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Environmental significance

Development of a suitable detection method for
silver nanoparticles in fish tissue using single
particle ICP-MS+

Nathaniel J. Clark, @2 Robert Clough, @©° David Boyle? and Richard D. Handy @ *@

To determine bioaccumulation potential, suitable methods to extract and quantify engineered nano-
materials (ENMs) from fish tissues are required. The aim was to develop single particle inductively coupled
plasma mass spectrometry (splCP-MS) protocols for liver tissue from rainbow trout and to assess the suit-
ability of enzymatic (proteinase K) and alkali (tetramethylammonium hydroxide; TMAH) methods of extrac-
tion. A total of four different extractants were used: proteinase K or TMAH both with/without CaCl,. Spike
recovery tests using equal mass concentrations (50 ng L™ of Ag) as silver nanoparticles (Ag NPs) or AgNOx
were conducted. Extractants alone spiked with Ag NPs showed recovery similar to ultrapure deionised
water (95-105%). However, the TMAH alone caused AgNOsz to precipitate and was not a suitable
extractant. A second series of experiments looked at spike recovery on liver tissue samples. Proteinase
K, with or without CaCl,, failed to completely digest the tissues. Only TMAH + CaCl, demonstrated
the ability to solubilise the liver. Ag NPs spiked onto liver tissues and analysed 24 h later, also showed
no significant change in particle size distribution or particle mass concentration compared to those
freshly spiked without liver present. The particle number concentration fell significantly to around 80%
of the freshly spiked Ag NPs. Samples from an in vivo dietary study where fish were fed nominally 100
mg kgt Ag as either AGNOs or Ag NPs were analysed to demonstrate the utility of the method. There
was no significant difference between the particle number concentration, mean particle size or particle
mass concentration between the in vivo AQNOz and Ag NP treatment liver tissues. For example, the
particle number concentrations were 68.3 + 33.1 and 76.9 + 51.6 x 10° particle per g dw liver in the
AgNOsz and Ag NPs, respectively. In conclusion, a TMAH + CaCl, extraction method was developed
with good recovery and utility for detecting Ag NPs from in vivo exposures of trout liver.

Robust methods to quantitatively detect particulate forms of engineered nanomaterial in fish tissues are needed for environmental risk assessment and
food safety. This study describes an extraction method for fish liver that enables the detection of silver nanoparticles without altering the dissolved or
particulate fractions in the sample. Of the extraction methods explored, only an alkali extraction using tetramethylammonium hydroxide (TMAH) with 5

mmol L™ calcium chloride did not cause artefacts or dissolved silver interferences. This method was then applied to quantify biologically incorporated Ag

in fish livers. Particles were readily detected in the livers of fish previously exposed to silver nitrate or silver nanoparticles via the diet in vivo.

Introduction

stance in the particulate form, as a dissolved metal, or both."
Silver is especially of concern as it is one of the most toxic el-

The toxicity of metal-containing ENMs has been demon-
strated in fish and other aquatic organisms (reviews,"?).
However, metallic ENMs can sometimes partially dissolve in
the environment and aquatic organisms may take up the sub-
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ements to aquatic species.® There is also the potential for the
dissolution of metallic ENMs inside the tissues of the test or-
ganism and a central question for a hazard assessment is
whether the toxicity arises from the physical presence of the
particles themselves or metal ions released from them. There
is also a lack of suitable techniques for the routine environ-
mental monitoring of ENMs in biota,* or to determine the
bioaccumulation potential of particulate forms in fish.”

The available methods for detecting and characterising
ENMs in environmental samples have been documented

This journal is © The Royal Society of Chemistry 2019
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(reviews,®®). For tissue samples, the approaches for metallic
particles have been mainly concerned with the in situ detec-
tion of the presence or absence of particles, such as scanning
electron microscopy coupled with energy dispersive X-ray
measurements (EDX) for elemental composition.” Coherent
anti-Stokes Raman scattering (CARS) microscopy has also
been used to identify metallic ENMs in or on fish gills."’
While such methods can successfully identify ENMs in cells,
microscopy is often only semi-quantitative and laborious. Al-
ternative approaches include attempts to extract the ENM
from the tissue into liquid samples. For example, toluene ex-
traction of Cgo from Daphnia magna,'* or acid-extraction of
(acid resistant) TiO, NPs from fish tissues.'”> However, any
subsequent effort to quantify the particle number concentra-
tion or size distribution in the extracted sample by light scat-
tering methods (e.g., nanoparticle tracking analysis, NTA) is
problematic because of the corrosive nature of the samples,
interferences from other colloids in the sample, and/or the
modest detection limits for light scattering methods (around
10 mg LY, see ref. 9).

