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Abbreviations1

1 ALI, air-liquid interface; AMs, alveolar macrophages; API, active pharmaceutical ingredient; BAC, 
benzalkonium chloride; BALF, bronchoalveolar lavage fluid; CD, -cyclodextrin; BSA, bovine serum albumin; 
CBF, ciliary beating frequency; CMC, carboxymethyl cellulose; DMPC, dimyristoylphosphatidylcholine; DPI, dry 
powder inhaler; DPPC, Dipalmitoylphosphatidylcholine; DSPC, distearoylphosphatidylcholine; ED, effective 
dose; EDTA, ethylenediaminetetraacetic acid; EFSA, European food safety authority; EPA, Environmental 
Protection Agency; FDA, Food and Drug Administration; FDKP, fumaryldiketopiperazine; FEV1, forced 
exhalation volume; FPF, fine particle fraction; GHS, Globally Harmonized System; GRAS, generally regarded as 
safe; GSH, glutathione; HFA, hydrofluoroalkane; HLB, hydrophilic-lipophilic balance; HPCD, Hydroxypropyl -
cyclodextrin; IC, inhibitory concentration; ICH, International Council for Harmonisation; IL, interleukin; LD, letal 
dose; LDH, lactate dehydrogenase; LLF, lung lining fluid; NaCl, sodium chloride; MCC, mucociliary clearance; 
MiP-2, macrophage inflammatory protein-2; MMP-9, matrix metalloproteinase 9; OECD, Organization for 
Economic Co-operation and Development; pMDI, pressurized metered dose inhaler; PBMCs, peripheral blood 
mononuclear cells; PC, phosphatidylcholine; PCL, polycarpolactone; PEG, Polyethylene glycol; PG, polyglycol; 
PLA, polylactic acid; PLGA, Poly(lactic-co-glycolic acid); PVA, polyvinyl alcohol; PVP, polyvinylpyrrolidone; ROS, 
reactive oxygen species; SB, sodium bisulfite; SM, sodium metabisulfite; SS, sodium sulphate; TEER, 
transepithelial electrical resistance; TJ, tight junction; TNF, tumor necrosis factor.
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Abstract 

Similar to other routes of administration, pulmonary formulations typically contain excipients. The 
panel of substances that can be used in pulmonary formulations is limited compared to other routes 
of administration, and most of them have the generally regarded as safe (GRAS) status. New excipients 
must undergo in vitro and complete in vivo testing to be approved by regulatory authorities. The toxic 
effects induced by excipients contained in the most common pulmonary formulations (dry powder 
inhalers, pressurized metered dose inhalers, and nebulizers) were summarized to compare the 
cytotoxic effects to the approved concentrations. The hypothesis was that a concentration much 
higher than the approved one could serve as an indicator of the safety of the compound. While the 
cytotoxic concentration of many excipients was higher than the approved concentration, the opposite 
was found for some of them. For most of these compounds, adverse lung effects were reported with 
long-term administration or in specific populations. This suggests that concentrations lower than the 
cytotoxic threshold are unlikely to cause adverse respiratory effects. Combining excipients can increase 
toxic effects, but few studies address this. Since neither cytotoxicity testing nor animal testing can 
reliably identify toxic concentrations of excipients, additional in vitro tests have been proposed.
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Introduction

Pharmaceutical formulations contain not only the active pharmaceutical ingredient (API), but usually 
also excipients, which are all ingredients other than the API [1]. They can be fillers, extenders, 
absorption enhancers, diluents, wetting agents, solvents, emulsifiers, preservatives, flavors, sustained 
release matrices and colorants. In general, the proportion of excipients (70-75%) is higher than that of 
the API (25-30%). For the treatment of respiratory diseases, oral inhalation is the preferred route of 
administration because high local concentrations can be achieved with low systemic effects [2]. In 
pulmonary formulations, excipients typically represent 70-90% in dry powder inhalers (DPIs) and 90% 
in pressurized metered dose inhalers (pMDIs) and nebulizers. Excipient levels are usually indicated as 
v/v or w/v in pMPIs, w/w in DPIs and as w/v in nebulizers. Excipients are not only important for 
formulation but also determine toxicity. The respiratory barrier is highly permeable to small 
hydrophobic molecules, making the pulmonary route a promising administration method [3]. To 
minimize the toxicity risk, the Food and Drug Administration (FDA) recommends using only molecules 
that are generally recognized as safe (GRAS) for pulmonary formulations. This definition is based on 
use in food and may not apply to inhaled products. For example, vitamin E, which has GRAS status, was 
reported to have toxic effects on the lungs in vaporized e-liquids [4]. Existing formulations and FDA-
approved concentrations provide insight into the toxic potential of excipients. To decide if increasing 
the concentration of a given excipient in a pulmonary formulation will result in adverse effects, it is 
helpful to have cytotoxicity data. It is hypothesized that a large difference between the cytotoxic 
concentration and the concentration in the formulation indicates that the formulation will not cause 
cell damage.

To illustrate the different toxicological potential of excipients, the text lists adverse effects on 
(preferentially airway) cells and in vivo inhalation toxicity data of the excipients contained in the three 
most commonly used inhalers, pMDIs, DPIs and nebulizers. The less commonly used soft-mist inhalers 
contain water, citric acid, ethylenediaminetetraacetic acid (EDTA), sodium chloride (NaCl) and 
benzalkonium chloride (BAC), which are also present in the other inhalers [5]. 

Function and use of excipients in different pulmonary formulations

Excipients should ensure the safety and efficacy of the drug during formulation, storage, and during 
and after administration [6]. Databases for excipients are provided by the FDA and the Japanese 
Pharmaceutical Excipients Dictionary. Countries in Europe do not have common lists, but country-
specific lists such as "Die Rote Liste" in Germany, "Dictionnaire Vidal" in France, and "Electronic 
Medicines Compendium" in the United Kingdom. The Excipient Biological Evaluation Guidelines 
provide information on what testing is required or conditionally recommended for new excipients. 
Although not a rare adverse effect of excipients, pulmonary sensitization is only conditionally 
recommended for inhaled formulations.

Predicting the toxicity of excipients in humans is difficult for several reasons. Impurities may be 
present, excipients may degrade or interact with other molecules in the formulation, and toxicity may 
be route-specific. Cumulative exposure is difficult to assess, and limited animal data are available. 
Additionally, animal data may be misleading due to specific differences, and vulnerable groups exist in 
the human population.

Potential local adverse effects of excipients (cytotoxicity and irritation)

The FDA guidance on Nonclinical Studies for the Safety Evaluation of Pharmaceutical Excipients [7] 
recommends that International Council of Harmonization (ICH) guidelines, specifically ICH Guideline 
for Industry S7A Safety Pharmacology Studies for Human Pharmaceuticals, be used to evaluate acute, 
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repeated dose, and chronic toxicity. The studies should demonstrate local and systemic effects in 
animals. In addition, genotoxicity, reproductive and developmental toxicity, carcinogenicity, and 
immunotoxicity should be evaluated. Studies should be conducted in two different species. 

Excipients in pulmonary formulations may cause effects on the lining epithelium of the respiratory 
tract. These effects include induction of apoptosis, plasma membrane damage (necrosis), and 
inhibition of proliferation. These processes are visible as a decrease in cell viability. These changes can, 
in principle, be evaluated in any cells. However, usually cell lines representing the respiratory tract, 
e.g. BEAS-2B, Calu-3 and A549 cells, are used [8]. The predictive value of toxicity recorded in these cells 
for pulmonary toxicity in humans is reported differently. The predictive value of human pulmonary 
toxicity was high when cell viability, A549 cell transcriptomics, and BEAS-2B phenotypic markers were 
used together (Huang, 2023, #7243; Lee, 2018, #7245). However, respiratory toxicity in rats performed 
no better than A549 cells and reconstructed human tissues for prediction (Sauer, 2013, #6000). 
However, rat data may not be the most relevant because the predictive value of rodent toxicity studies 
for human toxicity is moderate (43%) (Olson, 2000, #7246). Another limitation is interlaboratory 
variation. For viability studies, differences exist in cell batches and passages. For animal studies, genetic 
differences and environmental factors are present (Hughes, 2007; Witjes, 2020). In both types of 
experiments, exposure duration greatly impacts the toxic effect.

Irritation refers to effects that do not necessarily lead to cell damage, such as release of inflammatory 
markers, changes in permeability and functional changes (e.g. changes in ciliary beating frequency 
(CBF) and airway hyperreactivity). These changes, as well as genotoxicity, can be assessed by in vitro 
and in vivo exposures. Animal studies are required to assess complex effects such as sensitization and 
pulmonary changes beyond the epithelial layer (fibrosis, vascular dysfunction, and systemic toxicity) 
[9]. 

In vitro testing

The exposure in routine cytotoxicity tests are designed to mimic what happens when respiratory cells 
come into contact with excipients dissolved in lung lining fluid (LLF). Unfortunately, concentrations in 
LLF are difficult to determine and are usually unknown. In vitro dissolution testing could provide an 
indication of this, but dissolution testing according to the pharmacopeia uses much larger volumes 
than are present in the lung (Radivojev, 2019, #4490). The most common cytotoxicity screening assays 
are based on the detection of intracellular dehydrogenase activity. Reduction of tetrazolium salts 
produces insoluble or water soluble formazan, which is quantified by absorbance measurements. 
Examples of such tests are MTT, MTS, WST-1, and XTT [10]. In the resazurin assay, dehydrogenase 
activity is detected by a blue non-fluorescent compound and the reduction is determined by 
fluorometry. Another common viability assay uses the quantification of cellular ATP content, 
preferably by luminescence detection. The effects on proliferation can be excluded when using short 
exposure times (e.g., 4 hours) instead of longer ones (typically 24 hours). The release of intracellular 
lactate dehydrogenase (LDH) in the supernatant is the most commonly used method to detect plasma 
membrane damage. Another option is staining with membrane-impermeable dyes such as propidium 
iodide [11]. Annexin V staining is often used to detect apoptosis but detection of caspase 3, TUNEL, 
DNA laddering, mitochondrial membrane potential and cytochrome C release are also possible [12]. 
BrdU incorporation has replaced the 3H thymidine uptake assay in the detection of proliferation [13]. 
Ki-67, PCNA, phospho-histone 3 labeling are less commonly used for measuring proliferation in cell 
culture. Cell counting and clonogenic cell survival assays can also be used to assess proliferation. 
Impedance measurements are label-free techniques for assessing viability and proliferation and for 
disruption of the cell monolayer [14]. It should be noted that testing compounds that produce 
hyperosmolar solutions and changes in pH lead to non-specific effects on viability. 

Genotoxicity can be detected in standard cell lines for genotoxicity testing (TK-6, CHO, V79) or in 
relevant respiratory epithelial cells (e.g. BEAS-2B, [15]). Genotoxicity is commonly determined using 
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micronucleus and COMET assay in cells recommended in guidelines (e.g. V79, CHO, lymphocytes) or in 
vivo [16]. To account for the important role of AMs in the balance between pro- and anti-inflammatory 
effects in the lung, it may be useful to assess macrophage viability and function. Appropriate functional 
assays include phagocytosis, oxidative burst and chemotaxis [17].

Cultures on transwell membranes, co-culture systems, and reconstructed tissues are important for the 
assessment of irritation [18]. Cells in air-liquid interface (ALI) culture, where cells cultured on 
membranes are nourished from the basolateral side and exposed to air at the apical side, can provide 
more physiologically relevant information on pulmonary effects than conventional culture models. ALI 
culture of tissues also has the advantage that substances can be applied without further dissolution 
[19]. Inflammatory cytokine secretion is usually detected by ELISA, changes in CBF by high-speed 
microscopy, tight junction disruption by transepithelial electrical resistance (TEER) measurements, and 
mucin production either by RT-PCR, Western blot analysis, or histochemical staining [20-22]. Irritation 
in vivo is detected by bronchoconstriction, evidence of inflammation in bronchoalveolar fluid (BALF) 
and histologic changes. Critical issues in irritation testing of inhaled substances with a focus on cleaning 
products have been addressed by a working group [23]. 

Lung changes beyond the epithelial layer that occur with prolonged exposure (subchronic and chronic 
inhalation toxicity testing) are assessed by in vivo testing. The reader is referred to toxicity testing 
guidelines of the Organization for Economic Co-operation and Development (OECD) (e.g. 403, 407, 
410, and 412) for further information. Sensitization is a complex mechanism for which there is no 
approved in vitro alternative to animal testing. Assessment is difficult due to interspecies differences 
and lack of standardized methods, and prediction problematic because of interindividual variability in 
humans [24]. Excipients may also cause allergic reactions, e.g. lactose in individuals with cow's milk 
allergy [25]. In reality, such reactions are extremely rare, which can be explained by the fact that 
lactose preparations for pharmaceutical use are not contaminated with cow's milk protein. 

Rather than introducing new excipients, researchers use approved excipients for other administration 
routes. Metz et al. sought to determine the extent to which FDA-approved concentrations can guide 
the development of oral inhaled products [26]. They determined the cytotoxicity of 23 excipients in 
A549 and Calu-3 cells and correlated them with FDA-approved concentrations in pharmaceutical 
products for either pulmonary (if available) or parenteral administration. To exclude effects caused by 
proliferation, exposure times of 4 hours instead of 24 hours were used. The values in A549 and Calu-3 
were in a similar range but did not correlate and there was also no correlation of IC50 values in both 
cell lines with the FDA approved concentrations. The concentration of 0.1% (1 mg/ml) was defined as 
critical value based on the UN classification for acute toxicity occurring within 24 hours of exposure 
[27]. The concentration range up to 0.1% in this classification indicates that the substance is lethal by 
inhalation. Sauer et al. transferred IC50 data of 19 substances from A549 to the UN classification 
system and labeled IC50 values of ≤1 mg/ml in A549 cells as toxic [28].  To provide practical guidance 
for the development of pulmonary formulations, Metz et al. proposed four classes. Class 1 were 
compounds with high IC50 values in A549 cells (>1 mg/ml) and high approved FDA concentration, class 
2 high IC50 and low approved FDA concentration, class 3 low IC50 and high approved FDA 
concentration, and class 4 low IC50 and low FDA concentration. They suggested that class 1 and 2 
excipients were suitable for further development, but class 3 and 4 were not. Class 3 compounds 
deserve the most interest because pulmonary toxicity was present despite high FDA-approved 
concentrations. Ascorbic acid, benzoic acid and polysorbate (tween) 20 belonged to this group, 
suggesting that these excipients may be less suitable for pulmonary use and should better be replaced 
by other excipients. The authors explained the lack of correlation between the cellular data and the 
FDA-approved concentrations by several factors. Differences in the composition of the exposure 
solution in cell and animal studies (e.g. fetal calf serum was not used in animal studies) and the 
limitation to detect immunological issues in the epithelial cell monocultures may play a role. It can also 
be hypothesized that the toxic effects of excipients applied in buffer or cell culture medium on cells 
may not be the same as in the lung because the excipient may be more soluble in lung surfactant than 
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in cell culture medium or PBS. To improve comparison with in vivo data, Jackson et al. used 
commercially available reconstructed bronchial epithelial tissues (EpiAirway™) and dissolved 
hydrophilic substances in water and hydrophobic chemicals in corn oil [29]. The researchers evaluated 
corrosivity, electrophilicity, and oxidative activity. The model showed a sensitivity of 100% and a 
specificity of 43.1% in the rat-based Globally Harmonized System (GHS), and 50% in the Environmental 
Protection Agency (EPA) system. In contrast to the study by Sauer et al. [28], the group found 
indications that reconstructed tissues are more predictive for in vivo effects than monocultures.

