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ABSTRACT: Dissolution of inhaled engineered nanomaterials
(ENM) under physiological conditions is essential to predict the
clearance of the ENM from the lungs and to assess their
biodurability and the potential effects of released ions. Alveolar
macrophage (AM) lysosomes contain a pH 4.5 saline brine with
enzymes and other components. Different types of artificial
phagolysosomal simulant fluids (PSFs) have been developed for
dissolution testing, but the consequence of using different media is
not known. In this study, we tested to which extent six
fundamentally different PSFs affected the ENM dissolution
kinetics and particle size as determined by a validated transmission
electron microscopy (TEM) image analysis. Three lysosomal
simulant media were consistent with each other and with in vivo
clearance. These media predict the quick dissolution of ZnO, the partial dissolution of SiO2, and the very slow dissolution of TiO2.
The valid media use either a mix of organic acids (with the total concentration below 0.5 g/L, thereof citric acid below 0.15 g/L) or
another organic acid (KH phthalate). For several ENM, including ZnO, BaSO4, and CeO2, all these differences induce only minor
modulation of the dissolution rates. Only for TiO2 and SiO2, the interaction with specific organic acids is highly sensitive, probably
due to sequestration of the ions, and can lead to wrong predictions when compared to the in vivo behavior. The media that fail on
TiO2 and SiO2 dissolution use citric acid at concentrations above 5 g/L (up to 28 g/L). In the present selection of ENM, fluids, and
methods, the different lysosomal simulant fluids did not induce changes of particle morphology, except for small changes in SiO2 and
BaSO4 particles most likely due to ion dissolution, reprecipitation, and coalescence between neighboring particles. Based on the
current evidence, the particle size by TEM analysis is not a sufficiently sensitive analytical method to deduce the rate of ENM
dissolution in physiological media. In summary, we recommend the standardization of ENM dissolution testing by one of the three
valid lysosomal simulant fluids with determination of the dissolution rate and halftime by the quantification of ions. This
recommendation was established for a continuous flow system but may be relevant as well for static (batch) solubility testing.

■ INTRODUCTION

The health effects of inhaled engineered nanomaterials (ENM)
depend strongly on their biodurability and elimination from the
lungs, that is, the biological lifetime within which these materials
might elicit adverse effects. The abiotic dissolution rate is
considered an appropriate parameter to assess the biodurability
of fibers or particles, and it can be assessed in either static or
dynamic flow-through test systems.1−4

Traditionally, acellular testing of the dissolution rates of
inhalable minerals and fibers has been conducted at two pH
values: pH 7.5 to reflect the near-neutral extracellular lung fluid
and pH 4.5 to reflect the acidic intracellular environment of
alveolar macrophage (AM) lysosomes.1,2,5 Generally, silica and
glass wool fibers are relatively more soluble at pH 7.5 than at pH
4.5,6 whereas most carbonates, sulfates, oxides, and stone wool
fibers are more soluble at pH 4.5 than at pH 7.4.6−10 In addition

to dissolution and solubility, pH also affects the leaching of
specific elements from a material.11

Over time, a variety of lung-lining and lysosomal simulant
fluids containing different salts and organic compounds have
been used for dissolution testing with various levels of
justification.2,6 For man-made fibers, a de facto industry
standard existed since 2002,12 but it is currently being debated
for potential revision.13 In general, and specifically for ENM,
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experimental evidence is lacking on the appropriate composition
for an extraction fluid reflecting AM lysosomes.14 Such fluids can
be used on several different setups, for example, in stirred beaker
setups or continuous flow systems, as described in the
International Organization for Standardization (ISO) Technical
Report (TR) 19057.15 An Organisation for Economic Co-
operation and Development (OECD) Guidance on methods to
determine solubility and dissolution rate is currently being
developed.16

A historical comparative study on several mineral fibers
demonstrated a dramatic (more than 100-fold) influence of the
exact composition of the pH 4.5 fluid on the fiber dissolution
rates.17 Studies have also shown up to 20 differences in
dissolution rates in tremolite depending on the concentrations
of organic ligands.18 We recently reproduced these historical
results on modern mineral fibers and additionally demonstrated
the strong modulation of the transformation of physical
structures and reprecipitation phenomena by the different pH
4.5 extraction fluids.19 However, the narrowly defined
composition of mixed-oxide mineral fibers and the modulation
by their organic binder coating make it impossible to extrapolate
the results to the much wider diversity of ENM compositions.
The present study aims to support the standardization of

ENM dissolution by recommendation of valid pH 4.5 simulant
media. We pursue a pragmatic approach to substantiate the
selection of a pH 4.5 extraction fluid that is considered suitable
in reflecting the environment present in AM lysosomes:

• First, available information on the composition of
macrophage lysosomes is summarized.

• Second, the composition of pH 4.5 extraction fluids
reported in peer review studies is comparatively assessed.
Thirteen relevant media with varying compositions were
found. However, only six of them varied significantly in
composition. The other media were related to this
selection with no or only minor differences in
composition.

• Third, the dissolution of ENM is experimentally
determined in an identical setup and with a standard
operative procedure (SOP) using different phagolysoso-
mal simulant fluids at pH 4.5 that represent the diversity
of simulants used in the literature. The used media were
chosen based on difference in the salt concentration,
differences in the identity and concentration of organics
(especially organic acids), differences of acids and bases:
phthalate,17 citrate, and HCl,20,21 and the media that were
previously thoroughly tested.22 To determine the span of
relevant ENM biopersistence, we performed the exper-
imental testing on:

• CeO2 NM-212 (in vivo very low dissolution)

• TiO2 NM-105 (in vivo very low dissolution)

• BaSO4 NM-220 (in vivo partial dissolution and partial
transformation)

• SiO2 NM-200 (in vivo partial dissolution)

• ZnO NM-111 (in vivo quick dissolution and coated)

We quantified the dissolution kinetics via ICP-MS of the
eluted ions and prepared the remaining solids onto TEM grids.
In this manner, we can both draw conclusions on the validity of
simulant fluids and recommend the methodology for the
detection and quantification of dissolution rates and halftimes.

■ RESULTS OF LITERATURE REVIEW

Composition of Macrophage Lysosomes. Macrophage
lysosomes are a central organelle in the processing of exogenous
and intracellular biomolecules.23 Rich in hydrolytic enzymes,
lysosomes are responsible for the phagocytosis and endocytosis
of macromolecules from the extracellular environment or for
their autophagy from the cytosol. Within the lysosomes, the
macromolecules are degraded for reutilization.24 Furthermore,
lysosomes are involved in specialized functions such as antigen
presentation and the regulation of growth factors and
hormones.24 The acidic pH present in lysosomes under different
experimental conditions has been a matter of extensive
investigations.24−27

Overall, relevant peer review studies that report on
constituents of (alveolar or other) macrophage lysosomes
appear scant. The reviewed literature does not yield
comprehensive information on the precise organic and inorganic
constituents of macrophage lysosomes.
Due to the overall paucity of relevant information, studies

were also included in the evaluation if they addressed lysosomes
from tissues other than the lungs and from cells other than
macrophages. However, lysosomes from different cell types do
not necessarily have the same constituents. Weber and
Schilling28 showed considerable baseline differences in
lysosome morphology and functions between peritoneal macro-
phages (PMs) and bonemarrow-derived macrophages (BMMs)
isolated from thioglycolate-treated C57BL/6 mice as evidenced
by immunofluorescence imaging and gene and protein
expression analyses:28

