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Abstract The quantification of elemental concentration in
cells is usually performed by analytical assays on large
populations missing peculiar but important rare cells. The
present article aims at comparing the elemental quantifica-
tion in single cells and cell population in three different
cell types using a new approach for single cells elemental
analysis performed at sub-micrometer scale combining X-
ray fluorescence microscopy and atomic force microscopy.
The attention is focused on the light element Mg,
exploiting the opportunity to compare the single cell quan-
tification to the cell population analysis carried out by a
highly Mg-selective fluorescent chemosensor. The results
show that the single cell analysis reveals the same Mg
differences found in large population of the different cell
strains studied. However, in one of the cell strains, single
cell analysis reveals two cells with an exceptionally high
intracellular Mg content compared with the other cells of
the same strain. The single cell analysis allows mapping
Mg and other light elements in whole cells at sub-

micrometer scale. A detailed intensity correlation analysis
on the two cells with the highest Mg content reveals that
Mg subcellular localization correlates with oxygen in a
different fashion with respect the other sister cells of the
same strain.
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Introduction

Single cell analysis has become increasingly important for
cellular biologists doing basic, translational, and clinical re-
search. Cell populations are known to be heterogeneous and
there are evidences showing that heterogeneity exists even
within small cell populations [1, 2]. However, most of the
current techniques collect bio-data averaged over a large pop-
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ulation of cells rather than considering their distribution, miss-
ing rare (but important) cells that are only present in small
quantity. Cell populations often exhibit phenotypic heteroge-
neity that could lead to a misleading interpretation of the re-
sults since individual cells may also differ with respect to the
population observed [3–5] as well-documented in bacteria and
in eukaryotic cells [6]. In the literature there are studies show-
ing that variability in protein expression can be considerable
from cell to cell, affecting signaling networks and, therefore,
the related biological outcomes [7, 8]. In one of these studies it
has been hypothesized that an average of 50% protein expres-
sion in a cell population can represent either a 100% response
in half of the cells or a 50% response in all [8]. Consequently,
single-cell analysis is a fast growing field with a high impact
in the research community owing to its numerous applications
including cancer research, diagnostic, and drug discovery [8].
On the other hand, multiple individual cells are required to
obtain statistically meaningful data; therefore the interpreta-
tion of the results is critical in terms of the applied statistics.
The analysis of cell populations can be challenging when the
number of cells is small as reported by Mark et al. [9] in the
isolation of RNA from K-562 leukemia cells. The strategy to
overcome this issue is to characterize each single cell of a
population but, obviously, this is not always possible.
Nowadays, single cell analysis is a potent tool mainly used
in ‘omics’ studies including metabolomics, transcriptomics,
proteomics, and genomics [10]. Nevertheless, single cells
analysis applied to the intracellular elemental quantification
is still taking the first steps and it is far away from being
validated with other conventional techniques used in popula-
tions of cells. Within this framework, in the present study, we
aimed at comparing the intracellular elemental quantification
in single cells and cell population exploiting a new analytical
approach recently developed for single cells element analysis.
We showed the possibility to assess the intracellular concen-
tration of the so-called light elements (C, N, O) and light
metals (Na and Mg) using a multimodal approach, combining
synchrotron X-Ray fluorescence microscopy (XRFM) with
atomic force microscopy (AFM) [11, 12]. XRFM is a prom-
ising technique based on synchrotron high brilliance light
source, highly sensitive for mapping elemental distribution
in single cells at nanoscale resolution [13, 14]. It has been
used for mapping both light elements [11, 12] and transition
metals (Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, etc.) [15–17].

In this study, we focused on Mg exploiting the opportunity
to compare the single cell quantification performed by
XRFM-AFM to the cell population analysis carried out by
fluorescence assay. We used the fluorescent dye DCHQ5 able
to quantify the total intracellular Mg concentration in cell
populations [18]. Comparing the analytical performance of
DCHQ5 with flame atomic absorption spectroscopy (F-
AAS), we previously showed that DCHQ5 allowed scaling
down by almost two orders of magnitude the number of cells

