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CBF, ciliary beating frequency; CMC, carboxymethyl cellulose; DMPC, dimyristoylphosphatidylcholine; DPI, dry
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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.



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,



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



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



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 APl 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 (B-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.



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 pMDlIs 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



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 MUCSAC 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) a) 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 um 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].



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 pg/ml BAC for 30 min and for 21 days [65]. Two - 4 ug/ml (0.0002-0.0004%) induced
mitochondria-induced apoptosis at a single exposure. A concentration of 0.2 - 0.6 pg/ml for 7-21 days
BAC induced epithelial-mesenchymal transition, whereas 10-40 pg/ml for 30 min increased release of
LDH, indicating plasma membrane damage. 20-40 pg/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 ug/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 pug/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/m?3 caused
mild irritation of the upper respiratory tract. Aerosols (3.3 um) from concentrated solutions at 1072
mg/m?3 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 pug/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 um 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 ug/m? for
head-only exposure for 1 h and 204-1152 pg/m3 for whole-body exposure. Mild pulmonary edema was
observed after 3d exposure of rats to 1 um SB particles at 1 mg/m?3 [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 uM 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 + SO, [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 ug/ml and
PG was non-toxic up to 1 mg/ml. However, when 200 pg/ml SM was combined with 31.5 - 1000 pg/ml
PG, viability decreased to <60% for all PG concentrations. Colony formation was reduced at 50 pg/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 um 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/m?3 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 ALl 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 uM 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 ALl 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 ul/ml for
A549 and 0.3 pl/ml for HUVEC for all time points. The mode of action and genotoxicity were
determined at a much higher concentration of 2 pl/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 ug/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 ALl culture for 24h, CBF was decreased and mRNA expression of MUCSAC,
IL-1B and TNF-a 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/m?3 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 pg/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 B-cyclodextrin (HPBCD) showed cytotoxicity in A549 cells at 566 mM, whereas no
cytotoxicity was observed in Calu-3 cells up to 100 mM [124]. Exposure to 25 mM HPBCD 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 HPBCD, foamy AMs were formed. This suggests that the route of exposure has
a pronounced effect on the manifestation of toxicity of HPBCD. Solubilization of membrane lipids
rather than surface activity was identified as the main mode of action, as solubilization of cholesterol
correlated with hemolytic activity. BCD also induced apoptosis in human keratinocytes. Liver
transaminase levels increased at 500 mg/kg HPBCD 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 uM [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-1P 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 pg/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 pg/ml [135]. However,
the smallest particles increased TNF-o. 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 pl of 2.5 pg/ul and 1 pg/ul 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 pg/ml for RAW264.7 cells after 24h, PBMCs were more
sensitive. Another study reported no cytotoxicity up to 1000 pg/ml of 200-370 nm PCL particles in 1774
macrophages for 144h [139]. In another study, the release of TNF-a from RAW264.7 cells was
determined by exposure to 1000 pg/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 Vviscosity 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 uM [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 APl 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 pg/ul (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 um 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 um 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 pg/m3 SS particles). SS
aerosols (0.5 um) up to 3 mg/m?3 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; HPBCD, hydroxypropyl-beta cyclodextrin; FDKP, fumaryldiketopiperazine; NaOH,
sodium hydroxide; P188, poloxomer 188; PC, phosphatidyl choline; PEG, polyethylene glycol.
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Sakellaropoulos, K. Rhrissorrakrai, E. Bilal, P. Meyer, M. Talikka, S. Boué, R. Norel, J.J. Rice, G.
Stolovitzky, N.V. Ilvanov, 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

Adverse excipient action at the pulmonary barrier

Viability screening in Plasma membrane damage
cells relevant for the respiratory Apoptosis induction
system Decrease of proliferation

Osmotic damage
OOO Bronchial epithelial cells
alveolar epithelial cells
OO macrophages

Testing for irritation

Cytokine secretion

Mucin expression
Reconstructed tissues Epithelial barrier tightness

Ciliary beating frequency

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 Preferenti | Regulator | Decrease of Referen
functionin | al use v viability in vitro / ce
the acceptanc | adverse effects in
formulatio e[1] vivo effects

n
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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

[51/15]

Propylene glycol

Co-
solvent,
preservati
ve,
humectant

Nebulizer

25%

2%/cellular
changes

[61/171]

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

2mg
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 | Nebulizer | 0.01% 0.02%/none [12]1/
ve [13]
Benzyl alcohol Preservati | Nebulizer | Nasal: -/irritation [14]
ve, co- 0.5%
solvent
EDTA Chelating Nebulizer | no 0.07%/- [15]
agent,
preservati
ve
Ascorbic acid Antioxidan | Nebulizer | 0.04- 0.088%/- [80]
t, pH 0.11%
adjustmen
t
Sodium bisulfite Antioxidan | Nebulizer | 0.3% -/pulmonary [16]
t, edema
preservati
ve
Sodium metabisulfite Antioxidan | Nebulizer | 0.3% 0.047%/cell [171/
t, damage [18]
preservati
ve
Soy lecithin Surfactant | pMDI 0.0002% | >100 ug/ml/- [19]
Poloxamer 188 Surfactant | Nebulizer | Oral: 3 >10%/- [20]
mg
Polyvinyl alcohol Surfactant, | DPI Oral: 1.67 | 1%/- [21]
stabilizer mg
nebulizer
Phosphatidylcholine Surfactant | DPI 51 mg -/-
MDE
Polysorbate 20, Surfactant | Nebulizer | Polysorba | 0.03%/none [221/
polysorbate 80 te 80 [23]
MDE 1