The development of single particle inductively coupled
plasma mass spectrometry (spICP-MS), has allowed the
measurement of both particle number concentration and
particle size distributions in liquid samples. The approach
relies on aspirating a dispersion of intact particles into
the plasma of the ICP-MS instrument. The extremely high
temperature (5000-10000 K) of the plasma atomises each
particle to produce an ion ‘cloud’, which in theory, arrives
at the detector together (ie., within one time period or
dwell time). The resulting signal is proportional to the
size of the particle atomised, and the signal frequency
magnitude is proportional to the number of particles in
the sample.”® The spICP-MS technique was first demon-
strated in ultrapure water** and has been used to demon-
strate its capability to detect silver nanoparticles in
ultrapure water."> The technique has also been applied to
tissues of animals'® and plants materials (tomato plants,'”
rice plants,'®).

However, these methods have not been applied to fish tis-
sue. The determination of ENMs in fish is crucially important
for environmental regulation, and currently there is no vali-
dated method for ENM detection to support mandatory bio-
accumulation testing,® for environmental monitoring, or the
food safety of edible fish. Furthermore, to gain regulatory ac-
ceptance, any method would need to be robust and simple,
preferably without multiple steps in digestion procedures or
expensive reagents. There are two approaches that have been
reported for animal tissues, and neither has been applied to
trout. The first is a strong alkali digestion, using tetra-
methylammonium hydroxide (TMAH) to extract Ag NPs and
Au NPs from Daphnia after waterborne exposure to these
ENMs followed by the measurement of particle size distribu-
tions.” The second approach used an enzymatic digestion
with proteinase K to extract Ag NPs which had been spiked
into a chicken meat matrix; with subsequent analysis by
spICP-MS.>° However, organisms contain both particulate
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and dissolved fractions of metals in their tissues following an
ENM exposure,”" but the reports so far on tissue extraction
methods for ENMs have not assessed the suitability of
extractants to remove the dissolved metal in the tissue, with-
out causing any changes to the sample. For example, the pre-
cipitation of ‘dissolved’ metal species to make new particu-
lates in the tissue, and/or altered dissolution of the original
ENM. Such changes could result in false positives, where par-
ticles from the dissolved metal are apparently detected, and
not part of the original ENM dose inside the tissue. However,
there are some additional technical challenges to overcome
to routinely apply either method to determine Ag NPs in fish
tissues. Firstly, exposure to Ag NPs at environmentally-
relevant concentrations result in a modest bioavailability (typ-
ically a few percent of the exposure dose,*?), and a key chal-
lenge is to routinely detect low concentrations (e.g., ng g™*) of
Ag NPs in fish without suffering interferences from the chem-
ical matrix of the sample. Secondly, fish have a ‘naturally’
occurring background of dissolved Ag in the tissue of around
1 ug g dry weight or less, and this will influence both the
detection limit and the minimum particle size that can be de-
termined by spICP-MS. Finally, since there are no certified
reference tissue samples for ENMs in fish tissues, spike re-
covery tests must be used for quality control; but spike-
recovery test with dissolved silver (e.g., silver nitrate) may not
represent the recovery of the nano form.

The present study aimed to tackle these challenges and
to develop a robust, but simple method to extract Ag NPs
from fish tissues, using modified versions of the proteinase
K or TMAH digestions outlined above to determine the par-
ticle number concentration, particle mass concentration
and particle size distributions in liver tissue from rainbow
trout by spICP-MS. The specific objectives included spiking
different extractants with either Ag NPs or AgNO; to deter-
mine the effect of the digestion matrix on the detection of
each form of Ag. Then, experiments were performed by
spiking normal liver tissues prior to extraction in order to
investigate the procedural recovery of the entire protocol.
Finally, attempts were made to establish the dissolved
versus nanoparticulate fractions of Ag from fish livers that
had been previously exposed in vivo to either AgNO; or Ag
NPs via the diet.>* These latter measurements aimed at de-
termining if the method could detect ‘biologically incorpo-
rated” Ag NPs in a tissue sample compared to artificial pro-
cesses of directly spiking liver samples with Ag NPs. It also
enabled some appreciation of the likely ratio of dissolved to
particulate silver in exposed fish in vivo.

Methods

Reagents, materials and nanomaterial characterisation

Reagents were analytical grade or higher (proteinase K [lyoph-
ilized powder from Tritirachium album], TMAH [25% in H,0],
calcium chloride, Triton X-100, calcium acetate, Tris buffer,
Primar Plus grade nitric acid [Fisher, UK]) and were obtained
from Sigma-Aldrich (UK). High purity water (HPW) was used
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throughout (18.2 MQ cm; Elga Ltd, UK). The Ag NPs were
obtained from Applied Nanoparticles (Barcelona, Spain) and
the characterisation of the same batch used here has been
reported elsewhere.”” Briefly, the manufacturer's specifica-
tions were a primary particle diameter of 50 nm diameter
and a mass concentration of 10.4 mg Ag mL ™" suspended in
5.5 mmol L™ of sodium citrate and 25 pmol L™ tannic acid.
Measurements were made at Plymouth University to confirm
the composition of the stock. The measured total Ag concen-
tration in the stock supplied by the manufacturer at the time
of these experiments was 9.5 + 0.4 mg mL " and the original
primary particle size measured by transmission electron
microscopy (TEM) was 56 + 9 nm (mean * S.D., n = 120). A
working suspension of 1 mg L™" Ag NPs was freshly made
daily before use (see below). Gold nanoparticles (Au NPs)
were used for reference to help optimise the initial settings
of the spICP-MS and were obtained from BBI Solutions (UK),
with a nominal size of 60 nm at a total Au concentration of
56.8 mg L' in HPW. The Au NPs were prepared for TEM by
taking 1 mL of the stock suspension into a 2 mL centrifuge
tube (Eppendorf, UK), then centrifuged at 13 000 rpm for 20
minutes. After this, the supernatant was removed, and 20 pL
sample was used for TEM analysis. The primary particle di-
ameter of the Au NPs was confirmed by TEM as 59 + 6 nm
(mean + S.D., n = 100) and the mass concentration of total
Au as 49.4 mg L™ by acid digestion and then analysis by ICP-
MS. A commercially available dissolved Ag standard (QMX
Laboratories Ltd, UK) at a concentration of 1000 + 5 ug mL ™"
in 2% HNO; was used for routine instrument calibration af-
ter dilution to appropriate concentrations. All suspensions
and solutions were prepared daily before use.