to be analyzed, obtaining comparable results to F-AAS [19].
Beside the analytical advantage offered by DCHQ5, this also
means that the value of total intracellular Mg assessed in mil-
lions of cells equals that measured in tens of thousands. Now
the question is: BWhat happens if we drastically decrease the
cell population by another three orders of magnitude?B.
Moreover, the choice of Mg is not merely analytical. The
metabolism of this element still retains many aspects to dis-
close, although the magnesium homeostasis cannot be consid-
ered anymore a mystery as it was till the end of the last century
[20]. There are still many regulatory aspects involvingMg that
keep their secrets. In recent years, thanks to chemical imaging
techniques able to characterize the chemical composition of
cells, several progresses have been made in the comprehen-
sion of the fundamental biological process at the cellular and
sub-cellular level [21–24]. Knowledge of the intracellular
concentration and distribution of the chemical elements in
cells may reveal their function in a variety of cellular process-
es. The biological function of a chemical element in cells does
not only require the determination of its intracellular quantity
but also the spatial distribution of its concentration [25].

In this study, the comparison of the Mg assessment in sin-
gle cell and cell population was performed in three different
human cell lines: HUVEC, SaOS2, and LoVo. Each strain was
divided in two populations: one taken as control and the others
treated specifically to generate potential variation of intracel-
lular Mg content and distribution.

Experimental

Cell preparation

We employed three different cell types, i.e. primary HUVEC
isolated from the umbilical vein (American Type Culture
Collection), human osteoblast-like SaOS2 (American Type
Culture Collection HTB-85), and colon carcinoma LoVo cells
(kindly donated by Dr. P. Perego, Istituto Nazionale Tumori,
Milano).

We studied HUVEC and HUVEC genetically engineered
to silence TRPM7 (HUVEC-TRPM7), which is essential to
maintain intracellular Mg homeostasis [26]. To obtain
TRPM7 silencing, HUVECs were stably transfected with
pTRIPZ inducible siRNA vector (Darmacon, GE Healthcare)
containing a specific siRNA sequence for TRPM7. The vector
contains the puromycin resistance and is engineered to be Tet-
On and to produce tightly regulated induction of siRNA ex-
pression in the presence of doxycycline. The pTRIPZ vector
was transfected using Arrest-In trasfectin reagent (Open
Biosystems). Transfected clones were isolated and maintained
in a culture medium containing 0.3 μg/mL puromycin. To
induce shRNATRPM7 expression, transfected cells were cul-
tured in a medium containing doxycycline at a concentration
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of 0.5 μg/mL for 48 h. In addition to driving expression of the
shRNA, the tetracycline-inducible promoter also drives the
expression of a TurboRFP reporter for visual tracking of
shRNA expression. Transfected cells, which express the
siRNA are visualized in red at microscope (see Electronic
Supplementary Material (ESM) Fig. S4). Five HUVEC and
five HUVEC-TRPM7 cells were used for single cell analysis
whereas DCHQ5 fluorimetric assay was performed in samples
of 100,000 cells.

SaOS2 cells were cultured in aMg-free medium containing
0.5% FBS to synchronize cells in G0/G1 phase and reduce
intracellular Mg content (ESM Fig. S1). After 24 h of starva-
tion, control cells (SaOS2+Mg) were cultured for an additional
24 h in the presence of 1 mM Mg, while Mg-deficient cells
(SaOS2–Mg) were maintained for the following 24 h in Mg
free medium. Four SaOS2+Mg and four SaOS2–Mg cells were
used for single cell analysis while DCHQ5 fluorimetric assay
was performed in samples of 100,000 cells.

LoVo sensitive (LoVo-S) and LoVo resistant (LoVo-R) to
doxorubicin were cultured in RPMI with 10% FBS for 24 h at
37 °C and 5% CO2. LoVo-R displayed a higher Mg content
[11, 27] compared with the sensitive counterpart (LoVo-S).
Fourteen LoVo-S and thirteen LoVo-R cells were used for
single cell analysis, whereas DCHQ5 fluorimetric assay was
performed in samples of 150,000 cells.

For single cell analysis, cells were plated at a concentration
of 1 × 104 cell/cm2 on 1 × 1 mm2, 200-nm-thick silicon nitride
(Si3N4) membrane windows, mounted on a 5 × 5 mm2 Si
frame (Silson) previously sterilized in ethanol.

In particular, the cells were seeded on a plate containing the
silicon nitride windows. We carefully checked by optical mi-
croscopy that cell adhesion occurred regularly on both plate
and silicon nitride surfaces. After cell adhesion, the sample
was washed twice to clean up all the debris and nonadherent
cells. Prior to seeding the cells, a cell cycle analysis was per-
formed on a sister batch by flow cytometry to check the status
of the cells.

