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Single cell-inductively coupled plasma-mass spectrometry (sc-ICP-MS) and laser ablation (LA)-ICP-MS have been
complementary employed to develop a comprehensive study of APOE and claudin-1 expression in ARPE-19 cells
submitted to a glucose treatment (100 mM, 48 h) that induces oxidative stress conditions. Results were compared
with control cells. The determination of the two proteins by ICP-MS was sequentially carried out using specific

-ICP-MS
fj\-ICP-MS immunoprobes labelled with IrNCs that offer a huge amplification (1760 + 90 atoms of Ir on average). A novel
Biomaging sample introduction system, the microFAST Single Cell set-up, was employed for sc-ICP-MS analysis. This

introduction system resulted in a cellular transport efficiency of 85 + 9% for ARPE-19 cells (91 + 5% using a
PtNPs standard). After the proper immunocytochemistry protocol with the specific IrNCs immunoprobes in cell
suspensions (sc-ICP-MS), the mass of APOE and claudin-1 in individual ARPE-19 cells was obtained. Average
detection limits per cell by sc-ICP-MS were 0.02 fg of APOE and 3 ag of claudin-1. The results of sample analyses
obtained by sc-ICP-MS were validated with commercial ELISA kits. The distribution of both target proteins in
individual cells (fixated in the chamber wall) was unveiled by LA-ICP-MS. The high amplification provided by the
IrNCs immunoprobes allowed the identification of APOE and claudin-1 within individual ARPE-19 cells. High
resolution images were obtained using a laser spot of 2 x 2 pm.

nebulization ICP-MS after digestion of the cell, providing information of
the whole population as an average (so, information regarding indi-

1. Introduction

Cell populations in all biological systems are well-known for their
heterogeneous nature. Furthermore, genome, transcriptome, and pro-
teome cell-to-cell variations can be the origin of different pathologies
[1]. The quantitative analysis of individual cells in a target population is
currently a critical research area in order to evaluate cellular variability.
Among the options, particular attention should be paid to inductively
coupled plasma - mass spectrometry (ICP-MS) due to its low limits of
detection, wide dynamic range, low matrix effects and the possibility of
multi-elemental and multi-isotopic analysis [2].

Traditionally, cellular samples have been analyzed by conventional
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vidual heterogeneity is lost). However, detection of single cell events can
be achieved if the ICP-MS is operated in time-resolved analysis (TRA)
mode, where acquisition parameters have been optimized (e.g., dwell
time in the microsecond to low millisecond time scale) and cells are
introduced into the plasma as highly diluted suspensions. The basis for
single cell ICP-MS (sc-ICP-MS) was established by Li et al. [3]. Although
sc-ICP-MS is an active research topic, its Achilles heel is still the trans-
port efficiency (low transport efficiency equates to lost sample infor-
mation) [4]. Numerous sample introduction systems have been explored
to overcome this issue, such as employing low volume or total
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consumption spray chambers, micro-nebulizers, heating the spray
chamber, etc., but maximizing sample transport efficiency is still a
challenge.

Over the last few years, sc-ICP-MS has been applied for the analysis
of endogenous elements in individual cells to better understand their
biological functions [5,6], to study the cellular internalization of
metallic nanoparticles (NPs) [7-10], as well as to assess the uptake of
metallodrugs [11-13]. Moreover, the use of metal-labelled antibodies
allows the determination of specific biomolecules within the cells.
Lanthanide chelates [14,15] or lanthanide-MAXPAR® [16,17] have
been reported as labels for the determination of cellular biomarkers.
However, only one to tens of detectable atoms are available per label in
such cases. The availability of high amplification labels is crucial for the
determination of low concentrated cellular biomolecules. In this vein,
the use of NPs has been also proposed [18], although the relatively large
size of common NPs (several tens of nm) can block the recognition sites
of the antibodies. Recently, Lores-Padin et al. [19] proposed the use of
gold nanocluster (AuNC) labelled antibodies for the determination of
cytosolic proteins. AuNCs offer a higher amplification (466 Au atoms per
immunoprobe) compared to chelates or MAXPAR® and have a small
core diameter (less than 3 nm), minimizing possible steric hindrances.

sc-ICP-MS can be used for a high throughput cell-by-cell quantitative
determination of target biomolecules within cell cultures, but the bio-
molecules’ distribution inside each cell cannot be afforded. This can be
overcomed by directly sampling the cells using laser ablation (LA)
coupled to ICP-MS. LA-ICP-MS is a powerful tool for elemental and
isotopic analysis, providing the ability to obtain high resolution images
from biological tissue sections and cells [4,20]. Regarding the analysis of
individual cells, one of the main drawbacks for bioimaging at subcellular
level is the loss in sensitivity when reducing the spot size [21]. Previous
works have been focused on the imaging of metallic NPs internalized by
the cells [22,23]. Theiner et al. [24] have studied the distribution of Fe
and P (intrinsically present in the cells) as well as Pt (exogenously added
to the cells with a cisplatin treatment). The bioimaging of cellular
structures employing metallic labels (e.g., Ir intercalators and mDOTA
ligands loaded with different lanthanide ions) have been also reported
[21,25]. However, works related to the spatial distribution of specific
biomolecules at subcellular level are scarce. Van Acker et al. [26]
employed Ho-DTPA and Tm-DTPA chelates to label membrane receptors
[26] and Lores-Padin et al. [27] used AuNCs for labeling cytosolic
proteins in cultured cells.

In this work, we present for the first time using sc-ICP-MS and LA-
ICP-MS as complementary techniques to get a comprehensive study of
target proteins in individual cells; determination of proteins was carried
out by sc-ICP-MS and their localization at subcellular level was afforded
by LA-ICP-MS. In order to achieve a significant amplification to detect
proteins at low concentration levels in the cell, IrNCs-labelled immu-
noprobes (1760 Ir atoms on average per immunoprobe) were employed.
AuNCs have been previously reported for the determination of proteins
in individual cells [19,27]. However, IrNCs exhibit enhanced perfor-
mances both in terms of the label size and the amplification provided:
the reported AuNCs had an average size of 2.7 nm and the labelled
immunoprobe consisted of 466 Au atoms, whereas IrNCs have an
average size of 1.89 nm while the labelled immunoprobe have 1760 Ir
atoms. Therefore, the use of the IrNCs label, which offers an amplifi-
cation more than 3 times greater than the AuNCs, would allow the
determination of proteins that are naturally present in the cells at a
lower concentration level.