Consistent with the flow cytometry and imaging data, the
expression of genes encoding cathepsin proteases, lysosomal
membrane proteins, and the vacuolar ATPase was increased
in PMs relative to BMMs... the autophagy related genes LC3
and p62 were also expressed at a higher level in PMs....
Thus, mRNA expression of lysosome and autophagy related
genes is increased in PMs, which is likely related to the
expanded lysosome compartment observed in these primary
macrophages. At the protein level, pro-cathepsin D protein
content was increased in PMs relative to BMMs....
[Similarly] lysosomal membrane-associated glycoprotein 1
(LAMP1) protein content trended towards an increase in
PMs compared to BMMs... the molecular weight of LAMP1
was significantly greater in BMMs suggesting a higher level
of glycosylation, a finding which could further affect
lysosome function and stability in these two types of
primary macrophages.28

We are unaware of similar comparative studies including AMs
(note that LAMP1 and LAMP2 are considered major
constituents of lysosomal membranes).29

Of the documents retrieved, the book chapter “Lysosomal
enzymes and other components” by Tappel provided the most
comprehensive information on lysosome compositionwhile
not focusing on AMs but on liver and kidney cell lysosomes.30

Relevant information from this chapter is summarized below:
The known constituents of lysosomes include hydrolytic
enzymes, structural lipids and proteins of the membrane,
products of hydrolysis which accumulate in the lysosomes,
and cellular parts and macromolecules which have yet to be
digested or which resist digestion.30

Enzymes found in lysosomes include proteases and
peptidases, nucleases, enzymes hydrolyzing the carbohydrate
chains of glycoproteins and glycolipids, and enzymes degrading
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glycosaminoglycans or lipids. Tappel30 also reports on the
location of the enzymes within the lysosomes:

Some of the hydrolytic enzymes are readily solubilised by
physical treatment and are probably located in the interior
of the lysosome. Other hydrolases cannot be solubilised and
are probably bound to the unit membrane.
The pH optima of the different lysosomal enzymes encompass

a broad range of pH values, for example, for the family of
proteases and peptidases, the range is from pH 2.5 for cathepsin
E to pH 7.8 for peptidase.30Table 1 in the annex to this briefing
presents those lysosomal enzymes for which Tappel recorded a
pH optimum of 4.0−4.9. Tappel30 also listed the specific
activities of these enzymes, recording very high specific activities
in rat liver lysosomes (>200 μmol substrate hydrolyzed/min/kg
protein) for cathepsin C and D, dipeptidase (tyrosyl-glycine),
acid phosphatase, acid pyrophosphatase, β-N-acetyl glucosami-
nidase, esterase, and phosphatase.
Tappel30 further found 5−10 times higher concentrations of

free amino acids in the lysosomal fraction of rat liver and kidney
tissues than in whole liver homogenates. This difference was
particularly relevant for leucine (the most abundant amino acid
in lysosomes), isoleucine, alanine, and threonine.
Finally, Tappel30 reported phospholipids (lecithin, phospha-

tidylethanolamine, and inositol phosphatide) and different fatty
acids and flavins as being present in lysosomes. Of themetals, Fe,
Cu, Mn, Zn, and Mo were found in lysosomes via spectrography
at 2.00, 0.10, 0.03, 0.30, and 0.01 mg/g protein, respectively.
Additional metals below the detectable level of 0.0003 mg/g
protein included cobalt, chromium, and vanadium. Tappel
noted that the most abundant metal, Fe, was likely present in the
lysosomes as ferritin and that metal concentrations in lysosomes
were higher than in the mitochondria and microsomes.30

Arborgh et al.31 isolated Kupffer cell lysosomes from rats
pretreated with intravenous injections of colloidal silver
iodide.31 Silver concentrations in the Kupffer cell lysosomes
were highest 1 h after treatment, but the activities or distribution
of acid phosphatase, aryl sulfatase, or cathepsin D remained
unaffected. As compared to the whole liver homogenate or
microsomal fraction, the lysosomal fraction exhibited very low
concentrations of protein, phospholipids, and cholesterol.
Berry performed electron probe X-ray microanalysis of ex vivo

ultrathin tissue slices to investigate how lysosomes contributed
to the cellular uptake of diverse elements.32 The findings showed
that 21 elements in soluble form, injected intraperitoneally or
intravenously into rats, were selectively concentrated within the
lysosomes of a spectrum of cells including BMMs, lymph node
macrophages, hepatocytes, and renal tubular cells. Fifteen of the
21 elements precipitated in the lysosomes in association with
phosphorus, whereas the other six precipitated in association
with sulfur. The 15 elements which precipitated with
phosphorus in lysosomes included three group III-B elements
of the periodic system (aluminum, gallium, and indium), rare-
earth elements (cerium, gadolinium, lanthanum, thulium, and
samarium), two group IV-A elements (hafnium and zirconium),
two actinides (uranium and thorium), chromium, and niobium.
The six elements that precipitated with sulfur comprised of three
group VIII elements (nickel, palladium, and platinum) and three
group I-B elements (copper, silver, and gold). Berry32 concluded
that these processes were driven by enzymatic processes
involving acid phosphatases for elements precipitating as
phosphates and arylsulfatases for elements precipitating as
sulfates.

Single studies have addressed the presence of individual
inorganic compounds in lysosomes:
Christensen et al. used mouse BMMs to assess how

extracellular calcium changes affected the lysosomal pH, and,
vice versa, how alterations in the lysosomal pH affected
lysosomal calcium concentrations.33 The authors concluded
that:

Lysosomal calcium concentration is high and is maintained
in part by the proton gradient across lysosomal membranes.
Moreover, lysosomes could provide an intracellular source
for physiological increases in cytosolic calcium levels.33

Köpf-Maier investigated the phosphorus content of lysosomes
in hepatocytes and Kupffer cells and found that the lysosomes of
Kupffer cells always comprise phosphorus in high density,
whereas the hepatocyte lysosomes did not. Köpf-Maier
concluded that the elemental composition of lysosomes in
hepatocytes and Kupffer cells exhibited a pronounced and
unexpected heterogeneity.34

Tapper and Sundler assessed how different agents affecting
intracellular pH influenced the secretion of lysosomal β-N-acetyl
hexosaminidase and preloaded fluorescein-labeled dextran from
cultured mouse PMs. Nigericin raised the lysosomal pH in both
K+- and Na+-based media. The increases were more pronounced
in the K+-based medium and occurred at lower concentrations
than effects induced by monensin.35

Rider et al. applied cytochemistry and autoradiography to
characterize the role of rabbit lung cell lysosomes in the
catabolism of a radio-labeled dipalmitoyl phosphatidylcholine
surfactant applied via intratracheal instillation. The study
showed that surfactants accumulated in the lysosomes, and the
arylsulfatase B activity in the lysosomes increased.36

Further studies addressed how particles were taken up into
lysosomes. While these studies confirm that lysosomal particle
uptake and dissolution are relevant aspects of inhalation toxicity,
they also do not provide information on the composition of AM
lysosomes.