Two dehydration methods were then followed. In the first
case, at 50% − 80% confluency, cells were briefly rinsed in
150 mM KCl and then fixed in ice-cold methanol/acetone 1:1
and air-dried. This method has been used in five LoVo-S and
four LoVo-R cells. In the second case, after rinsing with
100 mM ammonium acetate, cells were cryo-fixed by plunge
freezing in liquid ethane bath cooled with liquid nitrogen [21]
and then dehydrated in vacuum at low temperature overnight.

Quantification of total Mg by DCHQ5 chemosensor

Total Mg content was assessed on sonicated cells by using the
fluorescent chemosensor DCHQ5 [18, 19]. Briefly, DCHQ5
was dissolved to a final concentration of 15μM in a mixture
that contains 10% of phosphate buffer saline without Ca and

Mg (PBS) in a solution 1:1 of MeOH:MOPS 2mM (pH 7.4).
To perform standard curve, different amounts of MgSO4 were
added and the fluorescence intensities were acquired at 510
nm. Mg concentrations of the samples were obtained by the
interpolation of their fluorescence with the standard curve and
were referred to the actual cell volume. For the assessment of
the intracellular volume, cells were trypsinized and resuspend-
ed in PBS. Cell volume was calculated assessing the diameter
cell profile by using a Z1 Beckman Coulter counter (Beckman
Coulter). The cell volume is given in terms of equivalent
spherical diameter (ESM Fig. S5). The analysis was carried
out in triplicate.

Atomic force microscopy measurements

Cell thickness maps were collected using a Digital
Instruments D3100 atomic force microscopy (AFM) equipped
with a Nanoscope IIIa controller. Measurements were carried
out in air in Tapping Mode at a resonance frequency of about
260 kHz by use of monolithic silicon tips with an apex curva-
ture radius in the 5−10 nm range and a typical force constant
of ∼40 N·m−1. The typical square scan size used was on the
order of 50 μm × 50 μm, and the matrix resolution in pixels
was 512 × 512. For further detail on the AFM measurements
see [11]. The cell boundaries were automatically delineated
from the AFM thickness maps exploiting the intrinsically
lower noise of AFM technique with respect to X-ray based
imaging, which allows for a more precise definition of the
cell shape. The masks of the cells obtained by the AFM
segmentation have been used to mask out all the areas
outside the cell (black pixel in the images). Moreover, the
inverse of this mask has been utilized to calculate the back-
ground of all the maps.

X-ray fluorescence microscopy and scanning
transmission microscopy measurements

X-ray fluorescence microscopy and scanning transmission X-
Ray microscopy (STXM) measurements were carried out at
the beamline TwniMic [28] at Elettra Synchrotron (Trieste,
Italy). A Fresnel zone plate focused the incoming beam
(1475 eV), monochromatized by a plane grating monochro-
mator, to a circular spot of about 600 nm in diameter. Five
STXM images were acquired on whole cells with 25 ms dwell
time per step, with a step size of 500 nm. In sequence, XRFM
were carried out with a range of 6−8 s dwell time per pixel
depending on the cell size. The total acquisition time for each
XRFM scan was in the range of 7−9 h (field of view of at least
20 × 20 μm2; spatial resolution 500 nm).
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Elemental quantification

The elemental quantification was based on the method pro-
posed byMalucelli et al. [11]. Briefly, the mass fractionW has
been calculatedmerging the information coming fromXRFM,
STXM and AFM using the fundamental parameter equation
[29]:

W ið Þ ¼ R
ρV½ � Y½ �Fp

ð1Þ

where V is the volume measured by AFM; ρ is the density
calculated by the Beer-Lambert law (using cell thickness data
obtained by AFM analysis), and considering a given cell com-
position taken from literature [30]. R is the contribution to the
total counts for that specific fluorescence line derived by the
analysis of X-ray fluorescence spectra using PyMCA software
[31]. Y is a set of constants, some linked to the element mea-
sured such as the fluorescence yield, the transition probability,
and the photon electron cross-section, and some linked to the
characteristics of the beamline such as the detector efficiency
and solid angle seen by the detector. The detector efficiency
has been evaluated examining two standards: one comprised
of aMg film 200 nm thick covered by a Au film of 50 nm; and
the other comprised of a bare 200 nm thick Si3N4 window,
equal to those used as substrate for our samples. Finally, Fp is
the correction factor for the self-absorption of both incident
beam and fluorescence radiation, calculated using an ad hoc
home-made algorithm [32].