As a proof of concept, the sequential determination of two proteins
(apolipoprotein E; APOE and claudin-1) in individual cells from the
same in vitro model (human retinal pigment epithelial cells; ARPE-19)
was pursued using sc-ICP-MS and LA-ICP-MS, both in cultured cells
subjected to a pro-oxidative stress treatment with glucose (GL) and
control (CT) cells without the treatment. The RPE is a pigmented
monolayer of hexagonal cells responsible for the nourishment and
adhesion of the neurosensory retina [28]. This neuroepithelium is
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constantly subjected to oxidative stress from multiple sources including
high glucose levels (i.e., hyperglycemia) [29]. Hyperglycemia-induced
oxidative stress contributes to the progression of eye diseases, such as
diabetic retinopathy [30], causing glycation of proteins and affecting
their regulatory mechanisms [31]. These alterations may affect the
expression of APOE lipid transport protein [32] or the claudin-1 tight
junction protein [33], modifying the normal function of the RPE and the
increased risk of eye diseases onset. Thus, APOE and claudin-1 have
been selected as a case study in ARPE-19 cells to demonstrate the
importance of sc- and LA-ICP-MS as complementary techniques for
biological studies. Sample preparation strategies with cells in suspension
and fixation into the chamber wells were respectively optimized for sc-
and LA-ICP-MS analysis. To corroborate the quantitative results ob-
tained for APOE and claudin-1 by sc-ICP-MS in ARPE-19 cells, com-
mercial ELISA kits were employed. Additionally, immunofluorescence
with commercial Alexa fluorophores was utilized for verification of the
protein distribution.

2. Experimental

Details related to the reagents employed for the synthesis and char-
acterization of the IrNCs and IrNCs-immunoprobes [34], the culture and
incubation of ARPE-19 cells, the immunocytochemistry (ICC) assays for
the detection of target proteins by MS and fluorescence, the cellular
preparation for sc-ICP-MS and LA-ICP-MS, as well as the ELISA analyses
are collected at Electronic Supplementary Material (ESM). Further-
more, protocols for the synthesis and characterization of IrNCs and
IrNCs-immunoprobes are also described at ESM.

2.1. Instrumentation

sc-ICP-MS measurements were performed with an ICP-MS 7900 se-
ries (Agilent) coupled to a microFAST Single Cell system (Elemental
Scientific, Inc.). The sample introduction system includes an autosam-
pler, a CytoNeb nebulizer, a CytoSpray chamber and a one-piece ICP-MS
torch. sc-ICP-MS data processing was performed with SPCal. software
[35]. LA-ICP-MS measurements were carried out with an ICP-MS 7900
series coupled to a ESL193 laser ablation system (Elemental Scientific
Lasers) equipped with a TwoVol2 ablation chamber and a dual
concentric injector (DCI) interface. LA-ICP-MS data processing was
performed with Iolite (v4) software (Elemental Scientific Lasers). Sta-
tistical T-tests and data presentation (i.e., charts, histograms and cell
event profiles) was also carried out using Microsoft Excel.

Cell counting was done with a Neubauer hemocytometer (Sigma-
Aldrich) and an optical microscope (Inverted Microscope Leica DM IL
LED, Leica Microsystems) with a 10-fold magnification lens. Spectro-
photometric ELISA, cellular viability and ROS assays were measured
with a microplate reader (Victor X5, PerkinElmer). Immunofluorescence
measurements were carried out with a Leica DM6000B optical micro-
scope equipped with epifluorescence (RGB filter) and a DFC 310 camera.

2.2. Experimental methods

2.2.1. ARPE-19 cells culture and GL treatment

ARPE-19 cells for sc-ICP-MS measurements were cultured in T75
Corning® flasks in an incubator at 37 °C and 5% CO3 with supplemented
DMEMF12 medium for cellular growth. Once the cells were confluent,
the medium was changed to supplemented hybridoma serum-free me-
dium. For LA-ICP-MS, cells were cultured in Nunc™ Lab-Tek™ cham-
bers. Before plating the cells, the chamber wells were treated with 2 pg
em ™2 poly-L-lysine and incubated 2 h at 37 °C to enhance adhesion of
the cells to the well surface. Wells were washed with PBS (0.1 M, pH 7.4)
twice before culturing the cells (3-10* cells well ™) in DMEMF12. This
cellular density allows the cells to be separated in the chambers allowing
for analysis of individual cells by LA-ICP-MS. Cell medium was changed
to supplemented hybridoma serum-free medium 24 h after plating the
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cells. After 24 h in hybridoma medium, cells were either non-treated
(CT) or treated with glucose.

Concerning the optimization of the GL treatment, ARPE-19 cells
were cultured in 96-well microplates (3-10° cells well™!) in supple-
mented DMEMF12 medium and after 24 h the medium was changed to
hybridoma serum-free medium. After 24 h in such medium, different
concentrations of glucose (0-100 mM) were added to the cells, which
remained in a glucose enriched medium for 48 h. The viability of the GL-
treated cells was studied with a CyQuant™ Direct cell proliferation
assay. A microplate reader was employed for measuring fluorescence
emission with the excitation/emission filters of 485 nm/535 nm. Addi-
tionally, the ROS production was evaluated after 48 h of treatment. For
such purpose, the cells were treated with 10 pM H,DCFDA and incu-
bated 30 min at 37 °C and 5% CO,. The fluorescence emission was
measured with the microplate reader. Another sample of cells was
treated with 5 mM AAPH during 1 h as a positive control.

For sc-ICP-MS analysis, cells were trypsinized with 0.25% (v/v)
trypsin EDTA for 3 min in the incubator. DMEMF12 medium was added
to neutralize trypsin activity and the cells were collected in a Falcon
tube. Afterwards, cells were centrifuged to remove supernatant and re-
suspended in PBS (0.1 M, pH 7.4). Cellular fixation was performed in
Eppendorf tubes; 1.2-10° cells suspended in 250 pL of PBS were added to
each tube, mixed with 250 pL of 4% (v/v) PFA and incubated 10 min at
room temperature (RT). Then the liquid was removed with mild
centrifugation (3 min, 100 g-force) and cells were re-dissolved in 250 pL
of 4% PFA and incubated another 10 min at RT. Cells were centrifuged
to remove PFA and washed once with PBS to remove damaged cells.
After centrifuging to remove the supernatant, the cells were re-
suspended in PBS at a 1-10° cells mL~! concentration (counted with a
Neubauer chamber) and stored at 4 °C until further use. In the case of
LA-ICP-MS analysis, cells in the chambers were washed twice with PBS,
4% PFA was added for cellular fixation and the cells were then incubated
for 10 min at RT. Wells were washed 3 times with PBS and stored at 4 °C
in PBS.

