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Preface 

The work presented in this PhD thesis was carried out at the Department of 

Environmental Engineering at the Technical University of Denmark (DTU) 

and the National Research Centre for the Working Environment from August 

2017 to December 2020 under the supervision of Professor Anders Baun, 

Senior Researcher Jorid B. Sørli and Senior Researcher Karin S. Hougaard.  

 

The thesis is organised in two parts: the first part puts into context the findings 

of the PhD in an introductive review; the second part consists of the papers 

listed below. These will be referred to in the text by their paper number written 

with the Roman numerals I-VI. 

 

I Da Silva E and Sørli JB, 2018. Animal Testing for Acute Inhalation 

Toxicity: A Thing of the Past? Applied In Vitro Toxicology. 4, 89-90.  

doi: 10.1089/aivt.2017.0037 

 

II Sørli JB, Balogh Sivars K, Da Silva E, Hougaard KS, Koponen IK, Zuo 

YY, Weydahl IEK, Åberg PM, Fransson R, 2018. Bile salt enhancers for 

inhalation: Correlation between in vitro and in vivo lung effects, 

International Journal of Pharmaceutics. 550, 114-122. 

doi: 10.1016/j.ijpharm.2018.08.031 

 

III Larsen ST, Da Silva E, Hansen JS, Jensen ACØ, Koponen IK, Sørli JB. 

2020. Acute Inhalation Toxicity After Inhalation of ZnO Nanoparticles: 

Lung Surfactant Function inhibition In Vitro Correlates With Reduced 

Tidal Volume in Mice. International Journal of Toxicology. 39, 321-327. 

doi: 10.1177/1091581820933146. (joint first authorship) 

 

IV Da Silva E, Autilio C, Hougaard KS, Baun A, Cruz A, Perez-Gil J, Sørli  

JB, 2020. Molecular and biophysical basis for the disruption of lung 

surfactant function by chemicals. Biophysica et Biochimica Acta – 

Biomembranes. 1863, 183499. doi: 10.1016/j.bbamem.2020.183499. 

 



ii 

V Da Silva E, Baun A, Berggren E, Worth A, 2020. Optimising testing 

strategies for classification of human health and environmental hazards 

– A proof-of-concept study. Toxicology Letters. 335, 64-70.  

doi: 10.1016/j.toxlet.2020.10.008. 

 

VI Da Silva E, Hickey C, Ellis G, Hougaard KS, Sørli JB. An adverse 

outcome approach for in vitro prediction of immediate adverse lung 

effects following inhalation exposure. (Submitted to Current Research in 

Toxicology) 
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In addition, the following publications, not included in this thesis, were also 

concluded during this PhD study: 

Da Silva E, Kembouche Y, Tegner U, Baun A, Jensen KA, 2019. Interaction 

of biologically relevant proteins with ZnO nanomaterials: A confounding fac-

tor for in vitro toxicity endpoints. Toxicology in Vitro. 56, 41-51. doi: 

10.1016/j.tiv.2018.12.016. 

Sørli JB, Låg M, Ekeren L, Perez-Gil J, Haug LS, Da Silva E, Matrod MN, 

Gützkow KB, Lindeman B, 2020. Per-and polyfluoroalkyl substances 

(PFASs) modify lung surfactant function and pro-inflammatory responses in 

human bronchial epithelial cells. Toxicology in Vitro. 62, 104656, doi: 

10.1016/j.tiv.2019.104656. 

Hansen JS, Rosengren TS, Johansson HKL, Barfod KK, Larsen ST, Sørli JB, 

Da Silva E, Vogel UB, Hougaard KS, 2020. Pre-conceptional exposure to 

multiwalled carbon nanotubes suppresses antibody production in mouse off-

spring. Nanotoxicology. 14, 711-724. doi: 10.1080/17435390.2020.1755468. 

Autilio C, Echaide M, Cruz A, Mouton C, Hidalgo A, Da Silva E, De Luca 

D, Sørli JB and Perez-Gil J, 2020. Molecular and biophysical mechanisms 

behind the enhancement of lung surfactant function during controlled thera-

peutic hypothermia. Scientific Reports. (In press) 

Da Silva E, Vogel UB, Hougaard KS, Perez-Gil J, Zuo YY, Sørli JB. An ad-

verse outcome pathway of lung surfactant function inhibition leading to im-

mediate adverse lung effects. (Submitted to Current Research in Toxicology) 
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Summary 

To protect workers and consumers, requirements for the hazard identification 

of inhaled chemicals and particles are set under a number of regulatory 

schemes, such as the regulation for the Registration, Evaluation, Authorisation 

and Restriction of Chemicals. While toxicity testing has traditionally been 

based on animal testing, there are scientific, ethical, and regulatory incentives 

to move away from in vivo methods. The development of alternative methods 

to replace experimental animals has been the focus of much investigation and 

it was stated in the European chemical strategy for 2020 that “safety testing 

and chemical risk assessment need to innovate in order to reduce dependency 

on animal testing but also to improve the quality, efficiency and speed of chem-

ical hazard and risk assessments”. For hazard identification of airborne com-

pounds, an alternative method to the existing test guidelines in animals has yet 

to be developed and accepted for regulatory use. 

Unlike most studies focusing on in vitro cell models, the lung surfactant bio-

assay presented in this thesis is a cell-free system. The method is based on the 

study of lung surfactant, a complex mixture of lipids and proteins. One of the 

lung surfactant’s critical roles is to ensure effortless breathing by decreasing 

the surface tension at the air-liquid interface in the alveoli. The layer of lung 

surfactant is the first entity which inhaled chemicals and particles will encoun-

ter in the deepest part of the lungs. The lung surfactant coating the inside of 

the alveoli was identified as a toxicological target of inhaled compounds. 

In this context, the overall objective of this thesis was to further develop and 

characterise the lung surfactant bioassay as well as to investigate its adequacy 

and regulatory readiness for hazard identification of airborne compounds. The 

specific aims were (i) to investigate the mechanism of toxicity of inhaled com-

pounds for the lung surfactant function at the molecular level, (ii) to character-

ise the lung surfactant bioassay, (iii) to evaluate the suitability of the method 

to predict adverse lung effects in humans and in rodents, and finally (iv) to 

discuss the intended purpose and the regulatory readiness of the lung surfactant 

bioassay. 

Empirical evidence is provided that shows the mechanistic relationship be-

tween the interaction of airborne chemicals with lung surfactant (molecular 

initiating event) and lung surfactant function inhibition (key event 1). In addi-

tion, the series of key events initiated by the interaction of chemicals and par-

ticles with lung surfactant and leading to immediate adverse lung effects is 



vi 

presented. Using these observations as a foundation, the principles and proce-

dures of the lung surfactant bioassay are described. This thesis reports the use 

of the method with a large range of test compounds of relevance to workers 

and consumers and under different modes of exposure. A number of methodo-

logical considerations related to the test system and the testing conditions for 

studying lung surfactant function inhibition by airborne compounds are iden-

tified. These parameters can influence the measurements of surface activity of 

the lung surfactant before and during exposure to a test compound. 

The results of this thesis indicate that the bioassay is suitable to predict adverse 

lung effects in vivo occurring immediately after inhalation of airborne com-

pounds. Inhibition of the lung surfactant function in vitro correlated well with 

the decrease in tidal volume following exposure to bile salts, zinc oxide nano-

particles, impregnation spray products, and with respiratory clinical signs of 

toxicity occurring up to two hours post-exposure in rodents exposed to fra-

grance materials and industrial chemicals. Lung surfactant function inhibition 

was also observed for test compounds leading to adverse lung effects after hu-

man exposure. A number of weaknesses of the method were identified, the 

most important one being the estimation of inhibitory doses.  

The lung surfactant bioassay appears to be a valuable tool for assessing the 

potential for immediate adverse lung effects of airborne compounds. This is 

based on the mechanistic relevance of the method, the correlation with animal 

studies and few human case reports, and the closeness of the results within and 

between experiments. This thesis argues that, already at this stage, the method 

is ready for application in industry. Specifically, the lung surfactant bioassay 

can be used in the context of hazard screening and prioritisation of potential 

compounds of interest to move forward in development. The findings of this 

work will be of importance to the scientific community and industries for the 

production of chemicals and products with the potential to be inhaled.  
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Dansk sammenfatning 

For at beskytte arbejdstagere og forbrugere er der i lovgivningen (f.eks. EU's 

kemikalielovgivning – REACH) fastsat krav til fareidentifikation af kemikalier 

og partikler, som kan indåndes. Mens toksicitetstest traditionelt har været ba-

seret på dyreforsøg (in vivo studier), er der videnskabelige, etiske og regulato-

riske incitamenter til at bevæge sig væk fra in vivo metoderne. Der er derfor et 

stort fokus på udvikling af alternative metoder til erstatning for dyreforsøg, og 

i den nye europæiske kemikaliestrategi for 2020 er det anført, at ”sikkerheds-

testning og kemisk risikovurdering skal innoveres for at mindske afhængighe-

den af dyreforsøg, men også for at forbedre kvaliteten, effektiviteten og ha-

stigheden af vurderingen af kemiske farer og risici”. Der er endnu ikke udviklet 

og accepteret en regulatorisk anvendelig alternativ metode til fareidentifikation 

af luftbårne kemiske forbindelser som alternativ til de eksisterende retnings-

linjer for test på dyr.  

I modsætning til de fleste videnskabelige studier, der fokuserer på celler (in 

vitro studier), er det lungesurfaktant bioassay, der præsenteres i denne afhand-

ling, et cellefrit system. Metoden er baseret på undersøgelse af lungesurfaktan-

ten, der består af en kompleks blanding af lipider og proteiner. Lungesurfak-

tanten er et væskelag på indersiden af alveolerne, og det er dermed det første, 

som inhalerede kemikalier og partikler møder i den dybeste del af lungerne. En 

af lungesurfaktantens kritiske roller er at sikre ubesværet vejrtrækning ved at 

mindske overfladespændingen ved grænsefladen mellem luft og væske i alve-

olerne.  

Det overordnede mål med denne afhandling var at videreudvikle og yderligere 

karakterisere lungesurfaktant bioassayet og undersøge, om det er præcist nok 

og regulatorisk egnet som metode til at foretage fareidentifikation af luftbårne 

kemiske forbindelser. De specifikke mål var (i) at undersøge mekanismen for 

toksiciteten af inhalerede kemiske forbindelser for lungesurfaktanten på mole-

kylært niveau, (ii) at karakterisere lungesurfaktant bioassayet, (iii) at evaluere 

metodens egnethed til at forudsige uønskede lungeeffekter hos mennesker og 

gnavere, og endelig (iv) at diskutere det tilsigtede formål og lungesurfaktant 

bioassayets egnethed som regulatorisk metode.  

Resultater fra studierne i afhandlingen viser, at der er en klar sammenhæng i 

interaktion mellem luftbårne kemikalier og lungesurfaktanten og en efterføl-

gende begrænsning i lungesurfaktantens funktion. Derudover vises det, at en 

serie af reaktioner, der er initieret af interaktionen mellem lungesurfaktanten 
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og kemikalier og/eller partikler medfører øjeblikkelige skadelige effekter på 

lungerne. Principperne og procedurerne for lungesurfaktant bioassayet er ba-

seret på disse observationer. Denne afhandling dokumenterer brugen af meto-

den med en lang række forskellige kemiske forbindelser, der er relevante for 

arbejdere og forbrugere og under forskellige former for udsættelser. Der er 

identificeret en række metodologiske overvejelser relateret til testsystemet og 

betingelserne for studiet af, hvordan lungesurfaktanten i lungerne hæmmes af 

luftbårne forbindelser. Disse parametre kan påvirke målingerne af lungernes 

overfladeaktivitet før og under eksponering for en kemisk forbindelse, som 

skal testes. 