The elemental molar concentration was calculated using
the following equation:

M ið Þ ¼ W ið Þ � ρ
Ai

ð2Þ

where Ai is the atomic weight of the ith element. For further
information on the quantification method, see Malucelli et al.
[11].

Results and discussion

We assessed the composition and the elemental distribution of
light elements in single cells belonging to three different
strains, i.e. human umbilical vein endothelial cells
(HUVEC), human osteoblast-like SaOS2, and colon carcino-
ma LoVo cells. These strains were opportunely treated (see
Method section) to induce a possible variation in the total
Mg content. We applied a multimodal/multiscale approach,
which merges complementary techniques as AFM, synchro-
tron XRFM, and scanning transmission X-ray microscopy
(STXM) [11, 12]. This approach allows us to obtain nanoscale
maps of morphological variables (mass, volume and density)
and composit ional quanti t ies (mass fract ion and

concentration). We quantified and mapped the fundamental
life elements, C, N, and O, and the light metal Mg (Fig. 1)
in whole dehydrated single cells. All the variables derived by
single cell analysis for the three different cellular strains are
reported in ESM Tables S1, S2, and S3. In order to check the
reproducibility and reliability of the single cells analysis, we
performed the statistical analysis between control and treated
cells of the same cell lines. The comparison did not show any
statistical differences, either in morphological variables or in
the concentration of fundamental elements (C, N, O) in all
three cell types. The average of the total mass fraction (Wtot)
for each group of cells ranged between 80% and 91% in all the
single cells analyzed. The missing mass fraction, accounting
for about 7% – 10%, is predominantly given by the elements P
and H, which were not taken into consideration by our analy-
sis [30]. Regarding the different preparation procedures,
adopted in LoVo cell, it can be noted that there are no signif-
icant differences in the mean values of total element mass
fraction and concentration between chemically fixed and
freeze-dried cells as already reported in [11]. This result dem-
onstrates the reliability of the quantitative method adopted,
which includes the correction for the self-absorption effect,
mandatory for light element such as C, N, and O, whereas
for Mg this effect is weaker [32]. The self-absorption correc-
tion requires the knowledge of both volume and density of the
sample [25]. The quantification of the volume (derived by
AFM) is fundamental to calculate the elemental concentration
as well.

Focusing the attention on the Mg concentration, Fig. 2
shows a statistically significant decrease of the element in
starved SaOS2 cells maintained in Mg free medium versus
controls (33 ± 8 mM in SaOS2–Mg ; 92 ± 7 mM in SaOS2+
Mg; p < 0.001). It is worthy to note the small variability (small
SD) of Mg concentration in SaOS2 experiments both in
SaOS2–Mg and in SaOS2+Mg with respect to LoVo and
HUVEC. This result can be ascribed to the deprivation of
Mg, which is known to cause synchronization in G0/G1 phase
(see ESM Fig. S1) leading to a more homogenous cell popu-
lation. It could also be due to the fact that Mg deprivation
prevents Mg fluctuations during the different phases of the
cell cycle [33]. We also found a slightly higher Mg concen-
tration in LoVo-R than in LoVo-S, on the borderline of statis-
tical significance (p < 0.05). This difference is entirely due to
the extremely high values found in two LoVo-R cells than in
the other sister cells. In fact, performing the statistical analysis
without taking into account these two LoVo-R does not high-
light any difference in the Mg content in the two populations.
Nevertheless, these two cells have all the other constitutive
elements quantified (C, O, N) as well as all the morphological
quantities matching perfectly those of the other LoVo-R sister
cells. Therefore, this result would suggest that the higher Mg
concentration found in LoVo-R, which has already been re-
ported in other studies [18, 29], could be due to the
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Fig. 2 The scatter plot of the total intracellular Mg concentration
assessed by single cells analysis (XRFM and AFM) for the three
different cellular strains (HUVEC, SaOS2, and LoVo) both in control
(red dots) and in treated cells (green dots). Horizontal white lines

indicate the mean Mg concentrations, and whiskers indicate the
standard deviation. Each control strain is compared with the respective
treated using a one-tail t-test. The results are reported as critical
significance levels: <0.001 (★) and 0.05 (★★)

