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Abstract 

Despite all efforts, cancer is still a growing health problem worldwide, metastatic breast 

carcinoma being the second most lethal cancer among women. So, improvement of 

chemotherapeutic approaches to metastatic breast carcinoma is a goal of the utmost 

importance in the public health area. Since Rosenberg´s serendipitous discovery of cisplatin, a 

widely used antineoplastic agent, other metal-based antitumour compounds have been 

pursued with a view to overcome cisplatin´s severe nephrotoxicity and acquired resistance. 

One of the research lines along this subject concerns polynuclear chelates comprising cisplatin-

like moieties linked by biogenic polyamine chains. The present study focuses on two dinuclear 

Pt(II) and Pd(II) chelates with spermine (Pt2Spm and Pd2Spm), probing their cellular impact 

(alone or in combination). 

The first aim of this work was to evaluate the antineoplastic properties of these 

complexes towards triple negative human breast carcinoma cells (MDA-MB-231), in sole 

administration and combined with the anti-mitotic agent Docetaxel (Taxotere®), regarding 

anti-proliferative, anti-invasive and anti-angiogenic capacities, in search for a synergistic 

interaction. Improved therapeutic schemes were sought, capable of increasing the survival 

rates for this poor prognosis cancer, hopefully circumventing chemoresistance to cisplatin-like 

agents. Promising anti-proliferative, anti-invasive and anti-angiogenic abilities were found for 

Pd2Spm/Docetaxel combinations. 

In addition, studies of drug–cell interactions in cancer model systems were pursued, 

since they are essential in the pre-clinical stage of rational drug design, which relies on a 

thorough understanding of the mechanisms underlying cytotoxic activity and biological effects, 

at a molecular level. With the use of complementary vibrational spectroscopy methods, the 

cellular impact of Pt2Spm and Pd2Spm was assessed, using cisplatin as a reference compound. 

The effects on cellular metabolism were monitored in MDA-MB-231 cells, by Raman and 

synchrotron-radiation infrared microspectroscopies, for different drug concentrations (2 – 8 

µM) at a 48 h drug exposure. Multivariate data analysis was applied, unveiling drug- and 

concentration-dependent effects: apart from discrimination between control and drug-treated 

cells, a clear separation was obtained for the different agents studied – Pt(II) vs Pd(II), and 
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mononuclear (cisplatin) vs polynuclear (Pt2Spm and Pd2Spm). Spectral biomarkers of drug 

action were identified, as well as the cellular response to the chemotherapeutic insult. The 

main effect of the tested compounds was found to be on DNA, lipids and proteins, the Pd(II) 

agent having a more significant impact on proteins while its Pt(II) homologue affected the 

cellular lipid content at lower concentrations. These results suggest the occurrence of distinct 

and unconventional pathways of cytotoxicity for these dinuclear polyamine complexes. Raman 

and FTIR microspectroscopies were confirmed as powerful non-invasive techniques to obtain 

unique spectral signatures of the biochemical impact and physiological reaction of cells to 

anticancer agents. 

Finally, the first neutron scattering study on human cells is reported, for addressing the 

subject of solvent slaving to a drug by probing intracellular water, with a view to ascertain 

variations upon drug exposure. Inelastic and quasi-elastic neutron scattering spectroscopy 

experiments with isotope labelling were performed, for monitoring this interfacial water 

response to cisplatin treatment (at 8 and 20 µM) in the same cell line (MDA-MB-231). Optical 

vibrational data were also obtained, for lyophilised cells. The intracellular water behaviour in 

the presence of cisplatin was found to be different from bulk water as well as from cytoplasmic 

water in drug-free cells. Concentration-dependent dynamical changes evidencing a progressive 

mobility reduction were unveiled between untreated and cisplatin-exposed samples, 

concurrent with variations in the native organisation of water molecules within the 

intracellular medium as a consequence of drug action. The results thus obtained yielded a clear 

picture of the intracellular water response to cisplatin and constitute the first reported 

experimental proof of a drug impact on the cytomatrix by neutron techniques. This is an 

innovative way of tackling a drug´s pharmacodynamics, searching for alternative targets of drug 

action (secondary drug targets). 
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Resumo 

Apesar de todos os esforços, o cancro continua a ser um problema de saúde mundial 

sendo o cancro de mama metastático o segundo mais letal em mulheres. Assim, melhorar as 

abordagens quimioterapêuticas no caso do cancro de mama metastático é de extrema 

importância para a saúde pública. Desde a descoberta da cisplatina por Rosenberg que esta 

passou a ser amplamente utilizada em oncologia. No entanto, devido à sua elevada 

nefrotoxicidade e resistência adquirida a procura de outros compostos inorgânicos com vista 

a ultrapassar estes problemas é de extrema importância. Uma das linhas de investigação na 

área é a inclusão de unidades semelhantes à cisplatina em quelatos polinucleares utilizando 

poliaminas biogénicas como ligandos. Este trabalho visa explorar o impacto celular de dois 

quelatos dinucleares de Pt(II) e de Pd(II) com espermina (Pt2Spm e Pd2Spm), tanto em 

administração isolada como em combinação com outros fármacos. 

O primeiro objetivo deste estudo foi avaliar as propriedades antineoplásicas destes 

complexos quando administrados isoladamente ou em combinação com o Docetaxel 

(Taxotere®), um agente anti-mitótico, numa linha celular humana de cancro de mama triplo 

negativo (MDA-MB231), avaliando a sua capacidade anti-proliferativa, anti-invasiva e anti-

angiogénica, com vista à obtenção de sinergismo. O desenvolvimento de melhores esquemas 

terapêuticos poderá levar a um aumento da percentagem de sobrevivência para este tipo de 

cancro (de fraco prognóstico), contornando a resistência à quimioterapia para complexos 

semelhantes à cisplatina. Para a combinação Pd2Spm/Docetaxel foram obtidos efeitos anti-

proliferativo, anti-invasivo e anti-angiogénico muito promissores. Foram ainda realizados 

estudos de interação fármaco-célula em modelos de cancro humano, sendo estes essenciais 

ao desenvolvimento racional de fármacos numa fase pré-clínica. 

A utilização de métodos complementares de espectroscopia vibracional permitiu 

determinar o impacto celular dos complexos Pt2Spm e Pd2Spm, usando a cisplatina como 

composto referência. O impacto sobre o metabolismo celular foi monitorizado para a linha 

MDA-MB231, por microespectroscopias de Raman e Infravermelho (com radiação de 

sincrotrão) utilizando diferentes concentrações de composto (2 – 8 µM) para um tempo de 

exposição de 48 h. O uso de análise multivariada dos dados obtidos permitiu identificar um 
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nítido efeito dependente da concentração, tal como discriminar entre células controlo e 

células tratadas, assim como o impacto dos diferentes agentes testados – Pt(II) vs Pd(II) e 

mononuclear (cisplatina) vs polinuclear (Pt2Spm and Pd2Spm). Foram identificados 

biomarcadores espectrais da ação destes compostos, assim como a resposta celular devida à 

perturbação quimioterapêutica. O efeito principal dos complexos estudados verificou-se ao 

nível do DNA, dos lípidos e das proteínas, tendo o agente de Pd(II) um impacto mais 

significativo nas proteínas enquanto que o seu homólogo de Pt(II) afetou mais os lípidos 

(mesmo a baixas concentrações). Os resultados obtidos sugerem a ocorrência de vias distintas 

e não convencionais de citotoxicidade para estes complexos dinucleares com poliaminas. As 

microespectroscopias de Raman e FTIR foram confirmadas como sendo técnicas potentes e 

não-invasivas para obtenção de assinaturas espectrais do impacto bioquímico e reação 

fisiológica das células a agentes anticancerígenos. 

Finalmente, é reportado o primeiro estudo por difração de neutrões em células 

humanas, que visa abordar o condicionamento do solvente a um fármaco através da análise da 

água intracelular com o intuito de verificar as variações provocadas pela exposição ao agente 

quimioterapêutico. As experiências de espectroscopia de difração de neutrões, inelástica e 

quase-elástica, com marcação isotópica foram realizadas de modo a monotorizar a resposta 

da água interfacial ao tratamento com cisplatina (8 e 20 µM) na mesma linha celular (MDA-

MB231) previamente investigada. Foram também obtidos dados de espectroscopia vibracional 

ótica para as células liofilizadas. Verificou-se que o comportamento da água intracelular na 

presença da cisplatina foi diferente do da água livre de constrangimentos, assim como da água 

citoplasmática em células não tratadas. As alterações dinâmicas dependentes da concentração 

evidenciaram uma redução de mobilidade progressiva (e dependente da concentração) entre 

as amostras não tratadas e as expostas à cisplatina, observadas em simultâneo às variações na 

estrutura nativa das moléculas de água no meio intracelular, como consequência da ação do 

fármaco. Os resultados obtidos permitiram obter uma imagem clara da resposta à cisplatina 

por parte da água intracelular, sendo esta a primeira prova experimental, mediante o uso de 

técnicas espectroscópicas com neutrões, do impacto de um fármaco na matriz celular. Este é 

um modo inovador de abordar a farmacodinâmica de um agente quimioterapêutico, na busca 

de recetores alternativos (alvos terapêuticos secundários). 
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1.1. The Systems 

1.1.1. Breast Cancer 

Breast cancer is the second most common type of cancer worldwide and the most 

frequent among women [1], being the fifth cause of death from neoplastic disease. Particularly 

regarding invasive breast cancer, although the 5-year survival rates have increased from 75% 

to 90% since the mid-1970s, the prognosis is still poor due to its high metastatic capacity [2-

4]. In Portugal, it is estimated that there are 10600 deaths among women per year due to 

neoplasia, from which 16.9% are due to breast cancer, this being the most frequent cancer 

type with around 6000 new cases every year [5]. 

The female breast is mostly made up of a collection of fat cells that constitute the adipose 

tissue. This tissue extends from the collarbone down to the underarm and across to the middle 

of the ribcage. The normal architecture of a healthy female breast is show in Figure 1. It is 

made up of 12–20 sections called lobes arranged like the petals of a daisy. Each lobe arises 

from multiple smaller lobules which is the gland that produces milk in nursing women. These 

connect to a common terminal interlobular duct, the so called milk ducts, which continue to 

their outlet at the nipple. These breast structures are generally where cancer begins to form. 

Histologically, lobules and ducts are lined by a single layer of luminal epithelial cells, surrounded 

by transversely oriented myoepithelial cells. These structures are separated from the 

surrounding tissue, or stroma, by a basement membrane, the breach of which distinguishes 

invasive carcinoma from in situ carcinoma [6]. The surrounding stroma comprises the 

Figure 1 – Schematic representation of normal breast [7]. (A) – Front view; (B) – Side view. 
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extracellular matrix, discrete cells (e.g., fibroblasts, immune cells and adipocytes), and 

organised structures (e.g., blood vessels), each of which contributes to the overall 

configuration of the local microenvironment. 