• Lundborg et al. assessed how the AM phagolysosomal
morphology changed upon exposure to cobalt oxide
particles.37,38

• Oh and Swanson assessed the fate of phagocytosed
polystyrene particles after delivery into BMM lysoso-
mes.39

• Berry et al. showed that inhaled soluble elements are
concentrated in rat AM lysosomes, precipitating as
insoluble phosphates. Small crystals of inhaled crystalline
poorly soluble particles were captured in AM lysosomes
and gradually transformed into amorphous forms.40

• Wan et al. showed that acid-functionalized single-walled
carbon nanotubes (SWCNTs) and graphene oxides
accumulated in PM lysosomes, leading to lysosome
membrane destabilization and reduced autophagic
degradation.41

In summary, we were unable to find comprehensive
information on the inorganic constituents of AM lysosomes.
Apparently, while the enzymes and proteins that comprise the
lysosomal fluid are widely known, but not constant and not
easily reproduced, comprehensive ionic composition data
remain unavailable.2,22

Composition of pH 4.5 Extraction Fluids Reported in
the Literature. We analyzed the compositions of pH 4.5
ext ract ion fluids repor ted by different research
groups.1,17,19−22,42,43 Thirteen relevant media with varying
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compositions were found. However, only six of them varied
significantly in composition (Table 2). The other media were
related to this selection with no or only minor differences in
composition (Table SI_1) based on differences in the salt
concentration, differences in the identity and concentration of
organics (especially organic acids), and differences of acids and
bases.
Kastury et al. summarize how the different pH 4.5 extraction

fluids were developed:2

...researchers initially adjusted the pH of Gamble solution15

to 4.5 by adding hydrochloric acid or using buffers
(Guldberg et al.17). Thelohan and De Meringo46

formulated a more complex simulated AM fluid with a
similar ionic composition to extracellular fluid. This fluid
was termed ‘simulated intracellular fluid’ or ‘acid solution’.
Turner et al.43 adapted this composition by substituting
glycerine for glycine, which became known as the artificial
lysosomal fluid (ALF), without justifying this substitution.
Midander et al.21 adapted this ALF formulation by omitting
formaldehyde and glycerine and including glycine. This
composition is now widely accepted and used in most
inhalation studies to represent the conditions under which
metal dissolution occurs inside the lysosome of AMs. A
fourth formulation of the AM fluid was devised by Stefaniak
et al.,22 with fewer organic components, while keeping
similar ionic concentration. This formulation became known
as PSF. Glycine was added to this solution to represent all
organic acids and potassium hydroxide (0.1 M) was
included to maintain the pH at 4.55.2

Kastury et al.2 further highlighted limitations to “method
parameters (extraction time, solid to liquid ratio, temperature
and agitation) that are often not biologically relevant”.2 Few
studies address how individual components of extraction fluids
affect dissolution rates. Zoitos et al. highlighted that the use of
extraction fluids with low Ca concentrations enabled the
measurement of Ca dissolution in addition to Si dissolution.44

Li et al. measured the dissolution of biotite and observed that K,
Si, and Al release rates increased when citric acid was added to
pH 4 solutions.45 High concentrations of citric acid are included
in the pH 4.5 extraction media reported by Stopford et al.,
Midander et al., and Shinohara et al.21,42,43 In contrast, the
media reported by Thelohan and De Meringo and Stefaniak et
al. are devoid of citric acid.22,46

Liu et al. studied the dissolution rates of SWCNTs in PSF47 by
further adding 1 mM H2O2 and compared the findings to those
from Allen et al.,48 suggesting that both studies report the
structural degradation of carboxylated nanotubes, if oxidizing
acid mixtures are present such as H2SO4/H2O2 or HNO3.
Similarly, Russier et al. compared the structural biodegradation
of SWCNTs and multiwalled carbon nanotubes (MWCNTs) in
PSF supplemented with H2O2 to biodegradation upon addition
of horseradish peroxidase and H2O2.

49 However, in both these
studies, other phagolysosomal contents were not included.
Recently, Yokel et al. assessed how the dissolution of

nanosized CeO2 dispersed in an aqueous environment (pH
4.5) containing citric acid as a stabilizing agent was affected by
the addition of 10 different carboxylic acids (including lactic
acid, DL-malic acid, succinic acid, citric acid, acetic acid, glutaric
acid, and tricarballylic acid).50 Dissolution was generally low but
measurably different depending on the added acid. Upon
addition of lactic acid, nano-CeO2 completely dissolved within
18 weeks. Addition of the nine other acids for 28 weeks yielded
average CeO2 diameters ranging from 1.70 nm (DL-malic acid)

to 3.30 nm (tricarballylic acid; by comparison: 4.17 nm upon 28-
week incubation in water). Even though the acids were added at
high acid concentrations exceeding physiologically relevant
ranges,50 the findings show that different organic acids can affect
material dissolution properties to different extents.
While enzymes and proteins are pivotal constituents of AM

lysosomes, none of the pH 4.5 extraction fluids that we found in
the literature included proteins. As discussed by Boisa et al.,14

citing Marques et al.:51

Typical recipes for synthetic lung fluids indicate sufficient
salt (mineral) content but appear to be deficient in
representing the mix of organic molecules in the native
respiratory tract environment.14

Regarding nanomaterial testing, the ISO/TR 19057 notes
that simulated physiological fluids (SPFs):

...all suffer from the same basic limitations. Firstly, SPFs
have defined compositions and lack the dynamic conditions
present in vivo. For example, none of these fluids contain
enzymes or oxidative cascades which can be important in
dictating the properties (composition, pH) of a SPF or
biodurability [...]. Additionally, unless specifically noted,
proteins are omitted from most SPF for pragmatic reasons
[...]; however, in vivo, proteins might serve as important
binding molecules for dissolved ions and influence their
concentration at nanomaterial surfaces (ISO/TR 19057).15

Oberdörster and Kuhlbusch3 discussed these limitations of
simulant fluids with respect to the testing of metal compounds:

It is not known as to whether the lack in simulant fluids of
specific proteins and other components, existing in vivo,
cause significant differences between in vitro and in vivo
results. There are no data to compare dissolution of the
same metal compounds when using differing fluid
compositions. Studies comparing the importance of the
individual constituents of fluid simulants need to be
designed. Even with that knowledge though, it remains to
be determined as to whether and how specific metal ions
interact with respiratory tract tissues. More studies/data are
needed to accept static or dynamic acellular in vitro
solubility/dissolution assays as standards.3

We found two studies in which amino acids or proteins were
added to extraction fluids, but neither study addressed
dissolution at pH 4.5:
Boisa et al. presented the formulation for a pH 7.5 simulated

epithelial lung fluid containing albumin, cysteine, dipalmitoyl
phosphatidyl choline, glycine andmucin, ascorbic acid, uric acid,
and glutathione in addition to different inorganic phase
reagents.14 This extraction fluid was the only medium used for
assessing the biodissolution of <10 μm Pb in a range of urban
surface soils and mining wastes. Therefore, the dissolution rates
recorded by Boisa et al.14 cannot be compared to data obtained
using extraction fluids that are devoid of amino acids.
Walczak et al. presented an in vitro human digestion model

simulating the oral, gastric, and intestinal compartments that
contained both salt and protein and assessed 60 nm Ag
nanoparticles (NPs) and silver ions (AgNO3) in this model.52

The findings showed that the Ag NPs were able to reach the
intestinal wall in their original size if proteins were present in the
simulation fluids.
In summary, a variety of different pH 4.5 extraction fluids

simulating AM lysosomes are reported in the literature. All
extraction fluids are composed of different inorganic compounds
andmostly high concentrations oforganic compounds.
Variations between different fluids are often only slight and
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generally not justified. An excellent review with critical
discussion of the role of salts, organic components, and pH
ranges was provided by Innes et al., which supports our
conclusions.6 The added organic compounds, specifically the
organic acids meant to represent enzymes, can stabilize
dissolved components, thereby shifting their dissolution toward
faster rates.

