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etrical flow field-flow
fractionation/ICP-time of flight-mass spectrometry
(sc-AF4/ICP-ToF-MS): an efficient alternative for
the cleaning and multielemental analysis of
individual cells†

Michail Ioannis Chronakis, Marcus von der Au and Björn Meermann *

One of the greatest challenges in the analysis of single cells, quite often is the severe ionic background their

samples exhibit. With that in mind, Asymmetrical Flow Field-Flow Fractionation (AF4), as a cleaning

technique, was combined on-line with the multielemental analytical capabilities of an Inductively

Coupled Plasma-Time of Flight-Mass Spectrometer (ICP-ToF-MS). In that manner, the heavy ionic matrix

effect of untreated cells' samples can be significantly reduced. As a proof of concept, commercial

baker's yeast cells were analysed. Their metal content can be determined on a single cell level, for

multiple elements at a time. The combination yielded promising results, with the system exhibiting the

ability to effectively limit the effect of matrices as severe as 3 × 105 mg per L sodium chloride (NaCl) or

50 mg per L ionic phosphorus (P). In the meantime, no hampering in the analysis of the cells was

observed, due to clogging or otherwise equipment related issues. Furthermore, cells grown in heavy

metal medium (lead, Pb, 0.1–10 mg L−1) were also analysed without prior cleaning, highlighting the

ability for fast analysis without previous manual and/or laborious cleaning procedures. That fact, coupled

with the ability of the ToF to detect the single cells' content for both the event related element (P) and

the spiked element (Pb), on the same event, highlighted the potential of the further development and

optimization of this fast, robust, and effective coupling and its future applicability to numerous life-

science related applications. In addition, new and versatile data treatment tools were developed, and

their performance was tested against established methods.
1. Introduction

Determining the metal content of single cells is a vital aspect of
cellular analysis. It allows for the determination of different
characteristics in cell populations, without falsely assuming
homogeneity, since variability among distinct cells is taken into
account.1 From the earliest stages of single cell analytical
approaches,2 a signicant amount of research has led to great
progress in the eld.3,4 Apart from unveiling secrets of nature,5

which oen happens by studying heterogeneity among cell
populations,6,7 many other critical aspects of everyday life and
wellbeing rely on the further development or improvement of
single cell analytical techniques. Studying the metal content,
proteins and toxins at a single cell level can elevate the quality
control protocols and results of the food industry to a higher
Testing (BAM), Division 1.1 – Inorganic
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f Chemistry 2022
and, nowadays, necessary level of competence.4,8–10 The rising
need for theragnostic methods has also opened new possibili-
ties for the integration of single cell analytical processes in the
study of diseases, or their prevention,6,10–12 ultimately leading to
an improved way of life.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
has efficiently been incorporated in the analysis of individual
cells,13,14 their behaviour in the ionization source,15 or the
determination of their biological response to external stimuli.16

During the last years, mostly single and triple quadrupole or
sector eld mass spectrometers have been used. The develop-
ment of Time-of-Flight Mass Analysers (ToF), exhibited the
superiority of the multielemental analysis in such cases.17,18

However, there are inherent challenges in the analysis of cell
samples (especially in high-throughput procedures), quite oen
stemming from the high complexity of their matrices.19,20

Despite single moieties, like particles and cells, being detected
using shorter time frames (dwell time), higher ionic back-
ground leads to worse signal to noise ratios. That occasionally
leads to difficulties in the distinction between the ionic and the
particulate fraction of the samples.
J. Anal. At. Spectrom., 2022, 37, 2691–2700 | 2691
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Table 1 ICP-ToF-MS operating conditions

Plasma power [W] 1550
Plasma gas ow rate [L min−1] 14
Auxiliary gas ow rate [L min−1] 0.8
Nebulizer gas ow rate [L min−1] 0.92
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A wide assortment of resources has been incorporated in
assessing and trying to cope with matrix effects of any
nature.21–23 (Gradient-/) centrifugation24,25 and (ultra-/micro-/)
ltration26–28 are some of the most commonly used methods
for separating cells and their constituents, or moieties within
their size range, from their supernatant. They too, however,
suffer from a number of limitations. Those include endangering
the integrity of the cells, lack of automatization options, and
low sample throughput, which is an essential hurdle in
a potential theragnostic approach. While a lot of work has been
done around introduction systems,29,30 and steps have been
taken towards automatized procedures,31,32 a lot of ground is yet
to be covered.

