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ABSTRACT. This study aimed at the development of improved drugs against human
osteosarcoma, which is the most common primary bone tumor in children and teenagers with a
low prognosis available treatment. New insights into the impact of an unconventional Pd(II)
anticancer agent on human osteosarcoma cells were obtained by synchrotron-based infrared
microspectroscopy (SR-microFTIR) and quasi-elastic neutron scattering (QENS) experiments
from its effect on the cellular metabolism to its influence on intracellular water which can be

regarded as a potential secondary pharmacological target. Specific infrared biomarkers of drug
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action were identified, enabling a molecular-level description of variations in cellular biochemistry
upon drug exposure. The main changes were detected on the protein and lipid cellular components,
namely on the ration of unsaturated-to-saturated fatty acids. QENS revealed a reduced water
mobility within the cytoplasm for drug-treated cells, coupled to a disruption of the hydration layers
of biomolecules. Additionally, the chemical and dynamical profiles of osteosarcoma cells were
compared to metastatic breast cancer, revealing distinct dissimilarities that may influence drug

activity.

INTRODUCTION

Cancer is a growing worldwide concern, being expected to rise up to 22 million cases per year
within the next two decades. Osteosarcoma, in particular, is a very aggressive type of cancer and
the most common bone malignancy, with a high incidence in children and adolescents.! Due to its
poor prognosis regarding metastatic disease (survival < 20%),> new and effective anticancer agents
are a pressing social and medical need, aiming at killing neoplastic cells with minimal damage on
healthy tissue. Minor progress has been made in osteosarcoma therapy in the last 30 years, the
MAP (methotrexate, doxorubicin (adryamicin) and cisplatin) multidrug regime being presently the
treatment of choice.> * However, a satisfactory response to this primary chemotherapy has still not
been achieved, and severe toxicity of the administered drugs is a limiting factor (namely cisplatin’s
nephrotoxicity, doxorubicin’s cardiotoxicity, and methotrexate’s nephrotoxicity and
myelosuppression).”> A phase III clinical trial is currently underway — the European and American
Osteosarcoma Study (EURAMOS-1) — with a view to increase the survival rate of patients with
osteosarcoma. The addition of novel compounds to the standard MAP scheme is one of the

proposed strategies to enhance chemotherapeutic efficacy.
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Polynuclear Pt(II) and Pd(II) chelates with alkylpolyamine ligands, synthetized and extensively
studied by the team in the last few years,*!° have been shown to act as antitumor agents against

11,13,15,16

metastatic breast cancer and osteosarcoma.'® Their cytotoxicity is mediated by covalent

binding of the metal centers to DNA purines, yielding intra- and interstrand adducts not available
to conventional mononuclear Pt-compounds and leading to an enhanced therapeutic effect.!” 20-23
These drug-DNA adducts are formed upon drug activation, through hydrolysis of the leaving
(chloride) ligands and aquation, followed by uptake into the nucleus and binding to DNA. The
treatment outcome, however, depends on the ability to accurately monitor and understand the
organism’s response to the drugs, at the cellular and subcellular levels. Accordingly, these
compounds have been investigated by the authors using vibrational spectroscopy — both neutron
and optical methods, including infrared with synchrotron radiation, which are extremely suitable
and non-destructive tools for assessing drug’s bioavailability, biodistribution and metabolic
impact, that are pivotal informations for a rational drug design.®-1%:1214.16.17.24 Here this study was
extended by making use of two other physico-chemical experimental probes to monitor the
anticancer activity of a promising Pd(1I) agent (Pd2Spm,
Spm=spermine=H>N(CH2);NH(CH2)4sNH(CH2);:NH>) towards human osteosarcoma cells, by
coupling synchrotron radiation-Fourier Transform Infrared microspectroscopy (SR-microFTIR)
and quasi-elastic neutron scattering (QENS) experiments.

Apart from the recognized high sensitivity and selectivity typical of FTIR spectroscopy, able to

probe drug-prompted changes in cells in a rapid and non-invasive manner,?°

synchrotron IR
radiation available at the MIRIAM (Multimode InfraRed Imaging And Microspectroscopy)

beamline at the Diamond Light Source®!:3* delivers a stable, broadband and extremely bright IR

microbeam, yielding FTIR data with an unmatched signal-to-noise ratio across the whole mid-IR
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spectrum or extended fingerprint region of interest for biomolecules. The drug-induced cellular
biochemical changes as well as the cell’s response to the chemotherapeutic insult can thus be
revealed, at a molecular level, with high spatial and spectral accuracy.

Quasi-elastic neutron scattering, in turn, is a particularly suitable technique for interrogating the
dynamical profile of water — translational and rotational diffusion processes — at the nano- to
picosecond timescale (ca. 10-9 — 10-13 s) and atomic length scales (1 to 30 A, corresponding to
inter- and intramolecular distances, e.g. H-bonding),?* yielding results not achievable by any other
method. Since water is present throughout the cells, QENS measurements help determine whether
its dynamical behavior may be disturbed by the presence of an external entity such as a drug and
provide additional insights to the mechanism for this interaction.!” Apart from a few QENS

33-38 the influence of a

experiments carried out on water dynamics in red blood cells and bacteria,
drug on intracellular media was reported for the first time by the authors for drug-exposed human
breast cancer cells!” and DNA.?* Cisplatin, Pt;Spm and Pd>Spm were shown to have a clear
concentration- and drug-dependent effect on the cytomatrix, as well as on DNA s hydration shell.
Hence, apart from the direct cytotoxic effect via DNA damage (the primary pharmacological target
of this type of metal-based agents), drug-elicited impairment of cell growth/viability may also be
mediated by variations in cytoplasmic and hydration water which impact on cellular function
(secondary chemotherapeutic target).

Actually, water supports vital biochemical processes in a living organism, influencing key
cellular functions such as protein stability and folding, membrane properties, enzyme catalysis,
DNA packaging, molecular recognition and intracellular signaling.?”- ¥*-4? Self-association through

hydrogen bonding is a particularly important characteristic of water that determines its properties,

and 1s constantly changing as a consequence of motions of the individual water molecules as well
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as to accommodate the presence of solutes within the cellular milieu (e.g. pharmacological agents).
Hence, in the crowded cell cytoplasm, which contains a complex array of macromolecular
structures ranging from cytoskeletal elements and organelles to small dissolved solutes, water
shows unique characteristics when compared with bulk water (e.g. regarding mobility) that are
critical to diffusion-limited cellular processes.*’ Indeed, even subtle changes in water dynamics
between and within cells could contribute to or even be the driving force for disrupting homeostasis
and initiate a series of events leading to biomacromolecular disfunction that can facilitate cell
growth inhibition and cell death. Understanding the biophysical status of intercellular water is thus
a major scientific challenge. In the present study, QENS measurements were performed to
selectively probe the motion of water molecules within the cell — intracellular water (cytoplasm)
and hydration shells (organized water solvating biomolecules, e.g. proteins and DNA) — upon
exposure to the tested anticancer agents.

