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Single-cell analysis using inductively coupled plasma mass spectrometry (SC-ICP-MS) is an analytical
methodology that allows to obtain qualitative and quantitative information of the element content of
bioparticles (cells, bacteria, unicellular algae, yeasts...) on a cell-by-cell basis. In this study, two
commercially available nebulisation systems for introduction of intact bioparticles were evaluated,
showing similar performance. Bacteria (E. coli) exposed to Ag() and 10 nm Ag nanoparticles were
detected and their complete silver content distributions successfully recorded. Analysis of the
corresponding spheroplasts, obtained after enzymatic digestion of the bacterial outer membrane with
lysozyme, allowed information about the intracellular silver to be obtained, providing an insight into the
biodistribution of silver in the bacteria. Likewise, validity of the quantitative information obtained by SC-
ICP-MS was evaluated by applying methodology based on the estimation of silver mass per bioparticle
critical values and successive dilutions. The quantitative information obtained by SC-ICP-MS for the total
content of silver in bacteria and spheroplasts was confirmed by acid digestion followed by conventional
ICP-MS analysis. Bacteria exposed to silver nanoparticles accumulated lower amounts of silver than

those exposed to ionic silver, the latter being totally internalized, showing the higher bioavailability of
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Accepted 17th January 2024 ionic silver. This study proves for the first time the suitability of SC-ICP-MS for the quantitative

determination of silver in bacteria, as well as in spheroplasts when combined with lysozyme digestion.
Limits of detection of 7 ag of Ag per bioparticle, 500 bioparticles per mL and 38 ng of total Ag per litre
of bacteria/spheroplast suspension were achieved.
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Introduction

Cells are the morphological and functional unit of all living
organisms. Due to their associated structural complexity, cells
of the same type that have been exposed to the same external
stimulus, can exhibit significant differences in the intracellular
expression of biomolecules and elements. These cell-to-cell
variations can be the cause of different diseases, neurological
and developmental disorders.* Thus, methods that allow cell-
by-cell analysis to obtain information about their variability
are highly relevant. On the other hand, metals are important
elements in a number of biological processes.”> Hence, the
study of cell variability in terms of metallomics is of critical
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importance."** Traditional methods used for determination of
the metal content in cells provide average mass concentrations,
where the homogeneous distribution of the metals in the cells is
assumed.* However, quantification of metals content in indi-
vidual cells can help to understand their mechanisms of uptake
and elimination, the mechanisms of interactions between
metal-containing nanoparticles and metallo-drugs with cells, or
the distribution of nutrients among a population of cells.?
When inductively coupled plasma mass spectrometry (ICP-
MS) is operated in single particle mode to analyse bio-
particles, such as cells, bacteria, microalgae or yeasts, elemental
information of individual bioparticles can be obtained, which is
commonly known as single cell (SC) ICP-MS.® SC-ICP-MS can be
used to quantify both endogenous elements in individual bio-
particles, as well as the uptake and bioaccumulation of dis-
solved elements and nanoparticles. SC-ICP-MS is able to
provide information about the mass of element per cell, the
mass distribution within a cell population and the concentra-
tion of cells containing specific elements.>® Conceptually, single
particle and single cell analysis by ICP-MS are based on the
same fundamentals, so the majority of the concepts and
procedures related to SP-ICP-MS can be directly applied to SC-
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ICP-MS. When a sufficiently diluted suspension of cells is
introduced into the plasma, each cell will be vaporised, atom-
ised and its atoms ionised as a single pack of ions that will be
detected as a discrete event. A very diluted suspension (<10°
cells per L) and fast data acquisition are required so that each
detected event corresponds only to an individual cell.® Likewise,
the calculations for SC-ICP-MS are also similar to those for SP-
ICP-MS.*

The first work devoted to SC-ICP-MS was published by Li
et al” in 2005. These authors analysed samples of bacteria
incubated in uranium-rich culture medium and demonstrated
that the uranium signals came from uranium compounds
incorporated into individual bacteria, which behaved like large
particles in the ICP.” From then on, SC-ICP-MS has been used
for the analysis of different types of unicellular systems from
different origins, such as human and other mammalian cell
lines, bacteria, algae or yeasts."* Some parameters such as the
size, morphology or stability of these bioparticles, determined
by their composition or structure, have an influence on the
analysis by SC-ICP-MS, and it is in this context where the
differences between SP-ICP-MS and SC-ICP-MS become more
evident because the stability of bioparticles and other organic or
inorganic particles is not the same.

A problem associated with SC-ICP-MS is related to the
introduction of bioparticles into the plasma. Conventional
sample introduction systems usually consist of cyclonic or
double pass spray chamber equipped with pneumatic nebu-
lisers, which are designed to filter larger particles (up to 3-5 pm)
preventing them from entering the plasma."** However, some
bioparticles are larger than the droplet size allowed by these
conventional sample introduction systems, because the size of
some human cells can range from 7-150 um.' Nomizu et al.
used a concentric nebuliser for the analysis of 10-20 um cells to
quantify calcium content by ICP-OES, and the authors obtained
a transport efficiency lower than 0.1%.? Likewise, in more recent
publications, transport efficiencies between 2-3% have been
obtained using conventional sample introduction systems for
the determination of cobalt and silver in different cells.>'® In
order to overcome these limitations, new sample introduction
systems have been developed and commercialised. These
systems have been designed to provide higher transport effi-
ciencies using sample flow rates in the range of pL min~". Some
authors have used these sample introduction systems for the
analysis of cells, algae and yeasts, obtaining transport efficien-
cies from 8 up to 30%.""** Moreover, these systems allow the
introduction of intact bioparticles into the plasma keeping their
integrity, which is especially relevant for fragile cells and prone
to rupture.> As mentioned above, continuous advances in SC-
ICP-MS over the last years have made it possible to apply this
technique in different scientific fields. The most common
applications are the determination of endogenous elements in
cells (Cu, Fe, K, Na, Zn, P or S) and the evaluation of uptake and
distribution of exogenous elements. Cells can be exposed to
metals in the context of different applications, such as metal-
lodrug studies, exposition to nanoparticles or the use of
metallic labels.>*" It should be noted that most of the studies

