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ABSTRACT: We report a method that allows a complete u.p.ofmol.)’\eonﬂllﬂ'ﬂlon
quantitative characterization of whole single cells, assessing the /
total amount of carbon, nitrogen, oxygen, sodium, and @

magnesium and providing submicrometer maps of element
molar concentration, cell density, mass, and volume. This
approach allows quantifying elements down to 10° atoms/um>. 7
This result was obtained by applying a multimodal fusion u@
approach that combines synchrotron radiation microscopy &5
techniques with off-line atomic force microscopy. The method 0
proposed permits us to find the element concentration in | NS
addition to the mass fraction and provides a deeper and more

complete knowledge of cell composition. We performed

measurements on LoVo human colon cancer cells sensitive (LoVo-S) and resistant (LoVo-R) to doxorubicin. The comparison of
LoVo-S and LoVo-R revealed different patterns in the maps of Mg concentration with higher values within the nucleus in LoVo-

R and in the perinuclear region in LoVo-S cells. This feature was not so evident for the other elements, suggesting that Mg
compartmentalization could be a significant trait of the drug-resistant cells.

I<n0wledge of the spatial distribution and concentration of To answer the first question, a proper way must be chosen to
elements in cells is a challenging issue to reach. A detailed express and measure the amounts of a given element: this issue
picture of the intracellular distribution of the fundamental life is not trivial. We emphasize the importance of mapping the

elemental distribution in molar concentration, which necessar-
ily requires to measure both mass and volume. The
concentration expressed in molarity refers to the concept of
mole used in chemistry instead of units of mass. Indeed,
knowledge of the mass of each of the components in a chemical

elements (FLE) constituting the molecules of living systems—
carbon (C), nitrogen (N), and oxygen (O)—is still lacking.
Moreover, other elements, such as light metals, play a
fundamental role. Indeed, many basic aspects and regulatory

mechanisms of cell functions are related to the intracellular system is not sufficient to define the system. It is part of the
compartmentalization of ions, whose different concentration history of science that the introduction of the concept of mole
gradients generate the electrical potentials that are the driving

forces of many cellular processes. “How much? and where is Received: March 10, 2014

it?” represents one of the archetypal questions essential in Accepted:  April 15, 2014

science. Published: April 15, 2014
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was paradigmatic, giving a substantial contribution to translate
chemistry from alchemy to science.

The spatial identification and characterization of the chemical
composition level in a whole cell (chemical imaging) is a
demanding task because it requires analytical methods with
high elemental sensitivity, specificity and high spatial resolution.
Today there are several electron, proton, and synchrotron X-
ray' and ion (nano secondary ion mass spectroscopy)
microprobe techniques for elemental imaging, speciation, and
quantification in single cells. All these standardless quantifica-
tion techniques, capable of measuring both the amount of
elements and the local mass of the sample, give the opportunity
to obtain a chemical imaging of cells. Nevertheless, they
measure the amounts of the element in mass fraction and not in
molar concentration, being unable to determine the volume of
the sample unless the density is known and uniform, which is
obviously not the case in cells.

In principle, X-ray fluorescence tomography is certainly a
very elegant way to solve the problem, but the very high
radiation exposure implicit in this technique makes it difficult to
apply to cells, like mammalian ones, not provided with external
shield as diatoms.> Moreover, quantitative compositional
information can be obtained by X-ray fluorescence microscopy
(XRFM) alone but only in the case of uniform thickness, as in
sections,® but not in the whole cell.

Recently, we provided a proof of the feasibility of combining
XRFM and atomic force microscopy (AFM) to merge local
elemental composition and morphological information (vol-
ume) providing a Mg distribution map.® However, in this
previous work we used, as “external standard”, the intracellular
average content of Mg assessed by a fluorescent chemosensor
in a population of similar cells.® Therefore, mapping at
submicrometer level the absolute molar concentration of FLE
and light metals in whole cells is a goal that still remains to be
reached.

