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Platinum derivatives have been used in cancer treatment for several decades. However, the clinical efectiveness of these drugs is
signifcantly hindered by their toxicity, resulting from accumulation in healthy cells and by the development of resistance in
specifc cancer cells. Previous research has successfully explored cisplatin’s mechanisms of cell transport, its antineoplastic efects,
and its toxicity. Nevertheless, quantifying platinum uptake in individual cells posed a technological challenge until recent
advancements. Te single-cell inductively coupled plasma mass spectrometry (SC ICP-MS) method utilized in this study ad-
dresses this challenge. In our experiments, we used two murine carcinoma cell lines, C26 (colorectal carcinoma) and 4T1
(mammary carcinoma), along with a healthy epithelial cell line (MDCK) derived from a canine kidney. Te cell cultures were
exposed to various concentrations of cisplatin (10, 20, and 40 μM) for 24 h, followed by three washing steps and centrifugation.We
monitored morphological changes in the cell cultures using an Olympus IX70 inverted phase-contrast microscope, while cell
counts were measured with a Merck Scepter 3.0 cell counter. Te uptake of platinum and its intercellular distribution were
assessed using a PerkinElmer NexION2000 ICP-MS. Diferent cell lines absorbed platinum to varying degrees when exposed to
the same cisplatin concentrations. Higher drug concentrations corresponded to increased amounts of platinum measured within
all cell cultures. Tis relationship was directly proportional for several cell lines within specifc concentration ranges. Notable cell
death occurred in all cell line cultures when exposure exceeded a particular concentration, resulting in cell fragmentation. Te SC
ICP-MS technique detected this as an increase in cell number. Our fndings corroborate several previous studies and highlight the
applicability of the SC ICP-MS method in both human and animal cancer research.
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1. Introduction

Neoplastic diseases are increasingly signifcant in both
human and veterinary medicine, particularly among com-
panion animals, where they are leading causes of death [1].
Epidemiological data indicate that 40%–50% of dogs over
the age of 10 die from cancer [2]. Factors such as longer
lifespans, selective breeding with associated genetic pre-
dispositions (e.g., histiocytosis in Bernese Mountain Dogs,
osteosarcoma in Irish Wolfhounds, mastocytomas in

Boxers) [3], and shared environmental carcinogens [4]
contribute to this high incidence. Consequently, canine
cancers display a diversity comparable to human cancers,
often involving the same genetic mutations and showing
similar responses to chemotherapeutic agents [5].

Cisplatin remains one of the most widely used
platinum-based chemotherapeutic agents, primarily for
solid tumors such as sarcomas when radiotherapy is not
viable, and as part of combination regimens for metastatic
disease [6]. In veterinary practice, it has shown efcacy
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against several canine cancers, including osteosarcoma,
urinary bladder transitional cell carcinoma, squamous cell
carcinoma, melanoma, and mesothelioma, but it is con-
traindicated in cats due to fatal pulmonary edema. It is also
used intralesionally in horses for squamous cell carcinoma
and sarcoids [7]. However, current professional guidelines
(e.g., 2016 AAHA) do not recommend cisplatin, favoring
carboplatin because of its lower toxicity [8].

Platinum derivatives act mainly by binding to DNA and
forming intra- and interstrand crosslinks that inhibit replica-
tion and induce apoptosis [9]. Teir clinical use is limited by
severe side efects, particularly nephrotoxicity, which results
from accumulation in renal tubular epithelial cells.Tis process
is infuenced by oxidative stress, infammatory responses, and
active uptake via transporters such as OCT2 [10, 11].

Te quantitative determination of platinum uptake has
long been hampered by methodological limitations. Con-
ventional approaches relied on enzymatic or acid digestion
of cell populations followed by bulk analysis using atomic
absorption spectroscopy (AAS) or inductively coupled
plasma atomic emission spectrometry (ICP-AES), providing
only average concentrations without information on cell-
to-cell variability. Recent advances introduced single-cell
inductively coupled plasma mass spectrometry (SC ICP-
MS), which allows direct measurement of metal content at
the individual cell level. Te technique, conceptually related
to single-particle ICP-MS, relies on introducing intact cells
into the plasma, where ion bursts generate signals pro-
portional to the intracellular element concentration [12].