■ EXPERIMENTAL TESTING
Study Design, Materials, and Methods. We tested the

dissolution of ENM in an identical setup and SOP using different
phagolysosomal simulant fluids at pH 4.5 that represent the diversity of
simulants used in the literature (Table 2). The selected ENM test
materials were provided by the Fraunhofer Institute and the JRC
Repository and have been extensively characterized previously. A
summary is given in Table SI_2, which is reproduced from Llewellyn et
al.53 To determine the span of relevant ENM biopersistence, we
performed the experimental testing on five ENM representing different
dissolution behaviors and pulmonary clearance rates as observed from
in vivo inhalation studies:

• CeO2 NM-212 (very slow clearance rate)

• TiO2 NM-105 (very slow clearance rate)

• BaSO4 NM-220 (partial dissolution, partial transformation, and
intermediate clearance rate) (containing on the surface 1.8%
organics as processing aid54,55)

• SiO2 NM-200 (partial dissolution and intermediate clearance
rate)

• ZnO NM-111 (quick dissolution and fast clearance rate)
(coated by 3.5% triethoxycaprylsilane as hydrophobisation55,56)

The composition of NM-200, which is Synthetic Amorphous Silica,
is approximated here as SiO2.

Determination of the Dissolution Rate and Halftime by the
Quantification of Ions. The setup was a continuous flow system
(CFS) as described in several recent studies.57−59 In short, the ENM
were held between membranes of a flow cell such that ions are
continuously removed by a fluid flow that was previously validated by
comparison of measured halftimes to in vivo inhalation results of
particles59 and fibers.12 All method-related parameters were held
constant:

• Initial ENM mass: 1 mg, which was measured using a
microbalance with a sensitivity of 0.01 mg.

• Fluid flow: 2.0 ± 0.2 mL/h (fresh simulant flowing through the
cell and into 5 mL samplings).

• Temperature: 37.0 ± 0.1 °C.
• Flow-through membrane: 5 KDa cellulose triacetate (Sartorius,

part no.: 14529-47-D, cutoff ca. 1.1 nm), 47 mm diameter.
• Duration of measurement: 7 days.

A PerkinElmer NexION 2000 was used for elemental analysis. All
samples were stabilized with 1% (v/v) HNO3 and were diluted to
ensure that the samples did not exceed the detection limits of the
instrument. We measured with kinetic energy discrimination (KED)

Table 2. Media Representing the Diversity of pH 4.5 Lysosomal Simulant Fluids Used for Testing in This Studya

aAll values are given in g/L.
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with helium gas and used 45Sc as an internal standard. Calibration
curves for each analyte were used and verified during each run to obtain
the concentration values. Ce, Ti, Zn, and Ba had a limit of detection
(LoD) of 0.1 μg/L with an external calibration of 0.1/1/10/100/1000
μg/L (ppb). For Si, the LoD was 1 μg/L with an external calibration of
1/10/100/1000 μg/L (ppb) in the KED mode. The integration time
was 50 ms, and the argon flow of the Meinhard nebulizer was 0.92 L/
min. The dissolution rates were determined between each successive
sampling, resulting in 10 values per material and fluid, which were
averaged.60 The stepwise calculation is detailed in the Supporting
Information. Independently, an intralab validation with the PSF fluid on
TiO2 and ZnO with each n = 5 cells had been performed. It
demonstrated that the dissolution rate k was reproducible at 40%
relative error across a dynamic range from below 0.01 to above 500 ng/
cm2/h. The fitted halftime was reproducible at 40% relative error for
slow dissolution but at 20% relative error for fast dissolution. These
results for nanomaterial dissolution confirmed the earlier findings of a
relative error of 24 to 61% reported by two earlier interlab comparisons
on dissolution with CFS on mineral fibers.61 The assessment of
measured dissolution rates would thus consider a twofold difference as
significant.
Assessment of the Particle Size and Shape. By the preparation

of TEM grids after the 7-day dissolution and their analysis by TEM, we
explored the extent to which different media induce different
transformations. The methodology followed exactly the protocol that
Keller et al. had successfully used to identify the transformation of
BaSO4 NM-220 via Ostwald ripening, where the abiotic method was
confirmed by the in vivo inhalation with high-resolution TEM images of
lung slices.58 In short, the remaining solids inside the flow cell at the end
of the 7-day dissolution testing were flushed by DI water and then
pelleted onto a TEM grid by centrifugation at 49.000g for 2 h. Under
these conditions, the density dictates the diameter of the smallest
particles that are quantitatively transferred onto the grid: 9 nm (silica),
4.5 nm (ZnO), 4 nm (CeO2), 6 nm (TiO2), and 5.3 nm (BaSO4). Even

smaller particles would still be present but they were underrepresented
on the grid. The grids were analyzed by TEM and evaluated using an
automated image analysis with the interlab-validated NanoDefine
algorithm.62,63 The FEI EM208 instrument operated a Schottky FEG at
200 kV (Philips, Eindhoven, The Netherlands) with a high-definition
acquisition system based on a side-mounted OSIS Morada TEM
camera and an iTEM software platform (Olympus Soft Imaging
Solutions GmbH, Münster, Germany).

Lysosomal Simulant Media. The used media were chosen based
on difference in salt concentrations, differences in the identity and
concentration of organics (especially organic acids), differences of acids
and bases: phthalate,17 citrate, and HCl,20,21 and the previously
thoroughly tested media.22 Guldberg et al. named their fluids (E)
“modified Gamble” (MG) (HCl), (C) “MK (phthalate),” and (D)
“MG (citrate).” In these names, HCl, phthalate, and citrate refer to the
acidifying agent.17 Fluid E includes Na2 tartrate, Na3 citrate, lactic acid,
and glycine; fluid C includes Na3 citrate, glycine, and KH phthalate; and
fluid D includes Na2 tartrate, citric acid, glycine, and KH phthalate
(Table 2). The same pH 4.5 simulant fluids have recently been
compared with regard to the dissolution and transformation of stone
wool fibers, in the same CFS, but with adjusted parameters (50 mg
initial mass) to compensate for the lower specific surface area of mineral
fibers.19 TheMuhlemedium is almost identical to the medium (D)MG
(citrate) and only uses different salts of the same organic acids. The
Midander medium uses the highest concentration of an organic acid
with 20.8 g/L citric acid (Table 2). The PSF medium is slightly
simplified from medium (C) MK (phthalate) and uses only KH
phthalate and glycine as organic components (Table 2).

■ RESULTS
Dissolution Kinetics Determined on Ions. The decrease

of concentration versus exposure time for all media is shown in
Figure 1. At each of their different levels of dissolution (note the

Figure 1. Concentration−time plot of five ENM in six media. (a) TiO2 NM-105, (b) CeO2 NM-212, (c) SiO2 NM-200, (d) BaSO4 NM-220, and (e)
ZnO NM-111. Concentration is given in wt %.
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different y-axes starting from 0% or from 99.7%), each of the
ENM shows a modulation by the choice of the simulant
medium. The results confirm previous evidence that the CFS
method is capable to differentiate biodissolution halftimes
across more than 3 orders of magnitude (Table 3): TiO2 and
CeO2 have very slow t1/2 (>1000 days), whereas quick
dissolution and short t1/2 (0.7 days) were observed for ZnO
NM-111 (despite the coating). The t1/2 for SiO2 NM-200 and
BaSO4 NM-220 was relatively fast intermediate as expected.
In order to highlight the modulation by the simulant medium,

Figure 2 plots the normalized dissolution rates. A normalized
plot of halftimes would look the same, and the x-fold ratio
between the different simulant media would have the same
numerical values. The dissolution rates measured in three of the
media deviate by less than a factor of 2 between each other:

• Guldberg_phthalate (C: MK)
• PSF
• Guldberg_HCl (E: MG)

In the three abovementioned media, the biggest differences
are observed for CeO2 NM-212 and SiO2 NM-200, dissolved in
Guldberg HCl at 150 and 205% of their respective rates in PSF,
and again SiO2 NM-200 dissolved in Guldberg phthalate at
190% of its rate in PSF, whereas all other materials in this
medium dissolved around 50% of their rate in PSF.
However, for at least two materials (SiO2 NM-200 and TiO2

NM-105), the dissolution rates are up to 800% (eightfold) faster
in the following three media than in the above group of media:

• Midander
• Muhle
• Guldberg_citrate (D: MG)

Based on these data, in the discussion section, we can identify
valid and nonvalid media by the comparison against in vivo
observations on identical materials, which were chosen because
such data exist.
To investigate the role of the use of different acids further,

dissolution of BaSO4 was also tested in a seventh medium
known as the Shinohara medium. The Shinohara medium was
previously used to assess the dissolution of Ni-oxide ENM and
contains 28 g/L citric acid (Table SI_1).42 It was observed that
BaSO4 dissolved significantly even faster than in the Midander
medium with 20 g/L citric acid and significantly faster than in
any of the other media (Figure 1d, green line). Consequently,
the Shinohara medium was not tested further on the other
materials, which are known to be even more sensitive to
excessive citric acid concentrations. The dissolution of the
partially dissolving, partially transforming BaSO4 was addition-
ally analyzed by detailed trajectories of the kinetics at each
sampling point (Figure 3). The reduction of the total surface
area by dissolution is modeled here by a shrinking sphere model
of average particle surface (SA) at a constant fluid flow (V), as
guided by ISO 19057:2017. A perfect exponential decay at a
constant dissolution rate per surface area would result in a
horizontal line. This is approximately the case for the Shinohara,
Midander, PSF, and Muhle media. However, in the
Guldberg_HCl and Guldberg_citrate media, the kinetics
decelerate over time and do not match the exponential decay,
as can be seen also from the plots in Figure 1d.
TransformationDetermined on Remaining Solids.The

transformation work in PATROLS (Physiologically Anchored
Tools for Realistic nanOmateriaL hazard aSsessment) focused
on the five lysosomal pH 4.5 media that had not been
investigated in this respect before, whereas transformation of T
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the same ENM in the pH 4.5 PSFmediumwas published earlier:
in short, ZnO particles had disappeared, whereas no change of
the particle morphology or size was observed on CeO2 NM-212
or TiO2 NM-105; only for BaSO4 NM-220, we had observed
Ostwald ripening toward lower radii of curvature, consistent
with the in vivo observations.57,58,60

For ZnO in any of the five lysosomal pH 4.5 media that had
not been investigated in this respect before, no particles were
found on TEMgrids (empty grids not shown). This is consistent
with the 0% remaining mass that is calculated from the
quantification of ions (Figure 1).
For the other materials, the median of the TEM constituent

particle size distribution and the Feret min and Feret max sizes
observed are plotted in Figure 4. The given values for particle
sizes always refer to primary particles. The error bars are set to
10% considering a systematic calibration error of the TEM of
∼5% and systematic errors of the particle size analysis of another
5% resulting from segmentation errors of the particles.
Additional errors, resulting from, for example, the automated
image analysis, were not estimated and might be larger than the
5% segmentation error. Min andmax values are more affected by
the statistical fluctuation than the median. Standard deviations
of the mean value are usually rather large (25−50% of the mean
value) indicating significant statistical errors of min, max, and
median. The number of particles analyzed for each material and
medium was between 150 and 1500. An ANOVA variance
analysis of all three size descriptors resulted in significant

differences between the size after incubation in different media
as well as between anymedium and the pristine sample for TiO2,
CeO2, and BaSO4. For these materials, the smallest particles that
were quantitatively pelletted onto the grid (see Experimental
Testing) were below the detected min value, which is hence not
limited by the sample preparation. For SiO2, only the difference
between the pristine material and samples in media is significant
but not the differences between incubation in different media.
The detected min value of SiO2 was close to the calculated
diameter of the smallest dispersed particle that would have been
quantitatively pelletted onto the TEM grid (see Experimental
Testing). Although we mostly detect large SiO2 agglomerates,
one cannot exclude the fact that dispersed SiO2 particles below 9
nm were underrepresented by the TEM analysis after
dissolution.
Representative TEM images of TiO2 and BaSO4 are given in

Figures 5 and 6. TEM images of CeO2 and SiO2 are shown in the
Supporting Information (Figures SI_2 and SI_3). The
morphology of the samples was assessed by inspection of the
images. No qualitative differences are visible for TiO2 and CeO2.
Particles seem to be more agglomerated for some media (e.g.,
TiO2Media C and E). This is most likely an effect of
remaining salts from the media, which were deposited between
the particles of the agglomerates, but the image evaluation
reported sizes of primary particles within agglomerates. The
pristine BaSO4 morphology changed after exposure to media,
promoting more round shaped particles with reduced radii of
curvature, consistent with earlier findings on PSF. Silica showed
amore pronouncedmorphology change (Figure SI_3). Particles
partly merged and formed a sponge-like network. This
aggregation phenomenon was already observed in previous
studies due to the reduced pH values and high salinity in
medium composition.64−68 Choi and Kim observed by TEM,
after 7-day exposure, that the SiO2 ENM morphology partially
changed, forming a sponge-like structure.64 The parallel
GRACIOUS (Grouping, Read-Across, CharacterIzation, and
classificatiOn framework for regUlatory risk assessment of
manufactured nanomaterials and Safer design of nano-enabled
products) project adds evidence on the transformation of a
family of silica NFs in both lysosomal pH 4.5 and extracellular
pH 7.4 fluids.60 In short, colloidal silica NFs transformed into a
gel-like morphology especially in the pH 7.4 medium, and Al-
dopingmodulated the dissolution and transformationmore than
the pristine aspect ratio. This was not as prominently observed

Figure 2. Dissolution rates normalized to the rate in the PSF
benchmark medium to clearly visualize the deviation between media.
The color code represents the five ENM test materials.

Figure 3.Detailed trajectory of the dissolution rates of BaSO4NM-220 during dissolution testing. Each trajectory starts on the right and thenmoves to
the left due to the reduction of the total surface area.
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on SiO2 NM-200.60 Due to the different production processes
resulting in different surface chemistries, the behavior of
colloidal silica may differ from that of precipitated or pyrolytic
silica.