The aim of this paper is to present a comprehensive method
that provides directly the elemental molar concentration,
implementing a modified equation of the fundamental
parameter’ approach to the aforementioned method,” and
extending the analysis to FLE in addition to light metals such as
magnesium (Mg) and sodium (Na). Quantification of the light
elements at high spatial resolution is a particularly challenging
issue, since their low atomic number entails two major
inconveniences: low X-ray fluorescence yield and strong
absorption of fluorescence radiation by the cell itself (self-
absorption).” Probably for these reasons, FLE and light metals
have neither been mapped nor quantified in cells by XRFM,
despite their importance in fundamental biological processes.

To overcome these difficulties we combined XRFM, AFM,
and scanning transmission X-ray microscopy (STXM),
providing the first molar concentration map of FLE and the
light metals Na and Mg in whole dehydrated cells (“how
much”) and also obtaining submicrometer spatial distribution
of the cell mass, density, and volume (“where is it”). Then the
quantification of the total mass, density, and volume of single
cells together with the total molar concentration of each
element is given.

B EXPERIMENTAL SECTION

Cell Preparation. In this work we studied two different cell
lines: osteoblast U20S cells and two strains of human colon
carcinoma cells LoVo, sensitive (LoVo-S) and resistant (LoVo-
R) to doxorubicin (donated by Dr. P. Perego, Istituto
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Nazionale Tumori, Milano). Cell lines were cultured in Roswell
Park Memorial Institute (RPMI) medium and Dulbecco’s
modified Eagle’s medium (DMEM) medium (Sigma),
respectively, supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, 100 units/mL penicillin, and 100
ug/mL streptomycin sulfate. LoVo doxorubicin-resistant cells
(LoVo-R) were cultured under the same conditions and fed
once every 2 weeks with 1 pug/mL doxorubicin. Doxorubicin
(Sigma) was prepared fresh in sterile ultrapure water at desired
concentration. For atomic force microscopy and X-ray
measurements, cells were plated at a concentration of 1 X
10* cell/cm* on 1 X 1 mm? 200-nm-thick silicon nitride
(SisN,) membrane windows, mounted on a 5 X 5 mm? Si
frame (Silson) previously sterilized in ethanol. Cells were
incubated at 37 °C in 5% CO, for at least 24 h. 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.
In the second case, after being rinsing with 100 mM
ammonijum acetate, cells were cryofixed by plunge freezing in
liquid ethane® and then dehydrated in vacuum at low
temperature overnight.

Atomic Force Microscopy Measurements. Cell thick-
ness maps were collected on a Digital Instruments D3100 AFM
equipped with a Nanoscope IIla 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
curvature radius in the 5—10 nm range and a typical force
constant of ~40 N-m™". The typical square scan size used was
on the order of 50 ym X 50 pm, and the matrix resolution in
pixels was 512 X 512. A careful choice of scanning parameters
(including scan size and angle, tip speed, feedback setpoint, and
gains) was made in order to prevent artifacts and/or cell
damage; images were collected without filtering or flattening
and were completely postprocessed.” In order to obtain
quantitative thickness maps, AFM height data were corrected
for the substrate level offset and tilt: this required that we set
the scan size much larger than the cell dimension, that is, to
have at least a 10-um-wide substrate surface surrounding the
cell in the image. The cell thickness at each pixel was then
estimated as the height measured with respect to the substrate
level. The uncertainty associated with AFM measurements of
cell thickness was estimated in about 30 nm, although this value
may be overestimated, in particular when the measured
thickness is small.”