mg
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Polyvinylpyrrolidone Surfactant | DPI Oral: 5- 8-20%/- [19]/
6374 mg [24]
MDE
Polyethylene glycol Surfactant, | DPI Oral: 1% 2.25%/- [25]
co-solvent,
humectant | nebulizer
Oleic acid Surfactant | pMDI 0.01% >0.00047%/- [26]
Menthol Flavoring pMDI 0.02 0.02- [27,
agent 1.5%/irritation 28]/[29]
DPI
nebulizer
Saccharin Flavoring pMDI 0.05% 1.3%/- [30]
agent
nebulizer
Hydroxypropyl B- Absorption | DPI no 6.6%/- [31]
cyclodextrin enhancer
nebulizer
Sodium taurocholate Absorption | DPI no -/-
enhancer
Sodium deoxycholate Injection: | 0.0012%/inflamma | [32]/
3mg tion [33]
no
Leucine Surface DPI Injection: | -/-
modifier, 1.1%
surfactant
Trileucine Surface DPI no -/-
modifier,
surfactant
Magnesium stearate Surface DPI 0.13mg 0.001%/irritation [34]/[35
modifier, ]

surfactant
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Sucrose tristearate Surface DPI no -/-
modifier,
surfactant | nebulizer
Fumaryldiketopiperazine Surface DPI no -/-
modifier
Poly(lactic glycolic acid) Polymer DPI no >0.03%/irritation [36]/
(37]
Polycaprolactone Polymer DPI no 0.1%/- [38]
Hydroxypropylmethylcellul | Polymer DPI no -/-
ose
nebulizer
Dipalmitoylphosphatidylch | Lipid DPI Epidural: | -/impaired gas [39]
oline 2 mg exchange
nebulizer | MDE
Distearoylphosphatidylcho | Lipid DPI 51 mg, -/impaired gas [39]
line MDE exchange
Dimyristoylphosphatidylch | Lipid DPI no -/impaired gas [39]
oline exchange
nebulizer
Cholesterol Lipid DPI iv.: -/impaired gas [40]
0.32% exchange
nebulizer
Lactose Carrier DPI 90 mg 17.6%/- [41]
Mannitol Carrier, DPI 6 mg, -/bronchial [42]
tonicity MDE hyperreactivity
agent nebulizer
Trehalose Carrier, DPI s.C.: 22 10.2% [43]
stabilizer mg MDE
Sorbitol Carrier, Nebulizer | Oral: 60% | -/irritation [44]

stabilizer,




26

humectant
, tonicity
agent

Xylitol Carrier, Nebulizer | Oral: 21.6 | -/none [45]
stabilizer, g MDE
humectant
, tonicity
agent

Bovine serum albumin Carrier, DPI no -/asthma [46]
stabilizer
nebulizer

Carboxylmethylcellulose Suspendin | Nebulizer | Oral: 1% | -/irritation [47]
g agent

NaCl Tonicity Nebulizer | 3 mg 2.8%/- [19]/[48
agent ]

Sodium sulfate Tonicity Nebulizer | 0.03% -/>0.5% [48]
agent

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

an

pMPI Nebulizer
Stabilizer
Citric acid
rc:>-fsculwents Co-solvents

Anhydrous ethanol, water

Ethanol, glycerin, propylene glycol,
benzyl alcohol

pH adjustments
Hypochloric acid, NaOH, glycine

pH adjustments
Hypochloric acid, nitric acid

pH adjustments
Hypochloric acid, NaOH, citric acid,
ascorbic acid

Preservatives
BAC, methyl and propyl paraben,
glycerin, thymol

Preservatives

BAC, methyl and propyl paraben,
PG, glycerin, thymol, benzyl alcohol,
EDTA, sodium bisulfite, metabisulfite

Chelating agent
Sodium ethylenediaminetetraacetic acid

\

Chelating agent
Sodium ethylenediaminetetraacetic acid

Antioxidants
Ascorbic acid, sodium bisulfite,
sodium metabisulfite

Antioxidants
Ascorbic acid, sodium bisulfite,
sodium metabisulfite

Surfactants
P188, polyvinyl alcohol, PC, PEG400,
povidone

Y surfactants
Tween 80, soy lecithin, povidone,
PEG1000, oleic acid, tween 20

Surfactants
P188, PEG400, tween 80, polyvinyl
alcohol, PC, oleic acid, tween 20

Flavoring agents

Menthol, saccharin soedium, citric acid

Flavoring agents
Saccharin sodium, citric acid

'Propellants
HFA134a, HFA227, HFA152a,
|HFA1234ze

Absorption enhancers
Sodium deoxycholate, sodium
Ltaumcholafe, B-cyclodextrin, HPBCD

Surface modifiers
Magnesium stearate, DPPC, leucine,
Lin'k-)uci.'re, sucrose tristearate, FDKP

I'Polymers
Polylactic glycolic acid, polycaprolactone,
hydroxy-propylmethylcelluiose

~

Lipids
DSPC, DPPC, cholesterol, DMPC

Carriers/stabilizers
Lactose, mannitol, trehalose, sorbitol,
xylitol, BSA

'Polymers
Hydroxy-propylmethylcellulose,
polylactic glycolic acid

Lipids
DPPC, cholesteral, DMPC

\

Carriers/stabilizers
Polyvinyl alcohol, BSA

Suspending agent
Sodium carboxymethyl cellulose

'Tonicity agents
Sodium chloride, sodium sulfate,
glycerin, glycine, mannitol

Humectant
Glycerin, propylene glycol, sorbitol,
xylitol

Figure 1



