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near edge structure recorded for HT-29 cells indicating that 
cellular overload with inorganic Fe results in a non-ferritin-
like fast Fe storage. Hierarchical cluster analysis of XANES 
spectra recorded for Fe overloaded HT-29 and HCA-7 cells 
was able to distinguish between Fe treatments performed 
with different Fe species with a 95  % hit rate, indicating 
clear differences in the Fe storage system. Micro-X-ray flu-
orescence imaging of Fe overloaded HT-29 cells revealed 
that Fe is primarily located in the cytosol of the cells. By 
characterizing the cellular Fe uptake, Fe/S content ratios 
were calculated based on the X-ray fluorescence signals of 
the analytes. These Fe/S ratios were dramatically lower for 
HCA-7 treated with organic Fe(III) treatments suggesting 
dissimilarities from the Tf-like Fe uptake.

Keywords  Cancer cells · Fe storage · Micro-X-ray 
imaging · Transferrin

Introduction

Iron (Fe) is involved in several primary cellular functions 
such as DNA synthesis, ATP generation, electron transfer, 
and oxidation of substrates. Because Fe is essential for cell 
survival and replication [1] and both Fe overload and defi-
ciency can cause cellular death, homeostatic mechanisms 
tightly control its intestinal absorption, systemic transport, 
cellular uptake, storage and cellular efflux [2]. Most cellu-
lar Fe is firmly bound to components such as hemoglobin, 
heme, ferritin, transferrin (Tf) and various enzymes. Among 
these compounds, Tf is the major Fe-binding protein in the 
blood plasma. The main pathway for Fe uptake by animal 
cells is through Tf and its specific receptor (TfR), located at 
the cell surface. Iron release involves endosomal acidifica-
tion through an ATP-dependent proton pump and reduction 
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of Fe(III) ions to the more soluble Fe(II) form by endo-
somal ferrireductase-like STEAP family members [3–6]. 
Besides Tf-bound Fe, animal cells can also obtain Fe from 
small, low molecular weight complexes. The composition 
and quantity of these low affinity ligands may vary under 
different physiological conditions. This non-Tf-bound Fe, 
also called labile Fe pool, is generated under conditions of 
Fe overload, when the binding capacity of Tf is saturated 
[7–9]. The labile Fe pool is localized primarily in the cyto-
sol. Cells maintain organellar pools of labile Fe despite 
its propensity for catalyzing reactive oxygen species for-
mation. Among transmembrane Fe transporters, divalent 
metal transporter 1 (DMT1) and Zip14 were reported to be 
involved in the non-Tf-bound Fe uptake [10, 11]. Iron(II) 
ions are transported into cells by DMT1 optimally at pH 
5.5. Moreover, DMT1 also mediates the recovery of Fe 
from acidified endosomes during the Tf-TfR recycling pro-
cess [11, 12]. Thus, replenishment of cytosolic labile Fe in 
mammalian cells includes: (1) export from the endosome 
by the DMT1; (2) reductive release of Fe from Fe(III)-Tf; 
(3) degradation of the long-term Fe storage protein ferritin; 
(4) release from heme and heme proteins [13].

Due to its inherently transient nature and susceptibility 
to undergo ligand exchange reactions and redox conver-
sions, quantification or even characterization of labile Fe is 
difficult. Radiolabeled Fe can be traced inside the cell fol-
lowing cell fractionation [9, 14]. The use of fluorescein and 
rhodamine derivatives as fluorophores loaded into living 
cells that bind to the complexes of labile Fe and subsequent 
stoichiometric fluorescence quenching is another technique 
suitable for Fe determination [9, 13, 15–18]. In fact, the 
quantity of the chelatable Fe pool is defined by the stabil-
ity constant of the complex formed by the chelator used for 
its detection [16, 18], and by applying fluorescence, only 
the labile Fe pool can be determined, but no information 
on its chemical structure can be obtained, since the fluores-
cent chelator causes the quenching of Fe from the biologi-
cal bond. Moreover, the aforementioned fluorescent tech-
nique supplies only indirect information on the localization 
of cytosolic labile Fe, since the Fe and protein bond are 
quenched due to the inherent nature of this technique.