The Pd>Spm dinuclear complex was investigated against human osteosarcoma cells (MG-63).
The well known Pt(II) chemotherapy drug cisplatin (Platinol®), a DNA-binder,** was also
measured for comparison purposes. This approach has provided complementary information on
the drug’s impact on cells, on two levels: (1) regarding their effect on the cellular metabolism and
on the conformation of vital biomolecules (conventional pharmacological targets such as DNA
and specific proteins) — delivered by SR-microFTIR; (i1) concerning their impact on water
dynamics within the cell (cytoplasmic medium and protein/DNA hydration layers), which can be
considered as a potential secondary drug target'” >* — yielded by QENS measurements. The data
thus gathered was compared with those previously obtained: (i) by NMR metabolomic

7, 18

experiments in drug-treated osteosarcoma cells, where the biological matrix is probed in a

slower timescale and gives the average metabolic profile of the system at defined conditions as
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opposed to the specific cellular variations delivered by QENS; (ii) through a similar investigation
using QENS, Raman and SR-microFTIR (mid- and far-IR regions) on human metastatic breast

carcinoma cells and on DNA exposed to the same compounds, '® 1724

with a view to assess drug
selectivity according to the type of tumorigenic cell line; and (iii) by synchrotron-based EXAFS
(Extended X-ray Absorption Fine Structure) measurements on drug-DNA adducts,'* which led to
a molecular-based interpretation of the drug-DNA interplay. Combined, the study provides a more
comprehensive understanding of the pharmacodynamic profile of the Pd>Spm anticancer agent, at
a molecular level, particularly regarding its cytotoxic effect both through direct interaction with
its conventional target (DNA) and via an impact on intracellular water. This is an innovative
approach to monitor pharmacodynamics and better interpret a drug’s mechanism of action, and is

expected to provide very valuable information for the rational design of metal-based anticancer

agents with enhanced chemotherapeutic efficiency and minimal deleterious side effects.
MATERIAL AND METHODS

The list of chemicals, the experimental description regarding the synthesis and characterization
of the Pd>Spm complex, the preparation of drug solutions and the cell culture protocol are
extensively described in the Supporting Information, together with details of the SR-microFTIR
and QENS data acquisition and analysis.

Sample Preparation for Synchrotron-microFTIR. Upon harvesting by trypsinization, the
human osteosarcoma MG-63 cells were centrifuged and the pellet was resuspended in culture
medium and seeded, at a concentration of 3x10* cells/cm?, on CaF; disks (Crystran UV-grade,
1x13 mm) previously washed with ethanol-70%. After incubation for 48 h (allowing the cells to
attach), each of the tested drugs (cisplatin or Pd>Spm) was added at a 12 or 24 uM concentration

(according to the respective 50% cell growth inhibition values (ICso) formerly determined by the
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authors'®) and the cells were left to culture for a further 48 h (previously optimized drug incubation
period'®). The growth medium was then removed, the cells were washed twice with NaCl-0.9%
(w/v), fixed in 4% formalin (diluted in NaCl-0.9% from the commercial neutral-buffered
formaldehyde solution) for 10 min*’ and washed several times with pure water (to remove any
residual salt). The disks were allowed to air-dry prior to spectroscopic analysis. Formalin fixation
has been established as a reliable method for preserving cellular integrity, allowing an accurate
comparison between cells under distinct conditions (e.g. control and drug-treated).?® 4> All samples
were prepared in triplicate, in a single experiment.

Preparation of Cell Pellets for QENS measurements. MG-63 cell pellets (100 mg/1 cm?, ca.
5x108 cells per sample), were prepared by cell harvesting (through trypsinization) followed by
repeated (2x) washing with phosphate buffer saline (PBS) and centrifugation (at 195xg, for 15
min). PBS was used as an isotonic medium in order to avoid water exchange from the inside to the
outside of the cell (leading to cell shrinkage and death). The drugs (cisplatin or Pd>Spm, at 12 and
24 uM) were added to the cells during their logarithmic phase of growth and left to incubate for
48 h. In order to completely remove the extracellular water component (less than 5%), the cell
pellets were washed with deuterated PBS by resuspension (1x) followed by centrifugation (at
195xg) for 5 min, which was then repeated for 15 min (after removal of the first supernatant).!”

Although these experimental conditions were previously optimized for QENS analysis of MDA -
MB-231 breast cancer cells,!” several centrifugation conditions (regarding speed and time) were
presently tested for the MG-63 osteosarcoma cell line, 195xg for 5 min still being the optimal
settings in order to ensure that the process did not affect the integrity of the cells (verified by

comparison of the corresponding QENS profiles).
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Synchrotron-microFTIR Measurements. Synchrotron-based infrared data were acquired (in
the mid-IR range 650-4000 cm™') at the MIRIAM B22 beamline at Diamond Light Source (United
Kingdom),*!"" 32 in a Bruker Vertex 80v Fourier Transform IR interferometer (see details in the
Supporting Information). SR-microFTIR measurements were performed on formalin-fixed MG-
63 cells, drug-free and drug-exposed, allowing access to the cellular spectral signatures in the
absence and presence of the antitumor agents Pd>Spm and cisplatin.

Experiments were also carried out in drug-free MDA-MB-231 cells (human triple negative
breast cancer), for comparison purposes.

QENS Measurements. QENS data were acquired at the ISIS Pulsed Neutron and Muon Source
of the Rutherford Appleton Laboratory (United Kingdom),*® on the OSIRIS spectrometer*’ (see
details in the Supporting Information). MG-63 cell pellets were measured, both untreated and drug-
exposed — to cisplatin or Pd>Spm, at 12 and 24 uM. The samples were mounted in In-sealed 0.1
mm-thick (3x5 cm) flat Al cans (the beam size at the sample being 2.2x4.4 cm), and were oriented
at -30° with respect to the incident beam. A vanadium sample (purely incoherent elastic scatterer)
was also measured, to define the instrument resolution and correct for detector efficiency.