Animal husbandry and tissue collection

Rainbow trout (Oncorhynchus mykiss) weighing ~150 g were
obtained from Exmoor fisheries. Fish were kept in a
recirculating system until sampling and fed a commercially
available diet (Aller Futura, Kaliningrad, Russia). Liver tissue,
as a key target organ for metals in fish, was selected for the
analytical work. For liver tissue collection, normally healthy
fish were euthanised by induced concussion followed by
pithing of the brain (schedule 1 method in accordance with
ethical approvals, Home Office, UK and in compliance with
the EU directive 2010/63/EU). An in vivo study (below) was
also under ethical approval as outlined above and is
described in detail elsewhere.**

Trace amounts of Ag was present in the normal animal
diet. Batches of the food pellets were digested in primer plus
grade nitric acid, diluted and analysed using ICP-MS,> with a
total Ag concentration in the animal feed of 0.52 + 0.02 ug
g' dw (mean + S.E.M., n = 5). Livers were also collected from
juvenile rainbow trout that had been subject to a dietary ex-
posure in vivo to food containing no added Ag (control) or
100 mg kg Ag as either AgNO; or Ag NPs (see ref. 24). The
animals were fed a 2% ration and the Ag was applied to the
food as a ‘top dressing’ to a commercially available diet (i.e.,
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the control diet).>* Livers were collected at week 2 of the ex-
posure for spICP-MS.

Experimental work

Initial experiments were aimed at optimising the ICP-MS in-
strument for the detection of particle suspensions in HPW.
For this initial work, 25 ng L™ dispersions of the Au NPs
were used for reference and to calculate instrument transport
efficiency measurements (see below) for Ag NP experiments.
Initial Ag NP experiments involved observing the effect of dif-
ferent dispersion concentrations on the measured particle
number concentration and particle size distribution. This
allowed optimum concentration, where double particle events
do not occur (i.e., 2 particle entering the plasma at the same
time), of 50 ng L™ for Ag NPs to be found.

The next series of experiments were conducted to assess
the stability of either AgNO; or Ag NPs in solutions of the
two extractants under study, namely proteinase K or TMAH.
The proteinase K extractant was prepared as previously
reported,”® but with minor modifications. A digestion buffer
was made containing 10 mmol L™ Tris buffer, 1% Triton
X-100 and 1 mmol L™ calcium acetate and adjusted to pH of
9.5 with NaOH. A working stock solution of proteinase K (one
unit will hydrolyse urea-denatured haemoglobin to produce
colour equivalent to 1.0 umole of tyrosine per min at pH 7.5
and at 37 °C) was also prepared by dissolving 6 mg of pro-
teinase K in 1 mL of HPW. Subsequently, 0.57 mL of this
solution was added to 4 mL of the digestion buffer, giving a
final proteinase K activity of 3.74 units per mL. The manufac-
turers recommend a different approach which was also
followed. Therefore, a solution of proteinase K (1 mg mL™)
was added to 5 mmol L™* CaCl, with 50 mmol L™ Tris-HCI
and the pH adjusted to pH 8.

To assess the stability of AgNO; or Ag NPs in TMAH, 2 mL
of 25% TMAH was added to a 15 mL centrifuge tube and 50
uL of 100 ug L™ Ag NP stock added to give a final total Ag
concentration of 2.5 ug L. The effect of added CaCl, on the
stability was also examined by adding 0.4 mL of a 25 mmol
L' CacCl, solution to separate 1.6 mL aliquots of TMAH. The
samples of Ag-spiked matrix were immediately vortexed for 1
min and then diluted 50-fold using HPW to a final concentra-
tion of 50 ng L' before analysis by spICP-MS. Separate sam-
ples were also spiked with 50 L of 100 ug L™" Ag as silver ni-
trate for comparison in exactly the same way. To measure the
within sample variability, a relevant selected sample was
measured five consecutive times, and to determine between
sample variability, measurements on at least five indepen-
dently prepared samples were made.

