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A systematic review of the use of single particle ICP-MS to analyse engineered nanomaterials (ENMs) in
biological samples (plants, animals, body fluids) has highlighted that efforts have focused on a select few
types of ENMs (e.g., Ag and TiO,) and there is a lack of information for some important tissues (e.g.,
reproductive organs, skin and fatty endocrine organs). The importance of sample storage is often
overlooked but plays a critical role. Careful consideration of the ENM and matrix composition is required to
select an appropriate protocol to liberate ENMs from a tissue whilst not promoting the transformation of
them, or genesis of new particulates. A ‘one size fits all’ protocol, applicable to all possible types of ENM
and biological matrices, does not seem practical. However, alkaline-based extractions would appear to
show greater promise for wide applicability to animal tissues, although enzymatic approaches have a role,
especially for plant tissues. There is a lack of consistency in metrics reported and how they are determined
(e.g. size limit of detection, and proportions of recovery), making comparison between some studies more
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DOI: 10.1039/d1en00680k difficult. In order to establish standardised protocols for regulatory use, effort is needed to: develop
certified reference materials, achieve international agree on nomenclature and the use of control samples,

rsc.li/es-nano and to create a decision tree to help select the best sample preparation for the type of tissue matrix.

Environmental significance

To better understand the toxicity, transport and transformation of engineered nanomaterials in biological tissues it is necessary to have the capability of
detecting and characterizing these materials in terms of size, number, and size distribution. This presents an analytical challenge which single particle
ICP-MS has increasingly been used to address. When applying this technique to biological matrices considerations over sample collection, storage,
preparation and analysis are important. The following presents a systematic review of the current state of the art, identifies knowledge gaps and presents
suggestions to help advance this area of research and increase confidence in and comparability between future analyses.

1. Introduction of biota in order to understand the fate and health effects of
ENMs in ecosystems and for environmental risk assessments.
Similarly, national schemes for monitoring the safety of food
at the point of sale for consumers with respect to chemical

contamination from nano forms are not available, partly

The determination of engineered nanomaterials (ENMs) in
biological samples is needed for several arenas of activity
relating to the environmental and human safety of

nanomaterials. For example, currently there are no agreed,
validated, routine methods for the environmental monitoring
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because of the difficulty of detecting ENMs in complex
matrices such as food." Detection methods are also needed
to ensure the safety of the agricultural food chain to humans,
such as the ability to detect residues of ENMs in crops,
farmed animals, and to inform on soil guidelines for ENMs.
Engineered nanomaterials, like other new substances, are
also subject to a raft of regulatory toxicity tests to ensure
their safety with respect to either the environment or human
health. Confirming the exposure is an important aspect of
experimental  design, and the current regulatory

This journal is © The Royal Society of Chemistry 2022
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environmental toxicity tests use a wide range of organisms
from microbes to fish (see Crane, et al*), sometimes with
complex test media that can alter particle behaviour.?
Bioaccumulation testing with fish may also be needed, using
a modified version of the Organisation for Economic
Cooperation and Development (OECD) technical guidance
(TG) 305.*° Mammalian toxicity tests are also conducted as
part of the safety evaluation of new chemicals, including
ENMs, and some of these specifically require the detection of
ENMs in tissues. For example, the recently revised OECD
inhalation toxicity test guidelines, TG 412 and TG 413,
require the determination of lung burdens in circumstances
where the material is biopersistent.>” The recent revision of
the Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) annexes for nanomaterials (regulation
(EU) 2018/1881) also asks for consideration of information
on the toxicokinetics of ENMs, for example, to assess uptake
beyond the organ of entry. The EU guidance on the safety
assessment of nanomaterials in cosmetics also requires an
investigation of whether material absorbed systemically is in
particulate or solubilised/metabolised form.* The European
Food Safety Authority (EFSA) ‘Guidance on Risk Assessment of
Nanomaterials to be Applied in the Food and Feed Chain:
Human and Animal Health’, requires characterisation and
determination of ENMs in regulated food and feed products.’
Consequently, there is a need for standardised methodology
for the detection of ENMs in tissue to support the regulatory
community with safety testing, as well as environmental
monitoring and public health surveillance.

It is possible to use strong acids, such as concentrated
nitric acid or aqua regia, to digest tissue samples and then
determine the total metal concentrations in the tissue using
routine inductively coupled plasma optical emission
spectroscopy (ICP-OES) or mass spectrometry (ICP-MS). Such
approaches to measuring the total metal in tissue have been
applied to aquatic toxicity tests (e.g., TiO,, Federici, et al.'”)
and dietary bioaccumulation studies (e.g,, Ag materials,
Clark, et al.™") with fish; as well as to determining total metal
in the tissues from ENM exposures in rodents (e.g., Juling,
et al.'®). However, the concern is that the dissolved versus
nano forms of metals may have different bioavailabilities and
toxicities.™® It is also becoming apparent that the target organ
pathologies from ENMs may differ in both aetiology and
magnitude of effect compared to the nearest metal salt (e.g.,
CuSO, compared to nano Cu, Al-Bairuty, et al'?).
Consequently, it is vital to know how much of the total metal
in the tissue is present in the dissolved and nano forms
respectively.

Several approaches have been attempted to understand
the presence of ENMs on/in tissues. The in situ detection of
metallic ENMs might be achieved with scanning electron
microscopy (SEM) coupled with energy dispersive X-ray
(EDX) for elemental composition, or
transmission electron microscopy (TEM) and synchrotron
spectroscopy approaches.>'® Coherent Anti-Stokes Raman
Scattering (CARS) microscopy has also been used to identify

measurements
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metallic ENMs in or on fish gills, and enhanced dark-field
microscopy has demonstrated utility in detecting metallic
nanoparticles in rodent lungs following inhalation."”"'® There
has also been effort on developing methods to extract intact
ENMs from tissue samples to produce a liquid suspension in
which the ENMs could then be quantified. Some of the early
approaches include toluene extraction of carbon fullerenes
from invertebrates, or acid extraction of acid-resistant ENMs
from fish tissues such as TiO,."**° However, light scattering
methods such as nanoparticle tracking analysis (NTA) or
dynamic light scattering (DLS) often cannot be applied to the
extracted sample; either because the sample is corrosive, or
because of interferences from other colloids or substances in
the matrix of the liquid sample. In any event, light scattering
methods have a modest detection limit of around 10 mg
L—1'15,21

In contrast, the development of single particle inductively
coupled plasma mass spectrometry (spICP-MS) has enabled
the quantification of ENMs in liquid samples, and with
detection limits in the ug L™" range, or lower. The technique
involves aspirating a dispersion of intact particles into the
hot plasma of the ICP-MS instrument. Each particle is
atomised in the extreme heat of the plasma (5000-10 000 K)
creating an ion ‘cloud’ which is detected by the instrument
operating in a time resolved mode through the use of short
dwell times. The resulting signal is proportional to the size of
the particle atomised, and the signal frequency informs on
the number of particles of a given size in the sample, as well
as aspects of concentration.>” The spICP-MS technique has
since been applied to tissue samples from animals and
plants (e.g., chicken meat, Peters, et al.;*® rice plants, Deng,
et al.*).

The technique of spICP-MS has been increasingly applied
to many different types of tissues from different organisms,
using a plethora of potential extraction methods to prepare a
liquid suspension (enzymatic, acids, alkali, etc.) (Fig. 1).
However, it is unclear which extraction methods are most
appropriate for a given ENM and matrix combination. It is
also unclear if some digestion methods work better for
certain types of metallic ENMs and biological matrices. For
regulatory testing, environmental monitoring, food safety,
clinical trials with nanomedicines, and public health
surveillance, it is desirable that an internationally agreed and
validated protocol for the preparation of a biological sample
for the determination of ENMs is available. A first step
towards this goal is to rationalise the current scientific
knowledge on methodologies in order to tease out the most
promising approaches, but also to address the utility of each
approach in terms of within and between sample variation,
detection limit, interferences, and so on.

The overall aim of the current review was to systematically
document the approaches for preparing a biological sample
for spICP-MS and to determine which approaches were the
most promising. The biological samples included the organs
or tissues collected from animals, or from plants, as well as
body fluids that might be used as a clinical sample such as
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Fig. 1 Publication trend showing the number of papers published each year where ENMs were extracted from a biological matrix and analysed by
spICP-MS. Bars outlined in solid, dashed and dotted lines indicate studies that looked at animal organs and tissues, plant tissues and biofluids

respectively.

1) AND ... 1) AND [2) OR3) OR..... 11)]
2) bio* 185
3) toxicity 153
92
4) human Papers, application notes | g
1) SIFQ}S&'\SAZ(R)R - and documents identified
sp- i from other sources.
sp-ICP-MS OR o) tissue
single particle 60 83
- i 6) plant
IcP MS ORsingle 671 P 346 | Paper titles and 111 | Full paper 74
particle ICPMS OR - -
. ) 32 abstracts reviewed reviewed
single-particle 7) enzym*
ICP-MS OR single
particle inductively 8) blood 28
coupled plasma
mass spectrometr
P Y 9) meat 16 “* used for truncation such that the search returns any
results for words starting with the root word.
10) gastr* 13 ‘AND’ requires that both search criterion are met.
‘OR’requires that at least one of the search criterion are met.
11) sweat 3

Fig. 2 Overview of systematic review process. Web of science was used to identify all peer-reviewed papers associated with the indicated topics
published since 2010. The search was conducted January 2021. The numbers show how many papers were identified with each criterion.

whole blood. To achieve this, relevant peer reviewed research
papers were systematically identified using Web of Science
and the process is summarised in Fig. 2. The review did not
consider cell suspensions (i.e., cells already isolated from
tissue), or free-living organisms that happen to be individual
cells such as microalgae or amoeba, or very small organisms
in suspensions such as plankton. Briefly, Web of Science was
used to identify all peer-reviewed papers with topics
associated with spICP-MS since 2010. This identified a total
of 671 papers (search most recently conducted January 2021).
These papers were further filtered using the ‘AND’ and ‘OR’
Booleans to identify which of the 671 papers had a topic
associated with one of the 10 criteria in boxes 2-11 in Fig. 2,

422 | Environ. Sci.. Nano, 2022, 9, 420-453

resulting in 346 papers. These papers were further filtered by
reading the titles and abstracts to identify 111 potentially
relevant papers. These papers were reviewed further and 74
were identified where ENM suspensions had been prepared
from biological samples and analysed by spICP-MS. This
number was supplemented by 9 additional published
materials from various sources such as application notes,
agency reports and journal articles that were identified
through being referenced in the short listed papers or
brought to the authors attention by participants in a
technical workshop ran by the EU funded project
NanoHarmony (www.nanoharmony.eu). The final 83
references are provided in Tables 1-3.

This journal is © The Royal Society of Chemistry 2022
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Table 1 Summary of protocols in the literature used to extract a metal-based ENMs from animal tissues

Composition,
size &

[LODygjpe] Matrix

Extraction protocol

Comments

Ref.

Enzyme extraction protocols
Ag particles
12 & 18 nm
[20 nm]

Rat stomach,
intestine, liver,
spleen kidney &
lungs

42 nm Chicken meat

[15 nm]

60 nm Chicken meat

Chicken meat &
rat liver

<20, 20, 30,
60, 110 nm
[20 nm]

60 nm Chicken meat
[20 nm]

20 nm
[10 nm]

Chicken meat,
liver & egg yolk

50 nm Earthworms

[30 nm]

40 & 60 nm Molluscs
[13.6-16.2

nm|

1 - 200 mg tissue + 2 mL digestion buffer [0.01
mol L Tris, 1% Triton X-100 and 0.001 mol L™
calcium acetate (pH 9.5)]. Vortexed for 15 s. 625
uL proteinase K solution (32 U mL™") added.
Vortexed for 10 s. Incubated at 55 °C for 16 hours

in a shaking water bath. Vortexed for 60 s. Diluted

40 000x with high purity water (HPW)

2 - 250 mg chicken paste + 5 mL enzyme solution
[3 mg mL™ proteinase K, 5 mg mL™" sodium
dodecyl sulfate (SDS), and 0.2 mg mL™" sodium
azide in 0.05 mol L ™" sodium bicarbonate (pH
7.4-7.7)]. Incubated at 37 °C in a water bath with
continuous stirring for 40 min

3 - 200 mg tissue + 4 mL digestion buffer [0.01
mol L Tris, 1% Triton X-100, 0.001 mol L™*
calcium acetate (pH 9.5)]. Vortexed for 60 s.
Ultrasound assisted extraction (UAE) (probe - 4
W) for 5 min on ice. 25 uL proteinase K (822 U
mL™") added then incubated at 35 °C for 3 hours
in a shaking water bath

Chicken meat - as protocol #3 (ref. 23)

Rat liver — adapted from protocol #3 (ref. 23) 2 mL

digestion buffer used and incubated at 55 °C for
16 hours

Adapted from protocol #3 (ref. 42) - incubation at
37 °C

4 - Adapted from protocol #3 (ref. 42) - 200 mg
tissue + 3.09 mL digestion buffer (0.01 mol L™
Tris buffer, 1% Triton X-100, and 0.001 mol L™
calcium acetate at [pH 9.5)]. Vigorous stirring for
10 minutes. 0.91 mL 0.75 mg mL™" proteinase K
solution added. Incubated at 37 °C and shaken
for 3 hours. Diluted with HPW

5 - Individuals snap frozen and ground to a
powder in liquid nitrogen. Dispersed at 333 mg
mL™" in 0.02 mol L™" hydroxyethyl
piperazineethanesulfonic acid, 25% glycerol,
0.0015 mol L™ MgCl,, 0.02 mol L™ KCI 0.0002
mol L' ethylenediaminetetraacetic acid (EDTA),
0.0002 mol L™ phenylmethylsulfonyl fluoride and
0.0005 mol L™" dithiothreitol. 0.5 mL 10 mg mL™"
collagenase and 1.5 mL 90 mg mL™" (300 U mL™)
hyaluronidase added. Incubated for 18 hours at
37 °C with shaking. 0.5 mL 1 mg mL ™" proteinase
K added. Incubated for 2 hours at 65 °C. Allowed
to cool and layered over 3 mL saturated sucrose
(130%). Centrifugation at 21 000g for 25 minutes.
Lower 1 mL sucrose portion resuspended in 3 mL
0.1% FL-70 and vortexed. Diluted 1:1 with 75%
ethanol and centrifugation repeated. Ethanol
washed particles resuspended in 0.1% FL-70,
0.01% sodium azide, brought to final volume of
10 mL

6 — Adapted from protocol #14 (ref. 117) - enzyme
solution consisted of 2 g L™" pancreatin and 2 g
L™ lipase in 0.2 mol L™ NaH,PO, and 0.2 mol
L™ NaOH adjusted to pH 7.4

This journal is © The Royal Society of Chemistry 2022

ENMs detected in ionic Ag treatment - suggested
as originating from the biogenic formation of
AgCl, AgS and AgSe

Mass recoveries of 68% & 80% achieved. Use of
AF4 reduced dissolved background

79-85% recovery of particle mass. Ag ENMs
dissolved in chicken meat and AgS particles
formed. Extracts stable for up to 3 weeks when
stored at 4 °C

Analysis with sector field ICP-MS offered lower
size detection limit for Au, Ag and TiO, ENMs

Interlaboratory comparison. Samples stored at
-130 °C for 6 months. Dissolution occurred
during storage and preparation. Suggested that
the shorter incubation time and higher enzyme
concentration used in protocol #2 resulted in
deagglomeration of particles. Average particle
number recovery of 19%

Use of a sector field ICP-MS resulted in LODy;,e

Preliminary sample preparations by enzyme
digestion were deemed to show that the method
was appropriate (details and data not shown)
High LODy;,., worse in samples with high Ag
ionic background

Particle mass recovery of ~80% achieved

35,
40

23,
86

42,
86

87

115

80,
116

106
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Composition,
size &
[LODsize]

Matrix Extraction protocol

Comments Ref.