Experiments were carried out at 37 °C (310 K) (physiological conditions).
RESULTS AND DISCUSSION

Synchrotron-radiation FTIR microspectroscopy and QENS (with isotope labelling) were applied
for assessing the impact of Pd>Spm on human osteosarcoma cells. Detailed and complementary
information was obtained on the pharmacodynamic profile of this polynuclear Pd-agent, from its
effect on the cellular metabolism (provided by SR-microFTIR) to its influence on the dynamics of

intracellular water (delivered by QENS) (Scheme 1).
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MG-63
|
Untreated
+ Cisplatin — 12/24 pM
+ Pd,Spm - 12/24 pM

[Human Osteosarcoma Cclls}

Formalin-fixed

3x10% cells/cm?
CaF, UV-grade disks

SR-FTIR

MIRIAM
650 — 4000 cm™!

RMieS correction
PCA analysis

PBS,, -washed pellets

5x 108 cells per sample
flat Al cans

OSIRIS

-0.6 — 0.6 meV
37°C

MANTID (reduction)
DAVE (fitting)

4 4

Metabolic Signature Water Dynamic Profile

Scheme 1. Schematic representation of the present study on the drug impact on human
osteosarcoma cells. (PBS — phosphate buffer saline; MIRIAM — Multimode InfraRed Imaging And
Microspectroscopy; SR-microFTIR — synchrotron radiation-Fourier Transform Infrared
microspectroscopy; QENS — quasi-elastic neutron scattering; RMieS — resonant Mie scattering

correction; PCA — principal component analysis).

Comparison of these data with the results previously gathered (by Raman, SR-microFTIR and
QENS) on the effect of the same Pd-spermine agent towards breast carcinoma cells and DNA!6 17
24 provided preliminary information on: (i) differences between the dynamical profile of
intracellular water in osteosarcoma vs breast cancer; (ii) drug’s selectivity regarding the type of
neoplastic cell line, concerning the effect on both the cytoplasmic medium and the hydration layers
of vital biomolecules.

Synchrotron-microFTIR. The SR-microFTIR experiments on formalin-fixed MG-63 cells
returned distinctive signatures, as a function of drug type (Pd2Spm or cisplatin) and concentration.

Infrared spectra and chemical images representing the cellular reaction to drug stimulus were
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obtained, this response being assigned to specific cellular components (e.g. proteins, lipids, DNA)
with a view to identify reliable biomarkers of drug action and to better understand the drug’s
activity at the molecular level.

The infrared profiles of drug-exposed and drug-free osteosarcoma cells (in the mid-IR region)
were generated by averaging the data measured from different cellular locations. Since Pd>Spm is
suggested to be cell-cycle non-specific, similarly to its mononuclear counterpart cisplatin, the
cellular impact of these drugs may be accurately obtained from the mean IR spectra presently
acquired that average out any chemical differences arising from cells in different stages of the cell
cycle.

Although the currently probed Pt- and Pd-agents display characteristic and intense infrared

features,® 10> 1221

which were firstly detected within a biological matrix in a recent study by the
authors on DNA,?* they were currently not observed within the heterogeneous cellular system
probably due to the low concentrations used and to the strong interactions with cellular
components such as proteins and DNA (main pharmacological target). The osteosarcoma cells
showed to be sensitive to both Pd2Spm and cisplatin which elicited distinct spectral changes, for
the same concentration and incubation time. A direct analysis of the infrared spectra already
revealed an unambiguous drug impact. A drug-prompted influence on phospholipids was
evidenced by the increase of the signal at ca. 1035 cm™!, ascribed to methylene deformations of
these cellular membrane constituents. Additionally, variations in DNA’s deoxyribose and guanine
modes — respectively v(CO)deoxyrib at 1060 cm™ and v(CC)ing at 1335 cm™ — reflected a drug
interaction with the nucleic acid, the Pd-agent showing a more significant impact on the purine

bases (Figure 1 (A)). In the high wavenumber region of the spectrum, drug exposure was found to

elicit a clearly lower ratio of unsaturated-to-saturated lipids (fatty acids), revealed by the decreased
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intensity of the v(CH>) signals at 2850 and 2920 cm™ (Figure 1 (B)). Moreover, a slight increase
in the OH stretching band from water was observed upon drug treatment, being more significant

for Pd>Spm-containing cells.

= MG-63/untreated
= MG-63/Pd,Spm-12 uM
— MG-63/cisplatin-12 i

1000 1100 1200 1300 1400 /,;‘600 2800 3000 3200 3400 3600
wavenumber (cm™)

Figure 1. SR-microFTIR mean spectra (1000-1480 and 2600-3600 cm™) of drug-exposed and

drug-free human osteosarcoma (MG-63) formalin-fixed cells.

These spectral variations constitute an infrared signature of drug action, unique for each probed
agent and experimental setup (e.g. cell type, dosage and incubation period), that reflects the drug
impact on the cellular biochemical profile as well as the cell’s physiological response to this
stimulus. Despite the complexity of the vibrational profiles obtained for the highly crowded and
heterogeneous cellular matrices under study, application of chemometric tools such as the
Principal Component Analysis (PCA) enables to get an insight into the molecular basis of the
detected spectral variability, leading to differentiation between spectral patterns obtained for
distinct drugs or levels of drug exposure. The loading plots were matched to the respective
experimental spectra, the main bands being ascribed to the different groups identified in the score
maps. A good discrimination was achieved between the drug-free (controls) and drug-exposed
cells, which was based on PC’s characteristic of the cellular biomolecules (and not of the drugs)
thus ensuring that the spectral differences are due to the drug’s effect on cellular biochemistry.
Figure 2 represents the loading and score plots extracted for the principal components PC1 and

