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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards 
bodies (ISO member bodies). The work of preparing International Standards is normally carried out 
through ISO technical committees. Each member body interested in a subject for which a technical 
committee has been established has the right to be represented on that committee. International 
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work. 
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of 
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are 
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the 
different types of ISO documents should be noted. This document was drafted in accordance with the 
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of 
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of 
any patent rights identified during the development of the document will be in the Introduction and/or 
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not 
constitute an endorsement.

For an explanation on the voluntary nature of standards, the meaning of ISO specific terms and 
expressions related to conformity assessment, as well as information about ISO's adherence to the 
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the following 
URL: www.iso.org/iso/foreword.html.

This document was prepared by Technical Committee ISO/TC 229, Nanotechnologies.
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Nanotechnologies — Use and application of acellular in 
vitro tests and methodologies to assess nanomaterial 
biodurability

1	 Scope

This document reviews the use and application of acellular in vitro tests and methodologies implemented 
in the assessment of the biodurability of nanomaterials and their ligands in simulated biological and 
environmental media.

This document is intended to focus more on acellular in vitro methodologies implemented to assess 
biodurability and, therefore, excludes the general review of relevant literature on in vitro cellular or 
animal biodurability tests.

2	 Normative references

There are no normative references in this document.

3	 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

—	 IEC Electropedia: available at http://www.electropedia.org/

—	 ISO Online browsing platform: available at http://www.iso.org/obp

3.1
bioaccumulation
process of accumulation of a substance in organisms or parts

[SOURCE: ISO/TR 13329:2012, 3.3]

3.2
biodegradation
degradation due to the biological environment

Note 1 to entry: Biodegradation might be modelled by in vitro tests.

[SOURCE: ISO/TR 13329:2012, 3.4]

3.3
biodurability
ability of a material to resist dissolution (3.6) and mechanical disintegration from chemical and physical 
clearance mechanisms

[SOURCE: ISO/TR 13329:2012, 3.5, modified]

3.4
biopersistence
ability of a material to persist in a tissue in spite of the tissue’s physiological clearance mechanisms and 
environmental conditions

[SOURCE: EN 18748:1999]
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3.5
dispersion
microscopic multi-phase system in which discontinuities of any state (solid, liquid or gas: discontinuous 
phase) are dispersed in a continuous phase of a different composition or state

[SOURCE: ISO 26824:2013, 16.5]

3.6
dissolution
process of obtaining a solution containing the analyte of interest

Note 1 to entry: Dissolution is the act of dissolving and the resulting species may be molecular or ionic.S

[SOURCE: ISO 17733:2015, 3.4.10, modified]

3.7
ligands
atoms or groups joined to the central atom

[SOURCE: IUPAC Recommendations 1994]

3.8
nanomaterial
material with any external dimension in the nanoscale or having internal structure or surface structure 
in the nanoscale

Note 1 to entry: This generic term is inclusive of nano-object and nanostructured material.

Note 2 to entry: See also engineered nanomaterial, manufactured nanomaterial and incidental nanomaterial.

[SOURCE: ISO/TS 80004‑1:2015, 2.4]

3.9
nanoparticle
nano-object with all three external dimensions in the nanoscale

Note 1 to entry: If the lengths of the longest to the shortest axes of the nano-object differ significantly (typically by 
more than three times), the terms nanorod or nanoplate are intended to be used instead of the term nanoparticle.

[SOURCE: ISO/TS 27687:2008, 4.1]

3.10
specific surface area for powders
absolute surface area of the sample divided by sample mass and is therefore expressed in units of 
m2/g or kg

[SOURCE: ISO 9277:2010, 3.11, modified]

3.11
suspension
heterogeneous mixture of materials comprising a liquid and a finely dispersed solid material

[SOURCE: ISO/TS 80004‑6:2013, 2.13]

4	 Symbols and abbreviated terms

AAS Atomic absorption spectroscopy

AF4 Asymmetrical flow field flow fractionation

AgNPs Silver nanoparticles

﻿
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ATR-FTIR Attenuated total reflectance-Fourier transform infrared spectroscopy

AuNPs Gold nanoparticles

CdSecore/ZnSshell Cadmium-selenium (core) and zinc sulfide (shell)

CE Capillary electrophoresis

CFS Continuous flow system

CNTs Carbon nanotubes

CPE Cloud-point extraction

CuONPs Copper oxide nanoparticles

Da Dalton

DMEM Dulbecco's Modified Eagle's Medium

DOM Dissolved organic matter

EPA US. Environmental Protection Agency

FFFF Flow field flow fractionation

FTIR Fourier transform infrared spectroscopy

GC-MS Gas chromatography–mass spectrometry

GPC Gel permeation chromatography

HPCIC High-performance chelation ion chromatography

HRP Horseradish peroxidase

ICP-MS Inductively coupled plasma-mass spectrometry

ICP-OES Inductively coupled plasma-optical emission spectrometry

SNMS/TOF-SIMS Secondary neutral mass spectrometry/time-of-flight secondary ion mass 
spectrometry

LC-MS Liquid chromatography-mass spectrometry

LC-MS/MS Liquid chromatography-mass spectroscopy-mass spectroscopy

MALDI-TOF-MS Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

m/z Mass-to-charge ratios

MWCNTs Multi-wall carbon nanotubes

NaCl Sodium chloride

NP Nanoparticle

NIOSH U. S. National Institute for Occupational Safety and Health

NSL Nanosphere lithography

PAP Pulmonary alveolar proteinosis

﻿
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PBPK Physiologically-based pharmacokinetic

PSF Phagolysosomal simulant fluid

QDs Quantum dots

QQQ Triple quadrupole

QTOF Quadrupole time-of-flight

REACH Registration, evaluation, authorisation and restriction of chemicals

RPMI Roswell Park Memorial Institute

SDS Sodium dodecyl sulfate

SiO2 Silicon dioxide

SLF Simulated lung fluid

spICP-MS Single particle inductively coupled plasma-mass spectrometry

SPE Solid-phase extraction

SPF Simulated physiological fluids

SPR Surface Plasmon Resonance

SS Simulated saliva

SSW Simulated sweat

SUF Simulant ultrafiltrate fluid

SWCNTs Single-wall carbon nanotubes

TBOs Tungsten blue oxides

TiO2NPs Titanium dioxide nanoparticles

UV-Vis spectroscopy Ultraviolet-visible spectroscopy

WO3 Tungsten trioxide

ZnONPs Zinc oxide nanoparticles

5	 Background including need for assessing the biodurability of particles

The tendency of a given inhaled particle or fibre to cause chronic disease is strongly related to the 
duration of residence time in the pulmonary environment. Biopersistent particles and fibres are defined 
as materials that resist clearance from the body through physical and chemical means. Resistance 
to physical clearance may result through their resistance to phagocytosis by alveolar macrophages. 
Resistance to clearance by chemical and physical means, also known as biodurability, may result 
through their resistance to chemical dissolution. Particles and fibres that are amenable to dissolution 
may release components which may contribute to their adverse health effects. Similar resistance to 
chemical dissolution and/or biodegradation of the attached ligands in environmental media may also 
produce biodurable nanomaterials.

Historical experiences with micrometre-scale mineral particles and fibres provide a useful model for 
understanding the relationship between exposure, dose, and effect of nanomaterials in the human lung. 
It has been shown that the residence time of mineral particles and fibres in the lung depends on their 
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mechanical clearance and the dissolution rates. The dissolution rate is governed mainly by particle and 
fibre chemistry and the properties of the biological fluid of the tissue/cell environment in which they 
are found.

Exposure

Internal dose

Clearance

Biopersistence

Biodurability

Effect

Figure 1 — Relationship between exposure, dose, and effect of nanomaterials[1]

Figure 1 presents a general framework proposed by Oberdörster et al.[1] to evaluate potential adverse 
effects from exposure to particles and fibres. According to this framework, biopersistence of the 
particles and fibres is considered to be central to the production of health effects.

The respiratory tract may be divided into different zones, including the ciliated nasal and 
tracheobronchial regions and the non-ciliated alveolar regions. Particles that deposit in each zone 
interact with different cell populations with substantially different retention times and/or different 
clearance pathways[2]. The behaviour of inhaled particles in the respiratory tract and their alternative 
fates of either deposition or exhalation in these various functional zones may depend upon the chemical 
composition and the physical behaviour of the aerosol particles.

The importance of airway ciliated cells and alveolar macrophages in the clearance of micrometer-sized 
particles from the lung surface has long been known. Due to the limited capability of macrophages 
to recognize nanomaterials, inadequacy of this key clearance mechanism in peripheral lungs 
was demonstrated[3][4]. Concurrently, due to endocytotic processes and trans-cellular transport 
mechanisms by other cells, translocation of nanomaterials to extra pulmonary organs has become 
prominent. Biopersistence of nanomaterials through their resistance to clearance by alveolar 
macrophages and also to their biodurability through resistance to breakage or dissolution and leaching 
may therefore lead to their bioaccumulation. With their ability to translocate nanomaterials may 
accumulate and be retained in critical target organs with the subsequent production of adverse health 
effects. Translocation (disposition), accumulation and retention are, therefore, important aspects that 
need to be considered when investigating the long-term toxicity of nanomaterials.

It is now well accepted that the toxicity of nanomaterials may very much be related to their 
physicochemical properties including size, surface area, and surface characteristics including surface 
chemistry. Once inside the cell, these and other physicochemical characteristics (surface composition, 
surface activity) will determine their interaction with biological surroundings. The latter, in turn, 
will determine the stability and biodurability of the surface and core of nanomaterials. Given the 
strong sensitivity of many nanomaterial properties to their local environment, it should be noted 
that biologically relevant changes in the physicochemical properties of a nanomaterial between 
administration and deposition may have a significant impact on observed responses. As a result, 
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biodurability of nanomaterials in their local biological environments may impact on their long-term 
toxicity.

Although the biodurability of certain larger particles can also be confirmed in different environmental 
media, the importance of such biodurability in their long-term effects might not be of relevance in aquatic 
organisms. This is shown to be the case with crystalline silica (quartz and cristobalite) for the fact that 
they do not bioaccumulate in these biorganisms due to their very limited potential for uptake through 
the gill or gut of fish[5][6]. This might not be true for nanomaterials as the bioaccumulation of multiple-
wall carbon nanotubes (MWCNTs) has been shown in Daphnia magna, an aquatic invertebrate[7], of 
gold nanoparticles (AuNPs) in clams marine bivalve Scrobicularia plana[8](Pan et al., 2012) and zinc 
oxide nanoparticles (ZnONPs) in S. plana and Nereis diversicolor,[9] copper oxide nanoparticles (CuONPs) 
in freshwater snail[10][11], titanium dioxide nanoparticles (TiO2NPs) in Daphnia magna[12], and silver 
nanoparticles (AgNPs) in deposit feeder such as the annelid Platynereis dumerilii[13] have been shown.

6	 Aims and objectives

Different nanomaterials are reported to be biopersistent as they resist breakage or dissolution and 
clearance which in turn can lead to their bioaccumulation and subsequently their translocation and 
distribution. It is, therefore, of great relevance to assess this property of nanomaterials and determine 
their degradation half-lives in addition to their other properties. It is also of great relevance to study 
the impact of surface coating and functional groups on biodurability in biological and environmental 
surroundings.