2.2.2. Immunoassays with IrNCs immunoprobes for detection of proteins by
sc-ICP-MS and LA-ICP-MS

Immunoassays in suspension were performed using IrNCs immu-
noprobes in order to determine the proteins of interest in ARPE-19 cells
by sc-ICP-MS. For such purpose, IrNCs:Anti-h-APOE or IrNCs:Anti-h-
claudin-1 immunoprobes were independently employed with CT and
GL-treated cells. For sc-ICP-MS measurements, fixated cell suspensions
(1-10° cells mL™1) were centrifuged to remove the PBS and incubated
with 0.1% (v/v) Triton X-100 to permeabilize the cellular membrane for
15 min at RT. Cells were centrifuged and washed with PBS once and then
a blocking solution was added to the cells (2% (m/v) BSA and 10% (v/v)
serum) and incubated for 30 min at RT. Cells were centrifuged and su-
pernatant was discarded. The corresponding IrNCs immunoprobe was
added to the cells at the desired Ab concentration (10 pg mL~! for Anti-
h-APOE and 7 pg mL ™! for Anti-h-claudin-1) and incubated at RT for 1 h.
Then the cells were washed with PBS. Cells were re-suspended in PBS
(1-10° cells mL 1) and stored at 4 °C.

The immunoassay for LA-ICP-MS measurements was directly per-
formed into the chamber wells. PBS was carefully removed from the
chambers and then 0.1% Triton X-100 was added to the wells for 30 min
at RT to permeabilize the cellular membranes. Wells were washed with
PBS and then a blocking solution was added to the wells. After incu-
bating the blocking solution for 1 h (RT), the solution was removed and
the corresponding IrNCs immunoprobe was added to the wells and
incubated for 15 h at 4 °C. Wells were washed three times with PBS and
stored in PBS at 4 °C.

2.2.3. Analysis of ARPE-19 cells by sc- ICP-MS and LA-ICP-MS
ARPE-19 cells subjected to the immunoassay protocol were

measured by sc-ICP-MS within 8 h in all experiments. Cells were diluted

in 50 mM Trizma® buffer for introducing them into the ICP-MS.
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Different cellular concentrations were studied, ranging from 5-10° to
1-106 cell mL L. Cell suspensions were introduced into the plasma with
the microFAST Single Cell system using a 10 pL min~" flow rate. The
ICP-MS was operated in TRA mode and **Ir* and °Fe ™ intensity signals
931t from IrNCs immunoprobes and 56Fe™ as constituent element of
the cells) were measured sequentially for 30 s per isotope. Experimental
parameters are collected in Table 1.

For data treatment, SPCaL software was employed to discriminate
the cell events from the background. Different filters were applied
depending on the isotope measured; Poisson filter was employed for
S6Fe ™, employing e = 0.5 criteria to set the limit of criticality (L) and the
event limit of detection (Lg), whereas a Gaussian filter was selected for
19311+ distribution, employing 56 criteria to set the Lq. At the optimized
dwell time (0.1 ms), cellular events consist in several data points. SPCaL
reconstructs the signal for every individual cell integrating the area
under the peak for each cellular event. Next, the signal of %*Ir* per
event was transformed into absolute mass of Ir. For such purpose, an
external calibration using an Ir liquid standard was carried out and the
following parameters were taken into account: transport efficiency,
sample flow rate, dwell time, net intensity of the cellular event and the
slope of the calibration curve [11,19]. Finally, a similar methodology to
that previously reported [27] was followed to calculate the amount of
protein (APOE and claudin-1) from the mass of Ir per cell. The number of
Ir atoms per immunoprobe (1760 + 90 atoms on average) as well as the
molecular mass of each protein (23 kDa for claudin-1 and 34 kDa for
APOE) were considered for calculations.

Two suspensions were analyzed to determine the transport efficiency
of the experimental set-up for sc-ICP-MS: a commercial 46 nm PtNPs
standard and a solution of fixated ARPE-19 cells (10° cells mL™"; CT cells
and non-subjected to the immunoassay protocol). Under the working
conditions, the transport efficiency using the PtNPs standard was found
to be 91 + 5% within the same day (5 replicates). However, taking into
account that ARPE-19 cells have a different nature (e.g., different size
and robustness) than PtNPs and, so, they do not have to exhibit the same
behavior within the introduction system, the cellular transport effi-
ciency value employed for calculations in the detection of proteins in
ARPE-19 cells was determined by analyzing cells. Transport efficiency
was determined as the ratio of detected Fe events (detection of Fe rep-
resents the presence of a cell) over the expected events (determined by
counting with a Neubauer chamber) that should be detected for a sample
of fixated ARPE-19 cells. Transport efficiency was found to be 85 + 9%
across 5 same-day replicates.

For LA-ICP-MS analysis, the walls of the chambers and the PBS so-
lution were removed just before the measurement. The bioimaging of

Table 1
Operating conditions for the analysis of ARPE-19 cells by sc-ICP-MS and LA-ICP-
MS.

sc-ICP-MS LA-ICP-MS
Acquisition mode Single particle Acquisition Time
mode resolved
Dwell time 0.1 ms Dwell time 0.1s
Make-up Ar flow 0.8 L min! Make-up Ar flow 0.8 L min~?
(CytoSpray) (DCI)
Nebulizer Ar flow 0.25 L min~!
(CytoNeb)
Plasma Ar flow 15 L min~? Plasma Ar flow 15 L min~?
Measured isotopes 1931+ S6pe ™ Measured 193+
(ARPE-19) isotopes (ARPE-19)
195pt™ (PtNPs)
Haflow - Collision cell 2.5 mL min ! He flow - 0.8 L min~!
(%°Fe™) Ablation cell
Sample flow rate — 10 pL min~! Laser spot 2 x 2 pmy
microFAST Single Cell square
Acquisition time 30 s per isotope Frequency 80 Hz
Scan speed 8 ym min !
Fluence 9Jcem 2
Washout 100 ms
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the proteins in individual ARPE-19 cells was carried out by using the
experimental conditions indicated in Table 1. In order to obtain high-
resolution 2D-images for individual cells, multiple line scanning mode
with a squared spot size of 2 pm was applied. A laser pulse frequency of
80 Hz and a fluence of 9 J cm~2 ensured the quantitative ablation of
cellular thickness. Data processing (2D-images of 1°*Ir* distribution in
individual ARPE-19 cells, histograms and single line profiles) were
performed with Iolite (v4) software. Thermal gradient was chosen as the
scale for 2D-images and median filter was applied.