Histopathologists have long recognised, through morphological observations, the high 

heterogeneity of breast cancer. Actually, breast cancer is a heterogeneous neoplasm 

originating from the epithelial cells lining the milk ducts. Accordingly, based on their overall 

morphology and structural organisation, breast tumours have been classified into multiple 

categories. Within these, two major groups were identified: invasive ductal and invasive lobular 

carcinomas, respectively accounting for about 75% and 10% of the total cases [8]. These two 

categories and their combinations cover the vast majority (ca. 90%) of the breast cancers. The 

remaining 10% can be found under medullary, neuroendocrine, tubular, apocrine, metaplastic, 

mucinous (A and B), inflammatory, comedo, adenoid cystic and micropapillary types [9]. 

Although the histopathological classification has been progressively refined and replaced 

by a molecular characterisation which allow a better understanding of disease mechanisms and 

prediction of clinical outcome. This molecular classification is based on the presence of specific 

markers which can define cancer subtypes with different prognosis as well as identify their 

susceptibility to targeted chemotherapy [10]. The most common biomarkers detected by 

immunohistochemistry (IHC) methods are the oestrogen receptor (ER), the progesterone 

receptor (PR) and the human epidermal growth factor 2 (HER2) [11]. Assessment of the 

expression of these three receptors, coupled to traditional clinicopathological variables (e.g. 

tumour size, tumour grade and nodal involvement) leads not only to patient prognosis but 

also to the prediction of the tumours’ response to specifically directed treatments. A 

combined assessment of the three markers (ER/PR/HER2) allows an accurate assignment to 

specific categories, namely ER+ (ER+/HER2-), HER2+ (ER-/HER2+), triple negative (ER-/PR-/ 

HER2-) and triple positive (ER+/PR+/HER2+). From the prognostic point of view, the ER+ 

tumours are those with a best overall outcome, while the triple negative breast cancer (TNBC) 

is the one with the worst prognosis among all subtypes [12]. 

The breast cancer associated (BRCA) genes – BRCA1 and BRCA2 - are very relevant in 

this type of neoplasia, since individuals who carry mutations in these genes are predisposed to 

an early-onset of breast and/or ovarian cancers, as well as of other malignancies. Many of these 
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genetic-related breast tumours, especially the ones with the BRCA1 mutation, are classified 

as TNBC (over 80%) [13,14]. Although sporadic TNBC can also arise in women without the 

BRCA genes mutation, they still present a downregulated expression of gene promoters 

through methylation and other epigenetic mechanisms [15]. As BRCA genes are involved in 

homologous recombination processes, mutation carriers have a higher sensitivity to drugs that 

induce DNA double-strand breaks [16]. 

TNBC accounts for at least 10-20% of all breast cancer subtypes (being more prevalent 

in young women [17]) and due to its aggressiveness it has a higher risk of recurrence and 

mortality in the first 5 years after diagnosis [17-19]. The overall survival (OS) for women with 

metastatic TNBC is 13 months, and less than 30% of the cases survive longer than 5 years 

[12]. In fact, this type of cancer can yield metastasis within 3 to 10 years after diagnosis of the 

primary tumour, despite its surgical removal, due to neoplastic cell dissemination that leads to 

minimal residual disease (MRD) – presence of metastasis-initiating malignant cells in distant 

organs, usually undetectable [20,21]. In order to spread and form metastasis, the initial tumour 

needs to mobilise blood vessels to form a vascular support. Without this, tumours have a very 

limited capacity to grow, as they need nutrients to be delivered to meet the metabolic 

requirements of the growing tumour. For this type of neovascularisation to start, the tumour 

must switch to an angiogenic phenotype [22]. There are several mechanisms through which a 

tumour can establish a blood supply, angiogenesis being one of them [23]. It consists in the 

generation of new blood vessels from the existing vasculature. In order to accomplish this, the 

angiogenic pathway requires, at an early stage, the degradation of the basement membrane 

followed by endothelial cell migration and invasion of the extracellular matrix and capillary 

lumen [24]. On a posterior phase, new vasculature is formed upon inhibition of further 

endothelial proliferation, reconstitution of the basement membrane and junctional complex 

formation, and organisation of endothelial cells into a new luminal space [25]. In order to 

establish a tumour blood supply via this mechanism, particular angiogenic promoters and 

inhibitors are required. An important family of angiogenic factors is the vascular endothelial 

growth factor (VEGF), which occurs throughout tumour stages and constitutes the foremost 

controller of physiological and pathological angiogenesis [26,27]. 
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Accordingly, development of new anticancer agents and chemotherapeutic strategies 

against TNBC is of paramount importance, specifically aiming at a higher efficiency regarding 

cell growth inhibition and decreased invasiveness and angiogenesis, coupled to lower acquired 

resistance and deleterious side effects. 

1.1.2. Biological Models 

1.1.2.1. Cell lines 

Cell lines are widely used as low maintenance in vitro models in cancer research since 

they are cost effective and avoid ethical concerns associated with the use of animals. 

The first cell line – HeLa – was established over 60 years ago by George Gey [28]. It 

was named after Henriquetta Lacks, the lady who had a cervical carcinoma and from whom 

the cell line was derived. Shortly after, in 1958, the first breast cancer cell line – BT-20 – was 

established, although only 20 years afterwards have breast cancer cell lines become more 

recurrent, with the University of Texas MD Anderson series [29] (e.g. MDA-MB-231) and 

MCF-7. This is a particularly good model to study cancer hormone response, due to its 

sensitivity to oestrogen through ER expression [30]. From then on, only a few successes have 

been achieved, such as the SUM series comprising 10 cell lines derived from either breast 

primary tumours, pleural effusions or distinct metastatic sites in individual patients [31]. 

The breast cancer sub-classification were initially defined through a 50-gene quantitative 

protein chain reaction (qPCR) assay (PAM50), that was developed to identify the intrinsic 

biological subtypes using RNA isolated from breast tissue [32]. This assay is based on gene 

expression analysis and segregates breast cancer tumours into four groups: basal-like (BL), 

luminal, normal-like and HER2 (Table 1). When analysed through the PAM50, most of the 

TNBC´s fall into the BL set, the remaining being distributed among luminal and HER2. Finally, 

the claudin-low fifth subtype was identified, having been initially clustered with the BL group 

due to the lack of ER, PR and HER2 expression. This type of TNBC´s are less proliferative 

than the BL tumours, but display an enhanced expression of mesenchymal genes [33]. 

Identification of claudin-low type breast cancer was the first step for understanding that 

not all TNBC cases fall exactly into the intrinsic subtypes provided by PAM50. Lehmann et al. 

used the ER, PR and HER2 molecular analysis coupled to mRNA expression to identify triple-  
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Table 1 – Molecular classification of human breast cancer. 

Classification IHC status Other characteristics Example cell lines 

Luminal A ER+, PR+/-, HER2- Ki67 low, endocrine responsive, often chemotherapy responsive MCF-7, T47D, SUM185 

Lumina B ER+, PR+/-, HER2+ 
Ki67 high, usually endocrine responsive, variable to chemotherapy. 

HER2+ are trastusumab responsive 
BT474, ZR-75 

Basal-like ER-, PR-, HER2- 
EGFR+ and/or cytokeratin 5/6+, Ki67 high, endocrine 

nonresponsive, often chemotherapy responsive 
MDA-MB-468, SUM190 

Claudin-low ER-, PR-, HER2- 
Ki67, E-cadherin, claudin-3, claudinin-4 and claudinin-7 low. 

Intermediate response to chemotherapy 

MDA-MB-231, BT549, 

Hs578T, SUM1315 

HER2 ER-, PR-, HER2+ Ki67 high, trastusumab responsive, chemotherapy responsive SKBR3, MDA-MB-453 

EGFR, epidermal growth factor receptor; ER, oestrogen receptor; HER2, human epidermal growth factor receptor 2; PR, progesterone receptor. Ki67, 

proliferation marker; + and -, represents a positive or negative response to a specific receptor respectively. The cell line studied along this work is in blue, 

bold face case. 

negative status through gene set enrichment analysis [34]. This led to a re-classification of 

TNBC into seven distinct molecular subtypes: BL1, BL2, mesenchymal (M), mesenchymal-stem 

cell-like (MSL), immunomodulary (IM), luminal androgen receptor/luminal-like (LAR) and 

unclassified subtype (UNC) (Figure 2, Table 2) [34]. 

Figure 2 – Breast cancer intrinsic subtypes and TNBC types. 

Based on the identification of breast cancer cell lines according to each one of these 

seven defined subtypes, it was possible to access the primary signaling pathways through which 

they may be responsive to different therapies. 

Immortalised human breast cancer cell lines still remain a powerful experimental tool 

and information obtained from biological screenings using this in vitro model can often be 

translated into clinical benefit, preceding ex vivo and in vivo trials. Cell lines are particularly used 

as an in vitro model in cancer research as they have a number of advantages such as being easy 

to handle and represent an unlimited self-replicating source that can be grown in almost infinite 

quantities. Moreover, they display a relatively high degree of homogeneity and are easily 
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Table 2 – Targeting signaling pathways identified in gene set enrichment analysis of TNBC subtypes. 

Subtypes Pathways Example cell lines 

BL1 Cell cycle, DNA damage response HCC2157, HCC1599, HCC1937, HCC1143, 

HCC3153, MDA-MB-468, HCC38 

BL2 Cell cycle, DNA damage response, growth factor signaling SUM149PT, CAL-851, HCC70, HCC1806, HDQ-P1 

IM Immune signaling, cytokine signaling, antigen presentation HCC1187, DU4475 

M Cell motility, ECM receptor interactions, cell differentiation BT-549, CAL-51, CAL-120 

MSL Cell motility, cell differentiation, growth factor signaling Hs578T, MDA-MB-157, SUM159PT, MDA-MB-436, 

MDA-MB-231 

LAR Steroid synthesis and metabolism MDA-MB-453, SUM185PE, CAL-148, MFM-223 

BL, basal-like; M, mesenchymal; MSL, mesenchymal-stem cell-like; IM, immunomodulary; LAR, luminal androgen receptor/luminal-like. The 

cell line studied along this work is in blue, bold face case. 

replaced from frozen stocks if lost through contamination. However, cell lines are also 

susceptible to genotype and phenotype drift during their continual culture, which is a 

disadvantage. Nevertheless, they will continue to be used, although two-dimensional culture 

is being gradually combined with three-dimensional (3D) studies (including co-cultures) in 

order to better represent the cancer microenvironment and understand the molecular basis 

of breast cancer behaviour [35]. 

