carbon. The EDX measurements were performed with a Tescan MAIA III GMH field emission 

scanning electron microscope (Czech Republic) equipped with a Bruker X-Flash 30 mm2 

silicon drift energy dispersive X-ray microanalysis detector (MA, USA). 

Micro-Fourier transform infrared spectroscopy 

Micro-Fourier transform infrared spectroscopy (μFTIR) measurements were performed 

using a Thermo Nicolet iN10 micro-Fourier transform infrared microscope. Spectra were 

recorded in the wavelength range from 4000 to 675 cm-1 using a spectral resolution of 8 

cm-1. For the transmission measurements of the polyester reference material and the 

polyester and nylon environmental fibers, a small amount of the microfibers was 

transferred onto a diamond micro compression cell where the samples were compressed. 

For the reflection measurements of the nylon reference material and the polyester and 

nylon environmental fibers, a small portion of microfibers was suspended in Milli-Q water. 

The suspension was subsequently filtered over a gold coated 0.8 μm polycarbonate filter 

(TJ Environmental, The Netherlands). A subset of approximately 100 fibers was individually 

measured directly on the filter using the reflection mode of the µ-FTIR equipment.

Extraction of nylon oligomers (mono, di and trimer)

A round bottom flask containing 25.1 g cryogenically milled nylon powder (PA66, Sigma-

Aldrich) and 500 ml methanol (VWR) was equipped with a reflux condenser and the 
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suspension was stirred overnight at 50°C. Next, the suspension was cooled to 

approximately 30°C and filtered over a cellulose filter (VWR) to remove the remaining 

powder. The solvent was removed in vacuo using a rotary evaporator (Büchi rotavapor R-

215, Switzerland). A white solid was obtained (yield 220 mg), of which the composition was 

determined using liquid chromatography/mass spectrometry (LC/MS) analysis.

Isolation of nylon oligomers (mono-, di- and trimer)

A column for silica gel chromatography (⌀ 30 mm, VWR) was charged with silica gel 60 (27 

g, 0.063-0.200 mm, Merck) and dichloromethane (DCM, VWR) as eluent. The crude extract 

containing the mixture of oligomers (200 mg) was added on top of the silica gel column and 

oligomers were separated on the column using DCM:methanol as eluent (DCM:MeOH 

gradient: 100:0 → 90:10 → 80:20), which resulted in complete separation of the oligomers. 

The collected fractions were checked for the presence of product using LC/MS. The 

fractions containing pure oligomer were combined, filtered over a glass filter (VWR) and 

subsequently the solvent was removed in vacuo. The obtained solids were further dried in 

vacuo, after which the pure oligomers were obtained as white solids. The structure of the 

oligomers was confirmed by 1H NMR spectroscopy.

1H Nuclear magnetic resonance of oligomers

The chemical structure of the oligomers was confirmed by 1H NMR spectroscopy (Bruker 

Avance 400 spectrometer). The oligomers were dissolved in ~0.5 ml CD3OD:CDCl3 (1:1) 

(Sigma-Aldrich). The spectra were recorded at 24 °C, and internally referenced to the 

residual solvent resonance (CD3OD: 1H δ 3.31). 

Nylon monomer, yield = 77 mg. 1H NMR (400.1 MHz, CD3OD/CDCl3 50:50, 297 K) δ = 7.56 

(br. m, 2H; NHCO), 3.22 (m, 4H, NHCH2), 2.19 (m, 4H, COCH2), 1.63 (m, 4H, COCH2CH2), 1.54 

(m, 4H, NHCH2CH2), 1.32 (m, 4H, NH (CH2)2CH2).

Nylon dimer, yield = 74 mg. 1H NMR (400.1 MHz, CD3OD/CDCl3 50:50, 297 K) δ = 7.68 (br. 

m, 4H; NHCO), 3.15 (t, 8H, NHCH2), 2.18 (m, 8H, COCH2), 1.60 (m, 8H, COCH2CH2), 1.47 (m, 

8H, NHCH2CH2), 1.31 (m, 8H, NH (CH2)2CH2).
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Nylon trimer, yield = 16 mg. 1H NMR (400.1 MHz, CD3OD/CDCl3 50:50, 297 K) δ = 7.74 (br. 

m, 6H; NHCO), 3.14 (t, 12H, NHCH2), 2.18 (m, 12H, COCH2), 1.60 (m, 12H, COCH2CH2), 1.48 

(m, 12H, NHCH2CH2), 1.32 (m, 12H, NH (CH2)2CH2).

Liquid chromatography/mass spectrometry 

Qualitative analysis of nylon leachate and oligomers

Qualitative analysis of nylon oligomers was performed with an Agilent 1260 series high-

performance liquid chromatographer (CA, USA) equipped with a 100 x 2 mm, 3 µm Gemini 

NX-C18 110 Å LC Column (Phenomenex, Utrecht, The Netherlands), coupled with an Agilent 

6410 triple quadrupole LC/MS with electron spray ionization (ESI) in positive SCAN mode. 

In addition, the LC/MS analysis of the nylon leachate was performed with the Agilent 1260 

liquid chromatographer coupled to an Agilent 6460 triple quadrupole LC/MS with Jetstream 

ESI in positive SCAN mode. A sample volume of 5 µl was injected with a column 

temperature of 60 °C and a flow rate of 200 µl min-1. The sample was eluted with a gradient 

of Milli-Q water (containing 5 mM ammonium formate with 0.0025% formic acid (both 

Sigma-Aldrich), eluent A) and methanol (containing 5 mM ammonium formate with 

0.0025% formic acid, eluent B) with a flow rate of 0.5 ml min-1. Eluent B was increased from 

10% to 90% in 10 minutes and maintained for 3 minutes. After this, eluent B was decreased 

to 10% in 0.1 minute and maintained for 1.9 minutes to complete the cycle of 15 minutes. 

Mass spectrometry was performed with a gas temperature of 350°C and a flow rate of 10 l 

min-1. Stealth gas temperature (for Agilent 6460) was set at 400 °C with a flow rate of 12 l 

min-1. The capillary voltage was set at 4000 V.