Only a limited number of excipients are used in pulmonary formulations. Figure 1 shows that excipients 
differ between formulations of DPIs, pMDIs and nebulizers. DPIs require more excipients to produce 
the particles, prevent their interaction and improve drug permeation across the epithelium. In general, 
therefore, pMDI formulations contain less excipient than DPI and nebulizer formulations. Excipients 
were classified into groups based on Rangaraj et al. and Weers et al. [30, 31]. Several excipients belong 
to more than one group. 

Important excipient groups 

For more information about the role of excipients in pulmonary formulations, readers are referred to 
reviews dedicated to this topic, e.g. [2, 32].

Formulations for dry powder inhalers

Excipients provide bulk to dry powders, which improves handling, dispensing and dosing of the drug. 
Lactose is probably the best known carrier acting as powder flow enhancer, allowing delivery of small 
amounts of API and acting as a diluent. Carriers represent the largest amount of excipients. It should 
not be used in formulations with biologics because reducing sugars undergo a Maillard reaction with 
amines, resulting in deamination. Alternatives include trehalose and mannitol [33]. The addition of 
leucine and trileucine improves dispersibility and provides moisture protection. The composition and 
morphology of the particle surface reduces the co- and adhesion forces between particles and 
between particles and inhaler [34]. Leucine is the main surface modifier for stabilization, but trileucine 
maintained the stability of isoniazid formulations during storage better than leucine [35]. Lower 
protease degradation of trileucine has been suggested as a reason. Magnesium stearate acts as an 
anti-caking agent and improves the release of API particles from the excipient. Magnesium stearate 
has limited solubility in water, but is five times more soluble in BALF due to interaction with pulmonary 
surfactant. This may be relevant because solubility in physiological fluids can lead to accumulation in 
specific compartments. The accumulation of lipophilic substances, such as persistent organic 
pollutants in adipose tissue, is a commonly cited example [36]. While hypochloric acid and sodium 
hydroxide for pH adjustment are also used in liquid formulations, absorption enhancers are mostly 
used in DPI formulations. A great variety of DPI formulations are in pre-clinical development. These 
include permeations enhancers to increase drug  bioavailability and lipid and polymer-based carriers 
to increase the delivered drug amount. Absorption enhancers that increase drug transport across the 
respiratory barrier may disrupt tight junctions (TJs). They can be beta-cyclodextrins (-CDs) which 
improve solubility, dissolution, bioavailability and stability of poorly water soluble drugs [37]. Bile acids 
have marked TJ disrupting effects and are rarely added to DPI formulations [38]. The use of polymers 
allows for a slow release of active ingredients, but also poses the problem of clearance [39]. Polymers 
such as poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), polysaccharides, and others are in 
preclinical development for drug delivery [40]. Lipids are used for the production of liposomes, which 
are often embedded in a microparticulate matrix containing other excipients [33]. The pulmonary 
renewal of endogenous phospholipids suggests a short retention time of liposomes. However, it has 
been reported that 80% of liposomes are retained after 24 hours. 
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Formulations for pressurized metered dose inhalers 

Propellants, the approved hydrofluoroalkanes HFA134a and HFA227 and the not yet approved 
HFC152a and HFO1234ze, make up the largest portion of excipients and are used to disperse the 
formulation. Besides the propellant, ethanol as co-solvent for dissolution of the drug is the most 
important excipient in pMDIs with 14.9% [41]. Except for propellants, most excipients of pMDIs are 
also used in nebulizers. BAC, a mixture of quaternary benzyl dimethyl alkyl ammonium chlorides with 
bactericidal properties, is the most common preservative in liquid formulations for oral inhalation [42]. 
Ascorbic acid or EDTA improve chemical stability by acting as antioxidants and chelators. Although 
usually hypochloric acid is used for pH adjustment, nitric acid can be preferred in pMDIs because it is 
does not react with the propellant and leaves no ions behind. pMDIs contain a greater variety of 
surfactants, e.g. tween 80 and 20, span 85, and others, to enable particle dispersion than nebulizers 
[43]. Flavors (menthol) and sweeteners provide sensory feedback to the patient that the medication 
has been taken and improve patient compliance for taking medications with unpleasant taste (e.g. 
glucocorticoids, bronchodilators).

Formulations for nebulizers 

The main excipient in nebulizer solutions is water/saline. Co-solvent ethanol and propylene glycol (PG) 
are useful to dissolve drugs in the solution [44]. The surfactants tween 20 and 80 improve particle 
dispersion in aerosols [45]. Hypochloric acid, citric acid, and sodium hydroxide are pH adjustment 
agents in nebulizers. Most preservatives are used in formulations for both pMDIs and nebulizers but 
benzyl alcohol is rather used in nebulizers. Antioxidants and flavoring agents are similar in pMDI and 
nebulizers. Suspending agents maintain dispersion of the API, tonicity agents ensure osmotic balance 
to prevent irritation, and humectants hydrate and retain moisture.

Toxicity of specific groups of excipients

The following text describes the adverse effects of excipient groups (according to Figure 1 from top to 
bottom). Table 1 summarizes the main function(s) of the excipients and provides information about 
FDA approval, including allowed concentrations. It also provides information about cytotoxic doses 
and toxic effects in vivo. Cytotoxicity data from respiratory cells, where available, and adverse effects 
observed upon inhalation exposure are mentioned.

Stabilizer

Citric acid is used not only as a stabilizer but also as a flavoring agent in nebulizers. The study by Lan et 
al. showed that citric acid decreased viability of human fibroblasts in concentrations of 0.23-0.91 % 
[46]. Another study of 3T3 mouse fibroblasts observed cytotoxicity, but not genotoxicity, using the 
COMET assay at 6.5% citric acid (Marins, 2012, #6979). Citric acid is approved by the FDA for pulmonary 
formulations at concentrations that are lower than the ones where cytotoxicity was detected.

Co-solvents

The cytotoxicity of ethanol has been demonstrated at 5% [47]. Ethanol is known to fluidize the cell 
membrane, leading to disruption of trans-membrane ion flux and inactivation of ATPase and glycolytic 
enzymes, resulting in inhibition of proliferation. 

Glycerin and PG are used as preservatives, humectants and tonicity agents. The term "glycerol" is used 
when a solution consists of ≥ 95% glycerol. Both substances can act by increases in osmolarity (~3500-
3900 mosmol). High osmolarity may induce decrease of viability due to multiple mechanisms, including 
water loss, membrane damage, protein denaturation and induction of inflammation [48]. Studies as 
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vapors are available because glycerin and PG are main compounds of e-cigarettes. Glycerol in the 
medium for 24h decreased the viability of A549 and 16HBE cells at a concentration of 2% and that of 
rat tracheal cells at 4% [49]. A decrease in viability below 70% was observed in small airway epithelial 
cells after 24h exposure to 2% PG and 3% glycerol [50]. Release of LDH, induction of apoptosis and 
DNA damage were observed. LD50 values (lethal dose of a drug for 50 % of the population) after 4 h 
exposure to Calu-3 cells were 25.8% for glycerol and 25.5% for PG [19]. Medium treated with e-liquid 
(30% glycerin/70% PG) caused cytotoxity in Calu-3 cells at 3% [51]. Vapors of e-cigarettes (45% 
glycerin/55% PG for 10 min) induced oxidative stress and release of IL-6 and IL-8 in 16HBE and 
bronchial epithelial cells [52]. Exposure to aerosols consisting of 50% PG for seven days increased 
inflammation and MUC5AC expression in human bronchial epithelial cells [53]. Dysfunction of ion 
channels important for mucus hydration was also observed. The effect on the innate immune system 
was simulated by exposing THP-1 cells to medium treated with 30% glycerol/70% PG vapors for 8h 
[54]. No effect on phagocytosis of E. coli but increased secretion of pro-inflammatory cytokines was 
reported after exposure to this medium for 24h. Another study exposed isolated human neutrophils 
to e-cigarette vapors and found reduced chemotaxis, extracellular trap formation and phagocytosis of 
bacterial bioparticles [55]. In the vapor studies, the compounds were applied at higher concentrations 
than when the compounds are added to the media. Based on aerosol deposition in the lungs of 15-
45%, 10 ml of inhaled e-liquid containing 50% glycerin/50% PG and 3 ml of lung lining fluid (LLF), the 
final concentrations in the medium are 2.5-7.5% of each compound [51].

Intratracheal instillation of 20% glycerol caused irritation in rat lungs [49]. Increases in MCC and 
MUC5AC-positive cells were observed only after chronic exposure (8 weeks) of mice to vapors 
containing glycerol and PG [56]. Cells in BALF, cytokine secretion, protein content and leukocyte 
frequency were unchanged. Exposure to aerosols consisting of 50% glycerol and 50% PG for five days 
had several effects on the respiratory tract of sheep [53]. It increased matrix metalloproteinase (MMP)-
9 activity and caused mucus hyperconcentration. PG at 10% concentration for 20-120 min in rabbits 
decreased the number of goblet cells in the trachea, whereas no effects were observed under these 
conditions in rats [57]. Also in rhesus monkeys, continuous exposure to PG up to 112 ppm (0.0112%) 
for 13-18 months did not cause adverse effects. In humans, no changes in lung parameters were 
reported, but subtle decreases in forced expiratory volume in one second (FEV1) and FEV1/forced vital 
capacity (VC) ratio were observed [58, 59]. Minimal changes in cell concentrations, macrophages and 
lymphocytes, and cytokines (interleukin (IL)8, IL13, and tumor necrosis factor (TNF) α) in BALF were 
also reported when never smokers smoked e-cigarettes for 4 weeks [60]. 

Ethanol is approved by the FDA for pulmonary formulations up to concentrations, where cytotoxicity 
was detected. Glycerin and PG are also approved for pulmonary formulations but cytotoxicity was 
detected at concentrations lower than those accepted.

pH adjustment

Hydrochloric acid increased IL-8 levels and induced apoptosis in BEAS-2B cells upon exposure at pH 
4.0 for 5-30 min [61]. Concentrated sodium hydroxide (NaOH) acted by liquefactive necrosis with 
saponification of fats and solubilization of proteins [62]. The absorption of water results in deep 
penetration into the tissue. Also at lower concentrations of 1.8% NaOH caused epithelial necrosis in a 
rat model of esophageal injury. When 20% NaOH solutions were aerosolized into 1.4 µm particles and 
exposed to rats twice a week for 30 min, bronchodilation, desquamation and immune cell infiltration 
were observed [63].  These dramatic effects of acids and NaOH have little relevance when used for pH 
adjustment in the physiological range. Glycine has only a small effect on the pH. It is used also as 
bulking agent in DPI and as tonicity agent. As a naturally occurring amino acid with fast metabolisation 
e.g. via transaminases, glycine is considered non-toxic [64].
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All of the substances listed for pH adjustment are approved for pulmonary formulations, and only at 
much higher concentrations than accepted was cytotoxicity detected.

Preservatives

BAC is the most common preservative used in lung and nasal products. H358 lung cells were exposed 
to 0.2 - 40 µg/ml BAC for 30 min and for 21 days [65]. Two - 4 µg/ml (0.0002-0.0004%) induced 
mitochondria-induced apoptosis at a single exposure. A concentration of 0.2 - 0.6 µg/ml for 7-21 days 
BAC induced epithelial-mesenchymal transition, whereas 10-40 µg/ml for 30 min increased release of 
LDH, indicating plasma membrane damage. 20-40 µg/ml BAC for 0.5, 1 and 4 h also induced apoptosis 
in A549 cells, while BAC was not toxic to BEAS-2B cells at concentrations ≤ 20 µg/ml (0.002%) [15]. 
Concentrations between 0.001 - 0.005%, which are used in commercially available nasal preparations, 
caused genotoxicity in BEAS-2B cells and decreased the proportion of viable cells. Surprisingly, viability 
increased again at exposures of 0.02% and 0.05%. This behavior was explained by micelle formation, 
but was not verified. Therefore, unknown interactions with the plasma membrane may also be the 
cause. Inhalation of 35 mg/m3 BAC aerosols for 5 days with 6h/d caused interstitial edema, 
mononuclear infiltration, and thickened alveolar septa in rat lungs [66]. Plasma membrane damage, 
oxidative stress and DNA damage have been proposed as mechanisms of action. BAC in nebulizers 
could caused bronchospasm in humans [67].

Parabens are mainly used in nasal medications [68]. They are only occasionally used in pulmonary 
formulations and are suspected of acting as endocrine disruptors. Inhalation of methyl paraben caused 
impairment of ciliary function (ciliotoxicity) in rats [69]. There are no data on the toxicity of propyl 
paraben, but butyl paraben caused respiratory irritation [70]. 

Thymol has antiseptic, antibacterial, antifungal, antiviral and antioxidant properties and is used as a 
treatment for upper respiratory tract infections in addition to being a preservative in pulmonary 
formulations [71]. Cytotoxicity in human fibroblasts was detected at 200 µg/ml [72]. Inhalation of 0.42 
mg/kg as a single exposure and 1.26 mg/kg/week for six months were found to have no adverse effects 
in mice [73].

Effects of benzyl alcohol by inhalation have been studied because it is contained in cosmetic spays that 
might be incidentally inhaled [74]. Short-term inhalation exposure to rats with 4178 mg/m3 caused 
mild irritation of the upper respiratory tract. Aerosols (3.3 µm) from concentrated solutions at 1072 
mg/m3 for 6h/d on 5 d/week for 4 weeks induced mononuclear infiltrates in rat lungs and inflammation 
and squamous cell hyperplasia in the nasal cavity [75]. These alterations were classified as minor 
effects. 

Effects of PG and glycerin were described in the section “Co-solvents”. 

Parabens, thymol, and benzyl alcohol are approved for use in pulmonary or nasal formulations at 
concentrations that do not cause cell damage. However, BAC was shown to cause cell damage at 
concentrations that are within the accepted range. 

Chelating agents

Sodium ethylenediaminetetraacetic acid (EDTA) was shown to be toxic to guinea pig V79 lung 
fibroblasts with an IC50 of 0.07% for 30 min [76]. A decrease in viability of murine 3T3-L1 fibroblasts 
was reported at 21 µg/ml [77]. At 10 mM, EDTA disrupted tight junctions in human airway cells [78]. 
No genotoxicity was observed using the COMET assay. There is no evidence that EDTA in nebulisers 
can cause irritation (bronchospasm) in humans because the concentrations are too low [79]. 
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EDTA is a common, though not regulatory-accepted, excipient for pulmonary formulations. It is 
believed that concentrations are too low to cause any adverse effects.

Antioxidants

Ascorbic acid is a natural antioxidant found in AMs and epithelial cells of the respiratory tract at levels 
30 times higher than in plasma [80]. Similar to other antioxidants, ascorbic acid has pro-oxidant effects 
at higher concentrations and was cytotoxic to L929 fibroblasts at >5 mM for 24h. Growth inhibition 
was observed at concentrations of 0.2-0.85 mM [81]. Generation of hydrogen peroxide by autoxidation 
of vitamin C was identified as an important mode of action because 0.05 and 0.25 mM ascorbic acid 
added to the culture medium after pre-incubation in the absence of cells [82].

Generation of reactive oxygen species (ROS) and release of pro-inflammatory cytokines by sodium 
bisulfite (SB) exposure was demonstrated in NCM 160 human colon cells [83]. SB reduced proliferation 
and colony formation in neuroblastoma cells at 0.8 mM for 3 h of exposure [84]. Acute inhalation 
toxicity of 0.36 µm aerosol particles of SB caused decreased lung compliance, increased airway 
resistance and increased lung wet weight in guinea pigs [85]. The doses used were 474-972 µg/m3 for 
head-only exposure for 1 h and 204-1152 µg/m3 for whole-body exposure. Mild pulmonary edema was 
observed after 3d exposure of rats to 1 µm SB particles at 1 mg/m3 [86]. Tracheal irritation occurred 
at a concentration of 5 mg/m3.