Resultaterne fra afhandlingen indikerer, at bioassayet er egnet til at forudsige 

uønskede lungeeffekter, der forekommer in vivo umiddelbart efter inhalation 

af luftbårne kemiske forbindelser. Hæmningen af lungesurfaktanten in vitro 

korrelerede godt med faldet i tidal volumen efter eksponering til galdesalte, 

zinkoksid nanopartikler, imprægneringssprayprodukter. Ligeledes var der god 

korrelation med respiratoriske kliniske tegn på toksicitet, der optræder op til to 

timer efter eksponering hos gnavere, der blev eksponeret for duftstoffer og in-

dustrielle kemikalier. Hæmning af lungesurfaktantens funktion blev også ob-

serveret for kemiske testforbindelser, der førte til uønskede lungeeffekter efter 

eksponering af mennesker. En række svagheder ved metoden blev dog også 

identificeret, hvoraf den vigtigste er udfordringer ved estimering af de inhibe-

rende doser. 

Lungesurfaktant bioassayet fremstår som et værdifuldt redskab til at vurdere 

luftbårne kemiske forbindelsers potentiale for øjeblikkelige bivirkninger. Dette 

er baseret på den mekanistiske relevans af metoden, sammenhængen med dy-

reforsøg og få rapporterede humane hændelser samt overensstemmelse mellem 

testresultater. Denne afhandling argumenterer for, at metoden allerede på dette 

tidspunkt er klar til anvendelse i industrien. Specifikt kan lungesurfaktant bio-

assayet bruges i forbindelse med farescreening og prioritering af potentielt in-

teressante kemiske forbindelser for at komme videre med udviklingen af dem. 

Resultaterne af dette arbejde vil være vigtige for forskningsverdenen og indu-

strier, som producerer kemikalier og produkter med potentiale til at blive ind-

åndet. 
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1 Background and aims 

Inhalation is the major route of exposure to airborne chemicals and particles 

(referred to as compounds thereafter). To protect the health of both workers 

and consumers exposed to airborne compounds, the classification and labelling 

of chemicals according to their intrinsic hazards is mandatory (Regulation (EC) 

No 1278/2008, Da Silva et al. 2020 - Paper V). The requirements for the hazard 

identification of inhaled substances and products are set under specific regula-

tory schemes such as the regulation for the Registration, Evaluation, Authori-

sation and Restriction of Chemicals (REACH Regulation, Regulation (EC) No 

1907/2006), the regulation on cosmetic products (Regulation (EC) No 

1223/2009), the regulation on biocidal products (Regulation (EU) No 

528/2012) and the regulation on plant protection products (Regulation (EC) No 

1107/2009). Toxicity studies must be performed according to good laboratory 

practices and validated test guidelines (TGs), such as those adopted by the Or-

ganisation for Economic Cooperation and Development (OECD). 

Acute inhalation toxicity testing investigates the adverse effects caused by air-

borne compounds following a single uninterrupted inhalation exposure of less 

than 24 hours. Three OECD TGs are currently adopted: TG 403 “Acute Inha-

lation Toxicity”, TG 436 “Acute Toxic Class Method”, and TG 433 “Acute 

Inhalation Toxicity, Fixed Dose Procedure”. Categorisation of the test com-

pounds in one of the five hazard classes of the Globally Harmonized System 

of Classification and Labelling of Chemicals relies on the estimation of the air 

concentration killing 50% of the exposed rodents (LC50) (GHS, UN 2019). The 

focus of acute inhalation toxicity testing is on systemic toxicity rather than on 

the local adverse effects of airborne compounds following inhalation. In this 

thesis, the phrase adverse lung effects is used to refer specifically to local ef-

fects in the lungs (Da Silva et al. 2021 - Paper VI). 

The structure and functioning of the rodent respiratory system is different from 

that of humans. For instance, the relative size of inhaled particles compared 

with the dimensions of the respiratory tract and the breathing frequency are 

greater in rodents (Da Silva et al. 2018 - Paper I). As a consequence, using rats 

or mice to predict the occurrence of adverse lung effects in humans after inha-

lation exposure to airborne compounds is debatable. It is essential to develop 

methods which are mechanistically, and physiologically relevant to humans. In 

addition, incentives at different levels prompt the adoption and implementation 

of alternative methods to animal testing. These are societal (“Stop Vivisection” 

European citizens’ initiative submitted to the European Commission in 2015 
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for example), regulatory (the use of experimental animals is only acceptable as 

a last resort according to REACH Regulation, and the development and use of 

alternative methods to animal testing is promoted in Directive 2010/63/EU), 

financial and ethical. 

Besides, despite the efforts to identify the hazard of airborne compounds to 

which consumers and workers are exposed, respiratory symptoms are regularly 

reported. In private homes, clinical signs of toxicity are described following 

inhalation of impregnation products (Laliberté et al. 1995, Burkhart et al. 1996, 

Malik et al. 2003, Lazor-Blanchet et al. 2004, Vernez et al. 2006, Duch et al. 

2014, Scheepers et al. 2017), household products (Tashiro et al. 1998, Khalid 

et al. 2009), ski wax (Bracco et al. 1998), humidifier disinfectant (Hong et al. 

2014, Kim et al. 2017), or smoke and vaping constituents (Siegel et al. 2019, 

Clapp et al. 2020). Accidental exposure of workers in occupational settings has 

also been documented, for example following exposure to cleaning products 

(Medina-Ramón et al. 2006, Vizcaya et al. 2015, Clausen et al. 2020), solvents 

(US Bureau of Labor Statistics 2017), and pesticides (Slavica et al. 2018). 

The symptoms range from immediate reactions to longer term effects depend-

ing on the nature of the inhaled substance (size, solubility, reactivity), its mech-

anism of toxicity (local versus systemic, cellular target, neuronal effect), the 

exposure (concentration, duration), the site of deposition in the respiratory tract 

and the physiological parameters of the person exposed (lung defence, immu-

nological status, exercise or rest state) (Winder et al. 2004). The clinical man-

ifestation often includes cough, chest tightness, and breathing difficulties 

(Alexeeff et al. 2002, Sørli et al. 2017). 

The exact mechanisms underpinning the occurrence of adverse lung effects in 

humans following inhalation exposure are not fully understood, but toxicolog-

ical targets have been suggested. For instance, the lung surfactant coating the 

inside of the alveoli was identified as a target of inhaled compounds (Duch et 

al. 2014, Larsen et al. 2014, Nørgaard et al. 2014). Lung surfactant has a fun-

damental role in ensuring effortless breathing by decreasing the surface tension 

at the air-liquid interface in the lungs, and it is the first entity which inhaled 

compounds will encounter in the alveolar region. Based on these observations, 

the lung surfactant bioassay assessing the functionality of the lung surfactant 

in vitro during exposure to airborne compounds appeared promising for hazard 

identification. 
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The overall objective of this thesis is to characterise the lung surfactant bio-

assay and to investigate its adequacy and regulatory readiness for hazard iden-

tification of airborne compounds. 

Therefore, the first aim is to investigate the mechanism of toxicity of inhaled 

compounds for the lung surfactant at the molecular level. A putative outcome 

pathway to adverse lung effects is outlined and the molecular and biophysical 

basis for inhibition of lung surfactant function by three chemicals is studied 

(addressed in Chapter 2 and Paper IV). An overview of the subsequent key 

events is then given. 

The second aim is to characterise the lung surfactant bioassay (addressed in 

Chapter 3). First, the composition, function and synthesis and recycling of lung 

surfactant is described. Second, the experimental protocol as well as a descrip-

tion of the method endpoints and the characterisation of the aerosols are pre-

sented. Last, methodological parameters influencing the results of the lung sur-

factant bioassay are addressed. 

The third aim is to evaluate the suitability of the lung surfactant bioassay to 

predict adverse lung effects in humans and in rodents (addressed in Chapter 4 

and in Papers II, III, VI). The results of the lung surfactant bioassay are as-

sessed in relation to adverse lung effects in humans. It is then investigated 

whether the lung surfactant bioassay can predict the occurrence of respiratory 

clinical signs of toxicity and of changes in the respiratory parameters in ro-

dents. 

The fourth aim of this thesis is to discuss the intended purpose and the regu-

latory readiness of the lung surfactant bioassay. Considerations on the applica-

bility domain of the method, the feasibility of in vitro dose estimations, and 

the closeness of the results within and between experiments are laid out.  
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2 Adverse outcome pathway for 

immediate lung effects 

Predicting the occurrence of an adverse outcome triggered by chemical or par-

ticle exposure at the individual or population level is complex but can be aided 

by identifying the series of perturbations at the molecular, subcellular, cellular, 

tissue, organ, and whole organism levels. The adverse outcome pathway con-

cept provides a framework to organise and integrate scientific information on 

the mechanism of toxicity of a compound into a series of key events which are 

documented and measurable (Figure 1). An adverse outcome pathway is a use-

ful tool to select essential key events and identify relevant assays which can be 

integrated in testing strategies for hazard identification and regulatory deci-

sions (OECD 2016). 

Inhalation exposure to airborne compounds can trigger a number of local ad-

verse effects in the respiratory tract from the nose to the alveoli. The respira-

tory regions where the inhaled chemicals or particles deposit depend on various 

parameters such as the size distribution, shape, or density of the compounds, 

and on the breathing pattern and airway geometry of the exposed organism 

(Hinds 1999, Löndahl 2009). 

Inhaled chemicals and particles reaching the deepest part of the lungs will first 

encounter the layer of lung surfactant covering the alveoli at the air interface. 

The lung surfactant has a fundamental role in ensuring effortless breathing by 

decreasing the surface tension at the air-liquid interface in the lungs. The com-

position, function, synthesis and recycling of lung surfactant are addressed in 

Chapter 3.  

The putative adverse outcome pathway 302 “Lung surfactant function inhibi-

tion leading to immediate adverse lung effects” was proposed to outline the 

series of biological key events starting with the interaction of an inhaled com-

pound with the lung surfactant and leading to immediate adverse lung effects 

(Figure 1) (aopwiki.org/aops/302). Lung surfactant function inhibition in hu-

mans following exposure to airborne compounds has been suggested 

(Yamashita et al. 1995, Lazor-Blanchet et al. 2004, Vernez et al. 2006, Sørli et 

al. 2017) but evidence is scarce (Duch et al. 2014). However, it has been 

demonstrated that the inhibition of the lung surfactant function (i) is a key 

event of the pathway leading to adverse lung effects in a number of respiratory 

conditions (e.g. acute respiratory distress syndrome, meconium aspiration syn-
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drome, or pulmonary alveolar proteinosis), and (ii) can be triggered by the in-

teraction with chemicals and particles (Figure 1). The following paragraphs 

and Figure 1 briefly describe the underlying evidence and biological plausibil-

ity of some of the key events related to lung surfactant function inhibition and 

leading to immediate adverse lung effects. 