744 | J Anal At Spectrom., 2024, 39, 743-753

View Article Online

Paper

reported in the literature* are based on the analysis of cells,
algae or yeast, whereas studies on bacteria are very limited.”*>*¢

In relation to the information obtained by SC-ICP-MS, it can
be limited to get qualitative information, as in the monitoring
of essential elements (Mg, P, Mn, Cu, Se or Zn) in single yeast
cells (Saccharomyces cerevisiae)'*® or to the detection of
endogenous and exogenous elements (Mg, P, K, Cr, Zn and Pt)
in single sperm cells."” However, many studies provide quanti-
tative information derived from SC-ICP-MS whose validity
should be evaluated conveniently, which is not always the
case.”*** Comparison of the SC-ICP-MS results with those from
the acid digested cells is the most frequent strategy, although
significant differences have been reported for the analysis of
a number of cells, algae, protozoa and yeasts.*'*****° Different
reasons have been proposed to explain these differences:
differences in the transport efficiency of nanoparticles and
cells, differences in the atomization and ionisation for nano-
particles and cells,” saturation of the detector when the cells
contain a high number of nanoparticles,'*® lower number of
cells involved in the SC-ICP-MS measurements,* on line
correction with internal standards was not possible,* dwell
time affected the detection limits in single cell analysis.*® In any
case, robust strategies to obtain comparable results between
different methods to validate the quantitative results obtained
by SC-ICP-MS are required.

On the other hand, SC-ICP-MS is limited to determine the
total content of specific elements in individual bioparticles.
Thus, in studies where microorganisms are incubated with
exogenous elements, SC-ICP-MS is unable to distinguish
whether the accumulated element has been internalised by the
microorganism or retained at the membrane. In this regard, cell
lysis®* and enzymatic digestion®” procedures have proven to be
useful for determining the average silver internalised in
bacteria when used in combination with ICP-MS or size exclu-
sion chromatography ICP-MS, respectively. Hence, it is feasible
the combination of SC-ICP-MS with these methods to determine
the element distribution in bioparticles in a cell-by-cell basis.

The aim of this work is the development and application for
the first time of an analytical methodology based on SC-ICP-MS
for the analysis of bacterial cultures exposed to silver species
with two main objectives: (i) the identification of bacteria con-
taining silver and the quantification of their individual total
content, (ii) to study the biodistribution of silver by quantifi-
cation of intracellular silver, through the enzymatic removal of
the bacterial cell wall. In addition, the validity of the quantita-
tive information obtained by SC-ICP-MS has been evaluated by
applying a method based on the estimation of the element mass
per particle critical values and by comparison with the infor-
mation obtained by conventional ICP-MS analysis.

Experimental

Instrumentation

An Agilent 8900 ICP-MS/MS (Agilent Technologies, Tokyo,
Japan) and a PerkinElmer NexION 2000B Inductively Coupled
Plasma Mass Spectrometer (Toronto, Canada) were used
throughout the study. When working in conventional mode, the

This journal is © The Royal Society of Chemistry 2024
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sample introduction systems consisted of a conventional
MicroMist nebuliser and cooled (2 °C) quartz Scott double pass
spray chamber (Glass Expansion, Melbourne, Australia) for the
Agilent 8900, and of a glass concentric nebuliser and a baffled
cyclonic spray chamber (Meinhard, Colorado, USA) for the
NexION 2000B. Data acquisition was performed using a dwell
time of 0.3 s, 100 sweeps and 20 replicates per measurement in
the first case, and with a dwell time of 50 ms, 20 sweeps and 10
replicates per measurement for the second one. Both mass
spectrometers were also used for measurements in single cell
mode (SC-ICP-MS). In this case, sample introduction systems
consisted of a high efficiency glass concentric CytoNeb micro-
nebuliser (Meinhard, Colorado, USA) with a CytoSpray linear
pass spray chamber (Elemental Scientific Inc., Nebraska, USA)
and a high efficiency glass concentric micronebuliser (Mein-
hard, Colorado, USA) and an Asperon™ linear pass spray
chamber (PerkinElmer, Toronto, Canada), for the Agilent and
PerkinElmer instruments, respectively. Default instrumental
and data acquisition parameters are listed in Table 1.

Standards

Diluted suspensions of gold and silver nanoparticles were
prepared from commercially available suspensions. Ultra-
uniform gold nanoparticle (PEG-carboxil 0.8 kDa surface)
suspension of 47.8 + 1.8 nm, silver nanoparticle suspension
(mPEG 5 kDa surface) of 51 &+ 4 nm diameter and monodisperse
citrate-stabilised silver nanoparticles of nominal diameters 60
4+ 7 nm and 10.3 + 2.1 nm were obtained from NanoComposix
(San Diego, CA, USA). A europium microsphere suspension of
nominal diameter 2.36 + 0.22 um was purchased from Bang
Laboratories (Indiana, USA). Dilutions were prepared in ultra-
pure water (Milli-Q Advantage, Molsheim, France or Elga,
Marlow, Buckinghamshire, UK) by accurately weighing (£0.1
mg) aliquots of the stock suspensions after 1 min sonication.
After dilution and before each analysis, the suspensions were
bath sonicated for 1 min. Longer sonication times were not
used to avoid excessive heating of the suspensions.