1.1.2.2. Chick Embryo Chorioallantoic Membrane 

The chick embryo chorioallantoic membrane (CAM) is an extraembryonic membrane 

which serves as a gas exchange surface, its function being supported by a dense capillary 

network [36,37]. As an in vivo model, the CAM has been broadly used to study the angiogenesis 

process and to investigate the efficacy and mechanism of action of proangiogenic and anti-

angiogenic molecules, due to its extensive vascularisation and easy accessibility. The chick 

embryo is also known for the lack of a fully developed immunocompetent system, rendering 

the CAM a very good host tissue for tumour grafting. In fact, this is a suitable model to study 

the metastatic potential that characterises human malignancies [38], some of its advantages 

being: (a) high reproducibility and reliability; (b) easy methodology and cost effectiveness; (c) 

high embryo survival rate; (d) no need for sterility. The CAM contains extracellular matrix 

(ECM) proteins such as fibronectin, laminin, collagen type I and integrin 𝛼𝜈𝛽з [39]. These 

proteins allow some analogy with the physiological cancer cell environment. 
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Figure 3 depicts the anatomic features of an embryonated chicken egg, the chick embryo 

development lasting up to 21 days. Histologically, the CAM consists of three layers, the 

chorionic epithelium, which is the somatic mesoderm attached to the shell membrane, the 

allantoic epithelium that is the mesoderm facing the allantoic cavity, and the intermediate 

mesodermal layer, which can be found between the chorionic and allantoic epithelium and is 

enriched in blood vessels and stromal components [37,38,40,41]. At about 3.5 days of 

incubation as an evagination from the ventral wall of the endoderm, the allantois of the chick 

embryo appears. During the fourth day, the allantois pushes out the body of the embryo into 

the extraembryonic coelom. Its proximal portion is found to be parallel and caudal to the yolk 

sac. The narrow proximal portion is the allantoic stalk, which is wrapped around the umbilical 

artery and vein. The distal portion, the allantoic vesicle (full of allantoic fluid), gradually 

separates from the embryo and is characterised by rapidly enlarging from day 4 to day 10. 

Fluid accumulation distends the allantois, making the terminal portion look like a balloon in 

entire embryos [37,40,41]. An extensive morphometric investigation has shown a marked 

extension of the CAM surface area from 6 cm2 at day six to 65 cm2 at day 14 [42]. The CAM 

blood vessels appear at day 4 as a network of immature, undifferentiated capillaries. Their 

walls consist of a single layer of endothelial cells with large luminal diameters, scattered in the 

mesoderm between two epithelium layers [43]. In this process, the mesodermal stratum of 

the allantois fuses with the adjacent mesodermal layer of the chorion to form the CAM, that 

displays blood vessels growing rapidly until day 8, giving rise to a capillary plexus [37,38,40,41]. 

Figure 3 – Anatomical features of an embryonated chicken egg at approximately 11 days of incubation. (Adapted 

from [44]). 
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At this stage, the CAM shows small thin-walled capillaries with a small luminal diameter 

(10-15 lm) beneath the chorionic epithelium and other vessels with a larger diameter (10-115 

lm) in the mesodermal layer, with walls containing a layer of mesenchymal cells surrounding 

the endothelium, completely wrapped by a basal lamina together with the endothelial cells. 

This capillary plexus is located between the chorionic and allantoic epithelia, and the larger 

umbilical artery and vein within the allantoic vesicle [45]. The umbilical artery emerges from 

the embryonic abdominal wall, branches into two primary chorioallantoic arteries and the 

CAM is drained by a single chorioallantoic vein [46]. The primary chorioallantoic arteries are 

reported to extend into six or seven generations [46]. The earlier fifth and sixth generations 

of blood vessels are located parallel to the CAM surface and deep into the vein, which has an 

alike distribution. The later generations change direction abruptly, passing almost vertically in 

the two-dimensional capillary plexus. 

Capillary proliferation continues rapidly until day 10 and is now near the surface of the 

chorionic epithelium. The mesodermal vessels become distinct arterioles and venules. In 

addition to the endothelium, the walls of the arterioles contain one or two layers of 

mesenchymal cells and the amount of connective tissue surrounding them has increased. 

Venules are surrounded by an incomplete investment of mesenchymal cells, while the 

connective tissue has accumulated within their walls. Until day 13 the mesenchymal cells are 

presumed to be developing smooth muscle cells (SMC) and connective tissue, as the arterial 

endothelial junctions become more extensive [47]. Capillaries show no changes in the 

periendothelial space, the veins accumulating less SMC´s and connective tissue than arteries. 

At this stage, the endothelial cell mitotic index declines rapidly, arteries develop a distinct 

muscular layer and a more complete basement membrane, and the vascular system attains its 

final arrangement on day 18, just before hatching [48].  

Although characterised as a very simple vascularised structure, the CAM serves multiple 

functions during embryo development, namely allowing for a respiratory function alongside 

with the capillary plexus located immediately adjacent to the porous shell [37,49]. In addition 

to this respiratory interchange (of oxygen and carbon dioxide), the CAM is involved in the 

calcium transport from the eggshell to the capillary plexus [50,51], the embryo´s acid-base 

homeostasis [40], and the ion and water reabsorption from the allantoic fluid [52,53]. The 
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allantois also serves as a reservoir for the waste products excreted by the embryo [37,45]. 

The CAM model can be used to study not only angiogenesis but also to follow tumour growth 

[54], cell invasion [55,56] and metastasis [36,38]. 

1.1.3. Platinum and Palladium Complexes 

In order to win the battle against cancer, the discovery of new pathways, targets and 

antineoplastic agents is crucial. Recently, there has been a renewed interest in a class of “old-

fashioned” chemotherapeutic agents, the platinum complexes.  

Particularly regarding breast cancer, its most aggressive type, TNBC, has some 

similarities to tumours originating in BRCA1 mutation carriers. Apart from being negative for 

ER, PR and HER2, it frequently presents mutations at the tumour suppressor gene p53 level 

[57]. p53, as well as p63 and p73, form a family of related transcription factors that play an 

important role in tumour suppression, response to DNA damage and differentiation [58]. For 

these tumour proteins, a TNBC survival pathway dependent on p63-mediated cisplatin (cis-

dichlorodiammine platinum(II); cis-Pt(NH3)2Cl2) sensitivity has been reported [59], as well as a 

cisplatin-induced p73 phosphorylation and transcriptional activity [60]. More recently, this 

platinum-drug has been considered a potent inhibitor of p63 expression, capable of p73 activity 

regulation either directly (through post-translational modification) or indirectly (via reduction 

of p63) [61]. 

In addition, BRCA1 is known to be involved in DNA double-strand break repair. When 

in the presence of BRCA-mutated cells, the DNA cross-link strand breaks induced by platinum 

agents are more difficult to repair due to a deficiency in the homologous recombination repair 

mechanisms [62] (Figure 4). As previously stated, TNBC tends to have a mutated BRCA1 

gene, which justifies the higher sensitivity of this type of tumours to DNA-damaging 

chemotherapeutic agents (e.g. platinum compounds) – triggering intrastrand and/or interstrand 

DNA cross-links, stalled replication forks and DNA double strand breaks [63]. 

Since Rosenberg’s serendipitous discovery of cisplatin  [64-66] and in spite of the high 

number of studies in this field [66-69], only three platinum-based compounds are currently 
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approved worldwide as anticancer drugs for clinical use: cisplatin, carboplatin (second-

generation) and oxaliplatin (third-generation) (Figure 5). Recent studies have shown that the 

use of single-agent treatment with cisplatin or carboplatin in TNBC patients as first- or second-

line chemotherapy retrieved a 32% and 19% overall response rate (ORR), respectively. BRCA 

mutation carriers had a better outcome with an ORR of 55%. However, the median 

progression-free survival (PFS) and OS did not improve much. In turn, as neoadjuvant drugs 

against TNBC, cisplatin and carboplatin have shown sufficient antineoplastic activity. However, 

Figure 4 – Main cisplatin induced cellular effects. 

Figure 5 – Structural representation of platinum-based compounds used in the clinic as anticancer drugs. 
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some clinical trials are underway aiming at determining which platinum agent, treatment 

schedule and dosage should be used, and whether they are best administered in combination 

therapies or in sole administration substituting for standard treatments.  

Cisplatin´s mechanism of action is schematically displayed in Figure 6, according to the 

current state of knowledge. Once transported into the low chloride concentration 

intracellular media, through either passive diffusion or active transport (e.g. copper transporter 

Figure 6 – Schematic representation of cisplatin mechanism of action and resistance to the drug. Cisplatin might 

enter the cells by passive diffusion or through transporters such as the CTR1. Once in the nucleus, cisplatin 

covalently binds to the N7 position of purine bases forming mainly intrastrand cross-links leading to severe DNA 

damage and inducing apoptotic cell death. Downregulation of CTR1 results in less drug entering the cell and, 

therefore, to drug resistance. The intracellular low chloride concentration is propitious to cisplatin activation, 

since this is dependent on chloride hydrolysis. In the cytoplasm, the activated aqua species preferentially reacts 

with sulphur-containing species (e.g. cysteine or methionine amino acids) such as glutathione (GSH) or 

metallothioneins (MT). If GSH and MT levels are high, cisplatin can be inactivated before DNA binding can occur, 

thereby causing resistance. Finally, active export of cisplatin from the cells may occur through the copper-

transporting P-type adenosine triphosphate (ATP7A and ATP7B) or the multidrug resistance-associated protein 

2 (MRP2), which also contributes to drug resistance. Drug effects may also be overcome by post-target resistance 

mechanisms such as the nucleotide excision repair (NER), mismatch repair (MMR) or p53 inactivation. 
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1, CTR1 [70]), its hydrolysable Cl- ligands are displaced by water molecules, yielding a 

positively charged unstable and therefore highly reactive species. The resulting monoaqua 

[Pt(NH3)2Cl(H2O)]+ and diaqua [Pt(NH3)2(H2O)2]
2+ complexes will then bind covalently to 

nucleophilic sites on DNA, especially to the N-7 atom of purine bases (mainly guanine) [71], 

forming predominantly intrastrand 1,2- and 1,3-crosslinks and, less frequently, interstrand 

adducts, which trigger cell cycle arrest and apoptotic death. These platinum-DNA adducts 

interfere with DNA transcription and replication, which can lead to miscoding and single or 

double-strand breaks. After this damage is recognised by p53 and other checkpoint regulators 

(such as mismatch repair (MMR) proteins), cells are directed to apoptosis. As discussed 

previously, upregulation of p63 and p73-mediated apoptotic pathways may enhance the 

sensitivity of TNBC cells to Pt-based agents. 

However, platinated DNA may undergo repair, rendering the cells resistant to therapy. 

The mechanisms underlying resistance to Pt-based compounds have been classified into pre-

target (interference with cisplatin transport prior to DNA binding), on-target (repair of drug-

DNA adducts), post-target (after Pt-DNA adduct formation) and off-target (associated to 

changes in signalling pathways) [72]. Apart from being administered only intravenously and 

developing acquired resistance, cisplatin presents severe side effects (e.g. nephrotoxicity, 

hepatotoxicity, myelosupression). Hence, numerous Pt(II) complexes have been synthesised 

with a view to overcome these drawbacks [73,74]. However, carboplatin and oxaliplatin are 

the only ones currently approved for clinical use worldwide. 

Carboplatin comprises a bidentate dicarboxylate ligand as a leaving group, instead of the 

more labile cisplatin’s chlorides [75] (Figure 5). This renders its kinetics of hydrolysis much 

slower when compared to cisplatin´s, leading to a significantly lower toxicity arising from 

parallel reactions with other molecules/receptors apart from the pharmacological target 

following drug activation (upon hydrolysis). Therefore, while yielding the same type of DNA 

adducts [76], carboplatin allows more time for the drug to be activated and reach the target 

[77]. Although being responsible for reduced side-effects (particularly regarding 

nephrotoxicity, which is negligible), it still retains a limiting myellosupressive activity. 