Direct injection of nylon leachate

An injection volume of 10 µl diluted nylon leachate was directly injected into an Agilent 

6410 triple quadrupole MS system with ESI in positive SCAN mode. The conditions were as 

follows: gas temperature 350 °C, flow rate 10 l min-1, mobile phase 50:50 ratio of 80:20 

acetonitrile (VWR):Milli-Q water with 5 mM ammonium formate and 10:90 acetonitrile: 

Milli-Q water with 5 mM ammonium formate, scan range 50–1000 Da, capillary voltage 

3500 V.
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Nile red labelled nylon fibers

Nylon fibers were transferred with 2.5 ml of Nile Red solution (500 μg ml−1, technical grade, 

N3013, SigmaAldrich) into 5 ml Eppendorf tubes. Tubes were shortly vortexed and then 

incubated for 10 minutes at room temperature. Nylon fibers were collected by vacuum 

filtration (8 μm filter) and rinsed with acetone to remove surplus dye and then washed with 

several times of 200 ml Milli-Q water. Fluorescent nylon fibers were kept in the dark at 4 °C.

Ethics

Animal experiments

The experimental protocol for the use of mice for epithelial cell isolations was approved by 

the institutional animal care and use committee of the University of Groningen (IVD 15303-

01-004)) and for in vivo application of fibers and subsequent cell isolation by the 

Government of Upper Bavaria (ROB-55.2Vet-2532.Vet_02-19-150). All experiments were 

performed according to strict governmental and international guidelines on animal 

experimentation. Male and female C57BL/6 mice (8-14 weeks) were bred at the Central 

Animal Facility of the University Medical Center Groningen (UMCG) or were purchased 

from Charles River (Sulzfeld, Germany). Animals received ad libitum normal diet with a 12 

h light/dark cycle. 

Human lung tissue 

For organoid cultures, histologically normal lung tissue was anonymously donated by 

individuals with COPD or without COPD undergoing surgery for lung cancer or lung 

transplantation for COPD and not objecting to the use of their tissue. Sections of lung tissue 

of each patient were stained with a standard haematoxylin and eosin staining and checked 

for abnormalities by a lung pathologist before tissue was used. COPD patients included ex 

and current smoking individuals with GOLD stage I-IV disease. Lung organoid cultures were 

derived from tissue of patients with varying severity of COPD or not (n=7, GOLD I=1, GOLD 

II=2, GOLD IV=3, non-COPD=1) and airway organoids were exclusively derived from lung 

tissue of patients with severe COPD (n=7, GOLD IV). Subjects with other lung diseases such 

as asthma, cystic fibrosis, or interstitial lung diseases were excluded. The study protocol 
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was consistent with the Research Code of the University Medical Center Groningen (UMCG) 

and Dutch national ethical and professional guidelines (www.federa.org) and approved by 

the medical ethical committee of the UMCG. Patient characteristics for Epcam+ cells used 

in human lung organoid experiments and human airway organoid experiments are listed in 

Table 1a and Table 1b respectively.

Primary bronchial epithelial cells for air-liquid interface culture were isolated from lung 

tissue derived from the Maastricht Pathology Tissue Collection (MPTC). Guidelines were 

followed as outlined in ‘Human Tissue and Medical Research: Code of conduct for 

responsible use’ (2011) (www.federa.org). Ethics approval for the use of human tissue was 

granted by both the scientific board of the MPTC (code MPTC2010-019) and the local 

Medical Ethics Committee (code 2017-0087). Tissues were anonymously coded during 

tissue collection, storage and subsequent use. Primary bronchial epithelial cells were 

isolated from resected lung tissue of two patients with no history of chronic lung diseases 

who underwent surgery for solitary pulmonary nodules. Alternatively, primary bronchial 

epithelial cells were isolated from leftover, de-identified tracheal-bronchial tissue from 

healthy donor lungs at the University Medical Center Groningen (UMCG). The study 

protocol was compliant with the Research Code of the University Medical Center Groningen 

and Dutch national ethical and professional guidelines (www.federa.org). Available patient 

characteristics are described in Table 1c. 

Table 1a. Demographics and clinical characteristics of patients whose lung tissue was used for 

isolation of Epcam+ cells to grow lung organoids .

Type

Sex, 

F/M
Age, yr Smoking status Pack-years FEV1/FVC COPD GOLD Stage

Non-COPD 0/1 68 ES 15 73 NA

COPD  2/4

62 (52-

65)

CS/ES (1), CS (1), 

ES (4) 25 (15-58) 46 (21-58) I (1), II (2), IV (3)
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F/M: female or male; ES: exsmoking; CS: current smoking; FEV1/FVC: ratio between forced 

expiratory volume in 1 s (FEV1) and forced vital capacity (FVC); NA: not applicable. Values are 

median (interquartile range).

Table 1b. Demographics and clinical characteristics of patients whose lung tissue was used for 

isolation of Epcam+ cells to grow airway organoids .

Type
Sex, 

F/M
Age, yr Smoking status Pack-years FEV1/FVC COPD GOLD Stage

COPD 4/3 58 (54-61) ES (7) 25 (14-32) 28 (21-30) IV (7)

F/M: female or male; ES: exsmoking; CS: current smoking; FEV1/FVC: ratio between forced 

expiratory volume in 1 s (FEV1) and forced vital capacity (FVC); NA: not applicable. Values are 

median (interquartile range).

Table 1c. Available demographics and clinical characteristics of patients whose lung tissue was used 
for primary bronchial epithelial cell isolation and subsequent air-liquid interface culture.

Donor nr. Center Type Sex, F/M Age, yr Smoking status FEV1/FVC

1 MUMC Non-COPD M 73 ES 79

2 MUMC Non-COPD M 72 ES 70

3 UMCG Healthy Unknown Unknown Unknown NA

4 UMCG Healthy Unknown Unknown Unknown NA

5 UMCG Healthy Unknown Unknown Unknown NA

F/M: female or male; ES: exsmoking; FEV1/FVC: ratio between forced expiratory volume in 
1 s (FEV1) and forced vital capacity (FVC); NA: not applicable.