Total-reflection X-ray fluorescence spectrometry 
(TXRF) proved to be suitable for intracellular Fe determi-
nation in colorectal cells [19, 20]. Information on elemen-
tal speciation can be provided by combining it with X-ray 
absorption near edge structure (XANES) spectroscopy, 
which requires the use of a synchrotron radiation (SR) 
source. X-ray fluorescence acquisition in total-reflection 
geometry can be exploited for the acquisition of X-ray 
absorption spectra of trace elements in minute samples, for 
instance, containing typically 10 ng Fe [21]. The energy of 
incident X-rays is tuned around the absorption edge energy 
of the studied element (i.e., 7112  eV for the Fe K-edge). 

Thus, the TXRF-XANES has proved to be suitable for 
investigation of Fe containing proteins such as ferritin 
[22]. Ensuring an in  situ speciation, TXRF-XANES does 
not require tedious sample preparation prone to modify the 
chemical element species (e.g., cell fractionation). How-
ever, stability of element species from sample preparation 
to storage and analysis should be tested systematically 
with standards of known oxidation state for the element of 
interest. The X-ray focusing optics can be used with submi-
crometric beams of high photon densities and allow X-ray 
fluorescence imaging.

The objective of this study was to obtain reliable infor-
mation on the distribution, temporary storage and localiza-
tion of intracellular Fe within cancer cells under in  vitro 
simulated Fe overload conditions. To achieve this, two dif-
ferent human colorectal adenocarcinoma cells, HT-29 and 
HCA-7, were used due to their different proliferation rate 
treating them with inorganic and organic Fe(II/III) com-
pounds in a concentration of 50 µmol Fe/L for 4 and 24 h. 
Comparison of XANES spectra of Fe overloaded cancer 
cells was used to obtain information on the temporary Fe 
storage.

Materials and methods

Cell cultures and sample preparation

Human colon adenocarcinoma cell lines—HT-29 and 
HCA-7—were grown at the 2nd Institute of Pathology, 
Budapest, Hungary in 37  °C in a humidified atmosphere 
consisting of 5  % v/v CO2 in an antibiotic-free medium 
supplemented with 10  % v/v fetal calf serum (FCS) sup-
plied by Sigma-Aldrich (St. Louis, MO, USA). The HT-29 
and HCA-7 cells were obtained from ECACC (European 
Collection of Cell Cultures, UK). For the growth of HT-29 
and HCA-7 cells, RPMI-1640 (Roswell Park Memo-
rial Institute) and DMEM (Dulbecco’s Modified Eagle 
Medium) growth media were used, respectively.

The reagent grade Tf, Fe(III) citrate, ethylene diamine 
tetraacetic acid (EDTA), Fe(III) chloride, Fe(II) sulfate and 
Fe(III) sulfate hydrate standards were supplied by Sigma-
Aldrich. For the TXRF-XANES experiments, on one hand, 
Fe(III) sulfate hydrate was used in the solid state of mat-
ter referred further in the manuscript as deliquescent Fe(III) 
sulfate. On the other hand, this deliquescent Fe(III) sulfate 
was dissolved either in deionized water or dimethyl sul-
foxide (DMSO), referred further as Fe(III) sulfate (aq) and 
Fe(III) sulfate (DMSO), respectively. The concentration of 
the latter two Fe(III) sulfate stock solutions was 10 mg/L 
for Fe. From each stock solution, 1 µL containing 10 ng of 
Fe was pipetted directly onto the quartz reflectors and dried 
immediately.
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Cells were cultured to 80  % confluency, then incubated 
for 4 or 24 h with 50 µmol/L (expressed as Fe in medium) 
Fe(II) sulfate, Fe(III) chloride, Fe(III) citrate and Tf, har-
vested by trypsin, washed twice with an isotonic NaCl solu-
tion and, finally, centrifuged at 20,000g and 4 °C for 15 min. 
Then, the cells were resuspended in 10 μL of isotonic NaCl 
solution. Five μL of cell suspension was pipetted onto quartz 
plates. The estimated cell concentration using a haemocy-
tometer (MOM, Hungary) was 10,000–20,000 cells/µL. The 
excess of the isotonic NaCl solution was removed by pipet-
ting. After this procedure, the cell monolayer was controlled 
microscopically. All quartz carrier plates were transported in 
Ar-filled vessels to the Synchrotronstrahlungslabor HASY-
LAB SR facility at DESY (Hamburg, Germany).