X-ray Fluorescence Microscopy and Scanning Trans-
mission X-ray Microscopy Setup. The XRFM and STXM
measurements were carried out at the beamline Twinmic'® at
Elettra Synchrotron (Trieste, Italy). Figure S1 in Supporting
Information shows schematically the Twinmic setup. A Fresnel
zone plate focused the incoming beam (1475 eV), mono-
chromatized by a plane grating monochromator, to a circular
spot of about 600 nm in diameter. The sample was transversally
scanned in the zone plate focus, in steps of 500 nm. At each
step the fluorescence radiation intensity was measured by eight
Si-drift detectors (active area 30 mm?)'" concentrically
mounted at a 20° grazing angle with respect to the specimen
plane, at a detector-to-specimen distance of 28 mm.
Simultaneously, the transmitted intensity T was measured by
a fast-readout electron-multiplying low-noise charge-coupled
device (CCD) detector through an X-ray—visible light
converting system.'> Zone plate, sample, and detectors were
in vacuum, thus avoiding any absorption and scattering by air.
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Acquisition Protocol. Dehydrated cells mounted on the
SisN, membrane windows were carefully examined with optical
microscope and selected following these criteria: integrity,
dimensions (large cells require longer acquisition time), and
distance from other cells (clustered cells have been avoided
because AFM measurements require some free space around
the cells). AFM measurements were performed on selected
cells before and after XRFM and STXM measurements. 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,
and simultaneously also STXM, were carried out with a range
of 6—8 s dwell time per pixel depending on the cell size. The
total acquisition time was in the range of 5—8 h (field of view of
at least 20 X 20 um; spatial resolution S00 nm). The
measurement of I is made on a part of the substrate free from
cells, acquiring 25 points and repeating the measure five times.
Therefore the statistical error of I, is much lower than the
statistical error of I.

STXM Analysis. The transmission T(t) as function of the
thickness t is given by the Beer—Lambert law:

T(t) = I(t)/1, = exp[—pu(Eo)t] = exp[—p (Eo)pt] (1)
where I, is the initial beam intensity (expressed in photons per
second per square micrometer), I(t) is the intensity at a depth ¢
into the sample, u(E,) is the X-ray linear absorption coefficient
at incident energy E, pt,,(E,) = u(E,)/p is the mass absorption
coeflicient at the same energy, and p is the matrix density. It is
often more convenient to use j,, instead of y, because y,, does
not depend on the aggregation state of the elements, and
universal tables are available for y,,. In the case of multielement
material, the total mass absorption coefficient (4, ), is given by
the weighted sum of the individual (y,,);

(ﬂm)tot(Eo) = Z Wi(ﬂm)i(Eo)
i ()

where w; is the mass fraction of element i. From the
measurements of transmission by use of eq 1, the p map
(named density maps in the main text and figures) can be
calculated by deriving t from the AFM measurements, and
considering a given cell composition taken from literature."
The typical elemental cell composition values reported in
literature are referred to the empirical composition on a per
carbon basis for the dry weight of Escherichia coli which is
C:H, 57:0049: N4 (BioNumbers database ID BNID 101800).
The mass fractions of carbon (w(), nitrogen (wy), and oxygen
(wo) in dehydrated cells were calculated from the above
stoichiometric relationship, resulting in the values we = 48%,
wy = 14%, and wgo = 31%.

The mass distribution is obtained by the simple relationship
m = pSt, where S is the area of a single pixel and ¢ is the
thickness obtained by AFM. This procedure requires, however,
very careful registration of the thickness map recorded with
AFM onto the transmission map recorded by STXM. The
registration procedure is illustrated below.

XRFM Analysis. The Ka X-ray fluorescence lines of C, N,
O, Na, and Mg were detected with an incident energy of about
1475 eV. The X-ray fluorescence spectra were analyzed by
PyMCA software,"* which provides for each element i the total
counts R; for the fluorescence line under consideration. To
obtain quantitative information from the measurement of
fluorescence radiation, we used the fundamental parameter
method,® based on the relationship:
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dR; = [w;pSdz] [Y(Eo,i)][lo exp(—ypz)] 3)

where dR; is the contribution to the total counts for that
specific fluorescence line, given by the sample mass dm; = wp
dV contained in the infinitesimal volume dV = S dz at depth z.

Y(E,,) = ei(Q/4ﬂ)leT(E0,i)

where g is the detector efficiency,  is the solid angle seen by

the detector, w; is the fluorescence yield, p; is the transition

probability, and 7(E,,) is the photoelectric cross section at E,
I, is the incident intensity and