SC ICP-MS has been applied to a wide range of uni-
cellular systems, including human and other mammalian
cell lines [13–16], bacteria [17, 18], yeast [19, 20], and algae
[18, 21–23].Tese studies have demonstrated its capability to
quantify mineral elements, metal nanoparticles, and trace
metals at the individual cell level. Importantly, the technique
has already been used to investigate cisplatin uptake in
human cancer models. Stephan et al. compared cisplatin-
sensitive and cisplatin-resistant ovarian cancer cell lines
(A2780 vs. A2780/CP70) and found higher accumulation in
the sensitive cells [24]. Corte Rodŕıguez et al. further ex-
amined concentration-dependent uptake [25], Lim et al.
extended the approach to cisplatin, carboplatin, and oxali-
platin [26], and Galé et al. even quantifed cisplatin at the
subcellular level in isolated nuclei [27].

While most previous applications of SC ICP-MS have
focused on humanmodels, it is equally important to evaluate
platinum-based drugs in veterinary-relevant systems. For
this reason, we selected three cell lines representing both
oncological and toxicological contexts. Te C26mouse co-
lorectal carcinoma line has long been used as a platinum-
sensitive cancer model [28]. Te 4T1 murine mammary
carcinoma line is a highly invasive model of triple-negative
breast cancer, refecting many features of its human
counterpart and known to respond to platinum drugs
[29, 30]. Finally, the Madin-Darby canine kidney (MDCK)
line, derived from renal tubular epithelium, is a well-
established system for studying epithelial transport and
nephrotoxicity, which is a major limitation of cisplatin
therapy [31].

Tis study aims to apply SC ICP-MS to quantify cisplatin
uptake at the level of individual veterinary-relevant cells. By
combining cancer models (C26 and 4T1) with a nephro-
toxicity-sensitive epithelial model (MDCK), we sought to
capture both therapeutic and toxicological aspects of plat-
inum drug action. We hypothesized that (i) cisplatin uptake
would increase in a dose-dependent manner across all cell
lines, and (ii) the extent of cell-to-cell variability would difer
among models. As this work represents the frst step of
a broader research program, these models were also
intended to help identify and address potential analytical
challenges typical of newly applied SC techniques. Tis
interdisciplinary approach demonstrates how a fast transient
signal method can be adapted for veterinary oncology and
toxicology, opening opportunities for future studies of
platinum and other metal-based drugs in animal health.

2. Materials and Methods

2.1. Utilized Cell Lines,Teir Cultivation, and Preparation for
Analysis. Tree cell lines were used in this study: C26 mouse
colorectal carcinoma, 4T1murinemammary carcinoma, and
MDCK epithelial cells. Te choice of these models has been
discussed in the Introduction, where their oncological and
toxicological relevance is outlined. Here, we emphasize that
these lines were available in our laboratory and are routinely
used in other experimental contexts at our university,
providing us with extensive prior experience and reliable
background knowledge for their cultivation and handling.
Authentication testing of the cell lines was not conducted
because we lacked the necessary equipment and faced budget
constraints.