Sodium metabisulfite (SM) also showed dose-dependent pro- or antioxidant effects. It decreased the 
viability of human fibroblasts with an IC50 of 25 µM by generation of ROS with increase of autophagy 
and apoptosis [87]. The higher concentrations resulted in the generation of sulfates which were 
converted to ROS + SO2 [88]. The combination of SM with PG increased cytotoxicity in A549 cells and 
in male rats [89]. SM alone caused no cytotoxicity in A549 cells up to a concentration of 250 µg/ml and 
PG was non-toxic up to 1 mg/ml. However, when 200 µg/ml SM was combined with 31.5 - 1000 µg/ml 
PG, viability decreased to <60% for all PG concentrations. Colony formation was reduced at 50 µg/ml 
SM and was not exacerbated by co-exposure with PG. Repeated exposure of guinea pigs to aerosols 
generated from 38% SM solutions showed no evidence of genotoxicity [90]. Chronic inhalation of SM 
aerosol particles of 0.63 µm at 1 mg/m3 by beagle dogs for 290 days caused infiltration with 
mononuclear cells, epithelial thickening and loss of ciliated cells in the upper respiratory tract (nasal 
cavity and larynx) [91]. In vivo exposure to the combination of SM and PG caused less pronounced 
effects than in vitro exposure. Rats were exposed to 5, 20, 100 mg/m3 SM for 6 h/day, 5 days/week for 
14 d in the absence and presence of 1% PG [89]. No lung changes were observed, but cell damage in 
the nasal cavity was observed at 1% PG in combination with 20 and 100 mg/m3 SM. 

Cytotoxicity data from antioxidants indicate that increased levels of antioxidants may cause adverse 
effects. Furthermore, it is important to note that PG increased the cytotoxicity of antioxidants by ROS 
[89]. Ascorbic acid, SB, and SM are approved for pulmonary formulations, though adverse effects of 
SM were noted at concentrations within the accepted limit.

Surfactants

Surfactants are amphiphilic molecules because they have hydrophobic and hydrophilic parts and used 
as wetting and solubilizing agents. The hydrophilic-lipophilic balance (HLB) value describes the ratio of 
oil-soluble to water-soluble molecules. Anionic (e.g., oleic acid) and cationic (e.g., cetylpyridinium 
chloride), zwitterionic (e.g., lecithin), and nonionic (e.g., polysorbates) molecules are used in inhaled 
formulations [92]. Tweens have high hydrophilicity and low HLB values and spans high lipophilicity and 
low HLB values [93].

Poloxamer 188 was tested in BEAS-2B cells in submerged and ALI culture for 24h with MTT and LDH as 
readout parameters [94]. It was not cytotoxic in both culture conditions up to 10% [94].
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Polyvinyl alcohol (PVA) in a concentration of 1% caused no cytotoxicity in RPMI 2650 nasal cells and 
did not disrupt cell monolayers [95]. However, the presence of PVA increased the cytotoxicity of dry 
powders containing meloxicam on A549 cells [96]. 

1,2-distearoyl-sn-glycero-3-hosphatidylcholine (PC) is a phospholipid found in natural lung surfactant. 
High levels can lead to oxidation products that are cytotoxic [97]. In human umbilical vein endothelial 
cells, phosphatidylcholine hydroperoxides at 100 µM for 24 h induced a decrease in cell number below 
70% of controls. 

Polyoxyethylene 20 and 80 sorbitan monolaurate (tween 20 and 80 or polysorbate 20 and 80) were 
tested in BEAS-2B in submersed and ALI culture for 24h with MTT and LDH as readout parameters [94]. 
Tween 20 reacted more cytotoxic in submersed than in ALI culture and more cytotoxic than tween 80. 
The later was also reported by another research group where LD50 in Calu-3 cells of tween 20 was 0.88 
mM and LD50 of tween 80 was 7.95 mM [19]. Cytotoxicity and genotoxicity of Tween 20 was further 
evaluated in A549 and HUVEC after 24h-72h exposure [98]. They determined an IC50 of 0.4 µl/ml for 
A549 and 0.3 µl/ml for HUVEC for all time points. The mode of action and genotoxicity were 
determined at a much higher concentration of 2 µl/ml. This concentration induced early and late 
apoptosis and genotoxicity in the COMET assay. Tween 80 was administered by gavage to mice, rats 
and dogs, cynomolgous monkeys for 90 days and no adverse effects were observed up to 10 mg/kg 
[99].

Polyvinylpyrrolidone (povidone, PVP) K25 and K30 were not cytotoxic after 4h up to concentrations 
of 8% and 20%, respectively, in Calu-3 cells [19]. PVP in dry powders decreased the cytotoxicity of 
meloxicam in A549 cells [96]. 

Polyethylene glycol (PEG) is available in a range of molecular weights and PEG400 is used in nebulizers 
and DPIs. PEG1000 has been used in pMPI formulations. Both did not reduce the viability of HeLa cells 
below 90% after exposure at concentrations up to 20 mg/ml (2%) for 24 hours. In contrast, viability in 
murine L929 fibroblasts was already below 90% at 0.1% and the IC50 was determined to be 2.25% 
[100]. PEGs up to 1000 Da are absorbed through the respiratory epithelium and cleared after 
administration in rats [101].  There was no accumulation and little uptake by AMs. PEGs > 2000 Da are 
not absorbed and persistence is less clear. Aerosols of 20% PEGs (3000-4000 Da) in aqueous solution 
for 2 weeks caused minimal effects (increase of AMs) in rat lungs [102]. High MW PEGs (2000-8000 Da) 
are in preclinical development for pulmonary formulations [103].

Oleic acid showed no cytotoxicity up to 30 nM in A549 and other cells [104]. A possible mode of toxic 
action is the inhibition of Na/K-ATPase by intravenous oleic acid, which may promote pulmonary 
edema [105]. Concerns about the use of oleic acid in pulmonary formulations are also based on the 
fact that infusions of oleic acid in mice cause cytokine secretion, infiltration of the lung with 
inflammatory cells, pulmonary hemorrhage, hyaline membrane and lipid body formation [106]. 
However, in this model, oleic acid induces embolization of pulmonary vessels and not cytotoxicity of 
respiratory cells. 

Oxidation products may cause adverse effects of the phospholipid soy lecithin but no toxic effects of 
lecithin were identified after oral exposure [107]. Solid lipid nanoparticles made of lecithin did not 
show any signs of cytotoxicity in A549 cells, even at the highest tested concentration of 100 µg/ml. 
[108].

The variable cytotoxicity of surfactants is due to their different degrees of interaction with the plasma 
membrane. Cytotoxicity in rabbit corneal epithelial cells was ranked as 
cationic>anionic=amphoteric>nonionic surfactant [109]. In another ranking performed in human 
fibroblasts, the cytotoxicity of anionic and non-ionic surfactants was similar. The cationic surfactant 
was identified as the most cytotoxic surfactant [110]. 
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PC, soy lecithin, and Tween 80 are approved for pulmonary formulations. Poloxamer 188, PVA, PVP, 
PEG 1000, and oleic acid are approved for oral formulations. However, Tween 20 is not an approved 
excipient. The cytotoxicity of the listed surfactants depends on the type/charge and concentration of 
the surfactant. PC and lecithin do not appear to cause cytotoxicity within the accepted concentration 
range.

Flavoring agents

Menthol is a commonly used flavoring agent in e-cigarettes, and cytotoxicity data are available for the 
compound and for condensates of menthol vapors. Menthol added without heating has anti-
inflammatory, antibacterial and antioxidant effects and caused cytotoxicity in gingival fibroblasts when 
added at concentrations of 1.37 mM for 10 min and 1.15 mM for 24h exposure [111]. ROS generation 
was detected after 3 min at 5 mM and 10 mM and after 3d at 1, 5 and 10 mM. The fraction of necrotic 
cells was higher at 1 mM than at 10 mM concentration and all concentrations acted by induction of 
apoptosis and necrosis and inhibition of proliferation. Menthol also showed cytotoxicity in A549 cells 
at 1.6 mM after 24h exposure [112]. When nebulized menthol (1 mM) was applied to primary human 
bronchial epithelial cells in ALI culture for 24h, CBF was decreased and mRNA expression of MUC5AC, 
IL-1 and TNF- increased [113]. Menthol in condensates decreased CBF in precision-cut mouse lung 
slices at a concentration of 300 and 500 mM for 4 h to 60-70% of controls [114]. LDH leakage was 
significantly increased after 4 hours of exposure at these concentrations, while glutathione (GSH) levels 
were decreased at 5 mM. Cytotoxicity (viability <70% of controls) and loss of mitochondrial function 
were observed in the slices at 100 mM mentol condensates for 4 h. Rat lungs exposed to vapors up to 
1.368 mg/m3 menthol in whole body exposure for 71-79 days showed irritation (tracheitis, pulmonary 
congestion) [115].

The primary exposure to saccharin is by oral ingestion. A decrease in viability to <70% of untreated 
cells was induced by sodium saccharin at a concentration of 75 mM in AY-27 rat bladder cells [116]. 
The authors exposed the cells for 25 hours and determined viability by dye exclusion assay. In Chinese 
hamster ovary CHO-K1 cells, typically used for genotoxicity testing, no cytotoxicity and no 
micronucleus formation was detected at concentrations of 5-500 µg/ml [117]. A review on the safety 
of saccharin summarized that the majority of studies did not report an increased incidence of bladder 
cancer with oral intake of saccharin, and European Food Safety Authority (EFSA) sees no risk with oral 
intake of sodium saccharin up to 3.8 mg/kg [118]. The much lower concentrations in inhaled 
formulations make such an effect even less likely.

Citric acid was mentioned in section “stabilizers”.

Menthol is also used as reliever for airway discomfort in nebulized solution [119] but they contain only 
up to 1% (10 mg/ml), which is considerably lower than 1 mM (156 mg/ml), where adverse effects were 
detected in fibroblasts and respiratory cells. 

Menthol and saccharin are approved for use in pulmonary formulations. They did not cause 
cytotoxicity within the accepted concentration range.

Propellants

One of the most commonly used chlorine-free hydrofluoroalkanes (HFA) is HFA134a. It showed no 
systemic toxicity in mice, rats or dogs exposed to concentrations of up to 5% or 12% respectively [120, 
121]. Acute maximum tolerated dose, 90-day, and 106-week studies were conducted with nose-only 
exposure in rodents and the same studies plus a one-year study by face mask in dogs. HFA134a was 
also devoid of genotoxicity. HFA227 and HFA1234ze successfully passed the same testing [122, 123].
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HFA134a and HFA227 are approved for use in pulmonary formulations. HFA152a and HFA1234ze are 
under evaluation.

Absorption enhancers

Hydroxypropyl -cyclodextrin (HPCD) showed cytotoxicity in A549 cells at 56±6 mM, whereas no 
cytotoxicity was observed in Calu-3 cells up to 100 mM [124]. Exposure to 25 mM HPCD decreased 
TEER values of Calu-3 cell monolayers, which recovered 24 h after exposure. There was no evidence of 
toxicity after oral exposure, whereas parenteral administration caused kidney damage [125]. After 
intravenous injection of HPCD, foamy AMs were formed. This suggests that the route of exposure has 
a pronounced effect on the manifestation of toxicity of HPCD. Solubilization of membrane lipids 
rather than surface activity was identified as the main mode of action, as solubilization of cholesterol 
correlated with hemolytic activity. CD also induced apoptosis in human keratinocytes. Liver 
transaminase levels increased at 500 mg/kg HPCD in rodents and fecal changes were observed in the 
larger species after gavage to mice, rats and dogs, cynomolgus monkeys for 90 days up to 20 mg/kg 
[99]. Animal data from inhalation exposure are not available. 

Lithocholic acid, deoxycholic acid, chenodeoxycholic acid and cholic acid induced cell death of BEAS-
2B cells at 30 µM [126]. Glycol- and tauro-conjugated bile acids caused lung damage after iv injection 
by inducing bronchoconstriction in cats and guinea pigs [127]. They also inhibited porcine surfactant 
function and increased surface tension. This may be due to solubilization of cholesterol or alteration 
of the fluidity of surfactant membranes or their biophysical activity. Duodenal-gastroesophageal reflux 
aspiration is associated with chronic lung allograft dysfunction. Bile acids also induce inflammation (IL-
6, IL-8, IL-1 and neutrophil count in BALF of lung allograft patients [128]. 

The role as absorption enhancers implies disruption of plasma membrane structure and/or 
intercellular junctions, making adverse effects likely. Bile acids belong to the excipients for pulmonary 
formulations with higher cytotoxic potential.

All listed absorption enhancers are not approved excipients, with the exception of sodium 
deoxycholate, which is approved for injection.

Surface modifiers

Surface modifiers serve as force control agents to reduce interparticle interactions and allow for high 
dose delivery by DPIs. Leucine or tripeptides of leucine (trileucine) are more commonly used than other 
amino acids (e.g., histidine, arginine, glycine) [129]. Although a quite common excipient in DPI 
formulations, leucine is not listed in the FDA's list of ingredients for pulmonary use [130]. As part of 
normal metabolism, toxic effects and accumulation of leucine are unlikely. This is supported by a study, 
where patients receiving capreomycin formulations containing 5, 15, 30, and 60 mg leucine showed 
no changes in lung function [131]. The safety of trileucine is less clear, but protease degradation and 
subsequent introduction in the amino acid metabolism is suspected. 

Magnesium stearate acted cytotoxic at 10 µg/ml and was tested negative for genotoxicity in CHL cells 
[132]. Animal data found damage of rat lungs upon intratracheal administration of magnesium 
stearate and lactose but also air alone, suggesting that the exposure by Microsprayer ®is not suitable 
to assess toxic effect of excipients [133]. Data sheets indicate no LD50 in mouse and rat, but mention 
the possibility of respiratory irritation [134]. 

Sucrose esters are used in cosmetic products where they have been tested and no irritation, 
sensitization or genotoxicity has been found. Data sheets do not mention any toxic effects of sucrose 
tristearate.
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Toxicity of fumaryldiketopiperazine (FDKP) has been studied as part of regulatory testing of insulin 
and clofazimine formulations, but reports are not generally available.

Naturally occurring lipids such as DPPC together with other phospholipids are also used as surface 
modifiers and are mentioned in the section on lipids.

Only magnesium stearate is approved for pulmonary formulations and leucine for injection in this 
group. Data on these excipients do not show prominent toxicity.

Polymers in nanocarriers

Poly(lactic glycolic acid) (PLGA) particles of different sizes (60, 100 and 200 nm) had different effects 
on BEAS-2B cells but no cytotoxicity was observed for exposure of 24h up to 300 µg/ml [135]. However, 
the smallest particles increased TNF- secretion from RAW264.7 macrophages. Intratracheal 
instillation of 82.5±1.4 nm PLGA particles induced no significant increase in LDH, macrophage 
inflammatory protein-2 (MiP-2) mRNA and recruitment of polymorphonuclear neutrophils in BALF 
after 24h and after 14d of treatment [136]. The doses used were 100 µl of 2.5 µg/µl and 1 µg/µl PLGA 
particles. The release of lactic acid from PLGA may cause irritation and damage to the lungs. Adverse 
effects of low pH are known from gastric reflux, where the low pH induced cytotoxicity in epithelial 
cells and release of several pro-inflammatory cytokines [137]. 