2 = [, (Bo) cosec(a) + u, (E) cosec($)] @

represents the total self-absorption of primary and fluorescent
radiation in the sample, where E; is the energy of the specific
fluorescence radiation of element i, y,,(E,) is the sample mass
absorption coeflicient at energy E, of the incident beam, « is
the incident angle, 4,,(E;) is the mass absorption coefficient at
energy E; of the specific fluorescence line, and S is the exit angle
of the fluorescence radiation as seen by the detector. Equations
3 and 4 are valid in the case of samples with uniform thickness,
and in this case eq 3 has an analytical solution, but for
nonuniform samples, as is the case for whole cells, we must
know the morphology (thickness) and density distribution of
the sample to correct for self-absorption. We developed an ad
hoc algorithm15 for this task, based on AFM and STXM
measurements. Absorption of the fluorescence radiation is
calculated voxel by voxel, taking into account the path that the
radiation has to travel inside the sample and considering the
morphology measured by AFM and the local density at each
point, as a result from the density map obtained by STXM.
Because the detectors see the sample from eight different
orientations, the calculations have been carried out independ-
ently for each detector.

In eq 3, the factor Y also contains the efficiency and the solid
angle seen by the detectors. In principle they are the same for
all the detectors, and therefore the corrected maps should
deliver the same values, but experimentally some differences
were found. To calibrate the detectors we examined two
standards: one constituted by a Mg film 200 nm thick covered
by 50 nm Au to protect Mg from oxidation, and the other
constituted by a bare 200 nm thick Si;N, window, equal to
those used as substrate for our samples. The Mg Ka and N Ka
lines were respectively measured in different positions of the
standards and then averaged out. The thickness of the
standards being uniform, the analytical solution of eq 3 can
be used to compare the experimental counting rates with the
expected ones. To this purpose, the incident intensity has been
calibrated with a photodiode. We calculated correction factors
for each detector at both the N and Mg energies, as ratios
between experimental and expected rates. We used N
correction factors to normalize the detector efliciency at the
energies of C, N, and O in the quantitative determination of
mass fraction maps of each element. The Mg correction factors
were used to normalize the detector efficiency at the energies of
Na and Mg,

Mass Fraction and Concentration Calculation. The
mass fraction (w,); for each pixel p for each element i was

calculated by the Pfollowing expression derived from eq 3:

(R,);

Oy = [, V,1[Y(E,)E,

©)
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where V, is the volume of the pixel p, expressed in cubic
centimeters, and F, is the correction factor for the self-
absorption of both incident beam and fluorescence radiation.
Analogously, the concentration (Mp)i in the single pixel p,
expressed in molarity, is derived by the following expression:

(mp)i
12
(Wp)i ppvp

3

(Mp)i X 10

x 10°
iVp
(Rp)i

v 3
TRATCRI

(6)

where m; is the mass expressed in grams and A; is the atomic
weight of the ith element. It is evident that eq 6 is a modified
version of the fundamental parameter equation (eq 5)
simplified for the density p. As a consequence, concentrations
can be directly calculated (eq 6) bypassing the calculation of
mass fraction.

Images Registration. The method presented in this work
is based on the multimodal fusion of heterogeneous
information acquired with different techniques: synchrotron-
based X-ray images (XRFM and STXM) and morphological
data collected by AFM. A robust registration (alignment)
procedure is necessary to deal with data collected with different
imaging techniques having different spatial resolution and/or
deformations. Moreover, XRFM images were affected by
various degrees of deformation induced by beam instability
during the long acquisition time (a few hours). An accurate
registration requires us to align images with the same contrast
and as much as possible with high signal-to-noise ratio. To this
purpose we used as reference images the XRFM maps (Figure
2, XRFM image) of the sum of the eight detectors obtained by
the program PyMCA'* as the sum of all the channels of the
XRFM spectrum acquired at each scanning step. AFM was
registered onto fluorescence raw maps by use of the images
registration software FLIRT (http://fsl.fmrib.ox.ac.uk/fsl/flirt/
) by a 2D linear transformation with 6 degrees of freedom (1
rotation, 2 translation, 2 scale, 1 skew; i.e., oblique
deformation). Registered images were then resampled by
interpolating with a trilinear function. In order to improve the
alignment of AFM images onto XRFM, we applied a nonlinear
registration using unwarp2d program part of the Automated
Registration Toolkit (ART http://www.nitrc.org/projects/art/
). With the nonlinear interpolation, we decrease the misalign-
ment due to the deformation in XRFM.