3. Results and discussion
3.1. Optimization of the glucose-induced oxidative stress treatment

To evaluate the optimum concentration of glucose to induce oxida-
tive stress in ARPE-19 cells without causing substantial cell death,
ARPE-19 cells were subjected to GL treatment with different concen-
trations (0, 5, 10, 30, 60 and 100 mM) for 48 h and the cell viability and
cellular production of ROS were investigated. Experimental results
showed that cells were not significantly affected (Fig. S1A), even at the
highest GL concentration assayed (96% viability with 100 mM GL). The
GL treatment increases the production of ROS in ARPE-19 cells with
concentrations larger than 30 mM: as indicated in Fig. S1B, significant
differences (T-test, « = 0.05) as compared to the control in the pro-
duction of ROS were observed for 30 mM (p value = 0.002), 60 mM (p
value = 0.002) and 100 mM (p value = 0.01) of glucose. Although the
average production of ROS increased with the GL concentration, not all
the cells were equally affected, increasing the standard deviation asso-
ciated with the fluorescence emission at higher GL concentrations. Note
that the positive control (5 mM AAPH) exhibited an emission signifi-
cantly higher than 100 mM of GL (2.15 vs 1.70-fold change in fluores-
cence emission) and a larger standard deviation value. Considering the
experimental results, 100 mM was the GL concentration selected for
ARPE-19 cells treatment to ensure the overproduction of ROS species
without compromising the cellular proliferation.

3.2. Determination of proteins in individual ARPE-19 cells by sc-ICP-MS

3.2.1. Optimization of the cell concentration
In this work, ARPE-19 cells were introduced into the ICP-MS
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employing the microFAST Single Cell system operating at 10 pL min~!
and TRA mode was selected in the ICP-MS to detect single cell events
(0.1 ms dwell time). The cell concentration in the suspension was
optimized to have a sufficiently diluted solution to avoid multiple events
but concentrated enough to obtain representative data in each analysis.
For such purpose, a sample of fixated ARPE-19 cells (CT cells without
IrNCs immunoprobe) was dissolved in Trizma® at different cellular
concentrations (in the range of 5.10°-1-10° cells mL.™!) and *®Fe™ in-
tensity signal was detected by sc-ICP-MS. Fe is a constituent of the cells
which was measured to determine the transport efficiency as well as to
ensure the cellular integrity. It is possible to know the cellular loss
through the sample introduction system by comparing the number of
cells in the original suspension (cells were counted before measuring
them) with the number of Fe events detected by sc-ICP-MS. In addition,
if cells lost their integrity, intracellular Fe is dissolved in the suspension
and >%Fe™ background increases in the time-resolved profile obtained by
sc-ICP-MS.

As it can be observed in Fig. 1, the number of detected cellular events
(following S6pet intensity) increased linearly (> = 0.991) from 5-10° to
2.10° cells mL™'. However, at greater cellular concentrations, the
number of detected events did not follow the same trend. Additionally,
as shown in Fig. 1 (secondary Y axis), the transport efficiency and the
signal-to-background ratio values were greater than 0.8 from 5-10° to
1-10° cells mL~1. At higher cellular concentrations, both transport effi-
ciency and signal-to-noise ratio decreases significantly. Such trends can
be attributed to different causes. As the concentration of the cells in the
nebulized solution increases, so does the probability of having multiple
cells being detected at the same time. It can be seen in Fig. S2 that the
S6Fe™ intensity of the cellular events did not change when increasing the
cell concentration from 2-10* to 1-10° cells mL ! (Figs. S2A and S2C,
respectively). However, at 1 .10 cells mL ™! (Fig. S2E) there were several
events with a larger S6pet intensity (10,000 counts), which can be
attributed to two or more cells detected simultaneously. Moreover, at
higher cell concentration, cellular disruption occurs to a larger extent:
the ®Fe " background for 1-10° and 1-10° cells mL ™! was 28 + 6 and 590
+ 60 counts, respectively (Figs. S2D and S2F). Thus, the analysis of
concentrated samples produces significant cell damage. This effect was
also observed with the signal to background ratio; the intensity of the
events does not depend on the cell dilution and, therefore, as ionic
background increased at higher cell concentration, the ratio decreased.

1200 12 Fig. 1. Optimization of the ARPE-19 cell concentra-
tion in suspension for sc-ICP-MS analysis (CT cells
without IrNCs immunoprobe). Grey bars indicate the

1000 4 L 10 number of Fe events detected (°°Fe™ intensity signal)
by sc-ICP-MS in 30 s; Grey dashed line indicates the
transport efficiency (expressed as the ratio of number

4] 200 s > O of detected cells over number of introduced cells);
o © 2 € Black solid line indicates the normalized ratio of the
> v 3 . .
1] s © average signal for the events over the signal for the
E ‘45 % background. Uncertainties indicate the standard de-
B 600 1 08 o ® viation from the mean of three replicates.
3 e s
- ]
151 w
(3] c £
400 | i Loa & &
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The concentration selected for further sc-ICP-MS experiments was 1-10°
cells mL™!: the number of detected events was large enough to obtain
representative data, the possibility of having multiple events was min-
imal and the signal-to-background ratio was maximized.

The cellular transport efficiency employed for calculations in the
determination of proteins in ARPE-19 cells by sc-ICP-MS was deter-
mined with a cell suspension, showing an average value of 85 + 9%. To
the best of our knowledge this is the first time that the microFAST Single
Cell system has been employed for the measurement of cells by sc-ICP-
MS. Compared to previously described systems, the microFAST Single
Cell allows short sampling periods as the transport efficiency obtained is
significantly high. For example, cellular transport efficiencies in the
range of 20-30% have been reported for the analysis of human ovarian
carcinoma cells or red blood cells [11,36]. More recently, Lores-Padin
et al. [19] set a transport efficiency of 8% for the analysis of HRPEsv cells
using a high efficiency nebulizer and the Asperon® spray chamber.