Dulbecco’s modifed Eagle’s medium (high glucose,
Merck KGaA, Darmstadt, Germany) was used as the cell
maintenance medium, supplemented with 10% calf serum
(Capricorn Scientifc GmbH, Ebsdorfergrund, Germany)
and 1% antibiotic–antimycotic solution (Corning Inc.,
Corning, NY, USA). Before measurements, the cells were
maintained in a 25-cm2 standard cell culture fask (TPP
Techno Plastic Products AG, Trasadingen, Switzerland).
Tey were then transferred to standard six-well plates
(Sarstedt AG & Co. KG, Nümbrecht, Germany) and in-
cubated for 24 h. Te cells were then exposed to cisplatin for
24 h.Te original cisplatin solution (Accord Healthcare Inc.,
Raleigh, NC, USA) contained 1mg/mL of cisplatin. In the
cell cultures, the concentrations of cisplatin ranged from 10
to 80 μM. After the incubation period, the adherent cultures
were detached from the bottom of the plates using
trypsin–EDTA (0.25% trypsin–2.21mM EDTA) solution
(Corning Inc., Corning, NY, USA) and suspended in fresh
cell maintenance medium. Te cell suspension was centri-
fuged at 1000 rpm for 2min using a standard laboratory
centrifuge (HERMLE Labortechnik GmbH, Wehingen,
Germany). Te settled cells were resuspended in 10mL of
phosphate-bufered saline (PBS) solution, which was pre-
pared using high-purity water (18.2MΩ cm) produced by
Purite Select Fusion 160 BP water purifcation equipment
(SUEZ Water Technologies & Solutions, Trevose, PA, USA):
sodium chloride (NaCl), potassium chloride (KCl),
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potassium dihydrogen phosphate (KH2PO4), and sodium
dihydrogen phosphate (Na2HPO4) (Merck KGaA, Darm-
stadt, Germany). Te mixture was then centrifuged again.
Before the SC ICP-MS measurements, the cell concentration
was adjusted to approximately 100,000 cells/mL according to
the manufacturer’s recommendations by adding PBS. In an
experiment designed to prevent cell fragmentation during
SC ICP-MS measurements, the cells were fxed using glu-
taraldehyde after being exposed to cisplatin. Glutaraldehyde
was added [32] to the cell suspension at a concentration of
0.75% by weight during the second resuspension in PBS.
After this, an additional step of centrifugation and resus-
pension was carried out.

2.2. Microscopic Analysis, Cell Counting, and SC ICP-MS
Measurement. Te morphological characteristics of the
cultured cells were examined using an Olympus IX70
(Olympus Corporation, Tokyo, Japan) inverted phase-
contrast microscope. Images of the cells were captured
with a Euromex CMax Pro (Euromex Microscopen BV,
Arnhem, Te Netherlands) camera. In the initial experi-
ments, cell counts were monitored with a Bürker chamber
and later with a Merck Scepter 3.0 (Merck Millipore, Bur-
lington, MA, USA) hand-held cell counter.

To measure the uptake of cisplatin by the cells and
analyze their distribution, we utilized a PerkinElmer Nex-
ION2000 (PerkinElmer Inc., Waltham, MA, USA) ICP-MS
equipped with a sample introduction system designed for SC
measurements. Tis included a CytoNeb nebulizer (Ele-
mental Scientifc Inc., Omaha, NE, USA) and a quartz SC
spray chamber.Temost crucial instrumental conditions are
shown in Table 1. Results were processed using Syngistix
Single-Cell Application Software (PerkinElmer Inc., Wal-
tham, MA, USA). Before the measurements, the device was
calibrated with PBS solutions containing dissolved Pt at 1, 2,
and 4 ng/mL concentrations, prepared from a standard Pt
solution at 1000mg/L (VWR International, Radnor, PA,
USA). To measure sample transport efciency (TE) and to
calibrate the instrument to measure the cell concentrations,
we used a PBS solution prepared with a 100-fold dilution of
a colloidal solution of 50-nm-diameter gold nanoparticles,
which had a concentration of 1.1× 107 particles/mL (Per-
kinElmer Inc., Shelton, CT, USA). Tis approach of using
gold nanoparticles is a common practice for determining TE
in SC ICP-MS. However, we acknowledge that this pro-
cedure may not accurately refect the behavior of larger
particles such as whole cells (10–20 μm), for which the ef-
fective TE is usually lower. To verify the consistency of our
approach, we also performed measurements with 30- and
100-nm gold nanoparticles, which provided comparable
results within the expected particle size range. Although
direct TE determination for intact cells would be preferable,
the AuNP-based method provided a practical compromise
in the present study. During sample introduction, the
samples were placed in 50-mL glass beakers and mixed using
an ESP model magnetic stirrer (VELP Scientifca Srl,
Usmate, Italy). Every SC ICP-MS measurement was per-
formed in triplicate. Te software calculates the SC ICP-MS
method detection limit for Pt based on the counts for the

dissolved Pt background and adds three times the standard
deviation of the background signal.