PC2 for the cisplatin- and Pd,Spm-treated (12 uM) versus untreated cells (in the high wavenumber
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spectral range), evidencing a good separation along PC1 and PC2, respectively. Both cisplatin and
Pd>Spm were found to have a strong effect on the cellular proteins (amide A band at ca. 3300 cm”
1), as well as on the lipidic constituents particularly on the degree of fatty acid unsaturation
reflected in the ratio between CH> versus CH3 symmetric and antisymmetric stretching bands
(2850 vs 2875 and 2920 vs 2960 cm™!, respectively). Comparing both types of drugs — mononuclear
Pt-based cisplatin versus dinuclear Pd-based Pd>Spm — the loading and score plots obtained for
PC1 and PC2 (in the whole spectral region probed) did not reveal a clear differentiation along PC1
(52.9/32.9%) (Figure 3). In fact, although there is a wider dispersion of the data from the Pd>Spm-
treated cells as compared to the cisplatin-exposed ones, both drugs are shown to have a
predominant effect on the cellular lipids (v(CH2/CH3) bands at 2850 to 2960 cm™) and on proteins.
Regarding the latter, the characteristic amide I, amide A and amide B features (V(C=0O)peptide bond,
v(NH) and amide I/amide A Fermi resonance, respectively at ca. 1650, 3300 and 3030 cm™),
clearly observed in the loading plots, are known to be strongly dependent on fluctuations in

intramolecular H-bonds which renders them prone to be affected by drug-biomolecule interactions.

4 3
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Figure 2. PCA score and loading plots of SR-microFTIR data (2600-3600 cm™) for cisplatin- and

Pd>Spm-treated (12 pM) human osteosarcoma cells (MG-63) versus the control. (For clarity the

oNOYTULT D WN =

loadings are offset, the dashed horizontal lines indicating zero loading).
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32 Figure 3. PCA score and loading plots of SR-microFTIR data (1000-1800 and 2600-3600 cm™)
35 for cisplatin-treated versus PdSpm-treated (12 M) human osteosarcoma cells (MG-63). (For

37 clarity the loadings are offset, the dashed horizontal lines indicating zero loading).

40 FTIR spectroscopic images were built for the drug-cell systems under study in order to unveil
differences in biochemical composition elicited by each tested agent, with an emphasis on specific
45 bands as potential biomarkers of drug action (Figure 4 (A) to (C)): (1) vas(PO2) from DNA (1232-
47 1242 cm™); (ii) amide II and amide I from proteins (1481-1697 cm™); and (iii) vs(PO.) from the
49 cellular phospholipids (1072-1086 cm™). Both types of drug were found to have an effect on DNA,
to a similar extent, which was revealed by the lower intensity of the phosphate antisymmetric
54 stretching band in the treated versus untreated cells (Figure 4 (A)). Figure 4 (B) shows the images

56 generated by integrating across the amide I and Il region for the control and drug-exposed samples,
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evidencing the typical protein distribution within the cell (with a high concentration in the
nucleus*®) as well as the distinct drug impact on the proteins. The most noticeable variation was
observed in the Pd>Spm-exposed samples, with a significantly more pronounced effect than in the
cisplatin-treated cells. Regarding the phospholipidic components (mainly from the cell
membrane), a drug influence was also unveiled, for both agents (Figure 4 (C)). However, the
results for this particular region should be interpreted with some care, since the integrated band
lies on a slope in the IR profile (Figure 1 (A)). Overall, these chemimaps evidenced a more
noticeable impact of the drugs on the proteic cellular constituents, particularly evident for the Pd-
agent. Furthermore, the dinuclear Pd-complex was found to exert a more significant effect on
osteosarcoma than the clinically used Pt-mononuclear drug cisplatin. The antitumor activities of

15,17, 24 which is to be

cisplatin and Pd>Spm were previously verified to follow different pathways,
expected since their interaction with DNA and other cellular components is likely to occur via
somewhat distinct mechanisms — namely binding through more than one site per drug molecule
and formation of interstrand long-range adducts in the case of the dinuclear highly flexible
Pd,Spm, as opposed to single drug-DNA bond yielding intrastrand short-range DNA conjugates

for mononuclear cisplatin. Moreover, the nature of the metal center(s) (either Pt(Il) or Pd(II)) was

formerly shown to influence cytotoxicity. '
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(A) DNA (B) Amide I & I (C) Phosphoslipids (D) Optical/chemical images

(1) Control

10 ym

(11) Cisplatin ‘
I.—" i

(111) Pd,Spm

_— T

0.1 a.u. 1.8 68 au. 85 0 au 5.5 —— Phospholipids

Figure 4. SR-microFTIR integrated peak area maps for untreated and drug-treated (12 uM) human
osteosarcoma cells (MG-63), regarding DNA (1232-1242 cm™) (A), proteins (1481-1697 cm™)
(B) and lipids (vs(PO2)phospholip, 1072-1086 cm™) (C). The overlaid optical and FTIR images, for
each condition, are shown in (D), the green, red and blue contours representing phospholipids,

DNA and proteins, respectively.

The infrared maps obtained for drug-free and drug-exposed osteosarcoma cells were matched to
the corresponding visible light images (Figure 4 (D)). This superimposed morphological and
biochemical picture enabled a clear-cut visualization of the cellular distribution of the different
molecular components and of the drug influence on each of them.

While the effect of Pd>Spm on the cellular proteins agrees with former studies carried out for
this agent on triple-negative breast carcinoma,'® the marked changes currently observed for the

lipidic constituents (including a decreased unsaturation degree) are in contrast with these earlier
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findings, the main influence of the Pd-drug in breast cancer having been found on the proteins and
the DNA backbone. These results reveal drug selectivity according to cancer type, which is one of
the goals of modern drug design leading to improved efficacy and minimal deleterious side-effects.
Indeed, among the numerous factors that determine the effect of a chemotherapeutic agent (e.g.
transport and bioavailability, access to its receptor(s), parallel reactions, cellular efflux), the
physiological and histological characteristics of the biological matrix to which it is directed are of
the utmost importance. Hence, a comparison between the infrared signatures of cells from human
osteosarcoma (MG-63) and triple-negative breast cancer (MDA-MB-231) was currently carried
out, substantial differences having been evidenced for osteosarcoma as compared to breast
carcinoma (Figure 5): (i) a significantly lower unsaturation degree of the lipidic constituents —
reflected in the higher CH»/CHj3 ratio represented by the bands at 2850/2870 cm™ and 2920/2955
cm’!, respectively ascribed to the corresponding symmetric and anti-symmetric stretching modes;
(ii) a considerably decreased intensity of the signals at ca. 1030 and 1060 cm™ assigned to
O(CH)phospholipids and v(CO)pna, respectively; and (iii) a slightly lower amount of water (v(OH) at
ca. 3350 cm™). These variances were particularly obvious regarding the enhanced intensity of the
vs(CHz) and vas(CHy) features (at 2850 and 2920 cm™!, respectively) for breast cancer cells (Figure
5 (A)), and were also clearly evidenced in the loading and score plots extracted for the principal
components PC2 and PC3 for MG-63 versus MDA-MB-231 cells (in the high wavenumber
spectral range, Figure 5 (B) and (C)). Indeed, a very good discrimination was obtained along PC2
(26.1%), which corresponds predominantly to the vs(CH2) and va.s(CH2) vibrations but is also
associated to the v(OH) mode from water. These observations are in accordance with the
recognized chemical variability between distinct types of cells, namely neoplastic ones, and

