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A B S T R A C T

Multicellular spheroids are the new frontier for studying how the tumour micro-environment interferes with drug
uptake and response, since they can reproduce a three-dimensional cellular organisation mimicking the behaviour of
in vivo solid tissues. In this study, we exploited Focal Plane Array - Fourier Transform Infrared Imaging spectroscopy
to characterize the biochemical features, in terms of distribution and composition of the meaningful
macromolecules (lipids, proteins, sugars and nucleic acids), of malignant pleural mesothelioma spheroid sections,
and, as further extent, to investigate the penetrating effects of cisplatin within the spheroid mass. The hyperspectral
imaging analysis evidenced, in untreated spheroids, the occurrence of a replicative outer region and a hypoxic inner
one, as suggested by the band area ratios related to lipid alkyl chains (2925/2960) and glycogen (1020/1650), which
showed the highest values in the inner region. Moreover, the HCA spectroscopic images showed, after cisplatin
treatment, an increase of the band area ratio related to lipid carbonyl ester moiety (1740/2925), suggesting the
occurrence of lipid peroxidation; furthermore, the band area ratio related to nucleic acids (1240/1220) revealed a
DNA fragmentation along all regions of spheroids that may be related to apoptotic mechanisms, whereas a reduction
of the band area ratios related to glycogen and carbohydrates (1020/1650 and 1054/1650, respectively) appeared
consistent with an inhibition of cell division. The few spectral differences between the outer and the inner regions of
cisplatin-treated spheroids pointed out the diffuse penetrating effect of the drug.
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Introduction

Investigation of solid tumors, both in terms of biomolecular
composition and drug-uptake mechanisms, remains a major problem,
due to significant limitations in reproducing the complexity and
pathophysiology of in vivo tumor tissues [1,2]. Furthermore, animal-
based models, which could better reproduce the tumor behavior, are
limited by ethical concerns and do not allow high-throughput screenings
[3]. In this light, a new experimental model of cell aggregation in culture
is represented by spheroids, cellular aggregates obtained by several
cellular types [4], which reproduce a three-dimensional cellular
organisation mimicking the behaviour of in vivo solid tissues [5,6].
The deepening of their biochemical structure and mechanisms, appear
mandatory for better understanding how the tumour micro-environment
interferes with drug uptake and response [7,8]. Mesothelioma spheroids
can be considered a strategic tool to investigate both the tumour mass
behaviour and the effects of chemotherapy drugs, due to this tumour

shows high aggressiveness and resistance to stimuli inducing reduction or
stasis of tumour mass [9].

Since several properties of spheroids are attributable to their own
architecture, the application of a methodological investigation which let
conserve the structural integrity, such as Focal Plane Array–Fourier
Transform Infrared Imaging (FPA-FTIRI) spectroscopy, has become of
crucial importance. FPA-FTIR let acquire, at the same time and on the
same sample, in a rapid and non-destructive way, multiple mid-infrared
spectra, giving the biomolecular fingerprint of the sample and
highlighting subtle molecular changes not detectable by optical
microscopy [10,11].

At the best of our knowledge, there is only a study in which FPA-FTIRI
has been applied to investigate colon DLD-1 cell spheroids [4].
Srisongkram et al. analysed melanoma 3D cell cultures by FTIR
Microspectroscopy, but cells were trypsinised before spectral acquisition,
losing any information on the three-dimensional morphology [12]. In the
present study, the FPA-FTIRI spectroscopy was exploited to perform a
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hyperspectral imaging analysis on a spheroid model obtained by the
MSTO-211H cell line (deriving from biphasic lung mesothelioma), with
the aim to: (1) evaluate differences in the macromolecular features of cells
in relation with their position within spheroid models, and (2) obtain new
insights on the effects induced by cisplatin treatment.

Materials and methods

Cell culture and drugs treatment

According to Zanellato et al., MSTO-211H cells were seeded in U-
shaped plates and incubated on an orbital mixer in a standard incubator,
letting obtain, after 4 days, spheroids of 400�500 mm diameter [13,14].
N.2 MSTO-211H spheroids were treated for 72 h with cisplatin (1 mM)
(Cis), while other N.2 spheroids, considered as control samples, were
cultured under the same conditions without cisplatin (Ctrl). Then, all
spheroid samples were washed in NaCl 0.9 % and frozen rapidly at �80 �C
[15,16]. The experiment was performed in duplicate.

FPA-FTIRI measurements and data analysis

FPA-FTIRI measurements were carried out at the SISSI Beamline,
Elettra Sincrotrone Trieste (Trieste, Italy), using a Hyperion 3000
Vis–IR microscope coupled with a Vertex 70v interferometer and
equipped with a Focal Plane Array (FPA) detector (164 x 164 mm; 4096
pixel/spectra; 2.56 mm spatial resolution) (Bruker Optics GmbH,
Ettlingen, Germany). MSTO-211H spheroids were cut by a cryomicro-
tome to obtain 6 slides (8�10-mm-thick) for each sample. Four sections

were deposited onto CaF2 optical windows (1-mm thick, 13-mm
diameter) and let air-dry for 30 min without any fixation process, for IR
measurements [10], while the remaining slides were deposited onto
glass slides, stained with Mayer’s Hematoxylin and Eosin Y (Sigma-
Aldrich, Milano, Italy) and analyzed by a Zeiss Axio Imager.A2
(Oberkochen, Germany) microscope equipped with a combined color
digital camera Axiocam 503 (Zeiss).