Exposure of mice to nylon microfibers or leachate

Mice were exposed with either 50 μl vehicle (0.05% BSA in PBS) for control groups, 50 μl 

75k (equivalent to 298 µg) or 150k nylon fibers (equivalent to 597 μg) nylon fiber 
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suspension, or equivalent amounts of 150k nylon leachate by intratracheal instillation as 

described before (4). Briefly, the mice were anesthetized by intraperitoneal injection with 

a combination of medetomidine (0.5 mg/kg bodyweight), midazolam (5 mg/kg 

bodyweight), and fentanyl (0.05 mg/kg bodyweight) and the trachea was intubated with a 

20G cannula (Braun, Melsungen) for instillation. Mouse lung tissues were collected 7 days 

after exposure. Each experimental group contained eight mice. 

Ex vivo whole lung imaging

To determine the distribution of nile red fibers in murine lung tissue, an IVIS system (Lumina 

II, Caliper/PerkinElmer, USA) was used for whole organ imaging of isolated lungs. In short, 

whole lungs were placed on a platform located in the center of the IVIS chamber and 

imaged (535/DsRed – excitation/emission). The fluorescence/white light images were 

acquired with Living Imaging 4.0 software (Caliper, Hopkinton, USA) to determine the 

fluorescence intensity and the 2D projected geometric area of the lung.

Cell cultures 

Mouse lung fibroblasts (CCL-206, ATCC, Wesel, Germany) or human lung fibroblasts (MRC5, 

ATCC, CCL-171) were cultured in 1:1 DMEM (Gibco, MD, USA) and Ham’s F12 (Lonza, 

Switzerland) or Ham’s F12 respectively, both supplemented with 10% heat inactivated fetal 

bovine serum (FBS, GE Healthcare Life Sciences), 100 U/ml penicillin-streptomycin, 2 mM 

L-glutamine and 2.5 μg/ml amphotericin B (all Gibco). Fibroblasts were cultured at 37°C 

under 5% CO2 and humidified conditions. For use in organoid cultures, near-confluent cells 

were proliferation-inactivated by incubation with 10 μg/ml mitomycin C (Sigma-Aldrich, 

MO, USA) in cell culture medium for 2 hours, after which they were washed in PBS, and left 

in normal medium for at least 1 hour before trypsinizing and counting.

To produce R-Spondin 1 or Noggin-conditioned media, HEK293T Noggin hFc cells or HEK293 

R-Spondin 1 hFc cells were cultured in DMEM (Gibco, MD, USA) with additional 100 U/ml 

penicillin-streptomycin and 10% FBS as described previously (5, 6). 
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Cell viability assay

10,000 murine Epcam+ cells were seeded per well in 96-well plates. After cell attachment, 

the cells were treated with 39 µg/mL nylon fibers, 39 µg/mL nylon leachate or 0.05% BSA 

as vehicle control. Cells treated with 10% DMSO were included as a positive control. After 

72h, MTS CellTiter 96 AQueous One Solution Reagent (Promega, Madison, WI, USA) was 

added to the cell culture medium and incubated for 120 min at 37 ˚C in a humidified 

atmosphere containing 5% CO2. The absorbance was determined at a wavelength of 490 

nm using a Synergy H1 plate reader (BioTek, Winooski, VT, USA).

Lung epithelial cell isolation

Mouse lung epithelial cell isolation

Epithelial cells were isolated from lungs of mice using antibody-coupled magnetic beads 

(microbeads) as described before. In short, mice were sacrificed under anaesthesia, after 

which the lungs were flushed with 0.9% NaCl and instilled with 75 caseinolytic units/1.5 ml 

dispase (Corning, NY, USA). After 45 minutes of incubation at room temperature, the lobes 

(excluding trachea and extrapulmonary airways) were homogenized in DMEM containing 

100 U/ml penicillin-streptomycin and 40 μg/ml DNase1 (PanReac AppliChem, Germany), 

washed in DMEM (containing penicillin, streptomycin and DNase1), and the digested tissue 

was passed through a 100 µm cell strainer. The suspension was incubated for 20 minutes 

at 4°C with anti-CD31 and anti-CD45 microbeads in MACS buffer and magnetically sorted 

using LS columns. The CD31−/CD45− flow-through was incubated for 20 minutes at 4°C with 

anti-CD326 (EpCAM) microbeads in MACS buffer, after which purified epithelial lung cells 

were obtained by positive selection using LS columns. CD326-positive epithelial cells were 

resuspended in CCL206 fibroblast medium, counted and seeded into growth factor-

reduced Matrigel matrix (Corning) immediately after isolation with equal numbers of 

CCL206 fibroblasts, as described below. All materials were purchased at Miltenyi Biotec 

(Germany) unless stated otherwise.
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Human lung epithelial cell isolation

Human lung epithelial cells were isolated from lung tissue specimens obtained from 

patients. Peripheral lung tissue was minced and dissociated in DMEM-containing enzymes 

(Multi Tissue Dissociation Kit) at 37°C using a gentleMACS Octo Dissociator. The cell 

suspension was filtered (70 µm and 35 µm strainer, respectively) prior to 20-minute 

incubation at 4°C with anti-CD31 and anti-CD45 microbeads in MACS buffer. The 

CD31−/CD45− fraction was obtained by negative selection using an AutoMACS. Epithelial 

cells were then isolated by positive selection after 20-minute incubation at 4°C with anti-

CD326 (EpCAM) microbeads in MACS buffer. Human EpCAM+ cells were resuspended in 

1:1 DMEM and Ham’s F12, supplemented with 10% heat inactivated FBS, 100 U/ml 

penicillin-streptomycin, 2 mM L-glutamine and 2.5 μg/ml amphotericin B, counted and 

seeded into growth factor-reduced Matrigel matrix (Corning) immediately after isolation 

with equal numbers of MRC5 fibroblasts. All materials were purchased at Miltenyi Biotec 

unless stated otherwise.