constitutes a solid spectroscopic proof of such differences. Distinct cellular biochemical profiles
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are responsible for the particular behavior of each kind of cancer cell, namely their tumorigenic
degree and metastatic ability. Activation of lipid metabolism is a hallmark of numerous types of
tumors and a reliable metabolic marker of neoplasia.?>*’ Additionally, increased lipid unsaturation

13951 and the lipid composition of the

has been reported as a requirement for cancer cell surviva
cell membrane was found to be closely related to the normal-to-malignant transformation
process.>3? Hence, these cellular biochemical differences are expected to strongly determine drug
activity and chemotherapeutic success.
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Figure 5. (A) SR-microFTIR spectra (1000-1800 and 2600-3700 cm™') of human osteosarcoma
(MG-63) and triple-negative breast carcinoma (MDA-MB-231) cells (formalin-fixed). (B) PCA
score plots of SR-microFTIR data (2600-3600 cm™) for osteosarcoma (MG-63 cells) versus breast
carcinoma (MDA-MB-231 cells). (For clarity the loadings are offset, the dashed horizontal lines

indicating zero loading).

Quasi-elastic Neutron Scattering. Intracellular water is a conserved structural element,

displaying distinctive molecular properties (different from bulk water) that give rise to its
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particular structural and dynamical behavior, underlying its central biological function.
Elucidation of water dynamics in biological systems and of its impact on activity and function is
therefore of the utmost relevance in drug development, aiming at an improved understanding of
the drugs” mode of action via interaction with all its possible pharmacological targets that may
include the water molecules wrapping conventional receptors. The quasi-elastic measurements
presently performed for the osteosarcoma cells, at the OSIRIS spectrometer, allowed us to probe
the motions of water molecules within the cell — both from the cytosol (highly mobile) and the
hydration layers of cellular constituents such as proteins and DNA (with a restricted flexibility™?),
as well as the local dynamics of the biomolecules. In the highly crowded and heterogeneous
intracellular media, however, discrimination between these distinct dynamical processes is not
straightforward.

Data was obtained for MG-63 cells, both untreated (taken as the control) and drug-treated (for
48 h) — either with Pd2Spm or cisplatin at 12 or 24 uM. All QENS measurements were carried out
at 37 °C (310 K), to better represent the physiological environment. Since the cells were washed
with deuterated phosphate buffer saline prior to analysis, the measured signal was primarily
dominated by the scattering from protons in the intracellular water, which accounts for ca. 95% of
the total water within the system. Comparing data before and after drug administration allowed us
to identify drug-elicited dynamical changes, that were assessed through variations in the mobility
of the labile protons of the water molecules from both the cytoplasm and the hydration layers of
biomolecules within the cell.

The overall dynamics of the osteosarcoma cellular system, already in the absence of drug, was

found to be slower than that previously observed for the breast cancer MDA-MB-231 cells that

ACS Paragon Plus Environment

18

Page 18 of 42



Page 19 of 42

oNOYTULT D WN =

The Journal of Physical Chemistry

display a significantly higher flexibility (Figure 6). This distinct behavior between the two

neoplastic cell lines is in line with the differences in biochemical profile observed by FTIR.

— MG-63/untreated
——— MDA-MB-231/untreated

-0.4 02 0.0
E (meV)

Figure 6. QENS profiles (summed over all Q values, at 310 K) measured for the human cancer
cells MG-63 (osteosarcoma) and MDA-MB-231 (triple-negative breast cancer '7), in the absence
of drug. (Spectra were normalized to maximum peak intensity. (The dashed line represents the

instrument resolution, as measured by a standard vanadium sample).

Upon drug exposure (for 48 h) a slower dynamics was observed as compared to the untreated
cells, revealed by a distinctive narrowing of the QENS profiles, the impact of Pd2Spm being only
slightly lower than that of cisplatin (Figure 7 (A)). This drug-elicited decreased flexibility follows
the trend previously reported for the same drugs on a different human cancer cell type — triple-
negative breast adenocarcinoma!” — although in this case cisplatin was shown to have a
significantly higher impact as compared to the Pd-spermine complex (Figure 7 (B)). Additionally,
in the concentration range under assessment the drug-elicited effect on the MG-63 cells did not
display a direct dependency on concentration, 12 uM being the optimal dosage for a maximum
impact on water dynamics both for cisplatin and Pd>Spm (Figure 7 (C) and (D)). This is

particularly evident for the former, that prompts a less pronounced effect at 24 uM (Figure 7 (C)),
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while the Pd-agent yields similar QENS profiles for both concentrations (Figure 7 (D)). These
results are in agreement with cytotoxicity and FTIR data obtained by the authors for cisplatin and
Pd>Spm towards this osteosarcoma cell line (unpublished data), that revealed a very high cell
growth inhibition already at 12 uM and ca. 100% cell death at 24 pM. In turn, a distinctive

concentration-dependent drug influence was previously found for breast cancer cells.!”- '8

j \. ,/.
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= MG-63/Pd,Spm-12 yM = MDA-MB-231/Pd,Spm-8 uM

= MG-63/cisplatin-12 yM = MDA-MB-231/cisplatin-8 uyM
C 1 ) D

=
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= MG-63/untreated = MG-63/untreated
— MG-63/cisplatin-12 uM — MG-63/Pd,Spm-12 uM
= MG-63/cisplatin-24 u]\[ = MG-63/Pd,Spm-24 uM

Figure 7. QENS profiles (for all Q values, at 310 K) measured for human cancer cells (MG-63 or
MDA-MB-231) with and without drug: (A) MG-63 untreated and exposed to drug-12 uM. (B)
MDA-MB-231 untreated and exposed to drug-8 uM.!” (C) MG-63 untreated and exposed to
cisplatin-12 and 24 pM. (D) MG-63 untreated and exposed to Pd2Spm-12 and 24 uM. (Spectra
were normalized to maximum peak intensity. The dashed line represents the instrument resolution,

as measured by a standard vanadium sample).