For X-ray imaging, cells were grown on 
7.5 mm × 7.5 mm low stress silicon nitride windows with 
a thickness of 500  nm supplied by Norcada (Edmonton, 
AB, Canada). Iron treatments were performed with 50 µM 
Fe(II) sulfate for 2 h. Then, samples were deep frozen in 
liquid nitrogen, freeze-dried, and transported to the Dia-
mond Light Source facilities.

Total RNA extraction and cDNA synthesis for real‑time 
RT‑PCR

Total RNA was isolated from subconfluent cultures of 
HT-29 and HCA-7 cells. Total RNA was isolated using Tri-
fast (Peqlab, Erlangen, Germany) according to the proto-
col of manufacturer. The amount of RNA was determined 
spectrophotometrically at 260/280 nm by Nano Drop spec-
trophotometer (Peqlab). The cDNA was synthesized using 
RevertAid MMuLV reverse transcriptase (Fermentas, 
Thermo Fisher Scientific, Waltham, MA, USA) and random 
hexamer primers (GE Healthcare, Pittsburgh, PA, USA).

Quantitative real‑time RT‑PCR

The TfR mRNA expression was determined by real-time 
RT-PCR. For the quantification of PCR products, the thresh-
old cycle (CT) was used. The delta CT value was calculated 
from the difference in the CT of the gene of interest and that 
of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
housekeeping gene used as reference. The TfR primers 
were: (1) forward: 5′-GGCTTTGTAGAACCAGATCA-3′ 
and (2) reverse: 5′-GGGCAAGTTTCAATAGGAGA-3′ 
and those for GAPDH were: (1) forward 5′-GTCTCCTCT  
GACTTCAACAG-3′ and (2) reverse: 5′-CGTTAGC 
CAAATTCGTTGTC-3′. The amplifications were per-
formed in a mixture of 1 μL of cDNA, 0.3 μL/primers, 2 μL 
5 × Hot FirePol Eva Green qPCR Mix Plus (Solis Biodyne, 
Tartu, Estonia) and 6.4 μL H2O on a 96-well plate for real-
time arrays. Gene expression quantification was performed 
by ABI PRISM 7500 instrument (Applied Biosystems 

Carlsbad, CA, USA) using the corresponding software. 
The 15 min activation of the DNA polymerase at 95 °C was 
followed by 40 cycles of 25  s denaturation at 95  °C, 30  s 
annealing at 55 °C and 30 s extension at 72 °C. The ampli-
con purity was checked by melting curve analysis. Measure-
ments were made in triplicates of two independent experi-
ments. Statistical data analysis was performed by Student’s t 
test at the 99 % confidence level, using Origin 7.5 software.

TXRF‑XANES

The Fe K-edge XANES measurements in fluorescence 
mode were carried out in vacuum using the setup at the 
beamline L at HASYLAB at DESY [23]. A Si(111) double 
crystal monochromator was used for selecting the energy 
of the exciting beam from the continuous X-ray spectrum 
emitted by a 1.2 Tesla bending magnet at beamline L. 
The primary beam was collimated to 100 µm × 2300 µm 
(horizontal × vertical) by a cross-slit system. The incident 
X-ray intensity was monitored with an ionization chamber. 
For the reproducibility and accuracy of the measurements 
during all XANES scans, the absorption of an Fe foil was 
recorded in transmission mode simultaneously. During the 
analysis, the excitation energy was tuned in varying steps 
(15, 10, 5 and 1 eV in the pre- and post-edge regions and 
0.5 eV across the edge) around the Fe K-edge at 7112 eV. 
At each energy, a fluorescence spectrum was recorded by 
a Silicon Drift Detector (SDD, VORTEX 50 mm2, Radiant 
Detector Technologies, Northridge, CA, USA) [22–24]. A 
major challenge in elemental speciation is to avoid chemi-
cal transformation during analyses. Therefore, the samples 
were transported in argon environment. In total, 24 sam-
ples treated with different Fe compounds were analyzed by 
TXRF-XANES. All 30 individual X-ray absorption spectra 
(24 samples plus 6 references) have been pre-processed 
and analyzed with the ATHENA software, included in the 
IFEFFIT program package for XAS analysis [25].