2.1 Interaction with lung surfactant and function 

inhibition 
A key function of the lung surfactant is the reduction of the surface tension at 

the air-liquid interface in the alveoli (addressed in Chapter 3.1.2). The inhibi-

tion of lung surfactant function occurs mainly via two types of mechanisms. 

On one hand, the adsorption of the lung surfactant at the air-liquid interface 

can be compromised. This is the case for instance when serum competes with 

lung surfactant components for adsorption at the air-liquid interface (Taeusch 

et al. 2005, Zasadzinski et al. 2005, López-Rodríguez et al. 2012). On the other 

hand, the surfactant film itself can be perturbed. This is the case with biological 

components such as meconium (López-Rodríguez et al. 2012, Autilio et al. 

2018), albumin and fibrinogen (Gunasekara et al. 2008), cholesterol 

(Gunasekara et al. 2005, Gomez-Gil et al. 2009, López-Rodríguez et al. 2012), 

lysophospholipids (Holm et al. 1999) reactive oxygen species (Rodríguez-

Capote et al. 2006), and with airborne nanoparticles (Harishchandra et al. 2010, 

Hu et al. 2015, Valle et al. 2015, Yang et al. 2018). There is much less evidence 

for airborne chemicals. 

A range of methods allows the investigation of the interaction of test com-

pounds with the lung surfactant at the molecular level (e.g. epifluorescence 

microscopy, cryogenic electron microscopy) and to investigate the disruption 

of its biophysical properties (e.g. Langmuir films, differential scanning calo-

rimetry, captive bubble surfactometer, constrained drop surfactometer).  In a 

recent study, these methods were combined to investigate the molecular and 

biophysical events leading to the inhibition of the lung surfactant function by 

three industrial chemicals (Da Silva et al. 2021 - Paper IV) which had previ-

ously been tested in vivo for registration purposes and caused clinical signs of 

perturbed respiration in the exposed animals. The following observations, in-

dicating the interaction of the chemicals with the lung surfactant, were made: 

(i) the test chemicals intercalated between the phospholipids at the air-liquid 

interface, (ii) the stability of the films was reduced, and (iii) the cohesivity of 

the interface-associated multi-layered structures decreased. In agreement with 

a previous study, the interaction of the test chemicals with surfactant protein B 
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was suggested (Larsen et al. 2014). These structural perturbations supported 

the functional changes observed in vitro at the biophysical level: (i) increase 

in the minimum surface tension, (ii) increase in the compressibility of the sur-

factant films and (iii) loss of cooperativity of the main phase transition. Taken 

together, these results provide empirical evidence of the mechanistic relation-

ship between the interaction of airborne chemicals with lung surfactant (mo-

lecular initiating event) and lung surfactant function inhibition (key event 1) 

(Figure 1). 

Other mechanisms of toxicity of airborne compounds targeting the lung sur-

factant system can be involved. For example, by interacting with the synthesis 

and degradation processes of the lung surfactant, or by modifying its composi-

tion (Figure 1). Discussing these other mechanisms lies beyond the scope of 

this thesis. 

2.2 Subsequent key events 
A series of key events can occur subsequently to the inhibition of lung surfac-

tant function (Figure 1). 

Reduced lung volume. If the lung surfactant fails to reduce the surface tension, 

the alveoli will collapse (addressed in Chapter 3.1.2) (Notter et al. 1997). Al-

veolar collapse can be investigated by histology (Nørgaard et al. 2010). The 

resulting reduction of the lung volume can be measured in humans by spirom-

etry, and in animals by plethysmography (Sørli et al. 2017, Sørli et al. 2018 - 

Paper II, Larsen and Da Silva et al. 2020 - Paper III). Plethysmographs monitor 

breathing patterns in vivo continuously during exposure to a test compound 

(described in Chapter 4.2.2). 

Impaired oxygenation of the blood. The reduction of the lung volume corre-

sponds to a reduction in surface area for gas exchange in the lungs which can 

lead to the impairment of blood oxygenation. Severe hypoxemia was observed 

despite mechanical ventilation in individuals exposed to ski wax (Bracco et al. 

1998) and after inhalation exposure to an impregnation spray product (Duch et 

al. 2014). In addition, improved blood oxygenation was shown after instillation 

of lung surfactant in neonates with lung surfactant deficiency or meconium 

aspiration syndrome (Halliday et al. 1996, Lotze et al. 1998) and in animal 

models (Paranka et al. 1992, Sun et al. 1994). 

Loss of alveolar-capillary membrane integrity (key event 1498 in AOP wiki). 

If the collapsed alveoli are reopened by the force of inhalation, shear stress on 

the epithelium can damage the alveolar-capillary membrane and lead to the 



8 

loss of barrier function. This can be evaluated in vitro by measuring the trans-

epithelial electrical resistance in epithelial cell models. In vivo, blood extrava-

sation into the lungs (key event 1676 in AOP Wiki) can be evaluated by his-

tology (Nørgaard et al. 2010). In addition, the amount of total protein, neutro-

phils or pro-inflammatory cytokines in the bronchoalveolar lavage fluid ani-

mals can be quantified in animals (Nørgaard et al. 2010) and in humans 

(Albright et al. 2012). In the blood compartment, circulatory surfactant pro-

tein D was proposed as a promising biomarker of lung injury (Sørensen 2018).  

Immediate adverse lung effects. The combination of impaired oxygenation of 

the blood and extravasation of blood components in the alveoli leads to adverse 

lung effects. A number of clinical signs of toxicity can be observed in animals 

in guideline studies following inhalation exposure to airborne chemicals. 

Among them, changes in respiration occurring during or shortly after exposure 

to the test chemical are most likely related, at least partially, to the inhibition 

of the lung surfactant function (addressed in Chapter 4.2) (Da Silva et al. 2021 

– Paper VI). In humans, the clinical signs following inhalation exposure to 

toxic compounds include coughing, difficult breathing, tightness in the chest, 

fever and vomiting (Alexeeff et al. 2002, Sørli et al. 2017). 

The observations described in this chapter indicate that the interaction of air-

borne compounds with lung surfactant and the subsequent inhibition of lung 

surfactant function are well documented and measurable key events of the 

pathway leading to adverse lung effects. The next chapter, therefore, moves on 

to describe the lung surfactant bioassay as a method to investigate lung surfac-

tant function inhibition by airborne compounds of relevance to workers’ and 

consumers’ exposure. 

  



9 

Figure 1: Adverse outcome pathway (AOP) concept and putative AOP 302 triggered by airborne compounds. Potential links to AOP 173 and 

AOP 303 and to diseases triggered by biological components are indicated. References: [1] Larsen et al. 2014, [2] Sørli et al. 2015, [3] Duch et 

al. 2014, [4] Sørli et al. 2017, [5] Da Silva et al. 2021, [6] Larsen and Da Silva et al. 2020, [7] Harischandra et al. 2010,  [8] Hu et al. 2015, [9] 

Valle et al. 2015, [10] Yang et al. 2018, [11] Sørli et al. 2018, [12] Sørli et a l. 2020, [13] Nørgaard et al. 2010, [14] Albright et al. 2012, [15] 

Holm et al. 1999, [16] Lopez-Rodriguez et al. 2012, [17] Autilio et al. 2018, [18] Taeusch et al. 2005, [19] Zasadzinski et al. 2005, [20] Guna-

sekara et al. 2005, [21] Notter et al. 1997, [22] Bracco et al. 1998. Abbreviations: sPLA2: secretory phospholipase A2; PLs: phospholipids; SP: 

surfactant proteins; LPLs: lysophospholipids; FFA: free fatty acids.  
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3 The lung surfactant bioassay: 

background, description and 

methodological considerations 

The lung surfactant bioassay is an in vitro cell-free system to assess inhibition 

of lung surfactant function by airborne compounds at the air-liquid interface. 

This chapter is divided into three sections. The first part describes the compo-

sition, function, synthesis and recycling of lung surfactant (Figure 2) to provide 

the fundamentals for understanding the lung surfactant bioassay technology 

(Figure 3). The second part outlines the experimental protocol and the end-

points of the method. Lastly, methodological considerations on the test system 

and the test conditions are provided. 
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3.1 Lung surfactant definition 
The following section and Figure 2 describe the composition, function, synthe-

sis and recycling of lung surfactant. 

Figure 2: Illustration of the synthesis, and recycling of lung surfactant in the alveoli. Syn-

thesis of phospholipids and surfactant proteins occur in the alveolar epithelial cells type II. 

Surfactant in the form of lamellar bodies and tubular myelin adsorbs at the air-liquid inter-

face. Used surfactant is recycled, mainly in alveolar epithelial cells type II and macro-

phages. DPPC: dipalmitoylphosphatidylcholine. SP: surfactant protein.   
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3.1.1 Lung surfactant composition 

Lung surfactant is a mixture of approximately 90% lipids and 10% proteins 

(Goerke 1998). Among the phospholipids (PLs, 80%), zwitterionic phosphati-

dylcholine (PC, 60%) is the predominant species. Specifically, saturated dipal-

mitoylphosphatidylcholine (DPPC) is the most abundant phospholipid (40% of 

total lung surfactant). Other phospholipids such as unsaturated phosphatidyl-

glycerol and phosphatidylinositol account for 15%. Among the neutral lipids 

(NLs, 10%), cholesterol is the most abundant species (8% of total lung surfac-

tant). Four surfactant proteins (SP) with specific structures and roles have been 

identified (Orgeig et al. 2010). SP-A (6%) and SP-D (<0.5%) are hydrophilic 

collectins and SP-B (1%) and SP-C (1%) are small hydrophobic proteins. Aside 

from minor variations in specific lipid species, lung surfactant composition is 

similar between mammals (Postle et al. 2001). 

Two types of surfactant were used in the studies included in this thesis: native 

porcine surfactant purified from bronchoalveolar lavage, and Curosurf®, ex-

tracted from minced porcine lung tissue. Table 1 summarizes the percentage 

(by mass) of the main surfactant components in these two types of surfactant 

and in humans. 

Table 1: Molecular composition (% mass, unless stated otherwise) of native human surfactant, 
native porcine surfactant and Curosurf®.  

Surfactant Native human  Native porcine  Curosurf® 

PLs 80 80 99 

PC 80.5 85.4+2.1 78 

PG 9.1 6.1+0.8 1.2-3.5 

PI 2.6 3.0+0.4 3.3-7.2 

PE 12.3 4.8+1.0 4.5-7.5 

PS 0 Trace 1.2+1.1 

NLs 10 10 0 

cholesterol 7.3 5¤ 0 

SP 10 10 1 

SP-A 6  0 

SP-B 1 0.7* 0.45 mg/mL 

SP-C 1 0.4* 5.0-11.6 mg/mL 

SP-D 0.5  0 

Reference (Possmayer et al. 1984) (Bernhard et al. 1997) (Blanco et al. 2007) 

curosurf.com 

PL: phospholipids, PC: phosphatidylcholine, PG: phosphatidylglycerol, PI: phosphatidylinositol, 
PE: phosphatidylethanolamine, PS: phosphatidylserine, NL: neutral lipids, SP: surfactant-asso-
ciated proteins. * (Johansson et al. 1997). ¤ (Blanco et al. 2007) 
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Changes in lung surfactant composition have been observed in relation to age 

(ratio phosphatidylglycerol/phosphatidylinositol higher in adults than foetal 

and neonatal lungs of rats) (Veldhuizen et al. 1998), sex (before reaching lung 

maturity at least, in rabbits, rats and mice) (Khosla et al. 1979, Nielsen et al. 

