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REVIEW ARTICLE

Simulated biological fluids – a systematic review of their biological relevance
and use in relation to inhalation toxicology of particles and fibres

Emma Innesa, Humphrey H. P. Yiub, Polly McLeana, William Browna and Matthew Boylesa

aInstitute of Occupational Medicine (IOM), Edinburgh, UK; bChemical Engineering, School of Engineering and Physical Sciences, Heriot-Watt
University, Edinburgh, UK

ABSTRACT
The use of simulated biological fluids (SBFs) is a promising in vitro technique to better understand the
release mechanisms and possible in vivo behaviour of materials, including fibres, metal-containing par-
ticles and nanomaterials. Applications of SBFs in dissolution tests allow a measure of material biopersis-
tence or, conversely, bioaccessibility that in turn can provide a useful inference of a materials
biodistribution, its acute and long-term toxicity, as well as its pathogenicity. Given the wide range of
SBFs reported in the literature, a review was conducted, with a focus on fluids used to replicate envi-
ronments that may be encountered upon material inhalation, including extracellular and intracellular
compartments. The review aims to identify when a fluid design can replicate realistic biological condi-
tions, demonstrate operation validation, and/or provide robustness and reproducibility. The studies
examined highlight simulated lung fluids (SLFs) that have been shown to suitably replicate physio-
logical conditions, and identify specific components that play a pivotal role in dissolution mechanisms
and biological activity; including organic molecules, redox-active species and chelating agents. Material
dissolution was not always driven by pH, and likewise not only driven by SLF composition; specific
materials and formulations correspond to specific dissolution mechanisms. It is recommended that SLF
developments focus on biological predictivity and if not practical, on better biological mimicry, as such
an approach ensures results are more likely to reflect in vivo behaviour regardless of the material under
investigation.
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Introduction

It is well known within particle and fibre toxicology that the
onset of disease can be dictated by the residence time and/
or behaviour of exogenous material within a biological envir-
onment, for inhaled materials this would be the lungs. With
the development of new and advanced materials comes a
responsibility to evaluate their safety regarding human
exposure. Traditional and regulatory accepted methods to do
this involve costly and time-consuming animal studies that
often need to be carried out on a case-by-case basis due to
the growing diversity and applicability of advanced materials.
However, there is an increasing divergence from animal test-
ing and promotion of the well-known “three R’s” principle
which advocates the Replacement, Reduction and Refinement
of alternatives to animal testing (Abollino et al. 2018). Within
Europe, companies have a legal obligation under REACH to
try to use alternative methods and approaches before relying
on animal studies (ECHA 2016). As the demand for risk and
hazard assessment of materials increases, there is a growing
need for robust in vitro and in chemico approaches for toxico-
logical evaluation. New Approach Methodologies (NAMs) –
defined by ECHA “to include in silico approaches, in chemico
and in vitro assays, as well as the inclusion of information
from the exposure of chemicals in the context of hazard
assessment” – are being developed to help fill these gaps.

Dissolution in the context of toxicity

When discussing material pathogenicity, and how this is
impacted by solubility, it is important to distinguish between
the different modes of toxicity, principally (i) biodurability
and (ii) bioaccessibility. Biodurability is a measure of particle
persistence, where materials that are found to resist physical
or chemical clearance are more likely to result in long-term
adverse effects. Conversely, bioaccessibility relates to the
release of materials’ soluble components, where toxicity is a
result of these being accessible to a designated body or cel-
lular compartment. In this way, pathogenicity can be a result
of both poor and good solubility depending on the material
characteristics. At this point, it is useful to define each of
these in full and discuss how they are measured for regula-
tory purposes.

Biodurability

Biodurability is defined as ‘the extent to which particles and
fibres are able to resist chemical, physical and other

physiological clearance mechanisms within the body’ (Jurinski
and Rimstidt 2001; Utembe et al. 2015). Resistance to phys-
ical clearance or chemical dissolution in the lung environ-
ment is primarily dictated by the materials chemistry and
geometry, and how the host system exploits these parame-
ters. For fibres, the geometry is particularly important as this
not only determines the ability to enter the respiratory sys-
tem but also dictates where deposition occurs within the
lung and how fibres are treated by cells. The durability of
long fibres (>20 mm) is of particular concern as these are not
readily cleared by cellular processes, and in some cases has
been shown to cause inflammation and frustrated phagocyt-
osis (D€orger et al. 2001; Boyles et al. 2015b), as shown in
Figure 1.

Within the EU, harmonised classifications exist for fibres
dependent on their chemical compositions under Annex VI
of the Classification, Labelling and Packaging Regulation
(Regulation (EC) No 1272/2008; CLP). In particular, the con-
tent of alkaline/alkali earth oxides is used to determine if a
class 1B or class 2 carcinogen classification should be applied;
the former applying to those with an alkaline/alkali earth
oxides content less than or equal to 18% weight percent,
and the latter relating to those with greater than 18%.
However, in order to demonstrate that fibre is not carcino-
genic, current regulatory accepted methods (under Note Q of
CLP) require in vivo studies to be performed, and involve
short-term biopersistence tests by either inhalation, intratra-
cheal or intra-peritoneal instillation, as well as the absence of
pathogenicity in a long-term inhalation test. At present,
in vitro methods which can corroborate these outcomes,
such as those utilising simulated biological fluids (SBFs), are
not incorporated into regulatory frameworks. Nonetheless
there is a concerted effort to promote alternatives to animal
tests in the regulatory environment.

Bioaccessibility

It is also important to understand the effect of the compo-
nents released from materials that are susceptible to dissol-
ution. In vitro bioelution studies, which provide information
about bioaccessibility, are a first step in quantifying the
release of ions within a biologically relevant media. This is
particularly important for metal- and mineral-containing
materials, where pathogenicity is largely related to pulmon-
ary solubility and subsequent systemic uptake (Ellingsen
et al. 2013); as well as for nanomaterials, where the develop-
ment of reliable and robust methods for determining particle
dissolution rates is considered paramount for enabling
grouping and read-across approaches (Koltermann-J€ully et al.
2018), and would allow for a much needed distinction
between rapidly dissolving and poorly soluble nanomaterials
(Keller et al. 2020). For metal (zero valent), or metal-contain-
ing materials, it is this release of metal ions which is consid-
ered the key driving force behind any induced toxicity
(Figure 1).

The importance of solubility is recognised by IARC, and
relates both to local effects as well as absorption and subse-
quent systemic effects at secondary sites (Heim et al. 2020).
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However, in vitro dissolution can be over-interpreted, particu-
larly when excessive release of metal ions occurs, as bioacces-
sibility does not automatically imply bioavailability
(Henderson et al. 2014). It should be noted that in vitro and
in chemico bioaccessibility assays give an indication of bio-
availability but do not actually measure such; absorption is
not measured and speciation is often not identified. Even
with these concerns, the use of in vitro tools are proposed
(Heim et al. 2020) to determine bioaccessibility of metals and
to provide risk assessment information for EU CLP regulation.
Within the current regulation, a hazard associated to a mix-
ture (including metal alloys which are considered as mixtures
for the purposes of CLP) is defined by the concentration of

individual materials and the ratio/percentage held within this
mixture. However, the release kinetics in physiological envi-
ronments may not be as straight forward as this and a rela-
tive bioaccessible concentration is thought to provide more
accurate and useful information when predicting a hazard.

For each of these concerns, the simulation of body com-
partments and application of SBFs may prove advantageous.
It should be noted that for the remainder of this review,
unless specifically defined, a generalised term of “particle” or
“material” is used to encompass all geometries, dimensions
and aspect ratios, and therefore covers materials of any
shape (e.g. spherical, irregular, fibrous, platelet), including
fibres, metal-containing particles and nanomaterials

(A)

(B)

(C)

(D)

Figure 1. Schematic highlighting the pathogenicity pathways of (a) fibres inside the alveolar space interacting with macrophages; (b) poorly soluble metals remain-
ing in the alveolar space, alongside transfer through cellular mechanisms; and (c, d) soluble metals in intra- and extra-cellular regions.
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(encompassing nanoparticles (NPs) and nanofibers). This is
because SBFs and biodissolution studies can be used to
understand both biodurability and bioaccessibility. However,
it is important to keep in mind that the different modes of
toxicity will influence how the literature is discussed; in some
instances the concern is around persistence, and in others,
the toxicity of released components. For the purposes of this
review fibres are defined as particles while have a maximum
width less than 3 mm, a length greater than 5 mm and an
aspect ratio greater than 3:1 based on WHO (1997) guide-
lines. Likewise, following the European Commission recom-
mendation, a nanomaterial is a particle (natural, incidental or
manufactured) with one or more external dimensions in the
size range of 1–100 nm (EC 2011). The focus of this review
remains on the simulation of environments encountered by
inhaled materials within the lung, and as such, many of the
observations can be applied to all inhaled materials.

General use of simulated biological fluids

The use of SBFs in in vitro solubility assessment of materials
is a promising technique which can allow for a better under-
standing of the materials behaviour within biological environ-
ments, helping to determine durability (biodurability), release
mechanisms (bioaccessibility) and potentially to predict
in vivo behaviour. Such information can provide a particularly
useful level of predictive power, allowing inference of a
materials toxicity (Mukhtar and Limbeck 2013).

In the replication of biological fluids, the generalised term
of SBFs is often used, as it is in this review. However, this
should not be confused with simulated body fluid – this is a
specific body fluid and a mimic of human blood plasma used
in the testing of biomaterials and implants – which goes by
the same abbreviation (Kokubo and Takadama 2006). The
focus of this review will be on use of simulated lung fluids
(SLFs), a specific group of SBFs, which attempt to replicate
the environments encountered upon respiration of particles
or fibres. When used in dissolution tests SLFs could be an
effective alternative to in vivo studies, if results are predictive,
reliable and reproducible.

Simulated biological fluid specificity to environments

The main objective of SBFs is to accurately mimic the in vivo
behaviour of a material within a relevant biological compart-
ment, and will depend upon the route of exposure, adminis-
tration or translocation. Primarily, this focuses on the fluid’s
composition and its ability to replicate the physiological con-
ditions. The first SBF was presented in 1976 by J. L. Gamble
as a description of extracellular fluid of the skeletal muscle.
Over the years, this has been refined to distinguish between
different extracellular compartments, and modified to mimic
intracellular fluids. Specific routes of entry into the body
include the lung, dermis, eyes or gastrointestinal tract (GIT).
In turn, SBFs have been fashioned to model specific compart-
ments/environments such as the lung lining fluid, mucus,
sweat, saliva and tears, to name but a few. Figure 2 depicts
how complex and diverse the requirements are for accurate

simulation of these various environments, as well as high-
lighting how dependent the route of exposure is on which
compartments a material may encounter.

SBFs have been used to test a wide variety of phenomena
including the dermal exposure to particles (Stefaniak and
Harvey 2006), development of drug delivery systems
(Frohlich 2017), release of metal NPs, or ions, from textiles
(Balakumaran et al. 2016), degradation of chemical warfare
agents (Karote et al. 2013) and the behaviour, fate and
potential toxicity of inhaled substances (Eidson 1994; Boyles
et al. 2019; Liu et al. 2019; Lammel et al. 2020).

The use of SBFs has been widespread in the literature
(Ansoborlo et al. 1999; Kokubo and Takadama 2006; Marques
et al. 2011; Radivojev et al. 2019); however, there has been a
broad variety of fluids reported and often a lack of commonal-
ity, even within recent publications (Hassoun et al. 2018; Hu
et al. 2019; Keller et al. 2020; Zhong et al. 2020). The study of
oral exposure through the GIT has demonstrated the greatest
level of harmonisation. A likely reason for this is due to oral
administration being the most common and convenient
method for systemic delivery of drugs (Marques et al. 2011). It
has also been extensively studied in relation to human health
risk assessment of contaminant soils, leading to the develop-
ment of the Unified Bioaccessibility Method (UBM) (Wragg et al.
2011). The UBM is a single comprehensive and standardised
in vitro method to simulate the passage of a material through
various compartments in the GIT including the mouth, stomach
and intestines. Simulated saliva, gastric, intestine, duodenal fluid,
and bile are used to mimic these compartments and prescribed
compositions are provided (Wragg et al. 2011). The UBM was
developed further to create the Fed ORganic Estimation human
Simulation Test (FOREhST) in vitro procedure for determining
bioaccessibility of materials in soils (Cui et al. 2016). As the
respiratory system also contains a variety of distinct biological
compartments, the development of a similar standardised
method for determining bioaccessibility could be used.
However, at present there is no common or standardised meth-
odology for inhalation investigations despite previous attempts
such as that of Guldberg et al. (2003). This gap has been recog-
nised by the OECD, particularly in relation to nanomaterials,
who have a number of ongoing projects to develop test guide-
lines for assessing their dissolution and transformation in bio-
logical and environmental media (OECD 2018, 2020). In one
recent example an inhalation-ingestion bioaccessibility assay
was developed, subjecting samples to incubation in SLF, fol-
lowed by synthetic gastric and intestinal solutions to simulate
clearance from the lung into the GIT (Kastury et al. 2018b). The
study concluded that compared to long-term extraction in SLF,
or simulated gastric fluid alone, metal(loid) bioaccessibility
increased significantly when inhalation and ingestion pathways
were combined. In another approach, particulate matter sam-
ples were incubated in artificial mucus fluid prior to oral bioac-
cessibility extraction tests to investigate the release of
potentially toxic metal ions (Alpofead et al. 2017). This simulated
the deposition and transport of particulates from the mucocili-
ary escalator in the respiratory tract to the GIT. The study
showed that pre-incubation in mucus fluid actually encouraged
the release of further metals when entering the simulated GIT,
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indicating that previous studies in gastric fluid alone may under-
estimate metal release from inhaled particulate matter.

Standardisation of simulated biological fluid

A 2017 ISO technical report (TR) for the assessment of nano-
material biodurability identified a number of standardised
test methods using SBFs for sweat, sebum, and digestive
fluid replication, however, again no common or recognised
methodology for inhalation investigations with SLFs. The TR
only goes as far as providing suggested fluid compositions,
various examples are provided for lung extracellular fluid,
and one for lysosomal fluid (this example is termed, phagoly-
sosomal simulant fluid (PSF) and is discussed later in com-
parison to other lysosomal simulant fluids). Given the range
of fluids used as SLFs in the literature, the aim of this review
was to highlight those fluids, or specific fluid constituents,
that have been shown to suitably replicate the actual bio-
logical environment of the lung, either by composition or the

observed effect. This review provides an overview of biofluids
that are used in relation to exposure by inhalation through
examination of the current peer-reviewed literature. Focus is
given to fluids that are used to simulate specific extracellular
and intracellular compartments found in the lung, namely
lung lining fluid and lysosomal fluid. Both historic and pro-
gressive use of these fluids have been appraised and, where
possible, certain components that play pivotal roles in dissol-
ution mechanisms have been identified.