Te bulk Pt concentrations in exposed and washed cell
cultures were measured in an experiment. Te fnal sus-
pensions in PBS, which contained C26 cells exposed to
cisplatin concentrations of 10, 20, 40, and 80 μM, were di-
rectly introduced into the ICP-MS instrument. Te in-
strument operated under “normal” conditions and was
calibrated using PBS solutions with dissolved Pt at con-
centrations of 1, 5, and 25 ng/mL, with bismuth (Bi) as the
internal standard at a concentration of 10 ng/mL.

3. Results and Discussion

3.1. Evaluation of the Applicability of the SC ICP-MS Method
for theMeasurement of CisplatinUptake byAnimal Cell Lines.
Upon reviewing the measurement results from the initial
experiments with cisplatin, it became evident that SC
ICP-MS detected increasing cell concentrations correlated
with higher cisplatin exposure. Tis phenomenon can be
partly explained by higher exposure levels, which result in
more cells reaching the detection limit for Pt. However, the
cell counts calculated by the software were often unreal-
istically high, particularly for cultures treated with 40 μM
cisplatin. Bürker chamber cell counting performed on
control samples confrmed that the concentration values
determined by SC ICP-MS were inaccurate at these higher
exposure levels.

Understanding the device’s operating principle, we
concluded that cell fragmentation was the most likely ex-
planation for these observations. To prevent the potential
disintegration of the cells during the SC ICP-MS sample
introduction, we fxed the cell cultures with glutaraldehyde,
following literature recommendations [32]. In this follow-up
experiment, we found no signifcant diference in the
measured cell numbers between samples exposed to the
same concentration of cisplatin and containing approxi-
mately equal numbers of cells. Tis suggests that frag-
mentation likely occurred primarily during exposure to the
Pt compounds. Microscopic examinations later corrobo-
rated this suggestion.

Tus, the apparent increase in the number of cells
measured by SC ICP-MS can be attributed to the cytotoxic
efects of Pt. Te observed cell count represents the sum of
intact cells and cell fragments. In our fnal experiments, we

Table 1: SC ICP-MS conditions.

Parameter Value
Sample uptake rate 10 μL/min
RF power 1600W
Nebulizer gas (argon) fow∗ 0.3–0.35 L/min
Makeup gas (argon) fow 0.7 L/min
Monitored platinum isotope 195Pt
Dwell time 50 µs
Sample analysis time 60 s
Sample transport efciency∗∗ 35%–50%
Detection limit∗∗ 0.008–0.018 fg Pt/particle or cell
∗It was adjusted each measurement day.
∗∗It varied by measurement day.

Veterinary Medicine International 3
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utilized the Scepter 3.0 hand-held cell counter to diferen-
tiate between intact cells and cell fragments. Tis device
counts particles in diferent size ranges and displays the
number of particles in each size fraction using histograms.

Te uptake of cisplatin by C26 cells was assessed at three
diferent concentration levels across completely independent
experiments. We did not conduct multiple parallel treat-
ments from the same culture. Each experiment began with
a fresh cell culture. In one instance, when the cells were fxed,
the sample preparation varied as well. Te results from the
independent experiments are summarized in Table 2. For the
most frequent mass and median mass values, no error term
is reported.Tese parameters are calculated automatically by
the instrument software using the selected bin size (0.1 fg in
this study). As a result, parallel measurements typically
produced identical values, with occasional small diferences
when a result fell into an adjacent bin. Such bin-size efects
do not refect analytical variability but are inherent to the
algorithm used for calculating these parameters.