1981, Torday et al. 1984, Carey et al. 2007) and temperature (changes in sur-

factant phospholipids composition in mammals) (Pérez-Gil 2008, Suri et al. 

2012, Suri et al. 2013, Autilio et al. 2018). 

3.1.2 Lung surfactant function 

The finely tuned composition in both fluid and rigid phospholipids along with 

the surfactant-associated proteins govern the functions of lung surfactant. First, 

lung surfactant contributes to the pulmonary host defence independently of the 

adaptive response of the immune system by opsonisation of microbial patho-

gens and by direct microbial killing (Carey et al. 2010). Specifically, the col-

lectins SP-A and SP-D can recognize specific patterns at the surface of the 

pathogens and mediate their clearance. Second, lung surfactant reduces the sur-

face tension at the alveolar air-liquid interface, to avoid water filling up the 

lungs, and specifically at the end of expiration to avoid alveolar collapse and 

ensure effortless breathing. 

Surface tension is the tendency of liquid surfaces to shrink into the minimum 

surface area possible. In the aqueous subphase in the alveoli, each molecule is 

subjected to the attraction of the surrounding molecules in all directions, re-

sulting in a net null force. In opposition, at the air-liquid interface, the mole-

cules at the surface experience much less attraction to the molecules in the air. 

The resulting force is directed towards the bulk of the liquid and causes surface 

tension (mN/m). Pure water at 37 °C has a surface tension of 70 mN/m. In the 

alveoli, the higher the surface tension at the interface between the aqueous 

subphase and the air, the lesser the pulmonary compliance (lung volume vari-

ation produced by a change in pressure across the lungs). At the end of expira-

tion, the surface pressure reaches its maximum value and the surface tension 

must be reduced to near zero values to avoid alveolar collapse (Notter et al. 

1997). 

Lung surfactant has three key biophysical properties (Parra et al. 2015). First, 

the surfactant membranes secreted by the alveolar epithelial cells type II adsorb 

rapidly (within seconds) at the air-liquid interface ((1) on Figure 2), reducing 

the surface tension from 70 mN/m to an equilibrium value of approximately 

20-25 mN/m. Second, the surface tension decreases to near zero values upon 
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lateral compression of the interface during exhalation. This phenomenon is al-

lowed by the enrichment of the interface in surface active phospholipids (es-

pecially DPPC) which can be tightly packed to form a condensed film, and the 

squeeze-out of less active surfactant molecules (e.g. unsaturated phospholip-

ids, neutral lipids, and hydrophobic proteins). SP-B and SP-C partition by pref-

erence into liquid-disordered domains containing fluid-like lipids (such as 

phosphatidylglycerol). Upon compression of the interface, the proteins leave 

the monolayer and drag unsaturated phospholipids with them, thus forming 

three-dimensional structures (reservoirs) associated with the air-liquid inter-

face (2). Together, SP-A, SP-B and SP-C stabilize these multi-layered interfa-

cial structures by facilitating membrane-membrane contacts and interact be-

tween themselves (SP-A/SP-B and SP-B/SP-C) (Canadas et al. 2020). Third, 

during inhalation, the lung surfactant film re-spreads effectively to replenish 

the increased interfacial area with lipids and proteins from the reservoirs to 

open the alveoli again. Unsaturated phospholipids and hydrophobic proteins 

are essential in promoting the re-spreading of the film (Keating et al. 2012). 

3.1.3 Lung surfactant synthesis and recycling 

The hydrophobic proteins SP-B and SP-C are synthesized in the endoplasmic 

reticulum of the alveolar epithelial cells type II as large precursors (3). They 

associate with the lipids and are secreted in the form of multi-layered lamellar 

bodies in the aqueous subphase (4). Hydrophilic proteins SP-A and SP-D are 

synthesised in the endoplasmic reticulum (5). SP-A associates with the lamel-

lar bodies in the presence of calcium. The tubular myelin (6) thus constituted 

adsorbs at the air-liquid interface to form a surface active film (Olmeda et al. 

2017). 

The “used” surfactant material at the air-liquid interface is recycled or de-

graded (7). About 20% is internalised into the alveolar macrophages’ phagoly-

sosomes (8) to be catabolised (Carey et al. 2010, Agassandian et al. 2013) and 

approximately 65% is either incorporated back into the lamellar bodies or ca-

tabolised via surfactant-protein mediated mechanisms in the alveolar epithelial 

cells type II (9) (Olmeda et al. 2017). Additionally, a smaller proportion of the 

used surfactant material goes to the upper airways via the mucociliary escalator 

(Pettenazzo et al. 1988). It is estimated that 10% of the alveolar pool of lung 

surfactant in rats is recycled every hour (Wright 1990). 
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3.2 The lung surfactant bioassay 
Several methods are available for the study of lung surfactant function and 

numerous improvements have been made since the development of the Lang-

muir-Wilhelmy film balance in the 1950s. The lung surfactant bioassay is a 

version of the constrained drop surfactometer (Yu et al. 2004, Zuo et al. 2008) 

optimized for its use to assess inhibition of the lung surfactant function by 

airborne compounds at the air liquid interface, in a flow-through system (Fig-

ure 3) (Sørli et al. 2016). 

Figure 3: Lung surfactant bioassay (top) and hypothetical representation of the phospholip-

ids and surfactant proteins SP-B and SP-C in the drop of lung surfactant on the pedestal 

(bottom). The aerosolised test compound deposits on the drop in the exposure chamber and 

a camera captures images to calculate the surface tension of lung surfactant before, during, 

and after exposure. 
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3.2.1 Experimental protocol 

A drop of lung surfactant is placed on a sharp edge pedestal ((1) on Figure 3) 

connected to a stepper motor syringe (2) filled with buffer to allow for accurate 

increments in the change of volume, and thereby the surface area, of the drop. 

The relative reduction in surface area of the drop (below 30%) and the fre-

quency of the cycles (20 cycles/min) are chosen to mimic normal breathing in 

humans. Pictures of the cycling drop are captured continuously (3,4) and ana-

lysed with the axisymmetric drop shape analysis software to yield surface ten-

sion values: an experimental drop profile is extracted from the image captured 

and compared to a theoretical profile calculated from the Young-Laplace equa-

tion of capillarity (Saad et al. 2008). For liquids, an aerosol of the test chemical 

is generated by pressurised air using a Pitt no.1 nebulizer (5) and is led from 

the top to the bottom of the chamber (6) with an air flow rate of 5 L/min (Sørli 

et al. 2017, Da Silva et al. 2021 - Paper IV, Da Silva et al. 2021 - Paper VI). 

We refer to Paper III for the generation of aerosols of solid particles (Larsen 

and Da Silva et al. 2020 - Paper III). A groove in the bottom plate is filled with 

water to make the connection between the bottom plate and the upper part of 

chamber airtight. A high-efficiency particulate absorbing (HEPA) filter is con-

nected to prevent over-pressure inside the chamber. To mimic the temperature 

in the human lungs, the pressurized air is heated to 37 °C, and the instrument 

is placed inside a heating box. A quartz crystal microbalance (7) placed close 

to the pedestal measures the deposited mass of the test compound in real time 

(QCM, Vitrocell® Systems GMBH, Germany). 

3.2.2 Method endpoints 

The lung surfactant bioassay evaluates the functionality of the lung surfactant 

by measuring the surface tension before, during and after exposure to a test 

compound. 

For each cycle, the surface tension of lung surfactant decreases when the drop 

is compressed, and it increases when the drop is expanded (Figure 4). In the 

remaining part of this thesis, minimum surface tension refers to the lowest 

value of surface tension reached upon compression (i.e. maximum surface area 

reduction) of the drop of lung surfactant. Prior to exposure in the lung surfac-

tant bioassay, the minimum surface tension of a well functioning lung surfac-

tant is below 5 mN/m. Upon exposure to a test compound, lung surfactant 

function inhibition is defined by the (permanent or transitory) rise in the mini-

mum surface tension over 10 mN/m. 
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The compressibility of the lung surfactant is another parameter of great interest 

for the study of lung surfactant functionality. It measures the decrease in sur-

face tension relative to the reduction in surface area (slope of the line connect-

ing the surface tension values at minimum and maximum surface areas) (Da 

Silva et al. 2021 - Paper IV) and it has been used to investigate the effects of 

biological components (Rachana et al. 2004, Saad et al. 2009, López-

Rodríguez et al. 2016, Autilio et al. 2017, Autilio et al. 2018, Autilio et al. 

2020), chemicals (Da Silva et al. 2021 - Paper IV) and nanoparticles (Valle et 

al. 2015, Yang et al. 2018) on the lung surfactant. A significant increase in the 

compressibility was observed after exposure to three test chemicals (Da Silva 

et al. 2021 - Paper IV). 

Monitoring both parameters (minimum surface tension and compressibility) is 

necessary to unravel the mechanisms of lung surfactant function inhibition in 

play (López-Rodríguez et al. 2012, Autilio et al. 2018, Autilio et al. 2020, 

Wang et al. 2020, Da Silva et al. 2021 - Paper IV). For instance, some proteins 

were shown to affect the compressibility of the film without increasing the 

minimum surface tension, suggesting changes in the elasticity of the f ilm dur-

ing compression rather than a direct effect of the compounds at the interface 

(Saad et al. 2009). In Paper IV, the low values of minimum surface tension and 

compressibility of lung surfactant could not be maintained following exposure 

to the three test chemicals, suggestive of a partial fluidisation of the tightly 

packed phase (Da Silva et al. 2021 - Paper IV). It is not known whether the 

extent of the changes in the minimum surface tension and the compressibility 

observed in the lung surfactant bioassay reflect the potency of the test com-

pound. 

Other endpoints can be readout from the lung surfactant bioassay. For instance, 

the maximum surface tension following exposure to a test chemical can inform 

on the quantity of active material efficiently reabsorbing at the air-liquid inter-

face of the expanded drop (Tashiro et al. 1998, Valle et al. 2015, López-

Rodríguez et al. 2016, Lugones et al. 2018). However, in the lung surfactant 

bioassay, this parameter seems to be less sensitive than the minimum surface 

tension and the compressibility. It was marginally reduced after exposure to 

carbon nanotubes and graphene oxide at the highest dose (Valle et al. 2015). 

Following exposure to the three test chemicals, the maximum surface tension 

was not perturbed in the lung surfactant bioassay but increased in the captive 

bubble surfactometer (Da Silva et al. 2021 - Paper IV). 
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3.2.3 Aerosol characterisation and dose estimation 

Aerosols generated in the lung surfactant bioassay are characterised by meas-

uring the particle size distribution using an Electrical Low Pressure Impactor 

(ELPI+, Dekati Ltd., Finland). The respirable fraction is the mass fraction of 

inhaled particles which penetrate into the unciliated airways. The aerodynamic 

diameter of respirable particles is defined to 4 µm according to the Interna-

tional Organization for Standardization (ISO 7708, ISO 1995). In the studies 

presented in this thesis, all droplets and particles generated had an aerodynamic 

diameter below 4 µm, i.e. in the respirable range. 

The amount (mass or moles per mg of lung surfactant) of test compound inter-

acting with the drop of lung surfactant can be estimated two ways. In the first 

method, the mass of test compound deposited on the drop of lung surfactant 

can be estimated by a quartz crystal microbalance (QCM, Vitrocell, Germany). 