In the assessment of these fluids it is important to recog-
nise the contribution that different design approaches may
have on how effective the use of SBF may be, namely: (i) rep-
lication of biological conditions, (ii) operational validation
through comparison to in vitro or in vivo findings and (iii)
robustness (i.e. the ability to provide reproducible results
from the test method). A key aim of this review was to high-
light when any of these approaches have been examined or
justified, allowing a comparison of these elements to deter-
mine critical considerations for the design and use of SLFs.

Saliva
Slightly acidic to slightly alkaline pH; 

high K, HCO  , P; high enzymes; 
glycoproteins

air space

Sweat
Acidic pH, high urea, 

lactic acid, etc.

Large intestine
Near-neutral pH, reducing

Stomach
pH 1.5, electrolytes, enzymes

Primary bronchi

Lysosome

Alveoli

Secondary bronchi

Alveolar duct, sac and
 alveoli

Small intestine
Near-neutral pH, reducing

Alveolar macrophage

Interstial fluids, plasma
Exposed at breaks in skin: pH 
7.4; plasma has high proteins

Interstitial fluid
pH 7.4; high Na; low K; 

low proteins

Type II alveolar cell

Type I alveolar cell

Lung lining fluid
pH 7.4; high pO ; high Na, low K; 

mucoproteins, phospholipids

Lysosomal fluid
Acidic with acid protease 

enzymes and ROS

ADP + Pi

ATP

H H

3

2

-

Figure 2. Schematic demonstrating the diversity of simulated biological fluids and the differences in their composition and physiochemical properties. In particular,
the alveoli and lysosome have been highlighted indicating the locations and characteristics of the lysosomal fluid, lung lining fluid and interstitial fluid. [adapted
with permission from (Plumlee et al. 2006)].
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Biological and biochemical environments
encountered by inhaled materials

Many parameters influence the deposition of inhaled materi-
als along the respiratory tract, and these largely relate to the
materials physicochemical characteristics as well as ventila-
tory conditions (Oberd€orster 1993; Pilcer and Amighi 2010);
these aspects, however, are out of the scope of this review.
What is important to consider when assessing the use of
SLFs that attempt to replicate dissolution of inhaled material
within the lung, is the environment that said materials are
exposed to, and how clearance and/or dissolution are
attained, or at least attempted. Apart from the parameters
defined by the material itself, such as particle size (including
the diameter and length for a fibre), surface area, surface
chemistry and chemical composition (Heim et al. 2020), there
are key parameters of SLF itself which may affect material
solubility that can be analogous with the physiological envi-
ronments encountered, including temperature, pH, the pres-
ence of precipitants and ligands, protein content and ionic
strength (Kanapilly 1977). Here we give a brief account of
what is known in relation to these parameters within the lit-
erature, to aid in verifying which components within SLFs are
most required and most accurate.

In the conducting zone of the respiratory tree is the
mucociliary escalator, which is a mucus layer transported
along by a ciliated cell system, ultimately working to propel
inhaled material towards the larynx; this mechanism removes
exogenous material from the lungs depositing in the GIT, or
particularly soluble materials may be removed at this stage
by diffusion (Oberd€orster 1993). Although it is possible to
replicate this mucus layer, the composition of this (either
bronchial or nasal fluid) is markedly different to that found
within the alveolar, and pragmatically, the most reasonable
approach may be to assume that the fluids predicting GIT
behaviour would ultimately be more relevant when consider-
ing material which deposits along the mucociliary escalator.
Material that circumvents deposition in the conducting zone,
and deposits within the gas exchange region will find itself
within one of two environments and is subjected to other
means of clearance, namely by resident macrophages, which
patrol this region and engulf exogenous material, or even
endocytosis by lung epithelial cells (not professional phago-
cytes) has been reported (Oberd€orster 1993). In the gas
exchange region the fluid is dissimilar to the mucus layer of
the mucociliary escalator, and is termed lung surfactant, or
lung lining fluid. It is these environments that are of most
interest when establishing a suitable environment to model
dissolution within the respiratory system: lung surfactant, and
intracellular compartments. Interstitial fluid, referring to the
fluid that surrounds tissues/cells, e.g. surrounding the alveoli
(Figure 2), may also hold some relevance; at times this term
is used when describing a formulation which others still refer
to as Gamble’s (Heim et al. 2020), as well as if inhaled mater-
ial gains access to the pulmonary interstitium. However, if
the material is found to reach the interstitium it would either
be internalised by interstitial macrophages, or transported to
the lymphatic system (Oberd€orster 1993); in any eventuality,
the appropriate simulant fluid to model this environment

would reflect that of the intracellular phagocyte, or be
designed to mimic an environment unlike that of the lung,
e.g. blood serum (Figure 2).

An understanding of these environments, described
below, should allow an indication of how suitable, or unsuit-
able, some SLFs may be.

Extracellular compartment

The main function of lung lining fluid, consisting of an alveo-
lar sub-phase fluid and pulmonary surfactant, which is
secreted by type II alveolar epithelial cells, is to prevent col-
lapse of the alveoli space while breathing, and is done
through the relief of surface tension (Creuwels et al. 1997; Ng
et al. 2004). Incidentally, this surface tension is also respon-
sible for fluid movement within the alveolar space, explained
by the Marangoni effect (Sosnowski 2018). There is no
requirement of great volumes, therefore within the alveoli,
lung surfactant is as little as 0.07–0.5 mm thick (Gamble 1976;
Sleigh et al. 1988; Hatch 1992; Kelly and Mudway 2003; Ng
et al. 2004), compared to up to 20 mm in the upper respira-
tory tract (Yoneda 1976; Widdicombe and Widdicombe 1995).
The composition of lung lining fluid has been relatively well
described. Ionic strength has been reported with various val-
ues, with Naþ reported as being between 82 and 132mM,
Cl� between 84 and 140mM, Kþ as 6–29mM, Ca2þ as 4mM,
P as 17mM, and S as 21mM (Joris et al. 1993; Knowles et al.
1997; Jayaraman et al. 2001b). Although some are found to
be unbound and present as ions (e.g. Cl, Na, and K), others
are thought to be bound, and held within macromolecules,
such as P in phospholipids and S within sulphated mucins
(Joris et al. 1993). Protein and lipid components have been
established, and organic ligands with high complexation
potential to metal ions have been found and characterised in
the surrounding area, including citric, lactic, malic, oxalic and
salicylic acids (Rozalen et al. 2013). Citrate and lactate, within
human blood plasma, have been measured at 0.12mM and
1.84mM, respectively (Plumlee and Ziegler 2003; Rozalen
et al. 2013); with composition of interstitial fluids considered
to be similar to blood plasma, only with lower concentration
of proteins (Rozalen et al. 2013). There have been over 1,500
specific proteins identified in human bronchoalveolar lavage
(BAL) fluid (Wu et al. 2005). These can be derived locally,
through secretion from lung-resident cells, and are therefore
unique to this environment, such as surfactant proteins
secreted from type II epithelial cells (Serrano and P�erez-Gil
2006), or they may enter the lungs from other compartments,
such as serum albumin (Stockley 1984; Hermans et al. 1998;
Kim et al. 2002), as a circumstance of vascular permeability
(Webber and Widdicombe 1989; Hatch 1992).

Protein and antioxidant content
The fluid of the gas exchange region of the lung (the alveoli)
contains a higher concentration of proteins compared to the
upper respiratory tract (Hatch 1992). Of all the proteins pre-
sent in lung lining fluid, albumin is the most abundant, con-
tributing 2.9–5.35mg/ml (up to 50%) of the total protein
(5.7–11.7mg/ml). Other highly abundant proteins in lung
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lining fluid (measured in BAL fluid) include immunoglobulins
IgA (0.026–1.42mg/ml), IgG (0.64–0.89mg/ml) and IgM
(0.028mg/ml), transferrin (0.03–0.16mg/ml), and the digestive
enzyme lysozyme (0.03–0.07mg/ml) (Holter et al. 1986;
Webber and Widdicombe 1989; Rennard et al. 1990;
Thompson et al. 1990; Hatch 1992; Sutinen et al. 1995;
Dargaville et al. 1999), as well as various proteases, including
cathepsin D (0.08mg/ml), dipeptidyl peptidase 4 (0.001mg/
ml), dipeptidyl carboxypeptidase I/angiotensin-converting
enzyme (0.002mg/ml), and elastase (0.067mg/ml), released
from neutrophils during times of inflammation (Woods et al.
2020). In addition, the presence of antioxidants in lung lining
fluid is known (Cross et al. 1994; Charrier et al. 2014), with
their role recognised as detoxification (Krawic et al. 2017).
The concentration of various antioxidants has previously
been identified in BAL fluid, and although this represents the
concentrations in the lung as a whole, they do provide useful
benchmark values for lung lining fluid. For example, ascor-
bate was shown to be within a range of 40–200 mM
(0.007–0.035mg/ml), urate 90–207 mM (0.015–0.035mg/ml),
and glutathione 109–129 mM (0.034–0.04mg/ml) (Cantin et al.
1987; Hatch 1992; Slade et al. 1993; van der Vliet et al. 1999).
Further detoxification within lung lining fluid is achieved by
highly abundant metal binding proteins, specifically glycopro-
teins such as albumin and mucin (Cooper et al. 1985; Duranti
et al. 2001; Bal et al. 2013). As well as specific functionality,
the existence of proteins with inhaled particles has a number
of implications due to formation of a protein corona on the
particle surface, leading to key surface modifications, causing
significant differences in particle appearance and behaviour,
and ultimately in vivo response (Nel et al. 2006; Monopoli
et al. 2011). For example, Raesch et al. (2015) characterised
the protein corona formed in pulmonary surfactant upon NP
inhalation; different NPs demonstrated remarkably different
protein corona, consisting of up to 417 different proteins.
And although different materials have been shown to associ-
ate with different proteins, some commonality has been
observed, with key immunomodulatory proteins commonly
associating with various materials, including surfactant pro-
tein A, napsin A and complement proteins (Kumar et al.
2016). In the study by Raesch et al. (2015), despite the differ-
ences in the surfactant-NP protein corona, there was a dis-
tinct preference for proteins with high lipid and surface
binding such as surfactant proteins SP-A and SP-D, and
glycoprotein DMBT1. Of the surfactant secreted by alveolar
epithelial cells, approximately 10% is comprised of surfactant
proteins (SP-A, SP-B, SP-C and SP-D), with the remaining 90%
of surfactant being composed of lipids, mostly phospholipids
including phospathidycholine (PC) in the form dipamitoyl-
phosphatidylcholine (DPPC) (41–70%), phosphotidylglycerol
(8–10%), phosphatidylethonanolamine (5%), phosphatidylino-
sitol (3%), and phosphatidylserine, but also neutral lipids
such as cholesterol, triglycerides and free fatty acids (Kahn
et al. 1995; Creuwels et al. 1997; Goerke 1998; Lang et al.
2005). It is these lipid components that offer the aforemen-
tioned protection against alveolar collapse, as well as provid-
ing further support in defence of the lungs, through
opsonisation of exogenous material, as well as activation and

recruitment of immune cells (Van Iwaarden et al. 1992; 1994;
Kalina et al. 1995; Creuwels et al. 1997).

pH of extracellular fluid
As well as fluid composition, the pH of lung lining fluid is a
parameter needing clarification. Although, the pH here is
often considered near-neutral (pH 7.4) (Adamcakova-Dodd
et al. 2014), there is not a set, or stable pH, as this environ-
ment is subject to change dependent of circumstance – dur-
ing active host defence in the form of inflammation, for
example (Ng et al. 2004), which would be the case if exogen-
ous material was to reach the alveoli. In the upper respiratory
tract the pH of the fluid lining has been measured in humans
to be pH 6.6 via a bronchoscopy-associated pH probe, and
pH 6.8 in excised tissue, and in exposed mouse trachea to be
pH 6.9–7.1 (Bodem et al. 1983; Jayaraman et al. 2001a,
2001b). Although changes were shown to align with similar
changes in blood pH (Jayaraman et al. 2001a), the mechan-
ism of pH alteration has been assigned to release of Hþ and/
or HCO3

� from bronchial epithelial cells (Lee et al. 1998;
Coakley et al. 2003), in the already CO2-rich environment.
Buffering of this fluid is thought to be obtained by secreted
proteins such as mucin glycoproteins (Ng et al. 2004). In the
alveolar space, the presence of alveolar macrophages is
expected to influence the composition of the lung lining
fluid and, being a source of high levels of Hþ, will impact
greatly of alveolar fluid pH (Ng et al. 2004). Accurate meas-
urements of alveolar pH are not easily obtained, but it has
been suggested that this fluid is approximately pH 6.9
(Nielson et al. 1981). pH buffering within this environment is
thought to be through a number of mechanisms including a
CO2-bicarbonate buffer system (Kanapilly 1977) or the activity
of surfactant proteins (Ng et al. 2004). Alveolar macrophages
will, under resting conditions, release Hþ at a rate of
2–3 nmol/min/106 cells, this is increased by up to 5 times
when cells are activated (Bidani et al. 1989; Heming and
Bidani 1995). So in the presence of inhaled materials, for
example, when there is an increase in the cells’ metabolic
activity and recruitment of further immune cells, it is possible
that the increased release of Hþ would reduce the localised
pH (Ng et al. 2004). In addition to this, the environment sur-
rounding activated macrophages would also be enriched
with nitric oxide (NO) and other reactive nitrogen and oxy-
gen species, as well as the secretions of recruited neutrophils,
including further reactive oxygen species (ROS) as well as
granule components (Tam et al. 2011).

Intracellular compartments

Although when reaching the alveoli the fluid first encoun-
tered is that described above, the main defence mechanism
used to remove exogenous material is no longer transport
along the mucociliary escalator, instead fibres and particles
will be exposed to the action of the two cell phenotypes,
firstly interstitial macrophages (Beeston et al. 2010), and later
neutrophils. These are professional phagocytes, accordingly
these cells will actively locate and engulf exogenous material,
often by receptor-mediated phagocytosis. The purpose of
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this is removal, which is achieved by intracellular degradation
within membrane bound vesicles, or by motility, when the
cells laden with engulfed material physically remove them-
selves by reaching the mucociliary escalator or lymphatic sys-
tem (Collier et al. 1992). During internalisation, the cell forms
a phagosome to engulf the material. This vesicle then com-
bines with others (namely lysosomes) to form a phagolyso-
some (Kreyling 1992; Marques et al. 2011). This intracellular
compartment contains both chelators and precipitators
known to influence solubility (Kreyling 1992), and an environ-
ment in which a number of conditions are engaged to digest
the phagocytosed material. This includes a drop in pH to
acidic conditions, stimulation of proteolytic lysosomal
enzymes, and production of ROS to aid digestion or act as
signalling molecules (generating the oxidative/respiratory
burst) (Nyberg et al. 1989b; Collier et al. 1992; Kreyling 1992;
Oberd€orster 1993; Breitner et al. 2018).