Te data obtained from three independent experiments
were evaluated statistically [33]; however, the limited
number of replicates did not allow for robust statistical
analysis. Terefore, we present the results as simple com-
parative evaluations, highlighting reproducible trends rather
than formal statistical signifcance testing.

Our fndings indicate a clear relationship between cis-
platin exposure and Pt uptake in C26 cells. Higher con-
centrations of cisplatin consistently resulted in increased
levels of Pt accumulation within the cells on each experi-
mental day. Specifcally, when we examined the efects of
double Pt exposure, we observed that the amount of Pt in the
cells—as well as in cell fragments in case of 20 μM or higher
cisplatin exposures—doubled, indicating a strong dose–
response relationship. However, there was a considerable
variation in the number of cells detected, which was
infuenced by cell fragmentation. Te results from parallel
experiments using SC ICP-MS conducted on the same ex-
perimental day showed good consistency; the average
amount of Pt uptake did not exhibit large fuctuations, and
the relative standard deviation (RSD) typically remained
below 10%. However, we did observe more pronounced
diferences in results across diferent measurement days,
with RSD values ranging from 20% to 35%.Tis variability is
consistent with fndings reported in existing literature
[25, 26] and refects a common phenomenon in in vitro
experimental settings. We also noted minor diferences in
median masses across diferent experimental days.

In an experiment, we conducted bulk ICP-MS and SC
ICP-MS analyses of the same cell suspensions containing
C26 cells. We found no considerable diference in the Pt
background concentrations measured by SC ICP-MS
compared to the average Pt concentration in the whole-cell
suspensions, including the cells (Table 3). Te ability to
determine the Pt content of individual cells—often cell
fragments—in suspensions with relatively high background
Pt concentrations demonstrates that SC ICP-MS ofers su-
perior performance and accuracy over the conventional
ICP-MS method. With the bulk method, the background
contribution also afects the average intracellular Pt

concentrations. Although increasing the number of washing
steps can further reduce background, it may introduce
additional errors during sample preparation and increase
processing time.

3.2. Te Uptake of Cisplatin by the Diferent Cell Lines. In
Figure 1, the Pt uptake in cells treated with cisplatin is il-
lustrated using histograms, with 3-parameter lognormal
curves ftted to the data. Table 4 provides essential in-
formation obtained from SC ICP-MS measurements re-
garding Pt uptake by the cells, including the most frequently
recorded, average, and median masses. For the most fre-
quent and median values, no error terms are reported, as
noted above.

Te results from three parallel SC ICP-MS measure-
ments on the same cell line exposed to identical concen-
trations of cisplatin showed minimal variance. Te RSDs for
the average of Pt mean masses taken up by the cells and cell
concentrations were generally less than 10%. As expected,
the amount of Pt within the cells increased with higher
concentrations of cisplatin, with diferent cell lines exhib-
iting varying degrees of Pt uptake at various exposure levels
(see Figure 1). Te diferences in average Pt mass among the
various cell types were generally low. Notably, the 4T1 cells
displayed a lower average Pt content at all exposure levels
compared to the other two cell types.

In most cases, there was a discrepancy between the
number of cells detected by the SC ICP-MS method and
those counted by the cell counter. One reason for the lower
cell concentrations observed with the SC ICP-MS method is
that the software did not account for cells that absorbed Pt
below its detection limit. Notably, in the 4T1 andMDCK cell
lines, a sudden increase in cell concentration was observed at
40 μM exposure to cisplatin, while in the C26 cell line, this
increase occurred already at 20 μM exposure. Tis phe-
nomenon may be attributed to the cytotoxic efects of cis-
platin, which can lead to cellular fragmentation. Te
measurement system detected the cell fragments as indi-
vidual particles. Te signifcant rise in the number of par-
ticles detected in the sub-5 μm range by the cell counter, in
conjunction with increasing cisplatin exposure, supports the
fragmentation hypothesis. However, assuming that the cell
fragments contained less Pt than the still intact cells is
reasonable. Tis assumption is particularly evident in the
4T1 and C26 cell lines, where the sudden increase in ap-
parent cell concentration did not correspond with a pro-
portional increase in average Pt uptake.