60-80 nm Molluscs

[18 nm]

7 — Adapted from protocols #14 & 15 (ref. 107 and
117) - 1 g mollusc + 5 mL enzyme solution (3 mg
L™ pancreatin and 3 ¢ L' lipase in 0.2 mol L™
phosphate buffer solution (pH 7.4)). Vortexed for
1 minute. UAE (probe) for 10 minutes. Incubated
at 35 °C for 12 hours. Centrifugation at 1006g for
15 minutes. Supernatant diluted with HPW

8 - 2 g tissue homogenised in 2 mL perfusion
buffer. Sodium azide added at 200 mg L™". 2 mL
enzyme solution (3 g L™" proteinase K, 0.5% SDS,
0.05 mol L' ammonium bicarbonate and 200 mg
L™ sodium azide) and 0.3 mL HPW added.
Vortexed vigorously. Incubated at 37 °C for 1 hour
with stirring

As protocol #2 (ref. 40)

9 - 10 mL digestion solution (45 pg mL™"
proteinase K, 0.5% SDS, 0.05 mol L™" NH,HCO;,
PH 8.0-8.2) added per 400 mg fresh tissue.
Incubated and agitated at 50 °C for 3 hours.
Filtered with a 0.45 um syringe filter

10 - Adapted from protocol #9 (ref. 120) - 10
individuals pooled for 10 mL digestion solution

27 & 34 nm
[25 nm]

Human placental
tissue

Bivalves
Bivalves

15 nm
15 nm

Freshwater
amphipod

15 nm

TiO, particles
25, 40, 180
nm [50 nm]

Chicken meat &
rat liver

Chicken meat - as protocol #3 (ref. 23)

digestion buffer used and incubated at 55 °C for
16 hours
60 nm Molluscs As protocol #7 (ref. 65)
[27 nm]
<100 nm

<25 nm

Molluscs
Rat spleen

As protocol #4 (ref. 115)

11 - Tissue homogenised. UAE in cup horn for 5
minutes at 20% amplitude in 0.05 mol L™ Tris-
HCI buffer and 10% SDS (pH 8). Incubated with
mechanical agitation in 2 mg mL™" proteinase K
at 45 °C for 1 hour. UAE at 20% amplitude for 5
minutes, immediately diluted

12 - Tissues homogenised in 1 mL HPW. 1 mL
HPW added, UAE (bath) for 10 minutes. 5 mL
enzyme solution (50 mg mL™" proteinase K, 0.050
mol L™ ammonium bicarbonate, 0.05% SDS)
added. Incubated at 50 °C for 10 hours in a water
bath with stirring. H,0, at pH 7.5-8 added at 1:1
ratio in a water bath at 90 °C (H,O, step repeated
three times). 5 mL 0.05% SDS added, UAE (40 W)
for 10 minutes, pH then adjusted to 8-8.05 with
NaOH

13 - 200 mg ground sample + 4 mL digestion
buffer (1.25 mg mL™ Tris buffer, 0.37 mg mL™"
EDTA, 20 mg mL™ SDS, 12 mg mL™ NaCl and 16
mg mL™" glycine) vortexed for 30 s. Heated at 100
°C for 3 hours, allowed to cool. 0.91 mL 2.5 mg
mL™" proteinase K added. Incubated at 37 °C for
16 hours

As protocol #13 (ref. 103)

26 nm
[100 nm]

Fish intestine,
liver, gills, brain

Human liver &
spleen

[85 nm]

Human liver &
spleen

Human liver,
spleen & kidney
Molluscs

[50 nm]

50-500 nm
[50 nm]

50, 100 nm
[29/34 nm]

As protocol #13 (ref. 103)

14 - 1 g homogenised tissue + 7.5 mL enzyme
solution (3 g L™ pancreatin and 3 g L™ lipase in
0.2 mol L™ NaH,PO, and 0.2 mol L”! NaOH
adjusted to pH 7.4). UAE for 10 minutes at 60%
amplitude. Centrifugation at 3900 rpm for 25
minutes at 8 °C. Diluted with 1% glycerol

424 | Environ. Sci.: Nano, 2022, 9, 420-453

Rat liver - adapted from protocol #3 (ref. 23) 2 mL

Particle number recoveries of 78-94% achieved 65

Enzyme approach recovered size distribution
more accurately than alkaline approach for which
agglomeration and particle formation were
observed. Particle mass recoveries of 98-124%
and 118-133% were achieved for enzyme and
alkaline extractions, respectively

118%*

119
120

121

42,
86
65

122
123

Particle mass recovery of 70-120%

Particle number and mass recoveries of <25% 71
and 91% respectively. Low number recovery
attributed to high LODyg;,.

Particle mass recovery of 32% 103

105
Particle mass recovery of 70-76% 124

Particle number recovery of 95%. Ti 117

contamination from ultrasonic probe

This journal is © The Royal Society of Chemistry 2022
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Composition,
size &
[LODygjpe] Matrix Extraction protocol Comments Ref.
50, 100,300  Crab 15 - Adapted from protocol #14 (ref. 117) 1 g ‘Quantitative recovery’ 107
nm [31.3/37.1 homogenised tissue + 7.5 mL enzyme solution (8
nm]| g L' pancreatin and 8 g L' lipase in 0.2 mol L™
NaH,PO, and 0.2 mol L™ NaOH adjusted to pH
7.4). Incubated at 37 °C for 12 hours.
Centrifugation at 3900 rpm for 10 minutes at 8
°C. diluted with 1% glycerol
30 nm Bivalves As protocol #2 (ref. 40) 119
30 nm Bivalves As protocol #9 (ref. 120) 120
Au particles
10, 30, 60 nm Chicken meat &  Chicken meat - as protocol #3 (ref. 23) 42,
[20 nm] rat liver Rat liver - adapted from protocol #3 (ref. 23) 2 mL 86
digestion buffer used and incubated at 55 °C for
16 hours
CeO, particles
13 nm Mice lung and 16 — Adapted from protocol #2 (ref. 40) - 25 mg Low mass recovery of 6-40%, majority of particles 72
[18 nm] liver unhomogenised lung or homogenised liver + 3 being below the LODy;y.

mL enzyme solution [3 mg mL ™" proteinase K, 5
mg mL~' SDS, 0.2 mg mL™' sodium azide in 0.05
mol L™ sodium bicarbonate (pH 7.4-7.7)] and 1
mL HPW. Incubated overnight at 40 °C in water
bath with continuous stirring

20 nm Fish intestine, As protocol #12 (ref. 71)
[30-40 nm] liver, gills, brain
30-50 nm Rat liver 17 - Liver tissues lyophilised and ground to a

powder. 1.95 mL enzyme solution (0.02% (w/v)
proteinase K, 0.5% (w/v) SDS and 0.08% (w/v)
EDTA in 0.01 mol L™" Tris-HCI buffer adjusted to
pH 7.4). Vortexed. Incubated overnight at 37 °C,
while shaking in a water bath

SiO, particles

150-850 nm  Human liver, As protocol #13 (ref. 103)

spleen & kidney
100 nm-10 Chicken meat &  Chicken meat - as protocol #3 (ref. 23)

pm rat liver Rat liver - adapted from protocol #3 (ref. 23) 2 mL
digestion buffer used and incubated at 55 °C for
16 hours

13-45 nm Rat liver As protocol #11 (ref. 123)

[350 nm]

Other particle compositions

CuO - 50 nm Molluscs As protocol #7 (ref. 65)

[18 nm]

ZnO - 80 nm

[23 nm]

HgSe - Whale liver & 18 - 20 mg freeze-dried tissue defatted. Enzyme
natural brain solution [1 mg mL ™" protease and 5 mg mL™ SDS

in 0.05 mol L' ammonium bicarbonate (pH 7.4)]
added. Incubated overnight at 37 °C. Dissolved
Hg and Se washed out using centrifugal filter with
50 kDa cut off

Pb 40-750 nm Game meat 19 - Tissue mixed 1:1 with water, homogenised,

[40-80 nm] 200 mg aliquot taken. 2 mL enzyme solution
added [3 mg mL™" proteinase K, 5 mg mL™" SDS,
0.2 mg mL™" sodium azide in 0.05 mol L™
sodium bicarbonate (pH 7.4-7.7)] and 0.3 mL
water added. Incubated at 37 °C for 1 hour with
stirring. Samples iced to stop enzyme activity.
Diluted with HPW

This journal is © The Royal Society of Chemistry 2022

Particle number and mass recoveries of 91% and 71
98% respectively
125

124

42,
86

LODy;,. determined from procedural blanks. 108
Particles agglomerated - possibly as a
consequence of sample preparation

65

64

Rinsing the sample introduction system between 66
with a surfactant containing acid between

samples analyses was found to reduce carryover.
Storage for 3 days at 4 °C resulted in dissolution

of particles. Longer incubation times of 16 hours
resulted in particle dissolution

Environ. Sci.: Nano, 2022, 9, 420-453 | 425
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Composition,

size &

[LODygjpe] Matrix Extraction protocol Comments Ref.
Se 50, 100 nm Se rich yeast 20 - 200 mg yeast suspended in 5 mL water. UAE 126

[18 nm]

Alkaline extractions protocols

Ag particles
60, 100 nm
[15-20 nm]

18-20 nm
[13 nm]

50 nm
[20 nm]

30 & 80 nm

60 nm
[11 nm]

50 nm
[16 nm]

30, 70, 100
nm

100 nm

TiO, particles
60 nm

[27 nm]

Au particles
100 nm
[15-20 nm]

60 nm
[44 nm)]

30, 60 nm

30, 80 nm

23 nm
[18 nm]

Ground beef,
freshwater
crustacean,
earthworms

Rat lungs, liver,
spleen, embryo &
placenta

Earthworms

Fish liver,
intestine & gill

Shrimp, mussel,
clam, snail, fish

Fish liver

Mouse liver,
heart, lung,
spleen & kidney

Mouse skin

Shrimp, mussel,
clam, snail, fish

Ground beef
freshwater
crustacean,
earthworms
Rat spleen

Soil nematodes

Fish liver,
intestine & gill
Human breast
cancer cells

for 1 hour followed by centrifugation at 4500g for
10 minutes. Pellet resuspended in 5 mL enzyme
solution (4% driselase in 0.03 mol L Tris at pH
7.5). Incubated at 25 °C for 17 hours then
centrifugation as above. Pellet resuspended in 5
mL second enzyme solution (4 mg mL™" protease
in 0.03 mol L " Tris at pH 7.5). Incubated at 37 °C
for 17 hours then centrifugation as above. Pellet
resuspended in 5 mL 4% SDS, UAE (bath) for 1
hour, centrifugation as above. Supernatant
analysed

21 - 0.5 g tissue [or 2 mg in the case of
freshwater crustacean (Daphnia magna)] in 10 mL
20% TMAH. UAE (bath) for 1 hour. Incubated at
room temperature for 24 hours. Diluted to <1%
TMAH prior to analysis

22 - 20% TMAH added to samples, 1:20 w/v
ratio. UAE (probe) for 5 minutes, pulse mode (6
s/2 s). Mechanically shaken and incubated
overnight at room temperature. Diluted with
HPW

23 - 0.4 g homogenised powdered tissue + 20%
TMAH (1:20 w/v). UAE (bath) for 30 minutes.
Incubated overnight at room temperature. UAE
for 30 minutes. Diluted with HPW

24 - Tissue + 1 mL 25% TMAH. UAE (probe) for 5
minutes. Filtered with a 0.45 pm cellulose acetate
filter

25 - 0.1 g homogenised, freeze dried sample + 5
mL 10% TMAH. Vortexed for 30 s. Agitated at
room temperature for 2 hours. Overnight settling.
Supernatant diluted with HPW

26 - 50 mg dry liver + 0.4 mL 0.025 mol L™ CaCl,
+ 1.6 mL 25% TMAH. Vortexed for 60 s. Incubated
in the dark at room temperature for 24 hours

27 - Tissue homogenised in phosphate buffered
saline at 1:10 w/v ratio. Treated at 1:1 ratio with
0.1 mol L' NaOH or 25% TMAH. Incubated at 37
°C for 3 hours

As protocol #27 (ref. 51)

As protocol #25 (ref. 70)

As protocol #21 (ref. 67)

28 - Spleen homogenised. UAE for 1 hour. 0.2 mL
homogenate aliquot, TMAH added to a
concentration of 5%. Bovine serum albumin
(BSA) solution added at 300 BSA molecules per Au
ENM (calculated from mass and assuming 60 nm
diameter). UAE for 1 hour then mechanically
rotate overnight

29 - 0.1 mg lyophilised nematodes + 1 mL 7%
TMAH. Vortexed, 30 s. Incubated, RT, 2 hours.
Diluted with HPW

As protocol #24 (ref. 53)

30 - 1 mL 5% TMAH with 10 puL 1.5 mg mL™* BSA
added, incubated overnight at room temperature.
Diluted five-fold

426 | Environ. Sci.: Nano, 2022, 9, 420-453

Particle number and mass recoveries in the range 67
of 83-106% and 104-121% respectively

Number based and mass-based recovery of 87% 127

and 102% respectively

Particle mass recovery of 92%. Particles detected 34
in samples exposed to ionic Ag

53%

Au ENMs used to assess recovery, see below

Particle mass and number recoveries in the range 70
of 93-102% and 73-127% respectively

Particle mass and number recovery was 100 + 5%. 52*
Proteinase K digestion approach not as effective,
potentially due to high lipid content of matrix
Particle dissolution observed for acid and enzyme 51*
methods. Aggregation observed in presence of
TMAH. Alkaline method offered best recovery

128

Particle mass and number recoveries in the range 70
of 89-94% and 6-23% respectively

Particle number and mass recoveries in the range 67
of 90-95% and 88-95% respectively

Recovery using alkaline extraction was 4x higher — 43*
compared to enzyme protocol

48
Particle mass recovery using alkaline method was 53*

102% compared to 74% for enzymatic method
Higher TMAH concentrations resulted in loss of 49
ENMs, likely by dissolution or aggregation

This journal is © The Royal Society of Chemistry 2022
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Composition,
size &
[LODygjpe] Matrix Extraction protocol Comments Ref.
50 nm Clams & oysters 31 - 0.1 g tissue + 2 mL 20% TMAH. Vortexed. Alkaline method was determined to be faster and 50*
UAE for 1 hour at 37 °C. Incubated at room more effective than enzyme method. 96% and
temperature for 24 hours whilst shaking. Filtered 104% particle mass recovery when using the
using a 0.45 um cellulose acetate filter. Diluted to alkaline and enzyme approach respectively
<1% TMAH with 0.1% Triton X-100
Other particle compositions
Y, La, Ce, Pr, Clams & oysters  As protocol #31 (ref. 50) 50%
Gd, Nd -
natural
Ag,S20nm  Earthworms As protocol #23 (ref. 34) 34
Other extraction protocols
Au 40 nm Rat liver 32 - Livers snap frozen and homogenised in a Dilution in methanol resulted in higher 56
[18 nm] mortar cooled by liquid nitrogen. Samples sensitivity. 48.3% transport efficiency from total
suspended in lyse buffer (0.15 mol L™ NaCl, consumption nebuliser
0.001 mol L™" EDTA, 0.02 mol L™ Tris-HCI (pH
7.5), 1% Triton X-100). UAE in an ice bath for 15
minutes. Centrifugation for 15 minutes at 13 000g
and 4 °C. Diluted 20x in a 10% methanol mix
ZnO [95 nm] Chicken meat 33 - 1 g chicken breast cut into small pieces + 5 LODg;, was 26 nm, this increased to 95 nm in 57%

mL Tris-HCI at neutral pH. UAE (probe) for 2
minutes at 40% amplitude. Diluted with HPW

the presence of sample matrix. ‘60% extraction
efficiency’

References denoted with “*’ compare multiple extraction methods with the favoured method reported in the table.

