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A versatile tool to unravel the uptake diversity of a front-line anti-
cancer drug, cisplatin, within a cancer cell population is proposed
herein based on single-cell inductively coupled plasma mass spec-
trometry. The interested researcher is provided with a tutorial to
help adapt such cutting-edge methodology and know-how to
reliable data processing.

Cisplatin is one of the platinum(u)-based drugs widely used to
treat many tumors. Despite some limitations, such as side effects
and intrinsic or acquired resistance,"” cisplatin shows exceptional
effectiveness in curing cancer alone or in combinatorial chemo-
therapy. As for other anticancer drugs, cellular uptake governs
their treatment efficacy, and a low level of cisplatin in cancer cells
reduces tumor response.’ Furthermore, differences between cells
even belonging to the same population significantly impact the
response to cisplatin treatment.® This is because they may differ
in size, physiological state, access to drugs, etc.!

Conventional inductively coupled plasma mass spec-
trometry (ICP-MS) holds a top position in in vitro uptake
measurements of metal-based drugs.>® Traditional cellular
assays are conducted using the entire population of cells,
which are digested, and the total amount of a metallodrug in a
bulk sample is quantified. This strategy affords a general over-
view of fundamental intracellular mechanisms and
processes.”® However, the results can shed light only on an
average response to drug treatment, assuming - correctly or
not — that it is the same for every cell in the population. In
fact, certain specific characteristics of individual cells may be
concealed when using such a measurement strategy.”? !
Considering the heterogeneity of cells, traditional ICP-MS ana-
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lysis is deficient in obtaining sufficient information on drug
internationalization within the entire cell population and
guiding the effectiveness of treatment.?

A promising modification of ICP-MS to respond to this
challenge is single-cell ICP-MS (SC-ICP-MS)."*™*® This tech-
nique allows for quantifying elements in each cell from a given
population, with their integrity preserved until they are indivi-
dually transported into the plasma. A sufficiently short dwell
time is mandatory to monitor signals from individual cells. In
such an operational mode, the number of peaks corresponds
to the number of cells, while the peak intensity is related to
the content of a target element in the cell. The use of
SC-ICP-MS also requires a suitable sample introduction
system, as with conventional nebulizers, transport efficiency is
usually less than 1%.%'*'” The special nebulizers and spray
chambers with an additional make-up gas stream designed for
SC analysis can significantly increase transport efficiency.'**®
Also, the cell suspension should be diluted appropriately (to
about 1 x 10° cells per mL).*

The application of SC-ICP-MS for measuring cisplatin
uptake and other Pt-based drugs in various cell lines has
already been attempted,'® > with cisplatin quantified in single
cells and isolated nuclei.*® Also, the uptake of other metallo-
drugs has been explored using SC-ICP-MS.>*"2® However, these
studies are not free of shortcomings. First of all, the sample
preparation is often a multi-step and time-consuming process.
When the sample is diluted before analysis (to a certain cell
concentration), it is done in variable proportions for each
sample. Moreover, a cell fixation process is typically required
to preserve samples until analysis.’®>"?*** Another missing
issue is the actual dose of the drug, usually unspecified in
terms of the volume of a metallodrug solution. Last but not
least, data treatment varies from one study to another.
More specifically, the threshold values for cell detection are
set manually, which is subjective,”® or fixed the same for all
types of samples.>"** It should be pointed out in this context
that although several brands of data treatment software are
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available, they are primarily designed for single-particle
analysis.””

To this end, our first-principles investigation has been
inspired by the need to unveil cisplatin uptake at the individ-
ual cell level using a purpose-upgraded SC-ICP-MS technique.
With this objective, special attention was paid to the experi-
mental factors affecting the reliability of SC measurements,
regardless of the metallodrug or cell nature. Another critical
issue was developing an effective data treatment protocol to
analyze the SC results appropriately. As proof of principle, the
impact of drug-loading parameters, viz., the dose and incu-
bation time, on the variability of cisplatin uptake within the
cell population was tested to verify the accuracy of the devel-
oped methodology.

The cells (MDA-MB-231 line; ca. 5 x 10° in each sample)
were incubated with cisplatin (0.5, 1, or 5 ppm) for 5 or 24 h
(see the SI for more details), washed thoroughly with PBS, col-
lected using TrypLE™ Express (Gibco, Thermo Fisher
Scientific, Waltham, USA), and resuspended in 1 mL of fresh
culture medium (Fig. 1). MDA-MB-231 cells were chosen due
to their resistance to cisplatin treatment and hence preserved
integrity until analysis.