The suitability of proteinase K, proteinase K + CaCl,,
TMAH and TMAH + CaCl, solutions (prepared as above) for
digesting fish livers was also assessed. Using approximately
50 mg (dry weight) of fish liver accurately weighed into a 15
mL centrifuge tube. For both proteinase K extraction proto-
cols, 4 mL of extraction buffer was added to the tissue. The
samples were vortexed for 1 min, sonicated for 5 min

This journal is © The Royal Society of Chemistry 2019
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(FB15048 ultrasonic bath, 35 W, Thermo Fisher) and then in-
cubated in a water bath at 35 °C for 3 hours.*® For the
TMAH-based extractions, 2 mL of extractant was added to the
fish liver and vortexed for 1 min and the samples were left in
the dark at room temperature for 24 h.

To investigate the overall procedural recovery of the entire
digestion plus the measurement protocol, normal liver tis-
sues were spiked with either AgNO; or Ag NPs. Only the
TMAH + CaCl, extractant was used for these experiments as
the results obtained for the three other extractants were un-
satisfactory. The 50 mg dry weight of liver tissue, plus the 2
mL of extraction solution was fortified with 50 pL of 100 pg
L™" Ag as Ag NPs or AgNO;. The samples were left in the dark
at room temperature for 24 hours before being diluted 50-
fold with HPW and analysed using spICP-MS (see below).

The final experiment involved liver tissue from week 2 of
an in vivo dietary exposure.”* Fish (n = 6/treatment) were
euthanised with an overdose of buffered (NaHCO;) MS222
and pithing to destroy the brain (schedule 1), following
which the liver was carefully removed, weighed, and then
freeze dried. The resulting tissue was cut in half (as reported
in Clark et al.®*) and the sub-sample weighed (~25 mg) and
digested using the optimised TMAH + CacCl, protocol, and
the extract analysed using spICP-MS. This latter experiment
was aimed at determining if the method could detect ‘biolog-
ically incorporated’ Ag NPs in a tissue sample compared to
the artificial process of directly spiking liver samples with Ag
NPs. It also provided an opportunity to measure the dissolved
versus nanoparticulate fractions of Ag from fish livers that
had been previously exposed in vivo.

Instrumentation

An iCAP RQ ICP-MS instrument (Thermo Fisher) was oper-
ated in collision cell mode with He as the cell gas. Sample in-
troduction was via a micromist nebuliser (400 pL min™" up-
take rate, Glass Expansion, Australia) and quartz cyclonic
spray chamber cooled to 2 °C. The plasma power was 1550
Watts and the plasma, nebulizer and auxiliary Ar flow rates
were 14.0, 1.0 and 0.8 L min™". A nickel plated sampler and
high matrix skimmer cones were used throughout this work.
A dwell time of 3 ms was used throughout this work, and
data acquisition time was 60 seconds. Before analysis, the
ICP-MS was tuned such that it performed to the manufac-
turer's installation specifications using a multi-element solu-
tion (Ba, Bi, Ce, Co, Ho, In, Li, Mg, Ti, U and Y at 1 ug L™)
for optimal stability and sensitivity and a minimum oxide
(CeO/Ce) formation of <0.01%. In spICP-MS, only one m/z ra-
tio can be measured at a time. Silver has two isotopes (at
nominal masses of 107 and 109 AMU), with the data
presented here being for '’Ag. A solution of 4% HCI in 2%
HNO; was used as a wash for 60 seconds to ensure minimal
carryover between samples. Daily before use the sample up-
take flow rate was determined gravimetrically, by difference
between the uptake of HPW over 2 min (n = 5) and remained
between 0.2 and 0.3 mL min ' in all experiments. The trans-
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port efficiency was calculated daily and according to Pace
et al.”® The transport efficiency was calculated in each ma-
trix used, as well as in ultrapure water (n = 5). The instru-
ment was calibrated using 60 nm Au NPs spiked into a solu-
tion of whichever sample matrix was to be analysed. The
calibration curves were produced using a series of dissolved
Ag standards, ranging from 0 to 4 pg L™, which were pre-
pared in the appropriate sample matrix. Quality control
measures of procedural blanks and check standards
analysed every 10-15 samples were also included. The limit
of detection (LOD) for determining particles in a sample
was 3x the standard deviation of the procedural blank (n =
3; see ref. 21). The minimum particle size was calculated by
using the minimum signal (333 CPS) in the Excel sheet,®
and equates to a 16 nm. All solution preparation and ICP-
MS analyses were undertaken in a laboratory managed
under an ISO 9001 certified quality management system.

Data processing and statistics

For a 60 second time scan, with a dwell time of 3 ms, a total
of 20000 data points are generated per sample. The raw data
for each sample was exported from the instrument and en-
tered into a bespoke Excel© spreadsheet which calculates the
signal distribution (Fig. S11) and particle size distribution
(Fig. S27). Full details of the spICP-MS approach and the cal-
culations can be found in Peters et al*® Previously, this
spreadsheet has been used for spike recovery tests.>*>”>® The
average transport efficiency of the Au NPs (n = 5) in the ap-
propriate matrix was used for the calculations on the Ag
spiked and unknown samples.