Aqueous gold, silver and multi-element (VHG-SM68-1, VHG-
SM68-2 and VHG-SM68-3) solutions were prepared from

Table 1 Default instrumental and data acquisition parameters for SC-
ICP-MS

ICP-MS Perkin Elmer NexION 2000B  Agilent 8900

Instrumental parameters

RF power 1600 W 1550 W

Argon gas flow rate

Plasma 15 L min™" 15 L min™"
Auxiliary 1.2 L min~" 0.9 L min™"
Nebuliser 0.3 L min~" 0.3 L min~"
Make-up 0.9 L min™" 0.9 L min™"
Sample flow rate 12-15 puL min " 15-18 pL min "
Data acquisition parameters

Dwell time 100 ps 100 ps

Total acquisition time 60 s 60 s

Isotopes monitored 107Ag, %7 Au 107Ag, P1EU

This journal is © The Royal Society of Chemistry 2024
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standard stock solutions of 100-1000 mg L~ " (Sigma Aldrich,
Saint Louis, MO, USA and Romil, Cambridge, UK) by dilution in
ultrapure water or 1% or 25% (v/v) HNO;. Nitric acid (Baker
Instra Analyzed for Trace Metals Analysis, J. T. Baker, Holland
and Romil, Cambridge, UK), hydrogen peroxide (Scharlau,
Scharlab. S.L., Barcelona, Spain and Romil, Cambridge, UK),
physiological saline solution (NaCl 0.9%) (Panreac, Barcelona,
Spain), phosphate buffered saline (PBS) (Sigma-Aldrich, Saint
Louis, MO, USA), Mueller-Hinton broth (MHB) (Scharlau,
Scharlab S.L., Barcelona, Spain), Mueller-Hinton (MH) agar
(Bio-Rad, La Coquette, France), Tween 80 (Sigma Aldrich, Saint
Louis, MO, USA), lysozyme from chicken egg white (90%)
(Sigma Aldrich, Saint Louis, MO, USA), ethylenediaminetetra-
acetic acid (EDTA) (98%) (Scharlau, Scharlab. S.L., Barcelona,
Spain), Tris-Hydrochloride (Tris-HCI) (99%) (Sigma Aldrich,
Saint Louis, MO, USA), glycerol (Panreac, Barcelona, Spain) and
paraformaldehyde (Fisher Scientific, Thermo Fisher Scientific,
Waltham, MA, USA) were also used. The solutions of physio-
logical saline solution, PBS, Tris-HCI and culture media were
autoclaved for 20 min at 121 °C at 1 atm.

Bacterial cell culture

Escherichia coli ATCC 25922 strain was used in all experiments.
The bacteria were cultured in MH agar and grown overnight at
37 °C.

Procedures

Bacterial cultures with silver. Bacteria were diluted in MHB +
2% (v/v) Tween 80 medium?® and exposed to 0.5 or 1 mg L™ " of
silver(1) or 2 mg L' of 10 nm silver nanoparticles during 24 h at
37 °C and 100 rpm. Bacteria not exposed to silver (control) and
culture medium controls (without bacteria or silver) were also
treated in the same way. After exposure time, all bacterial
cultures were centrifuged at 5300 rpm during 15 min. The
supernatants were removed and the bacterial cell pellets were
washed three times with PBS under the same conditions. The
evaluation of the effectiveness of PBS washing process during
sample preparation to remove remaining silver that had not
interacted with bacteria is detailed in ESI (Fig. S17). Then, the
bacterial pellets were resuspended in PBS and the samples were
stored at 4 °C until use.

A part of the bacterial samples was subjected to lyophilisa-
tion and fixation with paraformaldehyde.** Samples exposed to
1 mg L ™" of silver(1) or 2 mg L™" of 10 nm silver nanoparticles
were centrifuged at 6000g during 3 min to remove the PBS
supernatant. A 5% (w/v) glycerol solution in PBS was added to
the pellet and let it work for 2 hours. After this time, samples
were centrifuged under the same conditions to remove the
supernatant. Bacterial pellets were frozen overnight at —80 °C
and lyophilised for 24 h at —48 °C and 4.36 x 10~ ° atm (Tesla
Lioalfa-6). Lyophilised samples were stored at 4 °C. For the
fixation process, the lyophilised pellets were resuspended in
1 mL of sterile PBS and centrifuged at 5000 rpm during 3 min.
Supernatant was discarded and a 4% paraformaldehyde solu-
tion in PBS was added to the bacterial pellets. After 15 min, the
samples were centrifuged under the last same conditions to
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remove the supernatant. The fixed pellets were resuspended in
1 mL of ultrapure water. Controls were also treated in the same
way. To estimate the concentration of bacteria in samples,
optical density of bacterial cultures was measured with an UV-
vis spectrophotometer (UV-2004 Lan Optics) at 600 nm.
Bacteria concentrations ranged 7-9 x 10° mL ™" for non post-
treated bacteria, and 5 x 10'° mL™" for the lyophilised and
fixed ones.

Determination of silver content in bacterial samples after
acid digestion. Samples of bacteria were subjected to acid
digestion. A volume of 100 pL of samples was centrifuged at 10
000g during 20 min to remove the PBS medium. Volumes of 500
uL of HNO; (69-70% w/v) and 100 pL of H,0, (30% v/v) were
added to the pellets and samples were shaken and digested for
24 h at room temperature and shaken at 124 rpm. After diges-
tion, the volume was made up to 10 mL with 1% HNO; (v/v) and
the content of total silver was quantified by ICP-MS. Five repli-
cates of each sample were analysed. Bacterial control and
bacterial control spiked with 5 pg L™" of silver(1) were treated in
the same way. In addition, the acid digestion procedure was
applied to the enzymatically digested samples (final superna-
tants and pellets) and enzymatically digested bacterial control
sample spiked with 5 pg L™ of silver(i).