All experiments were performed using an Agilent 8900 ICP
QQQ mass spectrometer (Agilent Technologies, Santa Clara,
USA) and a microFAST SC automated sample introduction
system (Elemental Scientific, Omaha, USA) with a CytoNeb
nebulizer and a CytoSpray spray chamber. The operational con-
ditions shown in Table S1 were found apt to detect SC events,
ensure adequate cell transportation into the plasma without
damaging the structure, and obtain the highest sensitivity of
the platinum signal. Cell counting was carried out using a
plate reader, Cytation3 (BioTek, Winooski, USA).

Initially, we attempted to visualize the results using
MassHunter Workstation Software in Single Particle Mode
(Agilent Technologies). However, this software was inappropri-
ate for SC calculations because of a bias in the cell detection
threshold. Therefore, all data treatments were performed using
an in-house developed script in MATLAB software, separating
SC signals from the background and counting them. Fig. 2
shows the cell signals derived from the script. It should be
emphasized that the most crucial part of data analysis was
determining the cell detection threshold. For this purpose, an
iterative procedure was applied. First, the mean value (4) and
the standard deviation (o) for the entire data set were calcu-
lated. Then, the data points above a u + 3¢ threshold were col-

Cisplatin Washing cells with PBS and Centrifuging cells at
treatment collecting with TrypLE Express 1000 rpm for 3 min
Counting Resuspending pellet in Removing
cells fresh culture medium supernatant

Fig.1 A schematic diagram showing the workflow for
preparation.
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Fig. 2 An exemplary data treatment using the developed script in
MATLAB software. Red points represent cell signals (after incubation
with 1 ppm cisplatin for 24 h).

lected, and from the remaining points, the u and the o were
recalculated. This procedure was repeated until there were no
more points to collect. A u + 30 value from the last iterative
step was the baseline level, while the points 3¢ above the base-
line were treated as cell signals. Outliers were discarded
empirically. The described script was highly effective for the
quick and non-subjective calculation of the baseline signal
(BS) value, cell detection threshold, and cell number determi-
nation in each sample. Combined with Microsoft Excel, it also
enabled the estimation of the platinum amount in each cell.

The amount of platinum in single cells was determined as
m. = nFtl/a, where m, is the mass of the element in each cell, 5
is the transport efficiency of calibration solutions, F is the
sample flow rate, ¢ is the dwell time, I is the signal intensity of
the analyte in cells minus the signal intensity of background,
and a is the slope of the calibration curve (see the SI for
details).

Worth mentioning is the accuracy of the flow-rate ratio of
nebulizer and make-up gases, essential for adequately trans-
porting cells into the plasma without damaging their struc-
ture. (This issue is usually neglected in the above-cited
SC-ICP-MS reports.) Our data (not shown) showed that this
parameter significantly affects both the cell detection
threshold and the number of detected cells. Not surprisingly,
our studies also confirmed that the application of specified
automated introduction systems capable of minimizing the
flow of the sample (here, 10 pL min~' with microFAST vs.
22 uL min' with a peristaltic pump) significantly reduces the
BS intensity (Table 1), making the data analysis more con-
venient and the obtained results reliable.

Along with the nebulizer gas, make-up gas, and sample
flow rates, the next element of optimization trials was examin-
ing the effect of sample dilution on BS and the number of
detected cells. There was a noticeable variability in the BS
between the samples of cells incubated with different concen-
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Table 1 Effect of the sample flow rate on the baseline signal (BS)

1 1

10 pL min~ 22 pL min~
Cisplatin [ppm]  BS [cps, x10°] & [x10%]  BS [cps, x10%] o [x10%]
0.5 41.2 5.4 46.7 8.2
1.0 62.8 19.7 75.4 2.2
5.0 189.3 26.7 225.4 29.2

trations of cisplatin. Therefore, the samples were diluted at
various ratios. The best results were obtained when samples
treated with 0.5 ppm cisplatin were not diluted, those fortified
with 1 ppm cisplatin were diluted two-fold, and 5 ppm cispla-
tin samples were diluted five times. The appropriate dilution
resulted in a decreased BS and an increased number of
detected cells. As mentioned above, the samples were typically
diluted to a certain concentration of cells, whereas in our
approach, the number of cells was constant, regardless of the
drug concentration.

Markedly, the cells were analyzed directly in the culture
medium for the first time, streamlining the sample prepa-
ration procedure. In this context, it is essential to comprehend
that cell-culture media are highly complex in composition and
similarly intricate in discerning cell events from the BS.
Notably, Pt is an element that does not exist in the cell
medium under investigation, and this feature makes our
SC-ICP-MS measurements feasible. We disregarded the option
of cell fixation prior to analysis, as there is a possibility of
analyte leaching from cells into the fixative agent.>®