The aim and objectives are

—	 the identification of tests performed and the methodologies implemented in the literature, and

—	 the description of the identified methodologies in the assessment of the biodurability of different 
nanomaterials in different biological and environmental media.

The ultimate goal is that, by applying the identified methodologies, it is possible to assess the 
biodurability of nanomaterials and their surface ligands. This is relevant in the assessment of their 
long-term effects.

7	 Approaches for assessment of micrometre mineral particle and fibre 
biodurability

7.1	 General

The toxicity of inhaled fibres is believed to be related to dose, biodurability and to their dimensions, with 
long, thin fibres being potentially more carcinogenic than short, thick ones and to their biopersistence, 
as fibres which dissolve rapidly in the lung are unlikely to induce long-term pathological changes[14]. 
The concept of biopersistence – resistance to clearance and to chemical dissolution - has therefore been 
proposed as a key concept in the toxicity of mineral or synthetic fibres.

The critical role of dissolution on the potential health effects of inhaled fibres is well established[15]. 
Over the last several decades, there have been numerous publications on the relation between various 
physicochemical characteristics, including chemical composition and diameter, of a synthetic vitreous 
fibre and its dissolution rate in physiological saline solution[16][17][18].

Numerous animal in vivo experiments are described in the literature to assess clearance and chemical 
instability, through their solubility, of different mineral and man-made synthetic fibres. For example, 
particle clearance has been studied as a measure of physical persistence - the actual amount of fibre 
remaining in the tissue and their solubility has been assessed through the release of metal constituents 
in experimental animals[19][20][21][22][23].

Also, in vitro cellular systems have been described to study the chemical stability of particles using 
macrophages, epithelial, and mesothelial cells where differences could be observed in the efficiency 
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of these cell types to change the chemical structure of the engulfed fibres emphasizing the differences 
between phagosomal conditions between these cells[24][25][26][27].

In vitro acellular systems mimicking physiological conditions have been developed to study the release 
of chemical constituents from fibres. Using different biological media simulants, cell-free chemical 
dissolution assays were thought to provide valuable information on the behaviour of respired dusts in 
biological surroundings.

A combination of the in vitro dissolution tests, cell-based assays (mono- and co-culture systems), in 
silico methods, and information from existing in vivo studies, can provide a measure of biopersistence of 
mineral particles and fibres. This document is limited to in vitro acellular systems and their applications 
to nanomaterials.

7.2	 Dissolution of nanomaterials versus their dispersion and biodegradation

The terms dissolution and dispersion have been defined with a distinction made between these two 
terms[28]. In this document, dissolution “denotes to the process of obtaining a solution containing the 
analyte of interest. Dissolution is the act of dissolving and the resulting species may be molecular or 
ionic” and dispersion “refers to the microscopic multi-phase system in which discontinuities of any 
state (solid, liquid or gas: discontinuous phase) are dispersed in a continuous phase of a different 
composition or state”. As per this definition, dissolution of nanomaterials will entail release of ions 
to the surrounding solvent where the rate of dissolution will be dependent on size, chemistry, solvent 
composition, and surface coating or functionalization of nanomaterials.

Dissolution of nanomaterials is an important property and is often a critical step in determining their 
safety[29]. Dissolution of metal- and metal oxide-based nanomaterials follows thermodynamic and 
kinetic rules where size, shape, surface coating, aggregation state, and solution chemistry such as 
pH, ionic components, and dissolved organic matter (DOM) affect the rate of their dissolution. As the 
toxicity of the dissolved form can have different toxicological effects than the particulate, monitoring 
dissolution kinetics is important[30]. Subsequently, the determination of dissolution and dissolution 
kinetics are recommended as part of the minimum requirements for nanomaterials to be characterized.

Biodegradation of organic and carbon-based nanomaterials on the other hand, is achieved through 
enzymatic catalysis with subsequent complete breakdown and loss of nanomaterials characteristics. 
The amenability to biodegradation seemed to be dependent on the type of surface functional groups 
that they may carry[31].

8	 Need for the assessment of nanomaterial biodurability

Biopersistence is one of the characteristics which are seen to determine the toxicity/pathogenicity/ 
carcinogenicity of ultrafine particles and also of nanomaterials[32]. These characteristics are also 
seen to alter their fate and biological distribution. Due to their small size, nanomaterials are likely 
to translocate beyond the epithelial barrier into the interstitium where they accumulate for a long 
time due to their resistance to phagocytic uptake[33][34][35]. Those which are biodurable may cause 
pulmonary inflammation, fibrosis, and cancer. Some of the interstitialized nanomaterials could be 
translocated into the systemic circulation and some may induce impairment in extrapulmonary organs. 
Once translocated, evidence seems to suggest that nanomaterials preferentially deposit in liver and 
spleen[36] resulting in prolonged retention and in some instances producing significant hepatotoxicity.

Biodurable nanomaterials maintain their particulate state which might increase the potential for their 
bioaccumulation[37]. Release of ions from nanomaterials that are soluble have also been shown to be 
strongly associated with their toxicity while acute toxicological responses arise from nanomaterials 
with high dissolution through released ions[38], low dissolution and non biodegradable nanomaterials 
might provoke a range of long-term effects including carcinogenicity[39]. When the sparingly soluble 
nanomaterials are made soluble through surface functionalization or surface coating, when in contact 
with body fluids, they might also disintegrate/dissolve to eventually exposing the biodurable core.
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9	 Influence of different types of ligands and coatings on nanomaterial 
biodurability

The importance of surface properties of micrometre mineral particles and fibres was recently 
emphasized as an indirect but critical factor in the manifestation of pathogenic activity as well as 
in their biodurability under conditions of in vitro dissolution in biological fluids. Subsequently, in a 
publication by the US. National Institute of Occupational Safety and Health (NIOSH), surfaces of mineral 
particles and fibres were thought to be a controlling factor in their biopersistence, which is seen to be a 
critical aspect in the mechanisms of continuing irritation or inflammatory response in causing fibrosis 
or neoplastic transformation[40]. For example, it could be shown that surface composition and surface-
associated activities of asbestos fibres were the major contributors to their potential to induce disease. 
Similar observations have been made for crystalline silica in which surface modification by chemical 
means has also been shown to alter their cytotoxicity[41][42][43].

Manipulation of surface properties of nanomaterials have also been investigated through surface 
functionalization with a range of molecular groups for a number of reasons including an increase in 
water dispersability to an otherwise non-water dispersible nanomaterials  and for the increase of their 
intracellular uptake with their subsequent accumulation in cellular lysosomes. As noted previously, 
surface chemistry is an important nanomaterial property that will influence interactions with 
biological fluids. The surface chemistry of nanomaterials can be changed drastically upon immersion in 
a biological fluid[44]. It is now well recognized that modification of nanomaterial surface chemistry can 
yield novel properties and behaviours. Such modifications can also be used to promote biodurability 
and minimize health risks. For example, accumulation in cellular lysosomes could be shown for dextran-
coated magnetic iron oxide nanoparticles as well as for single-wall carbon nanotubes (SWCNTs) 
where they could be enzymatically degraded by lysosomal R-glucosidase, horseradish peroxidase, 
myeloperoxidase, and heme oxygenase-1. This type of enzymatic degradation, however, might not be 
possible for inert nanoparticles such as gold and therefore once inside the cell, they can deposit for 
longer periods[45]. Similar studies with carbon nanotubes (CNTs) have indicated that carboxylated 
CNTs are more susceptible to biodegradation compared to other CNTs[46].

Loss of ligands from the surface of semiconductor nanocrystals in gastrointestinal fluids at low pH was 
also reported with the subsequent increase in their toxicity[47]. Moreover, the effect of this biological 
fluid on the PEGylated quantum dots (QDs) was also investigated and showed that the fate of PEGylated 
Cadmium-selenium (core) and zinc sulfide (shell) (CdSecore/ZnSshell) QDs depended on pH, ligand chain 
length and presence of proteins and subsequently affecting their toxicity[48][49].

10	Review of methodologies to assess micrometre mineral particle and fibre 
biodurability

10.1	 General

Adaptation of traditional dissolution rate studies to mimic the physical and chemical conditions 
encountered in biological tissues and organs allows investigators to estimate biodurability through 
calculation of residence times based on the chemical dissolution mechanism. Particle and fibre 
dissolution and breakdown in the body are important determinants of their biopersistence. The 
physical and chemical mechanisms whereby particles and fibres may release ions through dissolution 
and/or degrade in biological tissues and organs have been studied extensively in vitro using “simulated 
biological fluids” (see Table A.1 to Table A.5). Such in vitro tests provide information on the biodurability 
which impacts the biological effects of particles and fibres[50]. In vitro dissolution tests have also 
been suggested for screening for the biodurability of nanomaterials in environmental media (natural 
freshwaters, simulated seawater, and simulated estuarine waters) (see Table A.8)[51][52].

10.2	 In vitro acellular methods

In vitro acellular methods are comprised of two components, the simulated biological fluid and the 
system to hold and retain the study material. In this first section, various simulated biological fluids 
are described and in the next section available test systems are reviewed.
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Over the last several decades, numerous publications have used various simulated biological fluids to 
assess dissolution as a measure of biodurability of particles and fibres. Several studies have tried to 
establish a relation between physicochemical characteristics such as chemical composition, density, 
and diameter of a synthetic vitreous fibre and their dissolution rate in physiological fluids[53][15]. 
Several publications have also assessed the impact of different properties of biological fluids on the 
dissolution of particles and fibres. These properties include pH 7,3 of the extracellular lung fluid and pH 
4,5 of macrophage phagolysosomal fluid, presence of surfactants (e.g lung lining fluid), and presence of 
certain biological compounds, including organic chelators such as sodium citrate that selectively bind 
to surface ions (see Tables A.1 to A.5).

10.3	 Description of different simulated physiological media

10.3.1	 General

In this section, simulated biological fluids are described that are intended to mimic the lung and oral 
as well as dermal exposure pathways. For the lung, generally there are two main compartments to 
consider – the extracellular airway lining fluid having near neutral pH and the phagolysosomal fluid 
of macrophage cells having acidic pH. For the oral route, particles will briefly come into contact with 
saliva followed by gastric and interstitial fluids. To describe adequately the dissolution behaviour of 
materials in the body, it is imperative that the simulant reflects the biochemical composition of the 
fluids in the organ or tissue being modelled. The most common simulants used were therefore based 
on the ionic composition of lung extracellular fluid described by Gamble[54] which is near neutral pH 
(7,2 to 7,4). Gamble's simulant fluid was also called Ringer's solutions, simulant ultrafiltrate fluid (SUF), 
or simulant lung fluid (SLF)[55][56]. The majority of experiments have, therefore, been conducted at 
physiological pH (7,3), either at 25  °C or 37  °C. With evidence that dissolution of insoluble particles 
occurs predominantly in phagolysosomes, investigators began to adjust the pH of lung extracellular 
fluid-simulants to match that of the phagolysosome, i.e. pH 4,5 to 5.