Phagolysosome composition
As would be expected from the transition between these dis-
tinct intracellular compartments, the phagolysosome is not
static, neither in location (in fact they are very mobile
(Bandyopadhyay et al. 2014)) nor composition. In general
terms, the composition of lysosomes includes hydrolytic
enzymes and structural elements of the lysosome membrane:
lipids and proteins (Tappel 1969). However, to be more pre-
cise, this environment is compositionally complex and, fur-
thermore, will undergo a multitude of changes with
internalisation of exogenous material. There is a vast range
of enzymes present within lysosomes, from all major enzyme
groups, including but not limited to proteases, peptidases,
nucleases, phosphatases, and glycosidases. This gives an
equally vast range in substrate specificity (Tappel 1969). This
environment is also rich in complexation agents, including
citrate and bicarbonate; constitutively produced by all mam-
malian cells by the mitochondria. Citrate is found both within
the cytoplasm (Nyberg et al. 1989b; Collier et al. 1992) and
intracellular membrane bound vesicles including late endo-
somes, lysosomes (Gomez et al. 2010), and phagolysosomes,
where it can be present at concentrations up to 0.2mM, and
bicarbonate up to 30mM (Nyberg et al. 1989b; Collier et al.
1992). Although metal carbonate and bicarbonate complexes
have been observed, they are unstable in acidic aqueous
medium and readily decompose to release CO2. Specific
ligands [e.g. tris(2-pyridylmethyl)amines] are required to sta-
bilise these complexes (Cheyne et al. 2006). With the transi-
tion of phagosome to phagolysosome – during which
intracellular vesicles merge with the phagosome and
degranulation occurs, spilling the vesicle contents into the
phagolysosome – the high level of enzymes present within
lysosomes, previously described, contribute to a rise in pro-
tein concentration, at times contributing to 30–40% of phag-
olysosome content. Along with water, there is an influx of
ROS and various ions, changing the ionic strength. Proton
pumps are active at the vesicle membrane, and the compart-
ment acidifies (Hampton et al. 1998).

Range of phagolysosome pH
Measurements of lysosomal pH have been previously
reported, including rat alveolar macrophages demonstrating
lysosomal pH values of between 5.2 and 5.8 (Johnson 1994;
Johansson et al. 1997), with similar values of pH 5.2 demon-
strated in interstitial macrophages of the same species
(Johansson et al. 1997). In rabbits, after inhalation and subse-
quent internalisation of silica particles by alveolar macro-
phages, the pH of the phagolysosome was measured to be
4.9 the day after particle exposure, with further decreases to
4.5 one week after exposure (Nyberg et al. 1989b). In vitro,
also with internalisation of silica particles by rabbit alveolar
macrophages, pH was found to range between 5.1 and 5.5
(Nyberg et al. 1989a, 1989b), and HeLa cells have been
shown to contain lysosomes which reach pH values of under
pH 4 (Benjaminsen et al. 2013). This range in pH reflects the
dynamic endocytosis system, where the pH is expected to
range from 6.0 to 6.5 in early endosomes, 5.0–6.0 in late
endosomes, and 4.5–5.0 in lysosomes (Schmaljohann 2006).
In fact, when considering the known optimum pH for sub-
strate-specific interactions of lysosomal enzymes, this scale of
lysosome pH may even be greater, for example optimum
hydrolysis of some structural amino acids components, or of
peptides a can be up to pH 7.2 and 7.8, respectively, while
optimal hydrolysis of albumin can be at as low as pH 2.5
(Tappel 1969). Low pH has been known to contribute to the
dissolution of many materials (Lundborg et al. 1984; Rozalen
et al. 2013) but this is not considered the physiological rea-
son for lowering pH. Numerous enzymes present within lyso-
somal fluid are sensitive to pH, and it is acidification of the
local environment that causes activation of these enzymes,
leading to digestion of engulfed material (Hampton et al.
1998; Kagan et al. 2010). In some cases this action is through
ROS generation, where free radicals such as hydroxyl radicals
and hypochlorous acid are formed through the activity of
enzymes such as nicotinamide adenine dinucleotide phos-
phate-oxidase (NADPH oxidase), myeloperoxidase, or numer-
ous proteases (Hampton et al. 1998).

Simulation of the lung environment

In the decades since J. L Gamble (1976) first described a
simulation of extracellular fluid of skeletal muscle, the use of
simulated extracellular fluids, and more recently intracellular
fluids, has been developed and refined, with focus often
placed on the respiratory system. In the early applications of
these SBFs it was thought that the ion concentration was
similar to that of human blood plasma (Kokubo et al. 1987),
and therefore physiologically accurate; however, as many of
the ions present would complex with proteins it was later
deemed that ion concentrations were too high. More recent
formulations have used accurate concentrations of dissoci-
ated ions, resulting in less Ca and Mg (Oyane et al. 2003).
There have also been examples of solutions used for in vitro
bioaccessibility studies that are relatively simple solutions, for
example, water or saline (0.9% NaCl) solutions were both
used to investigate metal release from exhaust particles
(Artelt et al. 1998; Birmili et al. 2006). However, the specificity
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of SBF use has generally been increasing and different bio-
logical compartments and environments are being replicated.
For studies mimicking the lungs, this has evolved into fluids
to specifically replicate two environments described above,
both the extracellular regions of the lung – including intersti-
tial and lung lining fluid – and the intracellular regions of
phagocytic cells, as indicated in Figure 2. As has already
been discussed there is presently no standardised or
accepted fluid composition for the replication of lung com-
partments and therefore a wide range of compositions have
been used.

Comparing fluids which simulate lung lining fluid

Gamble’s solution
Of all the SLFs modelling the extracellular environment of
the lung, Gamble’s solution is the most prevalent. It has been
widely used for the risk assessment of human exposure to
inhalable pollutants, including assessment of fibre dissolution
(Alexander et al. 1994), durability of carbon nanotubes
(Osmond-McLeod et al. 2011), NP drug delivery (Menon et al.
2014), degradation of airway stents (Jang et al. 2014), bioac-
cessibility of Cr in soils (Broadway et al. 2010), and trace met-
als in particulate matter (Huang et al. 2018; Luo et al. 2019;
Xie et al. 2019b), for example Hg from mine waste (Gray
et al. 2010), metal emissions in fuels (Coufalik et al. 2019), Pt
in road dust (Wiseman et al. 2018) or As in Chinese haze pol-
lution (Xie et al. 2019a). Since its introduction in 1967, several
researchers have modified the initial formulation (Gamble
1976; Boisa et al. 2014). However, the use of the generic
term SLF to describe different formulations can lead to con-
fusion as to which composition has actually been used. The
name “Gamble’s solution” is often retained with variation in
the nomenclature such as “modified Gamble’s solution”
(Christensen et al. 1994), or ‘Gamble’s serum simulant”
(Ansoborlo et al. 1990) being used. The composition of
Gamble’s solution, and other fluids used to simulate the neu-
tral pH extracellular environment of the lung, is given in
Table 1.

Gamble’s solution has been used in conjunction with
other fluids, and can be found in the assessment of many
materials, including man-made mineral fibres (MMMF) (Zoitos
et al. 1997; Guldberg et al. 1998; Sebastian et al. 2002), Be
ore materials (bertrandite, beryl, BeSO4, BeO) (Deubner et al.
2011), Ag NPs (Breitner et al. 2018), rare earth elements (e.g.
Ce, La, Nd and Gd) in refinery emissions (Gao et al. 2020) and
polycyclic aromatic hydrocarbons (PAHs) in coal-related par-
ticulate matter (Gao et al. 2019). One example highlighted
the influence of oxygen on both UO3 and UF4 breakdown in
Gamble’s solution (Ansoborlo et al. 1990, 1992). The addition
of superoxide dismutase (SOD) to the composition, or simply
bubbling with oxygen, led to increased U mineral breakdown
and a reduced half-time of 100 to 26 days for UF4 and 70 to
16 days for industrial UO3. Another study found UF4 dissol-
ution in Gamble’s solution to better reflect in vivo results
from intratracheal instillation than cell culture medium (CCM)
(Chazel et al. 2000, 2003). These results reinforce the well-
accepted conclusion that fluid composition has an effect on

the material dissolution behaviour, in these cases with the
addition of O2 or SOD.

However, other parameters can also strongly influence
solubility, and not all materials are as sensitive to compos-
itional changes. In 1997, Zoitos et al. conducted a round
robin of 4 laboratories measuring the solubility of several
man-made vitreous fibres (MMVF) in SLFs. Although the SLFs
were based on Gamble’s solution, there were differences in
fluid composition from laboratory to laboratory; these were
accurately summarised in the publication, alongside fibre
compositions. Overall, the data showed considerable variation
in dissolution rates with individual values differing from one
another by up to a factor of four. While this may be partly
influenced by differences in the fluid compositions, other fac-
tors relating to the specific methodology used – in this case
a flow-through system – such as flow rate may also have sig-
nificantly influenced dissolution values. While this was the
case, the values were in well-defined ranges for each fibre
type, allowing clear distinction between glass wool, stone
wool and slag wool. A second interlaboratory comparison
conducted in 2003 provided similar conclusions (Guldberg
et al. 2003).

Conversely, a study of the biodurability of talc found the
composition of the fluid to have no effect on the dissolution
rate, reporting similar dissolution rates in Gamble’s solution
and a phosphate buffered saline solution, both at pH 7.4
(Jurinski and Rimstidt 2001). Likewise, when Garger et al.
(2004, 2013) compared the dissolution of airborne radioactive
fuel particles in original Gamble’s solution with a modified
version (containing an increased salt content and reduced
citrate content) they found 137Cs and 90Sr to have no
dependence on the type of simulant. However, 239þ 240Pu
dissolved significantly faster in Gamble’s than the modified
version (pH 8.2), indicating the effects to be material specific.
In an analogous study, Aladova et al. (2007) presented the
dissolution of Pu in aerosol particles (Pu oxide and Pu nitrate)
in other SLFs of pH 7.4. One of these was a modification of
Gamble’s known as serum ultrafiltrate (SUF) and the other
being Ringer’s solution, which contains a far simpler salt for-
mulation and practically no complexation agents. When com-
paring the two radionuclide studies, Pu in fuel particles
dissolved slowly into Gamble’s solution compared to Pu
oxide into Ringer’s solution, and even more into SUF (Garger
et al. 2013).

Hatch’s solution
An alternative to Gamble’s solution is a composition known
as Hatch’s solution, however its use within the literature is
less evident. Where Gamble’s solution contains citrate as a
substitute for organic components, Hatch’s solution incorpo-
rates proteins and enzymes in the mixture (Sysalova et al.
2014). It has primarily been used in bioaccessibility studies of
airborne particulates including welding fumes (Berlinger et al.
2008; Ellingsen et al. 2013, 2017; Berlinger, Weinbruch et al.
2019; Zadrapova et al. 2019), urban particulate matter
(Sysalova et al. 2014) and airborne particulates from car bat-
teries (Dartey et al. 2014). When investigating the bioaccessi-
bility of welding fumes, Hatch’s solution was used alongside
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Gamble’s solution, to evaluate the use of proteins and
enzymes in the composition (Berlinger et al. 2008). The solu-
bility of metals in the welding fumes and associated particu-
late matter (Fe, Mn, Cr, Ni, Mo, Ti) was found to vary greatly
depending on the fluid composition and the process being
conducted, this was observed also for other hot work proc-
esses in Hatch’s solution (Berlinger, Skogen et al. 2019). While
higher metal concentrations were obtained with Hatch’s solu-
tion after the 24 h period, the lack of in vivo data means no
comment can be made on the most accurate fluid for replica-
tion of in vivo behaviour. While this is the case, the authors
indicated a preference for Hatch’s solution due it being more
compositionally similar to human lung lining fluid.

In a similar study, a variety of SLF compositions were com-
pared including original Gamble’s solution, Hatch’s solution
and simulated epithelial lung fluid (SELF) (Kastury et al.
2018a). Bioaccessibility of As and Pb was significantly higher
in Hatch’s solution, in some cases up to 47 times, and this
was attributed to the more complex composition, with com-
ponents such as albumin being well known for binding met-
als. However as with the previous study, the lack of in vivo
data means no conclusion can be made about the most
appropriate fluid. The same was reported for a number of
Mn compounds in Hatch’s solution, being 20–40 times more
soluble than the Gamble’s equivalent (Vitarella et al. 2000). A
similar study of welding fumes was carried out in Hatch’s
solution to determine the solubility of Cr, Mo, V and W
(Ellingsen et al. 2017). It was concluded that the bioaccessibil-
ity of Mo in shipyard welding fumes to be substantially
higher than Cr, V or W (Ellingsen et al. 2017). In a study
examining extraction of metals from soils impacted by open
cast mining, when comparing Gamble’s and Hatch’s solutions
a variation in extraction and bioaccessibility was observed
across the different metals (Zadrapova et al. 2019).

Simulated epithelium lung fluid (SELF)
In addition to Gamble’s and Hatch’s solutions, several other
lung fluid formulations have been designed to approximate
the composition of the extracellular fluid. A SELF, as men-
tioned above, was formulated by Boisa et al. (2014) to have
more physiological relevance. This was done by including
specific components such as lung surfactants, high molecular
mass proteins, and antioxidants in addition to the inorganic
components that are found within the more traditional for-
mulations (Boisa et al. 2014). This was used to determine
human risk to Pb in soils (Boisa et al. 2014), Pb in urban
street dust (Dean et al. 2017), Ni in soils (Zhong and Jiang
2017) and inhalation exposure to organic contaminants such
as PAHs (Li et al. 2019).

Greenwell et al. (2003) employed a similar SELF fluid, how-
ever this time excluding the inorganic salts and solely con-
taining ascorbate, urate and reduced glutathione in water.
When compared to rat epithelial lining fluid obtained by pul-
monary lavage they actually found it to be more effective at
minimising oxidative effects. This was attributed to the rat
epithelial fluid containing different quantities of the three
major low-molecular weight antioxidants, alongside a myriad
of other antioxidant and pro-oxidant molecules such as

superoxide dismutase, cellular debris and neutrophil respira-
tory burst end products (Greenwell et al. 2003).

Simulated interstitial fluid (SILF)
SILF is another modified extracellular solution that has been
reported in the literature. This is compositionally similar to
Gamble’s solution, also utilising citrate in place of proteins
(Gupta and Ahsan 2011). A number of studies have reported
the use of SILF to investigate the release properties of
inhaled drug formulations due to its close replication of the
mucosal fluids present in the respiratory system (Gupta and
Ahsan 2011; Costabile et al. 2015; Pellosi et al. 2018). Others
have employed SILF to investigate the solubility of airborne
U compounds (Heffernan et al. 2001) and asbestos (Vigliaturo
et al. 2018). Two analogous studies investigated the effect of
adding organic components to the SILF composition, namely
bovine lung extract and DPPC. Spitler et al. (2015) added nat-
ural bovine lung extract, a pulmonary surfactant containing
phospholipids, proteins and lipids naturally present in vivo.
Interestingly, they found there to be no apparent difference
in dissolution rates of U from soil, however acknowledged
that further studies with different quantities of surfactant and
on a sample of the separated respirable fraction would be
necessary to confirm this conclusion (Spitler et al. 2015).
Likewise, Sr was the only element from a variety of air sam-
ples that showed increased bioaccessibility with the inclusion
of DPPC (Pelfrene et al. 2017).