In this study, Asymmetrical Flow Field-Flow Fractionation
(AF4) is used to efficiently reduce the effects of highly ionic
matrices. AF4 is one of the most widely used variations of the
Field Flow Fractionation (FFF) analytical techniques group.33

Due to the applied eld being a liquid ow dispersed over
a large surface, the technique is characterized by very low stress
on the analytes. In addition, having the option of being con-
nected to an autosampler, it can be used for a large number of
samples, while the whole procedure can be fully automated.
Furthermore, the ionic strength of the carrier phase can be
modied, so that it will be suitable both for the elution of the
analytes, and for the protection of the cells from osmotic shock.

To this day, there are multiple applications of AF4 being
reported, in various elds, like biology34–36 or (nano-) medi-
cine.37,38 Of particular interest to this study, were the numerous
applications concerning nano- and microparticle fractionation
and characterization,39–43 and even more so, the ones incorpo-
rating the AF4 in (single) particle analysis.44,45 Developing
a protocol for nanoparticle analysis using AF4 can be a very
complicated procedure, as there are multiple aspects that need
to be optimized, and issues to be addressed.46–49 Despite being
traditionally coupled with non-destructive detectors, like MALS,
DLS etc.,41,50 the coupling of a mass spectrometer has also been
reported, and is nowadays quite usual.36,44,51 Very recently, the
benets of the ToF mass analyser have been combined with the
advantages of the AF4 technique, providing a very efficient tool
for the multielemental analysis of individual particles.52

However, while FFF techniques have previously been incorpo-
rated in separation procedures of different cell populations,53–55

there is, to this day and to the authors' best knowledge, no
mention of the AF4 being used in the eld of single cell analysis.

Towards this goal, the incorporation of the AF4 technique,
coupled on-line with a sc-ICP-ToF-MS instrument, is presented
and discussed, with the purpose of developing an easy, on-line
and all-round cell cleaning alternative for the multielemental
analysis of single cells' metal content – in this application, yeast.
In addition, the relevant data processing is addressed, with the
development of targeted python-based coding scripts. By taking
advantage of the immense capabilities of a programming
language (like python),56 not only could the whole aforemen-
tioned procedure be controlled by a computer, but the same
program could also evaluate the data in real-time. In this
scenario, this complete procedure could indicate which of the
2692 | J. Anal. At. Spectrom., 2022, 37, 2691–2700
samples should be further considered, e.g., for a specic treat-
ment, at the push of a button.
2. Materials and methods
2.1. Yeast samples

For the preparation of the initial yeast samples, 0.1 g of dried
baker's yeast and 0.1 g of crystalline sugar were suspended in
10 mL of ultrapure water (milliQ System, Merck KGaA, Ger-
many). For the preparation of the Pb incubated cells, the
appropriate Pb amount (CertiPUR®, lead ICP standard,
Pb(NO3)2, in HNO3, 2–3% (v/v), 1000 mg L−1 Merck KGaA) was
also added at this point. Following the initial suspension, the
samples were periodically, lightly stirred and ipped, for the
next 30 minutes. Aer that, they were deemed t for analysis,
and were kept in the fridge (4 °C) for a maximum of 4 days (no
signicant difference was observed during their analysis within
that timeframe), except for the Pb incubated cells, which were
only used during the next couple of hours. Any consequent
dilutions, either in water or in heavy matrix solutions, were
performed right before the injections, to minimise the cells'
interactions with matrix components or the effect of ionic
strength change. Sodium chloride (Suprapur®, Merck KGaA)
was used for the sodium chloride matrix test, while phosphorus
ICP standard (CertiPUR®, H3PO4 in H2O, 1000 mg L−1 P, Merck
KGaA) was used for the phosphorus matrix test.
2.2. AF4/ICP-ToF-MS