■ DISCUSSION
Validity of pH 4.5 Lysosomal Simulant Fluids for ENM

Dissolution. The validity of pH 4.5 lysosomal simulant fluids
can be assessed by the accuracy of the prediction of the
contribution of dissolution to clearance from the lungs. This
criterion then also implies the correct ranking of the dissolution
rates of different ENM. For the rat, lung retention halftimes (t1/
2) for “poorly soluble low-toxicity” particles are about 70 days
and, by definition, reflect mechanical, macrophage-mediated
clearance, generally following first-order kinetics.3 Knowing that
the total lung particle clearance reflects the sum of mechanical
and dissolution clearance, we derived from published inhalation
studies the contribution of dissolution to the clearance of the
materials that were studied here (Table 3).
For both CeO2 NM-212 and TiO2 NM-105, the in vivo

evidence suggests no contribution of dissolution (Table 3). The
measured halftimes in the PSF medium range above 1000 days
and can thus be considered as matching with the in vivo
evidence. In contrast, the Muhle and Midander media result in
considerable dissolution with halftimes of 149 days and 89 days,
respectively. This extent of dissolution would have been clearly
observable during the 90-day inhalation studies but was not
(Table 3).69 The Muhle medium and Midander medium are
thus in conflict with the in vivo findings on the TiO2 material.
SiO2 NM-200 is cleared by a combination of physical

clearance and dissolution with a derived dissolution halftime
of 50 days. This value is adequately matched by the CFS
measurement with the PSF fluid at a halftime of 41.3 days, and
also the C:MK (phthalate), E:MG (HCl), and Muhle media are
close with values around 29 days. Only the measurement with
the Midander medium, with a halftime of 4.8 days, is in conflict
with the in vivo findings on the SiO2 NM-200 material. With
regard specifically to BaSO4 pulmonary clearance and trans-
formation, Konduru and colleagues reported that intratracheally
instilled 131Ba-labeled BaSO4NM-220 exhibited a lung retention
halftime of 9.6 days in rats and that 131Ba was incorporated into
the bones, suggesting nanoparticle dissolution with a halftime of
11.1 days.54 The dissolution halftime measured with the PSF

fluid in the CFS correctly finds significant dissolution but is
somewhat too low at 5.8 days, but likely within the uncertainty of
the method. In the BaSO4 case, t1/2 values obtained in other
media such as C:MK (phthalate), D:MG (citrate), and Muhle
result in values that are closer to the in vivo derivation. However,
the Midander and Shinohara media result in halftimes as low as
0.9 days and are thus in conflict with the in vivo findings on the
BaSO4 NM-220 material.
The biokinetics of ZnO NM-111 in the tested inhalation

study design allows to derive only an upper limit on the in vivo
dissolution halftime of <5.9 days (Table 3). CFS measurements
with all media agree closely on a dissolution halftime of 0.6 to 0.7
days. This value is in accord with the in vivo findings for this
material. The good agreement on fast dissolution can be
attributed to the steep pH dependence of ZnO solubility,60

where all other factors seem to be less important.
In Table 3, all CFS results that deviate by more than a factor of

2 from the derived in vivo halftime are considered as conflict and
are underlined in black. This criterion is debatable with regard to
the metrological significance and with regard to the biological
relevance: the factor of 2 supports the reproducibility of the CFS
method. We independently assessed the reproducibility of the
CFS method on TiO2 NM-104 and ZnO NM-110 (data not
shown, NanoHarmony and PATROLS projects) and found
about 40% reproducibility for both materials; this value is in the
range of 67% found in earlier interlab comparisons on the CFS
method,61 and thus a factor of 2 can be considered as the
metrological limit of significance. Depending on the toxicity of
the material studied, differences of a factor of 2 may already
impact the hazard assessment; the ECETOC (European Centre
for Ecotoxicology and Toxicology Of Chemicals) NanoApp
recommended up to a factor of 3 difference in dissolution rates
as acceptable for joint hazard assessment.73,74

By removing all media that result in at least one conflict with
in vivo findings, we conclude that three lysosomal simulant
media are consistent with each other and with in vivo clearance:

• modified Kanapilly (denoted as Guldberg_phthalate,
medium C: MK)

• phagolysosomal simulant fluid (denoted as PSF)

• modified Gamble’s (denoted as Guldberg_HCl, medium
E: MG)

Figure 4. Summary of TEM evaluation of up to 1500 particles, represented by the descriptors of D50 number median and supported by the statistics of
min and max diameters. The error bars reflect the known systematic error of the TEM evaluation. Table SI_3 includes further information.
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These media predict the quick dissolution of ZnO NM-111,
the relatively fast intermediate dissolution of SiO2 NM-200, and
the very slow dissolution of TiO2 NM-105. It is the remarkable
robustness of the CFS method that despite the variation of the
absolute rates by a factor of 3700 (k = 0.02 to 74 ng/cm2/h), the
valid media are consistent with each other within a factor of 2 for
all materials. The differences between the CFS results with the
three media are thus comparable to the CFS method
reproducibility itself.
On SiO2 NM-200 specifically, the Midander medium results

in a dissolution halftime that deviates nearly 10-fold from the in
vivo findings. This must be considered as severe conflict. Only
the PSF medium for SiO2 NM-200 results in a dissolution
halftime that remains within a factor of 2 of the in vivo finding;
however, one must consider that the in vivo study used colloidal

amorphous silica (“SiO2 untreated”),71 whereas NM-200 is
precipitated amorphous silica.75 Despite the near-identical
specific surface area of around 200 m2/g for both materials,
differences, for example, in the silanol groups, may induce
different biological interactions.76,77 One also notes that not all
nanoparticles end up in lysosomes.78,79 Others, including silica,
are less soluble under the acidic lysosomal conditions than under
the neutral conditions of the epithelial lining fluid.80 Hence, we
did not consider any specific medium as not valid only on the
basis of SiO2 results.
Based on a false prediction of partial dissolution of TiO2 NM-

105 (which in vivo is very slow), and on the false prediction of
quick dissolution of BaSO4 NM-220 (which in vivo is only
partial), we cannot recommend the following media as simulant
fluids for lysosomal fluids in CFS testing:

Figure 5.TEM analysis of pristine TiO2NM-105 and after 7 days of dissolution testing in different pH 4.5 test media. For eachmedium, three spots on
the TEM grid were imaged and evaluated.
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• Medium “Midander” because of three conflicts on TiO2,
SiO2, and BaSO4

• Medium “Muhle” because of a conflict on TiO2

• Medium “Shinohara” because of a conflict on BaSO4.

One notes that all the “invalid” media use citric acid at
concentrations above 5 g/L (up to 28 g/L). In contrast, the valid
media use either a mix of organic acids (with the total
concentration below 0.5 g/L, thereof citric acid below 0.15 g/
L) or another organic acid (KH phthalate) at 4 g/L. For several
ENM, including ZnO, BaSO4, and CeO2, all these differences
induce only minor modulation of the dissolution rates. We had
tested earlier on BaSO4 that pH and temperature are decisive for
the dissolution rate but not the specific organic acid that mimics
the presence of enzymes.58 Only for TiO2 and SiO2, the

interaction with specific organic acids is highly sensitive,
probably due to sequestration of the ions or direct interaction
with the surfaces,81 and can lead to wrong predictions when
compared to the in vivo behavior. This sensitivity to the simulant
composition (and the attribution to ion sequestration) is well
known from the dissolution of glass fibers.82

The new results can be compared against earlier comparison
between abiotic, in vitro, and in vivo dissolution rates (Table 4):
Stefaniak et al. compared 200 nm beryllium oxide dissolution in
PSF (in a static system) to dissolution in mouse J774A.1 cells
and further assessed how the ionic composition of the extraction
fluid, buffer strength, and the presence of an antifungal agent
affected beryllium dissolution.22 Beryllium dissolution in PSF
did not differ from dissolution in the J774A.1 cells or from
dissolution in the pH 4.5 Baron and Ahmed solution (Table 2 of

Figure 6. TEM analysis of pristine BaSO4 NM-220 and after 7 days of dissolution testing in different pH 4.5 test media. For each medium, three spots
on the TEM grid were imaged and evaluated.
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our briefing). A buffer concentration of 0.01MKHphthalate did
not appear adequate to maintain the pH stable over the 10-day
evaluation period. Therefore, it was increased to 0.02 M KH
phthalate, which yielded pH stability without altering the
dissolution rates. Addition of the antifungal agent did not affect
beryllium dissolution in PSF. Stefaniak et al.22 concluded that
PSF is an appropriate extraction fluid to assess beryllium
dissolution in a static test system.
ISO/TR 1905715 also discusses the findings from the study by