“Bio-relevant” SLF
To further enhance the “bio-relevance” of SLF, a recent study
set out to design a fluid primarily for use in inhalation bio-
pharmaceutical assays (Kumar et al. 2017; Hassoun et al.
2018). The composition included the major soluble lipids and
proteins including DPPC, dipalmitoylphosphatidylglycerol,
cholesterol, albumin, IgG, transferrin and antioxidants (ascor-
bate, urate and glutathione), as had been identified in the
characterisation of healthy human respiratory tract lining
fluid (Bicer 2015). A pragmatic approach was taken to main-
tain biological relevance with fluid stability and reproducibil-
ity. Species such as unsaturated lipids were avoided due to
their susceptibility to oxidation. Characterisation indicated
that the fluid was stable for 2weeks if refrigerated. However,
at 37 �C changes became significant after 24 h, meaning any
in vitro experimentation would have to be limited to this
time period. This formulation was found to be a useful com-
parison to in vivo effects, as poorly water-soluble drugs which
would not be soluble in traditional Gamble’s solution had
their solubility enhanced in the lipid-rich fluid more akin to
actual lung lining fluid (Kumar et al. 2017).

Artificial interstitial fluid (AIF)
AIF, presented by Stopford et al. (2003), has been used to
predict the behaviour of inhaled exogenous material, for
example CuO and TiO2 (Cathe et al. 2017). However, this is
not exclusive to the respiratory system and primarily mimics
the fluids surrounding cells within skin tissue. Cathe et al.
(2017) incubated CuO and TiO2 NPs (sized 24 and 53 nm
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respectively) in AIF prior to exposure to human keratinocyte
cells. The incubation led to increased agglomeration and
therefore greater deposition on the cell monolayer than
when incubated in cell culture medium. Interestingly, this
increased deposition lead to greater toxicity of CuO but not
TiO2. While this is a useful insight into the behaviour of NPs
in physiological fluids, the increased toxicity observed here is
due to increase deposition within an in vitro exposure plate,
which is an artefact of the method and therefore potentially
an artificial effect that is not known to occur in vivo.

Serum ultrafiltrate (SUF)
The previously described SUF, originally based on Gamble’s
solution, has also been reported as a mimic of ultrafiltrate
blood serum and lung fluid. It has been used in solubility
tests of airborne U from processing and recycling plants
(Metzger et al. 1997; Metzger and Cole 2004) and Th in U
mill tailings (Eidson and Mewhinney 1980; Eidson and Griffith
1984; Reif 1994; Cheng et al. 1997; Stefaniak et al. 2009). One
study investigated the solubility of yellowcake (uranium ore)
in SUF and a SLF to determine the importance of compos-
ition, pH, and temperature. The major compositional differen-
ces between the fluids were that the SLF contained Mg and
a higher concentration of Ca, while SUF contained ammo-
nium ions. Both solutions were kept at a pH of 7.3. For the
protein substitutes, acetate and citrate were used in SLF,
while SUF contained amino acids and diethylenetriaminepen-
taacetic acid (DTPA). The results indicated precipitation to be
a major factor in both fluids indicating solution composition
changes to not be readily reversible, however the authors
indicated SUF was more easily maintained as a clear solution
(Eidson and Griffith 1984).

Subsequent studies by Cheng and colleagues have
employed SUF to determine the dissolution of Pu and metal
tritides (hydrides of 3H), often in line with the ICRP 66 lung
dosimetric model which details how to calculate radiation
doses in the respiratory tract (ICRP 1994). The findings
included the influence of particle size on dissolution kinetics
(Cheng et al. 1997, 2002, 2004). The dissolution reported by
Cheng et al. (2002) were significantly faster than that
reported for hafnium tritide by Inkret et al. (2001). Inkret
et al. (2001) extrapolated a biological half-time from these
in vitro results and compared a half-life of 30 days for titan-
ium tritide to 105 days for hafnium tritide. A separate study
indicated 114 days for zirconium tritide (Zhou et al. 2010),
indicating the biokinetics of inhaled tritides to be material
specific. It should be noted that Inkret and colleagues did
not indicate the composition of their SLF, and only that it
was of neutral pH. In one particular study, the in vitro solubil-
ity of Pu oxide in SUF was found to be consistent with values
reported in ICRP (ICRP 1994).

Comparing fluids which simulate the lysosome

Due to their function, lysosome simulations obviously differ
from those of lung lining fluids. As described previously, a
lysosome will contain proteolytic enzymes and ROS used to
digest the engulfed substances, with an acidic pH generally

described as being pH 4.5 (see earlier discussions on pH vari-
ability within the intracellular compartments). Although the
extent of phagocytosis is not completely verified (Dean et al.
2017), and will be dependent upon dose and material physi-
cochemical parameters, it has been hypothesised that within
24 h of deposition more than 90% of inhaled materials will
be phagocytised by alveolar or airway macrophages (Aladova
et al. 2007). It is therefore important to also assess materials
in this acidic intracellular environment to get an accurate pic-
ture of their bioaccessibility and durability within the lung.
Of all the simulated lung fluids that are used, it is those
which model the environment of the (phago)lysosome that
arguably have the greatest influence over material solubility,
but which also pose most questions regarding the suitability
of its composition. Literature on fibres, in particular, empha-
sises the influence of pH. It has often been reported that dif-
ferent types of fibres have very different in vitro dissolution
rates dependent on the pH. Glass wool fibres favour dissol-
ution at neutral pH, while stone wool dissolved faster at pH
4.5 (Thelohan and de Meringo 1994; Guldberg et al. 1998); as
shown in the comparison of MMVF11.2 glass wool and bas-
alt-based stone wool MMVF21 (Christensen et al. 1994). The
study concluded that a lower Al2O3 content favours greater
dissolution at neutral pH, and with associated high SiO2 and
relatively low CaO content, the same fibre was less soluble
under acidic conditions. In fact, varying composition of stone
wool fibres has been a strategy to develop less biopersistent
materials, and was achieved by either lowering alumina con-
tent to less than 3–4% or by increasing alumina content so it
is greater than 17–18% with a concomitant decrease in SiO2

to below 42–43% (Guldberg et al. 2000). When Luoto et al.
(1994) exposed MMVF to alveolar macrophage (AM) culture
they found the dissolution profiles to be different to those
obtained in Gamble’s solution (pH 7) or CCM (RPMI 1640
medium supplemented with 10% FCS). For example, Fe dis-
solution was minimal in the neutral Gamble’s solution and
high in acidic AM culture (Luoto et al. 1994). Cannizzaro et al.
(2019) assessed RCF and two alkaline earth silicate (AES)
wools incubated in Gamble’s solution at pH 7.4 and a low-
ered pH of 4.5. RCF were found to be unaffected during the
14-day exposure of either fluid. For AES, the acid solution
was found to cause dissolution of thin fibres only, in neutral
solutions dissolution patterns were specific to fibre compos-
ition. AES containing CaO dissolved rapidly and completely
within 14 days through leaching of Si and Ca [as measured
by inductively coupled plasma atomic emission spectrometry
(ICP-AES)], while fibres not containing CaO were shown to
release moderate levels of Mg and Si (Cannizzaro et al. 2019).
In a study which examined a similar panel of high-tempera-
ture insulation wools (HTIW), Boyles et al. (2018) also demon-
strated a high dissolution of AES when compared to RCF.
Cannizzaro et al. (2019) tested calcium magnesium silicate
wool (CMS) and magnesium silicate wool (MS), whereas
Boyles et al. (2018) tested calcium silicate wool (CaS) in add-
ition to CMS and MS. Boyles et al. found dissolution to be
greater in pH 4.5 solutions compared to pH 7.4 solutions,
and fibres containing Mg and Ca were shown to release
these components at almost equal levels. The dissolution
tests conducted by Boyles et al. (2018) used a fluid
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composition which differed from that of Cannizzaro et al.
(2019). Still based on Gamble’s solution, the Mg- and Ca-con-
tributing salts had been excluded, to improve detection of
low level releases from the fibres (Boyles et al. 2018), this
may have contributed to the differences observed between
these two studies.

Artificial lysosomal fluid (ALF)
Although not likened to any specific biological environment,
acidic solutions had already been used in a fibre durability
study in 1984, and consisted of simple citric acid or phthalate
buffers (Morgensen 1984). It was acknowledged only later, by
Thelohan and de Meringo (1994), that the use of acidic solu-
tions were to replicate the lysosomal compartment. The com-
position of the acidic solution used, also in the assessment of
MMVF solubility, was more complex than those of previous
studies; unfortunately no explanation to the origin of this for-
mulation was given. The term artificial lysosomal fluid was
assigned to this formulation in later studies on metals release
from stainless steel (Herting et al. 2006); ALF has become a
commonly used fluid for simulating the lysosome.

ALF has since been slightly modified compositionally to
test a variety of materials such as stainless steels (Herting
et al. 2007), alloys (Hedberg et al. 2010), and occupational
dust (Witt et al. 2014; Brown et al. 2019; Figueroa-Lara et al.
2019). A study on stainless steel alloys determined preferen-
tial leaching of Fe followed by Ni and Cr, primarily in the first
hour of immersion in ALF (Herting et al. 2008). Hedberg et al.
(2010) demonstrated that the organic species in ALF strongly
complexed leached Cr (III) from alloy. Smaller particles of Cr
and Fe were shown to dissolve faster than large particles for
alloys, but the opposite was true for pure metals. Authors

attributed this to particle agglomeration, and the shift in
thermodynamic equilibrium resulting from the release of
metal ionic species into the medium (Hedberg et al. 2010).
Interestingly, this effect was only observed in ALF but not in
Gamble’s solution or other biological simulants. A separate
study confirmed the influence of particle diameter on Fe
release from stainless steel, as well as the preference of ALF
to leach Fe, over Cr and in this case also Ni (Midander et al.
2007). Stainless steel 316 L powders leached more Fe than Cr
or Ni, disproportionally to the particle composition concen-
trations. When considering the particles tested within this
study alone (data for a stainless steel sheet was obtained
from elsewhere), a strong particle size-dependent leaching of
Fe was observed. This was also true for Cr and Ni, but to a
lesser extent (Midander et al. 2007). The release of all ele-
ments was far lower when tested in Gamble’s solution, with
no clear effect of size. (Midander et al. 2007).

A number of studies have indicated ALF to correlate with
in vivo behaviour. Ag ion release in ALF was seen to be con-
sistent with the toxicity results observed in primary alveolar
macrophages from mice (Hamilton et al. 2018). Likewise, the
stability of a variety of NPs in ALF was shown to correlate
well the behaviour in J774A.1 cells (MilosevicAc et al. 2019).
Studies in ALF allowed the distinction between NP dissol-
ution (as observed for iron oxide NPs) and aggregation (as
observed for silica NPs), confirming the behaviour observed
in the lysosome environment of the J774A.1 cells. The com-
position of ALF and other commonly used lysosome-simulant
fluids is shown in Table 2.

Studies comparing ALF with other SLFs. Frequently, ALF is
used in parallel studies with other SLFs to allow comparisons
to be made. It has been used to assess a wide range of

Table 2. Composition (g/L) of frequently used biofluids for simulation of the acidic conditions of the lysosome.

Biofluid name Intracellular fluid� ALF PSF PSF
Modified (low calcium)
Gamble’s solution† Lyso-SBF‡

Reference (I–VI) I II III IV V VI

Sodium chloride 3.210 3.210 7.013 6.650 7.120
Sodium bicarbonate 1.950
Dibasic sodium phosphate 0.179¶ 0.071 0.284 0.142 0.148
Sodium citrate dihydrate 0.077 0.077 0.152
Sodium tartrate dihydrate 0.090 0.090 0.180
Sodium lactate 0.085 0.085
Sodium pyruvate 0.086 0.086 0.172
Calcium chloride 0.097 0.128§ 0.277 0.029§ 0.029§ 0.055
Glycine 0.059 0.059 0.450 0.450 0.118
Sodium hydroxide 6.000 6.000
MES-sodium hydroxide 5.883
Magnesium chloride 0.106jj 0.050 0.212jj 0.095
Potassium chloride 14.91
Glucose
Sodium sulphate 0.039 0.039 0.071 0.071 0.079
Lactic acid (90%) 0.156
Citric acid 20.80 20.80
Potassium hydrogen phthalate 4.901 4.085
ABDC 50 ppm 50 ppm
�The original formulation later defined as ALF
†Addition of 3.7–5ml/L concentrated hydrochloric acid to reduce pH to 4.5
‡pH of 5.2
¶Dodecahydrate
§Dihydrate
jjHexhydrate
I: Thelohan and de Meringo (1994); II: Hedberg et al. (2010); Figueroa-Lara et al. (2019); III: Aladova et al. (2007); IV: Stefaniak et al. (2005); Stefaniak et al.
(2009); Stefaniak et al. (2010); Stefaniak et al. (2014); V: Christensen et al. (1994); Sebastian et al. (2002); VI: Muller et al. (2010).
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materials including the solubility of airborne particulate mat-
ter (Wiseman and Zereini 2014; Polezer et al. 2019), fly ash
(Bourliva et al. 2020), bioaccessibility of PAHs (Gao et al.
2019) and rare earth elements (Gao et al. 2020), mobility of
Pt group elements (Zereini et al. 2012), the solubility of
chrysotile asbestos contained within fragments of break-deb-
ris (Boyles et al. 2019), zeolite surface behaviour (Giordani
et al. 2019), NP aggregation (Fashina et al. 2013; Zhong et al.
2017), drug delivery systems (Mulla et al. 2017), and biotrans-
formations of graphene oxide (Liu et al. 2018; Qi et al. 2018).

The effect of low pH has been evident; a greater solubility
in ALF compared to SLFs of a higher pH has been shown for
a number of metals including In (Andersen et al. 2017), Pu
(Griffiths et al. 2016), Am (Griffiths et al. 2016), Fe
(Hernandez-Pellon et al. 2018), Be (Huang et al. 2011), Mn in
smoke haze (Huang et al. 2016), NiO NPs (Shinohara et al.
2017), ZnO NPs (Muller et al. 2010; Adamcakova-Dodd et al.
2014), and nano- and micro-particulate CuO (Semisch et al.
2014). However, it has been shown that it is not just the low
pH that has the effect on solubility, but the composition of
the ALF (Stebounova et al. 2018; Tan et al. 2020). When a
simplified acidic solution of pH 4.5 was used to test the dis-
solution of Mn NPs, no solubility was observed, in compari-
son to steady dissolution in ALF. A similar result was seen for
stone wool dissolution, where a citric acid buffer at pH 4
caused aggressive dissolution, this was not replicated with a
potassium hydrogen phthalate buffer at the same pH
(Morgensen 1984). However, the authors tested further condi-
tions and found: i) no linear relationship between citric acid
and fibre dissolution; ii) a solution at pH 6 was found to
induce almost no fibre dissolution, when a pH 4 solution of
equal citric acid concentration caused significant dissolution;
and iii) a pH 5 solution was shown to cause less fibre dissol-
ution than the pH 4 solution, even though the pH 5 solution
contained a higher concentration of citrate (Morgensen
1984); these points indicate that the effect of ALF is likely a
combination of both the acidic pH and presence of cit-
ric acid.