An Asymmetrical Flow Field-Flow Fractionation system (AF2000
Focus, Postnova Analytics, GmbH, Germany), utilizing two
solvent delivery systems (Postnova PN1122) and a vacuum
degasser (Postnova PN7505) was coupled on-line to a laser light
scattering detector (LLC) (Postnova PN3000), which was fol-
lowed by an ICP-ToF-mass spectrometer (ICP-ToF-MS, 2R,
TOFWERK, Switzerland). The ICP-ToF-MS was operated in
single cell mode: the averaged spectrum acquisition rate was
100.2 Hz, corresponding to averaged mass spectra composed of
data summed from 217 full mass spectra. The introduction
system consisted of a quartz cyclonic spray chamber (Thermo
Scientic, USA), and an SC-175 (Burgener Research Inc., Can-
ada) nebulizer. The operating conditions for the ICP-ToF-MS are
summarized in Table 1.

The AF4 channel was equipped with a 250 mm spacer (Post-
nova), and 10 kDa PES membrane (NADIR® UP010,
MICRODYN-NADIR GmbH, Germany) on top of a ceramic frit.
The carrier phase consisted of 100 mg L−1 SDS (PanPeac
AppliChem, ITW Reagent) and 50 mg L−1 NaN3 (Sigma-Aldrich
Chemie GmbH, Germany) in ultrapure water.
Integration time [ms] 9.982

This journal is © The Royal Society of Chemistry 2022
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The membranes were regularly changed (every ∼30 runs),
and their performance was tested and veried using a mix of
latex particles of different sizes (Latex – LS – Mix, Postnova).
3. Results and discussion
3.1. Cells' and membranes' integrity testing

Flow cytometry was incorporated (BD Accuri C6 Cytometer, BD
biosciences, Florida, USA) for the determination of the cell
population in the samples, and the following determination of
the technique's overall detection efficiency (0.102% ± 0.006%,
measured 3 times in different samples, same conditions). The
efficiency refers to the number of cells initially inserted to the
channel versus the number of cell events detected by the ToF
instrument. The currently low efficiency of the system was to be
expected, e.g., taking into account the expected sample loss
within the channel, and the introduction system not being
optimal for cell analysis. However, the overall setup was suffi-
cient for proving the concept.

Potential limits for memory effects were tested by obtaining
acquisitions both before and aer the samples. The upper
concentration limit of the technique, e.g., followed by no
signicant memory effect (membrane staining), was deter-
mined using a dilution factor of 400 of the original samples
(∼407 500 cells per mL), while the lower limit, i.e., still obtain-
ing statistically signicant numbers of detected events, was
Fig. 1 Microscopy (FlexSEM) images of (a) the sample before its entry to

Fig. 2 Profile of the tip (red), focus (blue) and cross (green) flow for the
within the channel.

This journal is © The Royal Society of Chemistry 2022
determined at a dilution factor of 1000 (∼163 000 cells per mL).
The viable range of number concentrations for the sample is
currently narrow but was deemed sufficient to prove the
concept. The integrity of the cells aer the AF4 channel, and
before entering the plasma, was veried by collecting the rele-
vant fragments from the tip of the nebulizer and examining
them using a scanning electron microscope. Fig. 1 showcases
the relevant results.
3.2. Optimized measurement procedure

Developing a protocol for the analysis of single cells, incorpo-
rating an AF4 unit, understandably shares a lot of steps with the
development of a protocol for nanoparticle samples.46 In addi-
tion, due to the fact that cells are a lot more fragile and stickier
than most particles, additional restrictions must be taken into
consideration. During the process of their cleaning, cells are
prone to osmotic shock due to changes in ionic strength. Ergo,
both the mobile phase's ionic strength, and the time of the
overall analysis, can only vary within specic limits, so as not to
damage the cells' population more than necessary. Both of
those parameters, however, are also interlinked with other
aspects of the procedure, like the sample adequately achieving
equilibrium during the focusing step, and the entirely of it
exiting the channel by the end of the rinsing step. That also
includes any potential aggregation and agglomeration
the system and (b) the sample after it exits the nebulizer.