In the lung surfactant bioassay, the QCM ((7) on Figure 3) is placed in the 

exposure chamber close to the pedestal and connected to the computer through 

a cable which is glued into a stopper to be easily removed and cleaned between 

the experiments. The QCM relates the change in frequency of the vibrating 

piezoelectric crystal to the deposited mass per unit area (ng/cm2). Knowing the 

surface area of the drop, the mass of compound settling onto the drop can be 

estimated in real time and over a large dose-range (0.02 – 200 µg/cm²) (Lenz 

et al. 2009). In the second method, the quantity (mass or moles) of test com-

pound interacting with the drop of lung surfactant can be estimated from the 

volume and concentration of liquid aerosolized in the Pitt no. 1 nebulizer ((5) 

on Figure 3). 

The inhibitory dose is defined as the amount (mass or moles) of test compound 

inhibiting the lung surfactant function in vitro. To calculate the inhibitory dose,  

the first drop picture when the minimum surface tension exceeds 10 mN/m is 

identified and the deposited mass (method 1), or volume aerosolised (method 

2), at the time of capture of this picture is extracted and expressed relative to 

the amount (mg) of lung surfactant. 

3.3 Methodological considerations 
A number of factors influence the biophysical properties of the lung surfactant  

such as the properties of the test system (concentration, origin, etc.), and the 

testing method parameters (cycling rate, cycling extent, etc.). These are ad-

dressed below. 
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3.3.1 Test system: lung surfactant 

According to the OECD guidance document on good in vitro method practices, 

test system refers to “any biological, chemical or physical system or a combi-

nation thereof used in a study” (OECD 2018). In the lung surfactant bioassay, 

the test system is the lung surfactant. 

PHOSPHOLIPIDS CONCENT RATION  

Lung surfactant is stored freeze-dried at -80 °C and diluted prior to testing. 

Experiments in the lung surfactant bioassay can be performed with a broad 

range of phospholipid concentration from 0.5 mg/mL to 10 mg/mL. The con-

centration of phospholipids directly affects the biophysical properties of the 

lung surfactant (addressed in Chapter 3.1.2): a higher phospholipid concentra-

tion facilitates the adsorption of phospholipids at the air-liquid interface which 

reduces the minimum surface tension upon compression, and reduces the time 

(number of cycles) necessary to reach low values of surface tension. 

 

Figure 4: A-Surface tension of lung surfactant at 0.5 mg/mL, 1.0 mg/mL and 2.5 mg/mL in 

absence of test compound. B-Surface tension of lung surfactant at 1.0 mg/mL and 10 

mg/mL before (“baseline”) and after exposure to approximately 450 ng/cm2 ZnO nanopar-

ticles. The red dashed line represents a threshold for lung surfactant inhibition. The yellow 

dashed line at 5 mN/m represents the upper limit of the minimum surface tension of a well 

functioning lung surfactant. 
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A study was conducted to identify the optimal phospholipid concentration in 

the lung surfactant bioassay to allow for low values of minimum surface ten-

sion with a minimum compression of the drop. Figure 4A illustrates the first 

8 cycles of a drop of lung surfactant at 0.5 mg/mL (top), 1.0 mg/mL (middle) 

and 2.5 mg/mL (bottom). It is evident that more compression-expansion cycles 

are necessary for the minimum surface tension to reach values below 5 mN/m 

(yellow dashed line) in the least concentrated lung surfactant (5 cycles in the 

lung surfactant at 0.5 mg/mL, 1 cycle in the lung surfactant at 1 and 

2.5 mg/mL). It is also evident that the maximum surface tension decreases with 

increasing phospholipid concentration, showing better adsorption of the sur-

factant films at the air-liquid interface following expansion of the drop. 

Beyond the differences in surface activity of lung surfactant control, the phos-

pholipid concentration affects the changes in surface tension following expo-

sure to a test compound. Figure 4B illustrates the surface tension of lung sur-

factant at 1 mg/mL (top) and 10 mg/mL (bottom) after exposure to the same 

amount of ZnO nanoparticles (approximately 450 ng/cm2). It is apparent that 

the minimum surface tension of the less concentrated material increases sig-

nificantly and exceeds 10 mN/m (lung surfactant function inhibition, red 

dashed line) opposite to the most concentrated surfactant for which the mini-

mum surface tension remains below 5 mN/m (yellow dashed line). 

The results depicted in Figure 4A and 4B were obtained from different batches 

of Curosurf®. The maximum surface tension of lung surfactant at 1.0 mg/mL 

was different between the drops of different batches (middle row panel A and 

top row panel B). This apparent intrinsic variability of the surface activity of 

lung surfactant, even prior to exposure, is mainly due to the animal origin of 

the test system as discussed below. 

LUNG SURFACTANT ORIGI N  

Both native lung surfactant purified from bronchoalveolar lavage fluid and Cu-

rosurf® derived from minced lungs were used as test systems in the studies 

included in this thesis. Variations in surface activity were observed across sam-

ples due to intrinsic variability of the lung surfactant between pigs, and/or in-

troduced during the extraction, purification and storage of the material.  

Although lung surfactant of human origin would be an ideal test system to in-

crease the physiological relevance of the lung surfactant bioassay, obtaining 

human material is not without constraints: ethical approval required, increased 

variability (age, sex, pre-existing condition, disease, medication, smoking 
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etc.), smaller amounts retrieved, and unforeseeable availability (dependent on 

medical procedures). Porcine lung surfactant is preferred for the following rea-

sons: its composition is similar to that of human origin (Table 1), the variability 

among porcine surfactants is much less (absence of pre-existing conditions, 

controlled age and sex), and the cost is low (native purified lung surfactant can 

be obtained for free from slaughterhouses, and the cost of Curosurf® for the 

screening of one test chemical was estimated to 0.07 euros) (Da Silva et al. 

2018 - Paper I). 

No significant differences in the surface activity of native lung surfactant and 

Curosurf® (minimum surface tension and compressibility) were observed prior 

to exposure to the three test chemicals (Da Silva et al. 2021 - Paper VI). How-

ever, it was suggested that Curosurf® is partially inhibited per se because it is 

obtained from minced lung tissue which could possibly contain inhibitory se-

rum proteins (Blanco et al. 2007). This means that Curosurf® could be more 

prone to inhibition when exposed to chemicals or particles. 

An acceptance criteria related to the lung surfactant’s essential surface activity 

was established as a quality control of the test system: the minimum surface 

tension must be below 5 mN/m with a surface area compression of less than 

30% before exposure. When this is not the case, the data must be discarded and 

a new experiment must be conducted with a surfactant from the same batch or 

from a different batch depending on the suspected cause for non-functionality 

(intrinsic to the test system or external). The acceptance criteria also serves as 

a control for the cleanliness of the system: when performing consecutive ex-

periments, it is important to ensure that the pieces of equipment (especially the 

pedestal, and the tubing connected to the syringe) are free from inhibitory com-

pounds. 

3.3.2 Test conditions 

A number of test conditions can influence the measurements of surface activity 

of the lung surfactant before or during exposure to a test compound. The most 

important will be discussed in the following paragraphs. These parameters 

must be defined and controlled in the lung surfactant bioassay.  
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CYCLING RATE  

The drop of lung surfactant is subjected to continuous compression-expansion 

cycles during the entire experiment to mimic the changes in surface area of the 

alveoli during breathing. The studies included in this thesis were performed at 

a rate of 20 cycles/min but more rapid rates can be implemented to study the 

effects of inhaled compounds on the lung surfactant function under specific 

circumstances such as during physical activity. The fastest rate attainable was 

not investigated and has not been reported in the literature. 

Prior to exposure of lung surfactant to a test compound, the decrease of the 

cycling rate from 20 cycles/min to 6 cycles/min did not have a significant effect 

on surface tension values (Acosta et al. 2007). During exposure however, the 

relative importance of the cycling rate is still debated in the literature and 

seems to be related to the mechanism of inhibition in play. 

The cycling of the drop of lung surfactant in vitro promotes the recycling of 

inhibited surfactant films from the air-liquid interface to the reservoirs and the 

adsorption of functional components instead. It can be suggested that a higher 

cycling rate replaces more efficiently inactive components with active compo-

nents, thus having a “protective effect” against inhibition. This hypothesis was 

supported by the study of lung surfactant function inhibition by plasma pro-

teins showing that slow cycling rates were necessary to facilitate the competi-

tion of plasma proteins with lung surfactant components at the air-liquid inter-

face (Zasadzinski et al. 2005, Saad et al. 2009, Autilio et al. 2020). On the 

other hand, inhibition of surfactant function by albumin seemed to be inde-

pendent of the cycling rate (Kharge et al. 2014). Thus, it is important to ensure 

that comparison of results across studies is performed at equal cycling rate.  

CYCLING EXTENT  

In the studies included in this thesis the drop of lung surfactant was cycled with 

a relative reduction in the surface area of less than 30% in agreement with the 

compression of the human lungs during tidal breathing at 40-100% of the total 

lung capacity (Bachofen et al. 2001). 

Prior to exposure, and at equal phospholipid concentration, a greater compres-

sion of the drop (i.e. a greater reduction of the surface area) lowers the mini-

mum surface tension (addressed in Chapter 3.1.2) (Acosta et al. 2007). During 

exposure, the compression ratio was reported to influence the inhibition of the 

lung surfactant function by albumin in situ (Kharge et al. 2014). This is in 
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agreement with the accepted model of the phospholipids rearrangement occur-

ring during compression and expansion (Serrano et al. 2006). It can be hypoth-

esized that supraphysiological compression and expansion of the surface area 

disturb the surfactant film integrity at the air-liquid interface and promote the 

disruptive effects of airborne compounds. 

LUNG SURFACTANT EXPOSURE  

The lung surfactant bioassay has the great advantage of allowing different 

modes of exposure of the lung surfactant to the test compound: (i) at the air-

liquid interface, via aerosolisation of liquid chemicals (Sørli et al. 2016, Sørli 

et al. 2017, Da Silva et al. 2021 - Paper IV) and particles (Larsen and Da Silva 

et al. 2020 - Paper III), (ii) in bulk, via direct mixing with the lung surfactant 

prior to deposition on the pedestal (Sørli et al. 2020), and (iii) via injection (or 

deposition) of the compound in (or on) the pre-formed surfactant drop (Sørli et 

al. 2018 - Paper II). Finally, test compounds can be added in the syringe con-

nected to the pedestal and injected in the bulk phase of the drop, under the air-

liquid interface to mimic the leakage of blood components into the alveoli 

(Saad et al. 2009, Autilio et al. 2021). 

The mode of exposure of lung surfactant to the test compounds can influence 

the modifications of the biophysical properties. In Paper IV, the inhibition of 

lung surfactant function by three industrial chemicals was investigated in two 

testing methods. In the lung surfactant bioassay, the test chemicals were aero-

solised and the lung surfactant was exposed at the air-liquid interface in the 

flow-through exposure chamber. In the captive bubble surfactometer, the test 

chemicals were deposited below the surface of a pre-formed lung surfactant 

bubble in the air-tight exposure chamber. Interestingly, one chemical signifi-

cantly increased the minimum surface tension and compressibility of lung sur-

factant in the captive bubble surfactometer but not in the lung surfactant bio-

assay. These differences were attributed to the high volatility of this chemical 

(Da Silva et al. 2021 - Paper IV). Differences in the dose of chemical interact-

ing with lung surfactant may also be responsible for the observed discrepan-

cies. However, the quantification of the exact amount of test compound inter-

acting with lung surfactant is not trivial (addressed in Chapter 5) and was not 

performed in this study. Similarly, differences in the inhibition of the lung sur-

factant function by proteins (serum, albumin, fibrinogen, and cholesterol) were 

observed when the inhibitors were either mixed with the surfactant or injected 

under the pre-formed surfactant film (Saad et al. 2009). 
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The most relevant mode of exposure to predict the effects of inhaled com-

pounds in exposed individuals is via aerosolisation at the air-liquid interface. 