Although not using ALF, an interesting observation con-
cerning citrate was made during testing of a standard test
guideline outlined by Sebastian et al. (2002) which included
a modified low Ca Gamble’s solution at pH 7.4 and 4.5, used
to reduce inter-laboratory differences. The standard deviation
between dissolution rates measured by the nine laboratories
ranged from 24 to 61%. Although the high variability was
attributed to a number of key test parameters – including
flow rate-to-surface area, liquid composition and mainten-
ance of the pH – it was noted that higher citrate concentra-
tions could be used to ensure a more consistent pH (at pH
4.5) and in turn, lower standard deviations. However, the
authors indicated that this would not be preferable due to
the associated increase in dissolution rates that would not
comparable to in vivo observations. Another recent study
also employed a modified Gamble’s solution, incorporating
citric acid to buffer the pH at 4.5, to determine the dissol-
ution rate of mineral fibres (chrysotile, amphibole asbestos
and fibrous erionite) in the phagolysosome environment
(Gualtieri et al. 2018). While not stated by the authors, the
fluid was compositionally similar to ALF.

ALF in the study of particulate matter. Particulate matter
and occupational samples have also been widely reported
(Guney et al. 2017). In one study an enhanced solubility of
Cu, Cr and Mn (PM1) and Pb, Cu and As (PM2.5) in particulate
matter was observed in ALF compared to samples exposed
to the more neutral Gamble’s solution (Wiseman and Zereini
2014). Similarly, ALF gave considerably higher metal releases
from vehicle exhaust catalysts (Colombo et al. 2008), chro-
mated copper arsenate (CCA)-contaminated soils (Gosselin
and Zagury 2020), Pb-containing urban soils (Hu et al. 2019;
Li et al. 2020), as well as increased rare earth element release
from indoor air particulate matter (Gao et al. 2020), in com-
parison to Gamble’s solution. These results imply that inhaled
particles would have to be phagocytised before significant
dissolution occurs. However, in one specific study of Pt group
elements the pH difference between the two fluids had less
of a predicted effect. In ALF 23% of Pt and 17% Pd were
extracted from the airborne particulate matter compared
with 24% Pt and 11% Pd in Gamble’s (Zereini et al. 2012).

One particular study found a significant correlation between
the bioaccessibility of metals in ALF and their relevant mobile
fractions (i.e. soluble and exchangeable, or bound to carbo-
nates) (Gosselin and Zagury 2020). Meza-Figueroa et al. (2020)
noted dissolution rates in ALF depend not only on mobility in
solution but also on the grain size and chemical state of the
metal, whereby metal oxides, chlorides and carbonates are
known to be largely soluble in lung fluid, whereas metal sul-
phide, phosphate and silicate groups are generally insoluble,
although there are some exceptions. In their study, bioaccessi-
bility appeared to be greatest in samples with the highest con-
tent of particulates less than 2.5mm, leading to the authors to
speculate that lung bioaccessibility in ALF solution may depend
on particle size distribution and morphology; although this may
be expected, given dissolution is impacted considerably by par-
ticle surface area (Utembe et al. 2015). Nevertheless, Li et al.
(2020) gave a similar observation, concluding that lung bioac-
cessibility of metals in fine particle sizes (<1mm) was higher
than larger size fractions (50–250mm, 5–50mm, 1–5mm), con-
firming the significance of particle surface area.

Mineralogy was also found to influence the dissolution
and pH preferences. In a study of U-bearing dusts, those low
in uraninite and high in kaolinite were more soluble in ALF,
while those rich in uraninite and carnotite more soluble in
Gamble’s solution (Hettiarachchi et al. 2019). For Ag NPs, the
greater quantity of nitrogen donors, especially when modi-
fied to contain DTPA, lead to a greater Agþ concentration in
modified Gamble’s solution than ALF, even though pH is
neutral (Zhong et al. 2019). The authors concluded this was
due to nitrogen donors preventing the formation of AgCl
precipitates. While the greater dissolution of Ag in Gamble’s
solution appears contrary to the solubility of other metals
discussed in this section, this same pH preference is noted
for a number of other materials including Co metal and glass
wool fibres.

Phagolysosomal simulant fluid (PSF)
An alternative to ALF is a fluid termed PSF; however, its use
in the literature has not been as widespread until recent
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years. PSF uses different buffering reagents to ALF and as
such does not contain citric acid, instead buffering the acid
environment with potassium phthalate (Stefaniak et al. 2005).
PSF is based on an early study investigating dissolution of
various types of mineral wool, refractory ceramic fibres (RCF)
and asbestos fibres (Guldberg et al. 1998). Guldberg et al.
(1998) sought to modify Gamble’s solution by applying differ-
ent methods to correct the pH to 4.5 and buffer the solution.
The formulations, including addition of hydrochloric acid,
phthalate or citrate, appeared to be those already used by
test facilities operating within this interlaboratory compari-
son, and the results of the study comparing these methods
were relatively inconclusive; the impact of different fluid
compositions was not equal for all fibre types. However, it
was concluded that a buffering system was needed, and that
the use of phthalate as the buffering system provided a fibre
dissolution rate similar to that of the acidified Gamble’s solu-
tion, while the use of a citric acid buffering system resulted
in a greater dissolution than the other fluids (Guldberg et al.
1998). In the design of PSF, constituents such as ammonium
ions were removed as their initial purpose was to aid buffer-
ing at neutral pH.

PSF has been shown to quite precisely distinguish
between dissolution rates across a range of soluble levels,
including relatively insoluble TiO2 samples, moderately sol-
uble samples such as kaolin, bentonite and BaSO4, and mate-
rials that are easily dissolvable (CuO, ZnO) (Keller et al. 2020).
The use of PSF has grown considerably in recent years,
including in studies examining the influence that fibre binder
processes (the inherent addition of phenolic resin in gener-
ated insulation wools) have on fibre solubility (Wohlleben
et al. 2017), as well as in testing the dissolution of Be aerosol
compounds, namely Be metal and BeO (Stefaniak et al. 2005).
It was found that PSF readily dissolves Be particles of
0.9–1.7lm, with up to 50% dissolved during a 10-day incuba-
tion period; larger Be particles of 1.7–2.5 lm, applied at the
same mass dose, were not soluble during the same 10-day
incubation period (Stefaniak et al. 2005). This lack of larger
Be particle dissolution was also demonstrated in a J774A.1
macrophage cell line, which implies that the PSF corre-
sponded well with cellular responses. However, no compara-
tive data of J774A.1-induced dissolution of the smaller
particles were provided. A follow-up study investigated the
dissolution of 20 different Be materials in PSF, including Be
ores, hydroxide, oxide and Cu-Be fume. They found the mate-
rials associated with chronic beryllium disease to have faster
dissolution rates than those with no association (Stefaniak
et al. 2011). In addition to PSF, Be metal biodurability has
also been studied in ALF and neutral Gamble’s solution
(Strupp 2011). Solubility was faster at the lower pH of ALF
than Gamble’s solution, and Be metal dissolution was found
to be 3–40 times lower than BeCl2. It should be noted that
Be metal, oxides and alloys are only used for very specific
applications such as medical diagnostics, electronics and
aerospace applications. While their use is not widespread,
exposure can lead to sensitisation and dissolution studies
have been conducted to investigate the development of
chronic beryllium lung disease (Stefaniak et al. 2011).

Co metal dissolution in PSF has also been assessed, indi-
cating a higher dissolution in neutral-extracellular fluid (SUF)
than PSF (Stefaniak et al. 2009). When glycine and phosphate
were excluded from the PSF composition, no effect on Co
dissolution was observed (Stefaniak et al. 2009). This is con-
trary to the pattern observed with many other metals, how-
ever dissolution rates of W compounds – including W metal,
WO3 and tungsten blue oxide – were also found to be up to
four orders of magnitude slower in PSF compared to SUF
(Stefaniak 2010). Cellulose nanomaterials and fibres showed
little dissolution in either PSF or SUF, which the authors
implied was due to the materials being particularly durable
and not being cleared by dissolution or intracellular digestion
if inhaled, and that mechanical methods of clearance would
be required. This was found to closely correlate with other
in vivo studies (Stefaniak et al. 2014).

In a recent study by Kastury et al. (2018b) investigating
the factors influencing metal(loid) dissolution from particulate
matter, the extraction efficiencies of ALF and PSF were com-
pared. At the 24 h time point both As and Pb bioaccessibility
was significantly higher in ALF than PSF (P< 0.001) (Kastury
et al. 2018b). This was attributed to the greater presence of
chelators in ALF. Within PSF, glycine is the only component
known to chelate metals, while ALF contains glycine, citrate,
tartrate, lactate and pyruvate which are all known to contrib-
ute to a higher metal(loid) extraction capacity (Kastury et al.
2018b). In a similar study, chelating agents in ALF were found
to have a key role in the degradation of zinc gallate NPs
(Lecuyer et al. 2020). The NPs were placed in suspension in
three different aqueous media for up to three months in
order to evaluate their possible degradation (ALF, acetate
buffer (pH 4.5) and Milli Q water). Monitoring of the hydro-
dynamic diameter, charge surface and remaining amount of
coating indicated the important role of citrate and tartrate in
stabilising the NPs. By stabilising the NPs from aggregating
the chelating agents helped maintain a high surface contact
with the medium, leading to more effective degradation of
the particle core. This is in contrast to rapid aggregation
when placed in water. The use of ALF therefore provides a
more conservative estimation of inhalation bioaccessibility.
Hence, it is possible that using this fluid for material hazard
assessments may result in either under or over estimation of
the potential hazard depending on the mode of toxicity (i.e.
particle persistence or ion release, respectively).

Key components which enable biological accuracy

The main aim of using SBFs is to provide a suitable predic-
tion of in vivo behaviour, and to mimic dissolution mecha-
nisms such as those depicted in Figure 3. This has been
shown to be possible; in bone regeneration studies, for
example, the ability of an apatite layer to form on the surface
of the material in simulated body fluid (mimicking human
blood plasma) has been demonstrated to be predictive of
the in vivo bone bioactivity (Kokubo and Takadama 2006;
Zadpoor 2014). Although the formulations of SLFs have been
shown to match the biological environments to a degree,
there are still disparities when compared with measurements
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taken in vivo or within cells grown in vitro. In general, few
studies compared simulated lung lining fluids with biological
systems. More examples are found for lysosomal fluids, pri-
marily with ALF and PSF, showing varying degrees of predict-
ive ability for biological effects. Table 3 presents studies that
have carried out such a comparison and indicates whether
they were found to correlate well (þ) or poorly (�) with the
cellular system, as indicated by the authors.

For example, when Luoto et al. (1994) exposed MMVF to
alveolar macrophages they found the dissolution profiles to
be different to those obtained in Gamble’s solution (pH 7) or
CCM, including high Fe dissolution in alveolar macrophage
cell cultures and minimal Fe release in the Gamble’s solution.
Issues with precipitation have also been noted for Gamble’s
solution, when Alexander et al. (1994) incubated a number of
ceramic and MMVF fibres in Gamble’s solution; calcium phos-
phate deposits were found on the fibres that were not
observed in vivo, with modification and a variety of compos-
itional changes including the addition of tris(hydroxymethy-
l)aminomethane (tris) and removal of some Ca and Mg salts,
no deposits were formed and dissolution rates were
unaffected. Similarly, Christensen et al. (1994) reduced the
amount of Ca in the Gamble’s solution to avoid precipitation
of carbonates. A study by Lehuede et al. (1997) compared
the solubility of MMVF in rat inhalation studies with those
obtained by in vitro dissolution in Gamble’s solution at pH
7.4. A range of fibres were used including historical insulation
wools (MMVF 10, MMVF 11, MMVF 21, MMVF 22) as well as
highly biosoluble glass and stone wool fibres. The compos-
itional changes observed in the rat inhalation studies –
namely a depletion of Na2O, CaO and MgO, and enrichment
of SiO2 and Al2O3 – were also reflected in the in vitro
Gamble’s solution. While this was the case, morphological
changes were not consistent. The in vitro results from one
glass wool fibre sample in Gamble’s solution at pH 4.5 was

shown to not be indicative of in vivo behaviour. Nonetheless,
the authors conclude that this study confirms that in vitro
assays closely mirror the behaviour of the tested fibres dur-
ing in vivo inhalation studies when using Gamble’s solution.
Moreover, with an aim to determine compositional and struc-
tural influences in MMVF solubility, Guldberg et al. (2002)
compared the in vivo half-life (t1=2) of numerous stone wool
fibres to the in vitro dissolution of the same fibres in a modi-
fied Gamble’s solution at pH 4.5 already described (Table 1)
(Sebastian et al. 2002). Measurements of the t1=2 after intratra-
cheal instillation or short-term inhalation in rats demon-
strated that fibres achieving the Note Q exoneration (HT
stone wool fibres) were cleared approximately 10 times faster
than a traditional, and biopersistent stone wool fibre, which
corresponded well with the decreased dissolution rate (Kdis,
in ng.cm�2.h�1) of the traditional stone wool compared to
HT fibres, determined in vitro (Guldberg et al. 2002). This has
also been reflected in studies using a subset of MMVF, HTIW.
This category is also used for thermal insulation and includes
RCFs and alkaline earth silicate (AES) wools. Unlike RCF, AES
have been shown to demonstrate a low biopersistence
in vivo (Bernstein et al. 1996), due to the presence of alkaline
earth oxides, such as Ca and Mg (Brown and Harrison 2012).
This behaviour has been reproduced using in vitro dissolution
studies involving modified Gamble’s solution (Boyles et al.
2018; Cannizzaro et al. 2019).

In an assessment of Ni metal dissolution, both nano- and
micron-sized particles were shown to rapidly dissolve in ALF
(80–100wt%), however this was not replicated in cells (ca.
1–3wt%) (Latvala et al. 2016). Although it should also be
noted that the cells used were alveolar epithelial cells (A549),
and not the phagocytes which are the cells being modelled
when using ALF. A 2018 study did use macrophages and
demonstrated that dissolution of some NP in PSF (acquired
using abiotic flow-through) were consistent with dissolution

Figure 3. Selected mechanisms that effect dissolution on the surface of a particle including: (a) complexation, (b,c) redox activities, (d) proton-promoted dissolution
and (e) enzymatic action. The prevalence of each dissolution mechanism will be material specific, driven by the chemistry of the materials surface.
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within these cell phenotypes, as well as with data from
short-term inhalation studies (Koltermann-J€ully et al. 2018).
The solubility ranking of BaSO4<SrCO3<ZnO was demon-
strated in both the acellular and cellular model (using rat
NR8383 cells). Moreover, in vivo clearance rates of BaSO4,
CeO2, CuO, ZnO and SiO2_amino corresponded to the acel-
lular dissolution in PSF. However, this was not true for
SiO2_untreated or TiO2, where a disparity was observed and
clearance was far greater than solubility (Koltermann-J€ully
et al. 2018). Also using macrophages, Gray et al. (2018)
found correlation between MoO3 nanoribbon stability in
PSF and in intracellular compartments. When incubated in
neutral pH fluids (including PBS, SLF or cell culture medium)
MoO3 nanoribbons rapidly dissolve, while when in PSF or
once internalised by cells MoO3 nanoribbon remain stable
and unchanged. A study which observed an increased
release of various heavy metals, including Pt and Pd, from
road side dust samples (containing Pt(OH)2, Pd(OH)2) in ALF
compared to incubation in Gamble’s solution, demonstrated
a good correlation to in vivo dissolution (Artelt et al. 1999;

Colombo et al. 2008). A 30 day study of the dissolution of Pt
group elements from vehicle emissions identified that
approximately 36% Pt was released when incubated in ALF
(Colombo et al. 2008). This corresponded well with a nose-
only inhalation study conducted in Lewis rats. The animals
were exposed to 4mg/m3 for 5 h/day, 5 days/week for
90 days, during which time 31.4% of Pt was bioavailable
(Artelt et al. 1999). However, when a higher inhalation con-
centration was used, or when intratracheal instillation was
used, the bioavailability of Pt was found to be far lower,
demonstrating that uncertainty still exists in the corrobor-
ation of in vitro assessment using current SBFs (Artelt et al.
1999). This implies there are other crucial factors in the rep-
lication of biological systems that are not accounted for in
the current in chemico methods for assessing dissolution
and it is therefore understandable why uncertainties remain
with the strength of association to in vivo responses. What
these might be is yet undetermined, but it may be helpful
to assess the relationship between attaining biological rele-
vance with the degree of SBF complexity.