Stefaniak et al.,22 further considering the in vivo dissolution data
of the same 200 nm beryllium oxide obtained in a dog acute
inhalation toxicity study.83 As summarized in ISO/TR 19057,15

the dissolution rate constant in PSF (1.2 × 10−8 g/cm2/d) was
within twofold of the rate constant determined in J774A.1 cells
(2.3 × 10−8 g/cm2/d) and showed good agreement to the rate
constant determined in the Beagles (0.7 × 10−8 g/cm2/d).
ISO/TR 1905715 further discussed a study on the dissolution

behavior of indium oxide NPs and CuO NPs under acidic
conditions.84 Jeong et al. reported the use of a “pH 5.5” artificial
lysosomal fluid (ALF; incubation for 1 and 28 days) and referred
to the study by Stopford et al.43 for details on the composition of
this fluid. In parallel, Jeong et al.84 recorded particle toxicity in
rats upon oral pharyngeal aspiration (under anesthesia) up to 28
days postexposure. As summarized in ISO/TR 19057,15 CuO
NPs dissolved very rapidly in ALF (97.3% on day 1 and 100% on
day 28). In vivo, CuO NPs elicited severe neutrophilic
inflammation on day 1 that completely resolved by day 14.
Indium oxide NPs dissolved much more slowly, but
progressively, in ALF (0.6% on day 1 and 5.5% on day 28);
consistently, the in vivo results showed progressive neutrophilic
inflammation from day 1 to day 28 and severe pulmonary
alveolar proteinosis on day 28.15

ISO/TR 1905715 concludes that while the presented studies
do not validate abiotic dissolution tests, they do suggest that
these tests are a starting point to produce biologically relevant
data that aid risk assessment.
Koltermann-Jülly et al. tested altogether 24 different (nano-

)forms of BaSO4, CeO2, CuO/Cu-phthalocyanine, Fe2O3, SiO2,
SrCO3, TiO2, and ZnO using an abiotic flow-through method
with the PSF medium and compared these data with the in vitro
dissolution behavior in NR8383 rat AM cell cultures (F12-K
medium supplemented with 5% fetal calf serum (FCS), 48 h
incubation) and lung clearance rates in rat short-term inhalation
studies (STISs, 5-day exposure, 6 h/day).57 Overall, the findings
from the study by Koltermann-Jülly et al. showed that the abiotic
dissolution rates were consistent with the effects observed in
vivo in the rat STIS and with the in vitro effects recorded in
cultured NR8383 AMs. Furthermore, dissolution properties
were generally similar between different (nano-)forms of the
same chemical substance, whereas they differed by more than
1000-fold between different chemical substances. Between
different (nano-)forms of the same chemical substance,
variations in the dissolution behavior could be explained by
differences in production routes, surface area, or coating. By
contrast, effects of shape or size on dissolution behavior were
limited.57

Yokel et al. compared the dissolution of 4 nm CeO2 in pH 4.5
simulant fluids containing organic acids (alternatively acetic,
adipic, citric, glutaric, DL-3-hydroxybutyric, lactic, DL-malic,
pimelic, and succinic acids).50 Its concentration of 110 mM
corresponds, for citric acid, to 21 g/L and is thus comparable to
the Midander medium or Shinohara medium. Yokel et al. found
up to fourfold difference of dissolution halftimes (between 33T
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and 126 days) induced by the different acids. They attributed the
relatively fast dissolution to the enrichment of less stable Ce3+ on
the surface of their very small CeO2, which also differed by its
hydrothermal synthesis route without calcination from the
precipitated NM-212. It can thus occur that less stable
nanoforms of CeO2 become more sensitive to the choice of
the simulant medium.
Adamcakova-Dodd et al. tested 3.5 mg/m3 ZnO NPs

(primary particle size: 10 nm) in 2- or 13-week mouse inhalation
studies (4 h exposure/day).85 Zn2+ concentrations in the
bronchoalveolar lavage fluid (BALF) were increased immedi-
ately after exposure but returned to baseline levels 3 weeks
postexposure. Furthermore, BALF macrophages were increased
and interleukin-12(p40) andmacrophage inflammatory protein-
1αmoderately increased. In abiotic dissolution studies, the ZnO
NPs readily dissolved at pH 4.5 but formed aggregates and
precipitates at pH 7.4. These results support the findings for
ZnO NPs recorded by Koltermann-Jülly et al.57

Latvala et al. assessed two nanosized and twomicron-sizedNi-
containing particles in a static dissolution system.86 After 24 h,
the released amount of Ni was notably higher in ALF (e.g., 80−
100 wt % for metallic Ni) than in Dulbecco’s modified eagle
medium supplemented with 10% FCS (DMEM + FCS)
(approx. 1−3 weight% for all particles). Furthermore, human
A549 cells cultured in DMEM + FCS were exposed to the Ni-
containing particles. All test materials were taken up by the cells
within 4 h and mostly remained in the cells for 24 h
postincubation. Latvala et al.86 concluded that the high
dissolution in ALF did not reflect intracellular particle
dissolution (notably, it remains to be determined why
dissolution in a biologically more complex system was slower
than in the abiotic system).
By contrast, Shinohara et al. recorded that nano- and micron-

sizedNiO that dissolve rapidly in ALF are easily cleared from the
rat lungs (upon intratracheal instillation).42 Only nanosized
NiO elicited pulmonary clearance overload. Shinohara et al.42

concluded that these findings suggest that the clearance
mechanisms do not involve AMmigration to the end of bronchi
but rather dissolution in AM lysosomes.
Several issues remain open. For example, more realistic,

complex fluids with enzymes87,88 may promote incongruent
dissolution and reprecipitation phenomena of multicomponent
(nano)materials by selective interaction with individual
components. Chemical speciation analysis by EDX, XRD, or
SAD will become required. Furthermore, no data are known to
us reporting the in vivo clearance of the same particle with and
without coating, but one expects that surface treatments or
coatings can modulate the dissolution behavior. Such a
modulation was observed on coated nanomaterials.54,59 Here,
both coated and uncoated materials were selected because of the
existence of suitable in vivo clearance data.
Supporting Evidence from Studies of Mineral Fibers.

Guldberg et al. comparatively assessed the dissolution rates for
five man-made vitreous fibers (MMVF) obtained in fluids B, C,
and D.17 For five different MMVFs, representing in vivo
pulmonary clearance halftimes from days to years,90 the
dissolution rate in the citric acid-containing fluid D was much
higher than in fluids B and C; for the biosoluble MMVF34, the
rate was even 200-fold higher (i.e., 13,000 ng/cm2/h vs 700 and
600 ng/cm2/h in fluids B and C, respectively). The authors
noted correctly that this extremely high dissolution rate does not
match with the in vivo lung clearance rate of MMVF34.91 By
comparison, the MMVF34 dissolution rates in fluids B and C

were widely identical, just as the same dissolution rate was
recorded for MMVF22 in either fluid B or C, but for another
composition, named MMVF21, the dissolution rate in fluid B
was higher than in fluid C (60 vs 22 ng/cm2/h). Thereby, both
values correctly predicted the long in vivo half-life of MMVF21,
whereas the highMMVF21 dissolution rate in citrate-containing
fluid D (220 ng/cm2/h) incorrectly predicted clearance within
weeks, corresponding to a wrong prediction of nonpathoge-
nicity. In summary, the pH 4.5 extraction fluids assessed by
Guldberg et al. generally appeared suitable for dissolution rate
testing of stone and slag wool fibers, except for the fluid D (“MG
(citrate)”).
More recently, but on the identical media, Sauer et al. have