Next, the optimized SC-ICP-MS protocol was probed to
prove the varying cisplatin uptake in the cell population due to
differences in their size, age, cell-cycle status, tissue microen-
vironmental changes, or access to nutrients and drugs.>*"'?
Not surprisingly, the amount of Pt in SCs depends on the drug
concentration and incubation time, thus confirming the cor-
rectness of the adopted analytical procedure. It is worthwhile
to mention that increasing the cisplatin concentration
increases the BS, and hence, the cell detection threshold
becomes higher. Other researchers who applied comparable
cisplatin concentrations and incubation times have reported
similar general relationships."®"®*"*> However, since different
cell lines were explored, the results differ in the overall
amounts of taken-up Pt. Whereas the reported median ranged

1,18192122 oyr data on

from approximately 0.4 to 10 fg per cel
platinum accumulation were much lower, with a median of
about 60 ag per cell (5 ppm cisplatin). The possible expla-
nation for our substantially lower cellular levels may be the cis-
platin resistance of MDA-MB-231 cells. The obtained results
are summarized in Fig. 3-5.

Evidently, with a 5 h incubation time, the dispersion of the
internalized Pt is much greater at 5 ppm cisplatin concen-
tration than at lower concentrations (see Fig. 3). The data
acquired at the incubation time of 24 h show lower between-
concentration discrepancy; furthermore, the interquartile
ranges for the 0.5 and 1 ppm samples are similar. For all box-
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Fig. 3 Cisplatin uptake measured with SC-ICP-MS. The interquartile
ranges are represented by the height of the boxes. Lines inside the
boxes denote the medians. Crosses indicate the means. The whisker
represents the 1.5 interquartile range (minimum or maximum values
without considering outliers).
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Fig. 4 The Pt mass in cancer cells treated with varying concentrations
and volumes of cisplatin solutions for 24 h. The interquartile ranges are
represented by the height of the boxes. Lines inside the boxes denote
the medians. Crosses indicate the means. The whisker represents the 1.5
interquartile range (minimum or maximum values without considering
outliers).

plots, the median is smaller than the mean, which implies log-
normal distributions (in more than 50% of cases, the Pt mass
per cell has a value smaller than the mean). The medians and
interquartile ranges for all concentrations are greater after
24 h of incubation. However, the amount of Pt in the cells
does not increase linearly, which seems to be related to the
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Fig. 5 Histograms for the Pt mass in cancer cells treated for 24 h. The
red lines represent the lognormal fit of the frequency.

mechanism of cisplatin internalization. The drug uptake rate
is relatively high at the beginning of incubation, then
decreases and levels off.*>*° In our experiments, longer incu-
bation times revealed more differences between cells, as indi-
cated by wider interquartile ranges at 0.5 and 1 ppm
concentrations.

Another (but predictable) observation is that the dispersion
of platinum taken up in the cell population under scrutiny is
the widest for the treatment with the highest drug dose. As can
be seen in Fig. 4, the actual dose (or the number of moles of
cisplatin in each sample) affects the drug uptake and BS. The
number of moles is higher in the greater volume of the cispla-
tin solution at its specific concentration. Therefore, the
volume of the drug solution should not be omitted from the
report. Fig. 5 shows normalized histograms, illustrating the
spread of cellular Pt contents.

Performing SC-ICP-MS measurements directly from the
culture medium simplifies the analysis workflow. However,
this approach should be further verified to be widely accepted
by the bioanalytical community. This sample matrix comprises
many components (proteins, organic acids, inorganic salts,
etc.) that can pose spectral interferences or plasma suppres-
sion (as underlined by one of the anonymous reviewers). This
issue can be at least in part circumvented by changing the
medium or carrying out a blank analysis before real-world
measurements. Importantly, direct SC-ICP-MS analysis is more
consistent in the case of noble metal drugs, including Pt and
Au compounds. Another important aspect is the BS depen-
dence on the concentration of cisplatin (see above), where
higher cisplatin doses could potentially increase the BS from
the release of residually bound Pt on the surfaces of the cells.
Therefore, in future work, we intend to prove whether the BS
variabilities are unrelated to residual Pt in the medium by
testing supernatants after washing the cells.

In conclusion, SC-ICP-MS holds promise as a tool for
gaining insight into the heterogeneity of the cancer cell popu-
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lation and the differentiation of cisplatin internalization.
However, making SC-ICP-MS measurements accurate is a chal-
lenging task. Here, we have developed a novel strategy to
portray the cisplatin uptake at a SC level and, notably, an orig-
inal approach for data treatment. Notwithstanding, the
authors did not overlook that in real-world circumstances, cis-
platin enters the cell not as an intact drug but after (numer-
ous) extracellular transformations. Indeed, whichever the
active form of cisplatin is, it will be similarly recorded due to
the element-specific nature of ICP-MS, and likewise for any
other metal-based drug subjected to SC-ICP-MS analysis. As a
final remark, detailed information about differences in drug
affinity between cancer cells might serve as a basis for develop-
ing personalized oncomedicine.
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