Elastic scan plots (elastic intensity vs temperature) allow us to gain an overview of the
microscopic dynamics of a system over a wide range of temperatures, mainly used to identify
dynamical transitions, but can also give an indication of structural changes (as it is the elastic

intensity). Figures 8 (A) and (B) shows elastic window scans (for the whole temperature range
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probed, 20 to 310 K) presently measured for the MG-63 osteosarcoma cells, in the absence and
presence of the tested drugs at a 12 uM concentration, showing a clear dynamical transition at ca.
270 K which in this case reflects the melting of ice within the intracellular milieu (Figure8 (A)).
Drug incubation does not appear to affect the melting temperature, but the profile is somewhat
different to those formerly measured for a human metastatic breast cancer cell line!” (Figure 8 (C))
where a noticeable peak is observed around 260 K prior to the ice structure melting. This behaviour
is most likely due to the process of cold-crystallisation, which is commonly observed in heating
as a transition of amorphous to crystalline ice. Since Figure 8 represents the normalised elastic
intensity, an increase in crystal ice leads to an increase in the elastic intensity (as some amorphous
ice molecules are rendered immobile in the ice phase) and hence to a normalised elastic intensity
value larger than 1. This is suggestive of some structural re-organization within the system, that is
absent in the presence of drug and in the osteosarcoma cells. Confirmation that the drop in intensity
is due to the melting of ice can be obtained from plotting the elastic intensity as a function of Q
(Figure 8 (B) and (D)). Within the detector-coverage of OSIRIS, two out of the three expected
Bragg peaks for hexagonal ice can be distinguished, at 1.61 and 1.70 A"!, corresponding to
distances of 3.9 A and 3.7 A, respectively. Although the formation of ice is not disrupted by the
drugs, there are differences in the peak intensities (as well as in their progression with temperature,
Figure S1, Supplementary Information) which may indicate variations in the extent of the ice
network for the different cell lines. A full analysis of this issue is beyond the scope of the present
work and would require careful neutron diffraction experiments. However, the current
observations add to the suggestions from the dynamical changes measured by QENS for both types
of human neoplastic cells — poorly metastatic MG-63 versus highly metastatic MDA-MB-231 —

and constitute further evidence of their recognized dissimilarities regarding morphological,
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biochemical and possibly functional properties. In general, invasive cancer cells display an
increased plasticity relative to their non neoplastic counterparts, that has been suggested to mediate
tumor aggressive progression.>>’ Actually, specific membrane and cytoskeletal proteins as well
as particular tyrosine kinases, among others, have been identified as associated with enhanced cell
motility and the onset of metastasis in aggressive carcinomas such as human triple-negative breast
cancer.’® % Moreover, significant differences in the tumor fatty acid profile (e.g. unsaturation
degree) were identified in highly invasive cancers when compared to non-metastatic ones, which
influences membrane lipid rearrangement and seems to render the cell more prone to metastatic
growth.%% 6% 61 These noticeable chemical variations, associated to tumorigenicity and malignancy
degree, may justify the distinct behavior currently observed by QENS for human osteosarcoma
versus triple-negative breast cancer. Drug exposure was shown to elicit clear dynamical changes
in the MG-63 osteosarcoma cells, namely a considerable increased rigidity in drug-treated samples
as compared to drug-free ones. With a view to discriminate the distinct dynamical processes taking
place within the heterogeneous cellular matrix, aiming at an accurate interpretation of the drug
impact, the experimental QENS profiles were fitted according to the model previously optimized
for breast carcinoma cells,!” using one Delta function (elastic component) convoluted with three
Lorentzians (quasi-elastic contributions) (Equation 2, Supplementary Information), to represent:
(1) the very slow motions of the largest organelles and cytoskeleton, and global motions of the
macromolecules (slower than the longest observable time defined by the instrument resolution) —
assigned to the Delta function; (ii) the slow diffusion of the intracellular water (Q-dependent
reorientations mediated by hydrogen bonds), both within the cytoplasm and the biomolecule’s
hydration layers —fitted by two narrow Lorentzians (I'giobar); (ii1) the fast localized motions (Q-

independent) of the biomolecules and fast rotations of the cytosolic water molecules — ascribed to
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a broader Lorentzian (Ijocal). As formerly found for breast cancer cells!’, these are too complex
systems to be accurately reproduced with only two Lorentzian functions (I'giobal and T'iocar), since
the water molecules within the intracellular medium have distinct dynamical regimes depending
on their location — in the cytoplasm (with a higher mobility, ['g 1obareyt) or in the much more
constrained hydration layers of the cellular components (e.g. proteins or DNA, I'gigbavnyd). Hence,

not one but two Q-dependent Lorentzians were required to represent these motions (Figure S2).
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Figure 8. Elastic scan plots (20-310 K), as a function of T and of Q, for the human cancer cells
MG-63 (osteosarcoma) and MDA-MB-231 (triple-negative breast cancer): (A) and (B) - MG-63,
untreated and after exposure to either cisplatin or Pd>Spm at 12 uM; (C) and (D) — MG-63 and
MDA-MB-231 in the absence of drug. (Plots (B) and (D) correspond to 155 K and 270 K,
respectively). (The plots represent the elastic intensity integrated over the OSIRIS instrumental
resolution, normalised to the elastic intensity obtained at the lowest temperature (20 K), which

justifies the value higher than 1.0 observed for the MDA-MB-231 cells at ca. 260 K in Fig.8(C)).