For the characterization of the Fe content of cells, the 
Fe and S fluorescent signals of the cells were recorded by 
irradiating the samples with a beam of 10 keV energy for 
100 s in TXRF mode. Then, the common logarithm (base 
10 logarithm) of the Fe/S ratios was calculated. Quantita-
tive determination of Fe in the cells was not possible using 
the internal standard calibration method, since intact cells 
were analyzed. Pipetting aliquots of an adequate internal 
standard (e.g., gallium or yttrium) solution onto the cells 
would not have ensured its internal compartmentalization. 
Thus, the signal of cellular Fe and that of the not compart-
mentalized internal standard would have resulted in differ-
ent fluorescent yields. Since the sulfur (S) content of cells 
correlates with the total protein content and subsequently 
with the cell number, the S fluorescence of the cells was 
used as an internal reference element. Since Fe(II) sulfate 
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is taken up by cells at the µM concentration level and the 
S content of cells is more than two orders of magnitude 
higher, contamination from S could be excluded.

Principal component analysis (PCA)–hierarchical 
clustering

Principal component analysis and hierarchical clustering of 
the whole series of collected XANES were performed using 
self-developed code written in the Matlab™ computing lan-
guage. This multivariate analysis was carried out to pool sam-
ples with similar XANES. Data matrix eigendecomposition 
was achieved by singular value decomposition, and the first 
six eigenvectors (principal components) explained 99.982 % 
of the data’s variance (cumulative variance explained). There-
fore, these six principal components were used as a new basis 
set spanning the 6-dimensional space in which hierarchical 
clustering was carried out. Supervised hierarchical agglom-
erative cluster analysis was performed using Euclidean dis-
tances between data points, the unweighted average distance 
for computing the distance between clusters, and a manually 
fixed linkage threshold of 0.36 (i.e., 36 % of the maximum 
linkage distance), effectively pooling individual spectra into 
clusters containing most similar XANES. Detailed informa-
tion on PCA–hierarchical clustering can be seen in the elec-
tronic supplementary material.

Micro‑XRF imaging

Scanning X-ray fluorescence (XRF) microscopy was per-
formed at beamline B16 of the Diamond Light Source (Har-
well Science and Innovation Campus, Oxfordshire, UK) 
according to a previously developed method [26]. White beam 
excitation with Al filter was chosen to excite elements from Cl 
to Zn. A Kirkpatrick-Baez focusing optic was used to obtain 
an X-ray beam with a spot size of 0.5 µm × 1 µm. However, 
to localize the cells on the membranes, first, a low resolution 
scan with a beam size of 5 µm × 5 µm of the sample was per-
formed. The XRF spectra from the specimen were acquired 
with a four-element energy dispersive SDD detector. Spectral 
analysis of the fluorescence spectrum of each pixel then pro-
vided images of the spatial distribution of each element.

Results and discussion

Selection of colorectal cell lines for studying Fe overload

Two colorectal adenocarcinoma cells, namely HT-29 and 
HCA-7, were selected for the present study. The prolifera-
tion rate of HT-29 and HCA-7 cells expressed as the dou-
bling time was approximately 20  h and 36  h, respectively. 
To date, several studies have found correlation between the 

rate of cell proliferation and the expression of TfR1 [27, 28]. 
Since different proliferation rates were observed for HT-29 
and HCA-7 cells, their TfR1 mRNA expression was deter-
mined by quantitative real-time PCR. As shown in Fig. 1, the 
TfR1 mRNA expression was significantly higher (p < 0.01) 
in the case of the fast-proliferating HT-29 cells compared to 
the slow-proliferating HCA-7 ones.