Therefore, the simulated physiological fluids (SPF) that are discussed below have included: (1) the 
lung airway lining simulant, (2) the phagolysosomal stimulant fluid, (3) the simulated saliva, (4) the 
gastrointestinal fluids, as well as (5) sweat the composition of all of which are presented in Annex A. 
For more information on the composition of various biological fluids and their simulants, the reader is 
referred to Marques et al.[57].

While these SPF are considered useful analogues of human biofluids, they 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 of nanomaterials such as carbon 
nanotubes[58]. Additionally, unless specifically noted, proteins are omitted from most SPF for pragmatic 
reasons (see 10.5.3); however, in vivo, proteins might serve as important binding molecules for dissolved 
ions and influence their concentration at nanomaterial surfaces.

10.3.2	 Simulated lung airway lining fluids

Aerosol materials that deposit in the lung are quickly immersed in the extracellular fluid that is excreted 
by the lung tissue. The original composition of physiological fluids described by Gamble in 1967[54] has 
served as a basis for a number of experimental derivations for human extracellular fluid, including the 
experimental solvents used by Scholze and Conradt[59] and Kanapilly et al.[60].

Gamble’s Solution is a type of simulated lung airway lining fluid that is intended to mimic the surfactant 
fluids released by Type II alveolar cells. The fluid fills the space between alveolar cells and acts to reduce 
the surface tension of the water in the lungs, facilitating gas exchange. The composition of this solution 
was compared to the fluid in human lungs and found to be identical in terms of major components. The 
original Gamble’s Solution was a mixture of water and inorganic salts including chlorides, carbonates 
and phosphates. Most researchers have however modified the solution to include proteins and other 
organic components, chelators and additives[61] (see Table A.1).
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10.3.3	 Simulated lung macrophage phagolysosomal fluid

Particles that deposit in the non-ciliated alveolar region of the lung are initially immersed in 
extracellular airway lining fluid but are rapidly phagocytized by scavenger cells such as macrophages. 
Upon engulfment by a macrophage cell, the particle-laden vesicle (lysosome) fuses with a phagososome 
to form a phagolysosome which is rich in oxidizers and has acidic pH to promote degradation of foreign 
materials.

The original composition of SPF described by Gamble in 1967[54] served as a basis for human macrophage 
phagolysosomal fluid (PSF). The fusion occurs when neutrophil or macrophage encounters a foreign 
substance, including nanomaterials, with ensuing destruction or degradation of the foreign substance 
in the phagolysosome. The intracellular fluid within alveolar macrophages is considerably more acidic 
(pH approximately 5 to 6) than the extracellular fluid (pH approximately 7 to 7,5). Some particles that 
do not dissolve efficiently in extracellular lung fluid are degraded within the cellular phagolysosomes 
of alveolar macrophages[62][63][64][65][66][67][46][68][69] (see Table A.2).

10.3.4	 Digestive system (saliva, gastric and intestinal fluids)

10.3.4.1	 General

The main fluids of the digestive system may include saliva, gastric and intestinal fluids[57][70]. The 
stomach produces gastric juice while the intestine is a mixture of bile from liver (digestive enzymes) and 
pancreatric juice. The assessment of biodurability in these fluids may be of relevance when considering 
the development of nanomaterials for drug delivery or for mouth cleansing formulations[71][72].

10.3.4.2	 Simulated saliva (SS)

It is almost impossible to duplicate the properties of human saliva because of its particular 
characteristics. Saliva is a mixture of fluids secreted by several salivary glands, with numerous 
constituents, which varies depending on time of day and diet. The pH of the normal healthy saliva is 
between 6,7 to 7,4 which may drop to pH 5 when sweets and carbohydrates are consumed. Simulated 
saliva (SS) was developed for different applications[73][74][75][76] (see Table A.3) and was also used to 
test the dissolution of nickel nanoparticles[77].

10.3.4.3	 Simulated gastric fluid

Conditions in the gastric environment, such as pH, enzyme concentration, water content, temperature, 
pressure, microbial load, and emptying rate are continually changing during the fasting and fed 
states[78][79]. Acellular in vitro digestion assays using simulated gastric fluids (see Table A.4) have been 
used to determine how human gastric conditions impact the behaviour of nanomaterials. For example, 
AgNPs in simulated gastric fluid aggregated significantly and released ionic silver from their surface 
that re-precipitated and coated the aggregates as silver chloride[80][81]. The aggregation rate was 
higher for smaller (10 nm) AgNPs compared with larger (75 nm) nanoparticles (NPs). Additionally, the 
ionic silver released from the NPs could generate new AgNPs that might differ in size and morphology 
from the NPs that the system was initially exposed to[82][83]. The low pH of the gastric fluid could 
also cause degradation of the surface coating of nanomaterials, which could alter their downstream 
toxicity[70][84]. These studies demonstrate the importance of using isolated acellular systems such 
as gastric fluids to understand behaviour of nanomaterials in these fluids. In addition to exposing 
nanomaterials to simulated gastric fluids separately, there are systems that simulate sections of the 
gastrointestinal system, from the mouth to intestine, to allow sequential exposure of test materials 
to different compartments[78][85]. These systems can be useful in studying how nanomaterials are 
affected by different conditions that change substantially from one compartment to another.

10.3.4.4	 Simulated intestinal fluid

The fasted-state simulated intestinal fluid and fed-state simulated intestinal fluid (see Table A.4) were 
introduced to simulate additional important aspects of the GI fluids, including bile salts and lecithin[71].
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10.3.5	 Simulated sweat (SSW)

The surface of the skin is coated with a co-solvent of mainly aqueous sweat and oily sebum. Human 
sweat contains over 60 different constituents and because of this complexity, most simulated sweats 
have been greatly simplified for use with in vitro tests. Further, it is very difficult to disperse oily sebum 
constituents in aqueous sweat to mimic the co-solvent behaviour on the skin surface. As such, most 
investigators evaluate biodurability in either simulated sweat or sebum. Human sweat pH varies with 
anatomical region which is an important consideration when designing in vitro dissolution studies. 
For healthy adults, skin surface pH is generally in the range of 4,2 to 6,1[86]. The most commonly used 
simulated sweat is a simple formulation developed by Pedersen et al.[87], though more recently a 
simulated sweat having composition that more accurately mimics human sweat has been developed[88]. 
Sebum contains several lipids and antioxidants such as vitamin E. Formulations of simulated sebum 
vary from a single constituent[89] to containing multiple types of lipids representative of human sebum 
composition[90][91][92]. Since 1940, there have been at least 76 different simulated sweat formulations 
and 27 different simulated sebum formulations used with in vitro test methods[93] (see Table A.5).

10.4	 Description of different simulated environmental media

10.4.1	 General

Different environmental media such as natural freshwater, simulated seawater, and simulated estuarine 
waters, were also used to assess the dissolution of nanomaterials[52][94].

10.4.2	 Simulated natural freshwaters

For dissolution studies of nanomaterials in simulated natural waters,[52] the composition recommended 
by United States (US) Environmental Protection Agency (EPA) was implemented[51] (see Table  A.6). 
The preparation of such simulated fluids of these natural waters with different hardness was also 
described[95]. Using these simulated media, the dissolution of ZnO nanoparticles in a freshwater 
medium (pH 7,6) was assessed[30].

10.4.3	 Simulated seawater

For dissolution studies in simulated seawater[52], the composition recommended by EPA[51], based on 
GP2 artificial sea water medium[96] as well as by others[95] was implemented (see Table  A.7). Using 
simulated sea water, the dissolution kinetics of commercial uncoated and organic-coated ZnONPs[97] 
and also AgNPs[52] were investigated.

10.4.4	 Simulated estuarine waters

The biodurability of citrate-capped 20 nm AgNPs was also investigated in simulated estuarine waters 
(see Table  A.8) where the stability and hence biodurability of these nanoparticles in fresh waters 
could be confirmed. The importance of understanding the colloidal stability of AgNP dispersions was, 
therefore, emphasized to enable better prediction of their persistence in environmental waters and 
their subsequent toxicity[52].

10.5	Description of different test systems to assess dissolution of particles and fibres

10.5.1	 General

Geochemists have developed methodologies to assess dissolution rate of mineral substances as a 
measure of weathering in the environment. These methodologies were later adapted to describe the 
biodurability of hazardous mineral particles and fibres. It has, therefore, been stipulated that the 
in vitro dissolution techniques provide a simple, cost-effective methodology by which dissolution 
rates of particles and fibres can be estimated. As such, these techniques have been implemented as 
a screening methodology for their biodurability. The systems implemented have included: (1) static 
dissolution system, (2) parallel-flow system, (3) batch system and batch filter system, (4) flow-through 
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dissolution system, and (5) continuous flow system. The description of mathematical modelling used 
in the assessment of the dissolution of nanomaterials implementing some of these methodologies was 
recently presented[98].

Each of these five test systems has unique advantages and disadvantages for evaluation of biodurability. 
Specific discussions of the appropriateness of a technique for evaluation of nanomaterial biodurability 
are discussed in the ensuing subsections.

10.5.2	 Static dissolution system

In this system[61], the particle samples are confined between two 0,1 μm or down to 0,025 μm pore 
size membrane filters membrane to form a sandwich, which are then secured between two tight-fitting 
polypropylene rings. The purpose of the rings is to form the chamber and a rubber o-ring is used to 
form a particle tight seal and prevent solid materials from accessing the liquid and being quantified 
as dissolved. The sample holder is then placed in a beaker and sufficient solvent is added to cover the 
assembly and thus exposing the samples to the solvent on both sides of the filters. After a selected 
time interval, the solvent is removed and the concentration determined in the solution. An equivalent 
volume of fresh solvent is added to the filter assembly and the process is repeated. This test, which 
is among the easiest to implement, has been widely used by different authors[60]. Dissolution rates 
can then be assessed either from changes in sample mass or by monitoring chemical changes in the 
experimental fluid. A major limitation of this system is the possibility of the supernatant to become 
supersaturated with one of the solute species, and thus inhibiting further dissolution as well as the 
solute build-up on the surfaces of the particles tested with subsequent reduction in dissolution rate[99]. 
As such, use of this technique may be more appropriate for poorly soluble nanomaterials but not for 
highly soluble nanomaterials such as zinc oxide. Despite these limitations, the dissolution studies of 
some nanomaterials can be conducted with a static dissolution system[100][101].

10.5.3	 Continuous flow system (CFS)

Due to potential problems of supersaturation that can arise in static experiments (see 10.5.2), 
the continuous flow system (CFS) protocol is seen to be the best method of measuring durability in 
vitro[102]. In this methodology, using a peristaltic pump, the simulated fluids from a large reservoir is 
pumped through a cell containing the particle sample. The dissolution rate is then assessed through 
measurement of solute concentrations in the fluid after it has passed through the cell[99]. Using 
this system, a number of in vitro dissolution studies were conducted to assess the biodurability of 
micrometre-scale particles and fibres[103][104][105]. It must be noted that while implementing this 
system, proteins in simulated biological fluids can clog the pores in filters causing rupture of samples[61]. 
Additionally, the CFS technique can require large volumes of simulated biological fluid which might be 
problematic for waste generation, especially if evaluating radiolabelled nanomaterials.