Table 3. Correlation of results from in vitro acellular assays with measurements taken in vivo or within cells grown in vitro.

Ref. Description of study Material Correlation

Extracellular fluid
Chazel et al. (2000); Chazel

et al. (2003)
Comparison of results from intratracheal instillation

(male, Sprague-Dawley rats) with static dissolution in:
(a) Gamble’s solution; (b) CCM

UF4 (a) þ
(b) �

Zhong et al. (2020) Comparison of results from intranasal instillation (female
Balb/c mice) with static dissolution in: (a) Gamble’s
solution; (b) SLF; (c) SELF

PM2.5 spiked with Pb compounds �

Luoto et al. (1994) Comparison of dissolution in alveolar macrophage cell
culture with dissolution in Gamble’s solution

MMVF �

Lehuede et al. (1997) Compositional changes observed in the rat inhalation
studies compared to those observed when incubated
in Gamble’s

MMMF þ

Intracellular fluid
Hamilton et al. (2018) Comparison of dissolution in ALF to results observed in

primary C57B1/6 murine alveolar macrophages
Ag NPs þ

MilosevicAc et al. (2019) Comparison of dissolution in ALF to results from mouse
macrophage (J774A.1) cells

Au NPs þ

Latvala et al. (2016) Comparison of dissolution in ALF and toxicity in human
type II alveolar epithelial (A549) cells

Ni metal �

Colombo et al. (2008);
Artelt et al. (1999)

Comparison of two separate studies:
a. In vitro dissolution of road side dust samples in

ALF (Colombo et al. 2008)
b. Nose-only inhalation study in Lewis rats (4mg/m3

for 5 h/day, 5 days/week for 90 days)

Pt-containing roadside dust þ

Stefaniak et al. (2005) Comparison of static dissolution in PSF with that seen in
J774A.1 macrophage cell line

Be metal, BeO þ

Heim et al. (2020) Comparison of animal mortality to metal alloy powders
(nose only inhalation by male dose Sprague-Dawley
rats) to alloy solubility and metal ion bioavailability
in: (a) interstitial fluid (Gamble’s formulation), or (b)
lysosomal fluid (ALF formulation)

Ni metal, Co metal and stainless steel (a) þ
(b) �

Zhong et al. (2020) Comparison of results from intranasal instillation (female
Balb/c mice) with static dissolution in ALF

PM2.5 spiked with Pb compounds �

Guldberg et al. (2002) Comparison of t1=2 after intratracheal instillation or
inhalation (rats) with flow-through dissolution in
modified Gamble’s at pH 4.5

Numerous stone wools þ

Koltermann-J€ully et al. (2018) Comparison of dissolution in PSF to results observed in
NR8383 rat macrophages

BaSO4<SrCO3<ZnO þ

Koltermann-J€ully et al. (2018) Comparison of results from short term inhalation study
in rats with dynamic dissolution in PSF

(a) BaSO4, CeO2, CuO, ZnO, SiO2

amino, (b) SiO2 untreated, TiO2

(a) þ
(b) �

Gray et al. (2018) Comparison of dissolution in PSF to results observed in
J774.A1 murine macrophages

MoO3 þ

Keller et al. (2020) Comparison of results from intratracheal
Instillation in rats with (a) dynamic and (b) static

dissolution in PSF

BaSO4 (a) þ
(b) �

(þ) implies a good correlation was found and (�) indicates a poor one.
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A recent study gave a useful comparison of four fre-
quently used SLFs and their ability to mimic in vivo results
(Zhong et al. 2020). In the attempt to optimise in vivo-in vitro
correlation, intranasal instillation experiments were compared
with in vitro bioaccessibilities obtained from a variety of SLFs.
Balb/c mice were exposed through intranasal instillation
(20mg/ml) to PM2.5 suspensions spiked with a variety of Pb
compounds (PbSO4, Pb3O4, PbS, PbCrO4, PbO, PbCO3 and
Pb(NO3)2) and the relative bioavailability of Pb was deter-
mined 48 h later. These were compared to in vitro Pb bioa-
cessiliblities determined through static dissolution
experiments in Gamble’s solution, SELF, ALF and SLF. Large
variations were found between the four fluids, even when
influencing parameters such as the surface-to-liquid ratio was
kept constant. All in vitro bioaccessibilities were far below the
relative bioavailability determined in vivo. Of the four fluids
tested, Gamble’s solution provided the closest correlation
and this was further improved with the addition of DTPA, a
strong chelator, leading to a formulation similar to that of
SUF as has been described above. The authors suggested
DTPA to be a key component that acts as a substitute for
chelators present in real lung fluid, implying an increase in
the complexity of Gamble’s solution is desirable. Further dis-
cussion on the presence of complexations agents, antioxi-
dants, enzymes, and organic content in general
follows below.

Organic content

Some state that the typical formulations for SLFs indicate suf-
ficient salt content but lack a representative mix of organic
molecules that are native to the respiratory tract environ-
ment (Boisa et al. 2014). The presence of chloride, sodium
and a number of salts (including sodium bicarbonate, magne-
sium chloride hexahydrate and sodium sulphate) in most
SLFs are a suitable match in both identity and concentration
to a healthy human (Joris et al. 1993; Jayaraman et al.
2001a). However, components such as organic acids, proteins
and surfactant lipids are not incorporated into most simu-
lants, even though the in vivo concentration of these compo-
nents are known. Physiological relevance has been a central
issue in the use and modification of SBFs over the years and
the lack of accurate representation of the organic molecules
found in vivo can lead to the use of fluids that are starkly dif-
ferent from that of real lung surfactants. Macromolecules
such as catalase (Cantin et al. 1990) and phospholipids (e.g.
phosphatidylcholine), are abundant within in vivo lung lining
fluid and smaller organics such as ascorbate, urate, glutathi-
one and a-tocopherol (van der Vliet et al. 1999) are also
found, exhibiting antioxidant properties. A number of studies
have made progress to replicate these organic constituents
with the inclusion of the major proteins and lipids such as
urate, ascorbic acid, DPPC, albumin and mucin (Berlinger
et al. 2008; Son and McConville 2009; MacCuspie et al. 2011;
Boisa et al. 2014).

Coufalik et al. (2016) examined the effect of DPPC addition
to Gamble’s solution, in a comparison of a variety of fluids
including ALF, a saline solution and a new SLF termed

simulated alveoli fluid (SAF). The presence of DPPC has been
shown to reduce the surface tension of SLF, acting as a sur-
factant; a desirable trait due to the low surface tension of
native lung surfactant in normal lungs (Hassoun et al. 2018;
Leiby et al. 2020). For hydrophobic materials, the inclusion of
DPPC can increase the wettability and prevent aggregation,
as demonstrated in studies of inhaled pharmaceutical formu-
lations (Davies and Feddah 2003; Son and McConville 2009).
In these, a concentration-dependent increase in solubility
was observed with the addition of DPPC (Davies and Feddah
2003; Son and McConville 2009). Likewise, DPPC was shown
to stabilise Ag NPs against aggregation, without significantly
effecting the total Ag release (Leo et al. 2013). This was con-
sistent with results from Maccuspie et al. (2011) who noted a
subtle stabilisation of Ag NPs accredited to DPPC, however
higher stability was found with the inclusion of bovine serum
albumin (BSA). This stabilisation of particles as a result of pro-
teins has also been noted elsewhere, and with this, associ-
ated effects upon dissolution have also been observed. It is
possible that the binding of proteins to particle surfaces will
inhibit the potential for dissolution; this has been observed
for AgNPs with the addition of BSA (Holmes et al. 2016) and
of serum proteins (Huk et al. 2014). As described earlier, the
association of particles with proteins will result in protein cor-
ona formation. The composition of this corona has been
shown to vary dependent on protein source and condition
(Lesniak et al. 2010), as well as on particle parameters such
as size (Lesniak et al. 2010) or surface charge (Boyles et al.
2015a). It is therefore prudent to consider which proteins are
likely to be present within the environment being replicated,
and how abundant they may be, not only for their ability to
induce dissolution, but also for their ability to reduce dissol-
ution. Intriguing is the possibility that even the harsh condi-
tions of the phagolysosome may not disrupt this protein
coating. The measured transition of particles through an
endocytic route of internalisation has allowed mapping of
how bound proteins may behave within these environments;
while the soft corona proteins bound to silica-coated mag-
netic nanoparticles were shown to change dependent on
location, i.e. dependent on organelle, the hard corona was
consistent before internalisation and throughout the intracel-
lular trafficking (Bertoli et al. 2014).

For hydrophilic materials, the effects of DPPC are limited;
as demonstrated in the investigation of pulmonary delivery
of insulin. Inclusion of DPPC in the SLF had no effect on pol-
y(lactide-co-glycolide) (PLGA) solubility, due to its hydrophilic
nature (Ungaro et al. 2009).

In addition to the organic content, other factors such as
pH, ionic strength, temperature, precipitation, hydrolysis and
presence of complexing agents all influence the dissolution
behaviour of the fluid. When relevant to the simulation of
biofluids these have been discussed below.

Chelating agents

The importance of other specific properties of the SLF on
material solubility have been studied, including which chelat-
ing agents are present (and at what concentrations), and the
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presence of precipitate forming constituents (e.g. phosphates,
carbonates), and non-reacting ionic materials (Ansoborlo
et al. 1999).

Citrate, oxalate, tartrate, and EDTA
Citrate is used in many SLFs as a replacement for proteins,
and more specifically, proteins that act in the mobilisation of
Fe; the activity of organic ligands is to bind to Fe reducing
its ability to form HOOH, with citrate being the dominant lig-
and for Fe (Charrier et al. 2014; Hernandez-Pellon et al. 2018).
It also has a practical purpose of reducing the foaminess
which occurs when proteins are introduced to SLFs (Marques
et al. 2011), and is already known to be naturally present in
biological systems; Collier et al. (1992) notes physiological
conditions generally fall between 0.1 and 0.3mM. This gives
an upper range of 0.058 g/L (citrate) and 0.077 g/L (sodium
citrate), and shows that many of the existing simulant fluids
already adhere to this range (including Gamble’s solution,
SUF, SELF, AAF and SILF). However, due to its known activity
as a complexing agent, the appropriateness of using high
concentrations of citric acid can be questioned, as there may
be concerns with overestimation of solubility. Generally, an
increase in material solubility is the behaviour most often
observed when citric acid is used within an SLF, and concen-
trations as low as 1mM have been demonstrated to fraction-
ate various metals from particulate matter (Mukhtar and
Limbeck 2013). One study noted a direct correlation between
increasing citrate concentrations and in vitro Co2O3 dissol-
ution rates (p< 0.02) (Collier et al. 1992). The same was not
seen for increasing bicarbonate concentrations (p> 0.32),
which may indicate that bicarbonate did not coordinate to
Co as citrate did in enhancing dissolution.

The complexing activity of citric acid was further con-
firmed by Rozalen et al. (2013) in the assessment tremolite
asbestos solubility a simple “modified Gamble’s solution”
(NaCl and Na2SO4). The pH was controlled with either sodium
bicarbonate or nitric acid to attain pH 4, pH 7.4, and pH 5.5,
and a strong relationship between pH and dissolution was
observed, with a reduction in pH leading to an increase in
dissolution. With the addition of organic ligands, either cit-
rate or oxalate, at concentrations of 0.15, 1.5 and 15mM, dis-
solution was enhanced. However, for citrate this was only
observed for the acidic pH solutions, which caused a strong
and citrate-dose-dependent effect on dissolution. This implies
a two-step process; first acid-aided dissolution of the tremo-
lite releases free metal ions and these are subsequently che-
lated by the citrate species. The effect of oxalate was also
strong when included in acidic conditions, but was not found
to be dose-dependent. However, a strongly oxalate-dose-
dependent effect was observed at the neutral pH conditions
(Rozalen et al. 2013). EDTA, another complexation agent, was
also found to encourage asbestos dissolution due to its che-
lation of Fe (Lund and Aust 1992). For Mg-containing materi-
als such as tremolite, these ligand-specific differences may be
due to speciation. In the presence of oxalate, there is a con-
sistent formation of a single magnesium oxalate species
which remains stable from pH 4–12. However, for citrate, not
only is there an enhanced and stable formation of

magnesium citrate (MgCit�) from pH 5 onwards, numerous
other species (e.g. MgHCit and MgH2Cit

þ) form, peaking at
pH 3–4 and falling by pH 6 (Rozalen et al. 2013). Barly et al.
(2019) also attributed high stone wool fibre dissolution in
acidic-modified Gamble’s solution to the complexation effects
of citrate and tartrate, namely on Fe and Al, and determined
that dissolution rates were significantly faster than in solu-
tions of similar pH where no complexing agents were pre-
sent. Likewise, Steenberg et al. (2001) found that citric acid
greatly increased dissolution of stone wool fibres, which was
not observed with the addition of acetic acid.

Many other examples of this phenomenon can be found
in the literature (Hedberg et al. 2010; Rozalen et al. 2013;
Boisa et al. 2014; Utembe et al. 2015; Barly et al. 2019; Zhong
et al. 2019). In fact, an excellent correlation was shown
between ALF and a sodium citrate buffer, suggesting that no
other components of ALF contribute significantly to the
extraction efficiency (Mukhtar et al. 2015). Therefore, the use
of a sodium citrate buffer could be a simple and suitable
alternative to ALF. When separated into the individual com-
ponents of ALF, the effect of citric acid solution at the same
pH has been shown to cause equal dissolution of various
metals from stainless steel powders when compared to com-
plete ALF solution; with differences in the dissolution kinetics
induced by equal quantities of sodium citrate, –tartrate and
–lactate found to be dependent on functional group avail-
ability (Hedberg et al. 2011). This highlighted the importance
of complexation capacity, as dissolution was shown to
decrease as the complexing agent (citric acid) was reduced.
However, these effects were shown to be selective and
dependent on which metal was assessed; the dissolution of
Fe, Cr and Ni varied according to the citric acid concentra-
tion, while dissolution of Mn did not and was shown to dis-
solve readily in the non-organic components of ALF
(Hedberg et al. 2011).