duration of the method. The right y-axis corresponds to the pressure

J. Anal. At. Spectrom., 2022, 37, 2691–2700 | 2693
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phenomena, as well as parts of the sample irreversible sticking
to the membrane. All of the abovementioned considerations
were taken into account while determining the composition of
the mobile phase (see Section 2.2) through the trial-and-error
process. The detector ow was kept constant at 1 mL min−1

throughout the procedure, while the pressure was also stabi-
lized by a backpressure regulator, optimized at 9.1 ± 0.1 bar for
this specic ow. The proles of the various ows and the
pressure in the channel for the duration of the method are
depicted in Fig. 2.

3.3. Data processing

The result of the developed measurement procedure for this
work, monitoring P for cell detection, is depicted in Fig. 3a,
where the Laser Light Scattering (LLS) data (orange) match the
corresponding ToF raw data (blue). The LLS data are briey
found out of the detector's range (∼7.5–9.5 min), due to the
recording program's limitations. Two different approaches were
tested for the processing of the resulting single-cell data: rst,
they were processed utilizing the particle processing module
that is embedded in the operating soware of the 2R ICP-ToF-
MS instrument by TOFWERK. This processing is explained
thoroughly by Meili-Borovinskaya et al.52 In order to obtain
more control over the handling of the data, and the ability to
access every individual step of the data processing and being
able tomonitor and altering it as well, a python-based script was
developed. This was deemed necessary by the special nature of
the data, due to the separation of the steps and the concentra-
tion of majority of the sample within a subsection of the data-
set. The normalized cell histograms produced by the 2R
Fig. 3 (a) Orange: online LLS detector's response, blue: ToF-MS respon
detected cells, as determined by (b) the instrument's own software and

2694 | J. Anal. At. Spectrom., 2022, 37, 2691–2700
soware and the newly developed python script, with their
corresponding Gaussian ts, are depicted in Fig. 3b and c
respectively.

The 2R soware detected 393 cell related phosphorus events,
with a mean value ± standard deviation of 1.10 ± 0.21 or 12.46
± 1.60 cts. The in-house developed script detected 403 cell
related phosphorus events, with a mean value of 1.10 ± 0.20 or
12.44 ± 1.58 cts. In terms of comparison, the two approaches
are performing similarly, which means that the development of
the script was successful. That fact was also validated for the
rest of the presented results, as they were evaluated with both
approaches. Ergo, only the results from the newly developed
approach will be presented.

The basic schematic algorithm of the python script is
depicted in Fig. 4. A more detailed, step by step description of
the algorithm can be found in the ESI.† In essence, the code
imports the raw data and segments the dataset into 1000-
datapoints long pieces. Then, it applies to each of them
a repetitive process, as described by Pace et al.,57 with the
purpose of identifying particle signals, according to a given
threshold value (in this work, Th = mean + 2.72 + 3.29 × SD).58

This approach is derived from the work of Meili-Borovinskaya
et al.52 As a result, the original dataset is split into two data-
sets, one containing the cell-related pulses, and one containing
everything else. Those datasets can then be accessed for the
extraction of any useful information presented in this work, and
potentially more. As mentioned before, each individual step can
be altered to the user's discretion.

The multielemental analytical capabilities of the ToF mass
analyser allows for the simultaneous determination of more
se, of a single measurement. (b and c) Normalized histograms of the
(c) the developed python script respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Developed python script's basic schematic algorithm.

Fig. 5 Cell (blue) and non-cell (red) dataset splits of a whole recorded
dataset.

Fig. 6 Boxplot of P events for a dilution factor of 1000 for the different
added NaCl concentrations. The green arrows indicate the distribu-
tions' mean values.
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than one element, within the same pulse. From the perspective
of single cell analysis, that can be an advantage, as the metal
content of cell populations can be directly determined and
correlated with each individual cell's size. Therefore, it is
imperative for newly developed approaches to be able to
distinguish which pulses contain the elements of interest, i.e.,
cell-related signals overlapped by metal related signals.
Towards that goal, a second coding part was also developed,
that is able to identify such overlapping signals, and therefore
enable the safer study of crucial aspects of environmental
research, eliminating the possibility of falsely identied signals.
The same code allows for the calculation of the ratio of elements
of interest for each individual cell.