Determination of intracellular silver content in bacterial
samples after enzymatic digestion. Samples of bacteria (not
lyophilised or fixed) were subjected to enzymatic digestion. A
volume of 100 pL of samples was centrifuged at 10 000g and 4 °C
for 20 min to remove the PBS medium. The pellets obtained
were washed twice with 0.01 M Tris-HCI buffer (pH = 7.8) by
centrifugation at 3000g at 4 °C for 20 min. The supernatants
were removed and the bacterial cell pellets were resuspended in
500 pL of 0.01 M Tris-HCI buffer. A volume of 10 pL of 0.5 M
EDTA (pH = 8) was added slowly to the bacteria, until its
concentration reached 10 mM and samples were shaken and
incubated for 30 min at 37 °C and 100 rpm. Afterwards, samples
were centrifuged at 3000g for 20 min. The supernatants were
removed and 500 pL of lysozyme in 0.01 M Tris-HCI buffer
(2 mg mL ") were added to the pellets. Samples were incubated
for 1 h at 37 °C shaking at 100 rpm. Afterwards, samples were
centrifuged at 4000g for 20 min at 4 °C. The supernatants were
stored and analysed by ICP-MS after acid digestion. The pellets
were washed twice with 0.01 M Tris-HCI buffer (pH = 7.8) by
centrifugation at 3000g at 4 °C for 20 min. The final pellets were
subjected to analysis by ICP-MS after acid digestion and by SC-
ICP-MS. Bacterial and culture medium controls were treated in
the same way.

SC-ICP-MS measurements and data processing. Bacterial cell
suspensions obtained from silver exposure experiments were
analysed by SC-ICP-MS to detect and quantify silver in bacteria.
The samples of bacteria (not lyophilised or fixed) were analysed
using the PerkinElmer NexION 2000B ICP-MS. Before analysis,
avolume of 100 pL of samples was centrifuged at 10 000g during
20 min to remove the PBS medium and the bacterial pellets
were resuspended in ultrapure water and diluted to a cell
number concentration of approximately 4 x 10® L™'. On the
other hand, enzymatically digested samples were also analysed
using the same ICP-MS instrument. The final pellets were
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resuspended and diluted in 0.01 M Tris-HCl buffer. All
suspensions were measured in single cell mode using the Syn-
gistix Single Cell-Application module version 2.5 (PerkinElmer
Inc.). Recorded signals were processed by applying a 5-sigma
threshold criterion calculated as five times the square root of
the mean baseline intensity of the time scan.*®*® Analyte
transport efficiency was calculated according to the frequency
method developed by Pace et al®” by using the ultra-uniform
gold nanoparticle standard described above. Sample flow rate
was measured gravimetrically.

The samples of lyophilised and fixed bacteria were analysed
using the Agilent 8900 ICP-MS. Before analysis, bacterial
samples were diluted in ultrapure water to a cell number
concentration of approximately 5 x 107 L™". Suspensions were
measured in single particle mode using the single particle
application module for ICP-MS MassHunter 4.3 (version:
G72Dc.c.01.03) software. Recorded time scans were exported
and processed with the SPCal*® software by using the Poisson
filter option. Analyte transport efficiency was calculated
according to the frequency method developed by Pace et al.*” by
using the ultra-uniform silver nanoparticle standard described
above. Dynamic mass flow method (DMF), which does not
require reference material for the calculation of transport effi-
ciency, was used for the in-house characterisation on particle
number concentration of this material,> obtaining a particle
number concentration of 8.4 x 10" kg™, which was in good
agreement with the value indicated by the manufacturer.
Sample flow rate was measured gravimetrically.

Results and discussion
Evaluation of nebulisation systems for SC-ICP-MS

Two nebulisation systems specifically designed for introduction
of intact cells in ICP-MS were evaluated in order to determine
their optimal working conditions and performance. Both
systems are commercially available and consist of linear pass
and laminar flow spray chambers with proprietary designs
(Asperon™ by PerkinElmer and CytoSpray by Elemental Scien-
tific Inc. (ESI)), equipped with high efficiency concentric
micronebulisers (Meinhard). The behaviour of both systems
was initially studied with silver nanoparticles, with the ultimate
aim of their application to the analysis of bacteria by SC-ICP-
MS.

Both spray chambers use a make-up gas in order to create
a tangential flow to the spray chamber walls, preventing the loss
of cells by collision with the walls. Additionally, this make-up
gas allows to control the residence time of the bioparticles
within the plasma, and thus, the different processes that cells
and analytes undergo, regardless of the nebuliser gas flow rate.
On the other hand, the laminar gas flow within the spray
chamber ensures a maximum aerosol transport at the flow rates
applied.

Fig. 1a and b show the effect of the nebuliser gas flow rate at
different make-up gas flow rates on the mean intensity of
particles detected and the transport efficiency for a suspension
of citrate-stabilised silver nanoparticles of 60 nm, using the
PerkinElmer nebulisation system. Whereas the transport

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Effect of the nebuliser gas flow rate at different make-up gas flow rates on the mean intensity (a and c¢) and on the number of particle
events detected (b and d). Sample introduction systems: Asperon™ PerkinElmer, 60 nm AgNPs-citrate (a and b); CytoSpray ESI, 50 nm AgNPs-
PEG. Make-up gas flow rates (L min~%): (H) 1.0; (®) 0.9; (V) 0.8; (¢) 0.7; (A) 0.6; (@) 0.5; (®) 0.4; (%) 0.3. Error bars: + standard deviation (n = 5).