Beeston et al. (2010) also highlighted the competing
effects of citrate (and minor influences from tartrate) in ALF,
attributing them to a high level of PbS (galena) NP dissol-
ution at pH 4.2. When a similar study of PbS was carried out
in Gamble’s solution (pH 7.4) no Pb leaching was observed
and the authors specifically attributed this to insufficient cit-
rate concentrations, however, the impact of pH cannot be
ruled out here since metal sulphides can react with acid.
Similarly, a recent study by Chakraborty et al. (2018) associ-
ated a high proportion of organic Cu complexes in ALF and
SBF with significant Cu dissolution from CuO NPs. The
authors concluded that ligand-promoted dissolution was the
primary mechanism responsible for CuO dissolution. In a
study of UO3 breakdown, complexing agent sodium citrate
caused a high level of dissolution up to 60 times faster than
Gamble’s solution (Ansoborlo et al. 1990, 1992).

Glycine
In the extraction of Ag from contaminated soils using both
ALF and Gamble’s solution, Gamble’s was shown to induce
greater Ag release. It was proposed that a higher glycine
concentration, acting as a chelating agent within Gamble’s
solution, was responsible for this, and moreover, that in the
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case of Ag, citric acid within ALF may have acted in a stabilis-
ing role (Cruz et al. 2015). The capacity of glycine to act as a
metal chelator is, however, very much metal-dependent;
there are other amino acids, including histidine, which have
been shown to leach metals such as Fe, Cr, Zn and V from
coal fly ash more effectively than glycine, while glycine was
found equal to in its ability to leach Al, Mn, Cu, and Ni when
compared to other metal chelators (Harris and
Silberman 1983).

Lactate
The chelation of cations by lactate has also been demon-
strated in the study of lithium intercalation compounds (com-
plex metal oxides containing Li, Ni, Mn, Co). Dissolution in
bacterial medium with lactate, compared to the lactate-free
alternative, noted an increased dissolution of transition metal
components. For example, dissolved Ni was 2.5 time greater
in the presence of lactate (Buchman et al. 2020).

It is important to note that complexation is not unique to
simulated environments and is actually a phenomenon that
is observed in vivo in the binding of metals by glycoproteins
such as albumin and mucin (Cooper et al. 1985; Duranti et al.
2001; Bal et al. 2013). Albumin has been shown to be import-
ant in the transport of Cu ions (Bal et al. 2013) and both
albumin and mucin have been shown to increase the leach-
ing capacity of a biofluid simulation for a number of metals
(Berlinger et al. 2008). Therefore, the effect of citric acid, or
indeed other complexing agents, should not be treated as
biologically irrelevant and instead should be evaluated to
ensure the extent of complexation matches that occurring
within the lung, particularly when multiple complexing
agents are present. In particular, consideration should be
given as to whether citric acid at high levels is the best simu-
lant for biologically relevant complexation, particularly due to
the discussed concerns around aggressive dissolution
(Morgensen 1984), non-linear or selective effects (Morgensen
1984; Hedberg et al. 2011; Barly et al. 2019), and how these
impact predictivity and robustness; the level of predictivity
that have been observed is considered later.

Presence of antioxidants

Citrate can also function as an antioxidant when included in
SLFs, providing a direct replacement of the numerous antioxi-
dants present within the extracellular fluid of the respiratory
system, including mucin, uric acid, protein (mainly albumin),
ascorbic acid, and reduced glutathione (GSH) (Cross et al.
1994). However, the activities of antioxidants may not be
addressed in such a simplistic model, as both the extracellu-
lar space and intracellular compartments of the lung are
under conditions that readily promote ROS production
(Kirkham and Rahman 2006). Lung lining fluid is known to
contain antioxidants (Charrier et al. 2014) which are recog-
nised to aid in the detoxification of inhaled material before it
interacts with cells and tissues (Krawic et al. 2017), raising the
question of whether this should be a standard component in
any SLF, especially as many materials have the capacity to
generate ROS themselves, including transition metals such as

Cu and Fe (Charrier et al. 2014; Kuang et al. 2017). It is
hypothesised that Fe has a contributory role in oxidative
damage (Greenwell et al. 2003), suggesting that particles or
fibres rich in Fe may increase the production of ROS. The
mechanism involved in adverse health effects caused by
inhalation of materials is thought to be related to these
metal-mediated generation of ROS which can lead to oxida-
tive stress within cells or tissues by oxidation of nucleic acids,
proteins and lipids (da Silva et al. 2015). One example dem-
onstrated Fe(II) (from FeSO4) to be especially involved in the
generation of the highly reactive hydroxyl radical (�OH) in
SLF (Vidrio 2009). Similarly, Gosselin and Zagury (2020) found
a highly significant correlation between bioaccessible Cu and
the oxidative potential of PM20 in CCA-contaminated soils
(containing CuO), leading to the conclusion that the mobile
Cu fractions are particularly important when considering ROS.
However, this has yet to be verified by in vivo studies.
Observations by Stefaniak et al. (2009) indicated that produc-
tion of free radicals (�OH and O2

�) depended not only on
the materials surface chemistry but also the biological liquid
media, highlighting the importance for accurate simulants for
hazard classification. However, a study of oxidation-depend-
ent pyrite dissolution demonstrated that addition of a modi-
fied bovine pulmonary surfactant (SurvantaVR , containing
(phospholipids, neutral lipids, fatty acids, and bovine surfac-
tant proteins) to the SLF did not affect or reduce the rate of
dissolution (Harrington et al. 2012). This was somewhat sur-
prising as it was expected that the inclusion of redox active
biomolecules would provide additional pathways for ROS to
react and therefore less ROS would be present and a
decrease in ROS-aided dissolution would be found, this was
not the case. However, when compared to water, the dissol-
ution rate in simple SLF significantly decreased, and concen-
trations of hydrogen peroxide were observed to be higher.
The authors concluded that components of the simple SLF
(such as phosphate, glycine, citrate) may be sufficient to
determine the biopersistence of pyrite (Harrington
et al. 2012).

If concerns still exist around the use of citric acid, alterna-
tives can be used to maintain the lower pH of ALF.
Alternatives that have been reported include acetic acid
(Steenberg et al. 2001), glycine (Stefaniak et al. 2005) and lac-
tate (Ramos et al. 2011). Acetic acid was shown to have no
impact on the dissolution of stone wool fibres (Steenberg
et al. 2001). For an alternative solution buffer, potassium
hydrogen phthalate has been used, as in the aforementioned
PSF. This was demonstrated in the dissolution of Be metal
and oxide in potassium hydrogen phthalate-buffered ALF,
where results reflected the dissolution rate in mouse macro-
phage-like cells (Stefaniak et al. 2005). This formulation has
also been suggested in an ISO technical report for assess-
ment of nanomaterial biodurability (ISO 2017).

Enzymatic activity

Cell-derived peroxidase enzymes have been shown to con-
tribute to redox-related dissolution. Although macrophages
are resident within the alveolar space of the lung and are
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therefore “first responders” to exogenous material, it is
another phagocytic cell type (neutrophil) which is rapidly
recruited upon exposure. These cells are highly redox active
and have been shown to be important in the degradation of
materials including carbon nanotubes (CNTs), in the lung.
Macrophages were shown to be less proficient than neutro-
phils at degrading the single-wall CNTs, and this was consid-
ered to be due to macrophages containing the lower
amount of peroxidase enzymes (mainly myeloperoxidase
(MPO)) than neutrophils (And�on et al. 2013). There are sev-
eral studies which have been designed to model the action
of neutrophils and redox activities. One study demonstrated
the incubation of CNTs with natural horseradish peroxidase
(HRP) and hydrogen peroxide (H2O2) leads to increased deg-
radation of the nanotube structure (Allen et al. 2008). Liu
et al. (2010) supplemented PSF with HRP/H2O2 and observed
degradation of the CNTs to short tubes. No such shortening
was observed for PSF medium without H2O2. This observation
indicated that the CNT structure could have been oxidised
and hence weakened, leading to breaking down into shorter
tubes. H2O2 was used as it is an oxidant produced in phago-
cytes (Hampton et al. 1998). HRP is plant-derived, however,
human peroxidases, such as MPO have been shown to be
just as effective, and in the presence of H2O2 can induce the
degradation of single-walled CNTs, whereas individual com-
ponents were ineffective (Kagan et al. 2010). The relevance
and impact of MPO on CNT dissolution has not only been
shown in chemico, MPO-knockout mice have been used to
demonstrate a decline in CNT clearance after instillation
within the lungs associated with a lack of MPO (Shvedova
et al. 2012). These effects were observed in partially oxidised
carboxylated CNTs, however, pristine CNT, with no functional-
isation are also shown to be soluble, but not solely through
the activity of peroxidase. Instead, Fenton-chemistry related
processing of H2O2 forms further oxygen radicals that can
induce oxidation (Allen et al. 2009). Once oxidised, in the
presence of H2O2, CNTs can be broken down by peroxidases
(And�on et al. 2013). The activity of peroxidases is through
redox cycling (O’Brien 2000; Kotchey et al. 2013), and as
such, CNTs can be considered particularly prone to degrad-
ation by peroxidases, through the direct targeting of oxygen
moieties present of CNT surfaces (Kotchey et al. 2013).
Functional surface groups may be present upon synthesis,
increased through acid wash, or removed with treatments
such as high-temperature annealing (Boyles et al. 2015b). As
a result peroxidase activity may vary for different CNT sour-
ces, and this has been shown to be the case when investigat-
ing pristine CNTs which do not present surface defects and
were not susceptible to peroxidase degradation (Allen et al.
2009). This is not to say that other materials would not be
vulnerable to peroxidase activity, but it would focus on mate-
rials with oxygenated surface groups such as carboxyl, car-
bonyl, or hydroxyl groups.

Further evidence highlighting the impact of enzymatic
activity on dissolution, other than peroxidase activity, can be
found in the assessment of para-aramid fibres. This was first
noted by Searl and Cullen (1997) when performing routine
tissue digestion during in vivo fibre counting studies. With
para-aramid being reactive to traditional digestion techniques

(such as use of sodium hypochlorite, potassium and sodium
hydroxide, hydrochloric acid and hydrogen peroxide), enzym-
atic digestion was applied, and was shown to be unsuccess-
ful as it appeared to cause dissolution of para-aramid fibres.
This was later followed up by Warheit et al. (2000), who iden-
tified that exposure to the enzyme cocktail is not sufficient
alone to cause biodegradation, but it is a component of lung
lining fluid that is required as a prerequisite to enzymatic
digestion of para-aramid fibres, and provides a “priming” of
fibres making them susceptible to enzymatic activity. A fol-
low up study demonstrated that it is potentially the protein
components of lung lining fluid (using heat inactivation of
proteins in BAL fluid) that play some (but not all) of the role
in this “priming” activity (Warheit et al. 2001). The enzyme
cocktail used in these studies was collagenase, papain, DNase
and lipase. An important material distinction in these studies
was evident, in that cellulose fibres were consistently shown
to be more durable in response to these treatments than
para-aramid fibres. This was also confirmed using in vitro
macrophage experiments (Warheit et al. 2001), and highlights
again the risk in assuming operational validation can be
transferred to untested material, and provides some evidence
in the need to achieve adequate biological replication to
always have confidence in in chemico findings. In doing so
however, consideration of appropriate enzymes and condi-
tions of said enzymes is important. For example, the collage-
nase, lipase, and DNase mentioned above are active at
different pH levels, pH 6, 4.2–4.5, and 4.5, respectively
(Tappel 1969).

Mechanisms that effect dissolution

Figure 3 summarises the main mechanisms that effect dissol-
ution at the surface of a material, as has been highlighted in
the reviewed literature: namely complexation (mechanism
(a)), redox activities (mechanism (b,c)), proton-promoted dis-
solution (mechanism (d)) and enzymatic action (mechanism
(e)). Examples from the literature have been discussed in the
relevant sections above. While this is the case, a number of
important distinctions are necessary. Firstly, the term proton-
promoted dissolution has been used to describe the
increased release induced by low pH (Rozalen et al. 2013).
This has previously been referred to as “protonation”
(Hedberg et al. 2011), however this is not strictly true as
most cases do not involve the direct transfer of a proton
onto an “acceptor”. Instead, with pure metals the proton acts
as an electron-acceptor, increasing the metals oxidation state
(oxidation) and evolving hydrogen gas, as shown in Figure 3.
For metal oxide(-containing) materials, the reaction is simply
neutralisation between an acid and a weak base (metal
oxide) evolving metal ions and water. Secondly, it is import-
ant to note that the examples given are generalised and the
prevalence of each dissolution mechanism will be material
specific, driven by the chemistry of the materials surface. Ag
has been shown to be particularly susceptible to redox reac-
tions due to the less stable Ag2O (mechanism (b), Figure 3).
However, this will not be the case for all metals (Sigg and
Lindauer 2015), and the metal ion release mechanisms differ
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depending on the material chemistry. The ion release from
metal (zero valent) particles is different from metal oxide par-
ticles, as a redox reaction is first involved in the acid dissol-
ution of metal particles. One classic example is that Cu metal
particles should have no reaction with a non-oxidative acid
(such as HCl and weak organic acids, citric/acetic acid) but
could be dissolved in an acidic medium by first being oxi-
dised with dissolved air (accelerated by the increased surface
area for small particles), producing a metal oxide which then
reacts with acid in an acid–base reaction.

Is fluid complexity desirable?

From the literature already discussed, it is evident that no
single factor is responsible for dissolution within SLFs. There
is no clear consensus as to whether a more complex fluid,
accounting for multiple influencing factors, is desirable or
not. Ideally, such an analysis would be based on how well
the data correlates with biological systems; however, the
availability of appropriate in vivo data for comparison is lim-
ited, particularly for extracellular fluids. In its absence, Table 4
presents studies that compare complex fluids with their sim-
pler counterpart, and indicates whether the more complex
fluid caused less (�), equal (0), or greater (þ) dissolution. The
results appear to be material specific; however, there is a
general preference from increased dissolution in more com-
plex fluids. This is likely related to the increased organic con-
tent and complexation discussed above.

The decision to utilise a simple or complex fluid may in
fact be largely dependent on another factor however, and
this relates to the dissolution testing system being employed,
as each the static, flow-through, and tangential flow systems
each have unique requirements and complications. In short,
flow-through and tangential flow systems can be used to
alleviate issues of saturation and solubility limits that are pre-
sent in static test conditions. This has recently been shown
critical to allow the correlation between in vivo pulmonary
clearance and acellular dissolution testing of BaSO4. Static
testing of BaSO4 in PSF was shown to maintain relatively
unchanged particles over relatively long periods of time (up
to 2 years), while using either a flow-through or flow-by sys-
tem resulted in the close correlation between dissolution
in vitro and in vivo clearance (Keller et al. 2020). These
dynamic systems allow the SLF to be constantly replenished,
thus removing any dissolved ions and therefore shifting the
local equilibrium around the test materials, potentially
increasing dissolution. For this reason, even if the same SLF
is used, the results will be influenced by the methods
employed; however full consideration of methodological
influences is out of the scope of this review.