B RESULTS AND DISCUSSION

In Figure 1, the flowchart of the whole analytical process from
the sample preparation to the molar concentration maps is
reported. A multidisciplinary approach has been adopted, with
the use of complementary techniques seldom applied in
combination. A well-defined procedure to obtain the elemental
molar concentration maps has been elaborated, implying
several stages and key steps that integrate data from different
analytical techniques by the implementation of custom-made
algorithms (see Experimental Section). The key steps of the
procedure are (i) acquisition of fluorescence and transmission
maps and of AFM topography map, (ii) alignment of the AFM
map onto X-ray image space, (iii) generation of density maps,
(iv) self-absorption correction, (v) generation of FLE and light
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Figure 1. Flowchart in stages of the whole analytical process presented
in this study. Colored boxes represent sample preparation (green),
initial assumption (gray), AFM measurements and analysis (blue), X-
ray measurements and analysis (red), computational steps (black), and
final outputs of the analytical process (yellow).

elemental
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metals molar concentration maps, and (vi) elemental
quantification in whole cells (black boxes in Figure 1). The
XRFM and STXM measurements were carried out at the
beamline Twinmic'® at Elettra Synchrotron (Trieste, Italy).
Figure S1 in Supporting Information shows the scheme of the
Twinmic setup described in the Experimental Section.

Mass, Density, Mass Fraction, and Molar Concen-
tration Maps in Single Cells. Morphology, X-ray trans-
mission, and raw X-ray fluorescence maps were obtained by
AFM, STXM, and XRFM, respectively, in a human
osteosarcoma U20S freeze-dried cell (Figure 2, first row). A
detailed map of the spatial distribution of cell density and mass
was then derived by merging STXM information and cell
thickness map obtained by AFM aligned onto STXM space
(Figure 2, second row). Our maps are the projection in two
dimensions of the 3-D real distribution. It is interesting to note
the lack of a strict correspondence between the intracellular
distributions of mass and density. In particular, arrows indicate
the area where mass and density intracellular distributions
notably differ: green arrow denotes high mass and low density
area, while purple arrow indicates high mass and high density
area. It is worth noting that both high mass areas correspond to
cell regions of large thickness as detectable from AFM images.
Moreover, the suitable combination of AFM and STXM with
XRFM of each element allows us to have all the information
necessary to build intracellular maps of mass fraction and molar
concentration of C, N, O, Na, and Mg (Figure 2, third and
fourth rows, respectively). In particular, the mass fraction and
molar concentration maps were obtained by normalizing the
maps of fluorescence intensity respectively with mass or volume
maps (see eqs S and 6 in the Experimental Section). This
accurate approach provides both submicrometer spatial
resolution and quantification of elements down to 10° atoms/
um?® (based on the minimum Mg concentration detected in a
single pixel, ie., 1 mM)

dx.doi.org/10.1021/ac5008909 | Anal. Chem. 2014, 86, 5108—5115
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Figure 2. (Top row, from the left) morphology, X-ray transmission, and X-ray fluorescence images of a dehydrated human osteosarcoma cell U208,
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 map of
the spatial distribution of the cell density and mass is then calculated from AFM and STXM (second row). Arrows indicate the areas where mass and
density intracellular distributions markedly differ. The third and fourth rows show elemental maps of mass fraction and molar concentration of C, N,

O, Na, and Mg.

The concentration maps of the various elements showed
different patterns: those of sodium and magnesium were the
most comparable to the density map, while the most dissimilar
was that of carbon. Moreover, there were differences between
mass fraction and concentration maps of all the elements, those
of oxygen being the most divergent.

It must be noted that mass fraction is a dimensionless
quantity expressed in percent with respect to total mass. In fact,
in eq S the volumetric information contained in the density
variable is simplified by multiplying by the volume of each pixel
(term V, in eq S).

On the other hand, the concentration is an intensive
property and the molar concentration map provides the actual
intracellular volumetric distribution of the moles of each
element. Molar concentration represents the appropriate
information, since chemical reactions are expressed in terms
of moles. This is the first study to achieve molar concentration
maps of light elements and light metals in whole single cells.