Carboplatin was tested in combination with Docetaxel (Taxotere®, DTX, Figure 7) against 

metastatic TNBC and showed contradictory results concerning the improvement on 
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pathologic complete response values (absence of residual invasive disease) [78,79]. DTX is an 

established taxane-type antineoplastic drug, used in the clinic against several types of cancer 

(namely metastatic breast adenocarcinoma [80], hormone-refractory prostate cancer and lung 

cancer), but it is generally administered in combination regimes in order to avoid 

chemoresistance [81]. As opposed to the DNA-damaging metal-based agents, DTX is an anti-

mitotic compound (acting via an effect on the centrosome of the mitotic spindle). 

Figure 7 – Structural representation of Docetaxel. 

Oxaloplatin, on the other hand, contains an oxalate as the leaving group and a quite 

bulky bidentate ligand (1,2-diaminocyclohexane, Figure 5) that confers an extra stability [82,83] 

and partially hinders the formation of adducts with GSH and other sulphur-containing 

biomolecules (e.g. MT), leading to a lower ototoxicity and nephrotoxicity as well as to a higher 

tolerability profile, especially in older patients [84-86]. Additionally, it was found to have a 

higher cytotoxicity when compared to cisplatin and carboplatin, as well as a lower acquired 

resistance, particularly for colorectal cancer (where it is administered in combination 

regimens, e.g. with 5-fluorouracil and folinic acid [87]), but also for gastric [88] and prostate 

cancers [89]. Nevertheless, it has a high grade of neurotoxicity, which can result in an acute 

and chronic neuropathy [90,91]. 

In order to develop new metal-based compounds with a higher efficiency and less side 

effects, coupled to a lower acquired resistance, particular attention has been paid to 

polynuclear Pt(II) chelates (comprising 2 or 3 metal centres), namely with linear alkyl 

polyamine ligands (e.g. biogenic polyamines (PAs)), aiming at an increased antitumour activity 

and a higher selectivity [92]. Biogenic polyamines - putrescine (H2N(CH2)4NH2, Put), spermine 
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(H2N(CH2)3HN(CH2)4NH(CH3)3NH2, Spm) and spermidine (H2N(CH2)3NH(CH2)4NH2, Spd) 

(Figure 8) - are ubiquitous in almost all living cells and are essential for their normal growth 

and differentiation [93,94]. They are obtained exogenously, from the diet, and are 

biosynthesised in the presence of intestinal bacteria [95]. Biogenic PAs are polycations at 

physiological conditions due to protonation of the corresponding amino groups [96], the 

positive charge being distributed along the entire aliphatic carbon chain. These molecules are 

known to interact, both electrostatically and covalently, with DNA, RNA, proteins, 

phospholipids and nucleotide triphosphates, interfering in their synthesis and normal biological 

function [97,98]. They are also involved in the repair of the extracellular matrix, in cell 

adhesion and in certain signalling processes [99]. 

Figure 8 – Representation of the biogenic polyamines (putrescine, spermine and spermidine) under physiological 

conditions. 

Polynuclear Pt-PA complexes were found to display a higher cytotoxicity towards 

several types of cancers, including TNBC, as compared to the clinically used Pt(II) agents, due 

to a more severe and less repairable DNA damage upon formation of long-range interstrand 

adducts with DNA, not available to the conventional mononuclear Pt-drugs [100,101]. 

However, their mechanism of action is not yet fully understood at the molecular level. 

Furthermore, their Pd(II) analogues have recently arisen as innovative and promising 

alternatives to the Pt(II) agents [68,69,92,102,103], particularly towards metastatic breast 

cancer [104]. Palladium complexes are among the most widely investigated metal-based 

prospective anticancer agents (fifth after platinum, copper, gold and ruthenium compounds) 

[105]. Since Pd(II) is a d8 cation similar to Pt(II), it was expected to yield a comparable 

antitumour activity. However, this was not found to be the case already for the first Pd(II) 
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agents tested [106], due to their higher kinetic lability relative to the Pt(II) compounds (e.g. 

faster intracellular hydrolysis) [106]. Actually, palladium complexes were shown to cause a 

greater DNA distortion than their Pt(II) analogues in several cancer cell lines 

[104,105,107,108]. In addition, the presence of strongly coordinating polydentate ligands such 

as polyamines is expected to reduce Pd(II) reactivity as well as to minimise metal displacement 

by sulphydryl groups from GSH and other cellular thiols (responsible for drug inactivation and 

deleterious side effects), thus minimising toxicity (e.g. nephrotoxicity [109,110]). Furthermore, 

these complexes have a slightly higher water solubility as compared to the Pt(II) homologues. 

Numerous platinum agents have been developed in recent years, aiming at an improved 

administration (e.g. oral pharmacological formulations), transport and targeting. Pt(IV) 

complexes, with two additional axial ligands, and inert to substitution, are especially stable in 

the blood circulation due to negligible interaction with plasma proteins. As a result of their 

high stability, these complexes can be administered orally and they are less prone to react 

with proteins leading to diminished side effects [111]. In addition, the axial ligands can be 

tailored to improve the pharmacological properties, namely for targeting the drug to the 

tumour [112]. Lipoplatin, a cisplatin liposomal formulation currently in phase III clinical trials 

[113], has a substantially reduced renal toxicity, peripheral neuropathy, ototoxicity, 

myelotoxicity relative to cisplatin, causing less nausea and asthenia [114,115]. 

In sum, going from mononuclear metal complexes to polynuclear ones is highly 

advantageous for achieving an improved antineoplastic activity, since it allows a non-

conventional interplay with the main pharmacological target (DNA) yielding bifunctional 

adducts via long-range, interstrand cross-links. Additionally, they may act as multimodal agents 

[116], impacting on more than one target, since their bioactive ligands can interact with distinct 

receptors apart from DNA. Finally, distinct drug formulations, such as nano-encapsulation and 

targeting, have been found to lead to an optimised cytotoxicity coupled to minimal deleterious 

side-effects. 

In the present work, Pt(II) and Pd(II) chelates with the polyamine ligand spermine were 

synthesised (Figure 9), fully characterised and screened as to their potential anticancer 

properties. In order to better assign the conformational behaviour of these polynuclear 

chelates, the Pt(II) compound with the diamine 1,3-diaminopropane (H2N(CH2)3NH2, Dap) 
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was also synthesised (Figure 9) and analysed by vibrational spectroscopy coupled to theoretical 

calculations. 

Figure 9 – Structural representation of the polyamine Pt(II) and Pd(II) complexes presently studied. 

1.2. The Methods 

1.2.1. Optical Vibrational Spectroscopy 

Spectroscopy (from the latin word spectare, meaning to look or to observe) can be 

defined as the analysis of the interaction between radiation and matter [117]. One of the most 

powerful of these techniques is vibrational spectroscopy, which has a key role in chemistry, 

allowing the determination of molecular structure and conformation. Nowadays it can also be 

used to accurately identify functional groups and compounds, as well as to assess inter- and 

intramolecular forces, the degree of association in condensed matter, the strength of chemical 

bonds and several thermodynamic properties. Furthermore, vibrational spectroscopy had 

become very important in life sciences, since it is a cutting-edge technique to characterise 

biomolecules, either alone or within cells and tissues. Coupled to optical microscopy, it allows 

to probe even heterogeneous biological samples, both in vitro and in vivo (in situ) with an 

extremely high spatial resolution, having a wide range of applications from drug monitoring to 

clinical diagnosis. 

In order to understand the many uses of vibrational spectroscopy, it is important to 

know that the vibrational energy of molecules which are spatially confined can only assume 

certain discrete levels (they are quantified). A molecule can accept or release energy 

discontinuously. If this exchanged quanta of radiation can be determined, then the separation 
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between the two energy levels involved in the transition may be found [117]. Radiation is 

allowed to interact with matter through three distinct processes: absorption, emission or 

scattering, all of them yielding information about the system´s energetics and structural 

behaviour. Absorption is the result of photon annihilation, in the process of exciting the atom 

or molecule to a higher energy excited sate. Emission is the reverse phenomenon, 

characterised by the release of a photon by a molecule while relaxing from an excited state to 

a less energetic one. Finally, scattering is a combination between the absorption and emission 

processes, the incident beam creating a virtual excited state (different from any excited 

stationary state) that immediately relaxes originating the dispersed radiation [117]. 

With the aim of describing molecular vibrations, a simple physical model may be used 

where atomic nuclei are treated as masses separated by a weightless elastic spring (Figure 10). 

In such a model the electrons are totally disregarded and each vibrational mode has a different 

energy value (matching the transition between two specific vibrational levels), i.e. a distinct 

wavenumber in the vibrational spectrum. For the simplest case, a diatomic molecule, the model 

is based in Hooke’s law: the two nuclei with mass (𝑚) are separated by a spring characterised 

by the elastic constant force, 𝑘. This system is mathematically represented by a sinusoidal 

function, since it is defined by a harmonic oscillator (Figure 10). The 𝑘 value is related with 

the electronic characteristics of the system, that define the spring restoring force, 𝐹, for an 

𝛥𝑟 shift from its equilibrium position. The Newton’s second law for the system is given by: 

(1) 

 

𝐹 = 𝑚𝑎 = 𝜇
𝑑2𝑟

𝑑𝑡2
= −𝑘Δ𝑟 

Figure 10 – Potential energy curve and energy levels corresponding to the Hooke model (harmonic oscillator) 

for a diatomic molecule vs the Morse model (anharmonic oscillator). (Adapted from [118]) 
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This second order differential equation has a time dependent solution given by  

𝑟(𝑡) = 𝑟𝑚𝑎𝑥cos⁡(2𝜋𝜈𝑡) and the frequency of vibration is calculated to be: 

(2) 

where 𝜇 is the system reduced mass, 

(3) 

For a diatomic molecule there is only one mode of vibration: the stretching (𝜈) of the 

bond. However, for a polyatomic molecule with 𝑁 atoms the vibrations are described along 

the corresponding 3𝑁 coordinates (x, y and z, for each atom). Three of these are needed to 

define the position of the centre of mass and three more to specify the rotational motion. If 

the molecule is linear, only two coordinates are required to specify its rotation. Thus, there 

are 3𝑁 − 6 possible vibrational modes for a non-linear molecule with 𝑁 atoms and 3𝑁 − 5 if 

the molecule is linear. 

The harmonic oscillator model is a simplistic approximation when applied to a real 

molecular system, since it does not consider dissociation at long distances or different spacing 

between vibrational levels. A diatomic molecule is thus better defined by an anharmonic 

oscillator (Morse model, Figure 10), its vibrational states being defined by, 

(4) 

where ∆𝑟 is the difference between the maximum distance, 𝑟, between the two atoms and 

their equilibrium internuclear distance, 𝑟𝑒 . 𝐷𝑒 is the dissociation energy of the molecule and 𝛽 

is a constant parameter. The energy for a vibrational level, 𝑛, of the oscillator is given by the 

expression [119]: 

(5) 

In equation (5) the first component is familiar: it refers to the energy levels of the harmonic 

oscillator, 𝜈, representing the fundamental frequency of the oscillator. The second part reflects 

the anharmonicity of the oscillator, 𝑘𝑎𝑛 being the anharmonicity constant. When 𝑛 = 0, the 

potential energy reaches its lowest value, although this is not the energy of the potential 

minimum. Actually the energy of the 𝑛 = 0 level is always higher than this minimum by ½⁡ℎ𝜐, 

and is called zero point vibrational energy (ZPVE). ZPVE is therefore the vibrational energy of 

𝜈 =
1

2𝜋
√
𝑘

𝜇
 

𝜇 =
𝑚1𝑚2

𝑚1 +𝑚2
 

𝐸𝑛 = ℎ𝜈 (𝑛 +
1

2
) − ℎ𝜈𝑘𝑎𝑛 (𝑛 +
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2
)
2

 

𝑉(𝑟) = 𝐷𝑒[1 − exp⁡(−𝛽Δ𝑟)]2 
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a system in its ground state and is always an intrinsic and constant value, even at the absolute 

zero [117]. Experimentally, the dissociation energy, 𝐷𝑒, can be measured only relative to the 

ZPVE level and is symbolised by 𝐷0 (Figure 10). 