Practicalities of performing the assessment of
material solubility

Precipitation

In addition to fluid complexities, there are practical issues
relating to how biofluids are prepared, stored, delivered and
tested. In a large proportion of the literature, especially

relating to Gamble’s solution, the preparation of SLF is car-
ried out in a specific order, where salts of Ca are added at a
later time to prevent premature precipitation. Bohner and
Lemaitre (2009) discussed the procedure for the preparation
of SBFs and highlighted a number of factors that may limit
the reproducibility of results. These primarily focussed around
measures that may influence or promote the formation of
solution precipitates. For example, preparing the solution at
37 �C can increase the risk of premature calcium phosphate
precipitation. In addition, some components in the SBF (e.g.
CaCl2) have the ability to complex with materials that are
bioactive, for example generating hydroxyapatite (HA), as
demonstrated in bone regeneration studies. A study by
Gosselin and Zagury (2020) found low recovery for Cr, Zn, Fe
and Pb in spiked Gamble’s fluid due to precipitation of solu-
bilised compounds, highlighting a possible issue in using this
SBF for inhalation bioaccessibility assessments for certain
metals. However, it was suggested that this may be alleviated
by maintaining the pH at 7.4 throughout the duration of the
experiment; hence, use of a flow-through system may be
preferable in these instances. In other studies the presence of
phosphate has been shown to prevent dissolution due to the
formation of an insoluble salt, for example cobalt phosphate
in the study of cobalt carbide particles (Stefaniak et al. 2009),
or lead phosphate from mining activity (Wragg and
Klinck 2007).

Precipitation has also been reported by Suetake et al.
(2019) who noted a calcium phosphate layer forming upon
extended contact of cesium-rich microparticles with the SLF.
This was attributed to the super saturation of SBF towards
apatite formation. Bohner and Lemaitre (2009) also pointed
to the fact that solutions are rarely filtered at any point, des-
pite insoluble contaminants being known to have a signifi-
cant effect on. The carbonate content in solutions is rarely
controlled even though it can affect both the pH and satur-
ation levels of phosphate and carbonates. Wiseman et al.
(2018) noted the pH of Gamble’s solution to be pH 7.4 when
bubbled with oxygen or carbon dioxide, however in ambient
conditions this increased to 8.2–8.7. Another author discussed
using nitric acid for pH adjustment, instead of sodium
hydroxide, in order to keep the original composition of the
SLF (Hernandez-Pellon et al. 2018).

Commercially available fluids

An alternative to preparing and storing these complex solu-
tions within a laboratory that operates dissolution studies is
to purchase solutions that are commercially available. These
can be either complex salt solutions or solutions that are
used specifically for the maintenance of mammalian cells in
culture. One consideration when assessing SLFs is their
robustness and ability to provide reproducible results in
known test methods. In this respect, commercially available
fluids are advantageous as they allow fluids of known and
consistent compositions to be used, removing the potential
negative impact of this variable from the test preparation.

The use of these commercially available products has pre-
viously been applied in dissolution studies. For example,
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Hank’s balanced salt solution (HBSS) has been used in testing
dissolution of clay materials (Baek et al. 2011), and phos-
phate-buffered saline for numerous metals (Pelfrene et al.
2017), while various CCM solutions have been used to assess
solubility of CuO NPs (Semisch et al. 2014; Boyles et al. 2016),
workplace dust containing UF4 (Chazel et al. 2000), Hg mine-
waste calcine (Gray et al. 2010), and UO3 particles (Ansoborlo
et al. 1992). In the static solubility testing of UF4-containing
particles generated in a fuel factory, Chazel et al. (2000) com-
pared Gamble’s solution to CCM that contained 10% foetal
calf serum (FCS). Although the type of CCM was not identi-
fied, it was shown that particles dissolved more rapidly
within Gamble’s solution than in CCM during the first three
days of testing. However, by day seven the dissolution in
CCM equalled that in Gamble’s, and then surpassed it during
the further three weeks of testing (Chazel et al. 2000).
Conversely to this, breakdown of UO3 has been shown to be
vastly greater in CCM when compared to Gamble’s solution,
with a half-time of 4 days in Eagle’s basal medium (EBM)
compared to 70 days in Gamble’s solution (Ansoborlo et al.

1992). The contrast in dissolution rates within CCM and
Gamble’s was further illustrated by Gray et al. (2010), who
demonstrated that Hg mine-waste calcine may leach greater
or lesser Hg in supplemented RPMI-1640 compared to
Gamble’s, dependent on source of mining. CuO nano- and
micro-particles, with average diameters of 55 nm and 1.3mm
respectively, were assessed in different fluids all at pH 7.4,
including artificial alveolar fluid (AAF), H2O and CCM (DMEM);
CCM was tested with and without FCS (Semisch et al. 2014).
Regardless of particle size, the same pattern of dissolution
was observed, with dissolution in DMEM greatly surpassed
that in other fluids, second to this was in CCM containing
FCS, then in H2O, and lowest dissolution was observed in the
AAF. The literature on the use of commercially available flu-
ids is inconclusive, and does not indicate it, or components
of, to be particular advantageous compared to other SLF
compositions. However, if fluid robustness was considered a
priority in the future design and refinement of SLFs, the use
of such fluids provides a simple and available method to
do so.

Table 4. Studies comparing “simple” and complex fluids, including an indication of whether the more complex fluid caused less (�), equal (0), or greater (þ)
dissolution.

Ref. Description of study Material
Effect of more complex fluid on

dissolution

Extracellular compartments
Son and McConville (2009) Addition to DPPC to SLF Hydrocortisone þ
Ungaro et al. (2009) Addition to DPPC to SILF Insulin (pulmonary delivery via PGLA) 0
Ansoborlo et al. (1990);

Ansoborlo et al. (1992)
Addition of SOD to Gamble’s solution Uranium compounds þ

Jurinski and Rimstidt (2001) Dissolution in PBS solution compared
against Gamble’s solution

Talc 0

Garger et al. (2013) Dissolution in Gamble’s solution compared
to SUF (containing less salts and no
complexation agents)

Plutonium oxide �

Berlinger et al. (2008);
Kastury et al. (2018a),

Vitarella et al. (2000)

Dissolution in Gamble’s solution compared
to Hatch’s solution (composition includes
organic components such as proteins
and enzymes)

Metals in the welding fume (Fe, Mn,
Cr, Ni, Mo, Ti) (Berlinger et al.
2008)

Arsenic and lead (Kastury et al.
2018a)

Manganese (Vitarella et al. 2000)

þ
þ
þ

Spitler et al. (2015) Investigated the effect of adding organic
components to SILF, namely
phospholipids, proteins and lipids
naturally present in vivo

Uranium in soil 0

Kumar et al. (2017); Hassoun
et al. (2018)

Compared solubility in traditional Gamble’s
solution to a more “bio-relevant fluid”
including the addition of lipids and
proteins including DPPC,
dipalmitoylphosphatidylglycerol,
cholesterol, 32 albumin, IgG, transferrin
and antioxidants (ascorbate, urate and
glutathione).

Poorly water-soluble drugs þ

Intracellular compartments
Stebounova et al. (2018) Comparison of dissolution in ALF with a

simplified acidic solution
Manganese NPs þ

Tan et al. (2020) Comparison of dissolution in ALF (pH 5.0)
with pure water and simulated natural
water (pH 5.0)

Zinc in particulate matter þ

Stefaniak et al. (2009) Removal of glycine or phosphate from the
PSF composition

Cobalt 0

Commercially available fluids
Chazel et al. (2000) Comparison of CCM (with 10% foetal calf

serum) to Gamble’s solution
Uranium tetrafluoride � (<3 days)

0 (Day 7)
þ (>7 days)

Ansoborlo et al. (1992) Comparison of EBM to Gamble’s solution Uranium trioxide þ
Semisch et al. (2014) Comparison of artificial alveolar fluid (AAF),

water and DMEM (complex fluid) with
and without FCS.

Copper oxide þ
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Element detection

The application of physiological fluids has also created prob-
lems during trace element determination (Mukhtar et al.
2015). This is particularly true in fluids where organic compo-
nents have been added to better mimic human biological
conditions. Some have reported the SLF to be too saline for
measurement with inductively coupled plasma spectrometry,
including ICP-AES and ICP-MS (da Silva et al. 2015). This is
particularly true when components such as Na are present in
high concentrations and it can be difficult to obtain a good
resolution for detection (Foy et al. 2003). One study
employed a lower saline fluid that was approximately 3.5
times lower than Gamble’s solution (2922 mgL�1 total dis-
solved salts compared with 10 200 mgL�1). This was used for
metal bioaccessibility studies and compromised sodium
chloride, ascorbic acid and sodium citrate (pH 7.4). The
results indicated the bioaccessibility of Cd and Co to align
with literature values, however other metals (including Cu,
Mn, Pb and Zn) were underestimated in a lower saline solu-
tion (da Silva et al. 2015).

Conclusions

This review provides an overview of SBFs that are used to
simulate the extracellular and intracellular compartments
inhaled materials are likely to encounter; namely lung lining
fluid and lysosomal fluid. Considering the range of fluids
reported in the past 60 years, we have identified specific
components, where possible, that play a central role in
material dissolution behaviour, such as organic molecules,
redox-active species and chelating agents. An emphasis is
placed on biological relevance and specific fluids that differ
from, or suitably replicate, the in vivo environment have
been examined.

The current body of literature has identified that particle
and fibre dissolution is not always driven by pH, and likewise
it is not only driven by fluid composition. When elucidated,
there have been specific materials and specific formulations
which correspond with specific dissolution mechanisms. For
example, the presence of phosphate in the fluid has pre-
vented the dissolution of specific materials due to the forma-
tion of insoluble salts such as cobalt phosphate (Stefaniak
et al. 2009) and lead phosphate (Wragg and Klinck 2007).
The influence of oxygen was particularly important in UO3

breakdown and similarly, the presence of peroxidase
enzymes for CNT degradation. Fe(II) has been demonstrated
to be especially involved in the generation of the highly
reactive hydroxyl radicals, and therefore the antioxidant
potential of the SLF will be important for Fe-containing mate-
rials (Vidrio 2009). Due to these material specific results, it
would be pragmatic for further SLF developments to focus
on how well the fluid matches the biological environment.
With better biological mimicry, results are more likely to
reflect in vivo behaviour regardless of the material under
investigation. However, such efforts would result in a fluid of
far greater complexity; and as eluded to above, this may
affect the practicalities of performing the test in the current

testing systems. Therefore, a rational approach is needed to
ensure a balance between bio-relevance and usability.

One aim of this review was to establish what would be
the most useful approach in simulating biological fluids for
predicting a hazard posed by exogenous materials, including
whether to focus on biological mimicry, operational valid-
ation, or method robustness. While these goals are distinct,
they are inherently interlinked – and often conflicting – and
therefore need to be considered holistically. For example, the
design of a robust fluid does not necessarily ensure its ability
to be predictive. Likewise, while the assumption that improv-
ing biological replication will enhance in vivo correlation may
hold true, the associated procedural and analytical implica-
tions need to be considered if a SLF is to be practically use-
ful. It is clear from the literature that there have already been
numerous attempts to make SLFs more physiologically rele-
vant; however, the lack of systematic comparisons (between
fluids mimicking the same environment) and in vivo corrobo-
rations, such as that of Zhong et al. (2020), makes it difficult
to determine if better “realism” is actually achieved. For this
reason, validating against historic in vivo findings should
remain central in the assessment and development of these
fluids. Only with clear in vivo correlation will such methods
be successful in standardisation and regulatory contexts.
While certain SLFs have shown promising correlations, for
example ALF (Colombo et al. 2008; Hamilton et al. 2018;
MilosevicAc et al. 2019) or PSF (Stefaniak et al. 2005; Gray
et al. 2018; Koltermann-J€ully et al. 2018; Keller et al. 2020),
disparities still exist making it difficult to confidently recom-
mend certain fluids or components, over others. We therefore
conclude that further research in this area is needed and
should be done systematically, using materials and methods
that facilitate comparison against in vivo, or cellular
in vitro, results.

Another option could be the development of a sequential
testing strategy, as has been done to achieve robust GIT
models. The conceptual and practical elements used in these
approaches (such as the UBM or FOREhST models) could be
considered when discussing how to develop a robust model
for dissolution within the respiratory system. One such elem-
ent is the use of sequential exposures of the material to
mimic the sequential passage of material through the GIT.
This approach could be emulated when developing a lung
model. Versions of this approach have already started to be
reported, including an inhalation-ingestion bioaccessibility
assay (Kastury et al. 2018b, 2020) and mucus-oral extraction
test (Alpofead et al. 2017). While promising, the implications
of a sequential strategy on the calculation of a dissolution
coefficient would have to be considered as this may limit the
comparability of the data obtained to historical information.
Likewise, while the environments and parameters are known
– for example, the change from lung lining fluid to intracellu-
lar compartments, and changes of pH or in fluid composition
– there remains many other factors to consider such as
internalisation speeds, residence time and mucociliary
removal. Such a strategy would be complex, and may not be
a priority considering the promising in vivo-in vitro correla-
tions that have been reported, and noted within this review.
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Overall, to function as a method to access bioaccessibility
or biopersistence, it is important that SLFs used are reliable
and robust, to allow for confidence when making compari-
sons over time and against different studies.

Glossary

Bioaccessibility – The fraction of a substance that dis-
solves under surrogate physiological conditions and is there-
fore potentially available for absorption into systemic
circulation or interaction with local sites

Bioavailability – The proportion of a substance consid-
ered to be extracted in the gastrointestinal tract or lungs
compared with the total substance that has been ingested
or inhaled.

Biodurability – The tendency to resist chemical and bio-
chemical alteration through dissolution and enzymatic bio-
degradation or chemical disintegration within biological
media leading to structural alteration

Bioelution – As a measure of the bioaccessibility of a sub-
stance, bioelution refers to in vitro extraction methods that
are used to assess the extent to which a substance is
released into artificial biological fluids

Biopersistence – The ability of a material to persist in the
body due to its biodurability and in spite of physiological
clearance mechanisms

Clearance – Removal of deposited particles from the
respiratory tract by various processes depending on both the
physical and chemical characteristics of the material.

Degradation (EFSA, in relation to nanomaterials) – as
used herein is the process by which a nanomaterial is con-
verted to degradation products in the form of a nanomaterial
or to solutes with the loss of nano features. Oxidative dissol-
ution of silver nanoparticles with the release of Agþ ions is a
relevant example.

Dissolution (EFSA, in relation to nanomaterials) – as
used herein is the process by which a soluble nanomaterial
in an aqueous medium or biological environment is con-
verted to the constituent ions or molecules with the loss of
nano features.

Dissolution (OECD) – The release of ions or molecules
from the surface of a solid and the subsequent distribution
of the ions or molecules throughout the available liquid vol-
ume as a result of entropy.
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