Fe/S ratios in Fe overloaded colorectal adenocarcinoma 
cells

In our previous studies, we proved that the Fe content of 
cancer cells grown in FCS or FCS-free culture media var-
ied between 10 and 30  ng/106 cells [19, 29]. Unlike Cu 
and Zn, cells can take up Fe in higher amounts, for exam-
ple 1500 ng Fe/106 cells for HT-29 adenocarcinoma [19]. 
This phenomenon is known in the literature as Fe overload 
and it is mostly related to pathological conditions such as 
haemochromatosis or thalassemia [7, 30, 31]. Relatively 
large amounts of Fe can be rapidly released, this diffusible 
labile Fe pool being regarded as the crossroads of cellular 
Fe traffic [9, 17].

The Fe/S ratios obtained for HT-29 and HCA-7 cells, 
taken to indirectly characterize cellular Fe uptake, are 
shown in Fig.  2. The decreasing order in Fe/S ratios 
according to the different treatments was the same for both 
cells: Fe(II) sulfate > Fe(III) chloride > Fe(III) citrate > Tf. 
This is in good agreement with our previous work, where 
the uptake of Tf and non-Tf type of Fe (Fe(II) sulfate, 
Fe(III) chloride and Fe(III) citrate) by HT-29 cells in the 
concentration range of 10–100 µM was studied [19]. Iron 
uptake from either Fe(II) or Fe(III) inorganic salts was 
much higher (approximately 25-fold) than from organic Fe 
compounds [19]. For the Fe(II) sulfate treatment, the Fe/S 
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Fig. 1   Transferrin receptor 1 (TfR1) expression of HT-29 and 
HCA-7 human adenocarcinoma cell lines. Data are presented as  
2^(−deltaCt) relative to GAPDH; **, HT-29 versus HCA-7, p < 0.01
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ratios were similarly high in the case of both cells. This is 
understandable, since inorganic Fe(II) is readily absorbed 
through DMT1 [10]. However, there is a maximum Fe level 
at the Fe(II) sulfate treatment, and a steady-state equilib-
rium between uptake and release is achieved. The maxi-
mal Fe/S ratio is similar for both cells. Nevertheless, the 
Fe/S ratio showed considerably big differences at the other 
treatments. For the HT-29 cell, the log10 Fe/S values were 
higher than zero for all treatments. The Fe(III) chloride, 
Fe(III) citrate and Tf treatments on HCA-7 were character-
ized by lower Fe/S ratios compared to the corresponding 
Fe(II) sulfate treatment. Especially in the case of treatments 
with organic Fe(III) compounds, the Fe/S ratios were dra-
matically lower for HCA-7 cells (Fig. 2). However, this is 
understandable solely for the Tf treatments due to the lower 
TfR1 expression of HCA-7 cells and surprising for the 
Fe(III) citrate ones.

Study of Fe overload

Characterization of XANES of Fe overloaded cancer cells

The three Fe(III) standards investigated proved to have 
different XANES (Fig.  3a). Interestingly, the XANES of 
aqueous Fe(III) sulfate had a sharp decrease of the white 
line (first maximum of the XANES) with practically no 
shoulder in the near edge region of the spectra between 
7135 and 7140  eV compared to those of deliquescent 
Fe(III) sulfate and Fe(III) sulfate in DMSO (Fig. 3a). The 
reason behind this phenomenon is the fact that the dried 
aqueous Fe(III) sulfate can be characterized with the for-
mula [Fe(H2O)6]2(SO4)3 [32], where the chemical structure 

of the complex ion corresponds to a regular octahedral 
geometry with an Oh symmetry.

In the present study, the XANES of fast-proliferating 
HT-29 and slow-proliferating HCA-7 colorectal cells with 
either Tf or non-Tf type of Fe uptake were recorded. All 
spectra revealed that Fe was present in the samples in tri-
valent form. Previously, we reported on the Fe XANES of 
several Fe standards, among them ferritin. [22]. Moreover, 
the Fe XANES of cancer cells not subjected to additional Fe 
treatment [22], resembled those recorded for ferritin stand-
ard, since most of cellular Fe is bound to this protein [22].