Fig. 1 (Top row, from the left) morphology, X-ray transmission, and X-
ray fluorescence images of a colon adenocarcinoma cell LoVo, acquired
by atomic force microscopy (AFM), scanning transmission X-ray
microscopy (STXM), and X-ray fluorescence microscopy (XRFM),
respectively. The XRFM image reports the sum of all the channels of

the spectrum. In the top right panel a 3D rendering of AFM is shown.
A nanoscale map of the spatial distribution of the cell density and mass is
then calculated from AFM and STXM (second row). The third and
fourth rows show elemental nanoscale maps of mass fraction and molar
concentration of C, N, O, Na, and Mg
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heterogeneity in the Mg intracellular content of the population
of this cell strain. A higher Mg intracellular content in drug-
resistant cell populations has also been found in cisplatin-
resistant human ovarian cancer cells [34]. Therefore, it seems
that a higher intracellular Mg concentration represents a fea-
ture linked to the cancer drug-resistance. However, if the
higher amount of Mg with LoVo-R rather than LoVo-S is a
reproducible feature, in our experience the amount of this
over-quantity is quite variable (compare data of reference
[29] with this study). We hypothesize that this trait could be
a consequence of the heterogeneity inMg intracellular content
of this cell type.

Single cell analysis performed on HUVEC cells did not
show any difference in theMg content in HUVEC-TRPM7 with
respect to their controls, suggesting that other transporters
operate Mg entry in this cell line. Some degree of heterogene-
ity in the intracellular Mg concentration is also visible in
HUVEC-TRPM7 cells, although not so dramatic as that found
in LoVo-R.

The aim of this study is to evaluate how the intrinsic het-
erogeneity of a cell population affects the elemental composi-
tion. Therefore, we compared the Mg content measured in
single cells with that of a population of cells. While being
mindful of the inherent limitations of such an approach, as
single cell analysis by definition is not representative of the
cell population, we deliberately pursued this task to under-
stand how the analysis of the content of an essential element
such as Mg measured in single cell can be comparable to that
measured in the whole population. For this purpose we quan-
tified the total amount of intracellular Mg in a large population
of the same cell types exploiting the specific fluorescent
chemosensor (DCHQ5) developed in our laboratory [18].
The peculiarity of DCHQ5 is the capability to analyze the total
cellular amount of Mg, differently from the Mg commercial
probes, which quantify the ionic fraction only [35]. To obtain
the Mg molar concentration of the investigated cell popula-
tion, we normalized the amount of Mg assessed by fluorimet-
ric assay to the cell volume of the strain population assessed
by the Z1 Beckman Coulter Counter. The volume has been
calculated for the three cell lines both in controls and in con-
ditioned samples. HUVEC-TRPM7 cells did not show any dif-
ference in the Mg content with respect to controls (see ESM
Table S4), whereas the content of Mg was different with re-
spect to controls both in LoVo, (p < 0.05) (see ESM Table S5)
and in SaOS2 cells, (p < 0.01) (see ESM Table S6). The
concentration of total Mg obtained by DCHQ5 measurements
reflects the results obtained by single cell analysis. This result
discloses the ability of the single cell approach to reveal the
same differences found in a large population of cells (Table 1).
In particular, DCHQ5 chemosensor showed a high sensitivity
in detecting a slight statistically significant difference between
LoVo-S (18.4 ± 1.4 mM) and LoVo-R (20.4 ± 1.6 mM),
denoting a small coefficient of variation (Table 1).

These results can lead to a consideration deriving from the
descriptive statistic and the concepts of large population and
small population. The total content of intracellular Mg using
DCHQ5 chemosensor is performed in a population of cells
and the descriptive statistics is obtained from different mea-
surements achieved in the same conditions. As a consequence,
the biological variability of the cells population is not taken
into account or is mitigated by the large amount of cells.
Therefore, the descriptive statistic for each cell line describes
the reproducibility of the experiment and the precision of the
techniques applied. In single cell analysis we analyzed a small
amount of cells describing a micro population. In this case, the
descriptive statistic is not robust and in principle may yield to
different results for different micro populations. On the other
hand, in single cell analysis the possible influence of the bio-
logical variability of the population is relevant, leading to
higher standard deviations.

We purposely applied the parametric statistics on single cell
data, being aware that it is appropriate for large populations
and not for small populations. Indeed, a cell population con-
sists of individual cells and complex mathematical models
have been proposed to solve this puzzling issue such as the
Bcell population balance model^ that takes into account the
heterogeneous and distributed nature of cells by recognizing
that a cell population consists of individual cells [36]. Despite
all these considerations, we found very coherent results com-
paring single cells and large population analysis.