10.5.4	 Batch and batch filter systems

In this system, the sample of particles is shaken, usually in a centrifuge tube, with a solvent under 
controlled temperature conditions for a selected time interval. The mixture is then centrifuged at 
specified time intervals and an aliquot of the supernatant solution is withdrawn and then analysed. 
The aliquot volume is/should be replaced with fresh solvent to maintain a constant dilution volume. 
The direct contact between dust and solvent eliminates possible matrix effects attributable to the 
presence of membrane filters. In the batch filter system, the same is applied with the exception that the 
solution is filtered through a membrane filter with the advantage of not being as susceptible to particle 
transfer into the measurement aliquot. Limitations of these techniques include the potential artefact 
on dissolution from shaking and the potential for soluble nanomaterials to continue to dissolve during 
centrifugation (see 10.6.3.2).

10.5.5	 Tangential flow filtration system

Recently, a unique diffusion-driven filtration method was implemented which is able to retain large 
particles within the continuous flow path, while allowing constituents smaller than the membrane 
pore size (ions) to pass through molecular filters by lateral diffusion separation. To separate the 
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nanoparticles from the solvated ions, the solution is passed through a membrane with pore size of 
10 kDa, which is rinsed prior to filtrations with 70 % isopropanol to create a hydrophilic surface on the 
membrane. After filtration, the concentration of the ions is then quantified using inductively coupled 
plasma-mass spectrometry (ICP-MS). It is said that this system has a number of advantages of the 
previously described systems implementing centrifugation, filtration or dialysis [83].

10.6	 Assessment of dissolved mass concentration post dissolution experiment

10.6.1	 General

The most common methods used to measure the concentration of ions from dissolution of nanomaterials 
include ICP-optical emission spectrometry (ICP-OES), ICP-mass spectrometry (ICP-MS), atomic 
absorption spectroscopy (AAS), and laser post-ionization secondary neutral mass spectrometry/time-
of-flight secondary ion mass spectrometry (Laser-SNMS/TOF-SIMS)[106].

Generally, these methods provide a quantitative measure of total elemental concentration in a sample 
of simulated physiological media and cannot discriminate between an element in dissolved form or 
in particulate form. Hence, depending on the test system used, prior to quantification of dissolved 
forms, it might be necessary to subject samples to a separation (also called fractionation) procedure to 
isolate the analyte of interest from the nanomaterial of interest and other elemental ions. There are a 
variety of different separation techniques available and they can be broadly categorized based on their 
operating principle (physical, mechanical, or chemical). These techniques vary in cost, complexity, and 
efficiency. The choice of separation technique is an important component of any biodurability study 
design because, depending upon the ions or molecules of interest, the simulated physiological fluid 
composition, and the separation procedure, this step may be a source of potential artefacts.

10.6.2	 Techniques based on physical principles

Techniques based on physical principles for separation include flow field flow fractionation (FFFF)[107]
[108] and size exclusion chromatography[109][[110].

10.6.2.1	 Flow field flow fractionation

Flow field flow fractionation is a general term for a group of techniques that, analogous to 
chromatography, rely on elution times for separation of nanomaterials by particle size. Depending upon 
the system, materials can be separated with high resolution over a broad range of sizes, from 1 nm to 
100 μm[111][112]. There are two main variations of this technique, symmetric FFFF and asymmetrical 
flow field flow fractionation (AF4)[111][113]. In FFFF, a suspension is introduced into an elongated 
ribbon-like channel with an ultrafiltration membrane on one side. Because of the high aspect ratio of 
this chamber, the suspension (carrier liquid) develops parabolic laminar flow toward the outlet of the 
chamber. A cross-flow is applied perpendicularly which pushes particles toward the membrane. As the 
particle concentration along the membrane wall of the chamber builds up, the particles diffuse back 
into the flow of the chamber and become aligned with the streamlines of the parabolic flow according 
to their hydrodynamic size (smaller particles align at the apex of the parabola and are eluted faster 
than larger particles which align at the edges of the parabola near the chamber wall where velocity 
is much slower). The operating principle of AF4 is similar, though in this technique, a trapezoid-
shaped channel is used. For both FFFF and AF4, the type of ultrafiltration membrane and its potential 
to interact with dissolved and/or particulate material in a simulated physiological or environmental 
fluid is an important consideration. Reference [114] systematically evaluated the main parameters that 
directly influence the separation of AgNPs with AF4 and identified the channel spacer thickness, flow 
conditions, eluent (pH, composition, temperature, viscosity), membrane material and the properties of 
the nanomaterial itself (surface chemistry/coatings) as important factors.

10.6.2.2	 Chromatography (size exclusion, hydrodynamic)

High-performance size exclusion chromatography (HPSEC) is a powerful tool for probing the size and 
size distribution of complex materials[115][116].
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10.6.3	 Techniques based on mechanical concepts

Techniques based on mechanical concepts have included the use of membranes and also centrifugation.

10.6.3.1	 Membranes

Porous membranes are often utilized to separate and concentrate dissolved forms from particulate 
material and/or other dissolved ions. Donnan dialysis is an ion exchange technique that is based on 
establishing electrochemical and ion transport equilibriums between two solutions separated by a 
membrane. The membrane can either be a cation exchange membrane or an anion exchange membrane. 
Initially, a high concentration of the ion of interest is present in a sample on one side of a membrane 
and absent from the receiving solution on the other side of the membrane. Over time, ions of interest 
diffuse across the membrane into the receiving solution and are exchanged for the same amount of 
ions of a different analyte until equilibrium is achieved. The receiving solution is then quantified for 
the amount of ion of interest. Donnan dialysis[117] has been used to separate a wide range of metal 
ions including gold, palladium, platinum, and iron[118]. The advantage of Donnan dialysis, which utilizes 
counter diffusion or more ions through an ion exchange membrane to achieve separation, is that it is 
a simple and cost effective technique; however, it might take several hours to reach equilibrium and, 
depending upon the ion and membrane, there is potential for ion adsorption onto the membrane which 
can bias results.

Centrifugal filtration is a membrane-based technique that can be used to separate dissolved ions from 
particulate nanomaterials[46]. In this technique, a dilute aqueous sample is added to a centrifuge tube 
that contains an ultrafiltration membrane and centrifuged (typically at 4 000 × g or 5 000 × g). The 
dissolved ions pass through the membrane and are concentrated in the ultrafiltrate and the particulate 
material is retained on the membrane. Most commonly, ultrafiltration membranes with nominal 
molecular weight cut-offs of 3 000 Da to 10 000 Da are used for separation of nanomaterials. There is 
no direct conversion from Daltons (a three-dimensional molecular size) to nanometers, though these 
membranes correspond to nanomaterial sizes of approximately 1  nm to 3  nm. Centrifugal filtration 
offers several advantages, including cost effectiveness and the ability to separate nanomaterials in 
suspension without the need for ultracentrifugation. However, depending on the type of membrane and 
its potential to interact with dissolved ions, the element of interest may adsorb to the membrane and 
introduce bias[114][119].

10.6.3.2	 Ultracentrifugation

Ultracentrifugation can be used to separate dissolved forms from particulate nanomaterial. This 
technique uses centrifugal force to move nanomaterials through an aqueous suspension to the bottom 
of a centrifuge tube. The end result is a pellet of solid nanomaterials and liquid supernatant that 
contains dissolved ions. The terminal settling velocity (VTC), in units of cm s-1, for a particle subject to 
centrifugal force is described by Formula (1):

V
Cc d a

TC
p c=

ρ
η

2

18
	 (1)

where

  Cc is the Cunningham correction factor or slip correction factor;

  ρp is the particle density;

  d is the particle diameter;

  ac is the centrifugal acceleration at the particle;

  18 is the constant;

  η is the viscosity of the liquid.
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The centrifugation time to move a nanomaterial a given distance can be calculated from the ratio of the 
distance needed to move the particle and VTC.[120] From Formula 1, it is evident that because of their 
small size, very high centrifugal forces and long times are needed for separation of nanomaterials[119]
[121][122]. As such, ultracentrifugation is only applicable for separation of poorly soluble nanomaterials 
and not highly soluble nanomaterials which would continue to dissolve during the separation process.

10.6.4	 Techniques based on chemical principles

To date, a variety of approaches such as liquid-liquid extraction, solid-liquid extraction, cloud-point 
extraction, and coated magnetic particles have been developed for extraction and concentration of NPs.

10.6.4.1	 Liquid-liquid extraction

Liquid-liquid extraction is a very common method by which a compound is pulled from one solvent 
to another where these solvents are not miscible. Using this methodology, several nanomaterials were 
extracted from aqueous solutions to organic solvents through varying their surfaces from hydrophilicity 
to hydrophobicity using surfactant modification[123][124][125][126][127][128].

10.6.4.2	 Solid-phase extraction (SPE)

Solid-phase extraction (SPE) is a useful technique to separate the analyte of interest from matrix 
interferences. This technique has the added benefits of being able to pre-concentrate, does not alter 
solution chemistry, nor does it require the additional step of removal of undissolved nanomaterials 
before analysis as with ultrafiltration or ultracentrifugation[129][130]. In this technique, the solubilized 
analyte of interest is reversibly bound and retained on a selective solid phase sorbent substrate (solid 
phase extraction) or on a substrate coated with a selective sorbent (solid phase microextraction). 
The sorbent can be packed in a cartridge over which the suspension is passed, a probe such as a 
fibre is inserted into the suspension, or even a nanomaterial such as graphene[131] or functionalized 
magnetic nanoparticles[130][132][133] that is introduced directly into the suspension. Once ions are 
adsorbed onto the sorbent they are eluted from the solid phase substrate using an appropriate liquid 
and analysed by an applicable technique such as gas chromatography–mass spectrometry (GC-MS), 
liquid chromatography-mass spectrometry (LC-MS), high-performance chelation ion chromatography 
(HPCIC), ICP-MS, etc.

10.6.4.3	 Cloud-point extraction (CPE)

CPE has been used for separation and concentration in studies of several different nanomaterials 
including silver[134][135] and gold, titanium dioxide, iron oxide, C60 fullerenes, SWCNTs, and 
CdSecore/ZnSshell quantum dots[136]. Briefly, this technique involves the mixing of an aqueous 
sample with appropriate chemicals and a surfactant, incubation to promote phase separation, and 
centrifugation. The result is a two phase sample with the surfactant rich phase that contains the 
nanomaterial of interest on the bottom of a centrifuge tube and the aqueous phase that contains the 
ions of interest in the supernatant. CPE has been demonstrated to be robust for silver nanomaterials 
with a variety of different surface coatings and a range of waters containing organic and inorganic 
constituents[134] and several metals, metal oxides, and carbon-based materials[136] which make it a 
useful technique for biodurability studies in simulated environmental and physiological fluids.