3.2.2. Optimization of the immunoassay using IrNCs as label

The immunoassay protocols to label APOE and claudin-1 in ARPE-19
cells were optimized in terms of immunoprobe concentration (referred
to as the Ab concentration) to ensure the total recognition of the proteins
as well as the number of washing steps after treating the cells with the
immunoprobe to avoid non-specific interactions. The protocols were
independently carried out with the two immunoprobes: IrNCs:Anti-h-
APOE and IrNCs:Anti-h-claudin-1. For the experiments, cells were
diluted to 1-10° cells mL™}, and *®Fe* and %3Ir* signals were sequen-
tially detected by sc-ICP-MS in the same suspension. “°Fe’ was
measured to check the integrity of the cells and to confirm the number of
cell events detected with % Ir* (from the IrNCs immunoprobe). The
data was fitted to a Poisson distribution in the case of *Fe’ and to a
Gaussian filter in the case of °°*Ir". The suitability of the filter depends
on the background signal; higher counting rates work better with
Gaussian filters, while Poisson filters work better with low background
levels [35]. As it is described at ESM (see Fig. S3), if applying a Poisson
filter to the 3" signal, the Ly was underestimated and the events
coming from the free immunoprobes were detected as cellular events,
overestimating the number of cells in the suspension. Nevertheless,
when applying a Gaussian filter, events from IrNCs immunoprobe not
specifically labelled to the cells were successfully discriminated. Thus, a
Gaussian filter was applied to 1°°Irt, whereas the number of Fe events
was calculated using Poisson filter.

Fig. 2 displays the experimental results obtained by sc-ICP-MS for the
analysis of CT ARPE-19 cells labelled with IrNCs:Anti-h-APOE immu-
noprobe using different Ab concentrations (up to 40 pg mL™!) and
washing steps (1, 2 or 3). As it can be seen in Fig. S4, the ratio of detected
events using '°Ir" intensity over detected events with >®Fe™ intensity
was close to one when employing immunoprobe concentrations from 5
to 40 pg mL !, independently of the number of washing steps. However,
the ratio decreased with the lower Ab concentration (2 pg mL’l),
implying that it was not enough Ab to label all the proteins in ARPE-19
cells and some of them were not tagged. In Fig. 2, the mass of Ir (fg of Ir
per cell) is shown for different immunoprobe concentrations (5-40 pg
mL ! of Ab) using 1, 2 or 3 washing steps with PBS. As can be observed,
the mass of Ir in the cells was approximately the same when adding 5
and 10 pg mL™! of Ab and it did not decrease with the washing steps.
This means that the amount of Ab added to the cells was enough to label
all the sought protein and the excess of Ab was successfully removed.
However, the mass of Ir per cell when employing 20 and 40 pg mL ™! of
Ab and only one washing step was considerably higher and it decreased
with the number of washing steps. This indicates an excess of Ab and,
therefore, several washing steps were required to remove the immu-
noprobe not specifically bounded to APOE. In any case, when per-
forming three washing steps, the mass of Ir per cell was approximately
equal no matter the concentration of Ab, confirming that the possible
excess of the immunoprobe can be efficiently removed with a proper
washing procedure. It must be noted that the washing was manually

Talanta 253 (2023) 123974

w N v

193]+ Mass (fg/cell)

N

1 washing step

2 washing steps 3 washing steps

R R -1 R
lzzlsugml1 10p.gml:l B 20 pg mL l40p.gmL:l

Fig. 2. Immunoassay optimization for the determination of APOE by sc-ICP-MS
in CT ARPE-19 cells using IrNCs:Anti-h-APOE immunoprobe. Different Ab
concentrations were evaluated in the immunoprobe as well as different washing
steps with PBS (after incubation of the immunoprobe). The graph depicts the
concentration of Ir per cell. Uncertainties represent the standard deviation from
the mean of three replicates.

performed with a micropipette and some cells can be lost in this pro-
cedure. For example, for the 10 ug mL ™! concentration, 243, 205 and 96
cellular events were respectively detected for 1, 2 and 3 washing steps.
Considering all the above, the selected concentration for IrNCs:Anti-h-
APOE immunoprobe was 10 pg mL™' and 2 washing steps: this en-
sures an excess of Ab to recognize all the protein and an efficient
washing to remove the excess of the immunoprobe without losing many
cells. A similar approach was followed for the IrNCs:Anti-h-claudin-1
immunoprobe, being in this case 7 pg mL ™! of Ab and 2 washing steps
selected.

3.2.3. Determination of APOE and claudin-1 by sc-ICP-MS

APOE and claudin-1 were determined in CT and GL-treated ARPE-19
cells to study the possible variation of the protein expression after an
induced oxidative stress treatment. Considering that the same label
(IrNCs) was employed for both proteins, two batches of ARPE-19 cells
(same passage) were used for the sequential determination of APOE and
claudin-1 using IrNCs:Anti-h-APOE or IrNCs:Anti-h-claudin-1 immu-
noprobes, respectively. Data obtained by sc-ICP-MS were treated with
SPCaL software and the intensity of '°3Ir* was first transformed into
mass of Ir per cell and subsequently, taking into account the immu-
noprobe amplification factor, into mass of protein per cell.

3.2.3.1. Determination of APOE in CT and GL-treated ARPE-19 cells. The
effect of oxidative stress induced by glucose in the expression of APOE in
ARPE-19 cells was studied in individual CT and GL-treated cells by sc-
ICP-MS. As an example, Figs. S5A and S5B depict the time-resolved
profiles obtained for °Ir* for CT and GL-treated ARPE-19 cells,
respectively. Furthermore, Table S1 contains the results obtained for
five independent biological replicates of both conditions, each of them
with three analytical replicates. As it can be seen, the number of
detected Ir events was comparable to the number of detected Fe events
in all cases, demonstrating that the IrNCs immunoprobe successfully
labelled ARPE-19 cells. As it is collected in Table 2, taking into account
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Table 2

Experimental results obtained for the determination of APOE and claudin-1 in
ARPE-19 cells by sc-ICP-MS using IrNCs immunoprobe as label. Five biological
replicates per condition were analyzed (CT and GL-treated) with three analytical
replicates per biological sample.