Statistical analysis was performed in SigmaPlot 13.0, un-
less otherwise specified. Data were checked for normality and
equal variance (Shapiro-Wilk and Brown Forsythe tests, re-
spectively). Statistical differences were highlighted using ei-
ther a one-way ANOVA (between day variability and in vivo
data) or a two-way ANOVA (between/within sample variation
and matrix). The normality of the size distributions was
checked using a Kolmogorov-Smirnov test (with and without
the presence of liver, and spiked liver versus in vivo data) and
was conducted in SPSS software.

Results and discussion

Analysis of Au NPs and Ag NPs in ultrapure water using
spICP-MS

To assess whether ENMs could be sized accurately, the mean
particle diameter of Au NPs and Ag NPs from spICP-MS were
compared to those measured by TEM. The mean values of
the Au NPs and Ag NPs (n = 100 and 122 particles, respec-
tively) measured by TEM were 59 + 6 and 56 + 9 nm, respec-
tively (Fig. S21). The mean value of particle size using spICP-
MS was 59 + 0.1 and 57 + 0.5 nm for the Au NPs and Ag NPs,
respectively (n = 5 and 5, respectively). Generally, the two
methods are comparable, giving similar information on parti-
cle size. Table S11 shows the particle number concentration
and size measured on three consecutive days of independent
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sample preparation. There was no difference between the
particle number concentrations, mean particle size or particle
mass concentration reported on the three different days (one-
way ANOVA, P > 0.05), demonstrating that the measurements
were reproducible.

Spiking silver nanoparticles and AgNO; into extraction
matrices alone

The aim of this experiment was to determine if the different
extractants (i.e., TMAH or proteinase K digestions, with and
without CaCl,) caused alterations to the form of silver when
spiked with either Ag NPs or AgNO;. Data are presented as %
recoveries of the expected particle mass concentration, parti-
cle number concentration and mean particle size based on
the results by spICP-MS of the equivalent dispersions made
in HPW rather than TEM analysis of the primary particle size
distributions. The reason for doing this was that the mea-
surement artefacts in TEM (e.g., dried samples, difficulty in
seeing every individual particle) are not the same as those for
SpICP-MS (e.g., variability in sampling rate, the apparent
dissolved metal background). Thus, with two different as-
sumptions being made in the two detection procedures, it is
preferable to use the particle distributions in ultrapure water
by ICP-MS for reference (see discussion in Pace et al.).>®

The recovery of Ag NPs in the proteinase K extractant with-
out additions of 5 mmol L™ CaCl, showed no appreciable
loss of particle mass concentration, particle number concen-
tration or mean particle size (96-103%; Table 1, Fig. 1). How-
ever, proteinase K in the presence of 5 mmol L™ CaCl,
caused a significant increase in the apparent particle mass
concentration (140-150%) and mean particle size (111-112%)
compared to suspensions in deionised ultrapure water for
within and between sample variation. Despite these changes,
there was no change in the particle size distribution except
more particles were found in higher bin sizes. The likely
cause of this is particle agglomeration, resulting in multiple
particles in each dwell time, which would affect the particle
mass concentration and size, but not necessarily the particle
number concentration. This effect was not observed in the
proteinase K extractant in the absence of 5 mmol L™" CaCl,
(Fig. 1). When AgNO; was added to proteinase K in either the
presence or absence of CaCl,, there was no unwanted reac-
tion from the reagents (Fig. 2). Therefore, proteinase K in the
presence or absence of 5 mmol L™ CaCl, is a suitable
extractant that does not alter the Ag NPs or AgNO;.

For the TMAH digestion (without CaCl,), the particle mass
concentration and particle number concentration recovery
was within generally accepted limits of 100 + 5%, and did not
significantly differ from those measurements in ultrapure
deionised (Table 1). However, there was a slight but signifi-
cant increase in the mean particle size to 59 nm (two-way
ANOVA, P < 0.001). When AgNO; was spiked into TMAH,
particle-like events were observed in the time scan (Table 1,
Fig. 2). Of these particle-like events, there was no difference
observed between the within and between sample variation
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(one-way ANOVA or Kruskal-Wallis, P > 0.05). Therefore,
TMAH alone is not a suitable extractant when there is a po-
tential background of dissolved Ag in the original sample
(e.g. from particle dissolution or the incidental occurrence of
dissolved silver salts in the original sample). The cause of
this apparent particulate signal with TMAH is likely to be pre-
cipitation as Ag,O under the high pH conditions.”>*° The
mechanism by which the addition of CaCl, to the TMAH so-
lution prevented particle like events from AgNO; requires fur-
ther investigation. The presence of TMAH at high pH with
AgNO; without added CaCl, may promote the formation of
AgOH and/or Ag,O species. However, the additional of more
dissolved CI” ions as CaCl, might drive dissolved Ag" to form
complexes with the Cl™ anion instead (e.g. AgCl, ), or perhaps
complexes with TMAH such as [AgN(CH,),]>". Any competi-
tion between complex formations at high pH would depend
on the reaction rate and stability constants for the Ag species
involved.  Further experiments, such as stripping
voltammetry, may help verify this hypothesis, and is beyond
the scope of the present study.