For the 4T1 cell line, increasing the cisplatin exposure
from 10 to 20 μM resulted in a directly proportional increase
in cisplatin uptake. Te nearly identical cell concentrations
measured at 10 and 20 μM, which were not signifcantly
diferent from those recorded by the cell counter, suggest
that cell fragmentation had not yet occurred at these levels.
In contrast, the linear increase in average intracellular Pt
concentration observed in the C26 and MDCK cells at
higher cisplatin exposures—considering cell fragmenta-
tion—indicates that these cells likely absorbed the Pt
complex almost uncontrollably at such concentrations. Tis
behavior might be due to disrupted transport mechanisms in
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Table 2: Results from the SC ICP-MS analysis (n� 3), uptake of cisplatin by C26 cells on independent experimental days.

Cisplatin exposure
level (µM) Experimental day

Most frequent
mass (fg
Pt/cell)

Mean mass
(fg Pt/cell)

Median mass
(fg Pt/cell)

Detection limit
(fg Pt/cell)

Cell concentration
(cell/mL)

10
Day 1 0.11 0.37± 0.06 0.21 0.010 6.2E + 04± 8E + 03
Day 2∗ 0.01 0.52± 0.03 0.21 0.008 1.5E + 05± 2E + 04
Day 3 0.12 0.60± 0.3 0.32 0.015 3.5E + 04± 2E + 03

20
Day 1 0.21 0.58± 0.03 0.31 0.010 2.3E + 05± 2E + 04
Day 2∗ 0.21 1.09± 0.03 0.41 0.008 4.2E + 05± 2E + 04
Day 3 0.32 0.69± 0.05 0.42 0.015 1.5E + 05± 9E + 03

40
Day 4 0.32 0.92± 0.04 0.42 0.018 5.3E + 05± 2E + 04
Day 2∗ 0.21 1.79± 0.04 0.41 0.008 5.1E + 05± 4E+ 04
Day 3 0.42 1.36± 0.13 0.52 0.015 4.1E + 05± 5E+ 04

∗Te cells were fxed with glutaraldehyde.

Table 3: Comparison of the SC ICP-MS and “bulk” ICP-MS methods.

Cisplatin treatment level
(µM)

Pt background concentrations
determined by SC
ICP-MS (ng/mL)

Average Pt concentration
in the washed

cell suspension∗ (ng/mL)

Mean Pt mass
in the cells/cell
fragments∗∗ (fg)

10 0.57± 0.03 0.53± 0.02 0.28± 0.04
20 1.04± 0.03 1.74± 0.03 0.51± 0.04
40 1.86± 0.07 2.85± 0.05 0.92± 0.04
80 4.55± 0.30 8.00± 0.14 2.14± 0.43
∗Measured by ICP-MS.
∗∗Measured by SC ICP-MS.
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Figure 1: Frequency distributions of intracellular platinum masses measured by SC ICP-MS in 4T1, C26, and MDCK cells exposed to
diferent concentrations of cisplatin (10–40 μM).
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Table 4: Results from the SC ICP-MS analysis (n� 3), uptake of cisplatin by diferent cell lines.

Cell line Cisplatin exposure
level (µM)

Most frequent
mass (fg
Pt/cell)

Mean mass
(fg Pt/cell)

Median mass
(fg Pt/cell)

Cell concentration
(cell/mL)

4T1
10 0.02 0.32± 0.07 0.12 5.8E + 04± 6E + 03
20 0.22 0.63± 0.06 0.32 6.5E + 04± 1E + 03
40 0.32 0.73± 0.09 0.42 1.8E + 05± 3E + 04

C26
10 0.12 0.60± 0.03 0.32 3.5E + 04± 2E + 03
20 0.32 0.69± 0.05 0.42 1.5E + 05± 9E + 03
40 0.42 1.36± 0.13 0.52 4.1E + 05± 5E+ 04