Lung organoid cultures

Lung organoids were grown as previously described with minor modifications (7, 8). For 

mouse lung organoids, 10,000 EpCAM+ cells and 10,000 CCL206 fibroblasts were seeded, 

and for human lung organoids, 5,000 EpCAM+ cells and 5,000 MRC5 fibroblasts were 

seeded in 100 μl growth factor-reduced Matrigel matrix (Corning) diluted 1:1 in 

DMEM:Ham’s F-12 1:1 containing 10% FBS, 100 U/ml penicillin-streptomycin, 2 mM L-

glutamine and 2.5 μg/ml amphotericin B into transwell 24-well cell culture plate inserts 

(Corning). Organoids were cultured in DMEM:Ham’s F-12 1:1 supplemented with 5% FBS, 

100 U/ml penicillin-streptomycin, 2 mM L-glutamine, 2.5 μg/ml amphotericin B, 4 ml/l 

insulin-transferrin-selenium (Gibco), 25 μg/l recombinant mouse (Sigma-Aldrich) or human 

epithelial growth factor (EGF, Gibco) and 700 μl/l bovine pituitary extract (Sigma-Aldrich). 

10 μM Y-27632 (Axon Medchem, the Netherlands) was only added to the medium during 

first 48 hours. All organoid cultures were maintained for 14 to 21 days at 37 °C under 5% 

CO2 and humidified conditions. Medium with or without 5 µM LE135 (TOCRIS #2021) was 

refreshed every two days.
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A titration curve for polyester or nylon microfibers was made with 2000, 3000, 4000 or 

5000 fibers per well corresponding to approximately 49, 73, 98 and 122 μg/ml of polyester 

fibers or 16, 23, 31, and 39 μg/ml of nylon fibers. For all other experiments, 5000 polyester 

or nylon reference fibers (equivalent to 122 μg/ml of polyester or 39 μg/ml of nylon) or 

environmental microfibers (equivalent to189 μg/ml polyester or 531 μg/ml nylon) were 

used per condition. 

Fibers were in direct contact with developing organoids during 14 days by mixing them with 

Matrigel and cells prior to seeding in the insert, except for those experiments studying 

effects of leaching nylon components. In those cases, 5000 polyester or nylon fibers were 

added on top of the organoids, thereby excluding physical contact between the microfibers 

and the developing organoids, or equivalent amounts of fiber leachate were added to the 

medium during 14 days of organoid culture. 

For testing the effects of nylon oligomers, concentrations between 27 ng/ml and 54 µg/ml 

were used: the latter concentration being twice as high as the used fiber concentrations 

(5000 fibers per condition). Oligomers were isolated and characterized as described before 

in the supplementary materials and methods. For testing the effects of other possible nylon 

leachates 0.001mM-10mM PEG600 (Merck # 1546467), 1-100 ng/ml Benzophenone-3, or 

2 ng/ml-2000ng/ml BPA (Sigma #133027) were added to media.

For testing the effects of nylon and its leachate on airway epithelial differentiation, 5000 

nylon fibers were mixed with Matrigel-cell suspension and cultured for 14 or 21 days, or 

5000 nylon fibers were added on top of the organoids, or equivalent amounts of fiber 

leachate were added to the medium during 14, or 7-14 or 14-21 days of organoid culture. 

The number of organoids was counted manually after 14 or 21 days of culturing using a 

light microscope. For mouse organoids, a distinction was made between airway and 

alveolar organoids, whereas for human organoids only one organoid phenotype was 

distinguished. The diameter of the organoids was measured using a light microscope 

(Nikon, Eclipse Ti), only including organoids larger than 50 µm in diameter.
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Human airway organoid culture (6)

20,000 human primary Epcam+ cells were resuspended with 5000 nylon fibers in Cultrex 

growth factor-reduced Basement Membrane Extract (BME2, R&D 3533-010-02). Droplets 

of 50 μl BME2-cell mixture were added on pre-warmed 24-well suspension culture plates 

(Greiner-M9312) at 37°C for 30 min. After solidification, 500 μl of advanced BMEM/F12 

medium (Invitrogen) containing human FGF7 (25ng/ml, Peprotech), human FGF10 

(100 ng/ml, Peprotech), 10% R-Spondin 1 conditioned medium, 10% Noggin-conditioned 

medium, ROCK inhibitor Y27632 (5 μM, Sigma), A83-01 (500 nM, Tocris), SB202190 (500 

nM, Sigma), nicotinamide (5 mM, Sigma), B27 supplement (Gibco), n-acetylcysteine (1.25 

mM, Sigma), HEPES (10 mM, Invitrogen), penicillin/streptomycin (100 U/ml, Invitrogen), 

primocin (50 mg/ml, Invitrogen) was added to each well. Medium with or without 2.5 µM 

LE135 was changed every 4 days. After 21 days, the total number of organoids was counted 

and the size of organoids was measured manually. The diameter of the organoids was 

measured using a light microscope (Nikon, Eclipse Ti), only including organoids larger than 

100 µm in diameter.

Primary bronchial epithelial cell isolation and air-liquid interface culture

Primary bronchial epithelial cells were isolated by the primary lung culture (PLUC) facility at 

MUMC+ as previously described (9, 10). In the UMCG, primary bronchial epithelial cells were 

acquired from tracheal-bronchial tissue through protease digestion. The tracheal-bronchial 

tissue was rinsed twice in Hanks' Balanced Salt Solution (HBSS, Lonza, Basel, Switzerland) 

supplemented with 1% penicillin (10,000 U/ml)/streptomycin (10,000 µg/ml) (P/S, Gibco). 