10.6.4.4	 Coated magnetic particles

This technique involves the use of magnetic iron oxide nanoparticles coated with dopamine or 
glutathione to selectively capture and bind silver in particulate[137]. Briefly, coated iron oxide 
nanoparticles are mixed with an aqueous sample that contains silver nanomaterials, shaken, and 
incubated to facilitate absorption of silver to the magnetic nanoparticles. The suspension is passed 
through a cell with an inlet and an outlet and a magnetic field is applied to remove and capture the 
iron oxide nanoparticles with silver nanomaterials bound in particulate form.  The cell eluent contains 
silver in the form of ions only. The efficiency of this technique is reported to be >99 %.
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10.6.5	 Ultraviolet-visible (UV-Vis) spectroscopy

Due to concerns with these conventional systems [membranes, ultracentrifugation and capillary 
electrophoresis (CE)] of separation in environmental waters and culture media with low salt 
concentrations, the use of UV-Visible spectroscopy was recommended for nanomaterials that have 
surface Plasmon resonance (SPR)[138]. However, solutions with high concentrations of chlorides result 
in adsorption of silver chloride on AgNPs surfaces[139]. Because silver salts do not exhibit SPR, UV-
visible absorbance spectroscopy might have limited ability to detect silver nanoparticles in these types 
of solutions[140].

10.6.6	 One-dimensional mathematical models

Most recently, a one-dimensional mathematical model was developed and implemented to describe the 
coupled transport of citrate-stabilized AgNPs and dissolved silver ions in porous media[141].

10.6.7	 Single particle inductively coupled plasma-mass spectrometry (spICP-MS)

When analysing dissolved samples with ICP-MS, a steady-state signal results from measuring dissolved 
element. With single particle inductively coupled-mass spectrometry (spICP-MS), both dissolved 
elements and particles are measured. This is for the fact that with the former, when aerosols enter 
the plasma to be desolvated and ionized, the resulting ions enter the quadrupole to be sorted by their 
mass-to-charge ratios (m/z). The quadrupole spends a certain amount of time (dwell time) at each m/z 
followed by a stabilization time (settling time) before moving to the next m/z. During the settling time 
of the electronics, significant amount of the signal is not measured which might not be of significance 
for dissolved ions which produces a continuous signal; this could however be critical for suspended 
particles. Therefore, by increasing the transient data acquisition speed with the elimination of the 
settling time between measurements to enable continuous data collection without any settling time, 
it will be ensured that every particle entering the plasma is counted with the possibility of measuring 
multiple points per single particle and thus eliminating the chances that particles are missed for precise 
nanoparticle counting and sizing (Figures 2 and 3).

Y

X

Key
X time/min
Y intensity/cps

Figure 2 — Steady-state signal from dissolved analyte (>1 hour)
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Y

X

Key
X time/s
Y intensity/cps

Figure 3 — Steady-state signal from dissolved analyte (1 min., where each spike represents a 
particle)

Using this technology, the dissolution of nanoparticle could be measured primarily as a decrease in 
particle diameter as the metric of dissolution over time but also with direct measurement of released 
Ag+[142][143][144][145][146][147].

11	 Calculation of micrometre mineral particle biodurability

11.1	 General

Biodurability of particles and fibres is assessed through the determination of their halftimes and 
lifetimes.

The identification of the dissolution kinetics and the subsequent calculation of dissolution rates 
and dissolution rate constants are in turn, the necessary parameters for the calculation of particle 
biodurability.
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11.2	 Dissolution kinetics, dissolution rates, and dissolution rate constants

Dissolution kinetic studies are implemented to determine the dissolution rates and dissolution rate 
constants of particles and fibres. It has been shown that larger particles release ions in zero order 
kinetics. In general, for a zero order reaction, the reaction rate is defined as Formula (2):

Rate= − = − =D
D
[ ]

[ ]
M
t

dM
dt

k M 0 	 (2)

where

  ΔM is the change of mass of the reactant within the time interval Δt;

  Δt, M0 is the concentration of the reactant;

  t is the time of the reaction and the rate of reaction is equal to the rate constant, k, and, 
therefore, is independent of the original mass of the reactant.

It has also been shown that the dissolution of ions with most nanoparticles follow first order kinetics. 
For a first order kinetics, the reaction rate is defined as Formula (3):

Rate= − =D
D
[ ]M
t

dM
dt

	 (3)

But the reaction rate is expressed as:

− =dM
dt

k Mdiss [ ] 	 (4)

where the reaction rate is again dependent on rate constant kdiss, but also dependent on M, the mass of 
the reactant [see Formula (4)].

11.3	Dissolution kinetics and dissolution rate of larger particles and fibres

The dissolution of particles was initially described by Mercer[148]. The dissolution kinetics, rate and rate 
constants were later studied in more detail in vitro. For larger particles and fibres where the dissolution 
rate is said to follow a zero order reaction, the dissolution rate is shown to be independent of mass 
but is a function of its dissolution rate constant and a function of its surface area, A. It is also said to 
be dependent on the solvent, the diffusion of atoms or molecules through the stagnant layer of solvent 
around the particle or the diffusion to the surface of the more soluble component of a multicomponent 
particle[149][150].

The dissolution rate of a solid with a zero order reaction can then be expressed as Formula (5):

dM
dt

Ak= − diss 	 (5)

where

  A is the surface area of the particle and kdiss is the dissolution rate constant.

However, the basic principle for particle dissolution[61], which was originally described by Mercer[148], 
is that the dissolution rate of a solid is a function of its specific surface area, S. Subsequently, with 
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substituting the surface area with specific surface area S of the particle, the dissolution rate was then 
expressed as Formula (6):

d M
M
dt

k S t0











= − ( )diss 	 (6)

where

  M/M0 is the normalized undissolved mass;

  kdiss is the dissolution rate constant (mass/area/time);

  S is the specific surface area (surface area/mass);

  t is time.

Initially, S is said to be a function of particle size distribution and particle shape factor[148], but it 
changes as dissolution progresses, such that S is a function of time, S(t).

The dissolution of fibres, similar to the dissolution of silica based microparticles, has been described 
by the surface area normalized zeroth order kinetic dissolution rate law where the dissolution are 
commonly quantified using the parameter kdis and is expressed in units of ng/cm2/h. It is generally 
assumed that the rate of mass loss from fibres (M) is proportional to their surface area (A) and 
independent of time (t)[99]. With fibres however, with the assumption of cylindrical-shaped fibres 
with uniform diameter dissolving congruently from an initial mass, M0, and initial diameter, d0, the 
solving of the surface area normalized zeroth order kinetic dissolution rate law can be represented as 
Formula (7):

1
2

0

1

2

0

−








 =M

M
k t
d
diss

ρ
	 (7)

where

  ρ is the initial fibre density.

These two formulae can be solved to a formula which relates the fibre diameter, d, at time, t, to the initial 
fibre diameter, d0, density of the fibre, ρ, and the dissolution rate constant, kdiss, in Formula (8)[15]:

d t d
k t( ) = −0
2 diss

ρ
	 (8)

where

  kdiss is measured in units of mass/area/time;

  D is the fibre diameter at time, t;

  d0 is units of length such as cm;

  ρ is g/cm3.
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11.4	 Dissolution kinetics and dissolution rate of nanoparticles

The dissolution of most nanoparticles is shown to follow a first order kinetics[92][151] and, therefore, the 
dissolution rate will be dependent not only on the dissolution rate constant, kdiss,and on their specific 
surface area, S, but also on mass. This relationship is, therefore, represented as Formula (9):

dM
dt

k M= − diss 	 (9)

Similarly, it is said that the dissolution rate of smaller particles is proportional to their surface area, 
but the dissolution of small particle should be faster according to the Noyes-Whitney equation [see 
Formula (10)]:

dm
dt

DA
h

c cs= −( ) 	 (10)

where

  dm/dt is the dissolution rate;

  D is the diffusion coefficient;

  A, is the surface area;

  h is the thickness of the diffusion layer;

  cs is the saturation concentration;

  c is the bulk concentration.

11.5	Assessment of halftime estimates of particles and fibres

For zero-order processes, the halftime of particles or fibres can be calculated with Formula (11):

t
k1

2

0

2
=

 reactant

diss

	 (11)

where

  [reactant]0 is the initial concentration of the substance;

  kdiss is the dissolution rate constant (mass/area/time);

  t1/2 is the halftime.

For a zero-order reaction, the halftime decreases with decreasing initial concentration. Therefore, 
halftime for substances that dissolve by zero-order kinetics are not very useful.

Formula (12) was therefore used to determine the halftime of fibres with zero order kinetics:

1
2

0

1

2

0

−








 =M

M
k t
D
diss

ρ
	 (12)

where 1−(M/M0)1/2 is plotted against time nonlinear least squares regression modelling will yield t1/2 
and the dissolution rate constant, k[92].
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For first-order kinetics, rate constants and half-lives represent the same process and are inversely 
related as represented by Formula (13)[153]:

t
k1

2

2
=

( )ln

diss

	 (13)

where

  t1/2 is the halftime/life (in units of time);

  kdiss is (the non-normalized) dissolution rate constant (1/units of time).

11.6	Assessment of lifetime estimates for particles and fibres

11.6.1	 General

For dissolution of particles and fibres that follow zero order kinetics, two variant models are used for 
establishing their lifetime.

11.6.2	 Shrinking sphere theory

For particles, the particle lifetime estimates as modelled using a “shrinking sphere” geometry where 
the time to dissolve the sphere is defined by the diameter of the particle[153].

Using the zeroth order rate law which can also be expressed in terms of number of particles (n) instead 
of mass (M) [Formula (14)]:

dn
dt

Ak= − diss 	 (14)

and with the consideration of the surface area of a sphere as 4πr2 and considering the volume of a 

sphere as V r= 4
3

3p , the A in Formula (14) can then be expressed as Formula (15):

A Vb= 2 3/ 	 (15)

which can then be rearranged as Formula (16):

4

3

4

3

2 3

2

3p pr b r=








 	 (16)

The value of b can then be solved to be equal to 4,84.
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The volume, V of a material is defined as Formula (17):

V nVm= 	 (17)

where Vm is the molar volume of a substance and n is the number of moles [see Formula (18)].

A bn Vm= 2 3 2 3/ / 	 (18)

The value A derived above is then substituted in the zeroth order rate law above. The formula will then 
be expressed as Formula (19):

dn
dt

bV k nm= − 2 3 2 3/ /
diss 	 (19)

With further derivation, the formula will then be expressed as Formula (20):

Dt r
V km

=
diss

	 (20)

Substituting for r = d/2 (see Formula 21),

t d
k Vm

=
2 diss

	 (21)

where

  t is time (sec),

  d is the particle diameter (m),

  Vm is the molar volume (m3/mol)

  kdiss is the rate constant (mol/surface area/time).

11.6.3	 Shrinking fibre theory

Using the same zeroth order rate law once again expressed in terms of number of particles (n) instead of 
mass (M) (see Formula 22):

dn
dt

Ak= − diss 	 (22)

but with the assumption of a cylindrical shape for fibres, the lateral surface area (A) of a cylinder is 
given by A = 2π r l and its volume is given by V = π r2 l where r is the radius of the cylinder and l is its 
length with the aspect ratio (z) of the cylinder to be defined as z = r/l so that r = l/z.