The specific objectives were to: (i) identify key aspects of
sample collection, storage and shelf life so that a sample may
remain suitable for spICP-MS; (ii) critically evaluate the
available extraction methods for preparing a biological
sample for spICP-MS, and determine the prospect of moving
towards a standardised method that has utility for a variety
of ENMs and tissue matrices; (iii) outline the requirements
for quality assurance including the use of spike recovery tests
and other approaches in the current absence of certified
reference materials for tissues; and (iv) provide brief
guidance on instrument set up and key aspects of spICP-MS
that are relevant for tissue samples.

2. Sample collection, storage and
shelf life

The key purpose of any tissue, or whole organism, sample
collection is to ensure that: (i) a representative sample is
taken; (ii) that the sample preservation method and storage
occurs without post-mortem change, so the specimen is
preserved as close to the in vivo condition as possible and
without deterioration that might invalidate any subsequent
chemical analysis; and ideally, (iii) that the sample is
preserved in a way that enables a variety of chemical analyses
or observations so that the sample can be used for several
purposes within an experiment (i.e., the stored sample has
utility). These principles have been applied in eco/toxicology,
clinical and forensic studies for many years;*>*® and are also
clearly important to the determination of ENMs in biological
samples.

This journal is © The Royal Society of Chemistry 2022

Many aspects of sample collection are not nano-specific,
for example, the type of sample will depend on the size of
the organism. The whole body may be collected and analysed
as one sample for a whole body burden determination, or in
the case of small invertebrates the whole body samples may
be pooled to obtain enough biomass, or when the organism
is large enough to dissect, individual organs or tissues can be
collected (e.g., fish, rodents, plants). For a typical total trace
metal analysis in a tissue sample, a biomass of at least 30—
100 mg wet weight (e.g., invertebrates, zebrafish embryos) is
needed, and more usually it is convenient to collect 0.5-2 g
of tissue for acid digestion methods (e.g., organs from fish/
mammals, plant tissue). The minimum biomass required for
a reliable spICP-MS measurement is not yet agreed, but with
extra difficulties regarding procedural recoveries and the
efficiency of detection for ENMs, a similar amount, or slightly
more tissue would be prudent to collect for spICP-MS work.
Ideally, appropriate sample sizes should be taken in order to
obtain a representative sample. Here the concerns are the
same as for a traditional metal analysis, and regardless of
how the tissue is subsequently digested, homogenised, or
otherwise extracted to make a liquid sample. The issues of
technical replicates (within tissue sample variation) and
between organism or sample variation (variation within
organisms within a treatment), and variation between
experimental treatments, also apply to ENM exposures. So
far, the evidence suggests these sources of variation are not
larger than those wusually encountered in total metal
determination from ENM exposures (e.g., TiO, ENMs in trout,
Shaw, et al.*), or for spICP-MS (e.g., Ag ENMs in gut sacs,
Clark, et al.*’).
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Table 2 Summary of protocols in the literature used to extract a metal-based ENMs from plant tissues. Protocol numbers continued from Table 1

Composition,
size &
[LODygjpe] Matrix Extraction protocol Comments Ref.
Enzyme extraction protocols
Ag particles
15 nm Wheat, rape  As protocol #38 (ref. 129) Particle mass recovery of 12%. Increase in 73
seed & barley observed particle sizes suggests aggregation
10 nm Cress 34 - Tissue homogenised in 0.002 mol L™ citrate 102
buffer (pH 3.5-7). 5% macerozyme R-10 added.
Incubated at 37 °C for 24 hours
35 nm Cress roots &  As protocol #41 (ref. 130) Isotopically labelled particles used 131
shoots

17 nm [14 nm] Soybean & rice 35 - 0.1 g leaf tissue cut to small pieces. 8 mL 0.002
plant leaves mol L™ citrate buffer (pH 6) added. Macerozyme R-10
enzyme powder added at tissue : enzyme powder ratio
(w/w) of 1:3. Incubated at 37 °C for 36 hours

15 nm [14 nm] Wheat As protocol #35 (ref. 55)

15 nm [14 nm] Wheat 36 - Tissues digested in macerozyme R-10 buffer at
37 °C for 36 hours. Settling for 1 hour. Supernatant
diluted

60, 75, 100 nm Lettuce 37 — Cut to small pieces with scissors. Homogenised

in 8 mL 0.002 mol L™ citrate buffer (pH range 3.5-
7.0). 2 mL 50 mg mL™" macerozyme R-10 solution
added. Shaken in incubator at 37 °C for 24 hours.
Settled for 1 hour, gravity filtered, 0.45 um cellulose
acetate. Diluted to 20 mL with HPW

Au particles

40-100 nm Tomato plants 38 - Tissue homogenised in 8 mL 0.002 mol L™

[20 nm] & shoots citrate buffer (pH 3.5-7). 2 mL 50 mg mL™"
macerozyme R-10 solution added. Samples shaken, 37
°C, 24 hours. Settled for 1 hour, 0.1 mL supernatant
removed and diluted with HPW

13 nm [12 nm| Wheat As protocol #35 (ref. 55)
CeO, particles
29 nm Wheat, rape  As protocol #38 (ref. 129)
seed & barley
30-50, Tomato, 39 - Tissues homogenised in 9 mL 0.02 mol L 2-(N-
50-100 nm soybean, morpholino)ethanesulfonic acid (MES) buffer (pH 5).
[23-25 nm] pumpkin, 1 mL 30 mg mL™" macerozyme R-10 solution added.
cucumber Shaken at 37 °C for 24 hours. Settled for 30 minutes.

0.1 mL aliquot taken, diluted 100x in 0.020 mol L™
MES buffer. Passed through 5 kDa filter
30-50 nm Radish As protocol #41 (ref. 130)

Cu & CuO particles

Cu 79 nm Cress roots &  As protocol #41 (ref. 130)

shoots
CuO 20-100 Lettuce, kale 40 - Circular pieces of leaf cut (6.35 mm @), 2 mL 50
nm cabbage mg mL ™" macerozyme R-10 added. Shaken at 25 °C

for 24 hours
Zn & ZnO particles

Zn 69 nm Cress roots &  As protocol #41 (ref. 130)
shoots

ZnO 80-200 Lettuce ‘Macerozyme R-10 was used’

nm

Other particle compositions

Ag,S Cucumber &  As protocol #38 (ref. 129)

[20-25 nm] wheat

Pt 70 nm Cress & white 41 - 25 mg plant tissue homogenised in 8 mL 0.002
mustard mol L™ citrate buffer (pH 4.5) with UAE (probe) for 5

minutes. 2 mL macerozyme R-10 enzyme solution
added [5 mg mL™" (roots) and 25 mg mL™" (shoots)].
Shaken at 37 °C for 24 hours in a water bath. Filtered
with a 0.45 um filter

Pd 77 nm White As protocol #41 (ref. 130)

[25-30 nm] mustard

428 | Environ. Sci.. Nano, 2022, 9, 420-453

Particle number recovery of 93-102%. A TMAH 55%
approach achieved a particle number recovery of
53-58% and resulted in a shift to lower particle

sizes

Ag particles not seen in exposure with ionic Ag 132
Spiked recovery test showed no particle 133
dissolution or aggregation

134

Particle number recovery of 88%. No dissolution 129
or aggregation observed

132
Particle mass recovery of 70%. Increase in 73
observed particle sizes suggests aggregation

Sample preparation method does not impact size 135
distribution. Approximately 90% recovery

Enzyme digestion and presence of plant material 136
shown to have no impact on particles

131

137

131

No particles found in plant tissues due to rapid 138
dissolution of ZnO

139
Enzyme only extraction did not impact particle 130

size distribution. Particle number recoveries of
87% and 98% for roots and shoots respectively

Enzyme treated particle size distribution 104
comparable to pristine particles

This journal is © The Royal Society of Chemistry 2022
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Composition,

size &

[LODygjpe] Matrix Extraction protocol Comments Ref.
TiO, 30, 100 Radish 42 - Leaves and stems combined; roots processed Ultrasonication probe was not used as it was a 140
nm [20 nm] separately (approx. 20 mg). 7 mL 0.002 mol L" citrate source of TiO, particles

buffer added (pH 4.5) and homogenised. 1.5 mL
enzyme solution (0.01 g (roots) or 0.04 g (leaves and
stems) macerozyme R-10 powder in 1.5 mL HPW
added). Incubated at 37 °C for 24 hours with shaking.

Samples left to stand for 1 hour
Other extraction protocols
TiO, 19-37 Rice plant
nm [47 nm] roots & leaves

minutes) diluted with HPW

43 - Tissues + 12 mL 3:1 HNOj; : HCI. Microwave
digested (ramp to 180 °C in 5.5 minutes, hold for 9.5

Approximately 6x higher particle mass recovery — 24*
with acid relative to enzyme extraction. Broader

size distribution in acid extraction deemed to be

from more efficient extraction or changes due to

acid treatment

CuO 38 nm Lettuce 44 - Tissue homogenised in 0.010 mol L™ buffer Methanol based approach developed to minimise 141
[20 nm] solution (pH 8, KOH adjusted). UAE for 3 minutes. dissolution during extraction
CuOH, 0.5 mL aliquot taken, 3.75 mL 50% MeOH added,
[55 nm] agitated for 1 hour. 1.25 mL 1% TWEEN 20 added.
UAE for 3 minutes
Au 50 nm, Lettuce, corn, 45 -1 g leaf tissue homogenised in 20 mL 10 mM 44
CuO 37 nm, kale CAPSO buffer solution (pH 9, KOH adjusted). UAE for
ZnO 80-200 3 minutes. 0.5 mL aliquot taken, 3.75 mL 50% MeOH
nm added and agitated for 1 hour. 1.25 mL 1% TWEEN

20 added. UAE for 3 minutes

References denoted with ‘*’ compare multiple extraction methods with the favoured method reported in the table.

It is also important that the biological sample is not
contaminated or compromised by excess ENMs from the
external media, especially where the purpose is to determine
the internalised metal, or true fraction of bioaccumulated
ENMs. The separation of very small organisms such as
microalgae or plankton from suspension of ENMs is reviewed
elsewhere (Petersen, et al.”®), with suggestions of using sucrose
gradients and similar centrifugation approaches to separate
such organism from the ENMs in the external media. For whole
organisms, tissues and organs, rinsing procedures are
important to remove excess material and/or determine any
surface-adsorbed fraction. For traditional dissolved metals,
rinsing the tissue or organ with copious amounts of ultrapure
water or saline as appropriate, followed by an
ethylenediaminetetraacetic acid (EDTA) wash is usually
sufficient to remove the external fraction of excess or loosely
associated total metal. However, the extra concern for ENMs is
their propensity to agglomerate and settle onto the surface of
the tissue, and the potentially strong mechanisms by which
nanoscale particles ‘stick’ to the tissue (steric hindrance with
secreted mucus, aggregation in the ionic strength at the tissue
surface, electrostatic attraction, etc., see Handy, et al.* for fish
gills). For mucous epithelia such as the gut, the surface-
associated fraction of ENMs can be substantial (e.g:, a third of
the total metal, TiO,, Al-Jubory and Handy®’). However, the
surface-associated fraction will also depend on the exposure
dose and type of material. For instance, double washing in
saline is effective in removing 95% of surface bound Ag ENMs
from the gut of trout.”” So far, for fish tissue and the gut of
rodents at least, the experience is that ultrapure water or saline

This journal is © The Royal Society of Chemistry 2022

rinses of tissue samples, followed by an EDTA wash seems to be
effective for removing most (90% or more) of the apparent
adsorbed total metal from the surface of the tissue. This type of
washing works for exposures to metal-containing ENMs, as well
as for dissolved metals.””*%*!