Single cell analysis revealed a much higher amount of in-
tracellular Mg (about four times) in two cells (Fig. 2, LoVo
panel), as reported above. Therefore the higher Mg concentra-
tion found in the population of LoVo-R analyzed as a whole
using chemosensor does not represent a uniform mark char-
acterizing all cells of the population, but rather a consequence
of a skewed distribution.

The intracellular concentration of Mg calculated by single
cell analysis is higher than Mg content obtained by cell pop-
ulation analysis, although in the same order of magnitude.
These results are due to the fixation method; in fact single cell
measurements by XRFM requires dehydrated cells, a proce-
dure that intrinsically leads to a reduction of volume about five
time [37, 38]. This hampers a direct comparison of intracellu-
lar Mg concentration assessed in single cells and in cell pop-
ulation, since a reduction of volume implicates an increase in
concentration of the analyte. Based on these considerations,
the values of intracellular Mg concentration obtained in single
cell measurements are even more alike to those obtained in
large population assays.

This study fulfilled the goal of comparing the concentra-
tions of a light essential chemical element quantified in single
cells and in a large population of cells. Recent literature re-
ports some studies that use XRFM and/or inductively coupled
plasma mass spectrometry to explore the intracellular content
variability of both endogenous and exogenous heavy elements
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in a population of singles cells [39–42]. Among these, one
study compares the intracellular concentration of TiO2 nano-
particles assessed in single cells and in a cell population
[39], finding that the nanoparticles concentration was of
one to two orders of magnitude greater in single cells
compared with the average value obtained in cell pop-
ulation. However, our study shows that the assessment
of intracellular Mg in single cells gives consistent and
comparable results to those obtained in large population
assays, hence opening new perspectives in the applica-
tions of XRFM in single cells analysis.

Imaging analysis

DCHQ5 dye, in addition to quantitative assays, allows
visualizing the intracellular Mg distribution in single living
cells using confocal fluorescence microscopy (see ESM
Fig. S2). However, DCHQ5 does not permeate both the
nuclear and mitochondria membrane [43, 44], hence the
visualization of intracellular Mg is restricted to the cytosol
and plasma membrane. DCHQ5 as well as the other
chemosensors do not allow the concentration assessment
by imaging. Rather, the single cell analysis by XRFM
allows mapping the intracellular Mg concentration and
other light elements in whole cells at much higher spatial
resolution, starting from 500 nm for light elements, down
to 50 nm for heavier elements such as transition metals
[12, 16, 24]. We exploited this feature to perform a de-
tailed intensity correlation analysis (ICA) [45, 46] on the
two LoVo-R cells with the highest Mg content. We aimed
to explore if the high Mg concentration resulted in a dif-
ferent subcellular distribution. To this purpose, we corre-
lated the Mg distribution to the constitutive element oxy-
gen, the concentration and distribution of which are simi-
lar in all analyzed cells. The following description of ICA
is based on McRae et al. [46]: BICA describes the extent
of synchronous variations between two species X and Y
by the product (Xi−x)(Yi−y), where x and y correspond to
the mean intensities of Xi and Yi of the pixels i within a
region of interest [45]^. Positive product values indicate a
dependent intensity variation and thus co-localization,
whereas negative values occur in the case of spatially
segregated species. Furthermore, the intensity correlation

quotient (ICQ), defined as the ratio between pixels with
a positive product and the total number of pixels
subtracted by 0.5, is a direct measure of co-localization.
Therefore, values range between −0.5 and +0.5, where
negative numbers indicate segregation, near zero values a
random distribution, and positive values a dependent
relationship^.