Assuming cylindrical-shaped fibres and that dissolution affects only the diameter of a fibre (not its 
length), this model can be written as shown below (see Formula 23):

d d
k t

t = −0
2 diss

ρ
	 (23)

The lateral surface area (A) will then be A = 2π l2z and V r
z

= p 3
.
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The general relationship between the surface area of a solid and its volume will subsequently be 
expressed as Formula (24):

A Vb= 2 3/ 	 (24)

where b value is equivalent in Formula (25):

b
z

=2
1 3

1 3

p /

/
	 (25)

Once again, the volume of material V can be defined as Formula (26):

V nVm= 	 (26)

where n is the number of moles of substance in the cylinder and Vm is the molar volume. The A in 
Formula (24) can then be expressed as Formula (27):

A
V n

z
m−

2
1 3 2 3 2 3

1 3

p / / /

/
	 (27)

When the value of A is substituted in the zeroth order law, the formula can then be expressed as 
Formula (28):

dn
dt

V k n

z
m= −

2
1 3 2 3 2 3

1 3

p / / /

/

diss 	 (28)

With further integration and rearrangements, the formula is expressed as Formula (29):

t n z
V km

= 3

2

1 3 1 3

1 3 2 3

/ /

/ /p diss

	 (29)

and with further substitution of n and z as per earlier definitions, the formula is then represented as 
Formula (30):

t r
V km

= 3

2 diss

	 (30)

which gives the time to dissolve a fibre of radius, r.

With the definition of fibre dimensions that r d=
2

, Formula (30) can then be written in terms of the 

diameter of the fibre as Formula (31):

t d
V km

= 3

4 diss

	 (31)

11.7	 Assessment of halftime and lifetime estimates

Using these two models, lifetime estimates for number of particles and fibres could be calculated using 
Formula (21) for particles and Formula (31) for fibres as presented in Table 1[50][68][153][154][155][156]
[157][158].
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Table 1 — Halftime (calculated from kdiss) of nanoparticles with dissolution of first 
order kinetics and lifetime (estimated from shrinking sphere/fibre model) of nano and 

microparticles and fibres with zero order kinetics

Mineral particles/fibres kdiss Halftime Lifetime
Larger particles and fibres

WO3, aggregated 36,2 µm, in artificial airway 
epithelial lining fluid (pH 7,4)

2,5 ± 0,3 × 10−5 ga 
tungsten/cm2/day[68]

4 d ± 1 d  

WO3, individual 36,2 µm in artificial airway 
epithelial lining fluid (pH 7,4)

0,9 × 10−5 g tungsten/ 
cm2/daya[68]

11 db  

WO3, aggregated 36,2 µm in artificial lung 
alveolar macrophage phagolysosomal fluid 
(pH 4,5)

9,8 ± 2,9 × 10−9 g  
tungsten/ cm2/daya[68]

9 893 ± 2 549b  

Talc, 1 micron particle 1,4 × 10−11 mol 
Si/m2/sb[50]

  8 years

Chrysotile, 1 µm fibres pH 2 to 6 at 37 °C 5,9 × 10−10 mol 
Si/m2/sb[153]

  9 months to 19 
months,  
depending  
on diameter

Olivine, 1 micron particle 7,6 × 10−11 mol 
Si/m2/sb[50]

  4,8 years

Quartz, 1 micron particle 1,4 × 10−13 mol 
Si/m2/sb[50]

  5 000 years

Nanoparticles
Amorphous silica nanoparticles 2,57 × 10−12 mol 

Si/m2/s[159]
  2 years[98]

Citrate stabilized Ag 4,8 nm in deionised 
water, at 0,2 mg/L total silver

0,53/dayc[46] 1,3 d 
(31,4 h)[98]

 

Citrate stabilized Ag 4,8 nm in deionised 
water, at 2 mg/L total silver

0,023/dayc[46] 30 d 
(723 h)[98]

 

TiO2 1 nm to 24,4 nm
Industrial, In aqueous NaCl solutions at tem-
peratures of 25 and 37 °C - pH ranging between 
3,0 and 3,3.

3,3 × 10−2/hc[160] 21 h[98]  

a	 Normalized zero order rate constant.
b	 From the shrinking sphere model.
c	 Non-normalized first order rate constant.

12	Examples of micrometer mineral particles and fibres where biodurability was 
assessed using in vitro acellular systems

12.1	Glass and asbestos fibres

Dissolution rate constants of glass fibres in Gamble’s solution were found to vary from 1 ng/cm2/h to 
50 000 ng/cm2/h where the experimental conditions are shown to have an impact on dissolution[16]. 
Similar dissolution studies were also conducted for asbestos fibres and other siliceous fibres[59].

12.2	 Silicon dioxide (SiO2)

The solubility of 5  μm to 10  μm crystalline SiO2 as a function of fluid pH, particle size, and SiO2 
concentration in Gamble’s solution was assessed. The results have indicated that the solubility of SiO2 
increased significantly with higher pH, smaller particle size, and mass where smaller particle size was 
found to be the most important variable for silica solubility in experimental conditions[161].
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12.3	 Talc

Dissolution rates of a well-characterized sample of powdered talc, a hydrous magnesium silicate 
mineral with a chemical composition of Mg3Si4O10(OH)2, were measured in solvents that mimic fluids 
found in the human lung. Using the shrinking sphere model, it was found that the dissolution rate 
constant at 37 °C, determined by measuring the silicon release rate per unit surface area of talc in a 
mixed-flow reactor system, is 1,4 (±1,0) × 10−11 mol Si/m2/s. It was found that the dissolution rate of 
talc was higher than quartz, but slower than chrysotile and olivine[158].

12.4	 Tungsten oxide

The dissolution of tungsten trioxide (WO3) and tungsten blue oxides (TBOs) containing fibre-shaped 
tungsten sub-oxide particles of respirable or thoracic size, was assessed using artificial airway SUF and 
macrophage PSF. The dissolution rates of tungsten compounds were found to be one to four orders of 
magnitude slower in PSF compared to SUF. In SUF, fibre-containing WO2,66 and WO2,51 dissolved more 
slowly than tungsten metal or WO3. In PSF, all three fibre-containing TBOs dissolved more slowly than 
tungsten metal. It was concluded that the existing pulmonary toxicological information on tungsten 
compounds indicates potential for pulmonary irritation and possibly fibrosis[68].

12.5	 Beryllium

Dissolution rates of well-characterized samples of process emission dusts and industrial finished 
product powders from beryllium mining[162][163] and primary production and ceramics machining[164]
[165][166][167] facilities were measured at 37 °C. Using a static dissolution technique, it was observed 
that the beryllium dissolution rates differed widely, with range 10−5  g/cm2/d to 10−10  g/cm2/d, 
depending on the chemical form of material (metal, oxide, hydroxide, alloy, salt, silicate) and pH of 
the simulated lung fluid.  In variations of simulated lung airway fluid (Gamble’s Solution, pH 7,4), the 
beryllium release rate per unit surface area of a material was generally lower than the release rate 
in simulated phagolysosomal fluid (pH 4,5) for the same material. Release of beryllium from multiple 
chemical constituent particles such as silicate ore materials and ore processing dusts was influenced by 
the co-dissolution of silica and aluminium[162][163].

13	 Examples of nanomaterials where biodurability was assessed using in vitro 
acellular systems

13.1	 SWCNTs and MWCNTs

Biodegradability of carbon nanotubes was first demonstrated when SWCNTs, cleaned of metal 
contaminants via oxidative acidic treatment, which also induces the formation of carboxylic acid 
groups, were incubated 12  weeks with horseradish peroxidase (HRP) and hydrogen peroxide, a 
gradual degradation of the SWCNTs, could be observed. The suggestion was that this process could 
aid in the biodegradability of SWCNT, influencing their biopersistence in the environment and their 
pathogenic potential[31]. Later, using phagolysosomal simulant fluid in vitro to show length reduction 
of carboxylic acid functionalized SWCNTs over a period of 90 days, the carboxylic oxidation was 
found to introduce damage in the carbon nanotubes in the form of active sites that provided further 
oxidative degradation by the simulant fluids[168] and thus supporting the previous findings by Allen 
et al.[31]. Similar biodegradation of SWCNT in phagolysosomal fluid containing oxidative enzymes of 
inflammatory cells could also be shown by the previous two investigators[169] where it was concluded 
that the extent to which carbon nanotubes are biodegraded can be a major determinant of the scale 
and severity of the associated inflammatory responses in exposed individuals. The most recent study 
concerning the biodurability of carbon nanotubes was conducted over 24 weeks incubation of SWCNTs 
and other fibres confirming once again the importance of physicochemical properties influencing their 
biodegradability[170]. Incubation of MWCNTs in similar digestive components containing HRP and 
hydrogen peroxide, degradation of purified, oxidized, and nitrogen-doped MWNTs were observed with 
a layer-by-layer degradation mechanism[171].
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13.2	 Silver nanoparticles (AgNPs)

Using the static dissolution system followed by ultrafiltration, the dissolution rate of citrate-stabilized 
AgNPs (13,3 nm) was investigated in deionized water. A first-order rate constant (k) of 0,073 4/h for 
silver ions released from 0,05 mg/L total AgNPs was calculated at 22° C within 6 h[172]. A similar static 
system followed by ultrafiltration, the dissolution of 4,8 nm could observe a dissolution constant (k) 
value of 7,6 ug/d/m2 × 1016 ug/d/m2 and dissolution time to be ranging between 6 d to 125 d depending 
on the initial concentration of the AgNPs, and on the presence or absence of oxygen, the pH and humic 
or fulvic acids of the dissolution medium.[46] Using nanosphere lithography (NSL) to fabricate uniform 
arrays of AgNPs immobilized on glass substrates, the dissolution of AgNP in an air-saturated phosphate 
buffer (pH 7,0, 25 °C) under variable sodium chloride (NaCl) concentrations was investigated. It was 
seen that the dissolution rates varied linearly from 0,4 nm/d to 2,2 nm/d over the 10 mM to 550 mM 
NaCl concentration range tested and therefore it was concluded that the presence of NaCl can play an 
important role in AgNP fate in saline waters and biological media[139].

The dissolution of AgNPs in simulated gastric fluid was also investigated[80][81][82][83]. Although 
these and other publications have investigated the dissolution of silver ions from AgNPs, no attempts 
were made to calculate the dissolution rate constants or to assess the life time disappearance of the 
investigated AgNPs[80][83][173][174].

There are many factors that affect the dissolution of AgNPs using different environmental media. These 
include pH, dissolved oxygen[46][80], the ionic strength or hardness of the dissolution liquid, exposure 
to sunlight[175][176] and the presence of strong complexing ligands for silver where the formation of 
these complexes with silver ions is more thermodynamically favoured[177][178]. The capping agent 
might prevent the dissolution of Ag+ [178], or it might not prevent the dissolution as in the study of 
Khan, et al.[179], where the citrate-coated AgNPs still released Ag+ ions. This could be attributed to the 
fact that in high ionic strength solutions, coatings can become unstable and dissolve, leaving the NPs 
unprotected[180]. The coatings might not prevent dissolution but the kinetics of the dissolution could be 
affected[173].