For the TMAH digestion in the presence of 5 mmol L™
CaCl,, there was no effect on the between and within sample
variation particle mass or particle number concentrations
(Table 1). However, similarly for TMAH alone, there was a
slight but statistically significant increase (~103%) in the
mean size particle, both between and within samples (two-
way ANOVA, P < 0.001). This is within acceptable limits for
the analysis of even dissolved metals in complex matrices
(i.e., within 10%), and while acceptable limits of deviation for
measurements with ENMs are not generally agreed,® the per-
cent deviation for an ‘ideal’ suspension by spICP-MS has
been suggested to be 100 + 25% or less."® The results here
(Table 1) for TMAH + CaCl, are all within the suggested limit
offered by Gray et al."® When AgNO; was spiked into the sam-
ple, there was no presence of particle-like events (Fig. 2,
Table 1); therefore, TMAH in the presence of 5 mmol L™
CaCl, is a suitable extractant that will not alter the form of
silver within the tissue.

Spiking silver nanoparticles on liver tissues

The proteinase K method, both in the absence and presence
of 5 mmol L™ CaCl,, was not suitable for breaking down the
liver tissues, and resulted in only partially digested samples
that could not be analysed. This is in contrast the previous
studies with proteinase K with chicken meat.?® These differ-
ences in the proteinase K effect between fish liver and
chicken meat are not organism specific per se because the
mode of action of the enzyme is broad, cleaving the peptide
bond adjacent to the carboxyl group on many aromatic
amino acids. Instead, this difference between fish liver and
chicken meat is likely explained by the composition of the
tissues. Fish liver has a higher lipid content than lean
chicken meat, and the matrix of the tissue seems to be im-
portant. For example, Shaw et al.'*> found that Ti recovery
from tissues exposed to TiO, was dependent on the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Example time scans (left panels) and size distributions (right panels) of Ag NPs spiked into proteinase K without CaCl, (A and B), proteinase
K with 5 mmol L™ CaCl, (C and D), TMAH without CaCl, (E and F) or TMAH with 5 mmol L™ CaCl, (G and H).

3394 | Environ. Sci.: Nano, 2019, 6, 3388-3400

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9en00547a

Environmental Science: Nano

80000 -

60000 -

40000

Signal (CPS)

20000

0+

80000 -

60000 -

40000 -

Signal (CPS)

20000

2000 4000 6000 8000

Time (msec)

80000 -

60000 -

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

40000 -

Open Access Article. Published on 11 October 2019. Downloaded on 7/18/2025 7:30:58 PM.
Signal (CPS)

(cc)

T T T T T T T T T 1

2000 4000 6000 8000

Time (msec)

0

80000 -

60000 -

40000 -

Signal (CPS)

20000 -

T T T T T T T T T 1

2000 4000 6000 8000

Time (msec)

0

T T T T T T T T T 1

2000 4000 6000 8000
Time (msec)

10000 12000 14000 16000 18000 20000

10000 12000 14000 16000 18000 20000

10000 12000 14000 16000 18000 20000

10000 12000 14000 16000 18000 20000

Frequency

Frequency

Frequency

Frequency

1800 -
1600 - B
1400
1200
1000 -
800
600
400

200 A

Al

o

.“Hu...

View Article Online

Paper

0 2000 4000 6000 8000

Signal (CPS)

10000

1200

1000 -

800 -

600

400 A

200 A

12000

.|l||”

10000

o

25000

! H|“|IH
15000

0 5000 20000
Signal (CPS)

1800 4
w00 F
1400 4
1200 4
1000 4
800
600
400

200 A

=3

1
30000

0 5000 10000 15000

Signal (CPS)

1800 -
1600
1400
1200 A
1000
800
600
400

200 A

!|I|.

o

1
20000

0 2000 4000 6000 8000

Signal (CPS)

10000 12000

14000

16000

Fig. 2 Example time scans (left panels) and signal distributions (right panels) of AgNOsz spiked into proteinase K without CaCl, (A and B),
proteinase K with 5 mmol L™ CaCl,, (C and D), TMAH without CaCl, (E and F), and TMAH with 5 mmol L™ CaCl, (G and H). Black arrow indicates
loss of normal distribution through presence of particles being formed in TMAH matrix without the presence of chloride.
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Fig. 3 Example particle size distributions of Ag NPs in TMAH plus 5 mmol L™ CaCl, either freshly into the extraction matrix, or onto a piece of
liver tissue and allowed to solubilise overnight (representing the extraction protocol).

preparation method, tissue type and species of fish. Notably,
they found that the use of the non-ionic surfactant, Triton X-
100, improved the analyte recovery during the measurement
phase of the protocol. Critically, resolving the proteinase K
method for fish tissue would likely require additional diges-
tion steps, such as the use of lipase to remove the lipid con-
tent or serial centrifugations with surfactants such as Triton
X-100. Such an approach would be moving away from the
goal of having a simple and robust method that could gain
regulatory acceptance for bioaccumulation testing or environ-
mental monitoring of wildlife. The use of lipase might also

compromise any organic coatings on the surface of function-
alized ENMs. Therefore, for reasons of utility, tests using pro-
teinase K did not proceed any further.