Any non-tracheal-bronchial tissue was then eliminated, and the remaining tissue was cut 

into small fragments. These fragments were placed in dissociation buffer, consisting of 

airway epithelial basal medium (AEBM, Promocell) supplemented with 1% P/S, 1.5 mg/ml 

protease type XIV (Sigma-Aldrich, Darmstadt, Germany) and 0.2 µl/ml DNase I (Roche, Basel, 

Switzerland), and left to incubate overnight at 4°C. The following day, the dissociation buffer 

was collected from the tissue, along with two additional HBSS washes. All the cells were 

collected by centrifugation for 5 minutes at 500g and counted using a Bürker-Türk counting 

chamber. The cells were then cryopreserved until further use.
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Primary bronchial epithelial cells  (5 x 105 cells, passage 1) were thawed, seeded and 

expanded in pre-coated flasks (coating: 10µg/ml BSA (Sigma, A8806-5g), 10 µg/ml human 

fibronectin (Sigma, F1056-1MG), 30 µg/ml PureCol Type I Bovine Collagen Solution 

(Advanced BioMatrix, 5005-B)) in airway epithelial growth medium (AEGM, Promocell) 

supplemented with 1% P/S (UMCG) or expansion medium including pneumacultTM-Ex sasal 

medium (StemCell Technologies, #5008), 1X pneumacultTM-Ex supplement (StemCell 

Technologies, #5019), 0.096µg/ml hydrocortisone (StemCell Technologies, #7925) and 100 

U/ml penicillin/100 μg/ml streptomycin (Gibco, 15140122) following the manufacturer’s 

protocol of pneumacultTM-Ex medium (MUMC). Every 2 days, primary bronchial epithelial 

cells were washed with HBSS (Gibco, 14175-129) followed by refreshment of the culture 

medium. When cells reached 80% confluency they were seeded (passage 3)  at a density of 

75.000 cells per pre-coated 0.33 cm2 ThinCert cell culture insert (Greiner) in AEGM (UMCG) 

or 40.000 cells per pre-coated 1.10 cm2 polyethylene terephthalate inserts (CellQART, 

9310412) in the pneumacultTM-Ex medium (MUMC). Cells were grown submerged until 

95% confluency, at which point primary bronchial epithelial cells were airlifted by removing 

apical medium and replacing the basolateral medium with ALI medium. The ALI medium 

contained DMEM (25 mM HEPES and 4.5 g/L glucose, Lonza) with AEBM in a 1:1 ratio 

supplemented with an AEGM growth supplement mix (Promocell), 1% P/S, 1.5 µg/ml BSA 

and 15 ng/ml fresh retinoic acid (Sigma) (UMCG) or pneumacultTM-ALI basal medium 

(StemCell Technologies, #5001), 1X pneumacultTM-ALI supplement, 1X PneumacultTM-ALI 

maintenance supplement, 4 µg/ml heparin solution (StemCell Technologies, #7980), 0.48 

µg/ml hydrocortisone (StemCell Technologies, #7925) and 100 U/ml penicillin/100 μg/ml 

streptomycin (Gibco, 15140122) following the manufacturer’s protocol of pneumacultTM-

ALI maintenance medium (MUMC). Every 2 days both apical and basolateral sides were 

washed with HBSS (Gibco) to remove excess mucus. Cultures were maintained at ALI for 26-

32 days at 37°C and 5% CO2 and continuously exposed to vehicle (0.05% BSA in PBS) or nylon 

microfibers from the basolateral side directly after cells attached to the inserts (day 1 after 

seeding, 40 µg/ml, donor 3-5, UMCG) or from the moment of airlifting (50 µg/ml, donor 1-

2, MUMC). Transepithelial electrical resistance was monitored at an approximately 7-day 

interval in ALI cultures using an epithelial tissue voltohmmeter (World Precision 
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Instruments). TEER (Ω·cm2) was corrected for the surface area of the inserts and 

background measurements of an empty coated insert without cells. 

RNA isolation, cDNA synthesis and real-time quantitative PCR

26 days after airlifting, total RNA was extracted from ALI cultures by lysis in TRIzol reagent 

(Invitrogen) and subsequent processing according to the manufacturer’s instructions. RNA 

quality and quantity was measured using a NanoDrop 1000 spectrophotometer (Thermo 

Scientific). 750 ng RNA was reverse transcribed into cDNA using M-MLV reverse 

transcriptase according to the manufacturer’s instructions (Promega). Real-time 

quantitative PCR was performed with 10 ng cDNA/reaction, 1 µM forward and reverse 

primers for the genes of interest (Table 2) and FastStart Universal SYBR Green Master (ROX, 

Roche) using a QuantStudio 7 Flex System. Gene expression levels were normalized to the 

average expression of housekeeping genes cyclophilin A and RPL13A by using the 2-ddCt 

method.

 Table 2. List and sequences of primers used in this manuscript

Gene Forward primer Reverse primer

Cyclophilin A CATCTGCACTGCCAAGACTGA TTCATGCCTTCTTTCACTTTGC

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA

Scgb1a1 TTCAGCGTGTCATCGAAACCC ACAGTGAGCTTTGGGCTATTTTT

KRT5 GGAGTTGGACCAGTCAACATC TGGAGTAGTAGCTTCCACTGC

TP63 CCCGTTTCGTCAGAACACAC CATAAGTCTCACGGCCCCTC

FOXJ1 TCGTATGCCACGCTCATCTG CTTGTAGATGGCCGACAGGG

Immunofluorescence organoid staining

Organoid cultures in Matrigel were washed with PBS, fixed in ice-cold 1:1 acetone and 

methanol (both Biosolve Chimie, France) for 15 minutes at -20°C and washed again with 

PBS after which nonspecific antibody-binding was blocked for 2 hours with 5% bovine 

serum albumin (BSA, Sigma-Aldrich). Organoids were incubated overnight at 4°C with the 

Page 54 of 81

 AJRCCM Articles in Press. Published November 16, 2023 as 10.1164/rccm.202211-2099OC 
 Copyright © 2023 by the American Thoracic Society 



17

primary antibodies (mouse anti-acetylated α-tubulin (Santa Cruz, TX, USA) and rabbit anti-

prosurfactant protein C (Merck, Germany)) both diluted 1:200 in 0.1% BSA and 0.1% Triton 

(Sigma-Aldrich) in PBS. Next, after extensive but gentle washing with PBS, organoids were 

incubated with the appropriate Alexa-conjugated secondary antibody for 2 hours at room 

temperature (Alexa Fluor 488 donkey anti rabbit IgG and Alexa Fluor 568 donkey anti 

mouse IgG, both Thermo Fisher Scientific) diluted 1:200 in 0.1% BSA and 0.1% Triton in PBS. 

Organoid cultures were washed with PBS, excised using a scalpel, mounted on glass slides 

(Knittel, Germany) using mounting medium containing DAPI (Sigma-Aldrich) and covered 

with a cover glass (VWR). Digital photomicrographs were captured at 200× magnification 

using a DM4000b fluorescence microscope and LAS V4.3 software (both Leica, Germany).