Self-Absorption Correction. The fundamental parameter
equations (eqs 3 and S, Experimental Section) contain an
expression for the self-absorption correction, which is an
essential prerequisite to obtain the quantitative maps of light
elements and hence one of the key steps of our analytical
procedure. It is worth noting that eq 6 is a modified version of
the fundamental parameter equation (eq S) simplified for the
density p. The use of eq 6 implies two major peculiarities: (i)
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molar concentration can be calculated by bypassing the
calculation of mass fraction and (ii) in the case of the
concentration assessment of non-light elements, for which the
term I, exp(—ypz) can be omitted as they do not require the
self-absorption correction, the density calculation is not even
required. However, the volumetric information coming from
AFM is still necessary.

In Figure S2 of Supporting Information, we show the raw
fluorescence maps. The different position of the eight detectors
concentrically mounted at a 20° grazing angle to the specimen
plane (Figure S1, Supporting Information) causes an
asymmetric fluorescence pattern due to the different path
that the emitted photons have to traverse through the cell. The
asymmetry disappears in the corrected maps (Figure S2 of
Supporting Information). The correction has been carried out
with an “ad hoc” algorithm' (see Experimental Section) that
exploits the information on morphology obtained by the AFM
measurements.

Absolute Quantification and Error Analysis. We want
to stress that, by merging XRFM, STXM, and AFM
measurements, an absolute quantification of structural (density,
mass, and volume) and compositional (mass fraction,
concentration) properties is obtained. It is therefore of extreme
importance to evaluate the uncertainty in quantification (see
Supporting Information). In the Experimental Section we
report a careful analysis of the uncertainty of all the relevant

dx.doi.org/10.1021/ac5008909 | Anal. Chem. 2014, 86, 5108—5115
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Figure 3. (Upper panel) AFM 3D renderings of a dehydrated human colon carcinoma LoVo-R cell (left) and a LoVo-S cell (right) (cells 4 and 1
reported in Table 1). The respective density maps are reported in between. The correspondence is evident by cell morphology. (Lower panel)
Concentration maps of C, N, O, Na, and Mg for the LoVo-R cell (upper row) and for the LoVo-S cell (lower row).

quantities. As an example, Figure S3 in Supporting Information
shows the relative uncertainty of density, oxygen mass fraction,
and oxygen molar concentration of U20S cell. Similar maps
were drawn for all the elements and for all the cells. It can be
noted that the relative uncertainty is always in the range 10—
30%, except in the far periphery of the cell, where the relative
uncertainty is higher due to the smaller thickness. This is not
surprising, since the lower the thickness, the higher the
uncertainty in fluorescence and AFM measurements. A
threshold of 30% relative uncertainty in the single pixel for
the maps of density, mass fraction, and molar concentration
maps of C, N, O and Na was taken. Since Mg has a low
intracellular concentration, the mass fraction and concentration
maps of this element were generated with a relative uncertainty
threshold of 50%.

Different Mg Intracellular Distribution in Drug-
Sensitive and -Resistant Cancer Cells. To test the
applicability of our analytical method on a challenging
biological issue, we performed measurements on LoVo cells
sensitive (LoVo-S) or resistant (LoVo-R) to doxorubicin.
Doxorubicin is frequently employed as an anticancer drug, but
resistance to doxorubicin often occurs and remains the main
obstacle to the success of the therapy. Resistance is a
multifactorial phenomenon involving several biochemical
processes, which also implies intracellular ionic concentration
changes. Three LoVo-S and two LoVo-R cells were dehydrated
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by use of a cold mixture of methanol and acetone (chemically
fixed), while two LoVo-S cells were freeze-dried by cryofixation
(see Experimental Section for details of cell preparation).

The comparison between LoVo-S and LoVo-R cells revealed
different patterns in the spatial distribution of molar Mg
concentration (Figure 3). LoVo-R cells displayed the highest
values of molar Mg concentration within the nucleus, while
LoVo-S cells showed the highest values in the perinuclear
region. This feature was not evident for the other elements,
suggesting that Mg compartmentalization could be a significant
trait of the drug-resistant cells.