Using the newly emergent spICP-MS methodology, it was possible to examine the dissolution of AgNPs 
at environmentally relevant concentrations and to quantitatively evaluate the resultant dissolution 
rates in a variety of aquatic matrices where the dissolution was measured primarily as a decrease in 
particle diameter over time with simultaneous direct measurement of released Ag+ (aq)[142][143][144]
[145][146][147]. Once again, no dissolution kinetics or dissolution rates were reported.

13.3	 Titanium dioxide (TiO2)

Titanium dioxide exists in amorphous and in three crystalline forms, i.e. anatase, rutile, and brookite, 
each of which exhibits different physical properties and photochemical reactivity. Using the static 
dissolution system followed by centrifugation, the dissolution of TiO2 nanoparticles (60 % crystalline 
anatase and 40 % amorphous phase) were investigated at different pH ranges and also in the presence 
of sodium chloride over a period of 3  000  h. Although the thermodynamic equilibrium constants 
were presented, no dissolution rate constants or life time disappearance were assessed[160][181]. 
A similar dissolution study was also conducted by others once again with no attempts to determine 
the dissolution kinetics, dissolution rate constants or halftime of the nanoparticles studied[182]. Most 
recently, the contrast in dissolution rate constants, half-lives, and static dissolution (solubility) has 
been investigated at gastric pH (1,5) and neutral lung pH for nano-anatase and nano-rutile and their 
bulk analogues[183].

13.4	 Zinc oxide (ZnO)

Using the static dissolution system followed by filtration, the dissolution of ZnO nanoparticles was 
studied in pure water as well as in environmental stimulant moderately hard water and also in two 
culture media namely Dulbecco's Modified Eagle's Medium (DMEM) and Roswell Park Memorial 
Institute (RPMI)-1640 medium. Once again, no dissolution rate constants were calculated[145], 
but the importance of size, pH, ionic strength, and adsorption of humic acid in this dissolution was 
confirmed[101][184].
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Most recently, the contrast in dissolution rate constants, halflives, and static dissolution (solubility) 
has been investigated at gastric pH (1,5) and neutral lung pH for nano zinc oxide and their bulk 
analogues[183].

14	 Biodurability of ligands

14.1	 General

Ligands play a dual role in the dissolution process, as protective role and thus decreasing dissolution or 
enhancing dissolution through a ligand-promoted process.

Functionalization of nanoparticles and fibres with ligands carrying different functional groups is 
achieved either via in situ functionalization through the introduction of these groups during the 
synthesis of nanoparticles or via post synthesis functionalization through grafting of certain organic 
groups on the preformed nanoparticles. Once inside the cell, the biodegradability of coating material 
and or ligands with functional groups (biodefuntionalization) may occur. Wide variety of engineered 
nanomaterial intentional surface functionalizations and unintentional surface coatings protect but also 
promote the dissolution of nanomaterials depending on the strength of ligand binding, composition, 
density and also on their biodurability in biological surroundings. Hence, the distinction should be 
made between the biodurability of the core nanoparticles and those of the ligands/coating material.

14.2	 Examples of ligands attached to particles where biodurability has been assessed

An example of defunctionalization through enzymatic/radical in origin could be confirmed for 
intravenously administrated PEGylated SWCNTs (PEG-SWCNTs) in liver of mice over time where organ-
dependent biodegradation of the ligands were demonstrated as PEG-SWCNTs were shown to be slowly 
defunctionalized in liver, while they were very stable against biotransformation in spleen for more than 
eight weeks[185].

Defunctionalisation of nanomaterials could also be demonstrated in vitro. For example, dissociation 
of thiolate ligands from cadmium chalcogenide nanocrystals was observed to occur at low pHs[47] 
resulting in concerns that low pH of the gastric fluid could also cause their degradation. Subsequently, 
the low pH of the gastric fluid could indeed be shown to cause degradation of PEG surface coating of 
QDs[70][84] as well as of the unintentional protein coating (corona) of nanomaterials[186]. On the other 
hand, increase in pH as well as the presence of ligands such as humic and fulvic acids[46] or sodium 
dodecyl sulfate (SDS) and Tween could inhibit the dissolution of the AgNPs[100] could inhibit the 
dissolution of AgNPs in natural waters. Similar degradation of the ligands and other coating materials 
and thus biomodification of nanomaterials were also seen with environmental samples. For example, 
the digestion of the lysophosphatidylcholine coating on single-walled carbon nanotube by Daphnia 
magna was reported providing evidence of biomodification of a carbon-based nanomaterial by an 
aquatic organism[187].

14.3	 Methodologies to assess the biodurability of the attached ligands

14.3.1	 General

Gel permeation chromatography (GPC), matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF-MS) and attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy are usually employed to assess the surface ligands attached to nanomaterials and 
liquid chromatography-mass spectroscopy-mass spectroscopy (LC-MS/MS) is useful for characterizing 
proteins that have adsorbed to the surface of nanomaterials.

14.3.2	 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) is a form of liquid chromatography, where both solid stationary 
and liquid mobile phases are used. Using GPC, it was possible to assess the biodegardability of 
polyethylene glycol, polypeptoids and poly(2-oxazoline)s that are used as ligands for nanoparticles[188].
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14.3.3	 Matrix-assisted laser desorption ionization mass spectrometer (MALDI-MS)

MALDI-TOF-MS is a versatile method to analyse macromolecules from biological origin, the general 
principle of which revolves around the rapid photo-volatilization of a sample embedded in a UV-
absorbing matrix followed by time-of-flight mass spectrum analysis[189]. Using this advanced 
methodology[190][191], the stability of monolayers on quantum dots in live cells[192] and also gold 
nanoparticles[193] was investigated where the presence of intracellular biothiols such as glutathione or 
cysteine were suggested to degrade the monolayers on these nanoparticles and thus drastically alter 
their colloidal stability and functionality.

14.3.4	 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectroscopy is usually employed to assess the surface ligands attached to nanoparticles[194]
[195][196]. This methodology can also be implemented to assess the changes and hence their biodurability 
in vitro in different biological and environmental media.

14.3.5	 Liquid chromatography coupled with mass spectrometry (LC-MS/MS)

Liquid chromatography coupled with mass spectrometry (LC-MS/MS) is a powerful analytical 
technique that combines the resolving power of liquid chromatography with the detection specificity of 
mass spectrometry where analytes are detected directly from molecular characteristics as molecular 
mass and molecular disintegration patterns in mass spectrometric method. The latter does not 
directly determine mass but, determines the mass of a molecule by measuring the m/z ratios of its 
ion. MS/MS is the combination of two mass analyzers in one mass spec instrument the first of which 
filters for the precursor ion followed by a fragmentation of the precursor ion and the second then filters 
for the product ions, generated by the fragmentation usually using in a triple quadrupole (QQQ) or a 
quadrupole time-of-flight (QTOF). Using this technique, it was possible to investigate the protein-based 
ligands around the sulfonated polystyrene and silica[197], as well gold, nanoparticles[198].

15	 Relationship with relevant international documents

15.1	 Simulated sweat

—	 ASTM D2322-00

—	 ASTM D7019-05

—	 ASTM D7020-05

—	 ASTM D7021-05

—	 ASTM D7268-06

—	 ASTM D3730-10

—	 ASTM F619-03

—	 AATCC Test Method 15-2002

—	 AATCC Test Method 125-2004

—	 ISO 105-E04:2013

—	 ISO 3160-2

—	 ISO 7620:2005 

—	 ISO 9022-12:1994

—	 ISO 11640:1993
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—	 ISO 11641:1993

—	 ISO 12870:2004

—	 ISO 17700:2004

—	 ISO 22652:2002

—	 ISO 24348:2007

—	 DIN 53160-2010

—	 EN 1811

—	 EN 12801:2000

—	 EN 13516:2001

—	 EN 16128:2011

—	 Oeko-Tex® Standard 200, 3

—	 Oeko-Tex® Standard 200, 10

15.2	 Simulated sebum

—	 ASTM D4008-95

—	 ASTM D4265-98

—	 ASTM D5343-06

15.3	 Simulated lung fluids

No standard as yet exists for simulated lung fluid.

15.4	 Simulated digestive system fluids

—	 ASTM D5517-03 A

—	 BS EN 71-9:2005+A1:2007

—	 BS EN 15517:2008

—	 DIN 53160-1:2010

—	 BS EN 12868:1999

16	 Assessing the validity of assay/test systems

Cell-free in vitro dissolution test systems have been used extensively for over 40 years. During that 
time, several investigators have compared results obtained from various dissolution test systems to in 
vivo data. Considerably more data is available for micrometre particles and fibres as there is a longer 
history of testing in the literature. One of the earliest studies was by Kanapilly et al[60] who evaluated 
the dissolution of various radiolabelled particles in different cell-free in vitro test systems using 
artificial airway epithelial airway lining fluid and compared results to in vivo studies using beagle dogs. 
The authors reported good agreement between in vitro and in vivo results for zirconium oxalate and 
strontium-90 (90Sr)-fused clay particles.  For example, using 90Sr-fused clay particles the calculated 
chemical dissolution rate constants for the cell-free test systems were 3,1  g/cm2/d  ×  10−8  g/cm2/d 
(static system) and 3,3 g/cm2/d × 10−8 g/cm2/d (continuous flow system) which agreed with the value 
of 3,4 g/cm2/d × 10−8 g/cm2/d determined in vivo. In another pulmonary study[199], it was reported 
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there was good agreement between dissolution rates of uranium tetrafluoride observed in a static 
system with Gamble’s solution containing superoxide ion compared to in vivo data from inhalation 
by rats and humans.  In a study involving dermal exposures[200], experts evaluated the dissolution of 
cobalt from cemented tungsten carbide “hard metal” discs using artificial sweat (pH 6,5) and patch 
tested cobalt-sensitized volunteers with the same discs. All discs released cobalt in artificial sweat 
and all discs elicited positive skin reactions. The authors concluded that the concentration of cobalt 
released from the discs in artificial sweat was high enough to elicit allergic contact dermatitis in cobalt-
sensitized patients.

With regard to nanoscale materials, in a series of independent studies using the same ultrafine 
(200  nm) beryllium oxide particles, chemical dissolution rate constants were determined using a 
static dissolution test system with artificial PSF (pH 4,5)[67], in vitro phagolysosomal dissolution by 
J774A.1 murine monocyte-macrophage cells[201], and in vivo using beagle dogs[202]. The calculated 
chemical dissolution rate constant in PSF (1,2 g/cm2/d × 10−8 g/cm2/d) was within a factor of two of 
the rate constant determined in vitro using the J774A.1 cell line (2,3 10−8 g/cm2/d) and showed good 
agreement to the rate constant determined in vivo (0,7 g/cm2/d × 10−8 g/cm2/d). More recently[203], 
Jeong et al. evaluated dissolution of indium oxide nanoparticles and CuONPs in an artificial lysosomal 
fluid (pH 5,5) at 1 and 28 d and measured particle toxicity in vivo using rats on several days up to 28 d 
post-exposure. Dissolution of CuONPs was very rapid, with over 97 % dissolving by day one and the 
remaining 3 % dissolving thereafter. This dissolution data tracked with the in vivo data for CuONPs that 
showed severe neutrophilic inflammation on day one but the symptoms were completely resolved by 
day 14; no pulmonary alveolar proteinosis (PAP) was observed on day 28. In contrast, the dissolution 
of indium oxide nanoparticles was slower and progressive with 0,6 % of the indium dissolved in the 
artificial lysosomal fluid on day one and 5,5 % on day 28. These dissolution data were consistent with 
observed in vivo results that showed progressively worsening neutrophilic inflammation from day one 
to day 28 and severe PAP on day 28.