Another concern for whole body burden determination is
whether it takes longer to purge organisms of their gut
contents. For regulatory tests on bioaccumulation potential
there is the option to remove the gut entirely, so the whole-
body burden is just on the remaining carcass, or to analyse the
gut separately (e.g., OECD TG 305 using fish). However, for the
body burden determination of small invertebrates (e.g,
Daphnia, earthworms), it is customary to purge the gut contents
by placing the animals in clean water/media (e.g., for 24-48 h)
prior to total metal analysis, and such approaches also seem to
work for total metals from ENMs (e.g., CuO in earthworms,
Tatsi, et al.*®). However, the transit of particulate material in
the gut lumen is not the same as dissolved metals and also
depends on particle size.** So, any purging of gut contents may
show a time-dependent influence on any particle sizes
remaining in the lumen; with a bias of smaller particle sizes
tending to remain. Regardless, the overall aim is often just to
make this external background of ENMs low enough to
measure the true body burden, so that aspects such as uptake
kinetics can be explored.*® Another source of ‘external
contamination’ includes the implements used for dissection,
and the usual procedures of acid-washing implements and the
laboratory wares, being careful to use different implements for
control animals or to dissect controls first, are also sufficient
for experiments with ENMs.
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Table 3 Summary of protocols in the literature used to extract a metal-based ENMs from biofluids. Protocol numbers continued from Table 2
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Composition,
size & [LODgj,] ~ Matrix Extraction protocol Comments Ref.
Dilution preparation protocols
Ag
12, 18 nm Rat whole 46 - Diluted 40 000x with HPW water 41
[20 nm] blood
60 nm Gastric fluids 47 - Simulated saliva, gastric juice, duodenal juice and bile juice, with and 142
without proteins diluted with HPW
100 nm x 500 Crustacean 48 - Carapace punctured with needle, contents extracted. 5 extracts 143
nm hemolymph  combined. Diluted 100-10 000x with HPW. UAE in a water bath for 10
minutes
40 nm Gastric fluids ~ As protocol #47 (ref. 142) 144
40, 60 nm Whole blood 49 - Diluted 20x with TMAH and 0.1% Triton X 145
40, 80 nm Whole blood 50 - Blood - diluted 20x with 0.5% NH,OH & 0.1% Triton-X 146
& urine 51 - Urine - diluted 20x with 0.5% HNO;
20, 40, 60, 100 Plasma & 52 - Diluted 20x with 0.1% TMAH and 0.1% Triton X and 2.8% NH,OH 147
nm [16 nm] whole blood
30, 50, 100 nm  Whole blood 53 - 0.75 mL whole blood, 0.15 mL 10% Triton-X, 1.5 mL 25% TMAH diluted 148
[10-30 nm] to a final volume of 15 mL with HPW
40, 60 nm Urine 54 - UAE for 5 minutes. Diluted 1:10 with 1% glycerol. UAE for 5 minutes 149
50 nm Gastric fluids  ‘Suspensions analysed’ 150
20, 50, 100 nm Artificial 55 - Diluted 10 000x with HPW 151
[19-21 nm)] sweat
20, 60, 100 nm  Urine, serum, 56 — Urine & serum - diluted 10x with HPW Particle number 152
[10-14 nm] whole blood 57 - Whole blood - 25% TMAH solution added to blood (5:1 v/v TMAH : recovery of 82-105%
blood). UAE for 1 hour in a cooled water bath. Incubated at RT for 24 hours.
Diluted with 0.1% Triton-X
10-100 nm Gastric fluid 58 - Diluted with HPW water to approximately 10> particles per mL 153
[20 nm]
TiO,
50, 100 nm Urine 59 — UAE for 5 minutes. Diluted in a 1:10 ratio with 1% glycerol. UAE for 5 149
[8-15 nm] minutes
30, 70, 100, 115  Urine & whole 60 - 300 puL biofluid diluted to 10 mL with HPW 154
nm blood
71 nm Urine 61 - 125 pL diluted to 10 mL with 0.1% HNO; Particle mass recoveries 155
[44-50 nm] of 67-84% achieved
Au
10, 60 nm Whole blood  As protocol #49 (ref. 145) 145
30, 60 nm Whole blood  As protocol #50 & 51 (ref. 146) 146
& urine
45 nm Rat whole Au ENMs dosed directly to fresh whole blood, diluted 50-fold with HPW 156
blood
30, 50,100 nm  Whole blood  As protocol #53 (ref. 148) 148
[10-30 nm]
5,20, 40, 60 nm  Urine, serum, As protocol #56 & 57 (ref. 152) Particle number 152
[7-11 nm] whole blood recovery of 76-122%
10-80 nm Gastric fluid  As protocol #58 (ref. 153) 153
[15 nm]
50 nm [19 nm]  Whole blood 63 - 20 uL diluted to appropriate concentrations with HPW 157
Other ENMs
Fe;0, 27-30 nm  Whole blood 64 - Diluted with de ionised water 158
Cr, Co Hip aspirate  As protocol #2 (ref. 40) 63
CeO, 30-50 nm  Gastric fluids ‘Suspensions analysed’ 159
CuO 25-55 nm
CeO, 30-50 nm  Gastric fluids ~ As protocol #58 (ref. 153) 153
[25 nm]
ZnO 80-200 nm
[35 nm]
Ce0O, 30-50 nm  Urine & 65 - Urine - filtered, 0.45 pum nylon syringe filter. Diluted 500-25 000x with 125
Plasma HPW

Ideally a biological sample would be prepared and
analysed immediately after it is collected. However, this is
often not practical or feasible, and samples will require some

430 | Environ. Sci.. Nano, 2022, 9, 420-453

66 — Plasma - diluted 500-25 000x with HPW

form of storage. Appropriate storage needs to ensure the
ENMs will not degrade through dissolution, or irreversibly
aggregate; both of which will result in changes to particle

This journal is © The Royal Society of Chemistry 2022
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sizes, size distributions and number concentrations; and
potentially cause misleading data when samples are analysed.
From the viewpoint of preserving a specimen as quickly and
closely as possible to the in vivo state, snap freezing in liquid
nitrogen and storage at —80 °C has been routinely used for
biochemistry, trace metal analysis, and aspects of
histopathology with great success. However, the effect of
storage conditions on ENMs in biological matrices has not
been thoroughly investigated. Loeschner, et al*
demonstrated that Ag ENMs in chicken meat could not be
recovered after long-term (10 months) storage at -80 °C,
likely as a consequence of dissolution, chemical
transformation and agglomeration/aggregation. Repeated

View Article Online

Critical review

defrosting of frozen samples is always best avoided, and this
can readily be achieved by aliquoting the tissue into sub-
samples prior to freezing. Freeze-drying is another way of
preparing biological samples for storage and indeed this
process is often used in the manufacture of ENMs,>”*® but
its potential to alter ENMs when freeze dried in a biological
sample has also not been properly investigated. Samples
stored by freezing can simply be thawed immediately prior to
sample preparation and analysis. For total dissolved metals,
the tissue digestion and extraction methods are well known
(e.g, Subramanian®’). However, alternative preparation
methods typically need to be applied for samples to be
analysed by spICP-MS where the metal-containing particles
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Fig. 3 A summary of the sample preparation approaches used in the literature and the biological matrices and ENM combinations to which they
have been applied. Boxes with multiple symbols indicate combinations where different approaches have been used in different studies, full details

can be seen in Tables 1-3.
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must be preserved and extracted into a suspension
appropriate for analysis, techniques that have been applied
in the literature to date are in section 3.

Storage duration is an important aspect for ENMs
preservation within a biological sample. The shelf life of a
biological sample will typically depend on the physiological
state of the organism when the sample was collected (e.g.,
respiratory distress/systemic hypoxia during euthanasia
leading to oxidative damage to the tissue), how quickly the
sample was collected and preserved, the media used for long-
term storage and the storage conditions (temperature, light,
humidity, etc.). The choice of container (e.g. plastic versus
glass) used for storage has been identified as an important
consideration for ENM recovery both in terms of mass and
particle size distribution.*” For example, Shaw, et al.>° found
that storage in plastic containers resulted in nearly a two-fold
better mass recovery for TiO, compared to glassware.

Despite the importance of sample storage, aspects of
storage condition have not been systematically investigated
for a range of ENMs and biological matrix types, therefore
technical guidance on storing legal samples for forensics or
regulatory purposes, or similar activities is some way off.
Clinical samples may be required to be stored for weeks to
years, depending on the type of study. In the case of
standards or certified materials, a shelf life of months or
years is desirable, and such long-term studies with tissue
samples containing ENMs are yet to be reported. Given the
potential for ENMs to undergo transformations during
storage it would be prudent to include spiked controls with
stored samples which may be used for quality assurance,
these considerations are discussed in section 4.

3. Extractions from biological samples

In order to analyse a biological sample by spICP-MS it is
necessary to present the sample to the instrument as a
suspension of the ENMs. Therefore, a sample preparation
method is required that can disintegrate, digest or dissolve
the biological components (i.e., the proteins, fats and
carbohydrates that make plant or animal tissue) into a liquid
phase, but at the same time preserving the integrity of ENMs
of interest. It would be advantageous if one unified method
could be developed that could extract ENMs from a broad
range of different types of tissue samples, ranging from the
soft parenchyma in internal organs such as the spleen or
liver, to very fatty tissues such as endocrine organs, through
to the hard carapaces of some invertebrate species. However,
in practice, so far, methods have been developed on a tissue-
by-tissue basis, and for a particular type of ENM (Fig. 3,

Tables 1-3).
It is also critical that the preparation method does not
create  conditions = whereby  particle aggregation/

agglomeration occurs, leading to the loss of the analyte
from the dispersion, or indeed promote any chemical
reactions that might cause particle formation leading to
false positives. The properties and reactivity of the ENM
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may also limit the utility of any extraction method. For
example, a strong acid digest may be considered
appropriate for acid-resistant ENMs, such as TiO,
particles,”>** but would be inappropriate for a material
that readily dissolves in acid such as CuO ENMs. So far,
attempts at extractions from biological matrices include
the organs from mammals and some fish, plant tissues,
and limited work on invertebrates; as well as studies on
(mammalian) blood, urine and faeces. Fig. 3 and
Tables 1-3 demonstrate the range of biological matrices
and ENM combinations that have been studied, and the
extraction approaches that have been applied to those
situations. It can be seen that, although quite a large
range of ENM compositions have been investigated, by far
the most commonly used ENM composition is Ag,
followed by TiO, and Au. For the other types of ENM
compositions, only a very limited number of matrices have
been investigated. Similarly, there is lack of studies that
have looked at certain biological matrices such as skin,
reproductive organs, bone, etc.

Inevitably, all of these methods have been intended for
metal-containing ENMs that might be detected by spICP-MS.
For the internal organs of animals and plant tissue, the most
prevalent approaches make use of enzymes or alkaline-based
extraction methods (Fig. 3, Tables 1 and 2). For biological
fluids simple dilution is typically applied (Fig. 3, Table 3),
and depending on the matrix (e.g., whole blood, plasma or
urine) the dilution has been performed with ultrapure water,
acid or alkali media. Clearly, all the different facets of a
desirable extraction method for biological samples presents a
technical challenge and a number of different approaches
have been explored including enzymatic digestions, the use
of acids or alkali, solvent extraction, physical break down and
lysation (Tables 1 and 2). The main approaches are discussed
below.

3.1 Enzyme-based extraction protocols

Enzyme-based extraction protocols have been the most widely
applied approach for the preparation of particle suspensions
from animal and plant tissues (Fig. 3). These methods are
attractive because they can break down organs or tissues to a
liquid form without transforming/altering the ENMs, at least
in the case of solid metal particles that do not have organic
coatings. Typically, for the enzymatic digestion of a tissue,
the appropriate enzyme should be selected (e.g., proteases
from muscle, lipases for fatty tissue, etc.) and presented at
the appropriate specific activity in conditions that promote
the enzyme activity (e.g:, optimum pH, presence of Mg and
ATP, substrate not limiting, etc.). Two enzymatic methods of
note are emerging from the literature. Of the 31 publications
identified in Table 1 where enzymes have been used to break
down animal organs or specific tissues, 27 of them made use
of proteinase K, while the remaining 4 used pancreatin (a
commercial cocktail of various digestive enzymes derived
from the pancreas) mixed with a lipase to break down fat. In
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the case of plant tissues, macerozyme R-10 (a mixture of
pectinase, cellulase and hemicellulase) was applied in all
cases (Table 2).

Proteinase K is active in a pH range of 7.5-12.0 (ref. 38)
and therefore has utility for a wide variety of tissues. It has
an optimum specific activity at 37 °C, but will work at higher
temperatures and is also a Ca-dependent enzyme.*® Typically
for the digestion of tissues exposed to ENMs, activation with
a reaction mixture containing 1-5 mmol L™ Ca®>" has been
used; and often in conjunction with 1% Triton X-100 and/or
0.5% sodium dodecyl sulphate (SDS) to help disperse organic
matter of the tissue homogenate (Table 1). Loeschner, et al.*
found that the addition of Ca** made no difference to the
digestion efficiency, likely because sufficient intracellular free
Ca®" was already present in the chicken meat used, as only
<0.1 umoles of free Ca®' jons are needed to activate
proteinase K.>° For enzyme digests of animal tissues to
enable subsequent determination of ENMs, up to 1 g of wet
tissue is generally used (Table 1). Considering the examples
for ENMs (Table 1), a typical digestion protocol using
proteinase K will involve: (i) physical break down of the tissue
sample using an homogenizer or ultrasonication in a buffer
solution, (ii) addition of the enzyme solution typically
resulting in a final proteinase K concentration of 0.4-8 mg
mL™" resulting in between 0.6 and 360 pg enzyme per mg
tissue being applied, (iii) incubation periods ranging between
40 minutes to 18 hours at 35-55 °C with the sample
undergoing agitation, (iv) filtration or centrifugation is
sometimes used to ‘clean’ the undigested debris from the
tissue homogenate, and (v), the resulting ‘supernatant’ is
usually sonicated and diluted to an appropriate particle
number concentration prior to analysis by spICP-MS. When
detergents are used in the initial tissue homogenisation, it
would be important to use sufficient dilution immediately
prior to analysis by spICP-MS to ensure any residual
detergent is very low (e.g., <0.1%) to minimise the risk of it
altering the behaviour of the particles or the instrument (e.g.,
detergent displacing debris from the peristaltic tubing). Of
particular note is the fact that, of the studies where enzyme
digestion is applied, the mass concentration of enzyme used
is nearly always reported. However, the more relevant metric
to be reported is the enzyme activity, which is reported in
only a small number of studies."’™* This is likely due to the
researchers involved in the studies being more familiar with
reporting units as mass per volume units. Enzyme activity is
a measure of the moles of substrate converted per unit time
and usually reported as enzyme units (U) where U = 1 pmol
min" and therefore is an indication of the enzyme efficacy at
breaking down specific tissues.

In the case of plant tissues, enzymatic digestion protocols
have focused on the use of macerozyme R-10 (Table 2) which
has an operating pH range of 3.5-7.0. A low pH media (e.g.,
pH 5.5 and lower) should be used with caution as the acidity
causes dissolution of ENMs such as Ag, ZnO and CuO.**
Wojcieszek, et al.*® provide some useful guidance on best
practices for studies investigating metal ENM uptake in
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plants, including on how to prepare and perform spICP-MS.
A typical protocol (Table 2) with this enzyme mixture for the
extraction of ENMs will involve: (i) homogenization of leaf,
shoot or root tissue in a buffer solution (pH 3.5-7), (ii)
addition of macerozyme R-10 enzyme solution resulting in a
final volume and enzyme concentration of 1-50 mL and 1-50
mg mL™" respectively, and (iii) incubation for 24-36 hours at
37 °C. As above, the enzyme solutions used were reported as
mass concentrations of powder used as opposed to enzyme
activity. In addition, the mass of plant tissues in the digests
usually went unreported, making it unclear how much
enzyme was being used per unit mass of tissue.