Anharmonicity leads to combinations between the fundamental modes, yielding non-

fundamental transitions with lower intensities than the fundamental ones, at frequencies that 

are the sum of the wavenumbers corresponding to the two fundamental vibrations involved. 

Other spectroscopic features liable to be identified under the anharmonic model, but not 

foreseen by the harmonic theory, are the overtones, due to transitions between more than 

two consecutive vibrational levels (e.g. from 𝑛 = 0 to 𝑛 = 2), leading to low intensity spectral 

bands centred at approximately a multiple of the frequency corresponding to the fundamental 

mode. Another possibility is a process called Fermi Resonance (FR), responsible for 

combinations between fundamental vibrations and either an overtone or a combination mode 

(of the same symmetry) which have a similar energy. Such a process leads to an intensity 

enhancement of the overtone and to an intensity decrease of the fundamental mode, 

originating two signals with similar intensities which are often frequency shifted in opposite 

directions (the lower frequency band is red-shifted while the higher wavenumber one is blue 

shifted) [117,119]. 

The intensity of the bands in a vibrational spectrum is also an important property (apart 

from the frequency). Since each signal in the spectra corresponds to a transition between 

vibrational states, its intensity is proportional to the probability of transition from the initial 

vibrational energy level to the final one (vibrational ground and excited states, respectively). 

Spectral intensities can be predicted for each vibrational mode and each vibrational 

spectroscopic technique. 

1.2.1.1. Infrared Spectroscopy 

In 1800 Sir William Herschel discovered the infrared (IR) light, when measuring the 

heating effect of the sunlight. However, it was only more than 80 years later (between 1882 

and 1900) that Abney and Festing used this radiation to register the IR spectra of 52 

compounds [120]. From then on IR spectroscopy was undergone major developments, 

presently being one of the most widely used vibrational spectroscopy techniques. 
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The infrared region of the electromagnetic spectrum corresponds to longer wavelengths 

(lower energies) than the visible range (Figure 11) and is normally divided into near-, mid- and 

far- infrared (named after their proximity to the visible window): near-infrared between 14000 

and 4000 cm-1 (containing most of the overtones); mid-infrared from 4000 to 400 cm-1 

(associated to fundamental vibrations of the system, comprising their fingerprint profile); far-

infrared from 400 to 10 cm-1, adjacent to the microwave zone (may also be used for rotational 

spectroscopy) [117]. The present work is centred on the features comprised in the mid-

infrared region. 

Figure 11 – Schematic representation of the electromagnetic spectrum. 

In a conventional infrared experiment, the IR radiation is absorbed whenever the 

frequency of this incident beam matches the energy gap between adjacent vibrational levels of 

the sample. It can only interact with a vibrating molecule if the electric vector of the radiation 

field oscillates with the same frequency as the molecular dipole moment [117]. So, not all 

molecular vibrations absorb IR radiation being active in infrared. For a molecular vibration to 

be active it has to be able to modulate the molecular dipole moment, 𝜇. The derivative of this 

dipole moment along the coordinate of the motion, 𝑟, should then be different from zero 

[118], 

(6) 

𝑟 describing the motion of the atoms during a normal vibration. 

The molecular dipole moment can be described as the sum of all the charges present in 

a molecule relative to its centre of mass. The distance between each charge, 𝑞𝑖, and the centre 

(
𝜕𝜇

𝜕𝑟
)
0
≠ 0 
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of mass, 𝑟𝑖 , may vary with time due to the molecular vibrations. These variations lead to 

instantaneous changes in the molecular dipole moment, 𝜇,  

(7) 

In fact, a sample can only absorb IR radiation when its frequency matches the energy of 

each fundamental vibrational mode and there is a net change in dipole moment. If, for instance, 

an atom is symmetrically substituted (𝜇 = 0) the corresponding symmetric stretching mode 

will not be detected in the IR spectrum. Hence, in general antisymmetric molecules are 

therefore more active in IR spectroscopy than symmetric ones. 

1.2.1.1.1 Fourier Transform Infrared  

Fourier-Transform Infrared (FTIR) is the widely used technique nowadays, for which a 

coherent light source is applied to the sample [121], being guided through an interferometer 

(Michelson interferometer) before interfering with the sample. This interferometer comprises 

five basic components: a source, three optical elements and a detector. The registered signal 

reflects the interference between two different beams from the same source, each one being 

reflected into a mirror, a fixed and a movable one. The beams´ interference allows the 

temporal coherence of the light to be measured at each different time delay setting. Both 

beams are then directed to the same pathway, the resulting final beam going through the 

sample and finally to the detector. The data thus obtained is called an interferogram [121] and 

represents the radiation output as a function of time and dependent on mirror position. In 

order to use this raw data, a Fourier transformation is undertaken. It converts the 

interferogram (intensity as a function of time) into a spectrum (intensity as a function of 

energy). This is the most widely used approach in IR experiments nowadays, mainly because 

all information is collected simultaneously for all frequencies, improving both speed and signal-

to-noise (S/N) ratio [117] and ultimately enhancing sensitivity. 

As compared to the conventional thermal incandescent bulbs (globar sources), recently 

developed tunable quantum cascade lasers (QCL) have been shown to constitute an ideal light 

source for discrete frequency IR microscopy [122-124]. Moreover, due to the huge increase 

in the possible applications of FTIR, mainly in the life sciences field, the use of synchrotron 

𝜇 = ∑𝑞𝑖𝑟𝑖
𝑖
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radiation (SR) as a photon source has been implemented [125-127], leading to a dramatically 

improved spatial resolution. The first attempts to couple SR sources to IR acquisition go back 

to the 1970s [128,129], but only in the early 1980s did this technology become available to 

researchers at the SR source ring at Daresbury, UK [130]. SR is generated at a synchrotron, 

which is a circular particle accelerator where both magnetic and electric fields are 

synchronised with bunches of charged particles travelling in a closed orbit. This type of sources 

have a highly enhanced brightness relative to the standard bench-top globar ones, since the 

photon beam (with a very low divergence) is contained within a narrow transverse area. 

Regarding detectors, L-alanine doped triglycine sulphate (DLaTGS) or deuterated 

triglycine sulphate (DTGS) thermal detectors, that already allow high throughput experiments 

with good resolution, have been progressively replaced by highly sensitive liquid nitrogen (LN2) 

cooled elements, namely mercury cadmium telluride (MCT) detectors (in both single-element 

and multi-element configurations). Hence, the infrared technique came into its own when FTIR 

spectrometers started to be equipped with this type of detection, that leads to a particularly 

high sensitivity even for low-flux exciting radiation levels (coupled to a rather constant signal 

vs data-collection speed). Furthermore, it soon became noticeable that FTIR could be used to 

analyse very small or localised areas of larger (and even heterogeneous) samples when 

interfaced to an optical microscope. Thus FTIR microspectroscopy was born, allowing to 

monitor a wide array of systems, from materials [131] to proteins [132], cells [133,134] or 

tissues [135-137], with extremely high spatial resolution (down to the sub-cellular level), 

sensitivity and specificity. In addition, the use of focal plane array (FPA) detection is presently 

the cutting-edge approach for high-throughput IR chemical imaging of biological samples such 

as tissue microarrays. 

These technical improvements currently allow bio-spectroscopists to probe the infrared 

signatures of individual cells with enhanced spatial resolution and sensitivity, using small 

apertures (ca. 5 μm x 5 μm), whilst maintaining a relatively good S/N ratio [138,139]. 

Accordingly, landmark studies have been performed, namely: IR imaging to identify small 

molecules-metabolites in human lung cancer cells [140]; direct observation of a reversible B- 

to A-DNA conformational transition in live bacterial cells [141]; discrimination between two 
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grades of human glioma based in blood vessel imaging [142]; identification of green pigments 

in 15th century paintings [143]. 

The SR-FTIR experiments within this work were carried out in the Multimode InfraRed 

Imaging and Microspectroscopy beamline (MIRIAM B22, Figure 12) at the Diamond Light 

Source (DLS) of the Harwell Science and Innovation Campus, (Science and Technology 

Facilities Council (STFC), UK [144]). 

Figure 12 – IR microspectroscopy MIRIAM beamline at the Diamond Light Source and schematic diagram of 

the spectrometer configuration. The side view (not to scale) shows the front end area and bending magnet source 

in the synchrotron tunnel (left), together with the cabin area and experimental stations (right). Adapted from 

[145], with permission from STFC (UK). 

1.2.1.2. Raman Spectroscopy 

The fascination with the deep blue colour of the Mediterranean Sea was responsible for 

a landmark discovery in physics and physical-chemistry: the discovery of the inelastic scattering 

of light by liquids by the Indian physicist Chandrasekhara Venkata Raman – the so-called the 

Raman effect, first published on the 28th February of 1928 [146,147]. The first excitation source 

used to obtain a Raman spectrum was simply filtered sunlight. The beam of light entering a 
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liquid sample emerged with a different colour due to the Raman scattering process, that was 

found to be dependent on the type of sample. Nevertheless, due to the extremely low intensity 

of the phenomenon, detection of the bands proved to be quite difficult. In later experiments, 

Raman substituted the sunlight for a mercury arc lamp, which delivered a more intense and 

monochromatic (435.83 nm) radiation. The scattered light was then projected through a 

quartz spectrograph onto a photographic plate (the detector used in those days), which was 

developed in order to yield the spectrum [148]. 

By the end of 1928, seventy Raman studies could already be found in the literature and 

by the late 1930s the Raman spectroscopy technique had become the main method of non-

destructive chemical analysis for both organic and inorganic compounds. However, the lack of 

a light source providing a radiation that was both monochromatic and intense was still the 

major drawback of the method, that was only overcome by the development of the Light 

Amplification by Stimulated Emission of Radiation (laser) technology, in the 1960´s. 

An incident radiation can be scattered in two different ways upon interaction with a 

molecule: it can maintain its original frequency (elastic process) – Rayleigh scattering [149]; or 

it may exchange energy with the sample – Raman scattering. Raman spectroscopy is based on 

this inelastic scattering of a monochromatic beam of photons and detection of the energy 

difference due to light scattering by the sample. There are two types of Raman scattering, 

depending on the direction of the energy exchange between the photon and the molecule 

[150] (Figure 13): if the final vibrational state is more energetic than the initial one, the emitted 

photon transfers energy to the sample and is red-shifted relatively to the excitation radiation 

– Stokes scattering; if the final vibrational state is less energetic than the initial one, the 

scattered light is blue-shifted relative to the incident beam – anti-Stokes scattering The 

intensity of the anti-Stokes bands is significantly weaker than the Stokes signals, as a 

consequence of the Boltzmann distribution within the vibrational states of the sample, the 

population of the excited states being much lower than that of the ground state low [151]. 