Polycaprolactone (PCL) is well known as a biocompatible material for sutures, scaffolds for stents and 
meisci, wound dressings, and dermal fillers. Studies in RAW264.7 macrophages and peripheral blood 
mononuclear cells (PBMCs) suggest that immunotoxicity may occur [138]. The authors tested 170 nm 
PCL particles and found cytotoxicity at 40 µg/ml for RAW264.7 cells after 24h, PBMCs were more 
sensitive. Another study reported no cytotoxicity up to 1000 µg/ml of 200-370 nm PCL particles in J774 
macrophages for 144h [139]. In another study, the release of TNF- from RAW264.7 cells was 
determined by exposure to 1000 µg/ml of 360 nm PCL particles for 72h [140]. The data highlight the 
importance of particle size; small particles were much more cytotoxic than larger ones. The toxicity of 
PCL in the respiratory tract is poorly studied; there is one report of acute lung injury from occupational 
exposure [141].

LD50 values in Calu-3 cells were not applicable due to the high viscosity of 
hydroxypropylmethylcellulose (HPMC) 50 [19]. Systemic toxicity of HPMC was excluded for oral 
administration by gavage to mice, rats and dogs, cynomolgus monkeys for 90 days when no adverse 
effects were observed up to 20 mg/kg [99]. 

For inhaled formulations, only biodegradable synthetic polymers are used. Although they did not 
induce marked adverse cellular effects lack of degradation may be problematic. In implants, the 
average degradation time of PLGA depended on the composition and ranged from 26 to 4 weeks [142]. 
Such degradation times are relatively slow and may favor accumulation of the polymers. In addition, 
the release of degradation products (e.g. lactic acid) may cause irritation. 

None of the listed polymers have been approved as excipients. A toxicological assessment is 
complicated by the fact that the polymers are formulated as particles, and their size plays a significant 
role in cytotoxicity. 

Lipids

The use of phospholipids is controversial because they are not included in the FDA list of ingredients 
for pulmonary use [129]. Dipalmitoylphosphatidylcholine (DPPC), distearoylphosphatidylcholine 
(DSPC), dimyristoylphosphatidylcholine (DMPC) are the main phospholipids used in liposomes for 
inhalation [143]. These phospholipids are components of lung surfactant. Accumulation of excess 
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phospholipids can affect lung health and function by altering surface tension and impairing gas 
exchange at the alveolar barrier [144]. In their oxidized form, they can induce the release of pro-
inflammatory cytokines by phagocytes [145]. 

Elevated cholesterol levels may lead to dysregulated cholesterol concentrations because > 80% of 
pulmonary cholesterol is derived from plasma (i.e., by uptake from lipoproteins) and the remainder is 
synthesized in lung resident cells [146]. Dysregulated cholesterol traffic through the lungs impairs 
pulmonary immunity and causes inflammation and fibrosis [147]. A major adverse effect of elevated 
cholesterol is surfactant dysfunction, which can also be caused by the addition of exogenous 
cholesterol [148]. Surfactant function was inhibited when cholesterol levels were increased from 10% 
to 20% (w/w phospholipid). An increase in surfactant fluidity was proposed to lead to collapse rather 
than multilayer formation of surfactant upon lateral compression. This change will lead to impaired 
gas exchange, Cellular effects are caused by oxidation products of cholesterol (oxysterols). Depending 
on the oxidation product, they inhibited proliferation and showed cytotoxic and genotoxic effects in 
V79 lung fibroblasts at concentrations between 12-50 µM [149].

There are marked differences in the regulatory status of the lipids. DSPC is approved for pulmonary 
formulations, while DPPC and cholesterol are approved for other routes. DMPC is not approved. The 
data show that although lipids are metabolites of human metabolism, elevated levels may cause 
adverse effects by interfering with normal metabolism and induce pro-inflammatory effects.

Carriers/stabilizers

Lactose is the most commonly used and established carrier with an extensively studied toxicological 
profile. The LD50 of lactose in Calu-3 cells was reported to be 515.54 mM after 4h of exposure, a 
concentration that caused abnormally high osmolarity [19]. Exposure of rats, dogs and primates at 
doses much higher than human doses showed no significant changes in the respiratory tract after long-
term exposure [150]. The only reported findings were minimal peribronchial lymphoid hyperplasia and 
alveolar infiltration of the lung in rats. As no consistent pattern was seen, these changes do not appear 
to be of toxicological relevance. Human studies support this notion. Inhalation of API with and without 
lactose carrier showed no differences, and inhalation of lactose by DPI did not change FEV1 and specific 
airway conductance in mild asthmatic patients [151].

Mannitol is another common excipient in DPI formulations. Acute and chronic effects of inhaled 
mannitol on the respiratory tract have been studied in rats and beagle dogs [152]. In rats, a decrease 
in body weight was observed after inhalation for 1 h over 14 days, but no pulmonary changes were 
observed. Changes in lung structure (spongy lung and congestion), peribronchial infiltration, foamy 
macrophages and pigmented lymph nodes were observed after 2 weeks of inhalation exposure. 
Coughing was induced in dogs after both short-term and long-term exposure. This finding is similar to 
symptoms observed in humans and may be caused by osmotic effects. Mast cells are stimulated and 
release mediators such as histamine, prostaglandin D2 (PGD2), and leukotrienes that cause 
bronchoconstriction [153]. It appears that the hyperosmolarity of the extracellular fluid is the reason 
for mast cell activation. Mannitol has a similar effect as cold air, exercise and histamine stimulation. 
The main problems with the use of mannitol are bronchial hyperreactivity, which has been 
demonstrated at cumulative doses of up to 635 mg [154]. The osmotic effect of mannitol may however 
also cause positive effects and improve the mucus viscosity of cystic fibrosis patients [155]. Mannitol 
is also used as tonicity agent.

Trehalose also caused adverse effects, mainly due to osmotic pressure. The glucose disaccharide can 
induce autophagy in several mammalian cell types, including human tracheobronchial cells at a 
concentration of 100 mM after 48h [156]. Trehalose aerosol up to 400 µg/µl (1.16 M) for 5 min did not 
affect histology and ciliary function of MucilAir™ bronchial cultures for 24h post exposure [157]. In 
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addition to induction of autophagy in rat airway smooth muscle cells at 50-100 mM, trehalose inhibited 
proliferation and induced apoptosis at 250-300 mM after 24-72h [158]. 

Several groups have investigated the mechanism by which bovine serum albumin (BSA) might inhibit 
surfactant function. Competitive adsorption for the air-lung interface between plasma proteins and 
surfactant could not sufficiently explain the high surface tension according to the study by Gunasekara 
et al [159]. They suggested that disruption of the surfactant film may be more important. Other 
researchers support that surface active serum proteins at the alveolar air-liquid interface greatly 
reduce or eliminate the adsorption of lung surfactant from the subphase to the interface [160]. The 
relevance of these findings is unclear because all studies used analytical tools without cells and tissues 
or theoretical calculations. BSA can cause asthma in rare cases [161].

Sorbitol is a less commonly used excipient in pulmonary formulations. LD50 values in Calu-3 cells are 
616.51 mM after 4h of exposure, very similar to lactose [19]. Hyperosmolar solutions of sorbitol or 
NaCl showed anti-inflammatory effects on A549 cells [162]. The stereoisomer of mannitol has a greater 
hydroscopicity than mannitol and its osmotic effect can cause irritation and bronchospasm similar to 
mannitol [163]. 

Aerosolized solutions of 5% xylitol for 150 min induced no adverse effects in mice [164]. Humans were 
exposed to 1.63 µm 5% xylitol aerosols at various doses (1-10 ml) and times (2-49 min) [165]. 
Volunteers reported nasal congestion at the highest dose of 10 ml for 30-49 min, but no changes in 
lung function and BALF composition were observed. After exposure to 4 mg/ml xylitol aerosols for 15-
60 min, Reed et al. found no abnormalities in the lungs of beagle dogs [166].  

Lactose and mannitol are approved for pulmonary formulations. Trehalose, sorbitol, and xylitol are 
only approved for other routes. BSA is not approved. Cytotoxicity occurred at very high concentrations 
and the contribution of abnormal osmolarity to the observed decreases in viability is likely. However, 
bronchospasm/irritation may occur.

Suspending agents

Carboxylmethylcellulose (CMC) is more common in nasal than in pulmonary formulations. It can 
provide mucoadhesive effects and mucosal hydration in nebulizers. The polymer inhibited CBF in 
human nasal samples at a concentration of 0.1-1% (w/v) for 15 min and it is likely that similar effects 
will occur in bronchial tissue [167]. The effect was reversible for 0.1% CMC, but only partially reversible 
for the higher concentrated and more viscous samples. The authors suggested that due to mucus 
turnover, the effect will be reversible in vivo also for the higher concentrations. When CMC gels were 
applied to rabbit nostrils for 4 weeks, mild to moderate neutrophil infiltration and goblet cell 
hyperplasia, but no epithelial necrosis, were observed. According to the Material Specification Data 
Sheet, CMC powders may be irritating to the respiratory tract. 

CMC is only approved for oral use. It is slowly biodegradable in the respiratory tract because 
respiratory epithelial cells have limited enzymatic activity. Inhibition of CBF favors accumulation in the 
lungs. This combination may raise concerns for the use of this suspending agent.

Tonicity agents

NaCl was cytotoxic after 4h to Calu-3 cells with a LD50 of 515.79 mM [19]. Supraphysiological 
concentrations (>1.1%) of NaCl depolarized plasma membranes of bronchial epithelial cells [168] but 
inhalation of 20% NaCl solutions for 1 h did not induce any adverse effects in rats 
(https://echa.europa.eu/registration-dossier/-/registered-dossier/15467/7/3/3). NaCl is used as 
isotonic (0.9%) and hypertonic (3-7%) solutions in various lung diseases, especially in cystic fibrosis and 
bronchiolitis and cause therapeutic effects [169, 170].
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According to the report of Anderson [171], no significant changes in respiratory functions were 
observed in dogs inhaling aerosol generated from 0.1% sodium sulfate (SS) aerosols of 0.1-0.2 µm for 
7.5 minutes and 0.5% sodium sulfate solution for 4 hours. No adverse effects on the respiratory system 
were also found in exposures of sheep (0.1% SS for 20 min or 0.5% SS solution for 4 h), guinea pigs (1 
h exposure to 0.90 mg/m3 SS particles), and rabbits (1 h exposure to 2000 µg/m3 SS particles). SS 
aerosols (0.5 µm) up to 3 mg/m3 for 10 minutes reduced FEV1 by 15% to 20% in 2 of the 5 asthmatics. 

The effects of PG have been summarized in the section "Co-solvents". 

NaCl and SS are approved for pulmonary formulations and are considered harmless excipients because 
the ions are found in the organism and no adverse effects have been observed of the salts at realistic 
concentrations in pulmonary formulations.

Humectant

Effects of glycerin have been summarized in the section “Co-solvents” and sorbitol and xylitol in the 
section “Carriers”. 

The comparison of approved concentrations and cytotoxic doses showed that toxic concentrations 
were lower than the approved limits by the Food and Drug Administration (FDA) for glycerin, PG, BAC, 
and SM. The greatest differences between FDA-approved concentrations and toxic effects were 
observed for glycerin and PG. These substances are ingredients in e-cigarettes, and reports of e-
cigarette or vaping use-associated lung injury (EVALI) suggest that the permitted concentrations may 
be too high. EVALI includes cell and DNA damage, inflammation, airway hyperreactivity, and impaired 
lung function (Park, 2022, #7250). Reports on bronchial hyperreactivity in humans suggest that the 
permitted concentrations of BAC may also be too high (Beasley, 1998, #7254). In contrast, asthma 
attacks were triggered only at concentrations higher than the approved limit of SM (Wright, 1990, 
#7255), suggesting that concentrations within the approved limit are unlikely to cause adverse effects. 
In vivo studies suggest that airway irritation is a major adverse effect of non-cytotoxic excipients.

Conclusion

The cytotoxic concentrations were generally higher than the permitted concentrations. For most 
excipients where the approved limits were higher than the cytotoxic dose, there was an indication of 
an adverse pulmonary effect (e.g., cough or irritation) in humans. Therefore, it is likely that the 
cytotoxic potential of excipients in general is overestimated rather than underestimated. The dose 
dependence was not always linear: BAC was cytotoxic at 0.005% but not at 0.05% [65]. Chelators, 
carriers, tonicity agents, and surface modifiers, on the other hand, appear to have little toxic potential. 
It is interesting to note that the combination of excipients can increase their toxicity. For example, the 
presence of PG increased the cytotoxicity of the antioxidant SM [89]. Although the results may be 
relevant for deciding whether to increase the concentration of one excipient or add another, 
combinations of excipients are rarely tested for cytotoxicity. Furthermore, the toxicity of polymers is 
unclear due to the risk of accumulation and adverse effects of degradation products. 

It can be concluded that current models are not perfect for predicting toxic effects of pulmonary 
excipients in humans and that additional biological models are needed. These models must comply 
with the global trend of reducing animal use in pharmaceutical research. Since AMs are present at the 
portal entrance and are sensitive for instance to exposure to amphiphilic cationic molecules, in 
addition to testing epithelial cells, cytotoxicity testing should also be performed in macrophages. 
Morphological changes that occurred in AMs upon exposure to these compounds have been termed 
foamy macrophages and were associated with impaired cell function [172]. Additional information, 
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e.g. about irritation and inflammatory effects, can be obtained by using reconstructed tissues. Effects 
on cytokine secretion are relevant because the delicate balance between pro- and anti-inflammatory 
effects in the lungs should not be disturbed [173]. Disruption of TJ can be assessed in Calu-3 
monolayers. In vitro assays can provide more insight into pulmonary effects of excipient. 
Administration in simulated lung fluid containing DPPC is suggested because some excipients are more 
soluble in lung surfactant than in buffers. In vitro studies that may complement in vivo studies include 
assessment of polymer degradation under physiological conditions (e.g., enzymes). Testing of 
pulmonary surfactant function could be included as an alternative to acute toxicity testing. 
Measurement of surface tension was able to identify the adverse effects of human serum albumin, 
while lactose and common asthma medications did not increase surface tension [174]. 

In vitro assays are a good way to assess the local effects of excipients, but it is unlikely that animal 
experiments will lose their role in regulatory toxicity testing in the near future. However, conventional 
toxicity testing could be improved by obtaining more data from one experiment. According to 
guidelines, toxicity testing includes clinical observations, body weight and food consumption 
recording, hematology, clinical chemistry, and necropsy findings as parameters, but not physiological 
measurements, imaging techniques, or multiomics analyses [175]. These additional methods could 
improve our understanding of the mode of toxic action and increase the translational value. The ability 
of multiomics techniques to improve translation through a better understanding of interspecies 
differences in response to stimulators has been demonstrated by comparing phosphoproteomics, 
transcriptomics, and cytokine data from primary rat and human bronchial epithelial cells [176].
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Figure legends

Figure 1: Commonly used excipients in dry powder inhalers (DPI), pressurized metered dose inhalers 
(pMDI) and nebulizers. The classification of the excipients was done in a similar way as used by Ranrarj 
et al. and Weers et al. [30, 31]. Excipients approved for pulmonary formulations are written in red and 
bold. Excipients approved for other administration routes are written in black, regular font. Not 
approved excipients are written in black, italic font. Abbreviations: BAC, benzalkonium chloride; BSA, 
bovine serum albumin; DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoylphosphatidylcholine; 
DMPC, dimyristoylphosphatidylcholine; EDTA, ethylenediaminetetraacetic acid; HFA, 
hydrofluoroalkan; HPCD, hydroxypropyl-beta cyclodextrin; FDKP, fumaryldiketopiperazine; NaOH, 
sodium hydroxide; P188, poloxomer 188; PC, phosphatidyl choline; PEG, polyethylene glycol.