efficiency depends on the number of particles detected, the
intensity observed is related to the atomisation efficiency of the
particles and the ionisation efficiency of the target element.
Similar behaviours related to the intensity of the events were
observed for the different combinations of make-up and neb-
uliser gas flow rates, with the highest intensity per particle at
total gas flow rates (make-up + nebuliser gas flow rate) of 1.2-1.3
L min ', Furthermore, for a fixed total gas flow rate, the
intensity was constant in the curves studied. For example, at
a total gas flow of 1.2 L min~" (combination of nebuliser and
make-up gas flow rate of 0.6 + 0.6, 0.5 + 0.7, 0.4 + 0.8 and 0.3 +
0.9 L min", respectively), the intensity of the events detected
was around 550-600 counts. In relation to the transport effi-
ciency, a similar efficiency was observed in those situations
where the maximum event intensity was obtained (total gas flow
rate of 1.2-1.3 L min~"). This transport efficiency varied
between 55-60%, indicating that, for a fixed total gas flow rate,
it was fairly constant at the conditions studied.

This journal is © The Royal Society of Chemistry 2024

According to the results obtained, it was determined that
the best conditions with the highest event intensities and the
highest transport efficiency, were those with total gas flow
rates (make-up + nebuliser gas flow rate) of 1.2-1.3 L min™ .
The nebuliser gas flow rates typically used for cell introduction
are in the range of 0.3-0.5 L min~', whereas the make-up gas
flow rates are around 0.7-0.9 L min~'.51113224041 Thege
combinations of high make-up and low nebuliser gas flow
rates allow the introduction of intact cells into
the plasma.>'"***>>* Hence, the combination of a nebuliser
gas flow rate of 0.3 L min~' and a make-up gas flow rate of
0.9 L min~ " was chosen as optimal.

Fig. 1c and d show the behaviour observed for the CytoSpray
ESI nebulisation system in an Agilent 8900 instrument. As for
the PerkinElmer system, the maximum event intensity was ob-
tained at a total gas flow rate (make-up + nebuliser gas flow rate)
of 1.2 L min~" with the mean intensity of the events detected
between 520-550 counts. In relation to the transport efficiency,
the highest efficiency was obtained at a nebuliser gas flow rate
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of 0.4 L min~" for all make-up gas flow rates studied. This
indicated that the transport efficiency depended only on the
nebuliser gas flow rate and it was independent of the make-up
gas flow rate. Therefore, based on the results obtained, for the
sample introduction system for the Agilent 8900, the best
conditions of particle intensity and transport efficiency would
be obtained at a total gas flow rate of 1.2 L min ', being the best
combination a nebuliser gas flow rate of 0.4 L min~ ', and thus,
a make-up gas flow rate of 0.8 L min™—".

Even though both systems showed the maximum event
intensity at a total gas flow rate of 1.2-1.3 L min ', as well as
this intensity was constant for a fixed total gas flow rate, the two
systems did not show the same behaviour in relation with the
transport efficiency (Fig. 1b and d). In the case of the Perki-
nElmer system, the analyte transport efficiency remained
constant for a fixed total gas flow rate, whereas in the case of the
CytoSpray ESI system, it was constant for a fixed nebuliser gas
flow rate. In any case, the nebulisation conditions finally chosen
for subsequent analysis in both systems were the same (0.3
L min ' nebuliser gas flow rate + 0.9 L min~ " make-up gas flow
rate). Under such conditions, the PerkinElmer and the CytoS-
pray ESI systems provided analyte transport efficiencies of
58.4 + 1.2 and 30.8 £ 0.6%, respectively (sample flow rate: 12
and 16 pL min~", respectively).

Bioparticle transport efficiency

A critical issue in SC-ICP-MS when compared to SP-ICP-MS is
the nature and size of the particles involved. The stability of cell
suspensions depends on the type of cell; bacteria is one of the
most robust cell types, therefore it is possible to work with them
in simple aqueous solutions.* Another important factor is the
size of the bioparticles. In the case of cells, their sizes are in the
micrometre range, which can affect their nebulisation
compared to nanoparticles and dissolved species.

Escherichia coli bacteria used in this study had a mean length
of 1.94 + 0.43 um (Fig. S27). In order to assess if the difference
in the size of these bacteria in comparison with nanoparticles
could affect the sample introduction, and assuming that
bacteria behave similarly to europium-labelled polystyrene
microspheres, a suspension of these microspheres (2.36 pm)
was measured and transport efficiency determined using the
CytoSpray ESI system. The transport efficiencies measured
using the europium-labelled microspheres and 50 nm PEG-
stabilised silver nanoparticles were 30.3 £ 1.0% and 32.6 +
1.6%, respectively. By applying a t-test (95% confidence level), it
can be affirmed that both results were in agreement. Likewise,
this behaviour is in agreement with that determined by Laborda
et al.** using the PerkinElmer nebulisation system, where the
authors demonstrated that polystyrene microparticles up to ca.
3 um were nebulised with the same efficiency than Au nano-
particles, whereas the transport efficiency dropped by half for 5
pm microparticles. Therefore, for both sample introduction
systems used throughout this study, the transport efficiency
required for characterisation of individual silver-containing
bacteria can be determined by nanoparticle standard
suspensions.
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Detection of bacteria exposed to silver by SC-ICP-MS

The use of SC-ICP-MS as qualitative technique for the assess-
ment of the presence or absence of (bio)particles containing
specific elements in a sample relies, as in single particle ICP-
MS,*3¢ on the application of element mass per particle
(x235%) and number concentration critical values (X2*™P) as
limits of decision.