The results of ICA performed on the two chemically fixed
LoVo-R cells with the highest intracellular Mg concentration
(H-MagIC) were compared with ICA performed on other two
chemically fixed LoVo-R cells (Fig. 3 first row) with average
Mg concentration. ICA yielded positive ICQ values (0.37,
0.26, 0.34, and 0.33) indicating a synchronous variation of
the respective elemental concentration. In particular, the two
H-MagIC LoVo-R showed a similar pattern of ICA values
distribution depicting a strong co-localization (high ICA val-
ue) of O and Mg concentration in the peripheral area. On the
other hand, the LoVo-R cells showed a different pattern (Fig, 3
second row) with a more homogeneous co-localization (high
ICA value in yellow/orange) of O and Mg concentration. The
synchronously correlated pixels, with positive ICA and Mg
concentration over the mean value, highlighted in yellow in
the scatter plot (Fig, 3 third row), covered precisely the nucle-
us area in the LoVo-R, whereas in the H-MagIC LoVo-R cells
the synchronous correlation was more evident in the
perinuclear area (Fig, 3 fourth row). For all ICAs, the number
of segregated pixels (green and red) with a negative ICA
product is low and shows a mostly random distribution. In
conclusion, this analysis reveals that the H-MagIC LoVo-R
cells display a different Mg subcellular compartmentalization
ofMg and O comparedwith the other LoVo-R cells, which is a
high accumulation of both Mg and O in the peripheral area
corroborating the preliminary results reported in Malucelli
et al. [11].

Moreover, we analyzed the correlation between the thick-
ness and the mass, which are experimental quantities coming
directly from AFM and STXM measurements, respectively
(see ESM Fig. S3 panels A and B), and hence not affected
by any propagation errors due to post-processing analysis.
The mass and the volume were linearly correlated, with
near-unity, Pearson coefficients of 0.98 (see ESM Fig. S3
panel C). The ICA showed a black and circular area within
the cell depicting a region where the mass and the volume
were simultaneously close to their mean values. Moreover,

Table 1 shows the total Mg evaluated by the cell population analysis using the DCHQ5 chemosensor and by the single cell analysis using XRFM. All
the data (mean ± standard deviation) are reported both in controls and in treated cells of the three strains (HUVEC, SaOS2, and LoVo). Each control strain
is compared with the respective treated using a one-tail t-test. The results are reported as critical significance levels: < 0.01 (★★) and 0.05 (★)

HUVEC HUVEC-TRPM7 SaOS2+Mg SaOS2-Mg LoVo-S LoVo-R

DCHQ5 (mM) 22.5 ± 1.1 23.1 ± 1.6 13.8 ± 0.9 8.1 ± 0.7 ★★ 18.4 ± 1.3 20.4 ± 1.5★

XRFM (mM) 100 ± 10 105 ± 39 92 ± 7 33 ± 8 ★★ 61 ± 27 97 ± 27 ★
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the ICA analysis did not show any blue pixel; thus vol-
ume and mass were simultaneously over and under their
mean values (ICQ = 0.47) (see ESM Fig. S3 panel D).
This pattern was common to all the analyzed cells. The
scatter plot of the ICA values highlights an equal trend of
the two variables; in the nuclear area they were higher
than their mean values decreasing towards the mean
values (black perinuclear circle); on the other hand in

the peripheral area they were both less than the mean
values as shown in ESM Fig. S3 panels E and F.

Conclusion

Single cell and cell population analyses of the intracellular
total magnesium concentration display the same statistically

Fig. 3 The ICA analysis of the two highest intracellular Mg
concentration (H-MagIC) LoVo-R cells compared with two LoVo-R
cells. The first row shows 3D reconstruction of the cells using the
thickness maps derived by the AFM. The second row depicts the map
of the intracellular correlation of Mg and O concentrations assessed by
intensity correlation ration (ICA). Positive values (yellow scale) indicate a
dependent intensity variation of Mg and O, thus co-localization, whereas
negative values (blue scale) occur in the case of spatially segregated
species. The positive ICQ values determine the rate of dependent

relationship. The third row illustrates the scatter plot of intracellular
ICA values versus the Mg concentration; vertical dashed line indicates
the value 0 of ICA and the horizontal dashed line indicates the mean
intracellular concentration of Mg. The yellow dot shows positive values
of ICA and values of Mg concentration over its intracellular mean
(correlated). Blue dots represent positive values of ICA, Mg, and O
concentration below the mean. The fourth row shows the intracellular
localization of the scatter plots of the third row
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significant results between control and treated cells of the
same strains. The inherent limitation of single cell analysis
approach has been shown to be manageable as far as the in-
tracellular content of this essential element. However, some
caution must be taken to generalize this result. The single cell
analysis approach here presented also provides information
about the intracellular compartmentalization of elemental con-
centration. In fact, the information provided by single cell and
large population analyses are different but complementary,
and it is advisable to exploit the opportunity to merge, when
possible, the two approaches.
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