Hence, the Stokes region is the one usually registered when Raman spectroscopy is used for 

characterisation/identification purposes. 
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Figure 13 – Schematic representation of the light scattering phenomena. The thickness of the arrows represents 

the probability of each phenomenon to occur. (Adapted from [152]) 

While absorption and emission processes involve a single photon, either absorbed or 

emitted, scattering always involves two photons, the incident one and the emitted. 

Additionally, while in absorption and emission there are only two states involved, in inelastic 

light scattering three different energy states should be considered – the initial, the final and a 

third one, non-stationary, physically non-observable and hence designated as virtual state. 

In order for a molecular vibration to be active in Raman it must affect the molecular 

polarisability, 𝛼, [117] (i.e. induce a deformation of the molecule´s electronic cloud). This 

perturbation can be represented by the derivative of 𝛼, which is related to the displacement 

coordinate 𝑟 of the vibrational mode: 

(8) 

When this derivative is different from zero, a vibration is Raman active. The classical theory 

of Raman scattering allows to describe the corresponding selection rules, in order to explain 

the intensity of the bands in terms of polarisability change: the electric field (due to the incident 

radiation) imposed on the molecule induces a dipole moment, which is proportional to the 

(
𝜕𝛼

𝜕𝑟
)
0
≠ 0 
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electric field strength and the molecular polarisability. This induced dipole moment, 𝜇⃗, is the 

results of the electric field vector, E, multiplied by the polarisability, 𝛼: 

(9) 

Soon after its discovery, the Raman effect was recognised as a precious tool for 

structural elucidation, since it is a universal phenomenon and the basis for a non-destructive 

and hardly invasive spectroscopic technique, that requires no specific sample preparation. At 

present, spectral resolutions as small as 0.3 μm x 0.3 μm x 0.5 μm can be achieved by Raman 

microspectroscopy (combining optical microscopy to the conventional method), allowing it to 

explore cells (at the subcellular level) [153], tissues [154] and even living organisms (including 

patients [155]) unveiling biochemically and clinically relevant spectral changes. Furthermore, 

the lack of limitations due to the presence of water (in biological and clinical samples) renders 

this spectroscopic technique a most promising tool for biological imaging, both in vitro in the 

laboratory setting and in vivo/in situ for non-invasive, accurate and rapid clinic diagnosis (e.g. 

cancer [155]). 

Therefore, Raman spectroscopy is one of the most widely used and versatile 

spectroscopic techniques, with an impressive range of applications from industry to 

arqueometry and biosciences. Regarding the latter, some impacting accomplishments have 

been achieved, such as the quick and reliable identification of bacteria (and bacteria strains) in 

a wide range of samples [156] as well as in hospital environments [157,158], and the single 

cells imaging unveiling the subcellular localisation of drugs and their interaction with 

biomolecules [159-164]. In addition, Raman spectroscopy is being more and more applied to 

medical diagnosis, as an additional tool, apart from the conventional histopathological analysis. 

It ensures a rapid and extremely accurate discrimination between healthy and diseased tissue, 

and a precise cancer staging, as well as a very reliable in situ identification of surgical margins 

during surgical tumour removal [154,165-167]. More recently, Raman fibre optic probes have 

been developed in order to make it possible to carry out non-invasive optical biopsies 

[155,168] (as opposed to the regular surgical biopsies) leading to the in loco identification and 

characterisation of pathological cells and tissues (e.g. early oesophageal cancer detection 

[169]). 

𝜇⃗ = 𝛼𝐸⃗⃗ 
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1.2.2. Spectroscopy with Neutrons 

In the 1910’s-1920’s it was believed that the atom was constituted by positively charged 

particles, the protons discovered by Sir Rutherford [170], and negatively charged particles, the 

electrons identified by Thomson [171] spinning around as it was idealised by Bohr [172-174]. 

Nevertheless, there were some clues that led scientists to think that there should be 

something more within an atom. For instance, something should prevent the protons to repel 

from each other (having the same charge). Another important clue was that the mass of the 

helium atom, which should be twice that of hydrogen, was in fact about four times higher. It 

soon became clear that there was something else in the nucleus that had a mass and the ability 

to stabilise the protons. It was only in 1932, however, that Sir James Chadwick discovered a 

new subatomic particle with mass but no charge, the neutron, for which he was awarded the 

Nobel Prize in Physics (in 1935). He performed an experiment that would radically change the 

picture of the atom and urge milestone discoveries in atomic physics. He showed that when 

beryllium atoms were hit with α-particles (helium nuclei), rays were released from the atoms 

of beryllium (Figure 14). The composition of these rays was still not clear, but they were 

known to comprise noncharged particles (as previously speculated). In order to understand 

what this new entity was, Chadwick performed another experiment during which a proton-

rich surface (paraffin wax) was irradiated with an α beam, which caused a discharge of some 

of the sample´s protons that were then detected by a Geiger counter (Figure 14). The new 

particle thus discovered was called neutron: 

(10) 

The neutron is thus a subatomic particle with no net electric charge and a mass slightly 

larger than that of the proton. While neutrons are stable inside the atomic nuclei, they are 

unstable when they become free and undergo beta decay (yielding a proton, an electron and 

an antineutrino) with a lifetime of 881.5±1.5 s [175]. 

𝐵𝑒 + 𝐻𝑒2
4

4
9 → 𝐶6

12 + 𝑛0
1  
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Figure 14 – Schematic representation of Sir James Chadwick´s experiment, that led to the discovery of neutrons. 

In the 1970´s, Colella and co-workers performed a series of experiments that enabled 

to conclude that neutrons have properties of both a particle and a wave [176]. This duality 

was soon recognised to allow their use in a wide range of studies, coupled to the fact that 

neutrons are ideal "bullets" for bombarding other nuclei. Unlike charged particles, they are 

not repelled by similarly-charged bodies and have a high penetration power when traveling 

through a sample. 

Nowadays, neutrons are used in a wide range of techniques, from diffraction to 

spectroscopy, and can be generated through fission processes in nuclear reactors (continuous 

sources) or by accelerator-based pulsed sources, either via photofission or spallation. 

Although nuclear reactors have been employed in research to produce neutrons since the 

1950´s, neutron beams from spallation sources were only available twenty years later [278]. 

The number of neutron facilities has increased in the last decade, the ISIS spallation source of 

the Rutherford Appleton Laboratory, at the Harwell Science and Innovation Campus (United 

Kingdom) [177] being still the leading pulsed neutron and muon source with the brightest 

neutron beam worldwide (800 MeV with a current of ca. 200 mA). 

Neutrons are scattered by nuclei while photons and electrons, are scattered by the 

atomic electron cloud. Figure 15 depicts a typical neutron scattering experiment, where the 

monochromatic beam of neutrons is scattered after striking a sample, through a 𝜃  angle 

(defined with respect to the unscattered beam), into a detector of area 𝑑𝐴 at a 𝑥 distance 

from the sample position. The scattering process takes place in an elementary cone of solid 
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angle 𝑑Ω. Measurement of the scattered neutrons allows the determination of the neutron 

scattering cross-section of an element, 𝜎𝑡𝑜𝑡, defined by, 

(11) 

where 𝑛𝑢𝑚𝑡𝑜𝑡 stands for the total number of neutrons scattered per second in all directions, 

and 𝐼0 represents the incident neutron flux. Hydrogen atoms have a particularly high scattering 

cross section (about 80 barns), much larger than for most other elements (at most ca. 5 barns) 

and similar to that of the incident neutrons, which ensures an efficient momentum transfer 

upon interaction with the incident neutron beam. 

Figure 15 – Schematic representation of a simple neutron scattering measurement. (Adapted from [178]) 

Neutron scattering spectroscopy encompass inelastic as well as quasielastic processes. 

In the latter, the spectrum appears as a broadening of the elastic line (at zero energy) rather 

than a discrete set of peaks associated with inelastic scattering (Figure 16). The elastic 

component is due to scattering from atoms that move too slowly to be resolved (within the 

resolution limit of the instrument). The inelastic peaks arise from scattering from atoms that 

vibrate in a periodic manner and with a fixed frequency. The inelastically scattered neutrons 

can either loose or gain energy (respectively Stokes or anti-Stokes scattering). 

A neutron scattering experiment measures, for each amount of energy transferred, the 

number of neutrons scattered. These experience both an energy and a momentum transfer, 

according to, 

(12) 

 

(13) 

𝜎𝑡𝑜𝑡 =
𝑛𝑢𝑚𝑡𝑜𝑡

𝐼0
 

ℏ𝜔 = (𝐸𝑖 − 𝐸𝑗) =
ℏ

2𝑚
(𝑘𝑖

2 − 𝑘𝑗
2) 

𝑄 = 𝑘𝑖 − 𝑘𝑗 
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𝐸  and 𝜔  stand for the energy and frequency, respectively; 𝑘𝑖  and 𝑘𝑗  are the neutron 

momentum corresponding to the initial and final energy states 𝑖 and 𝑗, respectively. 

Figure 16 – Schematic representation of a neutron scattering experiment, containing elastic, inelastic, and 

quasielastic components. The inelastic scattering has contributions from Stokes (neutron energy loss) and anti-

Stokes (neutron energy gain) processes, respectively. (Adapted from [179]) 

The representation of this process as a function of 𝑄 (the neutron momentum transfer 

vector) and 𝜔, (𝑆(𝑄,𝜔)), depicts the scattered neutron intensity as a function of the energy 

transfer between the incident neutron and the scattering nucleus, 

(14) 

 

(15) 

where 𝑑𝑎 is the detector area. Equation (14) is the scattering law that describes the atom 

scattering, 𝑙, for which 𝜎𝑙 is its atomic cross-section, 𝑘𝑖 𝑘𝑓⁄ ⁡the ratio between the initial and 

the final neutron momentum, and (𝑑2𝜎 𝑑𝐸𝑗𝑑Ω)⁄
𝑙
 the double differential cross-section 

[178,180]. The strength of the sample's response is a function of energy, 𝐸, and of the solid 

angle 𝑑𝛺. The cross-section 𝜎 is the total number of neutrons with energy 𝐸 scattered into 

the angle 𝑑𝛺, divided by the incident neutron flux [178]. 

In most neutron spectroscopic techniques, experimental data is reduced to the 

scattering law as this allows it to be straightforwardly related to the common model of 

molecular vibrations. Additionally, this law can be directly associated to the observed neutron 

scattering intensities.  