Independently of the treatment time (4 vs. 24 h), similar 
XANES were obtained for HT-29 cells with a characteristic 
shape (Fig.  3b), showing the same shoulder. The shape of 
shoulder was not affected by the treatment time. Moreover, 
this characteristic shoulder is in good agreement with the 
report of Bacquart et al. [33]. However, in the aforementioned 
report, the focus was on the instrumental analytical aspects 
of speciation of several elements including Fe at subcellular 
level in real samples. According to Westre et al., this distorted 
high spin octahedral geometry can be explained [34] with 
this spectral phenomenon. This distorted octahedral com-
plex structure suggests the existence of one or two ligands 
connected loosely to the Fe core allowing for a fast ligand 
exchange rate necessary for the bioavailability of Fe.

By comparing the Fe XANES resulted upon overloading 
of HT-29 with Fe(II) sulfate with those of several Fe stand-
ards, the spectra of cells resembled mostly the XANES of 
deliquescent Fe(III) sulfate (Fig. 3b). Moreover, there was 
less similarity with those of ferritin (Fig.  3b), while the 
XANES of cells treated with Tf did not show this char-
acteristic shoulder resulting in a ferritin-like spectrum 
(Fig.  3c). Further, this shoulder was more characteristic 
for inorganic Fe treatments compared to the Fe transferrin 
treatment, while it was not so pronounced for Fe(III) citrate 
treatment (Fig. 3d).

Due to the low Fe content, spectra of HCA-7 treated 
with either Fe(III) citrate or Tf were difficult to be evalu-
ated. For all HCA-7 samples treated with Fe(II) sulfate, the 
XANES showed the characteristic shoulder (Fig. 3e, f). The 
XANES of HCA-7 cells treated with inorganic Fe salts was 
slightly dependent on the Fe/S ratios. For log10 Fe/S val-
ues less than 0.5, the spectra showed a clear shoulder like 
for deliquescent Fe(III) sulfate (Fig. 3e), whereas XANES 
of HCA-7 cells, for which the log10 Fe/S value was higher 
than 0.5, was practically identical to those of Fe(III) sulfate 
in DMSO (Fig. 3f).

Least squares linear combination (LSLC) fitting of XANES 
of HT‑29 cells

By looking at the XANES spectra, two extremes could be 
observed, namely, spectra of deliquescent Fe(III) sulfate 
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and of ferritin for characterization of labile Fe pool and 
intracellular protein of Fe storage, respectively. Thus, it 
was investigated whether the XANES of Fe overloaded 
cells containing different Fe compounds could be described 
as a linear combination of these two extreme components 
and, thus, an estimation of the combination coefficients 
was attempted. The results showed that all Fe XANES of 
HT-29 samples could be clearly described as a linear com-
bination of deliquescent Fe(III) sulfate and ferritin, inde-
pendently of the chemical form of Fe(III) compounds used 
for cell treatments (Table 1). The XANES of cells resulting 
from non-Tf Fe uptake can be modeled using a higher per-
centage of deliquescent Fe(III) sulfate indicating similarity 
in the distorted octahedral geometry of this standard and 
the supposed storing protein system of the studied cell. The 
LSC fitting is suitable if the spectra obtained from the same 

type of treatment can be treated as one spectrum. This was 
possible only in the case of HT-29 cells, where XANES 
spectra are similar for each Fe treatment.

Fig. 3   Comparison of XANES 
of a deliquescent Fe(III) sulfate, 
Fe(III) sulfate in DMSO and 
aqueous Fe(III) sulfate stand-
ards; b deliquescent Fe(III) 
sulfate, ferritin and a representa-
tive HT-29 sample treated with 
Fe(II) sulfate; c deliquescent 
Fe(III) sulfate, ferritin and a 
representative transferrin treated 
HT-29 sample; d representa-
tive samples of HT-29 cells 
treated with transferrin, Fe(III) 
chloride, Fe(III) citrate and 
Fe(II) sulfate; e deliquescent 
Fe(III) sulfate, representative 
HCA-7 samples treated with 
Fe(II) sulfate and Fe(III) chlo-
ride with log10 Fe/S ratios less 
than 0.5 and Fe(III) sulfate in 
DMSO standard; f deliquescent 
Fe(III) sulfate, a representative 
sample of HCA-7 cells over-
loaded with Fe(II) sulfate with 
log10 Fe/S ratios higher than 0.5 
and Fe(III) sulfate in DMSO 
standard