MDCK
10 0.02 0.43± 0.03 0.22 4.1E + 04± 8E+ 03
20 0.22 0.83± 0.05 0.42 3.4E + 04± 9E + 02
40 0.52 1.85± 0.14 0.72 4.4E + 05± 3E + 04

(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

Figure 2: Morphological image of C26 cells after 24-h exposure to cisplatin at 100 × and 200 × magnifcation. (a, b: untreated control, c, d:
10 μM cisplatin, e, f: 20 μM cisplatin, and g, h: 40 μM cisplatin).
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damaged cells, preventing them from efectively removing
the intracellular Pt through active transport.

Based on the data measured by SC ICP-MS and the
histograms, all cell lines showed that increased exposure led
to either a higher number of cells taking up measurable
amounts of Pt, greater amounts of Pt being absorbed by
individual cells, or both. Our fndings confrm those of
previous studies [25–27]. Te average amount of Pt taken up
by the cells was also consistent in magnitude. However, it is
important to note that diferent cell lines were used in prior
experiments. SC ICP-MS has not yet been employed to
investigate the uptake of Pt complexes in the cell lines we
utilized. Te histograms do not clearly indicate whether the
cells’ Pt uptake follows a normal or lognormal distribution;
however, lognormal curves ft the distributions efectively.
Notably, in all instances, some cells or cell frag-
ments—despite being in negligible amounts—showed
a signifcantly higher Pt uptake than the average. Te
amount of Pt accumulated within the cells was indicative of
cell death, demonstrating that the cytotoxic efects of Pt
compounds depend signifcantly on how efciently they
enter the cells [9]. Nevertheless, previous studies did not
report notable cell fragmentation in response to cisplatin
treatment. Tis lack of fragmentation might be attributed to
using lower concentrations of cisplatin [25] and/or shorter
exposure times [26]. In contrast, our microscopic exami-
nations also clearly exhibited cell fragmentation due to
cisplatin exposure. Te microscopic images reveal that
untreated C26 cells adhere to the bottom of the plate, are
spindle-shaped, and do not form a uniform monolayer.
After cisplatin treatment, the cells round up and detach from
the substrate in a concentration-dependent manner,
appearing as spheres foating in the medium. Signifcant cell
death is observed in cultures exposed to 40 μM cisplatin,
resulting in numerous bright, apoptotic cells and debris
particles smaller than the cells (Figure 2).

A limitation of the detailed evaluation of results is that
SC ICP-MS is primarily suitable for detecting diferences in
Pt uptake across various exposure levels and cell lines. It does
not provide insights into the underlying causes of these
diferences. Various transport mechanisms [34–36] and
structural changes in the cell membrane [37–40] likely play
signifcant roles in the uptake of Pt complexes, cell damage,
and potential resistance. However, investigating these fac-
tors requires the use of techniques beyond SC ICP-MS.

4. Conclusions

When applying SC ICP-MS in examining cisplatin uptake by
three cell lines, we made the following observations: (1) Te
SC ICP-MS technique is efective for studying the uptake
and distribution of cisplatin by cells and ofers several ad-
vantages compared to traditional bulk methods. However,
other techniques, such as microscopy and cell counting, are
also necessary to evaluate the results. (2) Diferent cell lines
generally absorbed the complexes to varying degrees, as
demonstrated by the difering amounts of Pt measured
within the cells. (3) Cells exposed to higher concentrations of
cisplatin exhibited greater uptake of the cytostatic. For

several cell lines, this relationship was directly proportional
within specifc concentration ranges. (4) We noted a sig-
nifcant level of cell death above a certain concentration in all
cell lines. Tis phenomenon resulted in a high degree of
cellular fragmentation, which led to the detection of an
increased number of cells/cell fragments using the SC
ICP-MS method.