Organoid immunohistochemistry

To harvest organoids from the Matrigel, the basolateral supernatant was removed and 100 

µL warm (37 °C) dispase (Corning) was added apically. After 45 minutes, the Matrigel was 

dissolved and MACS rinsing solution was added to stop the reaction and allow transfer to 

an Eppendorf tube. Pipet tips were cut and coated with 3% BSA in PBS to prevent disruption 

of organoids and sticking of organoids to the pipet tip. The tubes were centrifuged at low 

speed (200g) for 3 minutes and the pelleted organoids were subsequently resuspended in 

4% PFA for fixation at room temperature for 10 minutes, followed by two PBS washes. The 

organoids were then resuspended in warm HistoGel (65 °C, Thermo Fisher) and left to 

solidify as a droplet for 30 minutes, before placing them in cassettes in 70% ethanol. The 

HistoGel droplet with organoids was then embedded in paraffin according to the standard 

protocol and cut into 4 µm sections.

Following deparaffinization, antigen retrieval was performed by heating the sections in 

citric acid (10 mM, pH 6.0) in a pressure cooker. After three PBS washes, sections were 

incubated in 0.5% Triton in PBS for 10 minutes, followed by three more PBS washes. 

Sections were subsequently blocked in 5% BSA 5% normal mouse serum (NMS, Invitrogen) 

in PBS or 5% BSA in PBS (ACT only) for 15 minutes, before adding the primary antibody 

(ACT, HoxA5, Ki67, P63, Pro-SPC or Scgb1a1, Table 3) in 2% BSA 5% NMS in PBS or 2% BSA 

in PBS (ACT only). After 1 hour incubation and three PBS washes, endogenous peroxidases 
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were blocked with 0.3% H2O2 in methanol or 3% H202 in methanol (ACT only) for 20 minutes. 

Sections were then washed twice in demi water and three times in PBS before adding the 

HRP-linked secondary antibody (Table 3) in the same diluents for 1 hour. After three PBS 

washes, staining was visualized using ImmPACT NovaRED HRP Substrate Kit (Vector 

laboratories) according to the manufacturer’s instructions and counterstained with 

Mayer’s Hematoxylin (Sigma). Sections were subsequently dehydrated, mounted in non-

aqueous mounting medium and imaged using an Olympus BX40 microscope. 

Representative pictures were selected for both nylon exposed and vehicle control.

ALI immunohistochemistry

30-32 days after airlifting, ALI cultures were washed 3 times in PBS and fixed by adding 4% 

PFA to both the apical and basolateral side of the inserts. After 1.5 hours, the inserts were 

washed in PBS and stored in 70% ethanol until further processing. Inserts were embedded 

in paraffin and 4 µm paraffin sections were stained using immunohistochemistry. For the 

Scgb1a1 staining, antigen retrieval was performed in citric acid (10mM; pH6) and all sections 

were blocked with 5% BSA (Sigma, A4503-10G) for 30 minutes at room temperature. 

Primary antibodies (FoxJ1, ACT, p63 and Scgb1a1) were incubated overnight at 4 °C at the 

indicated dilutions (Table 3).  Biotinylated secondary antibodies were incubated at room 

temperature for 1 hour (Table 3). The alkaline phosphatase kit (Vectastain AK-5000) in 

combination with the Vector blue AP substrate kit (Vector SK5300) were used to visualize 

the presence of the intended antigens. Sections were mounted with Vectamount (non-

aqueous, H-5000-60) and imaged using a Leica DM4 B Upright Microscope.

 Table 3. List of antibodies and dilutions used in this manuscript

Protein Product nr. Company Sample Dilution

Acetylated alpha-tubulin 
(ACT)

SC-23950 Santa Cruz mouse organoids 1:2000

Acetylated alpha-tubulin 
(ACT) 

T7451 Sigma ALI 1:20,000

FoxJ1 14-9965-82 Invitrogen ALI 1:200
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HoxA5 PA5-101638 Invitrogen mouse organoids 1:300

Ki67 AB15580 Abcam mouse organoids 1:200 

P63 AB124762 Abcam ALI/mouse organoids 1:200 

Pro-SPC AB90716 Abcam mouse organoids 1:800 

Scgb1a1 07 632 Millipore mouse organoids 1:2000

Scgb1a1 HM2178 Sanbio ALI 1:200

Goat-a-Rabbit IgG/HRP 4049-05 Southern 
Biotech

mouse organoids 1:300

Rabbit-a-Mouse IgG/HRP 6175-05 Southern 
Biotech

mouse organoids 1:300

Rabbit-a-Mouse 
IgG/Biotin

E0413 DAKO ALI 1:200

Swine-a-Rabbit 
IgG/Biotin

E0353 DAKO ALI 1:200

Isolation of epithelial cells and fibroblasts from organoid cultures

200,000 murine EpCAM+ primary cells and 200,000 CCL206 fibroblasts (n=4 independent 

isolations) were seeded in 1 ml Matrigel diluted 1:1 in DMEM containing 10% FBS in 6-well 

plates (Greiner Bio-One, The Netherlands). 12.000 or 30.000 nylon microfibers (equivalent 

to 2k and 5k fibers in smaller wells) were mixed with Matrigel and cells prior to seeding. 

Murine organoid culture medium was maintained on top and refreshed every two days. 

After 7 days, organoid cultures were digested with 50 caseinolytic units/ml dispase for 30 

minutes at 37°C, transferred to 15 ml tubes, washed with MACS BSA stock solution and 

autoMACS rinsing solution (both Miltenyi), and digested further with trypsin (VWR) diluted 

1:5 in PBS for 5 minutes at 37°C. The cell suspension was then incubated for 20 minutes at 

4°C with anti-EpCAM microbeads in MACS buffer, after which the suspension was passed 

through LS columns. Both the EpCAM+ (epithelial cells) and EpCAM− (fibroblasts) cell 

fractions were used for RNA isolation and subsequent sequencing. 
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Library preparation and RNA sequencing

Total RNA was isolated from EpCAM+ and EPCAM- cell fractions using a Maxwell® LEV 

simply RNA Cells/Tissue kit (Promega, WI, USA) according to manufacturer’s instructions. 