Concerns about interferences from ENMs, or toxic metal
ions derived from ENMs, with the enzyme activity are not
specifically investigated in the studies reviewed here. It has
been demonstrated that the application of Ag ENMs to soils
at high doses can reduce soil enzyme activity.*® In those
studies where control tissues or organs were included there
were no reports of decreased digestion efficacy relative to
those dosed with ENMs, suggesting there was no or little
impact on enzyme activity. The binding of CuO ENMs to the
tertiary structure of proteinase K has been shown to lead to
increased enzyme activity,"” but whether or not such binding
would lead to poorer recoveries is not clear. It has also been
suggested that the presence of enzymes may contribute to
the accelerated dissolution of ENMs."* Also of concern is the
potential for transformation or dissolution of material as a
consequence of long incubation times, and the loss of ENMs
during any filtration or centrifugation steps used to clean the
tissue homogenates of debris.

3.2 Alkaline extraction methods

Alkaline extractions, mainly using tetramethylammonium
hydroxide (TMAH) have been widely applied to the
preparation of animal tissues for spICP-MS (Table 1). A
typical protocol involves the addition of TMAH to give a final
concentration of 10-20% (w/v) and at a volume of 20-50 pL
per mg biological tissue resulting in a final volume in the
range of 0.25-10 mL. The exception to this is where the
samples consist of only low amounts of biomass (e.g
nematodes and cell cultures) so a larger volume of TMAH per
mg biomass was used.*®*° Digests are then often agitated or
homogenised using physical or sonication methods and
allowed to incubate for as little as 2 hours,*® but more
typically for 16-25 hours and usually at room temperature.
Before analysis, samples are diluted with ultrapure water so
that the final TMAH concentration is 1%. Any further
dilution of the digest is typically performed with 1% TMAH
or ultrapure water. A strong alkaline based protocol was
identified as being favourable over a proteinase K based
extraction protocol in instances where the organs of interest
had a high lipid content as proteinase K will not break down
the fatty tissues.’**> A number of studies raised concerns
about the agglomeration of particles in the presence of
TMAH which could potentially result in the loss of particles
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and change the in the

sample.*>*

size distribution of particles

3.3 Enzyme versus alkaline

Of the studies summarised in Tables 1 and 2 there are seven
publications that compare alkaline- and enzyme-based
approaches, of these five concluded that an alkaline-based
extraction approach was favourable over the enzyme method
studied. Ishizaka, et al> compared five extraction
approaches (2 acid, 1 enzyme, and 2 alkaline extractions) for
mouse livers containing Ag ENMs. The study found that
particle dissolution by the acid and enzyme-based
approaches made them impractical, but the two alkaline
approaches, which used either TMAH or NaOH solutions,
enabled particle size distributions to be determined,
although some agglomeration was seen with the TMAH
approach. Clark, et al®® applied enzyme digestion and
alkaline digestion, both with and without the addition of
CaCl,, to fish livers containing Ag ENMs. This work found
that the enzyme digestion was not effective at breaking down
the liver tissue and suggests that proteinase K may have not
been appropriate because of the high lipid content of the
matrix. The optimal approach was the alkaline digestion of
fish liver using TMAH, with the addition of CaCl, to prevent
the formation of AgOH and/or Ag,O species, and a recovery
of 103% was achieved.’® Zhou, et al.>® digested clam and
oyster samples containing Au ENMs and achieved high
recoveries for both alkaline- and enzyme-based approaches
(96% and 104% respectively); however, the alkaline digestion
method was favoured for being faster and more effective.
Sung, et al®> successfully digested fish liver samples
containing Au and Ag ENMs using both enzyme and alkaline
based digestion methods, however the higher recovery (102%
vs. 74%) with the alkaline method made it preferable over an
enzyme-based approach. Loeschner, et al.** came to a similar
conclusion when digesting rat spleens containing Au ENMs,
where it was found that a four-fold higher recovery was
achieved with an alkaline method over the enzyme approach.

Interestingly, a study by Vidmar, et al,”* where human
placental tissue containing Ag ENMs was digested, found that
by using a ten-fold higher concentration of proteinase K than
Loeschner, et al.,** a much higher recovery of 98-124% was
achieved. Vidmar, et al.>* concluded that the enzyme method
was favourable over the alkaline-based approach where
particle agglomeration or formation was observed. These
authors demonstrated that Ag particles formed, likely as
chlorides or sulphides, from dissolved Ag when in the
presence of tissue and TMAH. This observation was also
made by Clark, et al.>* where it was demonstrated that the
inclusion of CaCl, prevented the formation of particles from
ionic Ag. There is only one study, by Li, et al,” that
compared an enzyme- and alkaline-based digestion in plant
tissue containing Ag ENMs. These authors found a higher
recovery for the enzyme-based approach (93-102% vs. 53—
58%) and that there was no observable shift in the size
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distribution for the enzyme digest, but there was a shift to
smaller particle sizes when using a TMAH based digestion
protocol.

Overall, these comparative studies favour an alkaline-
based approach, primarily because the extractions were more
effective, quicker and offered higher recoveries relative to the
enzyme digestion approaches. However, it should be noted
that, to date, the range of ENM compositions where TMAH
has been applied is limited, mainly to Au and Ag (Fig. 3), and
its applicability to a wider range of ENM types requires
further testing. In some cases particle agglomeration and/or
formation was noted when the TMAH approach was applied.
This highlights the importance of using high purity reagents,
and they are recommended where possible. Although TMAH
is available at a purity of 98% or greater, there may be
significant impurities present which could result in particle
formation from the metal ions present in a sample, or affect
the measurement by other means. Enzyme products will
inevitably have some incidental trace metals associated with
the biological material the enzyme was derived from, and
these too must be carefully assessed. It is therefore important
to include appropriate procedural blanks and ionic controls
when processing samples; this is discussed in detail in
section 4. In the case of Ag at least, using TMAH rather than
proteinase K also decreased the background signal of
dissolved Ag thus reducing the achievable size limit of
detection (LODygjye).>

3.4 Other extraction methods

Other methods of extraction have been applied to a lesser
extent, these include strong acid digestion, solvent-based
extraction method and use of a lysis buffer. Deng, et al**
used reverse aqua regia (3:1 ratio of nitric acid to
hydrochloric acid) acid to extract TiO, ENMs from the roots
and leaves of rice plants and compared that to an extraction
using macerozyme R-10. These workers found that the acid
digest approach recovered approximately fifty-fold more
particles, and recovered the expected particle size
distribution more reliably, compared to the enzyme method.
Laughton, et al** demonstrated that a macerozyme R-10
extraction approach was inappropriate for ENMs susceptible
to dissolution, such as CuO and ZnO, due to the low pH
required for enzyme activity. This work also reported an
extraction method using 50% methanol in ultrapure water
and demonstrated the successful extraction of CuO and ZnO
ENMs from a range of leaf materials whilst successfully
preserving the particle size distribution. Tris(hydroxymethyl)
aminomethane (Tris) to lysate samples using a Tris-HCI
approach with ultrasonication has been used for the
extraction of Au ENMs from rat liver and ZnO ENMs from
chicken meat respectively.”®®” Using this approach particle
size distribution of ZnO ENMs was preserved, as determined
by comparing to the distribution determined from TEM
analysis of the freshly synthesised particles. The ‘extraction
efficiency’ for these same particles was reported to be 60%.>”

This journal is © The Royal Society of Chemistry 2022
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The aim here was to lyse the tissue using a solution that is
very hypotonic and hypo-osmotic relative to the body fluids
of the organism, thus ‘osmotic shock’ begins to break up the
tissue without the use of aggressive chemicals. Consequently,
hypotonic Tris-HCI extractions can be undertaken at neutral
pH and at room temperature (or even on ice). Provided the
hypotonic solution is in excess, the disruption of the tissue is
rapid, within minutes, and homogenization or 2-15 minutes
of ultrasonication has been used to disintegrate the tissue
(Table 1). Interestingly, testing of a Tris-HCI extraction with
and without the presence of (unspecified) protease found
that hypotonic Tris-HCI likely inhibited the enzyme activity.®’
This is no surprise, given that enzymes are also easily
denatured by osmotic shock. However, hypotonic Tris buffers
can be made from very pure ingredients, and this approach
might therefore limit the dissolved metal background
observed during analysis by spICP-MS.

A range of biofluid samples have also been prepared for
analysis by spICP-MS including, blood, urine, artificial sweat,
gastric fluids and hip aspirate (Table 3). Whole blood and
blood plasma samples have been prepared by diluting
twenty-fold with 0.1-2.5% TMAH and 0.1% Triton-X100, or
directly with ultrapure water with dilution factors of 20-40
000 fold. Urine has been analysed by diluting 10, 20 or 33-
fold with 1% glycerol, 5% HNO; or ultrapure water
respectively. Simulated gastric fluids and sweat have been
prepared by simple dilution with water prior to analysis. Hip
aspirate has also been prepared using the enzyme digestion
approach developed by Loeschner, et al.*® for chicken meat.
These approaches for bodily fluids simply attempt to lyse any
cells or other components during the dilution, and at the
same time resolve interferences due to the sample matrix by
dilution. However, the concerns are that excessive dilution
may also begin to drive dissolution, but on the other hand,
may also favour dispersion of the particles.

4. Method validation

The validation of any extraction method and subsequent
analysis is an important part of quality assurance in
analytical chemistry, and should include the estimation of
the limit of detection (LOD) and quantification, the linearity/
working range, trueness/recovery, precision, selectivity and
ruggedness/robustness.’®>® Few if any papers report on all of
these parameters, partly because the methods or approaches
needed to address these metrics have yet to be agreed for
tissue samples with ENMs. For example, agreement is needed
on how to establish the LOD when the natural particulate
background may vary in the tissue samples. However,
discussions and working groups at the International
Organization for Standardisation (ISO), the OECD, and other
bodies, are beginning the process of standardisation with the
goal of a universal approach for sample preparation in mind,
as well as the analysis and quality control measures for the
technique of spICP-MS for regulatory purposes. While there
is some guidance on spICP-MS of media samples,”® this has

This journal is © The Royal Society of Chemistry 2022

View Article Online

Critical review

not yet been developed for tissues. However, the general
guidance on method validation for analytical chemistry
(Magnusson and Ornemark®® and Thompson, et al.’’) has
also been interpreted for the determination of ENMs in
foodstuffs by Linsinger, et al®" The principles described
therein could also be applied to the determination of ENMs
in tissues.

Nonetheless, the analysis step could be validated by using
ENMs of known size distributions, synthetic solutions and
suspensions of ENMs in the extractants, and the likely
extractable material. In that circumstance, the recovery of the
‘expected’ particle sizes and metal composition could be
confirmed in the analysis. However, one should be mindful
that the ‘expected’ particle size will depend on what method
was used to establish the particle size distribution for the
stock of ENMs used in the experiments, as this may also alter
the calculated particle number concentration in those stocks
of ENMs.*” Thus, also the interpretation of how many
particles are used in the exposure of the organism. The
extraction step would remain to be validated, but if the mass
balance could be calculated, some indication of the mass
recovery might be possible.

There are currently no certified reference materials
(CRMs) for ENM particle number concentration, particle
mass concentration, particle size and the particle size
distribution in a tissue matrix, so alternative approaches to
validation need to be used. Currently, a common approach in
use for partial method validation is to determine the overall
‘procedural recovery’ from the biological sample. This
approach explores the amounts of the analyte that are
recovered, or, conversely lost in the entire process from
sample collection, preparation and analysis. By comparing
what is ‘known’ to be in the sample to what is detected a
procedural recovery can be determined, and for most
chemicals a procedural recovery of 100 + 10% would typically
be deemed acceptable. In the absence of a CRM for ENMs in
a biological matrix, the approach of spiking an unexposed
biological matrix with a known amount of ENM is often
adopted and some guidance for this is given for food.** The
use of this approach to determine the procedural recovery is
heavily influenced by two crucial factors: (i) the metric
measured by spICP-MS and (ii) how any spiking of the
sample with ENMs is performed. Ideally the procedural
recovery would be independently validated or benchmarked
against alternative analytical approaches. Unfortunately,
there is a lack of appropriate analytical approaches that are
able to quantitatively detect ENMs in complex biological
matrices. Attempts have been made to determine procedural
recoveries and validate protocols in the literature. In the
following the above problems and potential solutions are
discussed.

4.1 Particle metrics for validation by spICP-MS

There are several particle metrics that may be used for
validation of ENM extractions from biological samples
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Table 4 Quality assurance checks and technical tips to aid the analysis of different types of control or reference samples by spICP-MS. It is possible that
the presence of a biological matrix as part of the extraction process will act to prevent ENM transformation or new particle formation, this will be readily

identified by including control 3, 4, 6, and 7

Sample type Procedure Scientific purpose

Notes

1. Pristine ENM
suspension

Analysis of freshly prepared
suspension of the ENMs

2. Procedural
blank

Extraction protocol alone
(in the absence of ENMs
and biological matrix)

3. Procedural
blank with
ENMs

Extraction protocol in the
presence of pristine ENMs

4. Procedural
blank with ionic

Extraction protocol in the
presence of a dissolved

form species

5. Control Extraction protocol
non-spiked performed on non-exposed
biological control sample

sample

6. Control Extraction protocol
biological performed on non-exposed
sample spiked control sample spiked with
with ENMs ENMs

7. Control Extraction protocol
biological performed on non-exposed

sample spiked
with ionic form

control sample spiked with
ionic form

8. Certified
reference
material

Extraction protocol

including: particle number concentration, particle mass
concentration, particle size and the particle size distribution.
Of the studies included in Table 1 the favoured metric to
report recovery is particle mass concentration, with 42% of
studies doing so, while 18% wuse particle number
concentration, and 11% report both particle mass and
number. The remaining 51% of the studies do not report on
recovery, instead often referring to previous work. Within this
same group of studies 60% made efforts to check for changes
to the particle size distribution as a consequence of sample
preparation, for example by comparing ENM suspensions
extracted from exposed tissues to pristine particle
suspensions. Most of the studies in Table 1 made some
efforts to assess changes in particle size distribution.
However, these metrics are not predictive of one another. For
example, particle aggregation and agglomeration would
decrease particle number concentration, increase the mean
particle size thus shifting the size distribution to larger
particles while the particle mass concentration would remain
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To characterise the ENMs in terms of size,
size distribution and number concentration

To test for background levels of the analyte in
extraction protocol reagents

Characterisation data of the pristine ENMs
processed through the extraction protocol

To confirm particle formation is not induced
by the extraction process

To identify background level of any natural
and/or biogenic particles in samples

To demonstrate that ENMs can successfully
be processed in the presence of the biological
matrix without undergoing transformation

To confirm particle formation is not induced
by the extraction process when in the
presence of the biological sample

To demonstrate that the sample preparation
and analytical protocols can recover the
certified values from a CRM that is
comparable to the samples of interest

This data can be used to confirm/determine
the characteristics of the material being used
in the experiment and can be compared to
data from other analytical techniques

The presence of particles, or elevated baseline
signals indicate that the extraction reagents
are not of a pure enough grade and will
produce false positives in the data and/or
hinder the detection of ENMs

This characterisation data should be
indistinguishable from that for the pristine
ENM suspension. Any differences indicate
transformations (i.e. dissolution) induced by
the extraction process

An increase in the baseline signal should be
expected, however the presence of particles
would indicate their formation from the ionic
species under the extraction protocol
conditions

Particles may inherently be in the sample; in
which case these may be indistinguishable
from the ENMs added and will need to be
taken into consideration

As with #3 above, this characterisation data
should be indistinguishable from that for the
pristine ENM suspension. Spiking non-exposed
samples gives an indication of losses and
best-case scenario recoveries

As with #4, an increase in the baseline signal
should be expected, however the presence of
particles would indicate their formation from
the ionic species under the extraction protocol
conditions and in the presence of a biological
matrix

This is the best way to validate the methods
applied, however in the absence of appropriate
CRM the above control samples can be
included to give confidence in the data

unchanged. Whereas particle dissolution would reduce
particle mass concentration, particle number concentration,
mean particle size and shift the size distribution towards
smaller particles. Thus, it is important to consider these
inter-relationships when interpreting results, it is therefore
recommended that multiple particle metrics are considered
for validation purposes.”