Tese fndings were generally consistent with previously
published results. Although the methods we employed do
not allow for the explanation of the observed relationships
regarding cellular processes, the quantifable results from
our research, alongside similar studies investigating the
uptake of other complexes, may contribute to the ongoing
development of both human and animal cancer therapies
utilizing metal complexes in clinical practice.
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[14] A. López-Serrano Oliver, S. Baumgart, W. Bremser, et al.,
“Quantifcation of Silver Nanoparticles Taken up by Single
Cells Using Inductively Coupled Plasma Mass Spectrometry
in the Single Cell Measurement Mode,” Journal of Analytical
Atomic Spectrometry 33, no. 7 (2018): 1256–1263, https://
doi.org/10.1039/c7ja00395a.

[15] X. Wei, L. L. Hu, M. L. Chen, T. Yang, and J. H. Wang,
“Analysis of the Distribution Pattern of Chromium Species in
Single Cells,” Analytical Chemistry 88, no. 24 (2016):
12437–12444, https://doi.org/10.1021/acs.analchem.6b03810.

[16] L. N. Zheng, M. Wang, B. Wang, et al., “Determination of
Quantum Dots in Single Cells by Inductively Coupled Plasma
Mass Spectrometry,” Talanta 116 (2013): 782–787, https://
doi.org/10.1016/j.talanta.2013.07.075.

[17] F. Li, D. W. Armstrong, and R. S. Houk, “Behavior of Bacteria
in the Inductively Coupled Plasma: Atomization and Pro-
duction of Atomic Ions for Mass Spectrometry,” Analytical
Chemistry 77, no. 5 (2005): 1407–1413, https://doi.org/
10.1021/ac049188l.

[18] S. Miyashita, A. S. Groombridge, S. Fujii, et al., “Highly Ef-
fcient Single-Cell Analysis of Microbial Cells by Time-
Resolved Inductively Coupled Plasma Mass Spectrometry,”
Journal of Analytical Atomic Spectrometry 29, no. 9 (2014):
1598–1606, https://doi.org/10.1039/c4ja00040d.

[19] Z. Liu, A. Xue, H. Chen, and S. Li, “Quantitative De-
termination of Trace Metals in Single Yeast Cells by Time-
Resolved ICP-MSUsing Dissolved Standards for Calibration,”
Applied Microbiology and Biotechnology 103, no. 3 (2019):
1475–1483, https://doi.org/10.1007/s00253-018-09587-w.

[20] K. Shigeta, G. Koellensperger, E. Rampler, et al., “Sample
Introduction of Single Selenized Yeast Cells (Saccharomyces
cerevisiae) by Micro Droplet Generation into an ICP-Sector
Field Mass Spectrometer for Label-Free Detection of Trace
Elements,” Journal of Analytical Atomic Spectrometry 28, no. 5
(2013): 637–645, https://doi.org/10.1039/c3ja30370e.

[21] R. C. Merrifeld, C. Stephan, and J. R. Lead, “Quantifcation of
Au Nanoparticle Biouptake and Distribution to Freshwater
Algae Using Single Cell-ICP-MS,” Environmental Science and
Technology 52, no. 4 (2018): 2271–2277, https://doi.org/
10.1021/acs.est.7b04968.

[22] X. Shen, H. Zhang, X. He, et al., “Evaluating the Treatment
Efectiveness of Copper-Based Algaecides on Toxic Algae
Microcystis Aeruginosa Using Single Cell-Inductively Cou-
pled PlasmaMass Spectrometry,”Analytical and Bioanalytical
Chemistry 411, no. 21 (2019): 5531–5543, https://doi.org/
10.1007/s00216-019-01933-9.

[23] K. S. Ho and W. T. Chan, “Time-Resolved ICP-MS Mea-
surement for Single-Cell Analysis and On-Line Cytometry,”
Journal of Analytical Atomic Spectrometry 25, no. 7 (2010):
1114–1122, https://doi.org/10.1039/c002272a.

[24] C. Stephan, L. Amable, and R. B. Merrifeld, “Single-Cell
ICP-MS Analysis: Quantifying the Metal Concentration of
Unicellular Organisms at the Cellular Level,” Spectroscopy 33
(2018): 33–39.
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