The individual treatment of the segments was especially
useful in this work, for twomain reasons: the change in the ow
and therefore the background level during the rinsing step, and
the concentration of most of the sample in a 3 minute elution
window. By exploiting the segmentation feature of the script
(which is included in the 2R soware as well), the cell dataset is
mathematically separated from the background, even in cases
that the separation is not clear from the histogram of the
original dataset. In this manner, cells can be detected in
sections of lower background levels, unaffected by higher
background level in other sections of the dataset. This feature is
depicted in Fig. 5, where the cell (blue) and non-cell (red)
dataset splits of an original dataset are shown.

The apparent overlap between the separated background
dataset and the separated cell dataset is a result of the differ-
ence in the background of different sections of the whole
dataset. An example of this would be the obvious drop around
This journal is © The Royal Society of Chemistry 2022
the 14 minutes mark. Due to this, cells whose phosphorus
content would not make them detectable in sections of the
dataset with slightly elevated background, are being detected
when found in sections with slightly lower background. Those
events constitute part of the lemost section of the cell dataset's
histogram (blue).
3.4. Sodium chloride matrix tackling

Sodium chloride (NaCl) is one of the most commonly prob-
lematic matrix components, usually during the analysis of
environmental samples (seawater salinity: ∼3.5% (w/w)).59 In
the interest of pushing the boundaries of the technique and
taking into account the solubility of NaCl in water (3.6 ×

105 mg L−1), samples diluted by a factor of 1000 – in terms of
cells, compared to the originally made samples – were made in
105 mg L−1, 2 × 105 mg L−1, and 3 × 105 mg L−1 NaCl. The
J. Anal. At. Spectrom., 2022, 37, 2691–2700 | 2695
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Table 2 Summary of the robust statistics for the control sample, and
the samples were 105, 2 × 105 and 3 × 105 mg L−1 of NaCl have been
added

Sample Control
105

mg L−1 NaCl
2 ×

105 mg L−1 NaCl
3 ×

105 mg L−1 NaCl

No. of events 128 153 94 86
Median 9.23 8.44 8.01 7.25
MADa 1.30 1.31 1.24 1.20
IQRb 1.89 1.74 1.64 1.55
Thres. median 7.64 6.47 6.42 6.48
Thres. MADa 0.44 0.27 0.28 0.19
Thres. IQRb 1.44 0.97 0.95 0.99

a Median absolute deviation. b Interquartile range.

Fig. 7 Boxplots of P events for a dilution factor of 400 for the different
added ionic P concentrations. The green arrows indicate the distri-
butions' mean values.

Table 3 Summary of the robust statistics for the control sample, and
the samples where 10 and 50 mg L−1 of ionic P have been added

Sample Control
10 mg
L−1 ionic P

50 mg
L−1 ionic P

No. of events 155 132 147
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matrix in this case is knowingly more severe than the usual
needs of any analysis, as the purpose is proving the concept of
matrix effect reduction. The dilution was performed right
before the introduction to the instrument, to minimize the
sample's exposure to the matrix, while the dilution factor
matched the lower limit of the technique, as explained in
Section 3.1. The results of the test are depicted in Fig. 6. The
relevant histograms can be found in Fig. S1 in the ESI.†

Due to the way each dataset is processed (in 1000 datapoints-
long segments) there are multiple values for the determined
threshold, i.e., the critical value for the event determination,
each one corresponding to one of the segments. The robust
statistics (median, median absolute deviation [MAD] and
interquartile range [IQR], all converted to cts) of the above-
shown datasets and the thresholds of said datasets are sum-
marised in Table 2.