APOE claudin-1
Samples fg APOE/ fg APOE/  Samples ag claudin- ag claudin-
cell cell 1/cell 1/cell
CT1 0.40 + 0.38 + CT1 43+5 42+ 3
0.05 0.05
CT2 0.337 + CT2 40.0 £ 0.6
0.003
CT3 0.40 + CT3 42 + 4
0.05
CT4 0.45 + CT4 46 + 5
0.06
CT5 0.33 + CT5 38+1
0.06
GL- 0.30 + 0.28 + GL- 52+ 4 63 +7
treated 0.01 0.04 treated 1
1
GL- 0.29 + GL- 66 + 5
treated 0.03 treated 2
2
GL- 0.22 + GL- 68 + 14
treated 0.01 treated 3
3
GL- 0.32 + GL- 68 +£12
treated 0.02 treated 4
4
GL- 0.28 + GL- 61+5
treated 0.03 treated 5
5

the average mass of APOE obtained for CT and GL-treated cells by sc-
ICP-MS, the treatment of ARPE-19 cells with 100 mM GL for 48 h cau-
ses a downregulation of APOE synthesis: 0.38 + 0.05 fg of APOE/cell for
CT and 0.28 + 0.04 fg of APOE/cell for GL-treated cells (1.4-fold
change). Those results are found to be statistically different using T-test
at 95% confidence (p value = 0.009). Concerning analytical perfor-
mance of the method, the average APOE mass DL was 0.02 fg of APOE
per cell, calculated by converting the Ly of the applied Gaussian filter
from counts of *Ir™ to fg of protein. Moreover, the uncertainty was
found to be lower than 15% for both cellular groups.

Frequency (% of ARPE-19 cells)

0 T T T T u
0 0.5 1 15 2 25 3

APOE Mass (fg/cell)
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To validate the results, a commercial ELISA kit was employed. A
different batch of cells was cultured and either treated or non-treated
with GL. After 48 h, cells were counted and suspended in a Tris-HCI
buffer (to preserve proteins) and lysed by ultrasonication. The mass of
APOE in the lysates was determined according to the specifications of
the ELISA kit and referred to the number of cells previously determined
with a Neubauer chamber. The average APOE mass determined by the
ELISA kit (for three biological replicates and five analytical replicates)
was found to be 0.38 & 0.08 fg of APOE/cell for CT and 0.24 + 0.08 fg of
APOE/cell for GL-treated cells (1.6-fold change). Therefore, the results
obtained by sc-ICP-MS were in agreement to those with the commercial
kit. No significant differences were observed when comparing the results
of sc-ICP-MS and the ELISA kit applying a T-test at 95% confidence in-
terval to APOE mass for both the CT and GL-treated cells (p value = 0.99
for CT cells and 0.24 for GL-treated cells). The uncertainty obtained for
the ELISA measurements was higher compared to that reported by sc-
ICP-MS (20-30% with ELISA versus 15% with sc-ICP-MS).

In contrast to the ELISA kit, which only provides the average cellular
protein mass in the cell population, sc-ICP-MS methodology allows for
the determination of the mass of APOE in each cell within the cellular
population. Fig. 3A shows the mass frequency histograms obtained
(considering all the replicates for CT and GL-treated cells) representing
the percentage of cells that contain a certain amount of the protein. As it
can be seen in Table S1 where the minimum and maximum values ob-
tained for the mass of APOE within each cell population have been
included, the mass of APOE exhibited a huge variability from cell to cell,
ranging for example from 0.001 to 3 fg of APOE/cell in the same cell
suspension (CT1; R1). The histogram obtained for ARPE-19 cells (see
Fig. 3A) shows that around 30% of the GL-treated cells were signifi-
cantly affected by the hyperglycemic treatment inducing oxidative stress
and the mass of APOE in such cells lied in between 0 and 0.05 fg/cell.
Concerning CT cells, the mass of APOE for 82% of the cell population
was within the interval 0.1-0.7 fg/cell, whereas only 61% of the GL-
treated cell population lied within that range. At APOE masses above
0.7 fg/cell, both groups show a similar behavior. The same tendencies
were observed for the histograms of each individual biological replicate,
included in the ESM as Figs. S6A and S6B (CT and GL-treated cells,
respectively). APOE is a RPE secreted protein, usually observed in the
cytoplasm, responsible of lipid transport and its accumulation [37].
Alterations in the expression and localization of APOE have been related
with the lipid-rich deposits observed under the basal lamina of the RPE

30

30

25 {*
25 4 .

Frequency (% of ARPE-19 cells )

0 200 400 600 800 1000 1200 1400 1600 1800
Claudin-1 Mass (ag/cell)

Fig. 3. Mass frequency histogram (in percentage) for APOE and claudin-1 in CT (black line) and glucose-treated (dotted grey line) ARPE-19 cells obtained by sc-ICP-
MS using respectively Anti-h-APOE and Anti-h-claudin-1 immunoprobes. Both graphs are constructed with all the biological and analytical replicates measured. A)

APOE; B) Claudin-1.
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as a consequence of its progressive degeneration [38]. Previous studies
showed that oxidant stress significantly reduced APOE at mRNA and
protein levels [32], which seems to share common mechanism with high
GL treatment [39]. The observed downregulation of APOE during
oxidative stress conditions induced by glucose may be a regulatory
mechanism to avoid an excessive APOE secretion [40]. However, ac-
cording to our results, each ARPE-19 cell seems to respond differently
considering that some cells induced APOE synthesis, and the majority
inhibited it, highlighting the importance of determining the effect on
each cell.

3.2.3.2. Determination of claudin-1 in CT and GL-treated ARPE-19 cells.
The same methodology was applied to ARPE-19 cells labelled with the
IrNCs:Anti-h-claudin-1 immunoprobe to determine claudin-1 in the cell
population by sc-ICP-MS. Figs. S7A and S7B show the *°Ir" time-
resolved profiles obtained for CT and GL-treated cells, respectively.
Table 2 depicts the results obtained for the determination of claudin-1
mass in CT and GL ARPE-19 cells. In contrast to that observed for
APOE, the GL treatment caused an overexpression of claudin-1 in ARPE-
19 cells (1.5-fold change); the average claudin-1 mass was 42 + 3 ag/
cell for CT and 63 + 7 ag/cell for GL-treated cells. Those results are
statistically significantly different when applying a T-test at 95% con-
fidence (p value = 4-1077). As reported for APOE, there is a huge
disparity in the mass of claudin-1 among the same cell population (see
the minimum and maximum values in Table S2). This fact can be
graphically observed in Fig. 3B for the mass frequency histograms ob-
tained for CT and GL-treated cell (average values taking into account all
the biological and analytical replicates). Experimental results showed
that 38% of the CT cell population had a claudin-1 mass between 5 and
10 ag/cell, whereas only 21% of GL cells lied within that range. GL
treatment also increased the percentage of cells with a claudin-1 mass in
the range of 50-500 ag/cell. Figs. S8A and S8B depict the mass fre-
quency histograms for each individual biological replicate in CT and GL-
treated cells, respectively.