19

References

[1] M.A. Bruusgaard-Mouritsen, S. Nasser, L.H. Garvey, M.S. Krantz, C.A. Stone, Anaphylaxis to 
Excipients in Current Clinical Practice: Evaluation and Management, Immunol. Allergy Clin. North Am., 
42 (2022) 239-267. https://doi.org/10.1016/j.iac.2021.12.008

[2] G. Pilcer, K. Amighi, Formulation strategy and use of excipients in pulmonary drug delivery, Int. J. 
Pharm., 392 (2010) 1-19. 10.1016/j.ijpharm.2010.03.017

[3] E. Fröhlich, Toxicity of orally inhaled drug formulations at the alveolar barrier: parameters for initial 
biological screening, Drug Deliv., 24 (2017) 891-905. 10.1080/10717544.2017.1333172

[4] B.C. Blount, M.P. Karwowski, P.G. Shields, M. Morel-Espinosa, L. Valentin-Blasini, M. Gardner, M. 
Braselton, C.R. Brosius, K.T. Caron, D. Chambers, J. Corstvet, E. Cowan, V.R. De Jesús, P. Espinosa, C. 
Fernandez, C. Holder, Z. Kuklenyik, J.D. Kusovschi, C. Newman, G.B. Reis, J. Rees, C. Reese, L. Silva, T. 
Seyler, M.A. Song, C. Sosnoff, C.R. Spitzer, D. Tevis, L. Wang, C. Watson, M.D. Wewers, B. Xia, D.T. 
Heitkemper, I. Ghinai, J. Layden, P. Briss, B.A. King, L.J. Delaney, C.M. Jones, G.T. Baldwin, A. Patel, D. 
Meaney-Delman, D. Rose, V. Krishnasamy, J.R. Barr, J. Thomas, J.L. Pirkle, Vitamin E Acetate in 
Bronchoalveolar-Lavage Fluid Associated with EVALI, N. Engl. J. Med., 382 (2020) 697-705. 
10.1056/NEJMoa1916433

[5] R. Dalby, M. Spallek, T. Voshaar, A review of the development of Respimat Soft Mist Inhaler, Int. J. 
Pharm., 283 (2004) 1-9. 10.1016/j.ijpharm.2004.06.018

[6] C.G. Abrantes, D. Duarte, C.P. Reis, An Overview of Pharmaceutical Excipients: Safe or Not Safe?, J. 
Pharm. Sci., 105 (2016) 2019-2026. 10.1016/j.xphs.2016.03.019

[7] U.S. Department of Health and Human Services, Guidance for Industry Nonclinical Studies for the 
Safety Evaluation of Pharmaceutical Excipients in: Food and Drug Administration (Ed.), Center for 
Biologics Evaluation and Research Rockville, 2005.

[8] E. Elje, E. Mariussen, E. McFadden, M. Dusinska, E. Rundén-Pran, Different Sensitivity of Advanced 
Bronchial and Alveolar Mono- and Coculture Models for Hazard Assessment of Nanomaterials, 
Nanomaterials, 13 (2023). 10.3390/nano13030407

[9] European Medicine Agency, ICH: S 7 A: Safety pharmacology studies for human pharmaceuticals - 
Step 5, in: European Medicine Agency (Ed.), 2001.

[10] E. Fröhlich, C. Meindl, T. Pieber, Important issues in the cytotoxicity screening of nano-sized 
materials, EURO-NanoTox Lett., 1 (2010) 1-6. 10.1515/entl-2015-0002

[11] E. Fröhlich, C. Samberger, T. Kueznik, M. Absenger, E. Roblegg, A. Zimmer, T.R. Pieber, Cytotoxicity 
of nanoparticles independent from oxidative stress, J. Toxicol. Sci., 34 (2009) 363-375. 
http://dx.doi.org/10.2131/jts.34.363

[12] H. Lövborg, J. Gullbo, R. Larsson, Screening for apoptosis—classical and emerging techniques, Anti-
Cancer Drugs, 16 (2005) 593-599. 

[13] A. Adan, Y. Kiraz, Y. Baran, Cell Proliferation and Cytotoxicity Assays, Curr. Pharm. Biotechnol., 17 
(2016) 1213-1221. 10.2174/1389201017666160808160513

https://doi.org/10.1016/j.iac.2021.12.008
http://dx.doi.org/10.2131/jts.34.363


20

[14] C. Meindl, M. Absenger, E. Roblegg, E. Fröhlich, Suitability of cell-based label-free detection for 
cytotoxicity screening of carbon nanotubes, Biomed Res. Int., 2013 (2013) 564804. 
10.1155/2013/564804

[15] T. Deutschle, U. Porkert, R. Reiter, T. Keck, H. Riechelmann, In vitro genotoxicity and cytotoxicity 
of benzalkonium chloride, Toxicol. in Vitro, 20 (2006) 1472-1477. 10.1016/j.tiv.2006.07.006

[16] R.P. Araldi, T.C. de Melo, T.B. Mendes, P.L. de Sá Júnior, B.H.N. Nozima, E.T. Ito, R.F. de Carvalho, 
E.B. de Souza, R. de Cassia Stocco, Using the comet and micronucleus assays for genotoxicity studies: 
A review, Biomed. Pharmacother., 72 (2015) 74-82. https://doi.org/10.1016/j.biopha.2015.04.004

[17] B. Prietl, C. Meindl, E. Roblegg, T.R. Pieber, G. Lanzer, E. Fröhlich, Nano-sized and micro-sized 
polystyrene particles affect phagocyte function, Cell Biol. Toxicol., 30 (2014) 1-16. 10.1007/s10565-
013-9265-y

[18] E. Fröhlich, Comparison of conventional and advanced in vitro models in the toxicity testing of 
nanoparticles, Artif. Cells Nanomed. Biotechnol., (2018) 1-17. 10.1080/21691401.2018.1479709

[19] R. Scherliess, The MTT assay as tool to evaluate and compare excipient toxicity in vitro on 
respiratory epithelial cells, Int. J. Pharm., 411 (2011) 98-105. 10.1016/j.ijpharm.2011.03.053

[20] C. Meindl, M. Absenger-Novak, R. Jeitler, E. Roblegg, E. Fröhlich, Assessment of Carbon Nanotubes 
on Barrier Function, Ciliary Beating Frequency and Cytokine Release in In Vitro Models of the 
Respiratory Tract, Nanomaterials, 13 (2023). 10.3390/nano13040682

[21] C. Meindl, K. Öhlinger, V. Zrim, T. Steinkogler, E. Fröhlich, Screening for Effects of Inhaled 
Nanoparticles in Cell Culture Models for Prolonged Exposure, Nanomaterials, 11 (2021). 
10.3390/nano11030606

[22] A. Tam, S. Wadsworth, D. Dorscheid, S.F. Man, D.D. Sin, Estradiol increases mucus synthesis in 
bronchial epithelial cells, PLoS One, 9 (2014) e100633. 10.1371/journal.pone.0100633

[23] L.T. Haber, M.A. Bradley, A.N. Buerger, H. Behrsing, S. Burla, P.W. Clapp, S. Dotson, C. Fisher, K.R. 
Genco, F.H. Kruszewski, S.D. McCullough, K.E. Page, V. Patel, N. Pechacek, C. Roper, M. Sharma, A.M. 
Jarabek, New approach methodologies (NAMs) for the in vitro assessment of cleaning products for 
respiratory irritation: workshop report, Front. Toxicol., 6 (2024) 1431790. 10.3389/ftox.2024.1431790

[24] N. Gilmour, I. Kimber, J. Williams, G. Maxwell, Skin sensitization: Uncertainties, challenges, and 
opportunities for improved risk assessment, Contact Dermatitis, 80 (2019) 195-200. 
10.1111/cod.13167

[25] S. Magramane, K. Vlahović, P. Gordon, N. Kállai-Szabó, R. Zelkó, I. Antal, D. Farkas, Inhalation 
Dosage Forms: A Focus on Dry Powder Inhalers and Their Advancements, Pharmaceuticals, 16 (2023). 
10.3390/ph16121658

[26] J.K. Metz, L. Scharnowske, F. Hans, S. Schnur, K. Knoth, H. Zimmer, M. Limberger, H. Groß, C.M. 
Lehr, M. Hittinger, Safety assessment of excipients (SAFE) for orally inhaled drug products, Altex, 37 
(2020) 275-286. 10.14573/altex.1910231

[27] United Nations, GHS Classification. Part 3: Health Hazards, in: Nations U. (Ed.), 2009, pp. 115-116.

[28] U.G. Sauer, S. Vogel, A. Hess, S.N. Kolle, L. Ma-Hock, B. van Ravenzwaay, R. Landsiedel, In vivo-in 
vitro comparison of acute respiratory tract toxicity using human 3D airway epithelial models and 

https://doi.org/10.1016/j.biopha.2015.04.004


21

human A549 and murine 3T3 monolayer cell systems, Toxicol. in Vitro, 27 (2013) 174-190. 
10.1016/j.tiv.2012.10.007

[29] G.R. Jackson, Jr., A.G. Maione, M. Klausner, P.J. Hayden, Prevalidation of an Acute Inhalation 
Toxicity Test Using the EpiAirway In Vitro Human Airway Model, Appl. in vitro Toxicol., 4 (2018) 149-
158. 10.1089/aivt.2018.0004

[30] N. Rangaraj, S.R. Pailla, S. Sampathi, Insight into pulmonary drug delivery: Mechanism of drug 
deposition to device characterization and regulatory requirements, Pulm. Pharmacol. Ther., 54 (2019) 
1-21. 10.1016/j.pupt.2018.11.004

[31] J.G. Weers, D.P. Miller, Formulation Design of Dry Powders for Inhalation, J. Pharm. Sci., 104 (2015) 
3259-3288. 10.1002/jps.24574

[32] H. Smyth, Excipients for Pulmonary Formulations, in: Katdare A., Chaubal M. (Eds.) Excipient 
Development for Pharmaceutical, Biotechnology, and Drug Delivery Systems, CRC Press, 2006.

[33] D. Zillen, M. Beugeling, W.L.J. Hinrichs, H.W. Frijlink, F. Grasmeijer, Natural and bioinspired 
excipients for dry powder inhalation formulations, Curr. Opin. Colloid Interf. Sci., 56 (2021) 101497. 
https://doi.org/10.1016/j.cocis.2021.101497

[34] I. Sibum, P. Hagedoorn, H.W. Frijlink, F. Grasmeijer, Characterization and Formulation of Isoniazid 
for High-Dose Dry Powder Inhalation, Pharmaceutics, 11 (2019). 10.3390/pharmaceutics11050233

[35] I. Sibum, P. Hagedoorn, C.O. Botterman, H.W. Frijlink, F. Grasmeijer, Automated Filling Equipment 
Allows Increase in the Maximum Dose to Be Filled in the Cyclops(®) High Dose Dry Powder Inhalation 
Device While Maintaining Dispersibility, Pharmaceutics, 12 (2020). 10.3390/pharmaceutics12070645

[36] E. Jackson, R. Shoemaker, N. Larian, L. Cassis, Adipose Tissue as a Site of Toxin Accumulation, 
Compr. Physiol., 7 (2017) 1085-1135. 10.1002/cphy.c160038

[37] V.J. Stella, Q. He, Cyclodextrins, Toxicol. Pathol., 36 (2008) 30-42. 10.1177/0192623307310945

[38] K.N. Gangadhar, K. Adhikari, T. Srichana, Synthesis and evaluation of sodium deoxycholate sulfate 
as a lipid drug carrier to enhance the solubility, stability and safety of an amphotericin B inhalation 
formulation, Int. J. Pharm., 471 1-2 (2014) 430-438. 

[39] A.R. Mohan, Q. Wang, S. Dhapare, E. Bielski, A. Kaviratna, L. Han, S. Boc, B. Newman, 
Advancements in the Design and Development of Dry Powder Inhalers and Potential Implications for 
Generic Development, Pharmaceutics, 14 (2022). 10.3390/pharmaceutics14112495

[40] D. Encinas-Basurto, B.B. Eedara, H.M. Mansour, Biocompatible biodegradable polymeric 
nanocarriers in dry powder inhalers (DPIs) for pulmonary inhalation delivery, J. Pharm. Invest., 54 
(2024) 145-160. 10.1007/s40005-024-00671-0

[41] Y. Chen, P.M. Young, D.F. Fletcher, H.K. Chan, E. Long, D. Lewis, T. Church, D. Traini, The influence 
of actuator materials and nozzle designs on electrostatic charge of pressurised metered dose inhaler 
(pMDI) formulations, Pharm. Res., 31 (2014) 1325-1337. 10.1007/s11095-013-1253-7

[42] M. George, S.V. Joshi, E. Concepcion, H. Lee, Paradoxical bronchospasm from benzalkonium 
chloride (BAC) preservative in albuterol nebulizer solution in a patient with acute severe asthma. A 
case report and literature review of airway effects of BAC, Resp. Med. Case Rep., 21 (2017) 39-41. 
https://doi.org/10.1016/j.rmcr.2017.03.005

https://doi.org/10.1016/j.cocis.2021.101497
https://doi.org/10.1016/j.rmcr.2017.03.005


22

[43] P.B. Myrdal, P. Sheth, S.W. Stein, Advances in metered dose inhaler technology: formulation 
development, AAPS PharmSciTech, 15 (2014) 434-455. 10.1208/s12249-013-0063-x

[44] T.G. O'Riordan, Formulations and nebulizer performance, Respir. Care, 47 (2002) 1305-1312; 
discussion 1312-1303. 