Regarding the apparent decrease inmedian values, it is likely
that it is a result of the NaCl matrix harming the cells prior to
their introduction to the AF4 channel.60 The number of detected
events however does not appear to follow a trend with
increasing NaCl concentration. The same is true for the
threshold values of the respective datasets, indicating that the
addition of increasing NaCl concentration did not hamper the
analysis of the sample, f.i. by increasing the background.
Additionally, no sign of the NaCl hampering the analysis was
observed while conducting it, as opposed to when much lower
salt concentrations are used with more conventional sc-ICP-MS
methods. Considering the above-mentioned observations, the
technique seems to be effectively reducing the matrix effect on
the analysis of the untreated cells samples, since even the
exhibited differences can be considered a result of the matrix on
the cells before the cleaning procedure could take effect. The
conclusion is furthermore strengthened by the fact that the
analysis of a sample of such severe matrix is practically
impossible without previous treatment, in a case when the AF4
or some other cleaning approach is not incorporated.
Median 10.70 9.71 8.33
MADa 0.13 0.15 0.10
IQRb 0.28 0.32 0.22
Thres. median 7.26 6.90 6.91
Thres. MADa 0.24 0.36 0.84
Thres. IQRb 1.30 1.31 1.59

a Median absolute deviation. b Interquartile range.
3.5. Phosphorus matrix tackling

For the sake of proving the technique's matrix elimination
capabilities, the second element chosen to be added in ionic
form was phosphorus, since it is the one being monitored for
the determination of cell events. Similarly, to the NaCl test
2696 | J. Anal. At. Spectrom., 2022, 37, 2691–2700
mentioned above, a dilution factor of 400 was performed, again
right before the introduction to the instrument, to minimize the
sample's exposure to the matrix. The dilution factor chosen
matched the highest tolerable limit of the technique, as
explained in Section 3.1. The results for 0, 10 and 50 mg L−1 of
ionic P added to the samples' matrix are depicted in Fig. 7. The
relevant histograms can be found in Fig. S2 in the ESI.† The P
concentrations were limited by the chemical composition of the
standard solution used (phosphoric acid) and the changes it
could cause to the sample's pH value.

The robust statistics of the above-shown datasets and the
thresholds of said datasets are summarized in Table 3.

There is once again an apparent decrease in the median
values of the datasets, potentially as a result of the matrix
(standard solution was based on phosphoric acid) affecting the
cells before they enter the channel. All three samples, however,
appear to contain a similar number of cell-related events, with
no obvious trends, regardless of the difference in the added P in
their matrix. In addition, the threshold values once again
This journal is © The Royal Society of Chemistry 2022
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indicate that the critical values for the events' determination do
not increase with increasing P concentration, which would be
the case in the ionic fraction of the sample was not eliminated
(that would lead to an increase of the background, and therefore
the threshold). Considering the above-mentioned observations,
it appears once again that the addition of ionic matrix did not
hamper the analysis of the cells' samples. It did, however, make
it possible without previous treatment of the sample, despite
the high ionic matrix. Ergo, their cleaning has effectively
reduced the matrix effect and the on-line sc-AF4/ICP-ToF-MS is
sufficiently working.
3.6. Lead grown cells

Ecotoxicological studies, among others, necessitate the moni-
toring of more than one element in the same cell. To prove the
technique's applicability in such a case, yeast cells were grown
in Pb enriched environment, instead of ultrapure water. More
specically, 0.1, 1 and 10 mg L−1 of Pb were added during the
culture of the cells, and the resulting samples were diluted by
a factor of 400 and analysed aer 30 minutes.

The detected P events in each case were as follows: 205 for
the normally cultured sample, 258 for the one cultured in
0.1 mg L−1 of Pb, 179 for 1 mg L−1, and 215 for 10 mg L−1. The
Pb events were 2 for the normally cultured sample, 6 for the one
cultured in 0.1 mg L−1 of Pb, 35 for 1 mg L−1, and 305 for
10 mg L−1. Exploiting the potential of the second python script,
Fig. 8 (a) Percentage of identified P events overlapped by Pb events
and (b) boxplot of Pb to P per cell ratio for every detected cell for 0.1, 1
and 10 mg L−1 of Pb added during cell culturing.