From the results presented, it is apparent that TMAH in
the presence of 5 mmol L™ CaCl, was the only suitable
extractant for Ag NPs contained within/on liver tissues. Spik-
ing Ag NPs onto liver tissue that were left in the dark at room
temperature for 24 h caused no appreciable change in parti-
cle size distribution compared to freshly spiked samples
(Fig. 3). The results of the liver tissue spiking tests, where
TMAH + CaCl, was spiked with Ag NPs or AgNO; in either

Table 2 Mean particle number concentration and median particle size of Ag NPs or AgNOs spiked into TMAH + CaCl, extraction matrix in the absence

or presence of liver tissue for 24 h

Mean particle

Particle mass Coefficient number Coefficient Mean Coefficient
TMAH + Sample concentration % of variation concentration % of variation particle % of variation
CacCl, type (ng L™ recovery (%) L™ (x10%) recovery (%) size (nm)  recovery (%)
Spiked with Within  49.07 + 2.49* 96.14 + 5.07 41.2 +1.8™ 91.93 £ 4.42 59.30 + 100.43 * 0.30
Ag NPs sample 4.88 4.06 0.18™ 0.30
Between 52.98 + 2.36™" 99.40 + 4.45 46.8 + 4.9*° 99.57 £ 10.44 59.26 + 100.28 * 0.77
samples 4.43 10.39 0.45™ 0.77
Spiked with Within ND N/A N/A ND N/A N/A ND N/A N/A
AgNO; sample
Between ND N/A N/A ND N/A N/A ND N/A N/A
samples
Liver spiked Within  54.60 2.03%% 106.98 + 3.72 37.6 £ 1.252 83.96 + 3.15 63.42 + 107.41 = 1.03
with Ag NPs sample 3.98 2.95 0.65" 1.10
Between 53.38 + 4.85" 100.15 + 9.09 36.0 + 2.0%2 76.77 £ 5.58 63.46 + 107.39 + 2.85
samples 9.11 5.58 1.81% 3.06
Liver spiked Within ND N/A N/A ND N/A N/A ND N/A N/A
with AgNO; sample
Between ND N/A N/A ND N/A N/A ND N/A N/A
samples

Data are means + S.D., n = 5. Recovery was based on the particle number concentration as measured in freshly spiked TMAH + 5 mmol L™ CaCl,
at the same Ag concentration solution (50 ng L™"). No particles were detected in both AgNO; treatments (ND). Different upper case letters denote
statistical difference between the presence and absence of liver tissue with TMAH + 5 mmol I, CaCl, matrix within the same sample type (two-
way ANOVA or Kruskal-Wallis). Different lower case letters denote statistical difference between sample types (two-way ANOVA or Kruskal-Wallis).
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Fig. 4 Example time scan (left panels) and corresponding particle size distributions (right panels) of biologically incorporated Ag material
extraction from the liver of fish exposed in vivo to either control (no added Ag; A and B), or 100 mg kg™* Ag as AgNO; (C and D) or Ag NPs (E and

F) for 2 weeks in the diet.

the presence or absence of liver tissue and left for 24 h are
shown (Table 2). The presence of liver tissue did not alter the
particle mass concentration (two-way ANOVA, P > 0.05), or
size distribution (Fig. 3). However, the presence of the liver
did cause a significant decrease in mean particle number

This journal is © The Royal Society of Chemistry 2019

concentration and an increase in mean particle size, which
suggests some settling and/or agglomeration occurred. For
example, the between sample particle number concentration
decreased from 47 to 36 x 10° particle per L in the absence
and presence of liver, respectively (Table 2). Nonetheless, the

Environ. Sci.: Nano, 2019, 6, 3388-3400 | 3397


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9en00547a

Open Access Article. Published on 11 October 2019. Downloaded on 7/18/2025 7:30:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Environmental Science: Nano

Table 3 The particle mass concentration, particle number concentration and mean particle size of Ag particles extracted from the livers of fish exposed
to either a control (no added Ag), or 100 mg kg™ Ag as either AGNOs or Ag NPs

Coefficient of

Measurement Treatment Liver 1  Liver 2 Liver3 Liver4 Liver5 Liver6 Mean +S.D variation (%)
Tissue particle mass concentration  Control 0.002 0.005 0.002 0.006 0.002 0.004 0.004 + 0.002"  50.3
(ug g™ dw) AgNO; 43.8 200.0  309.9  23.1 1969  57.9 138.6 + 114.3%  82.5
Ag NP 84.5 0.3* 184.8 155.7 111.3 54.1 118.1 + 52.8° 44.7
Particle number concentration Control 0.001 0.009 0.00 0.01 0.00 0.01 0.007 + 0.004"*  60.9
(x10° g" dw) AgNO; 32.4 67.4 51.1 53.2 12.8 78.0 68.3 £ 33.1° 48.4
Ag NP 39.2 26.6 65.8 14.0 92.1 12.2 76.9 + 51.6° 67.0
Mean particle size (nm) Control 61.2 44.7 43.7 43.5 42.8 39.0 458 + 7.8 17.0
AgNO; 61.8 76.6 93.6 42.7 53.2 49.2 62.9 + 19.1* 30.4
Ag NP 66.1 26.7 72.8 54.0 54.7 41.5 52.7 + 16.7% 31.7