The element mass per particle critical value can be based on
a 5-sigma criterion and it can be calculated in the signal
intensity domain as:

YC: YB+50B: YB+5\/ YB [1)

where Y is the signal critical value expressed in counts, Yy the
mean baseline intensity and op the standard deviation of the
baseline. Y is used as a threshold for discrimination of particle
events from the baseline.**?¢ In addition, the number concen-
tration critical value is estimated from the number of particle
events detected in a blank. It is equal to zero for an ideal blank
and it can be calculated as:

Yen = YN +2330gn = YN + 2331/ YN (2)

where Y¢ y is the number of events critical value, Yg x the mean
number of particle events in the blank and gy its standard
deviation. Since both parameters involve counting processes
governed by Poisson statistics, standard deviations can be
considered equal to the square root of the corresponding mean
value and were rounded to the upper integer due to their
discrete nature.

E. coli bacteria exposed to silver(i) and silver nanoparticles
were analysed by SC-ICP-MS using the two instrumental
configurations studied above. Samples of bacteria were directly
analysed after isolation and washing using the PerkinElmer
configuration, whereas the Agilent configuration was used for
lyophilised and fixed samples. Fig. S3 and S41 show the time
scans obtained by SC-ICP-MS for the different samples and
instruments. Application of the critical values described above
allowed to confirm the presence of silver-containing bio-
particles in the samples of bacteria both exposed to Ag(i) or
AgNPs.

Validity of the quantitative information obtained by SC-ICP-
MS

Apart from qualitative information, SC-ICP-MS can provide
quantitative information about the mass of element per bio-
particle, the number of bioparticles containing the monitored
element over the corresponding critical value and the corre-
sponding mass per bioparticle distribution. Since bioparticle
standards are not available, SP-ICP-MS strategies based on the
use of dissolved element standards in combination with
calculations involving the transport efficiency and the sample
flow rate are used,’” assuming that the bioparticles nebulise like
dissolved species and the element behaves in the same way both
dissolved and in the bioparticles. In any case, the validity of the
quantitative information provided by SP and SC-ICP-MS relies
on recording complete element mass per particle distributions,
which is not straightforward to prove when the particle

This journal is © The Royal Society of Chemistry 2024
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distribution is unknown or it has not been measured by an
alternative technique. In this regard, an approach for the
assessment of the validity of the quantitative information ob-
tained by SP-ICP-MS has been recently reported® that can also
be applied to SC-ICP-MS. The approach is based on the esti-
mation of the element mass per particle critical values
(X&%%%), that must be below the lower end of the measured
elemental mass per particle distribution, and the analysis of
successive dilutions of the samples, which should provide
comparable concentrations.

Suspensions from bacteria isolated and washed after
culturing with silver contained negligible amounts of dissolved
silver, which means that baseline intensities were close to those
from instrumental blanks. In any case, if the lower end of the
measured mass per particle distribution is larger than the
X calculated from the baseline of the sample, the suspen-
sion can be diluted to make a second confirmatory measure-
ment. In contrast, if the lower end of the measured mass
distribution is next to the critical value and it cannot be
improved by dilution, no additional action can be taken and the
validity of the distribution and the quantitative information
cannot be confirmed. If dilution involves the recording of a low
number of particle events, the total acquisition time can be
increased conveniently. The detailed flow chart of the procedure
is available in ref. 43.

Silver mass per particle distributions from E. coli bacteria
exposed to silver(1) and 10 nm silver nanoparticles are shown in
Fig. 2. Bacteria exposed to silver(i) showed a broader distribu-
tion than when exposed to silver nanoparticles. In the first case,
the mass per particle distribution range was 23-800 ag, while in
the latter, the range was 13-350 ag for bacteria measured
directly without any treatment with the PerkinElmer configu-
ration, whereas lyophilised and paraformaldehyde fixed
bacteria measured with the Agilent configuration showed
ranges of 5-350 and 5-100 ag of silver, respectively. Under the
corresponding measurement conditions, the X¢**® values were
6.2 and 5.8 ag for bacteria exposed to silver(i) and silver
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nanoparticles, respectively, with the PerkinElmer configuration
and 3.4 ag for both types of samples with the Agilent configu-
ration. For all these samples, the baseline intensities were close
to the blank level and the lower ends of the measured distri-
butions were larger than the critical values, so the suspensions
were diluted 1:2 to confirm the results obtained. The results
from both dilutions showed good agreement for all the samples,
obtaining quantitative recoveries over 90% for both samples of
bacteria exposed to silver(i) and silver nanoparticles. This fact
confirms that the mass per particle distributions obtained in
Fig. 2 were complete and the obtained information could be
considered quantitative. Table 2 summarises the steps followed
for the assessment of the information obtained for these
samples and the obtained results.

Quantification of the bacteria total silver uptake by SC-ICP-MS

SC-ICP-MS can be used to detect the occurrence of bacteria
containing silver, to obtain the corresponding mass per particle
distributions and hence to determine the total concentration of
silver accumulated by bacteria during the incubation process.
Table 3 shows the amount of total silver determined by this
technique in samples from bacteria suspension exposed to Ag()
and 10 nm AgNPs, following the treatments described in the
Experimental section. Results are expressed as silver concen-
tration in the original bacteria suspension. In both cases,
bacteria exposed to ionic silver accumulated higher amounts of
silver despite the initial amount of silver(i) incubated was lower
than that of silver nanoparticles, showing the higher bioavail-
ability of ionic silver. In the case of lyophilised and fixed
samples, bacteria were exposed to a higher concentration of
Ag(1) showing higher accumulation, whereas similar results
were obtained for bacteria exposed to AgNPs. Whereas a part of
the bacteria was directly analysed after isolation and washing,
another part of bacteria was also subjected to lyophilisation and
paraformaldehyde fixation. These additional steps justify the
higher silver content of the control samples due to manipula-
tion and contamination issues.
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Fig. 2 Silver mass per particle distributions for samples of E. coli bacteria exposed to Ag()) (black) and 10 nm AgNPs (grey) analysed by SC-ICP-