[45] O.N.M. Mc Callion, K.M.G. Taylor, M. Thomas, A.J. Taylor, The influence of surface tension on 
aerosols produced by medical nebulisers, Int. J. Pharm., 129 (1996) 123-136. 
https://doi.org/10.1016/0378-5173(95)04279-2

[46] W. Lan, W. Lan, C. Chan, C. Hsieh, M. Chang, J. Jeng, The effects of extracellular citric acid acidosis 
on the viability, cellular adhesion capacity and protein synthesis of cultured human gingival fibroblasts, 
Aust. Dent. J., 44 (1999) 123-130. https://doi.org/10.1111/j.1834-7819.1999.tb00213.x

[47] S. Nguyen, H. Nguyen, K. Truong, Comparative cytotoxic effects of methanol, ethanol and DMSO 
on human cancer cell lines, Biomed. Res. Ther., 7 (2020) 3855-3859. 
https://doi.org/10.15419/bmrat.v7i7.614

[48] M. Grauso, A. Lan, M. Andriamihaja, F. Bouillaud, F. Blachier, Hyperosmolar environment and 
intestinal epithelial cells: impact on mitochondrial oxygen consumption, proliferation, and barrier 
function in vitro, Sci. Rep., 9 (2019) 11360. 10.1038/s41598-019-47851-9

[49] H. Feng, Y. Sheng, Y. Hu, Y. Wang, J. Sun, L. Tang, Local Irritation and Cytotoxicity Study of Glycerol 
as Pharmaceutical Excipient, Chin. Pharm. J., 54 (2019) 42-46. 10.11669/cpj.2019.01.009

[50] M. Komura, T. Sato, H. Yoshikawa, N.A. Nitta, Y. Suzuki, K. Koike, Y. Kodama, K. Seyama, K. 
Takahashi, Propylene glycol, a component of electronic cigarette liquid, damages epithelial cells in 
human small airways, Respir. Res., 23 (2022) 216. 10.1186/s12931-022-02142-2

[51] T.R. Rowell, S.L. Reeber, S.L. Lee, R.A. Harris, R.C. Nethery, A.H. Herring, G.L. Glish, R. Tarran, 
Flavored e-cigarette liquids reduce proliferation and viability in the CALU3 airway epithelial cell line, 
Am. J. Physiol. Lung Cell Mol. Physiol., 313 (2017) L52-l66. 10.1152/ajplung.00392.2016

[52] Y.H. Escobar, G. Nipp, T. Cui, S.S. Petters, J.D. Surratt, I. Jaspers, In Vitro Toxicity and Chemical 
Characterization of Aerosol Derived from Electronic Cigarette Humectants Using a Newly Developed 
Exposure System, Chem. Res. Toxicol., 33 (2020) 1677-1688. 10.1021/acs.chemrestox.9b00490

[53] M.D. Kim, S. Chung, N. Baumlin, J. Qian, R.N. Montgomery, J. Sabater, C. Berkland, M. Salathe, The 
combination of propylene glycol and vegetable glycerin e-cigarette aerosols induces airway 
inflammation and mucus hyperconcentration, Sci. Rep., 14 (2024) 1942. 10.1038/s41598-024-52317-
8

[54] M.P. Ween, J.J. Whittall, R. Hamon, P.N. Reynolds, S.J. Hodge, Phagocytosis and Inflammation: 
Exploring the effects of the components of E-cigarette vapor on macrophages, Physiol. Rep., 5 (2017). 
10.14814/phy2.13370

[55] R. Corriden, A. Moshensky, C.M. Bojanowski, A. Meier, J. Chien, R.K. Nelson, L.E. Crotty Alexander, 
E-cigarette use increases susceptibility to bacterial infection by impairment of human neutrophil 
chemotaxis, phagocytosis, and NET formation, Am. J. Physiol. Cell. Physiol., 318 (2020) C205-c214. 
10.1152/ajpcell.00045.2019

[56] A. Lechasseur, M.C. Morissette, The fog, the attractive and the addictive: pulmonary effects of 
vaping with a focus on the contribution of each major vaping liquid constituent, Eur. Respir. Rev., 29 
(2020). 10.1183/16000617.0268-2020

https://doi.org/10.1016/0378-5173(95)04279-2
https://doi.org/10.1111/j.1834-7819.1999.tb00213.x
https://doi.org/10.15419/bmrat.v7i7.614


23

[57] Agency for Toxic Substances and Disease Registry (ATSDR) Toxicological Profiles, Toxicological 
Profile for Propylene Glycol, Atlanta (GA), 1997.

[58] M. Boulay, C. Henry, Y. Bossé, L.P. Boulet, M.C. Morissette, Acute effects of nicotine-free and 
flavour-free electronic cigarette use on lung functions in healthy and asthmatic individuals, Respir. 
Res., 18 (2017) 33. 10.1186/s12931-017-0518-9

[59] M. Chaumont, P. van de Borne, A. Bernard, A. Van Muylem, G. Deprez, J. Ullmo, E. Starczewska, 
R. Briki, Q. de Hemptinne, W. Zaher, N. Debbas, Fourth generation e-cigarette vaping induces transient 
lung inflammation and gas exchange disturbances: results from two randomized clinical trials, Am. J. 
Physiol. Lung Cell Mol. Physiol., 316 (2019) L705-l719. 10.1152/ajplung.00492.2018

[60] M.A. Song, S.A. Reisinger, J.L. Freudenheim, T.M. Brasky, E.A. Mathé, J.P. McElroy, Q.A. Nickerson, 
D.Y. Weng, M.D. Wewers, P.G. Shields, Effects of Electronic Cigarette Constituents on the Human Lung: 
A Pilot Clinical Trial, Cancer Prev. Res., 13 (2020) 145-152. 10.1158/1940-6207.Capr-19-0400

[61] Q. Chen, Y. Huang, Y. Yang, H. Qiu, Acid‑induced cell injury and death in lung epithelial cells is 
associated with the activation of mitogen‑activated protein kinases, Mol. Med. Rep., 8 (2013) 565-570. 
10.3892/mmr.2013.1537

[62] G.M. Mattos, D.D. Lopes, R.C. Mamede, H. Ricz, F.V. Mello-Filho, J.B. Neto, Effects of time of 
contact and concentration of caustic agent on generation of injuries, Laryngoscope, 116 (2006) 456-
460. 10.1097/01.mlg.0000199935.74009.60

[63] J. Vyskocil, J. Tuma, M. Dluhos, The effect of aerosol inhalations of sodium hydroxide on the 
elimination of quartz dust from lungs of rats, Scr. Med., 40 (1966) 25-29. 

[64] ECHA Chemicals, in: Chemicals E. (Ed.), ECHA Cutropean Chemicals Agency, Helsinki, Finland.

[65] S.H. Kim, D. Kwon, S. Lee, S.W. Son, J.-T. Kwon, P.-J. Kim, Y.-H. Lee, Y.-S. Jung, Concentration- and 
Time-Dependent Effects of Benzalkonium Chloride in Human Lung Epithelial Cells: Necrosis, Apoptosis, 
or Epithelial Mesenchymal Transition, Toxics, 8 (2020) 17. 

[66] R. Swiercz, T. Hałatek, J. Stetkiewicz, W. Wąsowicz, B. Kur, Z. Grzelińska, W. Majcherek, Toxic effect 
in the lungs of rats after inhalation exposure to benzalkonium chloride, Int. J. Occup. Med. Environ. 
Health, 26 (2013) 647-656. 10.2478/s13382-013-0137-8

[67] M.J. Asmus, M.D. Barros, J. Liang, S.E. Chesrown, L. Hendeles, Pulmonary function response to 
EDTA, an additive in nebulized bronchodilators, J. Allergy Clin. Immunol., 107 (2001) 68-72. 
10.1067/mai.2001.111591

[68] A. Stjepanović, N. Todorović, T. Tesic, Z. Komazec, J. Čanji-Panić, M. Lalic-Popovic, Pharmaceutical 
excipients with potential to cause adverse effects in paediatric nasal medicines, Regul. Toxicol. 
Pharmacol., (2022) 105225. 

[69] L. Jian, L.W. Po, Kinetic evaluation of the ciliotoxicity of methyl- and propyl-p-hydroxybenzoates 
using factorial experiments, J. Pharm. Pharmacol., 45 (1993) 98-101. 10.1111/j.2042-
7158.1993.tb03691.x

[70] National Toxicology Program (NTP), Butylparaben (CAS No. 94-26-8) Review of Toxicological 
Literature. , in: Services U.D.o.H.a.H. (Ed.), 2005.



24

[71] A. Kowalczyk, M. Przychodna, S. Sopata, A. Bodalska, I. Fecka, Thymol and Thyme Essential Oil-
New Insights into Selected Therapeutic Applications, Molecules, 25 (2020). 
10.3390/molecules25184125

[72] A. Günes-Bayir, A. Kocyigit, E.M. Guler, A. Dadak, In Vitro Hormetic Effect Investigation of Thymol 
on Human Fibroblast and Gastric Adenocarcinoma Cells, in:  Molecules, 2020.

[73] K. Xie, D.P. Tashkin, M.Z. Luo, J.Y. Zhang, Chronic toxicity of inhaled thymol in lungs and respiratory 
tracts in mouse model, Pharmacol. Res. Perspect., 7 (2019) e00516. 10.1002/prp2.516

[74] W. Johnson, W.F. Bergfeld, D.V. Belsito, R.A. Hill, C.D. Klaassen, D.C. Liebler, J.G. Marks, R.C. Shank, 
T.J. Slaga, P.W. Snyder, F.A. Andersen, Safety Assessment of Benzyl Alcohol, Benzoic Acid and its Salts, 
and Benzyl Benzoate, Int. J. Toxicol., 36 (2017) 5s-30s. 10.1177/1091581817728996

[75] A. Hartwig, M.A.K. Commission, Benzyl alcohol [MAK Value Documentation, 2017], in:  The 
MAK-Collection for Occupational Health and Safety, 2018, pp. 1075-1110.

[76] N.V. Ballal, M. Kundabala, S. Bhat, N. Rao, B.S. Rao, A comparative in vitro evaluation of cytotoxic 
effects of EDTA and maleic acid: root canal irrigants, Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 
Endod., 108 (2009) 633-638. 10.1016/j.tripleo.2009.05.039

[77] J.S. Marins, L.M. Sassone, S.R. Fidel, D.A. Ribeiro, In vitro genotoxicity and cytotoxicity in murine 
fibroblasts exposed to EDTA, NaOCl, MTAD and citric acid, Braz. Dent. J., 23 (2012) 527-533. 
10.1590/s0103-64402012000500010

[78] G. Wang, J. Zabner, C. Deering, J. Launspach, J. Shao, M. Bodner, D.J. Jolly, B.L. Davidson, P.B. 
McCray, Jr., Increasing epithelial junction permeability enhances gene transfer to airway epithelia In 
vivo, Am. J. Respir. Cell Mol. Biol., 22 (2000) 129-138. 10.1165/ajrcmb.22.2.3938

[79] M.J. Asmus, J. Sherman, L. Hendeles, Bronchoconstrictor additives in bronchodilator solutions, J. 
Allergy Clin. Immunol., 104 (1999) S53-S60. 10.1016/S0091-6749(99)70274-5

[80] H. Hemilä, The effect of vitamin C on bronchoconstriction and respiratory symptoms caused by 
exercise: a review and statistical analysis, Allergy Asthma Clin. Immunol., 10 (2014) 58. 10.1186/1710-
1492-10-58

[81] R.J. Schmidt, L.Y. Chung, A.M. Andrews, T.D. Turner, Toxicity of L-ascorbic acid to L929 fibroblast 
cultures: relevance to biocompatibility testing of materials for use in wound management, J. Biomed. 
Mater. Res., 27 (1993) 521-530. 10.1002/jbm.820270413

[82] B. Peterkofsky, W. Prather, Cytotoxicity of ascorbate and other reducing agents towards cultured 
fibroblasts as a result of hydrogen peroxide formation, J. Cell Physiol., 90 (1977) 61-70. 
10.1002/jcp.1040900109

[83] W. Wu, G. Fu, R. Xuan, L. Zhai, Y. Lu, M. Tang, J. Liu, C. Zhang, H. Chen, F. Wang, Food additive 
sodium bisulfite induces intracellular imbalance of biothiols levels in NCM460 colonic cells to trigger 
intestinal inflammation in mice, Toxicol. Lett., 359 (2022) 73-83. 10.1016/j.toxlet.2022.01.019

[84] E. Seravalli, E. Lear, Toxicity of chloroprocaine and sodium bisulfite on human neuroblastoma cells, 
Anesth. Analg., 66 (1987) 954-958. 

[85] L.C. Chen, H.F. Lam, D. Ainsworth, J. Guty, M.O. Amdur, Functional changes in the lungs of guinea 
pigs exposed to sodium sulfite aerosols, Toxicol. Appl. Pharmacol., 89 (1987) 1-8. 10.1016/0041-
008x(87)90170-0



25

[86] J.A. Last, P.K. Dasgupta, J.R. Etchison, Inhalation toxicology of sodium sulfite aerosols in rats, 
Toxicol. Appl. Pharmacol., 55 (1980) 299-234. 10.1016/0041-008x(80)90084-8

[87] A. Alimohammadi, M.H. Moosavy, M. Amin Doustvandi, B. Baradaran, M. Amini, A. Mokhtarzadeh, 
M. de la Guardia, Sodium metabisulfite as a cytotoxic food additive induces apoptosis in HFFF2 cells, 
Food Chem, 358 (2021) 129910. 10.1016/j.foodchem.2021.129910

[88] H. Vally, N.L. Misso, Adverse reactions to the sulphite additives, Gastroenterol. Hepatol. Bed 
Bench, 5 (2012) 16-23. 

[89] J. Yoo, Y.M. Lim, H. Kim, E.J. Kim, D.H. Lee, B. Lee, P. Kim, S.D. Yu, H.M. Kim, B.I. Yoon, I. Shim, 
Potentiation of Sodium Metabisulfite Toxicity by Propylene Glycol in Both in Vitro and in Vivo Systems, 
Front. Pharmacol., 9 (2018) 161. 10.3389/fphar.2018.00161

[90] B. Nair, A.R. Elmore, Final report on the safety assessment of sodium sulfite, potassium sulfite, 
ammonium sulfite, sodium bisulfite, ammonium bisulfite, sodium metabisulfite and potassium 
metabisulfite, Int. J. Toxicol., 22 Suppl 2 (2003) 63-88. 10.1080/10915810305077x

[91] S. Takenaka, P. Heilmann, L. Ruprecht, U. Heinzmann, A. Murray, G. Furst, A. Heini, J. Heyder, Long-
term exposure of dogs to a sulphite aerosol: IV. Effects on extrapulmonary airway morphology, J. 
Aerosol Sci., 21 (1990) S483–S486. 

[92] V.S. Kulkarni, C. Shaw, Chapter 2 - Surfactants, Lipids, and Surface Chemistry, in: Kulkarni V.S., 
Shaw C. (Eds.) Essential Chemistry for Formulators of Semisolid and Liquid Dosages, Academic Press, 
Boston, 2016, pp. 5-19.

[93] S. Singh, A.K. Dash, Chapter 3 - Physical Properties, Their Determination, and Importance in 
Pharmaceutics, in: Dash A.K., Singh S. (Eds.) Pharmaceutics (Second Edition), Academic Press, 2024, 
pp. 67-113.

[94] F. Lindenberg, F. Sichel, M. Lechevrel, R. Respaud, G. Saint-Lorant, Evaluation of Lung Cell Toxicity 
of Surfactants for Inhalation Route, J. Toxicol. Risk Assess, 5 (2019) 022. doi.org/10.23937/2572-
4061.1510022

[95] T. Horváth, C. Bartos, A. Bocsik, L. Kiss, S. Veszelka, M.A. Deli, G. Újhelyi, P. Szabó-Révész, R. 
Ambrus, Cytotoxicity of Different Excipients on RPMI 2650 Human Nasal Epithelial Cells, Molecules, 21 
(2016). 10.3390/molecules21050658

[96] A. Chvatal, R. Alzhrani, A. Tiwari, R. Ambrus, P. Szabo-Revesz, S. Boddu, Cytotoxicity of inhalable 
dry powders in A549 human lung cancer cell line, Farmacia, 66 (2018) 172-175. 