Table 1   Linear combination (LC) fittings for HT-29 cancer cells 
treated with different Fe compounds

Fe treatment LC fitting R-factor Chi square

Fe(II) sulfate 100 % Fe(III) sulfate;  
0 % ferritin

Fe(III) chloride 77 % Fe(III) sulfate;  
23 % ferritin

0.000267 0.02945

Fe(III) citrate 59 % Fe(III) sulfate;  
41 % ferritin

0.000512 0.05554

Transferrin 8 % Fe(III) sulfate;  
91 % ferritin

0.001340 0.14221
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PCA–hierarchical clustering analysis of XANES

By performing hierarchical cluster analysis for all of 
the XANES recorded [Fe(II/III) standards selected from 
[22] and HT-29 and HCA-7 cells treated with Fe(II/III) 
standards], samples could be classified into eight clusters 
(Fig. 4). It should be emphasized that Fe XANES of sam-
ples treated with Tf was omitted from the PCA–hierarchi-
cal clustering, because these individual spectra were too 
noisy for statistical data evaluation. The XANES of three of 
the investigated Fe(III) standards—Fe(III) EDTA, Fe(III) 
phosphate and aqueous Fe(III) sulfate—differed consider-
ably from each other and all other recorded XANES and 
thus, formed three individual clusters (linkage distance 
>80 % of the maximum linkage distance, see Fig. 4). The 
XANES of HCA-7 samples treated with either Fe(III) chlo-
ride or Fe(II) sulfate was pooled into one cluster, whereas 
those treated with Fe(III) citrate constituted a separate clus-
ter. Independently of the Fe treatment type for HT-29 cells, 
all of their XANES except one could be grouped into one 
cluster clearly differentiating them from the XANES of 
HCA-7 samples (linkage distance >40 % of the maximum 
distance). In the case of HCA-7 samples two subsets were 
found, one containing only spectra of inorganic Fe treat-
ments and a second one corresponding to the Fe(III) citrate 
treatment (Fig. 4). A separate cluster was obtained for the 
XANES of deliquescent Fe(III) sulfate and that dissolved 
in DMSO. However, inspection of the individual XANES 
showed that these two standards resemble the XANES 
of the samples having the shoulder. Besides these clear 
groups, three outliers were identified: the spectrum of one 
of the HT-29 samples treated with Fe(III) chloride could 
not be distinguished from those of the HCA-7 samples, 

and the XANES of two other HT-29 samples (HT-29 cells 
treated with Fe(III) chloride and Fe(III) citrate) was found 
to be similar to the one recorded for ferritin. Thus, the latter 
two formed a separate group together with the ferritin ref-
erence. The most probable reason for these two outliers is a 
damping and/or a distortion of the XANES features due to 
self-absorption effects caused by either an outstanding Fe/S 
ratio (approx. 1.4) or a high cell number, respectively. The 
clustering result further supports the choice of ferritin and 
deliquescent Fe(III) sulfate as references in the LSLC fit-
ting being the standards with most similar XANES to those 
of the cell samples.

Thus, among the 24 cell sample spectra recorded, only 
one cell sample was misclassified, namely one HT-29 cell 
sample treated with Fe(III) chloride (Fig.  4). However, 
hierarchical cluster analysis based on the spectra features 
of Fe K-edge XANES revealed that the chemical structure 
of the Fe pool—presumably a protein system—is differ-
ent for the studied two human carcinoma cells. This could 
be revealed by clustering of spectra of different cell lines 
treated with Fe.