Data are n = 5/6. (*) denotes a significant outlier from Grubbs test and removed from further calculations. Different upper case letters denotes
significant difference between treatments (columns; one-way ANOVA or Kruskal-Wallis). The LOD for particle number concentration was 1.5 x

10° particles per g tissue dw.

coefficient of variation between samples was only 5% and
within acceptable limits and the particle mass recovered was
100% (Table 2). Gray et al.'® spiked beef and Daphnia magna
samples with Ag NPs in a TMAH matrix, and the recoveries
found are also comparable to those reported here for fish.

Extraction methods for tissue samples containing biologically
incorporated silver

The challenge for determining the Ag NP particle number
concentration in tissues that had been exposed in vivo is that
the tissue may contain an incidental natural concentration of
silver (forms unknown) acquired from trace amounts of silver
in the ingredients such as fish meal used to make the animal
feed. Thus, any extraction protocol with subsequent spICP-
MS would need to be able to extract and detect both any ap-
parent dissolved Ag and particulate Ag in the tissue; and to
do that without causing changes in the ratio of dissolved to
particulate metal in the sample. It is also important to under-
stand the composition of the unexposed control tissue sam-
ples (i.e., normal fish tissue) in order to interpret the tissue
samples from animals exposed to AgNO; or Ag NPs. The
livers of unexposed control fish had some incidental particu-
late silver above the LOD threshold (1.5 x 10° particles per g
tissue dw), but most of the silver in the control fish was in
the dissolved form as evidenced by the intense signal band
up to around 5000 CPS (Fig. 4A). The particles in the control
liver equated to around 7 x 10° particle per g dw tissue,
which was 10 000-fold lower compared to the exposed tissues.

The particles found in the control livers did not signifi-
cantly differ in mean size compared to both of the dietary Ag
treatments (Table 3). But in the Ag NP treatment, there was a
significantly elevated number of particles and particle mass
concentration in the livers compared to that of the control
fish (Fig. 4 and Table 3). The particles in the livers of fish
from the dietary Ag NP treatment were very similar to those
found in livers from the dietary AgNO; treatment (Fig. 4), as
there was no significant difference between any particle-
based measurements between the two treatments (Table 3).

3398 | Environ. Sci.: Nano, 2019, 6, 3388-3400

The presence of Ag-containing particles in the liver of fish ex-
posed to dietary AgNO; in vivo is interpreted as biogenic par-
ticle formation in the living tissue. The normal fish livers
simply spiked with AgNO; solution showed no particle forma-
tion (Table 2). Trout are known to form metal storage gran-
ules in vivo (e.g., dietary Cu exposures,’'). Liver from humans
exposed during silver mining also contain Ag granules.*” In
fish it is also expected that metal homeostasis will inevitably
vary between animals in vivo and around the homeostatic set
point;** and this is reflected in the relative standard devia-
tion of the in vivo livers that were at least 6-fold higher com-
pared to spike tests in the same matrix (Table 2) or in the
presence of uncontaminated liver tissue (Table 3). If fish can
synthesise biogenic Ag-containing particles from dissolved Ag
exposure in vivo, then there is also the possibility that fish
might also modify Ag NPs taken up in vivo. In the dietary
study with fish here,* all of the particle size distributions
from the in vivo livers were significantly different from those
of Ag NPs spiked into the matrix (Kolmogorov-Smirnov, P <
0.001, Tables 2 and 3); suggesting in vivo modification of the
particles. Whether or not this modification occurred in the
intestine during uptake or in the liver itself requires further
investigation.

Conclusions and regulatory perspective

In conclusion, a suitable tissue digestion method followed by
spICP-MS has been developed to determine the particle num-
ber concentration and mean size in livers from fish. The ana-
Iytical method uses inexpensive reagents, and can generate
samples within a few hours that can be analysed on a stan-
dard ICP-MS instrument. There is an urgent regulatory need
for the routine detection of ENMs in fish tissue to support
environmental risk assessments, especially with respect to
the bioaccumulation testing strategy® and fish liver is often
the organ of choice for environmental monitoring of
chemicals. The method here for the detection of ENMs is ro-
bust and repeatable with a coefficient of variation less than
10%, and with a detection limit relevant to wildlife. The

This journal is © The Royal Society of Chemistry 2019
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method is able to detect Ag NPs in tissues from in vivo expo-
sures and raises the possibility of biogenic Ag particle forma-
tion from AgNO; exposures in fish. The next steps are to trial
the method with a broader range of fish tissues and in differ-
ent organisms for Ag NPs, and with further standardisation
of the protocol and inter-laboratory testing to demonstrate/
validate the protocols for regulatory use.
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