While the above mentioned studies do not validate cell-free in vitro dissolution test systems in the strict 
sense, they do suggest that these tests are a starting place to produce biologically relevant data that 
will aid risk assessment of nanomaterials.

As stated by Misra et al.[29], the way forward to measure dissolution of NPs should entail (i) developing 
standard protocol(s) to measure dissolution of NPs addressing the technical difficulties of separating 
NPs from ionic species, (ii) better understanding of the complex role of physicochemical properties 
on dissolution and (iii) accounting for interaction of NPs with the exposure media and its effect on 
dissolution.

17	 Biological relevance of the dissolution assay

It is said that dissolution might be among the critical steps for some nanomaterials in determining fate 
in the environment and within the body and that dissolution over time could significantly enhance 
clearance of nanomaterials[204]. The observations that the similarities in amenability of particles to 
chemical dissolution in vitro and in vivo suggest that their susceptibility to dissolution in vitro may be a 
useful predictor to their biodurability in vivo[99].

As for pathogenicity, evidence indicated that highly soluble fibrous particles do not exhibit fibrotic 
or carcinogenic potential in animal studies. In vitro dissolution studies are therefore proposed to 
provide a rapid and more controlled alternative to classic long-term toxicity testing in animals and 
could provide useful information when performed as companion experiments with in vivo studies 
if conditions of exposure and test agent can be made similar. Although uncertainties exist about the 
specific physiological processes that occur in the lung, results from in vitro assays can provide some 
insight into the chemical reactions that influence particle and fibre dissolution. As such, both in vitro 
and in vivo dissolution studies on particles have been used to assess their biopersistence and hence as a 
measure to predict their potential chronic effects[204].
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18	 Use of biodurability tests in risk assessment and its limitations

A compilation of tests used and methodologies described in the literature to determine the dissolution 
and biodegradation of nanomaterials as indicators of biodurability is an important contribution 
to the need for rapid hazard assessment of nanomaterials and augments the ability of in vitro assay 
systems in the identification of potential adverse effects of nanomaterials[29]. We know from studies 
of micrometre-scale particles that material dissolution is an important factor in toxicokinetic or 
physiologically-based pharmacokinetic (PBPK) modelling to estimate the target tissue dose associated 
with an adverse response. In studies by Schroeter et al.[205][206] and Taylor et al.[207], dissolution of 
micrometre-scale particles was a component of clearance kinetics and dose estimation for manganese 
accumulation in the brain which is critical for translation of animal data to human health risk 
assessment of neurotoxicity. With regard to human risk assessment of nanomaterials, dissolution and 
biodurability are recognized as important components of assessments[208][209] and play a critical role 
in the development of occupational exposure limits for materials such as AgNPs (NIOSH, unpublished 
data) and in safety-by-design (prevention-through-design) efforts[210]. Ecological (non-occupational 
human, animal, and environmental) risk assessments of nanomaterials also utilize dissolution data. In 
studies of a cerium oxide nanomaterial used as a fuel additive[211], it is reported that dissolution of 
combusted cerium in simulated soft water was a factor of one hundred higher compared to the catalyst 
form. Released cerium was below levels expected to represent a risk to aquatic organisms and was 
predicted to interact with soil in the environment thereby reducing toxicological risk to soil organisms.
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Annex A 
(informative) 

 
Tables of relevant information

Table A.1 — Simulated lung extracellular fluid composition in various studies[59][158][[212][213]

Component Concentration (mg/L)
  Reference [213] Reference [212] Reference [158] Reference [59]
MgCl2·6H2O 212 212 212 212
NaCl 6 415 6 415 6 400 6 415
CaCl2·2H2O 255 193

(CaCl2)
255 318

(CaCI2 to 4H2O)
Na2SO4 79 79 179

Na2SO4·10H2O
179
Na2SO4·10H2O

Na2HPO4 148 358
Na2HPO4·12H2O

148 148

NaHCO3 2 703 2 703 2 700 2 703
C4H4Na2O6

(anhydrous)
(Sodium tartrate)

199 180
(C4H8Na2O8

(dihydrate)

180
(C4H8Na2O8

(dihydrate)

180
(C4H8Na2O8

(dihydrate)
HOC(COONa)(CH2COONa)2·2H2O
Trisodium citrate dihydrate

180 153 153 186
HOC(COONa)
(CH2COONa)2·5H2O
Trisodium citrate 
pentahydrate

C3H5NaO3

Sodium lactate
175 175 290

(60 % w/w)
175

C3H3NaO3

Sodium pyruvate
172 172 172 172

NH2CH2COOH
Glycine

118 118 118 118

CH2O
(Formaldehyde) was added in 
order to prevent the growth of 
algae or bacteria

  1 mI/I   1 mI/I

ovalbumin (when used)     445  
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Table A.2 — Phagolysosomal simulant fluid (PSF) compositions[67][69][168]

Component Concentration
(mg/L)

Concentration References [67][69][168]
Na2HPO4 (Sodium phosphate dibasic anhydrous) 142
NaCl (Sodium chloride) 6 650
Na2 SO4 (Sodium sulfate, anhydrous) 71
CaCl2.2H2O (Calcium chloride dehydrate) 29
NH2CH2COOH (Glycine) 450
C8 H5O4K (Potassium hydrogen phthalate) 4 084,6

Table A.3 — Simulated saliva (SS) compositions[57]

Composition SS 1 (g/L) SS 2 (g/L) SS 3 (g/L) SS 4 
(g/L)

SS 5 
(g/L)

KCl
(Potassium chloride)

0,720 0,720 — 0,149  

CaCl2.2H2O 
(Calcium chloride dehy-
drate)

0,220 0,220 0,228 —  

NaCl 
(Sodium chloride)

0,600 0,600 1,017 0,117 8,00

KH2PO4 
(Potassium phosphate 
monobasic)

0,680 0,680 — — 0,19

Na2HPO4 
(Sodium phosphate diba-
sic)

0,866  
(Na2HPO4·12.H2O)

0,866  
(Na2HPO4·12.H2O)

0,204  
(Na2HPO4·7.H2O)

— 2,38

KHCO3 
(Potassium bicarbonate)

1,500 1,500 — —  

KSCN 
(Potassium thiocyanate)

0,060 0,060 — —  

C6H8O7 
(Citric acid)

0,030 0,030 — —  

MgCl2.6H2O 
(Magnesium chloride hex-
ahydrate)

— — 0,061 —  

K2CO3·2H2O 
(Potassium carbonate 
hemihydrates)

— — 0,603 —  

NaH2PO4·H2O 
(Sodium phosphate mono-
basic monohydrate)

— — 0,273 —  

NaHCO3 
(Sodium bicarbonate)

— — — 2 100  

Submaxillary mucin — — 1 000 —  
α-Amylase — — 2 000 2 000  
Mucin gastric — — — 1 000  
pH 6,5 7,4 — — 6,8
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Table A.4 — Simulated gastrointestinal fluids compositions[70]

Component Concentration (g/L) gastric juice Concentration (g/L) Intestinal fluid
NaCl (Sodium chloride) 0,05 M (2,922 g/L)  
KCl (Potassium chloride) 0,094 M (7,007 822 2 g/L) 0,004 M (0,298 g/L)
K2HPO4  
(Potassium hydrogen phosphate)

0,001 4 M (0,243 88 g/L)  

CaCl2 (Calcium chloride)   0,004 5 M (0,499 g/L)
MgCl2 (Magnesium chloride)   0,002 M (0,190 g/L)
NH2CONH2 Urea   0,005 M (0,300 g/L)
Pepsin 1 mg/ml  
Mucin 3 mg/ml  
Bile salts   9 mg/ml
Pancreatin   9 mg/ml
O2 (Oxygen) 0,000 22 M 0,000 22 M
EH (Hydrogen electrode potential) +1,02 V +0,69 V
pH Reference [2] References [7] and [5]

Table A.5 — Simulated sweat (SSW) compositions[57]

Salt SSW(3)a SSW(60)a SSW(120)a SSW(240)a

NaCl (Sodium chloride) 2,92 5,49 5,49 5,49
CaCl2 (Calcium chloride) 0,166 3,32 6,64 13,28
MgSO4 (Magnesium sulfate) 0,12 0,24 0,24 0,24
KH2PO4  
(Potassium phosphate monobasic)

1,02 1,36 1,36 1,36

pH 5,4 4,5 4,5 4,5
a	 The numbers in parentheses indicate milliequivalents of calcium ions.

Table A.6 — Simulated freshwater compositions: Preparation of synthetic freshwater using 
reagent grade chemicalsa[51][214]

Water type Reagent added (mg/L)b Approximate final water quality
  NaHCO3 CaSO4·2H2O MgSO4 KCl pHc Hardnessd Alkalinityd

Very soft 12,0 7,5 7,5 0,5 6,4 to 6,8 10 to 13 10 to 13
Soft 48,0 30,0 30,0 2,0 7,2 to p7,6 40 to 48 30 to 35
Moderately 
hard

96,0 60,0 60,0 4,0 7,4 to 7,8 80 to 100 60 to 70

Hard 192,0 120,0 120,0 8,0 7,6 to 8,0 160 to 180 110 to 120
Very hard 384,0 240,0 240,0 16,0 8,0 to 8,4 280 to 320 225 to 245
a	 Taken in part from Marking and Dawson (1973)[213].
b	 Add reagent grade chemicals to deionized water.
c	 Approximate equilibrium pH after 24 h of aeration.
d	 Expressed as mg CaCO3/L.
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Table A.7 — GP2a Simulated seawater composition[51][96]

Compound Concentration  
(g/L)

Amount (g)  
required for 20 L

NaCl (Sodium chloride) 21,03 420,6
Na2SO4 (Sodium sulfate, anhydrous) 3,52 70,4
KCl (Potassium chloride) 0,61 12,2
KBr (Potassium bromide) 0,088 1,76
Na2B4O7.10 H2O (Borax) 0,034 0,68
MgCl2.6H2O (Magnesium chloride hexahydrate) 9,50 190,0
CaCl2.2H2O (Calcium chloride dehydrate) 1,32 26,4
SrCl2.6H2O (Strontium Chloride Hexahydrate) 0,02 0,400
NaHCO3 (Sodium bicarbonate)) 0,17 3,40
a	 GP stands for general purpose.

Table A.8 — Simulated Estuarine Water composition[216]

Element Concentration (µg/L)
Cr (Chromium) 0,139
Mn (Manganese) 13,1
Fe (Iron) 2,08
Co (Cobalt) 0,046
Ni (Nickel) 0,743
Cu (Cupper) 1,76
Zn (Zinc) 0,86
As (Arsenic) 0,765
Cd (Cadmium) 0,018
Pb (Lead) 0,028
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