[97] T. Kaneko, N. Baba, M. Matsuo, Cytotoxicity of phosphatidylcholine hydroperoxides is exerted 
through decomposition of fatty acid hydroperoxide moiety, Free Radic. Biol. Med., 21 (1996) 173-179. 
https://doi.org/10.1016/0891-5849(96)00025-1

[98] M. Eskandani, H. Hamishehkar, J. Ezzati Nazhad Dolatabadi, Cyto/Genotoxicity study of 
polyoxyethylene (20) sorbitan monolaurate (tween 20), DNA Cell Biol., 32 (2013) 498-503. 
10.1089/dna.2013.2059

[99] E.A. Thackaberry, S. Kopytek, P. Sherratt, K. Trouba, B. McIntyre, Comprehensive investigation of 
hydroxypropyl methylcellulose, propylene glycol, polysorbate 80, and hydroxypropyl-beta-
cyclodextrin for use in general toxicology studies, Toxicol. Sci., 117 (2010) 485-492. 
10.1093/toxsci/kfq207

https://doi.org/10.1016/0891-5849(96)00025-1


26

[100] G. Liu, Y. Li, L. Yang, Y. Wei, X. Wang, Z. Wang, L. Tao, Cytotoxicity study of polyethylene glycol 
derivatives, RSC Adv., 7 (2017) 18252-18259. 10.1039/C7RA00861A

[101] H. Gursahani, J. Riggs-Sauthier, J. Pfeiffer, D. Lechuga-Ballesteros, C.S. Fishburn, Absorption of 
polyethylene glycol (PEG) polymers: the effect of PEG size on permeability, J. Pharm. Sci., 98 (2009) 
2847-2856. 10.1002/jps.21635

[102] D.R. Klonne, D.E. Dodd, P.E. Losco, C.M. Troup, T.R. Tyler, Two-week aerosol inhalation study on 
polyethylene glycol (PEG) 3350 in F-344 rats, Drug Chem. Toxicol., 12 (1989) 39-48. 
10.3109/01480548908999141

[103] P. Muralidharan, E. Mallory, M. Malapit, D. Hayes, Jr., H.M. Mansour, Inhalable PEGylated 
Phospholipid Nanocarriers and PEGylated Therapeutics for Respiratory Delivery as Aerosolized 
Colloidal Dispersions and Dry Powder Inhalers, Pharmaceutics, 6 (2014) 333-353. 
10.3390/pharmaceutics6020333

[104] S. Kizilsahin, C. Koksal Karayildirim, B. Bakan, A. Nalbantsoy, N.U. Karabay Yavasoglu, Cytotoxicity 
and genotoxicity evaluations of oleic acid and conjugated linoleic acid, Istanbul J. Pharm., 52 (2022) 
14-19. 10.26650/IstanbulJPharm.2022.1023891

[105] S. Matalon, H.L. Ji, Oleic acid damages ion transport and promotes alveolar edema: the dark side 
of healthy living, Am. J. Respir. Crit. Care Med., 171 (2005) 424-425. 10.1164/rccm.2411005

[106] C.F. Gonçalves-de-Albuquerque, A.R. Silva, P. Burth, M.V. Castro-Faria, H.C. Castro-Faria-Neto, 
Acute Respiratory Distress Syndrome: Role of Oleic Acid-Triggered Lung Injury and Inflammation, 
Mediators Inflamm, 2015 (2015) 260465. 10.1155/2015/260465

[107] Z. Fiume, Final report on the safety assessment of Lecithin and Hydrogenated Lecithin, Int. J. 
Toxicol., 20 Suppl 1 (2001) 21-45. 10.1080/109158101750300937

[108] M.M. Ahmed, F. Fatima, M.K. Anwer, M.F. Aldawsari, Y.S.M. Alsaidan, S.A. Alfaiz, A. Haque, A. 
Az, K. Alhazzani, Development and characterization of Brigatinib loaded solid lipid nanoparticles: In-
vitro cytotoxicity against human carcinoma A549 lung cell lines, Chem. Phys. Lipids, 233 (2020) 105003. 
https://doi.org/10.1016/j.chemphyslip.2020.105003

[109] R.L. Grant, C. Yao, D. Gabaldon, D. Acosta, Evaluation of surfactant cytotoxicity potential by 
primary cultures of ocular tissues: I. Characterization of rabbit corneal epithelial cells and initial injury 
and delayed toxicity studies, Toxicology, 76 (1992) 153-176. 10.1016/0300-483x(92)90162-8

[110] B. Arechabala, C. Coiffard, P. Rivalland, L.J. Coiffard, Y. de Roeck-Holtzhauer, Comparison of 
cytotoxicity of various surfactants tested on normal human fibroblast cultures using the neutral red 
test, MTT assay and LDH release, J. Appl. Toxicol., 19 (1999) 163-165. 
https://doi.org/10.1002/(SICI)1099-1263(199905/06)19:3<163::AID-JAT561>3.0.CO;2-H

[111] C. Puig-Herreros, J.L. Sanz, D. García-Bernal, F.J. Rodríguez-Lozano, L. Murcia, L. Forner, J. Ghilotti, 
R.E. Oñate-Sánchez, S. López-García, Comparative Cytotoxicity of Menthol and Eucalyptol: An In Vitro 
Study on Human Gingival Fibroblasts, Pharmaceutics, 16 (2024). 10.3390/pharmaceutics16040521

[112] Z. Liu, C. Li, L. Mu, H. Hu, X. Qin, Menthol induces apoptosis and inhibits proliferation and 
migration of nonsmall cell lung carcinoma in vitro and in vivo through Akt pathway, Clin. Respir. J., 17 
(2023) 1265-1275. 10.1111/crj.13713

https://doi.org/10.1016/j.chemphyslip.2020.105003
https://doi.org/10.1002/(SICI)1099-1263(199905/06)19:3


27

[113] N. Baumlin, N. Silswal, J.S. Dennis, A.J. Niloy, M.D. Kim, M. Salathe, Nebulized Menthol Impairs 
Mucociliary Clearance via TRPM8 and MUC5AC/MUC5B in Primary Airway Epithelial Cells, Int. J. Mol. 
Sci., 24 (2023). 10.3390/ijms24021694

[114] J. Herbert, J.S. Kelty, J.D. Laskin, D.L. Laskin, A.J. Gow, Menthol flavoring in e-cigarette condensate 
causes pulmonary dysfunction and cytotoxicity in precision cut lung slices, Am. J. Physiol. Lung Cell 
Mol. Physiol., 324 (2023) L345-l357. 10.1152/ajplung.00222.2022

[115] N. Rakieten, M.L. Rakieten, M. Boykin, Effects of menthol vapor on the intact animal with special 
reference to the upper respiratory tract, J. Am. Pharm. Assoc. Am. Pharm. Assoc., 43 (1954) 390-392. 
10.1002/jps.3030430703

[116] E.M. Garland, J.M. Parr, D.S. Williamson, S.M. Cohen, In vitro cytotoxicity of the sodium, 
potassium and calcium salts of saccharin, sodium ascorbate, sodium citrate and sodium chloride, 
Toxicol. in Vitro, 3 (1989) 201-205. 10.1016/0887-2333(89)90006-4

[117] B. Lestari, D. Novitasari, P. Herwandhani, S. Haryanti, S. Ediati, E. Meiyanto, Evaluation of The 
Genotoxicity of Three Food Additives using CHO-K1 Cells under in vitro Micronucleus Flow Cytometry 
Assay, Indones. J. Cancer Chemoprevention, 8 (2017) 74. 
10.14499/indonesianjcanchemoprev8iss2pp74-80

[118] A. Uçar, S. Yilmaz, Saccharin genotoxicity and carcinogenicity: a review, Adv. Food Sci., 37 (2015) 
138-142. 

[119] E. Millqvist, E. Ternesten-Hasséus, M. Bende, Inhalation of menthol reduces capsaicin cough 
sensitivity and influences inspiratory flows in chronic cough, Respir. Med., 107 (2013) 433-438. 
https://doi.org/10.1016/j.rmed.2012.11.017

[120] D. Alexander, Safety of propellants, J. Aerosol Med., 8 Suppl 1 (1995) S29-34. 

[121] D.J. Alexander, S.E. Libretto, An overview of the toxicology of HFA-134a (1,1,1,2-
tetrafluoroethane), Hum. Exp. Toxicol., 14 (1995) 715-720. 10.1177/096032719501400903

[122] P.S. Giffen, J.D. Kilgour, M. Jacobsen, K. Thacker, A.A. Holmberg, The Nonclinical Assessment of 
Trans-1,3,3,3-tetrafluoropropene (HFO-1234ze (E)), a Near Zero Global Warming Potential Propellant 
for Use in Metered Dose Inhalation Products, Int. J. Toxicol., 43 (2024) 4-18. 
10.1177/10915818231206025

[123] C.L. Leach, The CFC to HFA transition and its impact on pulmonary drug development, Respir. 
Care, 50 (2005) 1201-1208. 

[124] L.B. Salem, C. Bosquillon, L.A. Dailey, L. Delattre, G.P. Martin, B. Evrard, B. Forbes, Sparing 
methylation of beta-cyclodextrin mitigates cytotoxicity and permeability induction in respiratory 
epithelial cell layers in vitro, J. Control. Release, 136 (2009) 110-116. 10.1016/j.jconrel.2009.01.019

[125] S. Gould, R.C. Scott, 2-Hydroxypropyl-beta-cyclodextrin (HP-beta-CD): a toxicology review, Food 
Chem. Toxicol., 43 (2005) 1451-1459. 10.1016/j.fct.2005.03.007

[126] A. Aldhahrani, B. Verdon, C. Ward, J. Pearson, Effects of bile acids on human airway epithelial 
cells: implications for aerodigestive diseases, ERJ Open Res., 3 (2017). 10.1183/23120541.00107-2016

[127] N. Emmelin, A bronchoconstrictory action of some bile acids, Acta Physiol. Scand., 13 (1947) 20-
25. 10.1111/j.1748-1716.1947.tb00398.x

https://doi.org/10.1016/j.rmed.2012.11.017


28

[128] A. Urso, M.M. Leiva-Juárez, D.F. Briganti, B. Aramini, L. Benvenuto, J. Costa, R. Nandakumar, E.A. 
Gomez, H.Y. Robbins, L. Shah, M. Aversa, J.R. Sonnet, S. Arcasoy, S. Cremers, F. D'Ovidio, Aspiration of 
conjugated bile acids predicts adverse lung transplant outcomes and correlates with airway lipid and 
cytokine dysregulation, J. Heart Lung Transplant., 40 (2021) 998-1008. 10.1016/j.healun.2021.05.007

[129] H. Park, E.-S. Ha, M.-S. Kim, Surface modification strategies for high-dose dry powder inhalers, J. 
Pharm. Invest., 51 (2021) 635-668. 10.1007/s40005-021-00529-9

[130] FDA, Inactive Ingredients Database Download, in: Administration U.S.F.D. (Ed.) Drug Approvals 
and Database, FDA, 2025.

[131] A.S. Dharmadhikari, M. Kabadi, B. Gerety, A.J. Hickey, P.B. Fourie, E. Nardell, Phase I, single-dose, 
dose-escalating study of inhaled dry powder capreomycin: a new approach to therapy of drug-resistant 
tuberculosis, Antimicrob. Agents Chemother., 57 (2013) 2613-2619. 10.1128/aac.02346-12

[132] C.A. Hobbs, K. Saigo, M. Koyanagi, S.-m. Hayashi, Magnesium stearate, a widely-used food 
additive, exhibits a lack of in vitro and in vivo genotoxic potential, Toxicol. Rep., 4 (2017) 554-559. 
https://doi.org/10.1016/j.toxrep.2017.10.003

[133] A. Guillon, J. Montharu, L. Vecellio, V. Schubnel, G. Roseau, J. Guillemain, P. Diot, M. de Monte, 
Pulmonary delivery of dry powders to rats: Tolerability limits of an intra-tracheal administration model, 
Int. J. Pharm., 434 (2012) 481-487. https://doi.org/10.1016/j.ijpharm.2012.05.013

[134] Magnesium stearate, Magnesium Stearate NF Powder, Safeaty Data Sheet, in: Register F. (Ed.), 
2012.

[135] S. Xiong, S. George, H. Yu, R. Damoiseaux, B. France, K.W. Ng, J.S. Loo, Size influences the 
cytotoxicity of poly (lactic-co-glycolic acid) (PLGA) and titanium dioxide (TiO(2)) nanoparticles, Arch. 
Toxicol., 87 (2013) 1075-1086. 10.1007/s00204-012-0938-8

[136] L.A. Dailey, N. Jekel, L. Fink, T. Gessler, T. Schmehl, M. Wittmar, T. Kissel, W. Seeger, Investigation 
of the proinflammatory potential of biodegradable nanoparticle drug delivery systems in the lung, 
Toxicol. Appl. Pharmacol., 215 (2006) 100-108. 10.1016/j.taap.2006.01.016

[137] E.B. Hunt, A. Sullivan, J. Galvin, J. MacSharry, D.M. Murphy, Gastric Aspiration and Its Role in 
Airway Inflammation, Open Respir Med J, 12 (2018) 1-10. 10.2174/1874306401812010001

[138] S. Jesus, N. Bernardi, J. da Silva, M. Colaço, J. Panão Costa, P. Fonte, O. Borges, Unravelling the 
Immunotoxicity of Polycaprolactone Nanoparticles-Effects of Polymer Molecular Weight, Hydrolysis, 
and Blends, Chem. Res. Toxicol., 33 (2020) 2819-2833. 10.1021/acs.chemrestox.0c00208

[139] E.S. Abamor, O.A. Tosyali, M. Bagirova, A. Allahverdiyev, Nigella sativa oil entrapped 
polycaprolactone nanoparticles for leishmaniasis treatment, IET Nanobiotechnol., 12 (2018) 1018-
1026. 10.1049/iet-nbt.2018.5115

[140] R.P. Singh, P. Ramarao, Accumulated polymer degradation products as effector molecules in 
cytotoxicity of polymeric nanoparticles, Toxicol. Sci., 136 (2013) 131-143. 10.1093/toxsci/kft179

[141] R. Findlay, R. Crews, J. Pulido, Occupational Polycaprolactone Inhalation Induced Acute Lung 
Injury, Am. J. Respir. Crit. Care Med., 199 (2019) A1812. https://doi.org/10.1164/ajrccm-
conference.2019.199.1_MeetingAbstracts.A1812

https://doi.org/10.1016/j.toxrep.2017.10.003
https://doi.org/10.1016/j.ijpharm.2012.05.013
https://doi.org/10.1164/ajrccm-conference.2019.199.1_MeetingAbstracts.A1812
https://doi.org/10.1164/ajrccm-conference.2019.199.1_MeetingAbstracts.A1812


29

[142] M. Ramchandani, M. Pankaskie, D. Robinson, The influence of manufacturing procedure on the 
degradation of poly(lactide-co-glycolide) 85:15 and 50:50 implants, J. Control. Release, 43 (1997) 161-
173. https://doi.org/10.1016/S0168-3659(96)01481-2

[143] H. Ong, D. Traini, P. Young, Liposomes for Inhalation, in: Dhand R., Rothen-Rutishauser B., Hickey 
A. (Eds.) The ISAM Textbook of Aerosol Medicine, Mary Ann Libert Publishing, Inc., 2015.

[144] N. Milad, M.C. Morissette, Revisiting the role of pulmonary surfactant in chronic inflammatory 
lung diseases and environmental exposure, Eur. Respir. Rev., 30 (2021). 10.1183/16000617.0077-2021

[145] M. Di Gioia, I. Zanoni, Dooming Phagocyte Responses: Inflammatory Effects of Endogenous 
Oxidized Phospholipids, Front Endocrinol (Lausanne), 12 (2021) 626842. 10.3389/fendo.2021.626842

[146] S.D. Turley, J.M. Andersen, J.M. Dietschy, Rates of sterol synthesis and uptake in the major organs 
of the rat in vivo, J. Lipid Res., 22 (1981) 551-569. 