The full widths at half-maximum were extracted from the Lorentzian functions representing each

of the quasi-elastic dynamical components, and their dependence on Q? provided information on

ACS Paragon Plus Environment

23



oNOYTULT D WN =

The Journal of Physical Chemistry

the dynamical behavior of the system at the different conditions tested: the confined localized
motions (broad Lorentzian) yielded a flat, Q-independent profile, while the non-localized
translations of intracellular water (narrower Lorentzians) gave rise to Q-dependent functions
(Figure 9), each of these motions having been found to be affected. The translational motions of
intracellular water — both from the cytoplasm and hydration layers — were interpreted in the light
of the known mechanism of activation and cytotoxicity of the metal-based agents currently
investigated, and in accordance with a previous study on breast cancer cells:!” in the absence of
drug, cytoplasmic water was found to be more flexible than hydration water as expected due to the
highly organized hydration layers that strongly interact with the corresponding biopolymers,
although this difference was considerably less marked than the previously measured one for breast
adenocarcinoma. The translational motions of cytoplasmic water were well represented by a
translational jump diffusion model (I'gobal increasing asymptotically to a plateau), with
significantly constrained motions when going from untreated to drug-exposed cells at increasing
dosages (12 to 24 uM, Figure 9 (A)). A distinct dynamical profile was revealed for hydration water
(Figure 9 (A)), that varied from a restricted Fickian diffusion in the drug-free cells (intact hydration
layers) to a translational jump behavior for drug-treated cells, in which the hydration layers were
prompted into a faster dynamics through a direct influence of the drug. An indirect effect is also
proposed to occur, due to the biomolecules” conformational rearrangement upon drug binding
(known to take place for this type of metal-based agents** %) that leads to disruption of their highly
structured hydration shell®® % and to a subsequent enhanced mobility. Regarding the fast internal
motions within the cell, they were shown to be independent of the scattering vector ((Figure 9 (B))

revealing localized dynamical processes.
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Figure 9. Variation of the full widths at half-maximum (FWHM) with Q? for untreated and drug-
treated (Pd2Spm- and cisplatin-12 uM) MG-63 cells in deuterated saline medium, at 310 K: (A)
Lorentzian functions representing the translational motions of intracellular water — cytoplasmic
medium and hydration layers. (B) Lorentzian function representing the internal localized motions

within the cell.

A drug impact was therefore identified on both the cytoplasmic and hydration water, with
opposed effects: a drug-prompted higher rigidity of the former coupled to an enhanced mobility of
the latter. In addition, these two cellular moieties are prone to influence each other, the dynamical
changes within them having an effect on the neighboring layers (cytoplasmic towards hydration
and vice-versa). Furthermore, it is evident from the Q-dependent plots representing intracellular
water’s translational motions (Figure 9 (A)) that the relative magnitude of the drug impact on the
dynamical processes of water within the cytoplasm vs the hydration layers is significantly lower
than the one formerly detected for MDA-MB-231 breast cancer cells,!” which is probably due to

the much lower plasticity of the intracellular milieu (cytoplasm) in the osteosarcoma MG-63 cells.
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Table 1 comprises the values of the translational diffusion coefficients (Dr), translational jump
times (tr) and correlation times for the localized motions of the cellular macromolecules (tv), at
the different drug concentrations tested (at 310 K), obtained from the dynamical model considered
for each case. These results reflect the effect of the tested Pt- and Pd-agents on intracellular water’s
dynamical behavior. For the dynamical processes associated to cytoplasmic water (I'globalicyt) a
decreased mobility upon drug exposure was unveiled, reflected in lower D values and higher t’s:
Dr*'%=1.28+0.009x 10~ vs 1.12+0.013x10™ and 0.88+0.008x10™ cm?s™! and t1=2.54+0.34 vs
5.81+0.66 and 6.91+0.65 ps, for untreated vs PdSpm- and cisplatin-12 uM treated cells,
respectively. Cisplatin led to a slightly stronger effect than Pd>Spm (mainly at 12 uM). In addition,
for this mononuclear Pt-agent a concentration increase from 12 to 24 uM was found to have a
minor influence on water dynamics (as evidenced by the corresponding QENS profiles). This drug
impact presently measured for osteosarcoma is less pronounced than the one formerly obtained for
the intracellular milieu (cytoplasmic water) in triple-negative breast cancer cells (MDA-MB-
231)'7: ca. 30% vs 80% reduced mobility, respectively. This is probably related to the significantly
lower flexibility of the osteosarcoma cells as compared to metastatic breast cancer (t1=2.54 vs 1
ps, respectively). For the water molecules within hydration layers (I'giobarmyd), a drug-triggered
increased flexibility (ca. 4-fold) was identified: D1°!°=0.17+0.0006x10 vs 0.72+0.008x10 and
0.78+0.01x10° cm?s” for untreated vs Pd,Spm- and cisplatin-12 pM treated cells. Although
significant, the drug impact on hydration water in osteosarcoma cells was not as dramatic as the
one observed for breast cancer.!” Regarding the localized motions (T'iocal) of the high molecular
weight cellular components (biomolecules, membranes), an enhanced mobility was found in the
drug-treated cells, corresponding to lower t values: 11=2.50+0.002x10 vs 1.82+0.02x107 and

1.81£0.005x10 cm?s™! for untreated vs Pd>Spm and cisplatin-12 pM treated cells, respectively.
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Table 1. Translational diffusion coefficients (Dt) and relaxation times (tr, 1) of water for
untreated and drug-treated MG-63 cells (at 310 K), corresponding to the slow (global translational)

and fast (localized rotational) dynamical processes within these systems (represented by I'giobalicyt,

[global/hyd and Tiocal, respectively).

sample Iglobal/cyt I'globar/hyd Iocal
Dr(x10° ecm?s™!)  tr (ps) Dr (x107° cm?s™!) | 11 (ps) TL (ps)
MG-63 1.28+0.01 2.54+0.34 | 70.17+0.00 - 2.50+0.01
MG-63+PdSpm-12 uM | 1.12+0.01 5.81£0.66 | 0.72+0.01 3.43+£0.88 | 1.82+0.02
MG-63+Pd>Spm-24 uM | 1.00+0.01 6.72+0.29 | 0.72+0.01 3.25+0.73 | 1.88+0.01
MG-63+cisplatin-12 uyM | 0.88+0.01 6.91+0.65 | 0.78+0.01 3.23+0.87 | 1.81%0.01
MG-63+cisplatin-24 uM | 0.89+0.01 7.02+0.67 | 0.82+0.01 3.48+0.96 | 1.91+0.01

*Fickian behavior (I'=2DQ?).