How Different Dehydration Methods Affect Intra-
cellular Morphology. Figure S4 in Supporting Information
shows the comparison between chemically fixed and freeze-
dried cells. Notable differences in the spatial distribution of all
the elements are evident. All the freeze-dried cells showed a
more heterogeneous elemental distribution mirroring the
subcellular structures. In freeze-dried cells, a perinuclear ring
was particularly evident that corresponded with the endoplas-
mic reticulum with low values of density and concentration for
all the elements. This ring is not visible in the chemically fixed
cells, suggesting a more invasive impact of this dehydration
method in respect to cryofixation.®

Whole Cell Quantification. Once maps of density, mass,
mass fraction, and molar concentration are calculated, the local
information on spatial distribution has to be complemented by

dx.doi.org/10.1021/ac5008909 | Anal. Chem. 2014, 86, 5108—5115



Analytical Chemistry

Table 1. Whole Cell Parameters®

densit}r volume mass C N
cell (g/cm’) (um®) (pg) (mM) (mM)
1, LoVo-S 1.11 171 190 56130 13264
2, LoVo-S 1.25 203 254 64165 15108
3, LoVo-S 1.10 114 125 64493 14404
4, LoVo-R 1.17 434 508 57693 13875
5, LoVo-R 1.12 175 195 58300 11563
6, LoVo-S* 1.06 257 271 51047 11944
7, LoVo-S* 1.14 344 392 48950 11188
8, U20S* 1.20 248 297 67554 11442
mean 1.14 243 279 58542 12848
SD 0.06 103 122 6580 1509

cv (%) 5 43 44 11 12

0
(mM)
12079
12370
12130
11794
10272
12142
11392
12887

11883
780
7

Na Mg We Wy Wo Wy, Wiy Wiee
(mM)  (mM) (%) (%) (%) (%) (%) (%)
323 43 61 18 17 0.66 0.09 97
508 32 62 17 16 0.93 0.06 96
239 13 70 17 17 0.49 0.03 108
414 176 59 17 16 0.81 0.36 93
425 176 63 15 15 0.87 0.38 94
147 77 59 17 18 0.32 0.18 95
161 88 53 14 16 0.33 0.19 84
229 63 68 14 17 0.44 0.13 99
306 84 62 16 17 0.61 0.18 95
133 62 S 2 1 0.24 0.13 6
43 74 9 10 6 40 74 6

“For each cell, total volume calculated from AFM and total mass and mean density calculated from the respective mass and density maps are
reported. The calculated mass fraction (W) and concentration of each element are also reported for each cell. The sum of mass fractions of all the
elements (total mass fraction W,,,) was also calculated. Asterisks denotes cryofixed cells. SD, standard deviation; CV, coefficient of variation.

quantitative global information on the whole cell. The
combination of local and global information allows a sort of
fingerprint identification of the single-cell features. Therefore,
we calculated the whole cell volume, mass, density, and
elemental mass fraction and molar concentration (Table 1). We
also calculated the sum of the mass fractions of all the elements
(total mass fraction W,,,). All the values reported in Table 1
were taken by superimposing thresholds as reported above in
the previous section. Mean values, standard deviation, and
coefficient of variation calculated for the ensemble of all the
cells are also reported in Table 1. We show the results for cells
mentioned in previous sections and in particular (i) human
osteosarcoma U20S freeze-dried by cryofixation, (i) human
colon cancer cells LoVo-S and LoVo-R, either chemically fixed
or freeze-dried. The freeze-dried samples are marked with
asterisks in Table 1).

All the cells showed similar mean density values despite the
method of fixation and the different total volume and mass.
Note the very low standard deviation and coeflicient of
variation in density, compared to the corresponding values in
mass and volume (Table 1). The values of W,,, were all but one
close to 90% and below 100% as we did not measure the
amount of hydrogen and phosphorus, which, according to
literature,"® account for about 7—10%. The concentration and
the mass fraction of C, N, and O did not present significant
variations in the eight cells measured, while the light metals Na
and particularly Mg displayed much greater variations. In
particular, LoVo-R cells showed a relevant increase of Mg molar
concentration and mass fraction compared to LoVo-S. This,
together with the different compartmentalization of Mg (see
previous section on Mg intracellular distribution), represents a
very intriguing result as there is experimental evidence
suggesting that Mg is involved in the mechanism of drug
resistance'”'® and a higher Mg concentration has been found in
cisplatin drug-resistant human ovarian cancer cells.” Regarding
the different preparation procedures, it can be noted that there
are no significant differences in the mean values of total
element mass fraction and concentration between chemically
fixed and freeze-dried cells, despite the notable differences in
their element concentration maps (Figure S4 in Supporting
Information).
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B CONCLUSION