[147] M.B. Fessler, A New Frontier in Immunometabolism. Cholesterol in Lung Health and Disease, 
Ann. Am. Thorac Soc., 14 (2017) S399-s405. 10.1513/AnnalsATS.201702-136AW

[148] J. Qua Hiansen, E. Keating, A. Aspros, L.-J. Yao, K.J. Bosma, C.M. Yamashita, J.F. Lewis, R.A.W. 
Veldhuizen, Cholesterol-mediated surfactant dysfunction is mitigated by surfactant protein A, BBA - 
Biomembranes, 1848 (2015) 813-820. https://doi.org/10.1016/j.bbamem.2014.12.009

[149] A. Sevanian, A.R. Peterson, The cytotoxic and mutagenic properties of cholesterol oxidation 
products, Food Chem. Toxicol., 24 (1986) 1103-1110. 10.1016/0278-6915(86)90295-4

[150] P. Baldrick, D.G. Bamford, A toxicological review of lactose to support clinical administration by 
inhalation, Food Chem. Toxicol., 35 (1997) 719-733. 10.1016/s0278-6915(97)00041-0

[151] P. Thoren, A. Wallin, P.J. Whitehead, T. Sandström, The effect of different concentrations of 
lactose powder on the airway function of adult asthmatics, Respir. Med., 95 (2001) 870-875. 
10.1053/rmed.2001.1150

[152] Australian Government Department of Health and Ageing Therapeutic Goods Administration, 
Australian Public Assessment Report for Mannitol, in, 2011.

[153] J. Parkerson, D. Ledford, Mannitol as an indirect bronchoprovocation test for the 21st century, 
Ann. Allergy Asthma Immunol., 106 (2011) 91-96. 10.1016/j.anai.2010.11.010

[154] J.D. Brannan, C. Porsbjerg, S.D. Anderson, Inhaled mannitol as a test for bronchial hyper-
responsiveness, Expert Rev. Respir. Med., 3 (2009) 457-468. 10.1586/ers.09.38

[155] A. Jaques, E. Daviskas, J.A. Turton, K. McKay, P. Cooper, R.G. Stirling, C.F. Robertson, P.T.P. Bye, 
P.N. LeSouëf, B. Shadbolt, S.D. Anderson, B. Charlton, Inhaled mannitol improves lung function in cystic 
fibrosis, Chest, 133 (2008) 1388-1396. 10.1378/chest.07-2294

[156] Q. Wu, D. Jiang, C. Huang, L.F. van Dyk, L. Li, H.W. Chu, Trehalose-mediated autophagy impairs 
the anti-viral function of human primary airway epithelial cells, PLoS One, 10 (2015) e0124524. 
10.1371/journal.pone.0124524

[157] A.R. Iskandar, A.R. Kolli, A. Giralt, L. Neau, M. Fatarova, A. Kondylis, L.O. Torres, S. Majeed, C. 
Merg, M. Corciulo, K. Trivedi, E. Guedj, S. Frentzel, F. Calvino, P.A. Guy, N.V. Ivanov, M.C. Peitsch, J. 
Hoeng, Assessment of in vitro kinetics and biological impact of nebulized trehalose on human bronchial 
epithelium, Food Chem. Toxicol., 157 (2021) 112577. 10.1016/j.fct.2021.112577

https://doi.org/10.1016/S0168-3659(96)01481-2
https://doi.org/10.1016/j.bbamem.2014.12.009


30

[158] B. Xiao, H. Huang, L. Li, L. Hou, D. Yao, B. Mo, Trehalose inhibits proliferation while activates 
apoptosis and autophagy in rat airway smooth muscle cells, Acta Histochem., 123 (2021) 151810. 
10.1016/j.acthis.2021.151810

[159] L. Gunasekara, W.M. Schoel, S. Schürch, M.W. Amrein, A comparative study of mechanisms of 
surfactant inhibition, Biochim. Biophys. Acta Biomembr., 1778 (2008) 433-444. 
https://doi.org/10.1016/j.bbamem.2007.10.027

[160] J.A. Zasadzinski, T.F. Alig, C. Alonso, J. Bernardino de la Serna, J. Perez-Gil, H.W. Taeusch, 
Inhibition of pulmonary surfactant adsorption by serum and the mechanisms of reversal by hydrophilic 
polymers: theory, Biophys. J., 89 (2005) 1621-1629. 10.1529/biophysj.105.062646

[161] G.S. Choi, J.H. Kim, H.N. Lee, J.M. Sung, J.W. Lee, H.S. Park, Occupational asthma caused by 
inhalation of bovine serum albumin powder, Allergy Asthma Immunol. Res., 1 (2009) 45-47. 
10.4168/aair.2009.1.1.45

[162] F.L. Wright, F. Gamboni, E.E. Moore, T.L. Nydam, S. Mitra, C.C. Silliman, A. Banerjee, 
Hyperosmolarity invokes distinct anti-inflammatory mechanisms in pulmonary epithelial cells: 
evidence from signaling and transcription layers, PLoS One, 9 (2014) e114129. 
10.1371/journal.pone.0114129

[163] G.M. Sterling, J.C. Batten, Effect of aerosol propellants and surfactants on airway resistance, 
Thorax, 24 (1969) 228-231. 10.1136/thx.24.2.228

[164] FDA, Pharmacology and Toxicology Review NDA 22-368 (Mannitol), in, Department of Health and 
Human Services. Center for Drug Evaluation and Research, 2009.

[165] L. Durairaj, J. Launspach, J.L. Watt, T.R. Businga, J.N. Kline, P.S. Thorne, J. Zabner, Safety 
assessment of inhaled xylitol in mice and healthy volunteers, Respir. Res., 5 (2004) 13. 10.1186/1465-
9921-5-13

[166] M.D. Reed, B.E. McCombie, A.E. Sivillo, P.S. Thorne, M.J. Welsh, T.H. March, J.D. McDonald, S.K. 
Seilkop, J. Zabner, L. Durairaj, Safety assessment of nebulized xylitol in beagle dogs, Inhal. Toxicol., 24 
(2012) 365-372. 10.3109/08958378.2012.673180

[167] M.I. Ugwoke, R.U. Agu, M. Jorissen, P. Augustijns, R. Sciot, N. Verbeke, R. Kinget, Toxicological 
investigations of the effects carboxymethylcellulose on ciliary beat frequency of human nasal epithelial 
cells in primary suspension culture and in vivo on rabbit nasal mucosa, Int. J. Pharm., 205 (2000) 43-
51. https://doi.org/10.1016/S0378-5173(00)00484-1

[168] R.R.G. Machado, T. Glaser, D.B. Araujo, L.L. Petiz, D.B.L. Oliveira, G.S. Durigon, A.L. Leal, J.R.R. 
Pinho, L.C.S. Ferreira, H. Ulrich, E.L. Durigon, C.R. Guzzo, Inhibition of Severe Acute Respiratory 
Syndrome Coronavirus 2 Replication by Hypertonic Saline Solution in Lung and Kidney Epithelial Cells, 
ACS Pharmacol. Transl. Sci., 4 (2021) 1514-1527. 10.1021/acsptsci.1c00080

[169] C.W. Hsieh, C. Chen, H.C. Su, K.H. Chen, Exploring the efficacy of using hypertonic saline for 
nebulizing treatment in children with bronchiolitis: a meta-analysis of randomized controlled trials, 
BMC Pediatr., 20 (2020) 434. 10.1186/s12887-020-02314-3

[170] F. Kellett, N.M. Robert, Nebulised 7% hypertonic saline improves lung function and quality of life 
in bronchiectasis, Respir. Med., 105 (2011) 1831-1835. 10.1016/j.rmed.2011.07.019

[171] F. Andersen, Final report on the safety assessment of sodium sulfate, Int. J. Toxicol., 19 (2000) 
77–87. https://www.cir-safety.org/ingredients

https://doi.org/10.1016/j.bbamem.2007.10.027
https://doi.org/10.1016/S0378-5173(00)00484-1
https://www.cir-safety.org/ingredients


31

[172] T. Nonoyama, R. Fukuda, Drug-induced Phospholipidosis Pathological Aspects and Its Prediction, 
J. Toxicol. Pathol., 21 (2008) 9-24. 10.1293/tox.21.9

[173] B. Moldoveanu, P. Otmishi, P. Jani, J. Walker, X. Sarmiento, J. Guardiola, M. Saad, J. Yu, 
Inflammatory mechanisms in the lung, J. Inflamm. Res., 2 (2009) 1-11. 

[174] J.B. Sørli, E. Da Silva, P. Bäckman, M. Levin, B.L. Thomsen, I.K. Koponen, S.T. Larsen, A Proposed 
In Vitro Method to Assess Effects of Inhaled Particles on Lung Surfactant Function, Am. J. Respir. Cell 
Mol. Biol., 54 (2016) 306-311. 10.1165/rcmb.2015-0294MA

[175] B. Titz, J. Szostak, A. Sewer, B. Phillips, C. Nury, T. Schneider, S. Dijon, O. Lavrynenko, A. Elamin, 
E. Guedj, E. Tsin Wong, S. Lebrun, G. Vuillaume, A. Kondylis, S. Gubian, S. Cano, P. Leroy, B. Keppler, 
N.V. Ivanov, P. Vanscheeuwijck, F. Martin, M.C. Peitsch, J. Hoeng, Multi-omics systems toxicology study 
of mouse lung assessing the effects of aerosols from two heat-not-burn tobacco products and cigarette 
smoke, Comput. Struct. Biotechnol. J., 18 (2020) 1056-1073. 10.1016/j.csbj.2020.04.011

[176] C. Poussin, C. Mathis, L.G. Alexopoulos, D.E. Messinis, R.H. Dulize, V. Belcastro, I.N. Melas, T. 
Sakellaropoulos, K. Rhrissorrakrai, E. Bilal, P. Meyer, M. Talikka, S. Boué, R. Norel, J.J. Rice, G. 
Stolovitzky, N.V. Ivanov, M.C. Peitsch, J. Hoeng, The species translation challenge-a systems biology 
perspective on human and rat bronchial epithelial cells, Sci. Data, 1 (2014) 140009. 
10.1038/sdata.2014.9

Table 1: Overview of excipient discussed in this review with indication of main function, preferential 
use in which type of formulation and at which concentration, and concentrations of reported 
cytotoxic effects and toxic effects in vivo. 

Excipient Main 
function in 
the 
formulatio
n

Preferenti
al use 

Regulator
y 
acceptanc
e [1]

Decrease of 
viability in vitro / 
adverse effects in 
vivo effects

Referen
ce
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Citric acid Stabilizer, 
pH 
adjustmen
t, flavoring 
agent

pMDI

nebulizer

0.13% 0.23-6.5%/- [2, 3]

Ethanol (alcohol) Co-solvent pMDI 5% 5%/- [4]

Glycerin Co-
solvent, 
tonicity 
agent, 
preservati
ve, 
humectant

Nebulizer 5% 2-4%/irritation [5]/[5]

Propylene glycol Co-
solvent, 
preservati
ve, 
humectant

Nebulizer 25% 2%/cellular 
changes

[6]/[7]

Hydrochloric acid pH 
adjustmen
t

Nebulizer 0.7% 0.03%/- [61]

Sodium hydroxide pH 
adjustmen
t

Nebulizer 8% -/epithelial 
necrosis

[8]

Glycine pH 
adjustmen
t, tonicity 
agent

Nebulizer 2 mg 
MDE

none [9]

Benzalconium chloride Preservati
ve

Nebulizer 0.02% 0.004%/- [10]

Methyl- and 
propylparaben

Preservati
ve

Nebulizer 0.03% 
and 
0.01%

-/disruption of 
ciliary function

[11]
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Thymol Preservati
ve

Nebulizer 0.01% 0.02%/none [12]/ 
[13]

Benzyl alcohol Preservati
ve, co-
solvent

Nebulizer Nasal: 
0.5%

-/irritation [14]

EDTA Chelating 
agent, 
preservati
ve

Nebulizer no 0.07%/- [15]

Ascorbic acid Antioxidan
t, pH 
adjustmen
t

Nebulizer 0.04-
0.11%

0.088%/- [80]

Sodium bisulfite Antioxidan
t, 
preservati
ve

Nebulizer 0.3% -/pulmonary 
edema

[16]

Sodium metabisulfite Antioxidan
t, 
preservati
ve

Nebulizer 0.3% 0.047%/cell 
damage

[17]/ 
[18]

Soy lecithin Surfactant pMDI 0.0002% >100 µg/ml/- [19]

Poloxamer 188 Surfactant Nebulizer Oral: 3 
mg

>10%/- [20]

Polyvinyl alcohol Surfactant, 
stabilizer

DPI

nebulizer

Oral: 1.67 
mg

1%/- [21]

Phosphatidylcholine Surfactant DPI 51 mg 
MDE

-/-

Polysorbate 20, 
polysorbate 80

Surfactant Nebulizer Polysorba
te 80 
MDE 1 
mg

0.03%/none [22]/ 
[23]
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Polyvinylpyrrolidone Surfactant DPI Oral: 5-
6374 mg 
MDE

8-20%/- [19]/ 
[24]

Polyethylene glycol Surfactant, 
co-solvent, 
humectant

DPI 

nebulizer

Oral: 1% 2.25%/- [25]

Oleic acid Surfactant pMDI 0.01% >0.00047%/- [26]

Menthol Flavoring 
agent

pMDI

DPI

nebulizer

0.02 0.02-
1.5%/irritation

[27, 
28]/[29]

Saccharin Flavoring 
agent

pMDI

nebulizer

0.05% 1.3%/- [30]

Hydroxypropyl -
cyclodextrin

Absorption 
enhancer

DPI 

nebulizer

no 6.6%/- [31]

Sodium taurocholate

Sodium deoxycholate

Absorption 
enhancer

DPI no

Injection: 
3 mg

no

-/-

0.0012%/inflamma
tion

[32]/ 
[33]

Leucine Surface 
modifier, 
surfactant

DPI Injection: 
1.1%

-/-

Trileucine Surface 
modifier, 
surfactant

DPI no -/-

Magnesium stearate Surface 
modifier, 
surfactant

DPI 0.13 mg 0.001%/irritation [34]/[35
]
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Sucrose tristearate Surface 
modifier, 
surfactant

DPI 

nebulizer

no -/-

Fumaryldiketopiperazine Surface 
modifier

DPI no -/-

Poly(lactic glycolic acid) Polymer DPI no >0.03%/irritation [36]/ 
[37]

Polycaprolactone Polymer DPI no 0.1%/- [38]

Hydroxypropylmethylcellul
ose

Polymer DPI 

nebulizer

no -/-

Dipalmitoylphosphatidylch
oline

Lipid DPI 

nebulizer

Epidural: 
2 mg 
MDE

-/impaired gas 
exchange

[39]

Distearoylphosphatidylcho
line

Lipid DPI 51 mg, 
MDE

-/impaired gas 
exchange

[39]

Dimyristoylphosphatidylch
oline

Lipid DPI 

nebulizer

no -/impaired gas 
exchange

[39]

Cholesterol Lipid DPI 

nebulizer

i.v.: 
0.32%

-/impaired gas 
exchange

[40]

Lactose Carrier DPI 90 mg 17.6%/- [41]

Mannitol Carrier, 
tonicity 
agent

DPI 

nebulizer

6 mg, 
MDE

-/bronchial 
hyperreactivity

[42]

Trehalose Carrier, 
stabilizer

DPI s.c.: 22 
mg MDE

10.2% [43]

Sorbitol Carrier, 
stabilizer, 

Nebulizer Oral: 60% -/irritation [44]
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humectant
, tonicity 
agent

Xylitol Carrier, 
stabilizer, 
humectant
, tonicity 
agent

Nebulizer Oral: 21.6 
g MDE

-/none [45]

Bovine serum albumin Carrier, 
stabilizer

DPI 

nebulizer

no -/asthma [46]

Carboxylmethylcellulose Suspendin
g agent

Nebulizer Oral: 1% -/irritation [47]

NaCl Tonicity 
agent

Nebulizer 3 mg 2.8%/- [19]/[48
]

Sodium sulfate Tonicity 
agent

Nebulizer 0.03% -/>0.5% [48]

Abbreviation: -, no data for pure excipient are available.
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