However, in some instances aerosolisation might be difficult (highly viscous 

liquid or poorly aerosolisable particles), or too hazardous for the operator in 

the current setting of the laboratory. Direct mixing and injection also have the 

advantage to facilitate the calculation of inhibitory doses in vitro. On the other 

hand, (i) mixing the test compounds with lung surfactant in a vial, prior to 

deposition on the pedestal prevents the formation of a surfactant film at the air-

liquid interface as it is the situation in the human lungs, and (ii) injection or 

deposition of the test compound on a pre-formed surfactant drop can disrupt 

the interfacial film. 

TEMPERATURE  

The composition, the structure, and subsequently, the function of lung surfac-

tant is highly dependent on temperature. In summary, changes in the surfac-

tant’s lipids composition was demonstrated during long periods at decreased 

temperature in hibernating animals (Suri et al. 2013) as well as in neonates 

subjected to whole-body hypothermia (Autilio et al. 2017, Autilio et al. 2018). 

Beyond the lipid profile, the complex structure of lung surfactant depends on 

the temperature. Under physiological conditions, the surfactant film at the air-

liquid interface and in the surface-associated layers is at the edge between a 

fluid-ordered phase and a fluid-disordered phase (Bernardino de la Serna et al. 

2004, Cruz et al. 2007, Da Silva et al. 2021 - Paper IV). At equal phospholipid 

content, a decrease or increase in the temperature will affect the overall fluidity 

of the surfactant film, i.e. its ability to rapidly adsorb at the interface initially 

and to efficiently re-adsorb during rapid dynamic cycles. Consequently, the 

function of the lung surfactant is temperature-dependent. In the lung surfactant 

bioassay, it has been shown that the minimum surface tension of lung surfac-

tant at 1.5 mg/mL and 2.5 mg/mL reaches values below 5 mN/m more rapidly 

at 33 °C compared to 37 °C (Autilio et al. 2021). 

Further, it has been demonstrated that the oscillation frequency of the micro-

balance’s crystal varies with the temperature (Ryu et al. 2003, Li et al. 2017, 

Li et al. 2019). In the lung surfactant bioassay, large drifts in the measured 

deposited dose were noticed with unstable temperature. To control the temper-

ature in the lung surfactant bioassay, the exposure chamber and the aerosol 

generator are placed in a heated box, and the pressurized air is heated at the 

source. To record the temperature, a temperature logger (Tinytag Plus 2, TGP-



25 

4017, Gemini Data Loggers Ltd) is placed in the exposure chamber close to the 

pedestal. 

One constraint of performing experiments at 37 °C is the slow evaporation of 

the water from the drop of lung surfactant over time. However, injection of 

small volumes of liquid during the normal compression-expansion cycles to 

replace evaporated water is feasible and does not significantly disturb the drop. 

DISTURBANCE OF SURFACE TENSION MEASUREMENTS  

In the lungs, relative humidity is close to 100%. It was shown that the surface 

activity of lung surfactant depends on the humidity (Acosta et al. 2007). In the 

lung surfactant bioassay, a high relative humidity would interfere with the ray 

of light illuminating the drop and disturb the detection of the drop profile for 

surface tension measurements.   

Overall, Chapter 3 provided the fundamentals for understanding the lung sur-

factant bioassay technology and presented a number of methodological consid-

erations related to the reliability of the method. The chapter that follows ex-

plores the correlation of the results of the lung surfactant bioassay in vitro with 

immediate adverse lung effects observed in vivo. 
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4 In vitro prediction of adverse lung 

effects 

The correlation of the results of the lung surfactant bioassay with case reports 

in humans and with data from animal experiments was assessed in multiple 

studies (Sørli et al. 2017, Sørli et al. 2018 - Paper II, Larsen and Da Silva et al. 

2020 - Paper III, Da Silva et al. 2021 - Paper IV, Da Silva et al. 2021 - Paper 

VI). 

4.1 Adverse lung effects in humans 
Numerous cases of adverse lung effects have been reported following exposure 

to airborne compounds, in private homes and at the workplace, but the exact 

mechanism of toxicity has rarely been elucidated. A notable study described 

the hospitalisation of 39 individuals presenting respiratory clinical signs within 

the first hour from exposure to a tile coating product sprayed in a supermarket. 

Inhibition of the lung surfactant function was identified in vitro as a key event 

of the mechanism of toxicity of the product (Duch et al. 2014). Following this 

observation, a study was carried out to further examine the role of lung surfac-

tant function inhibition in adverse lung effects following exposure to impreg-

nation spray products. Remarkably, each of the products (6/6) responsible for 

clinical signs of toxicity in humans inhibited lung surfactant function in vitro 

(Sørli et al. 2017). Analysing the results of the lung surfactant bioassay in view 

of case reports of adverse lung effects in humans would be the best assessment 

of the system’s predictivity but it is difficult to conduct in practice. The barriers 

to overcome for this type of comparisons and recommendations for future re-

search are addressed in Chapter 6. 

4.2 Adverse lung effects in rodents 
To overcome the limitations and scarcity of human case reports, the inhibition 

of the lung surfactant function was investigated in relation to data from rodent 

exposure. 

4.2.1 Clinical signs of toxicity in guideline studies 

According to the available OECD TGs for acute inhalation toxicity, the test 

compound’s LC50 (air concentration killing 50% of the exposed rodents) is es-

timated. In addition, cageside observations of clinical signs of toxicity in the 

rodents can be reported during exposure and up to 14 days post-exposure. 

When described, these observations are available in the REACH registration 
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dossiers. A study was conducted to investigate the inhibition of lung surfactant 

function in vitro for 26 chemicals tested for acute inhalation toxicity according 

to OECD TG 403 and 436. Criteria for selecting the test chemicals were as 

follows: study “reliable without restriction”, animals exposed “nose only”, 

“head only” or “nose/head only”, and chemical classification under category 3, 

category 4, or “conclusive but not sufficient for classification”.  In the collected 

registration dossiers, clinical signs of respiratory toxicity occurring within two 

hours post-exposure, in at least one exposed animal of the test group were iden-

tified and compared to the results of the lung surfactant bioassay.  

17 out of the 21 chemicals causing immediate adverse lung effects inhibited 

lung surfactant function in vitro (Da Silva et al. 2021 - Paper VI). The limita-

tions to the use of historical data from registration dossiers for the evaluation 

of alternative methods are addressed in Chapter 6.2. Specific to inhalation tox-

icity, the accurate measurements of breathing patterns in exposed animals in-

stead of loose cageside observations is advisable. The relevance and informa-

tive quality of such data to investigate the predictivity of the lung surfactant 

bioassay for immediate adverse lung effects is addressed in the following sec-

tion. 

4.2.2 Breathing patterns measured by plethysmography 

In whole-body plethysmographs, the animals are exposed head out to the aeroso-

lised test compound and the breathing patterns are monitored in real time. The 

animal’s body is placed in an airtight chamber, and the variation of pressure in-

duced by the respiratory movements of the animal in the chamber is measured for 

determination of breathing parameters during and after exposure. Specific 

changes in breathing patterns following inhalation exposure can be informative 

of the mechanisms of toxicity of the compound (Vijayaraghavan et al. 1993). 

As addressed in Chapter 2, inhibition of the lung surfactant function can lead 

to the collapse of the alveoli. Reduction of the lung volume available for 

breathing due to alveolar collapse is observed as a reduction in the tidal volume 

in plethysmography studies. For this reason, a series of studies were conducted 

to compare the decrease in tidal volume in vivo with inhibition of the lung 

surfactant function in vitro. Across studies, all test compounds (27/27) respon-

sible for a significant (30-60%) decrease in tidal volume of the exposed mice 

inhibited the lung surfactant function in vitro (Sørli et al. 2015, Sørli et al. 

2017, Sørli et al. 2018 - Paper II, Larsen and Da Silva et al. 2020 - Paper III). 
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4.3 Quantitative correlation of in vitro and in vivo 

results 
The correlations discussed above were qualitative: lung surfactant function in-

hibition in vitro was compared to the presence or absence of immediate adverse 

lung effects (Chapter 4.2.1), or to the reduction or not of the tidal volume in 

vivo (Chapter 4.2.2). The present section describes the characterisation of the 

aerosols in the mouse bioassay, and discusses quantitatively the correlation of 

the results in vitro and in vivo. 

In the mouse bioassay, the test compound’s air concentration in the chamber is 

measured by sampling of the generated aerosols on a filter for gravimetrical 

analysis for the entire duration of the animal exposure (Nørgaard et al. 2010, 

Sørli et al. 2015, Sørli et al. 2017, Sørli et al. 2018 - Paper II, Larsen and Da 

Silva et al. 2020 - Paper III). The inhibitory dose in vivo can be estimated by 

multiplying the measured air concentration by the tidal volume, the breathing 

frequency, and the duration of exposure. In the studies included in this thesis, 

all droplets and particles generated have an aerodynamic diameter below 4 µm, 

i.e. in the respirable range. 

For comparison to the results of the lung surfactant bioassay, the inhibitory 

dose in vivo is expressed in µg (or µmol) of test compound per mg of lung 

surfactant. In a mouse of 25 g, the total amount of lung surfactant is estimated 

to 0.15 mg (8 µmol phosphatidylcholine/kg, molecular weight of DPPC of 

734.039 g/mol) (Goerke 1998). Paper II compared the inhibitory doses of four 

bile salts in the lung surfactant bioassay and in the mouse bioassay. The rank-

ing of potency of the four test compounds was the same in vitro and in vivo 

(Sørli et al. 2018 - Paper II). However, this type of correlation is not straight-

forward and could not be made in other studies. We refer to Chapter 5.2 ad-

dressing limitations related to test dose measurements and comparisons to es-

timates in vivo.  
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5 Towards the regulatory use of the lung 

surfactant bioassay 

The previous chapters of this thesis investigated the empirical relevance and 

reliability of the lung surfactant bioassay. The series of key events initiated by 

the interaction of chemicals and particles with lung surfactant and leading to 

immediate adverse lung effects was outlined. The molecular and biophysical 

basis for the inhibition of lung surfactant function was addressed (Chapter 2). 

Then, the lung surfactant bioassay was described and a number of methodo-

logical considerations were presented (Chapter 3). Lastly, the suitability of the 

bioassay to predict adverse lung effects in vivo was shown in a set of case 

studies (Chapter 4). 

What follows is an account of the applicability domain of the method, the fea-

sibility of in vitro dose estimations in relation to human exposure levels, and 

the closeness of agreement between test results obtained within and between 

experiments. This lays out the foundations to discuss the intended purpose of 

the lung surfactant bioassay and its regulatory readiness. 