The study was performed on dried cells. Indeed, this represents
the only practicable choice since the use of frozen hydrated
cells could have precluded the possibility to quantify and map
the FLE because the oxygen signal coming from water would
have eclipsed the oxygen signal pertaining to organic molecules.
In working with dried cells, an important issue to consider is
the damage by radiation, as the dose the cells are subjected to is
quite relevant (about 2.5 X 10° Gy) and dried cells are more
radiation-sensitive than frozen hydrated cells. However, by
repeating the fluorescence measurements on the same cell, we
had clear indications that neither cell density nor concentration
of elements showed a detectable change, with the sole
exception of oxygen, whose concentration decreased by only
a few percent after the second exposure. Also, AFM
measurements taken after the X-ray measurements did not
show detectable volume differences when compared to those
taken before and after. Therefore, if no volume and density
changes were revealed, it can be concluded that no mass loss
during the XRFM experiments occurred.

In conclusion, we have reported a novel method that allows
for the first time a quantitative mapping at the submicrometer
level of fundamental life elements C, N, and O and light metals
Na and Mg in whole cells. This result was obtained by applying
a multimodal fusion approach that combines synchrotron
radiation microscopy techniques with off-line AFM. Precise
knowledge of the cell morphology allows us to carry out
correction for self-absorption, which is absolutely necessary to
obtain quantitative compositional information on FLE and light
metals. It is worth noting that the method proposed in this
study permits us to map the element molar concentration in
addition to mass fraction, because it provides volumetric
information with AFM. Quantitative mapping of density is
obtained by use of STXM at 1475 eV, which provides a detailed
X-ray transmission map with good contrast for cell structure. At
this energy it is therefore not necessary to use phase contrast
imaging, different from measurements at higher energy.19 The
present work is focused on light elements but can be obviously
extended to heavier elements, like Fe, Zn, Cu, etc.

In this study spatial resolution is limited to about 500 nm.
Better spatial resolution can be achieved in most of the
beamlines dedicated to XRFM, including the one used in this
work. A tradeoff between spatial resolution, measurement time,
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and radiation damage must be found, however. To this purpose
we would stress the need for an efficient X-ray fluorescence
detector.

Cellular processes are driven by concentration gradients, and
a map of the elemental intracellular concentration represents
new information obtainable only by this analytical approach.
Indeed, the different intracellular Mg content and spatial
distribution found in drug-resistant cells with respect to their
drug-sensitive counterpart provides preliminary information
useful in the investigation of ion involvement in the multidrug
resistance phenomenon.

We stress the importance of quantitative mapping of FLE
and light metals in cells at high spatial resolution, a result never
achieved before. This possibility allows a more in-depth study
of the relationship between structure and function at the
subcellular level and opens new perspectives in different fields
of research. For example, several recent studies are related to
analysis of oxygen consumption and distribution.”*™>* The
opportunity to quantify total oxygen and its distribution, not
only in cultured cells but also in primary ones, is certainly a
fascinating option with unforeseen consequences. A further
relevant application offered by this approach is the quantitative
mapping of any type of nanocomposites in biological systems
since XRFM is currently employed in nanoparticle mapping
and speciation.'®** Furthermore, the possibility of quantifying
light elements opens the interesting perspective to extend the
application to intracellular mapping of carbon-based nano-
particles (for example, carbon nanotubes), which represent the
new frontier in the development of advanced drug delivery
systems.24

B ASSOCIATED CONTENT

© Supporting Information

Additional text discussing error analysis and four figures
showing experimental set-up at Twinmic beam line at Elettra;
raw and corrected X-ray fluorescence maps; maps of relative
uncertainties for density, oxygen mass fraction, and oxygen
molar concentration; and AFM 3D rendering and concen-
tration maps of C, N, O, Na, and Mg. This material is available
free of charge via the Internet at http://pubs.acs.org.
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