The mass DL for claudin-1 by sc-ICP-MS was found to be as low as 3
ag of claudin-1 per cell, demonstrating that the great amplification
provided by the IrNCs label allows to detect specific proteins in indi-
vidual cells at very low concentration levels. Additionally, even with the
high biological heterogeneity found for biological systems, there is
excellent precision obtained for the analysis of five biological replicates
of ARPE-19 cells submitted to immunocytochemistry with IrNCs
immunoprobe by sc-ICP-MS; uncertainty obtained for the determination
of claudin-1 mass ranged from 2 to 20%. Experimental results obtained
by sc-ICP-MS were validated measuring the average mass of claudin-1 in
cell lysates with a commercial ELISA kit. Claudin-1 mass was found to be
63 £ 10 ag/cell in CT and 83 + 14 ag/cell in GL-treated cells (1.3-fold
change), confirming the upregulation of claudin-1 after the GL treat-
ment. Claudin-1 belongs to the family of claudins, which are important
components of the tight junctions critical for mainlining the RPE
integrity in vivo [41]. Oxidative stress induced by glucose affects the
barrier function and the expression of tight junction proteins in the RPE
[42], inducing claudin-1 synthesis as a compensatory mechanism to
increase of tight junction sealing function [33], which is in agreement
with our results. However, similarly to what was observed for APOE, a
specific population of ARPE-19 cells showed higher levels of claudin-1
following GL treatment, which may be due to a specific response
mechanism or a different cell stage, highlighting again the importance of
analyzing each cell as an individual entity.

3.3. Bioimaging of proteins in individual ARPE-19 cells by LA-ICP-MS

Once the determination of APOE and claudin-1 was performed by sc-
ICP-MS in a suspension of ARPE-19 cells, the study was completed by
evaluating the localization of the target proteins in individual cells
fixated to the chamber wells by LA-ICP-MS. In this case, cells were
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cultured in the chambers at low cellular density to make sure they were
spaced out well to avoid cell to cell overlap (e.g., see Fig. S9). Spatial
distribution of APOE and claudin-1 in individual cells (CT and GL-
treated) was studied by monitoring the °*Ir* intensity signal from
IrNCs immunoprobes (IrNCs:Anti-h-APOE or IrNCs:Anti-h-claudin-1,
respectively). Square laser spots of 2 x 2 pm (Table 1) were employed
and experimental conditions were optimized as a compromise between
high spatial resolution and sensitivity. Laser fluence was set as low as
possible that still resulted in the ablation of the whole cell volume. All
ARPE-19 cells analyzed had a similar thickness and the same scan focus
was adjusted for the whole imaging.

Fig. 4A and B shows the 2D-images obtained for signal
(counts) indicating the distribution of APOE in individual CT and GL-
treated ARPE-19 cells, respectively. The optical images of the ablated
areas (taken with the laser camera prior to ablation) are shown in
Fig. S9. As can be observed, the target protein was detected in individual
cells by LA-ICP-MS following IrNCs label. It can be seen that APOE
distribution within individual cells was not homogeneous. Additionally,
1931+ intensity varied significantly from cell to cell; the scale bars of
Fig. 4 were set as a compromise to identify APOE in the different cells of
the ablated regions. Figs. SI0A and S10B show amplifications of the 2D-
images obtained by LA-ICP-MS for CT and GL-treated cells where each
individual cell has the scale bar adjusted to its particular case. Thus, it is
possible to identify the subcellular distribution of the protein and
identify the regions where APOE was at higher or lower levels. For
example, 19311+ intensities for cell #3 in CT cells (Fig. S10A) or cell #1 in
GL-treated cells (Fig. S10B) were significantly higher compared to in-
tensities obtained for the other cells (150 versus 400 counts as maximum
values in CT cells and 100 versus 300 counts in GL cells). Differences
observed for 13Ir™ signal between cells, both in CT and GL-treated, seem
to indicate that the expression of APOE can significantly change from
cell to cell (in agreement with results obtained by sc-ICP-MS). Thus, LA-
ICP-MS confirms that the protein distribution also varies cell-to-cell
within the same cell population.

A similar trend was found for claudin-1 in CT and GL-treated cells by
LA-ICP-MS. Fig. 5 shows the 2D-images obtained for '**Ir* signal (i.e.,
claudin-1 distribution) in individual ARPE-19 cells using the IrNCs:Anti-
h-claudin-1 immunoprobe. For CT and GL-treated cells, 1991 + jn-
tensities exhibited a non-homogenous distribution within the individual
cells (Fig. 5A and B, respectively). Comparing the intensity signals ob-
tained for APOE and claudin-1, it can be seen that the lower content of
claudin-1 compared to APOE (ag/cell versus fg/cell level) was also
evident in 2D-images. Figs. S11A and S11B show amplifications of the
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Fig. 4. Qualitative 2D-images obtained by LA-ICP-MS for °*Ir" signal (counts)
using IrNCs:Anti-h-APOE immunoprobe in CT and GL-treated ARPE-19 cells. A)
APOE distribution in CT cells, and B) APOE distribution in GL-treated cells.
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Fig. 5. Qualitative 2D-images obtained by LA-ICP-MS for '**Ir* signal (counts)
using IrNCs:Anti-h-claudin-1 immunoprobe in CT and GLtreated ARPE-19 cells.
A) Claudin-1 distribution in CT cells, and B) Claudin-1 distribution in GL-
treated cells.

2D-images obtained for CT and GL-treated cells, respectively, with the
scale bar adjusted to each individual cell; maximum values in the range
of 35-100 counts were observed. The high amplification offered by the
IrNCs label allowed for high resolution images for the protein localiza-
tion within individual ARPE-19 cells. One of the main shortcomings
when aiming to obtain subcellular resolution by LA-ICP-MS is the loss of
sensitivity [21,25,43]. For example, Van Acker et al. [26] reported the
use of DTPA chelates (containing just one detectable lanthanide atom
per label) for the determination of membranous receptors in breast
cancer cells by LA-ICP-MS, obtaining intensities for the lanthanides in
the range of 0-20 counts. The concentration of those receptors in the
cells was in the order of tens of fg/cell. Thus, the amplification provided
by the IrNCs immunoprobe can be presented as a powerful performance,
allowing the detection of proteins at low concentration levels in indi-
vidual cells.