On each unstained section, a multiple IR image, covering the spheroid
diameter, was acquired in transmission mode (15X condenser/objective;
4000�900 cm�1; 4 cm�1 spectral resolution, and 256 scans). Background
spectra were obtained on clean regions of the CaF2 optical windows with
the same acquisition parameters. Raw IR images were corrected with
Atmospheric Compensation routine (OPUS 7.5 software, Bruker Optics
GmbH, Ettlingen, Germany).

False color images were generated by integrating IR images in specific
spectral regions, to evaluate the spatial distribution and the relative
amount of: lipids (2995�2828 cm�1, vibrational modes of lipid alkyl
chains); proteins (1720�1480 cm�1, Amide I and II bands, vibrational
modes of peptide linkage), and nucleic acids/carbohydrates (1150�1000
cm�1, vibrational modes of nucleic acids and carbohydrates).

Hierarchical Cluster Analysis (HCA) of the IR images was performed
using the MATLAB toolbox IRootLab (https://github.com/trevisanj/
irootlab) [17,18], by Euclidean distances and Ward’s linkage method
[19,20]. For each cluster identified by HCA, the average and average � SD
spectra were calculated (Averaging routine, OPUS 7.5), and curve fitted
by using second derivative minima and Gaussian functions; the position
and integrated areas of the underlying bands were identified (GRAMS/AI
9.1, Galactic Industries, Inc., Salem, New Hampshire).

Fig. 1. Hyperspectral imaging analysis of MSTO-211H cell spheroids. Representative H&E sections of Ctrl (a) and Cis (f) samples. Microphotographs of Ctrl (b) and Cis (g)
mapped areas. False color images showing the topographical distribution of lipids (c,h), proteins (d,i) and nucleic acids/carbohydrates (e,j) in Ctrl and Cis samples
(different color scales were used for a better interpretation of the data).
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Results and discussion

The microphotographs of representative sections of H&E-stained Ctrl
and Cis MSTO-211H spheroids are showed in Fig. 1, together with the
microphotographs of the IR mapped areas and the corresponding IR false
colour images representing the topographical distribution of lipids,
proteins and nucleic acids/carbohydrates. The morphological analysis of
H&E Ctrl sections of MSTO-211H spheroids evidenced the cellular
network characterizing the architecture of these samples (Fig. 1a);

moreover, the distribution of lipids (Fig. 1c), proteins (Fig. 1d) and
nucleic acids/carbohydrates (Fig.1e) showed by IR false colour images,
appeared consistent with the presence of a high proliferative outer region,
rich in nucleic acids, and an inner hypoxic one, characterized by a major
cellular density, as displayed by the major amount of lipids and proteins
[4]. As regards Cis samples, a partial loss of structural integrity caused by
the treatment was observed (Fig. 1g), as confirmed also by the
homogeneous distribution in lipids (Fig. 1h), proteins (Fig.1i) and
nucleic acids (Fig.1j) displayed by IR false colour images; moreover, the

Fig. 2. Dendrograms obtained by Ward’s algorithm and Euclidean distance measure criterion, displaying the five clusters highlighted in Ctrl (a) and Cis (f) samples and
HCA spectroscopic images of Ctrl (b) and Cis (g) samples (Ctrl-1 to Ctrl-5, and Cis-1 to Cis-5 clusters; black color indicates background spectra). Average spectra of Ctrl
and Cis clusters in the following spectral ranges: 3050-2800 cm�1 (c,h); 1800-1480 cm�1 (d,i), and 1350-920 cm�1 (e,j).
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Table 1
Position, vibrational mode and biochemical assignment of the most relevant bands identified by curve fitting analysis of Ctrl and Cis average absorbance spectra.

Wavenumbers (cm-1) Vibrational mode and biochemical assignment Refs.

�2960, �2925 Asymmetric stretching vibrations of CH3 and CH2 groups in branched and linear lipid aliphatic chains [10,16]
�1740 Stretching vibration of CO ester moieties in lipids [21,22]
�1650, �1550 Amide I and Amide II, vibrational modes of peptide linkage [23]
�1240, �1220 Asymmetric stretching vibrations of phosphate moieties of A and B- DNA [16,24,25]
�1085 Symmetric stretching vibrations of phosphate moieties in nucleic acids [26]
�1054 Stretching vibration of C�OH groups in carbohydrates [27]
�1020 Stretching vibration of CH2�OH groups in glycogen [28]

Fig. 3. HCA spectroscopic images of Ctrl (a) and Cis (b) samples. Statistical analysis of the following band area ratios calculated for Ctrl and Cis samples: (c) 2925/2960,
(d)1740/2925, (e)1240/1220, (f) 1054/1650, (g) 1085/1650, and (h) 1020/1650. Data are presented as mean � SD. Different letters over histograms indicate
statistically significant differences among groups (one-way ANOVA and Tukey’s multiple comparison test). Statistical significance was set at p < 0.05.
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presence of some areas richer in lipids and proteins, is consistent with the
known effect of cisplatin in tumour cells [15].