RNA concentrations were determined using a NanoDrop One spectrophotometer (Thermo 

Fisher Scientific). Total RNA (300 ng) was used for library preparation. Paired-end 

sequencing was performed using a NextSeq 500 machine (Illumina; mate 1 up to 74 cycles 

and mate 2 up to 9 cycles). Mate 1 contained the first STL (stochastic labeling) barcode, 

followed by the first bases of the sequenced fragments, and mate 2 only contained the 

second STL barcode. The generated data were subsequently demultiplexed using sample-

specific barcodes and changed into fastq files using bcl2fastq (Illumina; version 1.8.4). The 

quality of the data was assessed using FastQC. The STL barcodes of the first mate were 

separated from the sequenced fragments using an in-house Perl script. Low quality bases 

and parts of adapter sequences were removed with Cutadapt (version 1.12; settings: q=15, 

O=5, e=0.1, m=36). Sequenced poly A tails were removed as well, by using a poly T 

sequence as adapter sequence (T (100); reverse complement after sequencing). Reads 

shorter than 36 bases were discarded. The trimmed fragment sequences were 

subsequently aligned to all known murine cDNA sequences using HISAT2 (version 2.1.0; 

settings: k=1000, --norc). The number of reported alignments, k, was given a high number 

in order to not miss any alignment results (some genes have up to 62 transcripts). Reads 

were only mapped to the forward strand (directional sequencing). Fragment sequences 

that mapped to multiple genes were removed (unknown origin). When fragments mapped 

to multiple transcripts from the same gene all but one were given a non-primary alignment 

flag by HISAT2 (flag 256). These flags were removed (subtraction of 256) by the same Perl 

script in order to be able to use the Bash-based shell script (dqRNASeq; see below) that is 

provided by Bioo Scientific (Perkin Elmer, MA, USA). Fragments that mapped to multiple 

transcripts from the same gene were considered unique and were counted for each of the 

transcripts. The number of unique fragments (or read pairs) was determined for each 

transcript using the script provided by Bioo Scientific (dqRNASeq; settings: s=8, q=0, m=1). 

Counts that were used for further analysis were based on a unique combination of start 

and stop positions and barcodes (USS + STL). The RNAseq data have been deposited to the 

Gene Expression Omnibus GEO with dataset identifier GSE238065.
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Data analyses 

For RNA sequencing data, the principal component analyses were performed in R using the 

R package DESeq2 (version 1.26.0) to visualize the overall effect of experimental covariates 

as well as batch effects (function: plotPCA). Differential gene expression analyses (treated 

vs. nontreated) were performed with the same R package (default settings; negative 

binomial GLM fitting and Wald statistics; design=~mouse+condition), following standard 

normalization procedures. Genes with differential expression >2 (nylon-treated versus 

nontreated fibroblasts or epithelial cells) and a false discovery rate smaller than 0.05 (FDR) 

were considered differentially expressed in that specific cell type. Volcano plots were made 

in R studio using ggplot2 and clustering heat maps were made using BioJupies. Pathway 

analysis was done using Metascape. Cellular deconvolution of bulk RNA sequencing data 

from Epcam+ cells was done using MuSIC (11) with a single cell sequencing dataset from 

Angelidis et al. (12) for freshly isolated epithelial cells and a dataset from Choi et al. (13) for 

epithelial cells isolated from 7-day organoid cultures.

Statistics

Statistical analyses were either performed in GraphPad Prism 9·0 or in R studio (R Studio 

2022.02.2+485 "Prairie Trillium" Release). For data n<8 nonparametric testing was used to 

compare groups, whereas for n>8 parametric testing was used if data were normally 

distributed as assessed from QQ plots. For comparison of multiple groups, a Kruskall wallis 

or Friedman test was used for nonpaired or paired nonparametric data respectively with 

Dunn’s correction for multiple testing or a paired/unpaired one-way ANOVA for parametric 

data with Sidak’s correction for multiple testing. Differences in organoid size between 

groups were tested by using the average size of the organoids per independent replicate. 

Data are presented as median ± range and p-values <0·05 were considered significant.
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Supplementary tables and figures

Table E1. Size characteristics of polyester and nylon microfibers.
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Figure E1: Characterization of nylon and polyester microfibers using energy dispersive X-

ray and infrared spectroscopy. 

(A) EDX spectrum of polyester, confirming the presence of carbon (C) and oxygen (O), and 

additionally revealing the presence of titanium (Ti), which can be ascribed to small TiO2 

pigment particles used as filler material in these fibers. (B) µFTIR spectrum of polyester 

with characteristic absorbance peaks (2968 cm-1, C-H stretch; 1723 cm-1, C=O stretch; 

1246 cm-1, C-O stretch aromatic ester; 729 cm-1, benzene derivative). (C) EDX spectrum of 

nylon, confirming the presence of carbon (C), nitrogen (N) and oxygen (O). (D) µFTIR 

spectrum of nylon with characteristic nylon absorbance peaks (3302 cm-1, N-H stretch; 

2934 cm-1, C-H stretch; 1632 cm-1, C=O stretch sec. amide; 1202 cm-1, C-N bend).
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Figure E2: Determination of the optimal microfiber dose for subsequent in vitro testing 

of polyester and nylon microfibers, using 2000, 3000, 4000 and 5000 microfibers per 

condition. 

(A) The number of airway and alveolar organoids for organoids exposed to 15x52 μm 

polyester fibers (n=2 independent experiments). (B) The size of airway and alveolar 

organoids  exposed to 15x52 μm polyester fibers (n=2 independent experiments). (C) The 

number of airway and alveolar organoids exposed to 12x31 μm nylon fibers (n=2 

independent experiments). (D) The size of airway and alveolar organoids exposed to 
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12x31 μm nylon fibers (n=2 independent experiments). 2000, 3000, 4000 or 5000 fibers 

per well corresponded to approximately 49, 73, 98 and 122 μg/ml of polyester fibers or 

16, 23, 31, and 39 μg/ml of nylon fibers.
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Figure E3. Effects of nylon particles on growth of murine lung organoids. 