Iolite, v4 was used to construct 2D-images. On one hand, Fig. S12
depicts the single line profile obtained for 193p,+ intensity across indi-
vidual cells for APOE; it is possible to see the variation of the protein
distribution (in counts) along the cell diameter. As can be observed, the
distribution of '**Ir* was not homogeneous across the cells, both in CT
and GL-treated cells, indicating that APOE was more concentrated in
certain cell regions. A similar trend was observed for claudin-1
(Fig. S13). The regions of interest (ROI) tool was used to access each
individual cell, which resulted in a histogram, representing the fre-
quency of pixels within the cell (that is directly related to the area of the
cells) with a certain 231 intensity (counts). As an example, the his-
tograms corresponding to CT and GL-treated cells labelled with the
IrNCs:Anti-h-APOE immunoprobe are shown in Fig. 6. All cells showed
the same tendency; around 80% of the pixels within a cell have 1°Ir*
intensities below 400 counts, but there were some pixels within the cells
with a greater intensity signal, up to 700 counts. Those pixels corre-
spond to the areas within the cell where APOE was accumulated. In the
case of claudin-1, the histograms depicted in Fig. S14 showed differ-
ences between the two cellular groups (CT and GL-treated). In the case
of CT cells, around 55% of the pixels have an *’Ir* intensity below 20
counts, whereas only 30% of the pixels were below 20 counts in the case
of GL-treated cells. Furthermore, a higher percentage of pixels with an
193" intensity between 200 and 400 counts were observed for GL-
treated compared to CT cells, indicating that claudin-1 was more het-
erogeneously distributed when cells were subjected to pro-oxidative
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Fig. 6. Frequency histogram (in percentage of pixels) for APOE protein in
ARPE-19 cells obtained by LA-ICP-MS analysis using Anti-h-APOE immunop-
robe. The insets show the 2D-image obtained by LA-ICP-MS for the cells indi-
cating the area of each individual cell (in red). A) CT cells; and B) GL-
treated cells.

stress conditions.

Finally, the distribution of APOE and claudin-1 observed by LA-ICP-
MS was confirmed by conventional immunofluorescence. CT ARPE-19
cells fixated into chambers were subjected to an immunoassay protocol
with fluorophore Alexa®594. In this case Anti-h-APOE and Anti-h-
claudin-1 antibodies were independently added to the cells (without
being previously bioconjugated to IrNCs) and then a secondary Ab
labelled with fluorophore Alexa®594 was employed. As it can be seen in
Fig. S15A, APOE was localized in the cellular cytoplasm [38], corrob-
orating the spatial distribution obtained by LA-ICP-MS. Fig. S15B shows
claudin-1 distribution unevenly throughout the cell, not observing its
specific apicolateral localization [44] being expected since ARPE-19
cells were not confluent and their time in culture was lower than 5 days,
being similar to the images obtained by LA-ICP-MS.

The combination of sc-ICP-MS and LA-ICP-MS allows a comprehen-
sive study of the expression of endogenous proteins by cell populations
submitted to different external stimuli. As a proof of concept, APOE and
claudin-1 have been selected as the target proteins in ARPE-19 cells
(under control and pro-oxidative stress conditions) due to their direct
implication in eye related pathologies whose biological mechanisms are
not currently fully understood. The same kind of sample (cells of the
same line, subjected to equal external conditions) were analyzed with
both techniques using a unique metal label (IrNCs). sc-ICP-MS mea-
surements provide quantitative information regarding the concentration
of APOE and claudin-1 in individual ARPE-19 cells. The data obtained
include the protein concentration for each individual cell, but it is also
possible to achieve the concentration range on the cellular population
(between 150 and 400 cells were studied in each sc-ICP-MS analysis; ~7
min analysis time, including washing steps) and the maximum and
minimum concentration in the cells suspension, providing valuable in-
formation of the sample heterogeneity. Additionally, frequency histo-
grams (the distribution of the protein concentration among each sample
of cells) can be obtained, allowing to better visualize the behavior of cell
suspensions submitted to different treatments. In this particular case,
differences between CT and GL-treated (100 mM, 48 h) ARPE-19 cells
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were observed. On the other hand, for having a better understanding of
the glucose treatment effect in APOE and claudin-1 concentration in
ARPE-19 cells and its biological implication it is also important to study
the intracellular localization of the proteins, as it can be altered due to
oxidative stress [45,46]. Experimental results with LA-ICP-MS showed
that APOE and claudin-1 exhibit a non-homogeneous distribution within
cellular structures both for CT and GL-treated cells. Thus, not only a
wide variability was observed for target proteins concentration in in-
dividual ARPE-19 cells, but also a non-homogeneous distribution of
APOE and claudin-1 could be clearly identified within each cell. Dif-
ferences in the proteins localization were not observed between CT and
GL-treated ARPE-19 cells. The biological implications of the
pro-oxidative stress treatment with glucose cannot be more deeply dis-
cussed since a higher number of samples should be evaluated, especially
in the case of LA-ICP-MS (in this case, the analysis time for an imaging
including 4 cells was ~120 min). However, the experimental results
showed the potential of sc- and LA-ICP-MS as a tandem analytical tool to
evaluate the effect of specific treatments in cells populations.

4. Conclusions

The evaluation of the effects induced by oxidative stress conditions
in two proteins present in ARPE-cells was tackled with sc-ICP-MS and
LA-ICP-MS. Specific antibodies labelled with IrNCs, which offer a huge
amplification (1760 + 90 atoms of Ir on average), were employed as
immunoprobes for detection of APOE and claudin-1. Masses at the fg
level for APOE and at the ag level for claudin-1 were determined by sc-
ICP-MS in individual ARPE-19 cells. Concerning LA-ICP-MS, the high
amplification provided by the IrNCs immunoprobes allowed the iden-
tification of APOE and claudin-1 in individual ARPE-19 cells. High
resolution images were obtained, even for detection of claudin-1 that is
present in ARPE-19 cells at the low ag/cell level.

This work shows the interest of the complementary use of sc-ICP-MS
and LA-ICP-MS for comprehensive biological studies. LA-ICP-MS allows
for the evaluation of the spatial distribution of target proteins in indi-
vidual cells. However, it must be noted that the sample throughput
(number of cells) is much higher by sc-ICP-MS. Finally, it is noteworthy
to highlight the convenience of using immunoprobes containing a high
number of detectable atoms, such as the antibodies labelled with IrNCs,
in order to achieve low detection limits of the sought proteins.
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