4.2 Spike recovery tests

If the scientific objective is simply to establish the presence/
absence of particles, then detailed validation with multiple
metrics may not be needed. In some instances, spICP-MS has
been used to establish the presence of particles from
‘unknown’ samples, including hip aspirate, whale brain
tissue, mollusks and game meat.*>*® However, while such
explorations are appropriate for academic research, a more
comprehensive approach is generally needed for regulatory
purposes. Validation by measuring the procedural recovery
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from spiked samples is currently the best available approach
given the absence of CRMs for ENMs in biological matrices.
If samples are spiked at different stages of the procedure it is
possible to determine which part of the process is not
working or problematic, and so a series of spike recovery
experiments are often done for ENMs.

Typically, a stock suspension of ENMs diluted in ultrapure
water or relevant saline is spiked into the extraction matrix
and/or onto control tissues, and either analysed immediately
or left to reflect the incubation time in the intended protocol.
While this approach can identify which steps are giving poor
recoveries, for example, loss of particles due to dissolution in
an acidification step, it is important to add enough ‘spike’ to
get a clear result. Adding too little may result in poor
detection because the spike does not sufficiently exceed the
particle background already in the sample, and adding too
much can erroneously inflate the recovery to 100% or more
because the spike is swamping the matrix of the tissue
sample and is too accessible. These considerations have been
investigated and discussed for total metal spikes into tissues
where it has been identified that it is the ratio of spike: tissue
mass that is important.”® Where there is uncertainty over the
metal burden in real samples it may be useful to determine
this to inform on the appropriate level of spiking.*

Acceptable recoveries from spike recovery tests for
traditional chemicals are typically 100 + 10%. This has been
shown to be readily achievable for total metals from an ENM-
exposed tissue.”* However, the additional complexities of
working with colloids, such as ENMs, rather than aqueous
solutions, can mean that quantitative recovery is more
challenging in terms of cumulative errors and therefore
slightly less arduous targets for variation should be used.’
For spICP-MS, some authors have suggested a widening of
the procedural recovery to +25% for metallic ENMs.®” This is
also consistent with the recommended spike recovery criteria
for the analysis of lung fibre number burdens,®® which
represents a similarly challenging analytical exercise
involving tissue digestion. What may be considered an
acceptable recovery for ENMs extracted from biological
matrices and analysed by spICP-MS is likely to depend on the
characteristics of the particle of interest (size, composition
etc.) and the biological matrix, and if the data is to be used
qualitatively or quantitatively. For example, the extraction
and measurement of carbon-based ENMs (by methods other
than spICP-MS) is particularly problematic, and spike
recovery can be as low as 50%.°° Some authors report very
low spike recoveries in tissues (e.g., 7%, Xiao, et al’®) and
this would not generally be acceptable for research or
regulatory use. In many instances recovery of the full particle
size distribution may not be feasible due to analytical
limitations, primarily due to when a portion of the particles
are below the LODyg;,.. This limitation might, at least in part,
explain low procedural recoveries where the ENMs of interest
have a size range below the LODy..”°”® This and other
analytical considerations and limitations are discussed in
more detail in section 6.
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In addition, for a regulatory toxicity test or research
experiment, such as a bioaccumulation study, it is highly
desirable to include a ‘negative tissue control’ (i.e., tissue
from an organism in the unexposed control group), so that
the incidental particle background or any naturally occurring
biogenic particles in the tissue can be assessed. In the hazard
assessment of ENMs, it is also important in some cases to
understand the behaviour and toxicity of the nearest
equivalent metal salt or bulk (micron-sized) material.>"* In
such circumstances, the procedural recovery protocol could
include the reagent/extraction matrix without tissue and
spiked with the necessary ionic form or bulk material
control. Similarly, control tissue could be spiked with an
ionic or bulk form of the substance of interest. Crucially, the
ionic controls enable some understanding of how the
evolution of sparingly soluble metal species in the sample
matrix can promote particle formation (e.g., formation of Ag
particles from Ag®*, Clark, et al®®). When spiking the
extraction reagents with an ionic form of the analyte, e.g
Ag™', an increased baseline signal should be expected, but no
particle-like events where clouds of ions from the ionization
of particles reach the detector of the ICP-MS, should be
observed. If particle-like events are identified in the data, this
would indicate that the extraction reagents are promoting
particle formation from ionic species. This then suggests that
particles are likely to be formed from ionic or elemental
species of the analyte co-extracted with ENMs from the
sample matrix giving false positive results.’> When
conducting analysis of ‘bulk’ (i.e. non-nano) particles (i.e.
>100 nm) by spICP-MS the upper size limit of detection
needs to be carefully considered. This will be influenced by
many factors, and is not fully understood, but will be reached
when the particle of interest is too large for complete
ionization to occur in the plasma. The effect of the sample
matrix loading on the plasma, which can reduce the overall
ionization efficiency, may also be important.”* Adjusting the
operating mode of the ICP-MS to less sensitive setting can
extend the upper size limit by another 100 nm for gold
particles,”” but whether this would work for other ENMs is
not clear. A further difficulty in analysing bulk particles is
that conventional modern spray chambers, such as cyclonic
spray chambers, have low internal volumes (approximately 50
mL) and are designed to reduce washout and increase signal
stability by allowing only the finest aerosols, with an upper
droplet size limit of approximately 1-10 pm, to reach the
plasma. This upper limit may be even smaller for bulk
particles than droplets, which will likely have a higher
density and therefore the upper size limit for particles is
likely to be smaller than for droplets. Thus, ‘bulk’ particles
above this size do not pass through to the plasma and cannot
be detected. Recently, sample introduction systems for
single-cell ICP-MS have been developed. These systems
include syringe-driven sample introduction and micro-flow
low-pressure nebulisers with a more direct pathway to the
plasma for the aerosol, which is done in an effort to keep the
fragile and ‘large’ cells intact when they enter the plasma.
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These systems potentially offer an alternative sample
introduction for some spICP-MS applications, however there
is currently insufficient information to assess its suitability to
various types of ENMs and biological matrix types.”® A further
restriction on the detectable upper size limit is detector
saturation due to the much greater ion signal generated from
‘bulk’ particles compared with that from ENMs.

Overall, in the studies reviewed there is a lack of
consistency in the types of control samples included for
validation and how they are reported. Of the eighty-three
studies in Tables 1-3, only twenty-four reported on the use of
a procedural blank (as defined in Table 4). These studies
typically state that no particle signals were observed in the
analyses and/or a plot of the raw data signal intensities was
provided. A further ten studies stated procedural blanks were
conducted, but they were not further reported on.
Inconsistencies in the use of terminology and description in
the literature complicates attempts to compare between
studies. For example, there is often a lack of clarity on
whether the spiking of control samples is performed before
or after the extraction procedure. In addition, the term
‘blank’ has been used to mean the blank for dissolved metal
standards (not always matrix matched) in calibrations, or
with reference to unexposed and/or spiked tissues as a matrix
control. Clearly, for regulatory use, including aspects such as
food safety, it is vital that there is confidence in the results of
any procedural recovery measurements, as these will be a
foundation stone in the overall confidence in the
measurement of test samples.

From the approaches described in the literature and our
experiences at the bench using spike recovery for ENMs with
SpICP-MS, the following are recommended: (i) that a freshly
prepared ‘pristine ENM suspension’ of known composition is
analysed and used for spike recovery; (ii) that a ‘procedural
blank’ of the extraction matrix only, ie. without any
biological matrix, is used to monitor possible contamination
in the procedure; (iii) that procedural blanks spiked with a
dissolved/ionic form and the pristine ENM suspension of the
ENM under study is used to monitor for any particle (trans)
formation by the action of the conditions and reagents used;
(iv) that a control non-spiked tissue, which could also be
termed a ‘sample blank’,”” is processed and extracted to
identify the presence of any indigenous particles; and (v) that
control non-spiked tissues spiked with a dissolved/ionic form
and the pristine ENM suspension to monitor for any particle
(trans)formation by the extraction in the presence of the
tissue matrix. We recommend that terminology should be
clearly defined in relevant publications and suggest the
adoption of an agreed set of terms, such as those outlined
above and summarised in Table 4.

4.3 Matrix effects and interferences with procedural recovery
experiments

While the spike recovery in the presence of a tissue/biofluid
approach was the most common method of validation in
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forty-nine of the extraction protocols reported in Tables 1-3,
very few explored the details of how the recipe of the
extraction reagent or the matrix of the tissue homogenate
affected the apparent recovery of ENMs from the sample. In
the case of Ag materials, the presence/absence of tissue and
the composition of the extraction reagent has been shown to
affect the recovery in terms of particle number
concentration.>® High mmol L™ concentrations of cations in
the extraction reagent is a concern for particle aggregation,
while the presence of up to 5 g L' NaCl has shown no effect
on the nebulization efficiency during aspiration of the
sample into the ICP-MS.*> The high salt concentration will
affect the sensitivity of the instrument through signal
suppression due to the easily ionizable element effect, and
there may be salt deposition on the sampler, skimmer cones,
and possibly the first extraction lens. This could lead to a
negative bias with respect to the particle size and mass
concentration estimates if calibration standards were
prepared in a different matrix to that of the samples.

The presence of endogenous, natural or biogenic (or
combination thereof) metal-containing particles is likely to
be expected in some tissue samples.**>*’® In particular this
may be expected in instances where the element of interest is
ubiquitous and/or occurs in natural colloids.”’ Where
possible, in such instances it may be necessary to include
appropriate control samples, such as negative control tissues,
to show relative contributions of incidental particles and
ENMs.

4.4 Comparative approaches for assessing the trueness of the
size distribution and mass recovery

Recovery may be considered in terms of both the particle
mass and number recovery, and particle size distribution. All
are important because the mass recovery alone does not
indicate if there is any size effect. One approach to assess
this is to compare the size distribution of the extracted ENMs
in the presence and absence of the biological matrix with
that of the original pristine particle suspension. Assuming
that the particles are not transformed or modified in any way
by the tissue, or sample preparation process, the particle size
distributions of each of the above should be identical. For
example Makama, et al®® showed that Ag ENMs extracted
from earthworms had a comparable size distribution to the
pristine particles and determined their sample preparation
protocol to be appropriate. Modrzynska, et al.”> also applied
this comparative approach to CeO, ENMs, following an
enzyme-based extraction protocol in the absence of biological
matrix, it was found that the median particle size reduced
from 50 to 35 nm when compared to the pristine suspension.
An approach that has been used to quantify the mass
recovery is to calculate the total mass of the element of
interest in both particulate and dissolved form from spICP-
MS analysis, and compare this to the total mass of the
element of interest in the same sample when determined
using conventional ICP-MS.** Agreement between the two
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analyses demonstrates quantitative mass recovery for the
method, however this does not give an indication of if the
ENMSs of interest were preserved.

One concern for the regulatory acceptance of a
standardised protocol for detecting ENMs in biological
samples by spICP-MS is that both the extraction techniques
and the measurement method are relatively new applications.
Although there are several technical documents that provide
that guidance regarding the analysis of samples by spICP-MS
(e.g. ISO/TS 19590:2017),%° there is limited guidance
regarding sample preparation, especially in regard to complex
solid samples such as biological tissues. The guidance
document CEN/TS 17273:2018 suggests using an enzymatic
digest approach for sample preparations of foods and
biological samples prior to analysis by spICP-MS and outlines
that a stepwise evaluation should be applied to evaluate the
appropriateness of a protocol.*’ The weight of evidence for
the use of spICP-MS for detecting ENMs in complex
biological matrices has increased quickly through active
research (Fig. 1, Tables 1-3). To increase regulatory
acceptance  with international bodies involved in
standardisation, such as the OECD, any results would ideally
be confirmed by using an independent analytical method to
determine the presence and composition of particles in the
extractant.

Transmission electron microscopy is frequently used to
establish the mean particle size and size distribution, and
these typically compare favourably with spICP-MS. The
advantage of TEM over spICP-MS is that it is one of the few
methods capable of providing information on the
morphology of particles, the LODy;,. is only a few nm, and if
coupled with X-ray methods (e.g., XRD) information on the
chemical composition can also be obtained. The drawback to
TEM is that it can be a time and labour-intensive method
that will typically include only a relatively small number of
particles with the potential for user bias to play a role.
Because only small areas of samples can be imaged by TEM
it is not well suited to imaging complex biological samples
(or extracts) containing ENMs which will be difficult to locate
and identify unless present at extremely high
concentrations.®”  Therefore, while such independent
methods of validation were used in pioneering papers
establishing the technique of spICP-MS analysis of water
samples,®’ it is not generally considered for studies on tissue
samples, this is reflected by the lack of TEM images used to
directly identify and characterise ENMs in biological tissues
in the studies reviewed here.