experimentally demonstrated how the fluid composition and
binder affect the abiotic dissolution of a representative stone
wool MMVF.19 Several of the same fluids that we tested on
ENM in the present study had a critical difference on MMVF in
their ability to modulate the formation of Si-rich gels on the fiber
surfaces. Removing the binder accelerated the average
dissolution rate by +104% (max +273%) across the fluids, and
this quantitative change was concomitant with a qualitative
change of secondary structures, such as leaching pits, gels,
collapsed bubbles, and crystalline deposits.92 To enhance the
reliability and robustness of abiotic predictions of biodurability,
Sauer et al. recommended replacing the critically influential
citric acid in pH 4.5 fluids by other organic acids. Also they
recommended that future studies should consider structural
transformations of the fibers, including changes in fiber length,
fiber composition, and reprecipitation of gel layers.19 However,
the increased sensitivity ofMMVF to the specific composition of
the simulant medium originates also from its multicomponent
composition containing Si, Al, Fe, Ca, Na, Fe, Ti, etc. as a mixed
metal oxide. Incongruent dissolution and leaching of the
different metals can lead to preferential sequestration or
reprecipitation, depending on the binding partners present in
the organic binder or in the simulant medium. Such a complex
behavior may not be expected for monoconstituent ENM as
studied here and discussed in the next section.

Impact of Lysosomal pH 4.5 Simulant Fluids on ENM
Transformation. By using TEM, we explored the extent to
which different media induce size shrinkage or other relevant
transformations of the ENM test materials. Unexpectedly, from
image analysis, we observed rather little difference in particle
sizes and morphologies after testing in the different media, even
for those that deviated in the dissolution kinetics. Ti and Si ions,
which showed the highest sensitivity toward sequestration by
specific organic acids, could have shown a tendency to
reprecipitate on existing particles, forming larger crystals via a
saturation (Oswald ripening) mechanism. Indeed, the solubility
limit is relevant for TiO2 in the CFS because by variation of the
volume flow rate V̇ in the CFS, we had found a linear 1/V̇ impact
on the apparent dissolution rate k of TiO2 NM-105.59 This is a
telltale effect of saturation according to the modeling of CFS.59

However, the very low fraction of the initial TiO2 mass that ever
becomes dissolved during the experimentless than 0.5% for
most media and up to 3% for the invalid mediawould not even
suffice to induce detectable morphological changes within the
reproducibility and accuracy of TEM measurements before and
after dissolution. Indeed, no transformation on TiO2 NM-105
was observed (Figures 4 and 5) nor on CeO2 NM-212 (Figures
4 and Figure SI_2).
A higher magnification would improve the precision in

particle size determination for in situ studies on one and the
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same particle. However, the TEM analysis in CFS is an ex situ
ensemble strategy where we compare statistical measures and
not single particles. As the released mass scales with the third
power of diameter, it is expected that small releases as measured
for, for example, TiO2 are not detectable by particle size analysis.
Transformation impacted SiO2 samples that showed the

formation of partially sintered or gelled SiO2 structures with a
sponge-like morphology (Figures 4 and Figure SI_3) and on
BaSO4 particles with the formation of a rounded morphology
(Figures 4 and 6). Ostwald ripening of BaSO4 was also observed
on the lung specimen in vivo.58 Due to the Ostwald ripening, the
polydispersity of the BaSO4 particle size reduces. In accordance
with the relatively low modulation of BaSO4 dissolution rates by
different pH 4.5 simulant fluids, also the TEM investigations
showed the same structural transformation of BaSO4 to more
rounded shapes in any of the pH 4.5 media, pointing to pH and
temperature, not the organic acids, as a primary trigger of
Ostwald ripening.
As an interim conclusion, investigation of the size changes and

transformation after CFS dissolution testing does not seem to be
a promising descriptor of the ENM dissolution in physiological
media. Yet, electron microscopy characterization is still
anticipated to be relevant for improved understanding of
mechanisms and morphological changes in long-term testing.
Especially advanced single-particle studies by in situ high-
resolution TEM may contribute to mechanistic understanding
but are not adequate for regulatory purposes.

■ CONCLUSIONS
A variety of different pH 4.5 lysosomal simulant fluids have been
used in abiotic dissolution studies. Differences in chemical
compositions of simulant fluids are often minimal and generally
not justified. The influence of individual components of pH 4.5
extraction fluids on dissolution rates and the impact of the
addition of further organic compounds, such as amino acids and
proteins, are not sufficiently understood to justify the selection
of any single simulant fluid as being the most suitable in
reflecting the acidic environment of AM lysosomes.
Here we found that three out of the eight lysosomal simulant

media are consistent with each other and with in vivo clearance:

• modified Kanapilly (denoted as Guldberg_phthalate,
medium C: MK)

• phagolysosomal simulant fluid (denoted as PSF)
• modified Gamble’s (denoted as Guldberg_HCl, medium

E: MG)

Using these three media, the quick dissolution of ZnO NM-
111, intermediate (partial) dissolution of SiO2 NM-200 and
BaSO4 NM-220, and the very slow dissolution of TiO2 NM-105
and CeO2 NM-212 are observed in concordance with the results
on pulmonary clearance from in vivo studies. We also identified
several media as invalid based on conflicts with the in vivo
findings, most notably an incorrect prediction of TiO2
dissolution under pulmonary conditions. All the invalid media
showing incorrectly fast dissolution rates for SiO2 and TiO2
materials use citric acid at concentrations above 5 g/L (up to 28
g/L) and could lead to wrong predictions of the in vivo behavior.
In contrast, the valid media use either a mix of organic acids
(with the total concentration below 0.5 g/L, thereof citric acid
below 0.15 g/L) or another organic acid (KH phthalate) at 4 g/
L. For ZnO, BaSO4, andCeO2, there was onlyminormodulation
of the dissolution rates when using the “invalid” media because
the pH is the dominant parameter for these materials.

Size and morphology analyses by electron microscopy might
be a relevant tool to assess the mechanisms of dissolution as well
as potential transformation and respeciation phenomena, while
morphology and size changes are best assessed after relatively
long exposures. In the present selection of ENM tested in the
CFS, the only small changes were observed after dissolution of
SiO2 and BaSO4, resulting in sponge-like gelled aggregates and
rounder structures, respectively, which may be linked to
saturation in media during testing. More complex trans-
formations can be expected for multicomponent (nano)-
materials due to incongruent dissolution and potential
reprecipitation. In general, however, the TEM investigations
were not able to quantify dissolution and are thus not
recommended to replace ion quantification as the main
analytical tool.
In summary, we recommend the standardization of ENM

dissolution testing by one of the three valid lysosomal simulant
fluids with determination of the dissolution rate and halftime by
the quantification of ions. This recommendation was established
based on the CFS but may be relevant as well for static (batch)
solubility testing. We recommend such standardization
especially for the ongoing OECD project on “Determination
of solubility and dissolution rate of nanomaterials in water and
relevant synthetic biological media” and the interlaboratory
comparison that are being planned in this frame. With a choice
of three valid media, the future user still has options, for example,
in the case of interferences of specific components with the
detection of the target analyte. We also conclude that
representative test materials such as the specific batches of
ZnO, BaSO4, and TiO2, which are available from the JRC
Repository, are highly useful to demonstrate the proficiency in
dissolution testing of unknown ENM.
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