MS. (a) PerkinElmer NexION 2000 B (b) Agilent 8900.
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Table2 Mean massand number concentration of bioparticles, mass critical values (X¢

acquisition time: 60 s. Mean + standard deviation (n = 5)
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©2%%) for samples of E. coli bacteria. Dwell time: 100 ps. Total

Mean baseline intensity Mean mass per  Mass Number of Number
Sample Dilution  counts XG5 (ag)  particle (ag) range (ag) events concentration (L")
Perkin Elmer NexION 2000 B
Bacteria + Ag(1) 1:80 0.040 £ 0.001 6.2 268.7 £ 7.8 23-800 1008 + 49 2.82 £ 0.14 x 10"
1:160 0.030 £ 0.001 6.2 265.4 £ 6.4 23-800 481 + 30 2.80 + 0.18 x 10"
Bacteria + 10 nm AgNPs  1:40 0.010 £ 0.001 5.8 121.6 £ 4.7 13-350 1831 £ 78 2.46 £ 0.10 x 10"
1:80 0.010 =+ 0.001 5.8 129.4 + 7.2 13-350 950 + 47 2.51 £ 0.11 x 10"
Agilent 8900
Bacteria + Ag(1) 1:100 0.027 £ 0.002 3.4 66.6 + 2.4 5-350 839+ 7 1.56 + 0.04 x 10"
1:200 0.016 +£ 0.002 2.9 67.7 + 4.4 4-350 368 + 16 1.51 + 0.07 x 10"
Bacteria + 10 nm AgNPs  1:100 0.029 £ 0.002 3.4 18.6 = 3.0 5-100 384 £ 32 1.58 + 0.10 x 10*?
1:200 0.018 & 0.001 2.9 16.5 £ 1.1 4-100 175 + 8 1.45 £ 0.04 x 10"

Table 3 Silver mass concentration of samples of E. coli bacteria
analysed by SC-ICP-MS and ICP-MS after acid digestion. Mean +
standard deviation (n = 5)

Silver mass concentration (ug L")

Sample SC-ICP-MS Acid digestion-ICP-MS
Non post-treated bacteria

Control <0.1 0.3+0.1

+0.5 mg L™ Ag()) 72.0 £ 3.0 73.3 £ 6.5

+2 mg L' 10 nm AgNPs 265+ 1.4 25.3 £ 0.9
Lyophilised and fixed bacteria

Control 9.4 £0.2 11.3 £ 0.4

+1 mg L™ Ag(1) 921.7 + 51.7 898.2 + 31.7

+2 mg L™ 10 nm AgNPs 30.8 £ 3.5 30.1 +2.3

The results obtained by SC-ICP-MS were compared with
those obtained by ICP-MS after acid digestion (Table 3). In some
cases, the relative standard deviations were relatively high
(>10%) since the amount of silver taken up by each bacteria had
a high variability. Application of a ¢-test (95% confidence level)
showed that the direct analysis by SC-ICP-MS provided similar
results to those obtained by ICP-MS after acid digestion of the
samples. No significant differences were found between both
methods, except for the bacterial control samples (p = 0.58 and
p = 0.12 for non post-treated bacteria exposed to Ag(r) and
AgNPs, respectively; p = 0.04, p = 0.16 and p = 0.69 for control
lyophilised and fixed bacteria and exposed to Ag(1) or AgNPs,
respectively). Bacterial control sample spiked with 5 pg L™ " of
silver(1) and subjected to acid digestion led to 88 + 2% recovery.
These results confirm the conclusions of the validity approach
discussed above and hence the validity of the quantitative
information and mass per particle distributions obtained by SC-
ICP-MS.

Determination of intracellular silver in bacteria by SC-ICP-MS

SC-ICP-MS by itself cannot distinguish whether the accumu-
lated silver is internalised by the bacteria or retained in their
membrane. A SC-ICP-MS method based on the enzymatic

750 | J Anal. At. Spectrom., 2024, 39, 743-753

digestion of the membrane was developed to discriminate the
intracellular silver and the silver adsorbed on the cell wall and/
or accumulated in the periplasmic space of the membrane.
Lysozyme has been successfully used to remove the bacterial
outer membrane in the presence of EDTA,** leaving the corre-
sponding spheroplasts, which were analysed by SC-ICP-MS to
quantify intracellular silver. On the other hand, cell wall debris,
where silver could be adsorbed, and liquid from the periplasmic
space, where silver could be accumulated, remained in the
residual fraction of this digestion. Fig. S5 shows the bacillus
shape of original bacteria and the corresponding spheroplasts
after lysozyme digestion of the membrane, which adopt a round
shape maintaining their integrity. Although the spheroplasts
are more fragile entities than the original bacteria, they
remained intact after nebulisation since an increase in the
baseline level due to their breaking was not observed, when
compared to the control spheroplasts.