5. Moving towards CRMs for ENMs in
biological matrices

For regulatory testing purposes, it is usual to include a CRM
in the sample run to confirm the entire procedure is working
as expected. Such CRMs are widely available for different
types of biological matrices for total metals and for some
organic chemicals. Certification of reference materials
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typically starts with a certifying body assessing market need,
then collecting and preparing a sample, which is then
distributed to a range of participating laboratories that will
use their own in-house methods for preparation and analysis.
This will ideally result in the reference material being
certified for the metrics of interest with an associated
uncertainty. It is recognised that the matrix of the tissue can
influence the measurement and a CRM should ideally be
matched as closely as possible to the experimental sample
being analysed. So, for example, for a shellfish sample, one
might use a mussel or oyster CRM. The use of CRMs in new
method development is to be recommended in order to give
confidence in the data and demonstrate the validity of said
method. If the results obtained by the approach used are in
statistical agreement with the values of the CRM, then it can
be argued that the method is validated for that tissue, and
the specific analyte. In addition to, or in the absence of a
CRM, in-house reference materials are sometimes used. In-
house reference materials are not certified by an approved
body but are from a sample that has been measured
numerous times by the same laboratory and therefore the
workers have a high degree of confidence in the expected
data, although any in-built laboratory method bias is not
accounted for. For quality assurance purposes it is therefore
good practice for a CRM and/or an in-house reference
material to be analysed alongside real samples at regular
intervals.

Unfortunately, there are currently very few CRMs for
ENMSs, and these are only for pristine particle suspensions or
powders. For instance, gold ENMs are available from the
Laboratory of the Government Chemist (LGC) in the UK and
the National Institute of Science and Technology (NIST) in
the USA, with guidance on storage, how measurements were
made (e.g., spICP-MS), the uncertainty of the measurement,
and instructions for use. These materials can, of course, be
used to validate the spICP-MS measurement process, which
should include mean particle size, particle number
concentration and particle mass concentration, but this does
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Fig. 4 A comparison of spICP-MS LODq;,. determined theoretically by
Lee et al.*°° to those reported in the literature cited in Tables 1-3.
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not confer any validity on any extraction procedure used for
sample preparation of ENMs in a biological matrix.

Thus, there is a need for tissue-based CRMs for ENMs.
Certifying a tissue sample for the above ENM parameters
would involve at least three steps: (i) the production of a
biological material containing the ENM(s) of interest, (ii)
conducting inter-laboratory comparisons on the materials for
the ENM(s) using expert laboratories with knowledge of how
ENMs behave in tissues and spICP-MS, and (iii) assessment
of the data realised for validity. All of these steps should be
overseen by an organization accredited to ISO 17034,** and
therefore meeting the general requirements for the
competence of reference material producers. Inter-laboratory
testing of test suspensions (Montoro Bustos, et al®®), and
complex matrices (chicken meat, Grombe, et al,*® Weigel,
et al;* confectionary, Geiss, et al.®®) have previously been
undertaken. However, these have had varying results, with
some complications. For example, only around 25% of the
particulate Ag could be recovered following spiking onto
chicken meat, suggesting it is dissolving in the tissue
matrix.*’

The production of a CRM is therefore not a trivial matter,
in addition to being comprehensively characterised, an ideal
CRM must be homogenous, and reasonably plentiful and
stable over long periods of time (years) to ensure its longevity
and acceptance. The fact that long-term storage of ENMs in
biological tissues has been shown to be problematic is of
particular concern.*>** The production of a CRM for ENMs
in a biological matrix is complicated further by the fact that
in an ideal situation a wide range of ENM and matrix types
would be available, each with a range of particle sizes and
particle concentrations. Each of these factors may impact on
final results, for example it would be inappropriate to use a
chicken meat CRM with a high concentration of 60 nm Au
ENMs when the samples of interest might be oysters
containing low levels of 20 nm Ag ENMs. One possibility is
that existing CRMs may already inherently contain particles,
so could serve as a CRM for ENMs in a biological matrix.
However, this has yet to be investigated.

The production of a comprehensive range of CRMs to
cover the wide range of ENM compositions and biological
matrices, such as those in Fig. 3, and for a range of particle
sizes and concentrations is not feasible at the present time.
However, the research community could benefit from a
limited number of CRMs, for example for a select few
particles that may exemplify compositions susceptible or
resistant to chemical changes (e.g., Ag and TiO,) and within a
select tissue (e.g., liver). The possibility that existing CRMs
for metals may inherently contain a particle population that
may be used is an option that has not been explored. For
example, decapod crustaceans and marine bivalves are
known to make endogenous metal-containing granules as
part of their defences for metal sequestration.®® Therefore,
the detection of particles in existing CRMs for shellfish is an
interesting prospect, such as ‘ERM-CE278k mussel tissue’
available from the EU Joint Research Centre. This type of
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material would fit with the recent proposal for representative
test materials,”® with the possibility of certification for any
natural ENMs at a later date, if these were detected and
found to be stable within a homogenous matrix. Approaches
to reference materials for nano have been discussed.”"* In
addition to any CRMs that may become available, appropriate
control and spiked samples should be included, in line with
the recommendations in section 4 above.

6. Practical considerations for
nanomaterial measurement by splCP-
MS

There is much guidance published elsewhere on the practical
application of spICP-MS.®*’*81:93798 The following provides
an overview of the key considerations particularly in the
context of analysing biological samples by spICP-MS.

6.1 Precision and accuracy for tissue samples by spICP-MS

In the routine analysis of tissues using a validated method
for total trace metal concentration, it is expected that
repeated sub-sampling, preparation and analysis of a
homogenised sample will yield values that are in statistical
agreement. For total dissolved metals in aqueous samples,
the precision is often reported as the coefficient of variation
of the sample measurement and is typically only a few
percent and should certainly be <5% variation. In such
circumstances, factors such as analyte stability in the sample
and small amounts of instrumental drift are the causes of
variation. However, from a biological perspective, it is the
precision obtainable from extractions of sub-samples of the
bulk tissue rather than a single digest that is important. The
within tissue variability of the tissue sample is determined by
taking multiple sub-samples of the tissue (e.g., six sub-
samples from one piece of meat) and digesting or extracting
each one separately, then analysing each sample by ICP-MS.
This measurement represents the precision of the entire
procedure and the sources of variation could be the
heterogeneous nature of the tissue itself, random and
systematic errors in the digestion/extraction protocol and any
instability from the ICP-MS instrument. The procedural
precision for a tissue sample has been reported for repeated
measures of total Ti from TiO, in trout skeletal muscle and is
typically <5% and within acceptable limits.>® However,
preparing ENM suspensions from tissue homogenates for
analysis by spICP-MS is more challenging, as is the
measurement method compared to a conventional total
dissolved metal concentration measurement by ICP-MS. It
therefore raises the concern that <5% variation could be too
stringent for within tissue sample precision for spICP-MS.
The between tissue sample variation (i.e., differences between
the same tissues in individual animals in an experimental
treatment), reflects the biological variation within a
treatment. This variation is widely reported in terms of
standard deviations or standard errors on mean values for a
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treatment, and of course, provided the within tissue sample
precision is very good, the variation between animals in a
treatment can be revealed.

Accuracy refers to how close the measurements are to the
‘true’ values for the sample and the closeness of agreement
between these measurements, or the trueness and precision
respectively.”® The use of spike recovery tests as outlined in
section 4 do not confer accuracy but provide information on
how much of the added ENM can be recovered. However,
recovery from a freshly spiked tissue is likely to be more
readily achieved than from a real sample due to the ENM
being added to the sample, rather than being biologically
incorporated into it. The efficiency of the extraction
procedure may therefore be lower for real samples. Thus, the
need is for tissue CRMs to become available to allow an
estimation of accuracy to be more firmly reported (as
discussed in section 5). It is possible that analyses can be
very precise (all the values cluster together), and yet not be
accurate (e.g., all the samples over-reading or under-reading).
For example, a positive bias due to the extraction protocol
causing particle formation. For spICP-MS the under- or over-
estimation of ENMs in tissue samples, due to the extraction
protocol being inefficient and/or causing transformation and/
or formation of the ENMs, is of major concern. A further
problem is that of the particle LODg;,. which is discussed in
the next section.

6.2 spICP-MS limits of detection

The limit of detection (LOD) for spICP-MS can be considered
in terms of the particle size (LODgj,e), particle number
concentration (LODy,,,), and the particle mass concentration
(LODppass)- The LODg; . of spICP-MS is a product of several
factors, principally these are the inherent properties of the
particle of interest such as elemental composition and
density which will determine how much mass of analyte is
present in a particle of a given size. The other factors that
will determine if the mass in a given particle is sufficient for
detection includes the instrumental sensitivity, instrumental
settings (such as dwell time and sampling position),”* and
baseline signal intensity. The latter arises from dissolved ions
of the element of interest in the samples as well as isobaric
and polyatomic interferences that are not uncommon in
samples with complex matrices, and from the electronic
noise of the detection system. It is reasonable for the
baseline signal intensity to vary from sample to sample, and
therefore the LODyg;,. is not expected to be a single value for
all samples. Similarly, it is misleading to determine the
LODyg;,. based on a ‘clean’ matrix such as ultrapure water as
this is unlikely to be achievable in real samples. A
comprehensive study by Lee, et al'® calculated the
theoretical instrumental LODg;,. for 40 different ENMs in
deionised water under ideal conditions (Fig. 4). New data
suggests improvements in the LODg;,. of up to an order of
magnitude have been made for some elements (e.g., TiO, and
Se). These improvements in LODyg;,. are likely through new

This journal is © The Royal Society of Chemistry 2022

View Article Online
Critical review

30000

25000 4
20000
o
o
Q
= 15000 4
©
=4
2
»
10000
5000
0 AM
0 10000 20000 30000 40000 50000 60000
Time (msec)
200x10° 4
150x10°
2
o
o
= 100x10°
©
f=
2
»
50x10°
0 + T T T T T 1
0 10000 20000 30000 40000 50000 60000
Time (msec)
200x10° -
150x10° 4
2
o
o
= 100x10° 4
©
c
iy
(7]
50x10° 4
I
0
0 10000 20000 30000 40000 50000 60000
Time (msec)

Fig. 5 Example time scans of Ag extracted from the mucosa of the mid
intestine of rainbow trout following exposure to no added Ag (control, A),
1 mg L't AgNO3z (B) or 1 mg L™* Ag ENMs (C). Note, the Ag from the
AgNOs treatment remains dissolved, and the Ag extracted from the Ag
ENM treatment remains particulate. Also note the control sample (A) is
on a different scale. The extraction was performed according to Clark
et al,? using 20% TMAH + 5 mM CaCl,. Note the absence of particles in
(B) indicates the Ag has remained in the dissolved form.

and more sensitive instruments with a higher signal to noise
ratio, the advent of triple quadrupole ICP-MS instruments
which can further reduce the effects of polyatomic
interferences, and the ability to use shorter dwell times.
Regardless, the LODg,. in best case situations remains
around 10 nm. Fig. 4 shows the theoretical LODg;,. reported
by Lee, et al'®™ and those reported in the studies
summarised in Tables 1-3 for a range of particle
compositions, it can be seen that overall there is a good
agreement between these values.
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There are several approaches used for the determination
and reporting of the LODg,. in the existing literature.
Essentially, the LODj,. is related to a threshold value
whereby if a signal intensity is above this value it is
determined to be a signal from an ion cloud produced by the
ionization of a particle in the plasma, whereas below this
value the signal makes up the baseline. The duration of a
particle signal is typically 0.2-0.5 ms, therefore when short
dwell times of <1 ms are used consecutive events that exceed
the threshold value are assumed to be from the same ion
cloud (and therefore particle) and must be summed to
determine the total signal intensity of each particle event.>?
Where longer dwell times, typically of 3-10 ms are used, it is
assumed that the total particle event is captured in a single
dwell time. The threshold value is typically determined using
one of two approaches: (i) user selection, or (ii) using an
iterative approach as reported by Laborda, et al'®’ and
Tuoriniemi, et al.”* This data processing has been performed
online using data processing software available from several
instrument manufacturers or offline by exporting the data
into third party programs including Microsoft Excel™,
MatLab™, R etc. where the user can manipulate the raw
data.

Determination of the detection limit threshold value will
be partly influenced by the user and how they (subjectively)
read the baseline signal to differentiate it from the particle
signal. In situations where there is a clear distinction
between the full particle size distribution and the baseline
signal, as is the case with 60 nm Au ENMs in ultrapure water,
this may not pose a problem. However, in many situations,
the full particle size distribution will overlap with the
baseline signal and selection of the threshold value is not so
clear cut. A more systematic approach, where there is a
continuous baseline signal, would be to use an iterative
method. Here the average and standard deviation of the
signal intensity is calculated for all the data. Then a
threshold value is calculated by the average plus n times the
standard deviation, n could be any value, but 3 or 5 is often
used. All signal intensities above this threshold value are
omitted and a new average and standard deviation is
calculated from the remaining data, the process is repeated
until there is no change in the calculated threshold value.
The LODg,. is then determined as the size of a particle
required to produce a signal intensity that is equal to the
threshold value minus the average baseline signal. Using this
more systematic approach is desirable as it means all data is
processed using the same criteria and this limits user bias.
The iterative method assumes that the baseline signal is
stable and continuous, and thus has a normal distribution.
Therefore this approach cannot be readily applied to
situations where the baseline does not exhibit a normal
distribution, i.e., when the baseline is very low such as where
there is no or very little dissolved background signal and/or
where very fast (sub microsecond) dwell times are used.

There is a lack of consistency and clarity in the literature
in what is being reported as the ‘LODg;,.’. In some instances
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the LODgj,. is simply reported as the theoretical values
determined by Lee, et al*®°>'°%'9271%7 1n many ways this
value alone is meaningless, as it does not take into account
the specific instrument settings used in the individual
studies and there is no consideration to determine the
LODy;,e in the sample and extraction matrix used.’®® In some
cases a LODy;,e is determined using the iterative approach in
a clean reagent mix or control tissue, this again lacks
relevance as it does not take into account the baseline signal
and noise that is likely to be higher in an exposed sample
and will likely vary between samples depending on dosage
used, exposure length and the degree of dissolution. This is
why some studies report a range of values for the LODyg;,e,
depending on the origin of the sample.®® For example,
comparing the LODgi,. values determined for ideal clean
matrices to those in exposed biological matrices often results
in at least a 10 nm difference between them.>”

The LOD,,, is determined by the frequency of particle
events that reach the detector. This is a function of the
particle number concentration in the sample, the uptake rate
of the sample, the transport efficiency, and the proportion of
particles above the LODgy,.. The maximum acceptable
number of particle events observed in blanks should not
exceed 10 particles per minute of analysis, while the
minimum number of particle events should not be less than
100 per minute. In situations where only low particle
numbers are counted it may be necessary to analyse a sample
multiple times or for a longer period. There is also an upper
limit to the particle frequency as it is essential that particle
events can be resolved from one another, ISO/TS 19590:2017
recommends that the number of observed particle events
should not exceed 10% of the maximum number than is
theoretically possible.®® For example, when using a 3 ms
dwell time 20000 data points shall be collected in 60s,
therefore the maximum number of particle events recorded
should not exceed 2000. Laborda, et al'®® provide further
guidance and considerations for the determination of
nanoparticle number, size and size distribution.