XRF imaging of Fe overloaded HT‑29 cells

Micro-XRF imaging of Fe loaded HT-29 cells was achieved 
at a resolution of 0.5 μm × 1 μm. For the acquisition of 
the XRF image of the Fe loaded HT-29 cells, supplementa-
tion of the cell culture with 50 µM of Fe(II) sulfate is ideal 
due to the high accumulation rate of this Fe(II) compound 
in this type of cancer cell line [19]. Cell boundaries could 
be visualized by mapping physiologically relevant elements 
such as Cl and K, whereas cell nuclei could be identified 
using the Zn signal (Fig. 5). According to our results and 

Fig. 4   Dendrogram of agglom-
erative hierarchical cluster tree 
for Fe XANES of different 
standards and Fe overloaded 
HT-29 and HCA-7 human colon 
adenocarcinoma cells

00.10.20.30.40.50.60.70.80.91

HT-29 + Fe(II) sulfate-6
HT-29 + Fe(II) sulfate-8
HT-29 + Fe(II) sulfate-3
HT-29 + Fe(III) chloride-3
HT-29 + Fe(II) sulfate-2
HT-29 + Fe(II) sulfate-1
HT-29 + Fe(II) sulfate-7
HT-29 + Fe(II) sulfate-5
HT-29 + Fe(II) sulfate-4
HT-29 + Fe(III) citrate-2
HT-29 + Fe(III) citrate-1
HCA-7 + Fe(II) sulfate-1
HCA-7 + Fe(II) sulfate-2
HCA-7 + Fe(II) sulfate-4
HCA-7 + Fe(II) sulfate-3
HCA-7 + Fe(II) sulfate-5
HCA-7 + Fe(II) sulfate-6
HCA-7 + Fe(III) chloride-1
HCA-7 + Fe(III) chloride-2
HT-29 + Fe(III) chloride-2
HCA-7 + Fe(III) citrate-1
HCA-7 + Fe(III) citrate-2
Deliquescent Fe(III) sulfate
Fe(III) sulfate (DMSO)
Ferritin
HT-29 + Fe(III) citrate-3
HT-29 + Fe(III) chloride-4
Fe(III) sulfate (aq)
Fe(III) phosphate
Fe(III) EDTA

Linkage threshold factor: 0.3601 
Number of clusters: 8 
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not surprisingly, Fe could be detected exclusively in cytosol 
and not in the nuclei characterized by a high Zn content. 
However, at other methods, Fe and nuclei are visualized by 
fluorescence chelator and DNA dyes (i.e., Hoechst stain), 
respectively [18]. Moreover, the cellular distribution of 
Fe proved to be diffuse and Fe accumulation could not be 
observed. However, there were some indications about Fe 
compartmentalization within the cells (Fig. 5).

Conclusion

By investigating one fast- and one slow-proliferating ade-
nocarcinoma cancer cell line—HT-29 and HCA-7—with 
high and low TfR1 expression, respectively, the extent of 
the inorganic Fe uptake by the two cells was found to be 
similar. The same decreasing order in Fe/S ratios accord-
ing to the different treatments was observed for both cells: 
Fe(II) sulfate  >  Fe(III) chloride  >  Fe(III) citrate  > Tf but 
there was a considerable difference in the Fe/S ratios for 
the treatments with organic Fe. For HCA-7 cells charac-
terized by lower TfR1 expression, the dramatically lower 
Fe/S ratios were understandable for Tf treatments but unex-
pected for Fe(III) citrate ones.

When overloaded with inorganic Fe(II/III), a specific 
shoulder in the XANES for both cells in the near edge 
region of spectra independently of the treatment time (4 
vs. 24 h) was observed. These XANES spectra resembled 

mainly to those of deliquescent Fe(III) in the aqueous form. 
However, regardless of the Fe treatment, the two cells 
could be differentiated unequivocally and without any a 
priori knowledge by their XANES signature using hierar-
chical cluster analysis. This can be related to different Fe 
storage systems in the case of Fe overload. The results for 
Tf loaded cells suggest ferritin-like spectrum. The XANES 
of HT-29 cells could be described as the linear combination 
of the XANES of deliquescent Fe(III) sulfate and ferritin 
indicating that Fe can only exist in the cells either in the 
labile pool or ferritin storage but in different percentage.

The differences observed represent a step closer toward 
understanding Fe overload conditions of cancer cells.
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