𝑆(𝑄, 𝜔)𝑙 =
4𝜋

𝜎𝑙
.
𝑘𝑖
𝑘𝑗
(
𝑑2𝜎

𝑑𝐸𝑗𝑑Ω
)
𝑙
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𝑑𝑎

𝑋2
 



1. Introduction 

P a g e  | 33 

Biological samples can be thought of as “multi-scale” materials, because their relevant 

dynamics take place over extended lengths and time scales [181]. With a view to address this 

multi-scale behaviour experimentally, different techniques must be applied. Figure 17 shows 

the length and time scales accessible by distinct methodologies, some of them used in the 

present work. The relevant length scale for neutron scattering goes from < 1Å to more than 

100 nm, with a time scale from the picoseconds to almost one microsecond. While inelastic 

neutron scattering (INS) yields molecular structure information, quasielastic neutron 

scattering (QENS) leads to molecular dynamic information. 

Figure 17 – Schematic representation of length and time scale, as well as energy and momentum transfer, for 

some spectroscopic techniques encompassing microscopic to macroscopic samples. 

In this work, neutron scattering was used to tackle water within a biological matrix – 

human cancer cells. The cell interior may be pictured as a gel-like structure, in which 

intracellular water is mostly confined and interacting with surfaces and biomolecules – 
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interfacial water – thus displaying properties that are significantly different to those of pure 

(extracellular) water. 

Nuclear magnetic resonance (NMR) has long been applied to investigate the intracellular 

hydrodynamics as a response to either external agents or abnormal physiological conditions 

[182-190], as well as nonlinear optical spectroscopy techniques [191-193]. However, the NMR 

spatial and time scales (typically a few milliseconds) limits the results to average properties, 

and does not allow to discriminate the different dynamical contributions. Up to this date, a 

microscopic picture of cellular water has only been achieved by neutron scattering techniques 

that have the ability to “see” proton positions, probing the space domain down to a few 

Angstroms at the picosecond time scale, thus yielding results not obtainable by other methods. 

So far, these techniques have been applied to biological systems such as proteins [194-197], 

enzymes [198], DNA [199,200], Artemia shrimp cysts [201], yeast cells [202], human red 

blood cells [189,203], extreme halophiles [189,204], Escherichia coli bacterium [189,205] or 

stratum corneum [206]. In addition, molecular dynamics simulations of water-biomolecules 

interactions have been performed [207-209] in order to assist interpretation of the 

experimental data gathered for these complex biological systems (which is directly comparable 

to the theoretical results). Nevertheless, the major emphasis of these studies has been on the 

biomolecules rather than the water properties. 

Apart from water, all biomolecules present within a cell are suitable to analysis by 

neutron spectroscopy. Although optical vibrational spectroscopy techniques may yield much 

information on this kind of systems, only the combination with neutron spectroscopy will 

allow to probe the whole set of vibrations of interest (including the acoustic modes), with high 

sensitivity to both the intra- and intermolecular modes within the cellular aqueous matrix.  

1.2.2.1. Inelastic Neutron Scattering 

Incoherent INS vibrational spectroscopy is a particularly appropriate technique to tackle 

biological molecules, since it is optimal for studying materials containing hydrogen atoms, due 

to their high scattering cross section. The neutron scattering cross-section of an element (σ) 

is a characteristic of each isotope, independent of the chemical environment, and determines 

the effectiveness of the energy transfer during the scattering event, which is directly related 
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to the band intensities. Thus, the vibrational modes with the largest hydrogen displacements 

will dominate the INS spectrum. Therefore, INS will be particularly informative for samples 

with a high hydrogen content, and/or displaying hydrogen close contacts. These are particularly 

well probed by this technique, especially in the low frequency range, 

The INS intensity of each vibrational transition is normally expressed in terms of the so-

called dynamic structure factor 𝑆𝑖
∗(𝑄, 𝑘), which obeys to the simplified expression, for a given 

atom, 

(16) 

where 𝑄⁡(Å-1) is the momentum transferred to the sample at a given scattering angle, 𝒌 is the 

energy of a vibrational mode, 𝑢𝑖(Å) is the displacement vector of atom i in mode k,  is the 

neutron scattering cross section of the atom, and 𝛼𝑖(Å) is related to a mass-weighted sum of 

the displacements of the atom in all the vibrational modes. The exponential term, 

(𝑒𝑥𝑝[(−𝑄2𝛼𝑖
2)/3]) is the Debye-Waller factor, that describes the attenuation of the neutron 

scattering process due to thermal motion. The harmonic frequencies (energies) of the 

vibrational modes correspond to eigenvalues, and the displacements to eigenvectors, of the 

dynamical matrix, and can be calculated by theoretical methods. 

As opposed to the optical vibrational techniques, inelastic neutron scattering 

spectroscopy is not limited by selection rules and all vibrational modes are active, their 

intensity depending solely on the atoms involved. This renders INS even more useful, since it 

allows to detect modes unavailable to Raman or IR. 

The INS experiments performed in the present work were carried out in the TOSCA 

spectrometer (Figure 18) [210], one of the instruments available at the ISIS Facility of the 

Rutherford Appleton Laboratory, at the Harwell Science and Innovation Campus (United 

Kingdom).  

1.2.2.2. Quasielastic Neutron Scattering 

High-resolution QENS, in turn, analyses the incoherent (hydrogen-dominated) scattering 

signal within a meV energy transfer range, on a nanometre length scale (ca. 0.1-3 nm,  
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Figure 18 – Schematic view of the TOSCA spectrometer (at the ISIS Facility (UK)). (Adapted from [210], with 

permission from STFC (UK)). 

corresponding to inter- and intramolecular distances) and a nano- to picosecond time scale 

(ca. 10-9 – 10-13 s). Hence, QENS is a method of choice for directly accessing different spatially 

resolved dynamical processes, from fast localised modes including vibrations and rotations to 

slower global translational motions. It is particularly suited for hydrogen-containing molecules, 

allowing to accurately probe water dynamics under different conditions in multi-component 

systems such as biological samples, thus helping to determine a relationship between dynamics 

and function [194,211,212]. 

The QENS signal is detected as a broadening around the elastic line and is due to a 

variety of motions (which fall in the spectrometer’s time window). In a neutron scattering 

experiment, information on the molecular dynamics is obtained by measuring the dynamic 

structure factor, 𝑆(𝑄,𝜔), which represents the probability of an incident neutron to undergo 

a scattering event by transferring a momentum 𝑄  and an energy 𝜔 . The corresponding 

experimental scattering function can be represented by, 

(17) 

where 𝑒𝑥𝑝(−ħ𝜔/2𝑘𝑇)  is a detailed balance factor, and 𝑅(𝑄,𝜔)  is a resolution function 

(experimentally obtained) which is convoluted with the scattering model (𝑆(𝑄,𝜔)) that 

describes the dynamical behaviour of the sample (accounting for all the dynamical components 

of the system). In an hydrogenous sample, 𝑆(𝑄,𝜔) is dominated by incoherent scattering, as 

the incoherent scattering cross section of an H atom is much greater than the coherent or 

𝑆measured(𝑄,𝜔)=exp (−
ℏ𝜔

2𝑘𝑇
)𝑅(𝑄,𝜔)⨂𝑆(𝑄,𝜔) 
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incoherent scattering cross section of any other atom. 𝑆𝑖𝑛𝑐(𝑄,𝜔) corresponds to the self-

correlation function (incoherent dynamic structure factor) and is approximated as the 

convolution of vibrational, rotational and translational components, which are assumed as 

independent motions: 

(18) 

Strictly in the elastic and quasielastic regions, 

(19) 

where the exponential term is the Debye-Waller factor, 𝐴0(𝑄)𝛿(𝜔) represents the elastic 

contribution due to motions slower than the longest observable time as defined by the energy 

resolution of the spectrometer, and the second term in the equation corresponds to the 

quasielastic component(s). 

𝑆𝑖𝑛𝑐(𝑄,𝜔) directly provides time/space information on the system investigated: on the 

time scale of the dynamical processes (through the neutron energy transfer, 𝜔), and on the 

spatial extent of these processes (from the momentum scattering transfer, 𝑄). Since the QENS 

data in the time-domain is represented by an exponential, it can be approximated in the energy 

domain by Lorentzian functions of different widths, 𝛤 (full width at half-maximum, 𝐹𝑊𝐻𝑀 =

2 × 𝐻𝑊𝐻𝑀 (half-width at half-maximum)), describing motions on different time scales: 

(20) 

The behaviour of each 𝛤  value with 𝑄  may subsequently be analysed to yield detailed 

information on each dynamical component contributing to the overall experimental QENS 

profile. 

The QENS experiments along this work were performed in the OSIRIS instrument [213] 

at the ISIS Facility of the Rutherford Appleton Laboratory, at the Harwell Science and 

Innovation Campus (United Kingdom). This is a spectrometer that is optimised for studies at 

very low energy and long wavelength diffraction, and can be used as either a high-resolution, 

long-wavelength diffractometer or for high-resolution quasielastic neutron scattering 

spectroscopy (Figure 19) [213], which was the case in the present study. In this high-flux time-

of-flight inverted geometry instrument neutrons scattered by the sample are energy analysed 

𝑆inc(𝑄,𝜔)=𝑆𝑣𝑖𝑏(𝑄,𝜔)⨂𝑆𝑟𝑜𝑡(𝑄,𝜔)⨂𝑆𝑡𝑟𝑎𝑛𝑠(𝑄, 𝜔) 

𝑆𝑖𝑛𝑐(𝑄, 𝜔) = 𝑒𝑥𝑝(−𝑄2〈𝑢2〉)[𝐴0(𝑄)𝛿(𝜔) + (1 − 𝐴0(𝑄))𝐿(𝑄,𝜔)] 

𝐿(𝑥) =
1

𝜋

𝛤

𝛤2 + 𝜔2
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by means of Bragg scattering from a large-area pyrolytic graphite crystal-analyser array. The 

analyser is associated with 42-element 3He detectors. 

Figure 19 – Schematic view of the OSIRIS spectrometer (at the ISIS Facility (UK)). (Adapted from [213], with 

permission from STFC (UK)). 

The IR, Raman, INS and QENS vibrational techniques used along this work are totally 

complementary and its combination is ideal to fully characterise the structural/conformational 

behaviour of the metal complexes under study and to elucidate their mechanism of action, 

through their impact on cellular components. 

1.2.3. Biological Assays 

1.2.3.1. Anti-proliferative activity 

The Suforhodamine B (SRB, Figure 20) colorimetric assay has been used throughout this 

work to evaluate cell integrity and density. The SRB test was first described by Skehan, in 1990 

[214], and remains one of the most widely used method for in vitro screening of cell 

proliferation. The SRB assay proved to be adequate for the systems under study [215-217], as 

the dye binding mechanism is independent of any metabolic processes - it is based on the 

capacity of SRB to bind to basic amino-acid residues of the proteins within the cells, which 

were fixed under mild acid conditions and can be dissociated by weak bases before optical 

reading of the coloured product at 540 nm.  
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Figure 20 – Chemical structure of the Suforhodamine B dye. 

This is a standard method to evaluate the growth-inhibiting effect of a tested agent, since 

the amount of SRB extracted from stained cells is directly proportional to the cell mass. The 

IC50 - the drug concentration inducing a 50% cell reduction - is a quantitative measure of this 

anti-proliferative ability. However, it is not possible to determine if proliferation reduction is 

due to cell death (cytotoxic effect) or to cell cycle arrest (cytostatic effect). 