5.1 Applicability domain of the lung surfactant 

bioassay 
The applicability domain of a testing method is defined by the range of phys-

ico-chemical or other properties of the test compounds for which the method 

can be used (OECD 2005). The lung surfactant bioassay was successfully ap-

plied to a broad range of compounds, including liquid chemicals (e.g. Da Silva 

et al. 2021 - Paper VI) and dry powders (e.g. Larsen and Da Silva et al. 2020 - 

Paper III), and both single substances (e.g. Da Silva et al. 2021 - Paper IV) and 

mixtures (Table 2). Difficulties in aerosolisation of the test compounds and in 

estimation of the inhibitory dose are the main limitations to the applicability 

domain of the lung surfactant bioassay. 
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Table 2: Overview of the compounds successfully studied in the lung surfactant bioassay.  

ZnO: zinc oxide, SPIONs: superparamagnetic iron oxide nanoparticles.  

For instance, the interaction of volatile compounds with the drop of lung sur-

factant is uncertain and complex to quantify. Deposition on the microbalance 

for three fragrance materials tested in the lung surfactant bioassay is illustrated 

in Figure 5. With the start of aerosolisation, the deposited mass increases rap-

idly. When the aerosolisation stops (grey dashed line), the deposited mass de-

creases to a certain extent and at various rates depending on the compound. In 

the case of compound C, the deposited mass rapidly reaches 0 ng/cm2 after the 

stop of the aerosolisation, presumably because of evaporation. In this case, the 

estimation of an inhibitory dose in vitro based on the deposited mass or the 

volume aerosolised is impossible (other methods of quantification are proposed 

in Chapter 6.1) and it is likely that the compound interacts only transitorily 

with the lung surfactant in the drop. 

Figure 5: Deposited mass in ng/cm2 over time in seconds for three fragrance materials (A, 

B, and C). The grey dashed line represents the end of aerosolisation. 

  

 
Liquid chemicals 

Dry powders 

 Nanoparticles Other powders 

Single 
substances 

Fragrance materials 
(Da Silva et al. 2021) 

Industrial chemicals 
(Da Silva et al. 2021) 

ZnO nanoparticles 
(Larsen and Da Silva et al. 
2020) 

Other metal oxide nano-
particles 
(data unpublished) 

SPIONs (data unpublished) 

Carbon nanotubes, 
graphene 
(Valle et al. 2015) 

Bile salts for drug formula-
tion 
(Sørli et al. 2018) 

Asthma medicines 
(Sørli et al. 2016) 

Mixtures Spray products 
(Sørli et al. 2017) 

Plant protection 
products 
(data unpublished) 

Cleaning products 
(data unpublished) 

  



31 

Another limitation of the applicability domain is related to the physical state 

of the test compound. Paper III describes the generation of aerosols of zinc 

oxide nanoparticles using a commercially available dry-powder inhaler (Tur-

buhaler®) that was emptied and cleaned with pressurized air prior to use. Alt-

hough successfully applied in this study, the use of the Turbuhaler® lacks re-

producibility and an alternative must be found (Larsen and Da Silva et al. 2020 

- Paper III). The usefulness of a rotating brush generator (Seipenbusch particle 

engineering, Kuppenheim, Germany) was explored, however the generated 

aerosols were not stable (unpredictable spikes in particle number concentration 

during aerosolisation) (Sørli et al. 2018 - Paper II). 

Lastly, the applicability domain may be limited by the compatibility of the test 

compound with the material (polycarbonate) of the exposure chamber. Opaci-

fication of the walls following aerosolisation of certain chemicals was ob-

served. This hinders the quality of the pictures of the lung surfactant drop cap-

tured and complicates the detection of the drop profile. This issue could be 

solved by the addition of a glass insert (material compatible with most chemi-

cals) in the walls of the exposure chamber at the level of the camera. 

5.2 Feasibility of in vitro dose estimations in relation 

to human exposure 
Quantitative information on the effects observed in alternative methods, often 

as dose-response relationships, is often examined to bridge in vitro and in vivo 

data. In two examples, inhibitory doses estimated from the lung surfactant bi-

oassay were compared to limit values set for human exposure. For the purpose 

of dose estimations, a total amount of 1300 mg of lung surfactant in the human 

lungs was estimated from the following: alveolar surface area of 130 m2 (Hsia 

et al. 2016), thickness of the subphase of 0.2 µm (Bastacky et al. 1995), lung 

surfactant concentration of 50 mg/mL (Gunther et al. 2002, Lopez-Rodriguez 

2012, Beck-Broichsitter et al. 2014). 

In the first case, the inhibitory dose of zinc oxide nanoparticles obtained in 

vitro was compared to the occupational exposure limit for short-term exposure 

set in Denmark (8 mg/m3, International Limit Values, limitvalue.ifa.dguv.de). 

Assuming an alveolar deposition of the particles of 10%, no clearance, and an 

exposure duration of 1 hour, this limit value is equivalent to 0.37 µg of zinc 

oxide nanoparticles per mg of lung surfactant. In the lung surfactant bioassay, 

the inhibitory dose of zinc oxide nanoparticles was 200 ng/cm2 (calculated 

from the deposited mass on the microbalance), i.e. 2.03 µg/mg (surface area of 
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the drop of 0.254 cm2) (Larsen and Da Silva et al. 2020 - Paper III). In this 

case, the inhibitory doses obtained in lung surfactant bioassay were somewhat 

relevant to human exposure. 

In a second case, the inhibitory dose of fragrance materials in vitro was com-

pared to the threshold of toxicological concern set for this chemical group. The 

threshold of toxicological concern approach is a risk assessment tool that is 

based on the establishment of a human exposure threshold value for chemicals, 

below which there is a very low probability of adverse health effects (Kroes et 

al. 2005). For fragrance materials, a limit value for inhalation of 470 µg of 

fragrance material in the lungs and per day is set (internal communication, 

Firmenich Inc.). This is equivalent to 0.36 µg of fragrance material per mg of 

lung surfactant per day. In the lung surfactant bioassay, the inhibitory doses 

were between 500 µg/µg and 18,166 µg/µg (calculated from the volume aero-

solised), i.e. 1,064 to 38,652 times higher than the threshold of toxicological 

concern. These great ratios are not surprising given the uncertainties and com-

plexities of in vitro inhibitory doses estimations for volatile compounds dis-

cussed in Chapter 5.1. However, this second case illustrates how these re-

strictions limit the comparison of values obtained in the lung surfactant bioas-

say with human exposure levels. 

While it can be done, comparison of in vitro inhibitory dose in the lung surfac-

tant bioassay with limit values set for human exposure is not straightforward 

and it is further complicated by the difficulties in estimating: (i) amount of lung 

surfactant in humans (and variation across sex, and age), (ii) turn-over of the 

lung surfactant in vivo and in vitro, (iii) alveolar deposition of the test com-

pounds in vivo, (iv) retention and clearance of the test compounds in the alve-

olar region in vivo (ciliary beating, macrophage phagocytosis). 

5.3 Within-laboratory repeatability and 

reproducibility 
If the results of a testing method are not repeatable and reproducible within 

laboratory, it will be difficult to transfer to other laboratories, and only robust 

methods can be accepted in a regulatory context. The surface tension of a drop 

of lung surfactant during exposure to the same compound, by three operators 

independently and across several years was compared (Figure 6). It is apparent 

that the rise in minimum surface tension was similar between each repeats of 

the same experiments (across rows, repeatability) and between the three inde-

pendent experiments (across columns, reproducibility). Paper III and Paper IV 
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also document the closeness of agreement between results of a series of five 

measurements. 

Figure 6: Minimum surface tension of a drop of Curosurf® exposed to the same compound 

by three different operators (Person A, Person B and Person C), between 2015 and 2020. 

The yellow line was obtained by locally estimated scatterplot smoothing. The red dashed 

line at 10 mN/m represents a threshold for lung surfactant function inhibition. 

 

Regarding the aerosol generation, there is evidence that the Pitt no. 1 nebulizer 

consistently generates aerosol particles in the respirable range, despite the dif-

ferences in chemical composition and physico-chemical properties of the test 

compounds (Duch et al. 2014, Sørli et al. 2015, Sørli et al. 2018 - Paper II, 

Larsen and Da Silva et al. 2020 - Paper III) and Figure 7. 

Figure 7: Averaged particle size distributions for 12 spray products aerosolised with the 

Pitt no. 1 nebulizer and measured using an electrical low pressure impactor. 
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Further studies need to be carried out but these preliminary results, in combi-

nation with the knowledge on the lung surfactant bioassay’s sensitivity to 

changes in the test system and conditions (Chapter 3.3), are encouraging. 

5.4 Intended purpose of the lung surfactant 

bioassay 
In view of its mechanistic and physiological relevance and reliability, the lung 

surfactant bioassay appeared to be a promising alternative method to replace 

animals in acute inhalation toxicity studies (Da Silva et al. 2018 - Paper I). In 

an attempt to validate the method, the potential for inhibition of the lung sur-

factant function was compared to the hazard classes of twenty-six chemicals 

that had previously been tested according to the OECD TGs (Da Silva et al. 

2021 - Paper VI). Calculation of predictivity metrics showed that the results of 

the lung surfactant bioassay correlated poorly with the hazard classes for acute 

inhalation toxicity (accuracy of 50%). This result was attributed to: (i) the rad-

ically different endpoints compared (key mechanistic steps of the toxicity path-

way versus frank toxicity), (ii) the use of arbitrary LC50 ranges as a basis for 

categorisation of the chemicals in hazard classes, (iii) difference in chronology 

of the endpoints investigated. The predictive accuracy of the lung surfactant 

bioassay was then estimated for immediate adverse lung effects as reported in 

the registration dossiers. Comparatively, the performance of the bioassay to 

predict immediate adverse lung effects was far superior (accuracy of 81%) (Da 

Silva et al. 2021 - Paper VI). 

This result is not surprising since the lung surfactant bioassay predicts a local 

(in the lungs) and immediate adverse outcome (addressed in Chapters 2 and 4). 

However, it underlines that alternative methods cannot and should not be eval-

uated against standardised endpoints of existing methods towards regulatory 

acceptance and implementation. As a result of the current view, mechanistic 

methods that are relevant for assessment of hazards to human may be ignored 

because they cannot compare to the existing methods. 

While it is evident that the lung surfactant bioassay cannot replace animal stud-

ies for acute inhalation toxicity testing, the findings of Chapter 5 make clear 

that the method is a valuable tool for assessing the potential for immediate 

adverse lung effects of airborne compounds. Because the lung surfactant bio-

assay addresses only one key event in the pathway leading to immediate ad-

verse lung effects, combination with other relevant methods, in vitro and in 

silico, in a testing strategy is advised. Specifically, the investigation of the 
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physico-chemical properties of the test compounds is of primary importance 

(Clippinger et al. 2018, Da Silva et al. 2021 - Paper VI). Then, it is suggested 

to include in vitro methods addressing the subsequent key events of the path-

way to immediate adverse lung effects (Figure 1). In that regard, cell models 

exploring the inflammatory response (release of pro-inflammatory cytokines 

for instance) and the loss of alveolar-capillary membrane integrity are espe-

cially relevant (Sørli et al. 2018 - Paper II, Sørli et al. 2020). 