Table 4 shows the mass concentration of intracellular silver
obtained by the SC-ICP-MS analysis of spheroplast and the
percentage of intracellular silver in relation to the total silver
taken up by bacteria. It was observed that in the case of bacteria
exposed to silver(i), all the silver was internalised, whereas in
the case of bacteria exposed to silver nanoparticles, this
percentage was limited to about 46%. To validate these results,
the spheroplasts were analysed by ICP-MS after acid digestion.
LOD and LOQ values for total mass concentration determined
by SC-ICP-MS were 38 and 128 ng L™ ", respectively, and 150 and
510 ng L " for total mass concentration determined in standard
mode after acid digestion, showing the higher detection capa-
bility in single particle mode (detailed information about these
and other figures of merit are summarised in Table S17). In
addition, the supernatants containing cell wall residue and
periplasmic space components were also analysed by ICP-MS
after acid digestion. These results are also included in Table
4. By applying a t-test (95% confidence level), it was confirmed
that the direct analysis by SC-ICP-MS gave similar results to
those obtained by ICP-MS after acid digestion of spheroplasts,
corresponding to the intracellular silver (p = 0.44, p = 0.19 for
bacteria exposed to Ag(i) and AgNPs, respectively). Bacterial
control spheroplasts spiked with 5 pg L™' of silver(i) and

This journal is © The Royal Society of Chemistry 2024
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Table 4 Biodistribution of silver in bacteria exposed to Ag(1) and 10 nm AgNPs. Intracellular silver determined from the analysis of spheroplasts by
SC-ICP-MS and ICP-MS (after acid digestion) from lysozyme digested bacteria. Membrane silver (adsorbed on cell wall/accumulated in peri-
plasmic space) determined from the analysis of the residues of lysozyme digested bacteria by ICP-MS (after acid digestion). Mean =+ standard

deviation (n = 5)

Intracellular Ag

Membrane Ag Total Ag

SC-ICP-MS Acid digestion + ICP-MS Acid digestion + ICP-MS Acid digestion + ICP-MS
Bacteria pg Lt % pg L1 % pg L1 % %
Control <0.3 — 0.8 £0.1 — <0.2 — —
+Ag(1) 73.0 & 4.2 101.4 + 5.8 75.1+ 3.6 102.5 & 4.9 2.6 £0.1 3.5+0.1 106.0 & 4.9
+10 nm AgNPs 12.1 £1.0 45.8 + 3.6 11.1 £ 0.9 43.9 £ 3.5 0.3 +0.1 11403 45.0 £ 3.5

subjected to acid digestion led to 87 + 4% recovery. In the case
of bacteria exposed to ionic silver, most silver was internalised
although the occurrence of a residual fraction associated to the
membrane could not be discarded. However, for silver nano-
particles, the sum of the concentrations of intracellular silver
and silver associated to the membrane was not in agreement
with the total silver taken up by bacteria, which might be due to
loses of nanoparticles during the digestion treatment.

These results of the biodistribution of silver were compared
with those obtained in other studies reported in the bibliog-
raphy. Dong et al. studied the biodistribution of silver in
bacteria by size-exclusion chromatography coupled with ICP-MS
after enzymatic digestion with lysozyme.** After incubation E.
coli JCM 1649 bacteria with silver ions and 10 and 30 nm silver
nanoparticles, silver was mainly adsorbed on the cell wall (25-
64%), and a small fraction of silver was internalised (6-15%).
The other silver fraction (24-60%) did not interact with bacteria
and was removed during the washing steps after incubation
process. In contrast, in our study it was observed that silver was
internalised to a greater extent (1-20%) while less than 1% of
silver was adsorbed on the bacterial wall, although in the case of
silver nanoparticles exposure, the percentage of adsorbed silver
could be higher, as discussed above. Likewise, Long et al
determined the silver biodistribution in E. coli MG 1655 bacteria
after exposure to Ag(1) and 10 nm AgNPs.*' The authors applied
a procedure based on the cell lysis and the subsequent sepa-
ration of membrane and cytoplasmic fractions followed by ICP-
MS quantification. Higher levels of silver were obtained in the
cytoplasmic fraction, around 55 and 70% for silver ion and
nanoparticle exposure, respectively. These results were not in
agreement with those obtained in our study.

Conclusions

A SC-ICP-MS method has been developed and evaluated to
obtain quantitative information about the individual silver
content in bacteria exposed to different silver species, as well as
biodistribution of silver within bacteria. For this purpose, two
sample introduction systems have been studied in order to
determine and compare the optimal working conditions in SC-
ICP-MS, selecting the same optimal conditions for both of them
(nebuliser gas flow rate of 0.3 L min~' and make-up gas flow
rate of 0.9 L min~"). Once their behaviour was known, these

This journal is © The Royal Society of Chemistry 2024

introduction systems were applied to the analysis of bacteria
samples previously incubated with silver(r) and silver nano-
particles. After applying different criteria related to detect-
ability, SC-ICP-MS was able to detect and confirm the presence
of silver-containing bioparticles and quantify their individual
content, demonstrating that the introduction systems allow to
introduce efficiently bacteria into ICP-MS. In addition, SC-ICP-
MS has allowed to quantify directly the total concentration of
silver accumulated by E. coli bacteria during the incubation
process. Bacteria exposed to ionic silver accumulated higher
amounts of silver than those exposed to 10 nm silver nano-
particles, showing the higher bioavailability of ionic silver. On
the other hand, the SC-ICP-MS analysis of spheroplasts ob-
tained by enzymatic digestion of the bacterial cell wall with
lysozyme, has allowed to quantify the intracellular silver and to
study the silver biodistribution in individual bacteria. In the
case of bacteria exposed to ionic silver, the silver taken up by
bacteria was mainly internalised, while in the case of 10 nm
silver nanoparticles, only 45% of the silver was internalised.

In summary, SC-ICP-MS can provide accurate quantitative
information at both bioparticle and population average levels
for bacteria exposed to silver species, as well as for the corre-
sponding spheroplasts obtained after enzymatic digestion.
Their robustness and small size (below ca. 2 pm) contribute to
their efficient nebulisation as intact entities with the sample
introduction systems tested, which cannot be extended to other
larger and/or fragile bioparticles. Due to the features of SC-ICP-
MS, the validity of the quantitative information obtained must
be evaluated conveniently to confirm that the mass per bio-
particle distributions have been recorded completely.
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