The LOD,y,ss Will largely be a function of the particle size,
size distribution, particle number concentration, and particle
composition. For example, a spherical particle with a 10x
larger diameter will have 1000x more mass, therefore the
LODy,ss Of 100 nm particles will be 125x higher than for 20
nm particles. The particle composition will dictate the
density of the particle and the proportion of which comprises
of the analyte of interest. Some guidance on the LODy,,s is
provided in IOS/TS 19590:2017, this ranges from 0.2-20 ng
L™ depending on the particle size and composition.

6.3 Instrumental settings and the sample run

Analysis by spICP-MS involves certain differences compared
to using an ICP-MS for total metal concentrations. In
addition to ISO 19590,°° previous reviews (e.g., Mozhayeva
and Engelhard, Goenaga-Infante and Bartczak, and
Meermann and Nischwitz)’#°®'*° have given a detailed
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Fig. 6 Summary of key findings and recommendations.

tutorial on how to analyse a sample by spICP-MS; considering
the effects of calibration (e.g., matrix matched standards and
particle standards), instrumental settings, distinguishing the
ionic background from the particles, upper size detection
limits and calculating histograms from raw data. There have
also been discussions over appropriate sample introduction
systems.”>”* Due to the time intensive nature of making the
measurements and handling the data, the aim here is to
provide our experiences to help bench scientists identify and
troubleshoot some of the common problems encountered.
The user will need to define the instrumental settings to
be used for data acquisition. Arguably the two main settings
defined by the user will be the dwell time, as discussed
above, and acquisition time. The acquisition time is the
duration that the signal shall be continuously monitored for,
this is typically 60 s, however longer times may be used, for
example in situations where the particle
concentration is low. From the authors' experiences, when
shorter dwell times (<0.5 ms) are used it is important to
confirm that continuous acquisition is achieved, as some

number
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Development of CRMs
representing a select few
types of ENM & matrix
compositions

older instruments are not capable of this. This can be done
by simply confirming the expected number of data points
(dwell time x acquisition time) matches the actual number.
Fig. 5 provides a typical example of the types of signal and
data that can be anticipated from spICP-MS analysis.

Prior to the analysis of samples, appropriate calibration of
the instrument must first be performed. As with total
dissolved metal analysis, a calibration with a series of
dissolved standards, matrix matched to the samples, must be
performed to determine the instrumental response. In
addition to dissolved standards, it is also necessary to analyse
one, or a series of ENM standard suspensions. Typically, Au
ENMs are used for this purpose, RM 8013 60 nm Au
nanoparticles from NIST have been a popular reference
material and are certified for size, but unfortunately this
reference material is no longer available. Similar Au ENMs
from several suppliers that have been well characterised, but
not certified, are frequently used and readily available.
Although reliable for particle size, the number concentration
provided with these suspensions is often calculated from the
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total mass of Au divided by the mass of Au in the primary
particle size of the suspension. This metric should therefore
not be considered as reliable and care must be taken if it is
used in the calibration steps discussed next. To our
knowledge, so far, only one CRM, LGCQC5050 produced by
LGC, has been made available for an Au nanoparticle
suspension that has been certified for both particle size and
number concentration.

Analysis of the standard ENM suspension(s) allows for the
transport efficiency to be determined. The transport
efficlency can be determined using one of
approaches. Pace, et al.”® assessed three approaches using:
‘particle frequency’, ‘particle mass’ and ‘waste collection’.
More recently a ‘dynamic mass flow” approach has been
proposed.”” The transport efficiency allows the dissolved
calibration to be wused to determine the instrumental
response for particles and therefore particle mass to be
determined. The transport efficiency also demonstrates the
proportion of injected particles that reach the detector and
therefore is needed to calculate sample particle number
concentrations.

For conventional ICP-MS it is good practice to monitor an
internal standard during sample and standard measurements
to quantify instrumental drift and ion suppression from high
matrix loads. The continuous monitoring of a single mass to
charge ratio is usually necessary for spICP-MS, as this is
typically done using single detector ICP-MS instrumentation,
where only one mass can be continuously monitored with
time it is not possible to monitor both the analyte and
internal standard signal during sample analysis. Therefore,
check standards must be included within a sample run to
confirm instrument performance. This should include both a
dissolved ion and a particle suspension standard to monitor
for instrumental drift and transport efficiency respectively.
The frequency of running standard checks is not routinely
reported, but experience suggests every 10-15 samples,
similar to total metal analysis, is sufficient. Notably, advances
in new quadrupole ICP-MS instruments enable very short
dwell times, such that it is possible to almost simultaneous
measure the ratio of the analyte and the internal standard
signal intensities, and could be used to more accurately
correct for instrument drift."""

There has been a lack of discussion in the literature on
what is a clean enough system to start the measurement of
samples. It is recommended that the first solutions analysed
are matrix-matched blanks to monitor for carryover from
previous analyses. The aim should be for as low a baseline as
possible with minimal to no particle like events present. Low
reagent grades can have trace analyte contamination, thus
increasing the dissolved background, and should be
evaluated before use. A peristaltic pump is usually used to
introduce the sample into the instrument, and it can be
helpful to keep the pump tubing as short as possible to
reduce the risk of adsorption of the particles to this tubing.
The pump tubing should be changed frequently to avoid the
build-up of adsorbed material, with time allowed for any new

several
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tubing to ‘bed in’ on the pump, so that a constant flow rate
is assured. Notably, any adsorbed particles on the peristaltic
tubing and other internal surfaces of the instrument, or
particles formed from dissolved ions adsorbed to the tubing,
may be dislodged by a change in the properties of the liquid
being pumped. For example, switching from an acidic to a
basic solution. Consequently, it is important to thoroughly
flush the instrument prior to analysis with, for example, an
acid wash, ultrapure water, then with several washings with
the sample matrix to be used in the sample run. The effects
of washing and the sample matrix on noise and drift in the
instrument should be established before any experimental
samples are analysed.

It is possible for a small number of false positive signals
to be observed in particle-free ‘clean’ wash or blank sample
matrix solutions. To demonstrate this, an example of raw
data plots from a measurement session looking at Ag ENMs
can be seen in Fig. 5. In Fig. 5A a few signal pulses of up to
5000 counts per second (cps) can be discerned, although the
baseline signal is less than 500 cps. In this example a
threshold value of 2000 cps to distinguish particle signals
might not be unreasonable, in which case 3 false negatives
particle events would be identified in the 60 s acquisition.
Fig. 5B shows the raw data plot from a sample containing
only dissolved Ag, similar to Fig. 5A, only a small number of
peaks can be observed. However the signal baseline is
significantly higher (about 10000 cps), this is typical of a
sample containing a dissolved species as the ions are
homogenous in the liquid sample introduced into the ICP-
MS instrument. In comparison the raw data plot of a sample
containing particles (Fig. 5C) contains several thousand
signal peaks of up to 100000 cps. Therefore, the small
number of expected false positives will not impact on the
final data in any significant way. A 2% HNO; wash solution
is generally accepted as standard for ICP-MS analyses (single
particle or otherwise), but in some instances the washing
procedure was found to be more effective when a more
aggressive acid, such as 2% HNO; and 4% HCI, or a
surfactant-containing acid solution in order to help flush
particles from the tubing and sample introduction.”**® In
instances where particle signals persist despite washing, this
can occur if the sample introduction system is ‘overloaded’
by a sample with a very high particle number concentration,
it may be necessary to cleaning the spray chamber (soaking it
in 10-30% nitric acid has proved to be very efficient) and
possibly replace the uptake and/or pump tubing.

7. Conclusions and recommendations

This review describes the current state of the art for the
determination of ENMs in biological matrices using spICP-
MS from sample collection, storage, preparation and analysis.
The key findings are summarised below and the
recommendations that have been identified from the
reviewed literature are summarised in Fig. 6.

This journal is © The Royal Society of Chemistry 2022
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When collecting tissues/organs containing ENMs the same
considerations and good practices that are used for any other
chemical should be applied to ensure the sample is clean of
excess substance in the external media. For example, washing
the exposure medium off the epithelium of the gut by rinsing
with water or saline followed by EDTA. Concerns over the
preservation of ENMs whilst being stored have been raised.
However, there is a lack of data to assess the most
appropriate conditions for long-term storage for different
ENM and biological matrix combinations. The ideal scenario
is therefore to prepare and analyse samples immediately, or
soon after, collection. In situations where this may not be
practical or feasible, the inclusion of spiked control samples
with real stored samples may help to assess particle
preservation whilst in storage.

From a regulatory and standardisation perspective, a
common protocol for ENM extraction from biological
samples would be beneficial. However, a ‘one size fits all’
protocol that may be applied to all possible types of ENM in
any type of biological matrix does not seem practical. For
acid-resistant ENMs, such as TiO,, acid-based extractions
may be appropriate, where the biological matrix is rapidly
degraded, and the particles liberated into a suspension for
analysis. However, this approach is not suitable for ENMs
that dissolve in acidic conditions such as CuO, ZnO or Ag
ENMs; and instead a strong alkaline extraction is best.
Alkaline extraction has been used on a wide range of animal
tissues, without promoting dissolution, and this relatively
simple approach has good prospects for standardisation and
use in the regulatory environment. A few studies reported
particle formation or agglomeration under strong alkaline
conditions, and it is recommended that control samples are
included in the analysis to assess this.

Of the possible enzymatic methods of extraction,
proteinase K is the main technique for animal tissue. The
conditions for optimal enzyme activity (pH 7.5-12 and 37 °C)
are consistent with the preservation of particles and avoiding
dissolution, but proteinase K does not degrade lipids or
carbohydrates in tissue. The latter problem causes
incomplete extraction and/or the need for other enzymes to
breakdown the tissue. Overall, the alkaline-based extraction
approach is less problematic, and more practical for many
internal organs, including liver. The strong alkaline approach
is not appropriate for the degradation of plant tissues, but
the routine use of the commercially available enzyme mix,
macerozyme R-10, has proven to be effective, although some
ENMSs could be susceptible to dissolution or transformation
under the optimum conditions for enzyme activity (pH 3.5-
7.0). Macerozyme R-10 is suitable for chemically resistant
particles (e.g. Au and SiO,). Where dissolution is the concern,
lysation with a solvent may be more effective at preserving
particles during extractions from plant tissue (e.g. CuO and
ZnO). The preparation of biological fluids, such as urine or
blood, is relatively straightforward, where a ‘dilute and
measure’ approach is commonly applied. Care must still be
taken here, for example, high dilution factors with ultrapure

This journal is © The Royal Society of Chemistry 2022
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water may drive dissolution. The inclusion of dispersing
agents, such as a few percent of SDS or Triton-X100, is a
sensible step to aid in the stabilization of particles in
suspension made of biological fluids.

The extraction approaches above, have been performed on
mainly a few types of ENMs (e.g., Ag ENMs) and biological
matrices (e.g., lung and liver). It would be beneficial for a
wider range of ENMs to be addressed, including materials
such as ZnO that are prone to dissolution, and more
advanced composite ENMs such as those used in medical
devices. Data is also lacking or sparse on some types of
biological samples including skin, very fatty endocrine organs
and reproductive organs. Notably, hard tissues with high
mineral backgrounds, such as bone, present more challenges
in terms of sample preparation and have yet to be
investigated, despite indications that they may be a
significant deposition site in mammalian studies.""

A recently novel development to spICP-MS is the
technique of laser ablation spICP-MS (LA-spICP-MS).""* This
approach makes use of the latest generation of laser ablation
systems with high repetition rates and necessities a dwell
time of 0.1 ms or less be used. This technique offers a
promising alternative to solution spICP-MS as solid samples
can be analysed and therefore the extraction of metal ENMs
from tissues would not be necessary and information on
particle distribution within a tissue can be gleaned. Some
limitations to this approach are likely to be that only a
limited area of tissue section(s) may be sampled, analysis will
be more time intensive, and the technique will not be as
widely available due to the requirement of the use of the
newer generation of laser ablation units. Existing software for
spICP-MS data processing will not be appropriate for use
with LA-spICP-MS. There are currently only a limited number
of publications where LA-spICP-MS has been used, so its
applicability to a wider range of ENM and tissue types has
not yet been extensively investigated.'*

Whilst the strength of spICP-MS is its ability to detect
particles in complex matrices, a commonly cited shortcoming
is that its LODyg;,. is higher than other methods (e.g., TEM).
There are several approaches that may be used to determine
the LODy;,. for an analysis by spICP-MS An iterative approach
is recommended where the mean and n standard deviations
of the signal for the sample of interest is used to distinguish
the particle signals from the baseline. This approach is
systematic and does not depend on the opinion of the
analyst. As the LODyg;,. can vary on a sample to sample basis
it would be appropriate to report the LODg;,. as a range of
values. This contrasts with the single values reported in
studies so far, that may not consider how the baseline signal
may have varied between samples and thus the effect of this
variation on the LODy;,e.

As highlighted in Table 4, the inclusion of a range of
spiked and non-spiked procedural blank and control samples
are a valuable tool for quality assurance and a careful choice
of nomenclature is required. The procedural recovery of a
given approach must be reported, and while recoveries of 100
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+ 20% or better are highly desirable for standardisation in a
regulatory context, further optimization of some methods will
be needed. When recoveries are less than expected, one
feature may be the preferential recovery of one particular
particle size over another, leading to a false impression of
the particle size distribution and/or number concentration in
the sample. It is recommended to include spiked controls to
calculate the recovery, both in terms of the mass of analyte
recovered but also the size and size distribution. This
necessitates the use of freshly spiked samples, with the ENMs
of interest likely more accessible than those incorporated
into the biological matrix, and therefore can only be
considered as a best-case scenario.

The current lack of CRMs for ENMs in biological matrices
presents a problem for quality assurance and control. The
development of a limited number of CRMs for this
application would likely be greatly beneficial. For example,
an ENM representative of those susceptible to dissolution
and transformation (e.g. Ag, Cu or Zn) and a chemically
resistant particle composition (e.g. Au or TiO,) available
within both a lean and fatty tissue matrix. It is possible that
some pre-existing CRMs may inherently contain a particle
population that could be exploited as a CRM for ENMs and
this requires further investigation.

This systematic review has identified the most
promising extraction approaches for ENMs in biological
matrices, and aspects of good practice such as control
samples and quality assurance, and what particle
parameters to report (particle size, size distributions, and
number and mass concentrations). The next step for the
scientific community is a consensus-based approach to
arrive at standardised methods for the most promising
approaches, and also technical guidance documents on
how best to apply the methods, with a decision tree to
help select the most appropriate method for the type of
sample or ENM, and also agreed nomenclature and
technical definitions for the extractions and subsequent
measurements by spICP-MS.
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