This chapter has provided a number of considerations in relation to the regula-

tory use of the lung surfactant bioassay for hazard identification of airborne 

compounds. In summary, it has been shown that the lung surfactant bioassay 

is a mechanistically, and physiologically relevant method to predict immediate 

adverse lung effects after inhalation exposure to airborne compounds. The ap-

plicability domain of the lung surfactant bioassay is extensive when estima-

tions of in vitro inhibitory doses in relation to human exposure level are not 

essential. Therefore, this thesis argues that the lung surfactant bioassay can be 

used for hazard screening and prioritisation of potential compounds of interest 

to move forward in development. Recommendations for future research are 

given in Chapter 6. These will increase the robustness of the method and allow 

for more accurate estimations of inhibitory doses towards the use of the lung 

surfactant bioassay for risk assessment purposes. 

The lung surfactant bioassay investigates the physical interaction of a test com-

pound with components of the lung surfactant. Thereby, it is a realistic long-

term scenario that the bioassay could be replaced by a computational method 

predicting lung surfactant function inhibition by airborne compounds. Accord-

ing to the chemical similarity hypothesis, compounds of similar structure and 

properties have a similar mode of action, and thereby a similar hazard in vivo 

(Gocht et al. 2015, Da Silva et al. 2020 - Paper V). Therefore, it is recom-

mended to investigate the drivers (physico-chemical properties, molecular pat-

terns) for lung surfactant function inhibition using a combination of molecular 

and biophysical methods and by increasing the number of test compounds to 

cover an extensive range of physico-chemical properties and molecular struc-

tures. 
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6 Recommendations for future research  

6.1 Technical recommendations 
The following section presents a number of technical limitations identified dur-

ing the study and makes recommendations to optimise the lung surfactant bio-

assay towards regulatory use. 

 Unambiguous threshold values of minimum surface tension and com-

pressibility have yet to be defined to categorise the test compounds as 

inhibitors of the lung surfactant function. It is recommended that further 

work is undertaken to gather and analyse the great amount of data al-

ready generated over the years with the lung surfactant bioassay. 

 Temperature in the exposure chamber is not monitored in real-time. As 

a result, experiments may be discarded after data processing when it is 

found that the temperature was too low. It is recommended to install a 

device in the exposure chamber to allow real-time readings of the tem-

perature measurements. 

 Estimation of the inhibitory dose in vitro from the deposited mass on the 

quartz crystal microbalance or the volume aerosolised is limited to cer-

tain test compounds. It is recommended that the uniformity of deposition 

of the test compound in the exposure chamber is characterised, for in-

stance using computational fluid dynamics. Further work should also 

aim at quantifying the test compound from the drop directly (via liquid 

chromatography coupled with a mass spectrometer for instance) or from 

a filter placed in the air outlet of the exposure chamber (to quantify the 

aerosol concentration). It should be noted that the large amounts of li-

pids in lung surfactant can interfere with the method of detection. 

 The lung surfactant bioassay relies on lung surfactant of animal origin. 

This may hamper the reproducibility of the results. It is recommended 

that further mechanistic studies are performed towards the design and 

production of a synthetic test system. The identification of the surfactant 

components involved in the interaction with airborne compounds is key. 

Efforts are underway globally to develop a synthetic surfactant for re-

placement therapy in patients with respiratory conditions such as acute 

respiratory distress syndrome. The knowledge gained in the pharmaceu-

tical industry will be of great relevance to the field of toxicology. 
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 Acceptable ranges of variation for key parameters of the test system and 

test conditions are not defined. This is essential to ensure the robustness 

of the method, and the reproducibility of the measured endpoints. It is 

recommended to establish a database combining historical data to define 

acceptable deviation from the recommended procedure. 

 Interpretation rules and procedures for the data obtained in the lung sur-

factant bioassay need to be defined. A set of record sheets has been made 

and a preliminary script for data processing and data analysis has been 

drafted in R. It is recommended that more efforts are invested in their 

optimisation and standardisation to allow objective assessment of the 

method performance, and to increase transferability and reproducibility 

of the results between laboratories. 

Addressing the issues presented above will increase the robustness of the lung 

surfactant bioassay, an essential step towards its regulatory acceptance and im-

plementation. 

6.2 General recommendations 
The following section identifies two important issues of importance for the 

development and acceptance of alternative methods for regulatory use: data 

reporting, and data sharing. 

A great amount of toxicological information is generated in the context of 

chemical registration under REACH regulation (Regulation (EC) No 

1907/2006). Using historical data from registration dossiers for the evaluation 

process of alternative methods could in principle prevent performing additional 

animal experiments. Nonetheless, a number of drawbacks hinder the credibility 

and usefulness of the data (Da Silva et al. 2021 - Paper VI). For instance, 

OECD test guidelines for acute inhalation toxicity state that “when possible, 

any differentiation between local and systemic effects should be noted”. In 

practice, this information is rarely available in the REACH registration dossi-

ers and, if present, it does not address the type and severity of the lesions, their 

persistence or reversibility, nor the mechanism of toxicity of the inhaled test 

compound. It is recommended that data from registration dossiers are reported 

in more details, and, when possible, with quantitative measurements. More 

broadly, reporting of animal research must be improved. The publication of the 

ARRIVE guidelines on Animal Research: Reporting of In Vivo Experiments 

in 2010 and their endorsement by more than a thousand journals was very 
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promising. Nevertheless, the impact of these guidelines appears limited and 

greater efforts are required (Percie du Sert et al. 2020). 

Limitations in the reporting of data in in vitro studies for use in regulatory 

decision-making have also been described (Ågerstrand et al. 2018). Similarly 

to the issues addressed above, poor reporting of data obtained from alternative 

methods can delay their uptake, degrade their credibility in the eyes of regula-

tors and can be responsible for a wasteful duplication of efforts. A number of 

initiatives exist for better reporting of in vitro data: OECD guidance document 

for good in vitro method practices (OECD 2018), OECD guidance document 

for describing non-guideline in vitro test methods (OECD 2017), OECD har-

monized templates for data reporting of intermediate effects (OHT 201, OECD 

2020), SciRAP’s reporting checklist (Ågerstrand et al. 2018), annotated tox-

icity test method template (Hartung et al. 2019). It is important that these ini-

tiatives are disseminated and adopted widely in the scientific community. 

Reporting of good quality data in vivo and in vitro is necessary but not suffi-

cient for enhancing the development and acceptance of alternative methods. In 

this regard, it is recommended to advance data sharing. 

Because alternative methods are intended to predict how chemicals can affect 

human health, the comparison of the results of alternative methods with case 

reports in humans would be the best assessment of a method’s predictivity. 

Since access to clinical data from the pharmaceutical industry is severely re-

stricted, poison centres appear to be a good provider for data on unintentionally 

exposed workers and consumers. However, there are a number of barriers to 

overcome when using data obtained from poison centres: (i) data on the expo-

sure scenario (exposure level, duration of exposure, distance between the ex-

posure source and the individual, environment at the time of exposure) are lim-

ited and insufficient to estimate the dose inhaled; (ii) pre-existing conditions 

in the individual exposed may affect greatly the outcome of the exposure; (iii) 

it is likely that a number of cases of adverse lung effects following inhalation 

of airborne compounds goes unreported (symptoms not recognized or confused 

with pre existing conditions such as asthma, lack of awareness of the poison 

notification system). Continued efforts are needed to organise, curate and make 

available data from human exposure to toxic compounds. 

Lastly, it is recommended to improve coordination of research efforts in vitro 

and in silico, especially towards combination of alternative methods addressing 

different key events of the pathway leading to adverse outcomes (OECD 2016). 
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Improving data reporting, and data sharing will enhance the usability of already 

conducted studies. It will also prevent performing redundant animal studies 

and it will help identify where the development and implementation of alter-

native methods would be most useful (Vermeire et al. 2013, Da Silva et al. 

2020 - Paper V). 
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7 Conclusions 

Great efforts are made worldwide to identify and control the hazards of chem-

icals and particles to which humans are exposed, at home and at the workplace. 

While hazard assessment has traditionally been based on animal testing, there 

are regulatory, and financial incentives to move away from methods in vivo. 

The use of animal models to predict effects in humans raises both scientific 

and ethical considerations. 

Understanding the mechanism of toxicity of compounds is essential to identify 

relevant testing methods. A number of measurable key events leading to im-

mediate adverse lung effects and, in some cases, to respiratory diseases were 

documented. The experimental work of this thesis adds to the existing literature 

and provides empirical evidence of the mechanistic relationship between the 

interaction of three airborne chemicals with lung surfactant (molecular initiat-

ing event) and lung surfactant function inhibition (key event 1). 

Based on these observations, the lung surfactant bioassay investigating surfac-

tant function inhibition appears especially promising to investigate inhalation 

toxicity. This thesis reports and evaluates the use of the method with a large 

range of test compounds of relevance to workers and consumers, including sin-

gle substances and mixtures, liquids and dry powders. Different modes of ex-

posure were also employed, such as aerosolisation, and deposition at the air-

liquid interface. The laboratory studies in this thesis led to the identification of 

a number of methodological considerations related to the test system and the 

testing conditions for studying lung surfactant function inhibition by airborne 

compounds. These parameters can influence the measurements of surface ac-

tivity of the lung surfactant before or during exposure to a test compound. 

Therefore, they must be defined and controlled in the lung surfactant bioassay 

to improve the reliability of the method results. 

Further, the thesis set out to explore the predictivity of lung surfactant function 

inhibition for immediate adverse lung effects after inhalation exposure to air-

borne compounds in vivo. The results of the thesis and in the literature indicate 

that the bioassay is suitable to predict adverse lung effects occurring immedi-

ately after inhalation of airborne compounds. The outcomes of the lung surfac-

tant bioassay correlated well with the decrease in tidal volume in vivo follow-

ing exposure to bile salts, and zinc oxide nanoparticles, adding important 

knowledge to the database including already impregnation spray products. In 
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addition, lung surfactant function inhibition was predictive of respiratory clin-

ical signs of toxicity in rodents exposed to fragrance materials and industrial 

chemicals, and it was observed for test compounds that had led to adverse lung 

effects in humans. 

This thesis also addressed the general lack of relevance in evaluating alterna-

tive methods against standardised endpoints of existing methods. This is im-

portant since mechanistic methods that are relevant for assessment of hazards 

to human may not be accepted and implemented for regulatory purposes if they 

are directly and wrongly compared to the existing test guidelines. 

Finally, the intended purpose and regulatory readiness of the lung surfactant 

bioassay was investigated. Based on the mechanistic relevance of the method, 

the correlation with animal studies and few human case reports, and the close-

ness of agreement between test results, the lung surfactant bioassay appears to 

be a valuable tool for assessing the potential for immediate adverse lung effects 

of airborne compounds. Some weaknesses of the method were identified, the 

most important one being the estimation of the inhibitory dose. It is docu-

mented that the quantification of the amount of test compound interacting with 

the lung surfactant during exposure in the existing experimental setup is com-

plex, especially when the volatility of the test compound is high. 

This thesis argues that, already at this stage, the method is ready for application 

in industry. The relatively low cost, and speed of the method could help the 

testing of a broader range of single chemicals and products prior to marketing, 

thereby increasing safety for workers and consumers. Specifically, the lung 

surfactant bioassay can be used in the context of hazard screening and priori-

tisation of potential compounds of interest to move forward in development. 

The findings of this work will be of importance to the scientific community 

and industries for the production of chemicals and products with the potential 

to be inhaled.  
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