Overall, the dinuclear Pd-agent elicited a stronger effect on osteosarcoma as compared to the
formerly studied mammary adenocarcinoma, for which cisplatin prompted a significantly higher
effect. Additionally, 12 uM was clearly unveiled as an optimal drug dosage (under the
experimental conditions tested) for both cisplatin and Pd>Spm. Furthermore, the translational
diffusion coefficient currently obtained for cytoplasmic water in drug-free osteosarcoma cells
(D7*1%=1.28x10 cm?s™') was found to be greatly reduced from that of pure water (D1***=2.3x10°
cm?s™! 9), corroborating the low plasticity of this type of cells, while the Dt values measured in
drug-exposed cells are similar to the one reported for extreme halophiles, in which the high salt
concentration leads to a marked reduced mobility of intracellular water (D1?%3=1.29x10”° cm?s™! vs

D1319=1.12x10 ecm?s’!, respectively for halophiles®® and Pd>Spm-12 uM treated osteosarcoma).
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The results currently obtained coupled to those previously reported for human metastatic breast
cancer cells'” are indicative of a selective drug impact on intracellular water dynamics, both
regarding cell type (breast cancer vs osteosarcoma) and drug type (dinuclear Pd>Spm vs
mononuclear Pt-based cisplatin). This is in accordance with former results obtained by the team:
(1) cytotoxicity assays showing osteosarcoma cells as significantly more sensitive to the Pd-agent
than to cisplatin (ICso 12 vs 24 pM, respectively'®); (ii) vibrational microspectroscopy'® and NMR
experiments'® on the drug’s impact on cellular metabolism, revealing distinct mechanisms of
action for mononuclear Pt-based cisplatin as compared to polynuclear Pd,Spm. The data obtained
for both types of neoplastic cells, in tandem with the results recently reported by the authors on
the drug-DNA interaction,>® allow to attain a more accurate molecular interpretation of the
pharmacodynamics (effect on the pharmacological target) of this type of metal-based anticancer

drugs.
CONCLUSIONS

The effect of a polyamine dinuclear Pd(I1) drug (Pd>Spm) on human osteosarcoma cells (MG-
63) was studied, using SR-microFTIR and QENS to probe the cellular biochemical profile and
intracellular water dynamics, respectively. This multidisciplinary approach provided accurate and
unique information on the cellular matrix in the absence and presence of the antineoplastic agent
(at different concentrations), and a comparison was made to the conventional drug cisplatin. This
work builds on the success of previous similar experiments on human triple-negative breast cancer
cells'® 17 and DNA,** that evidenced a drug impact on distinct cellular constituents (DNA, proteins
and lipids) and a concentration-dependent effect on water molecules from the cytomatrix and the

hydration layers of biomolecules.
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Distinctive spectral signatures were obtained by synchrotron-based infrared microspectroscopy,
as a function of drug type and concentration, with specific biomarkers of drug action being
identified (representative of major cellular constituents) that enabled a molecular-level description
of variations in cellular biochemistry upon drug incubation. The main drug impact was found to
be on the lipidic and protein cellular components, with Pd>Spm exerting a stronger effect on the
MG-63 osteosarcoma cells than the clinical Pt-drug cisplatin. In particular, a drug-prompted
influence was observed on the membrane phospholipids coupled to a markedly decreased ratio of
unsaturated-to-saturated fatty acids. Coupling this information to the data previously obtained for

human metastatic breast adenocarcinoma,'® '’

it was possible to compare the Pd>Spm’s activity
towards both types of neoplastic cell lines thus assessing both effectiveness and selectivity:
different biochemical effects were measured, particularly towards the lipids. Interestingly, distinct
biochemical profiles were unveiled for these two cell lines, based on their infrared signatures,
namely regarding the unsaturation degree of fatty acids.

The quasi-elastic neutron scattering experiments performed on the drug-incubated osteosarcoma
cells revealed a marked impact on the intracellular milieu — cytoplasmic and hydration water
separately. While the former showed a restrained dynamics upon drug exposure, the hydration
shells were prompted into a more mobile state, in good agreement with the data previously
gathered for breast cancer.!” In addition, Pd,Spm was found to have a higher impact on
intracellular water for osteosarcoma relative to breast carcinoma, for an optimal dosage of 12 uM.
These results demonstrate the noticeable effect of metal-based antitumor agents on the dynamical
behavior of water molecules, supporting intracellular water as a promising novel therapeutic target

apart from the conventional biochemical drug receptors (e.g. DNA, proteins). This may hopefully

lead to an enhanced drug-induced cytotoxicity via the water molecules both in the intracellular
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medium and in the close vicinity of biopolymers (as previously shown for DNA?%). Moreover,
clear differences were found between the currently investigated osteosarcoma cells and the

metastatic breast cancer formerly studied! !’

, regarding: (i) their biochemical profile — namely the
level of fatty acid unsaturation — revealed by FTIR; (ii) the dynamical behavior of intracellular
water — breast cancer cells displaying a considerably higher plasticity — unveiled by QENS.

The present study benefited from the complementary information delivered by SR-microFTIR
and QENS, which provide high resolution data on both the cellular biochemical profile and
intracellular water dynamics upon drug administration. Furthermore, it adds to the metabolomic
studies previously performed for cisplatin- and Pd,Spm-osteosarcoma samples by NMR,7- 18 19
which probe the biological matrix on a different timescale and can only provide an average
metabolic profile. Once different types of cancers display distinct biochemical profiles the impact
of the currently tested agents on osteosarcoma may differ significantly from that previously
measured for human metastatic breast carcinoma, such a selectivity having been verified for
Pd>Spm (in agreement with the previous NMR metabolomic analysis). In fact, the present SR-
microFTIR and QENS experiments revealed different chemical and dynamical profiles for these
two cancer cell lines. This is a very important information for enhancing the effectiveness of the
chemotherapeutic treatment coupled to decreased deleterious side effects, and may also help to
circumvent acquired resistance mechanisms.

A comprehensive and reliable set of data has provided a molecular basis of cytotoxicity for the
promising anticancer agent Pd>Spm towards the very low prognosis human osteosarcoma,
shedding light into its mode of action. Namely through a multistep process that leads to loss of
function in vital biomolecules and ultimately to cell death: (i) direct binding to DNA (at the

purine’s N7 atom), that causes disruption of its native conformation and triggers biofunctional
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disability; (ii) perturbation of the nucleic acid’s hydration layer, which is prompted into a faster
dynamics, inducing changes in the biopolymer with consequences at the functional level; (iii)
impact on intracellular water (cytosol), with an expected global effect on essential cellular
components which hinder normal cellular function. This pivotal information will hopefully pave
the way for the development of novel Pd/Pt-based drugs against low prognosis osteosarcoma, that

mainly affects youngsters.
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