To better elucidate the different cellular features, IR maps were
submitted to HCA analysis (Fig. 2): both in Ctrl and Cis samples, five
clusters characterized by different spectral profiles were identified (Fig. 2a,
f). As regards Ctrl sections, clusters (Ctrl-1 to Ctrl-5) showed a concentric
distribution, confirming the presence of different inner, intermediate and
outer regions (Fig. 2b). In Cis samples, a clear correspondence between the
HCA clusters’ position (Cis-1 to Cis-5; Fig. 2g) and the topographical
distribution of proteins and lipids, observed within the IR false colour
images, confirmed the loss of structural integrity. The average spectra of all
HCA clusters were analyzed in the following regions of interest: 3050
�2800 cm�1 (lipids, Fig. 2c,h), 1800�1480 cm�1 (proteins, Fig. d,i), and
1350�920 cm�1 (nucleic acids and carbohydrates, Fig. e,j). Both within
Ctrl and Cis samples, visible differences were detected in band height and
shape, confirmingdifferentenvironmentsbetweeninner and outerregions.
Moreover, Ctrl and Cis spectra showed significant differences between
each other, as a result of the cisplatin action. In particular, as regards Ctrl
samples, the five clusters mostly differed in the 3050�2800 cm�1 (referred
to the lipid component) and the 1350�920 cm�1 (nucleic acids and
carbohydrates) spectral ranges, both possibly ascribable to an altered
metabolism of the inner spheroids’ regions. Within Cis samples, more
evident differences among clusters’ spectral profiles were observed, letting
hypothesize a penetration of cisplatin within the three-dimensional
spheroid and the subsequent cellular damage.

The average and average � SD spectra of each cluster identified by
HCA were curve fitted (Table 1). Specific band area ratios were calculated
and statistically analyzed (Fig. 3): (i) the statistically significant high
values of the 2925/2960 band area ratio (length/branching of lipid
aliphatic chains) found especially in Ctrl-5 cluster, corresponding to the
inner region, and in all Cis clusters (except for Cis-1, mostly located in the
outer zone), is consistent with the known accumulation of lipid droplets in
apoptotic cells (Fig.3c) [15]; (ii) the 1740/2925 band area ratio (lipid
carbonyl esters) significantly increased in all Cis clusters, except for Cis-1,
suggesting the occurrence of lipid peroxidation (Fig. 3d) [21,22]; (iii) the
1240/1220 band area ratio (A- vs B-DNA) significantly increased in all Cis
clusters, consistently with the transition of B-DNA to the more disordered
A-DNA due to intercalating agents treatments (Fig. 3e) [16,29,30]; (iv)
accordingly, the decrease of the 1085/1650 band area ratio (nucleic
acids) in all Cis clusters and in Ctrl-3, Ctrl-4 and Ctrl-5 ones suggested a
fragmentation and rearrangement of DNA, related to apoptosis mecha-
nisms (Fig. 3g) [15,16]; (v) the high levels of the 1054/1650 band area
ratio in Ctrl-1, Ctrl-2 and Ctrl-3 clusters (outer spheroid regions)
highlighted a region of more actively replicating cells [4], while the low
values observed in Cis clusters may indicate the inhibition of cell division
induced by cisplatin (Fig. 3f) [16]; (vi) the 1020/1650 band area ratio
(glycogen) appeared significantly higher in the inner Ctrl-4 and Ctrl-5
clusters, accordingly with the known accumulation of glycogen in the
inner hypoxic regions of spheroids [31], while the values near to zero
found in almost all Cis clusters, except Cis-5, probably because of the loss
of the spheroid structure (Fig. 3e)

Conclusions

In the present study, FPA-FTIRI was exploited to elucidate the
biochemical composition and the macromolecules distribution within the
three-dimensional spheroid model obtained by the MSTO-211H cell line,
and to assess the effects of cisplatin in terms of its penetrating ability into
the core of the cell mass. The known organization of spheroids in an outer
replicative region and an inner hypoxic and less proliferative one was
confirmed, as evidenced by IR false colour images, HCA spectroscopic
images, and band area ratios. The hyperspectral analysis showed that the
changes in the spectral profile are indicative of alterations in specific
biomolecules of crucial importance for the cell surviving. Cisplatin-
treated samples displayed a partial loss of their three-dimensional

structure, which let the drug penetrate and act on the majority of cells,
and few differences were highlighted between inner and outer regions in
terms of distribution and relative intensity of specific spectral features.

In conclusion, despite the limited number of included samples, this
study represents a proof of concept of the high potential of FPA-FTIRI in
providing a morpho-chemical correlation between histological and
vibrational analysis, helping to gain a deeper understanding of the
architecture of these three-dimensional spheroid models, by the
biochemical composition analysis.
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