This journal is © The Royal Society of Chemistry 2022
the events of P signals that also contained Pb signals, i.e., cells
that have accumulated Pb during their growth, were also iden-
tied. Therefore, the ratio of determined cells that have accu-
mulated Pb could also be calculated, as well as the Pb counts to
P counts ratio for each individual detected cell (used to compare
the amount of Pb accumulated with increasing Pb concentra-
tion in the growth medium). The numbers of overlapping
signals and their respective ratios in each case are: 0 for the
normally cultured sample (0% overlap), 1 for the sample
cultured in 0.1 mg L−1 of Pb (∼0.4% overlap), 21 for 1 mg L−1

(∼11.7% overlap), and 163 for 10 mg L−1 (∼75.8% overlap).
Regarding the Pb to P ratio of individual cells, the median of the
sample cultured in 0.1 mg L−1 was 0.37 with 0 MAD (there is
only a single datapoint identied to have both elements). For
the sample cultured in 1 mg L−1, median was 0.39 with 0.08
MAD and 0.18 IQR, and for the sample cultured in 10 mg L−1,
the median was 0.80 with 0.27 MAD and 0.57 IQR. The
percentages of the overlapping signals (ergo, P events also
containing Pb events) and the boxplot of the Pb/P count ratios
for each individual cell for the different Pb concentrations in
culture medium are depicted in Fig. 8.

The P signals detected do not exhibit a trend related to the
added ionic Pb concentration, while the Pb signals under-
standably increase with increasing Pb concentration. The
percentage of detected P signals that also correspond to
a detected Pb signals, however, is exhibiting a clear and relative
– almost linear – increase with increasing added ionic Pb
concentration. That would be a clear indication, that when
more Pb becomes available during the suspension culture of the
cells, more cells are accumulating Pb at the same time, under
the same conditions. Regarding the per cell accumulated Pb (Pb
to P ratio) the trend is also clear and relative to the increasing Pb
concentration. That would be a clear indication, that when
more Pb becomes available during the suspension culture of the
cells, individual cells accumulate higher amounts of Pb, on
average. Both of those being the logical results of adding more
Pb to the growth solution, it indicates the technique's capability
to identify more than one element on the same cell event as well
as its applicability for e.g., ecotoxicological studies. Moreover,
the script's ability to identify which events contain both
elements severely limit the possibility of false positive signals,
and therefore false results. That constitutes another step
towards a full automatization of the procedure.

4. Conclusions

The on-line coupling of the AF4 unit to the ICP-ToF-MS yielded
promising results for the easy matrix cleaning and multi-
elemental analysis of cell-related samples on a single-cell
level. The mildness of the AF4 makes it an ideal purication
tool, due to the cells fragility and tendency to agglomerate. In
the meantime, the connection of an autosampler increases the
possibility of automatization, which is highly needed in the
eld of single cell analysis. This can save time and resources,
while the automatization can be further pushed in means of
a data handling and process control, which is enabled by the
newly developed python scripts. Taking the code's ability to
J. Anal. At. Spectrom., 2022, 37, 2691–2700 | 2697
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identify overlapping signals into consideration as well, steps
have been taken towards the full automatization of the proce-
dure, from sample injection to results interpretation. By case-
optimizing this high-throughput, automatized procedure, and
tailoring it to the needs of the analysis, it can be a useful tool for
ecotoxicological studies, as well as clinical trials on a single cell
basis.
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Cancela, M. Montes-Bayón and J. Bettmer, Single cell ICP-
MS using on line sample introduction systems: Current
developments and remaining challenges, TrAC, Trends
Anal. Chem., 2020, 132, 116042.

30 C. Toncelli, K. Mylona, M. Tsapakis and S. A. Pergantis, Flow
injection with on-line dilution and single particle inductively
coupled plasma – mass spectrometry for monitoring silver
nanoparticles in seawater and in marine microorganisms,
J. Anal. At. Spectrom., 2016, 31(7), 1430–1439.

31 M. Au, M. Schwinn, K. Kuhlmeier, C. Büchel and
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