(A) Representative light microscopy images of the different treatment conditions. (B) 

Quantification of the numbers and the sizes of airway and alveolar lung organoids 
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exposed to different concentrations of irregularly shaped nylon particles of 1-5 µm or 5-

10 µm from the Momentum consortium (n=4 independent experiments).
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Figure E4. Nylon microfibers have no effects on proliferation of Epcam+ cells isolated 

from murine lung tissue.

(A) Viability of Epcam+ cells isolated from murine lung tissue as assessed by MTS assay at 

72 h after exposure to 39 µg/mL 12x31 µm nylon fibers, 39 µg/mL nylon leachate or 

0.05% BSA as vehicle control. DMSO-treated cells were included as a positive control. 

Each different symbol represents cells of a different mouse (n=3 mice). (B) Representative 
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light microscopy images of murine lung organoids after 7 days of treatment with 12x31 

µm nylon fibers (5000 fibers/well) or not and quantification of their numbers and sizes. 

Table E2. Size characteristics of polyester and nylon environmental microfibers.
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Figure E5. Characterization of the environmental microfibers using energy dispersive X-

ray - and infrared spectroscopy. EDX and µ-FTIR spectra of (A and B) polyester and (C and 

D) nylon microfibers.
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Figure E6. Characterization of components leaching from nylon microfibers and their 

effect on organoid growth. 

(A) Mass spectrometry spectrum of nylon leachate, revealing high amounts of cyclic nylon 

mono-, di- and trimers, as well as other smaller peaks. The effects of (B) cyclic nylon 
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mono-, di- and trimers, (C) PEG600, (D) Benzophenone-3 and (E) BPA on the number of 

airway and alveolar organoids and their sizes (n=2 or 3 independent experiments). 
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Figure E7. Nylon and its leachate do not affect the size of developing and established 

lung organoids or the barrier function of air-liquid interface cultures.

(A) Representative light microscopy images of all treatment conditions. (B-C) 

Quantification of sizes of airway and alveolar organoids following exposure to no or 5000 

nylon microfibers or leachate for 7, 14, or 21 days. (n=6). Groups were compared using a 

Friedman test with Dunn’s correction for multiple testing. P<0.05 was considered 

significant. (D) Effect of 4 weeks basolateral exposure of air-liquid interface cultures to 40-

50 µg/mL 12x31 µm nylon microfibers on their barrier function as measured by the 

transepithelial electrical resistance (TEER). Cultures were exposed upon or before 

airlifting. (E) mRNA expression of keratin 5 (KRT5), P63 (Trp63), Foxj1, and Scgb1a1 in air-

liquid interface cultures of human primary bronchial epithelial cells (n=3 donors) treated 

for 4 weeks from the start of culture with 40 μg/ml 12x31 µm nylon microfibers on the 

basolateral side.
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Figure E8. Immunohistochemical stainings for proliferation and differentiation of well-

developed (A) and less developed (B) air-liquid interface cultures treated with vehicle or 
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50 µg/mL 12x31 µm nylon fibers on the basolateral side upon airlifting for 4 weeks. Three 

technical replicates per donor and condition. Positive staining is blue. FOXJ1 and ACT: 

ciliated cell markers; P63: basal cell marker; Scgb1a1 = secretoglobin family 1A member: 

club cell marker.
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Figure E9. RNAseq analysis of epithelial cells exposed to nylon or not.

(A) Estimated proportions of cell types present in Epcam+ cells isolated from murine lung 

tissue. (B) Expression of EMT markers N-cadherin (Chd2), vimentin (Vim), T-box 

transcription factor 3 (Tbx3), snail family transcriptional repressor 2 (Snai2), Twist family 
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BHLH transcription factor 1 (Twist1), alpha smooth muscle actin (Acta2), and of 

epithelium-specific marker E-cadherin (Chd1) in Epcam+ cells isolated from murine lung 

organoids on day 7 of organoid cultures treated with and without nylon fibers (12x31 

µm). 2k: 2000 nylon fibers per insert; 5k: 5000 nylon fibers per insert. (C) Heatmap of 

genes differentially expressed by epithelial cells exposed to 2000 nylon fibers (equivalent 

to 16 μg/ml nylon) or 5000 nylon fibers (equivalent to 39 μg/ml nylon) or not. 

Upregulated genes are marked in red, downregulated genes in blue. Genes were selected 

with thresholds of fold change >2 and FDR<0.05. (D) Genes encoding factors important for 

epithelial development. (E) Genes encoding ribosomal family genes.
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Table E3: Markers associated with different epithelial populations in lung tissue.
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Figure E10. Expression of individual genes in fibroblasts isolated from organoid cultures 

exposed to nylon microfibers. 

(a) Genes associated with proliferation of fibroblasts. (b) Genes encoding factors 

produced by fibroblasts important for epithelial development (n=4 independent 

experiments). 2k= 2000 nylon fibers, 5k=5000 nylon fibers.
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Figure E11. Mouse body weights after exposure to nylon fibers (12x31 µm).

All mice were weighed on day 0 and day 7 (n=8). 
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Figure E12. In vivo exposure of mice to nylon fibers results in long-lasting inhibition of 

airway epithelial differentiation as assessed by organoid formation. Quantification of 

numbers and sizes airway and alveolar organoids derived from epithelial cells of mice 

exposed to 75,000 nylon fibers (75k, equivalent to 298 µg nylon) or 150,000 nylon fibers 

(150k, equivalent to 597 μg nylon) or the equivalent amount of 150k leachate with or 

without in vitro treatment with 5 µM of Hoxa5 inhibitor LE135 (n=8). The size of nylon 

fibers is 12x31 µm. (A) Airway numbers. (B) Alveolar numbers. (C) Airway size. (D) Alveolar 

size. Groups of nylon-treated mice were compared using a one-way ANOVA with a 

Dunnett’s correction for multiple testing. Organoid cultures derived from these mice and 

treated with LE135 were compared with a paired Student’s t test. P<0.05 was considered 

significant.
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