1.2.3.2. Anti-angiogenic capacity 

Angiogenesis is a multistep physiological process that leads to the generation of new 

blood vessels from pre-existing vasculature. In order for cancer to be able to spread to 

adjacent or distant organs relative to the primary tumour, with consequent metastasis 

formation, cells have to penetrate blood vessels, circulate through the intravascular stream, 

and then proliferate at a new site forming secondary tumours [218]. As it was previously 

stated this metastatic spread of cancer needs a nutrients supply, oxygen and immune cells 

which can be attain through angiogenesis [219]. Therefore, the angiogenic process is 

stimulated when tumour tissues require a more adequate blood supply, and it is regulated by 

both activator and inhibitor molecules. More than a dozen different proteins have been 

identified as angiogenic activators, including the VEGF [220] that plays an important part in the 

growth and spread of tumours (Figure 21) as it is a powerful angiogenic agent, in both 

neoplastic tissues as well as in normal tissues [221]. When present, VEGF can bind to the 

vascular endothelial growth factor receptors (VEGFR) found in the blood vascular endothelial 

cells, with its consequent activation that will induce tumour growth and metastasis [222]. This 

growth factor is found in about half of the human cancers investigated so far [223]. A significant 
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correlation between VEGF expression and prognosis has been described, namely regarding 

breast cancer [224-228]. 

Figure 21 – Angiogenesis process in the presence of VEGF secreted by a tumour. Adapted from [229]. 

In the present study, the CAM assay was used to evaluate angiogenesis in the presence 

of the tested compounds. 

1.2.3.3. Anti-invasive ability 

Cells, particularly cancer cells, have the ability to migrate and invade tissues and organs 

that can be quite distant from the original tumour. The transwell migration assay provides an 

in vitro system to assess this invasive capability. 

This method is suited for numerous applications including: (1) assessment of the 

metastatic potential of tumour cells [230]; (2) inhibition of metastasis by antineoplastic drugs 

[231]; (3) altered expression of cell surface proteins [232], or matrix metalloproteinases in 

metastatic cells [233]; (4) invasion of normal cells such as fibroblasts [234]. It is based on two 

medium-containing cavities separated by a microporous membrane coated with a BD 

Matrigel™ matrix, which is used as an in vitro reconstituted basement membrane (Figure 22) 

[235,236]. It blocks the pores of the membrane and prevents non-invasive cells from migrating 
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through it (Figure 22). However, invasive cells (both malignant and non-malignant) are able to 

cross the membrane pores, due to their ability to secrete proteases that enzymatically degrade 

the Matrigel. 

Figure 22 – Schematic representation of an invasion assay insert. 

This assay was currently used to evaluate cells´ migration in the presence of the tested 

prospective anticancer agents. The different fetal bovine serum (FBS) gradient used between 

the upper (apical) chamber, containing FBS-free medium, and the lower (basolateral) chamber 

(medium supplemented with 10% FBS) acts as a chemoattractant for the invasive cells located 

in the apical chamber, which are allowed to migrate vertically through the membrane to the 

lower compartment (Figure 22) [235,236]. 

1.3. Aim of the work 

Following previous biological studies carried out at the Molecular Physical Chemistry 

R&D Unit (QFM-UC) regarding the effect of Pt(II) and Pd(II) spermine complexes on the 

growth and viability of several types of human cancer cells [102-104,237-243], including the 

hormone-unresponsive breast carcinoma currently investigated, a cellular response at the 

biochemical level is presently sought. This multidisciplinary approach aims to link biological 

response to changes in cellular biochemistry and water dynamics, thus identifying spectral 

markers of drug activity and its impact on intracellular water. This will pave the way for a 

thorough understanding of the drugs´ mechanism of action at the molecular level, hopefully 

contributing to the development of improved chemotherapeutic agents and helping to predict 

their efficacy under specific conditions.  

This is an innovative study, that applied cutting-edge spectroscopic techniques to the 

investigation of new anticancer drugs, and a pioneer one since, to the best of the author´s 

knowledge, it is the first of its kind. 
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 2.1. Reagents and Material 

Table 3 – List of reagents, material, equipment and software used along this work. 

Reagents 

Acetic acid glacial (99.7%) Sigma-Aldrich S.A., Sintra, Portugal 

Acetone (≥ 95%) Sigma-Aldrich S.A., Sintra, Portugal 

Cloridric acid (37%) Sigma-Aldrich S.A., Sintra, Portugal 

Crystal Violet (≥ 90.0%) Sigma-Aldrich S.A., Sintra, Portugal 

Deuterium oxide Sigma-Aldrich S.A., Sintra, Portugal 

1,3-diaminopropane (Dap) (≥ 99%) Sigma-Aldrich S.A., Sintra, Portugal 

cis-dichlorodiammine platinum(II) (cisplatin) (99.9%)  Sigma-Aldrich S.A., Sintra, Portugal 

Dimethyl sulfoxide (DMSO) (≥ 99%) Sigma-Aldrich S.A., Sintra, Portugal 

Docetaxel (DTX) ≥ 97.0% Sigma-Aldrich S.A., Sintra, Portugal 

Dulbeco’s Modified Eagle Medium – High Glucose (DMEM-HG) 

(with 4500 mg/L glucose and L-glutamine, without sodium 

bicarbonate) 

Sigma-Aldrich S.A., Sintra, Portugal 

Ethanol (99.8%) Sigma-Aldrich S.A., Sintra, Portugal 

Ethylenediaminetetraacetic acid (EDTA) (≥ 98.5%) Sigma-Aldrich S.A., Sintra, Portugal 

Fetal Bovine Serum (FBS) (EU Approved (South American)) Gibco-Life Technologies, Porto, Portugal 

Formalin solution, neutral-buffered, 10% Sigma-Aldrich S.A., Sintra, Portugal 

MatrigelTM BD Falcon, Enzifarma, Portugal 

Methanol (≥ 99.8%) Sigma-Aldrich S.A., Sintra, Portugal 

Penicillin-Streptomycin solution (Pen/Strep) (10,000 units 

penicillin and 10 mg streptomycin/mL) 
Sigma-Aldrich S.A., Sintra, Portugal 

Potassium bromide, (FTIR grade, ≥ 99%) Sigma-Aldrich S.A., Sintra, Portugal 

Potassium chloride Sigma-Aldrich S.A., Sintra, Portugal 

Potassium phosphate monobasic (≥ 99.0%) Sigma-Aldrich S.A., Sintra, Portugal 

Potassium tetrachloropalladate(II) (98%) Sigma-Aldrich S.A., Sintra, Portugal 

Potassium tetrachloroplatinate(II) (98%) Sigma-Aldrich S.A., Sintra, Portugal 

Quercetin (≥ 95%) Sigma-Aldrich S.A., Sintra, Portugal 

Sodium bicarbonate (≥ 99.7%) Sigma-Aldrich S.A., Sintra, Portugal 

Sodium chloride (99.0%) Sigma-Aldrich S.A., Sintra, Portugal 

Sodium hydroxide Sigma-Aldrich S.A., Sintra, Portugal 
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Sodium phosphate dibasic (≥ 99.0%) Sigma-Aldrich S.A., Sintra, Portugal 

Spermine (97%) Sigma-Aldrich S.A., Sintra, Portugal 

Sulforhodamine B (SRB) (75%) Sigma-Aldrich S.A., Sintra, Portugal 

Tris(hydroxymethyl)aminomethane (Tris) Absolve, Odivelas, Portugal 

Trypan Blue (0.4% (w/v) solution) Sigma-Aldrich S.A., Sintra, Portugal 

Trypsin (10x solution, 25 g porcine trypsin per liter in 0.9% 

sodium chloride) 
Sigma-Aldrich S.A., Sintra, Portugal 

Vascular Endothelial Growth Factor (VEGF) Sigma-Aldrich S.A., Sintra, Portugal 

1,3-Dihydro-3-[(3,5-dimethyl-1H-pyrrol-2-yl)methylene]-2H-

indol-2-one (SU 5416) 
Sigma-Aldrich S.A., Sintra, Portugal 

Hydrocortisone Sigma-Aldrich S.A., Sintra, Portugal 

Material 

12 wells plates OrangeScientific, Frilabo, Portugal 

24 wells plates OrangeScientific, Frilabo, Portugal 

96 wells plates OrangeScientific, Frilabo, Portugal 

24 wells plates for inserts BD Falcon, Enzifarma, Portugal 

T 75 cm2 culture flasks OrangeScientific, Frilabo, Portugal 

15 and 50 mL conic tubes OrangeScientific, Frilabo, Portugal 

1.5 and 2 mL micro-tubes OrangeScientific, Frilabo, Portugal 

5 mL syringes BD Falcon, Enzifarma, Portugal 

23G needles  BD Falcon, Enzifarma, Portugal 

Individual polyethylene terephthalate (PET) inserts (8.0 µm pore) BD Falcon, Enzifarma, Portugal 

MgF2 (2x20 mm) windows Crystran, United Kingdom 

CaFl2 (IR-grade, 1x13 mm) windows Crystran, United Kingdom 

Main Equipment 

Analytical balance (Toledo AB54) Mettler, Rotoquímica, Portugal 

pH-meter (Basic 20 +) Crison, Rotoquímica, Portugal 

Shaker "Vortex" (MS2 Minishaker) IKA® Works, Frilabo, Portugal 

Water purification apparatus Milli –Q (Gen Pure) TKA, Frilabo, Portugal 

Centrifuge with cooling (MPW-350R) MPW, Frilabo, Portugal 

Incubator MCO-19AIC (UV) Sanyo, Frilabo, Portugal 

Laminar flow hood (BW 100) (flow rate : 1050m3/h) BioWizard, Frilabo, Portugal 
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Microplate reader μQuant MQX200 BioTek, Portugal 

Microscope CRX41 coupled to a DP20 camera Olympus®, Portugal 

Orbital incubator GFL, Certilab, Portugal 

Moticam 5 digital camera coupled to a Motic® AE200 inverted 

microscope  
Spectra Services VWR, Portugal 

Jobin-Yvon T64000 Raman spectrometer coupled to a Olympus® 

BH2 microscope 
Horiba Jobin-Yvon, Bióptica, Portugal 

RFS-100 Fourier transform Raman spectrometer Bruker, Portugal 

Senterra dispersive Raman microspectrometer with a charge-

coupled device (CCD) detector  
Bruker, UK 

Infrared beamline B22 (MIRIAM – Multimode InfraRed Imaging 

And Microspectroscopy) – Vertex 80v FTIR spectrometer, 

Hyperion 3000 microscope 

Diamond Light Source, UK [244] 

Vertex 70 FTIR spectrometer Bruker, Portugal 

TOSCA indirect geometry time-of-flight neutron spectrometer ISIS Facility, UK [210] 

OSIRIS indirect geometry time-of-flight neutron spectrometer ISIS Facility, UK [213] 

Software 

aCLIMAX version 4.0.1 [245] 
ISIS Facility, Rutherford Appleton 

Laboratory, United Kingdom 

Angiogenesis Analyser package [246] Paris, France 

DAVE version 2.3 [247] NIST, Gaithersburg, USA 

Extended Multiplicative Signal Correction (EMSC) toolbox [248] Copenhagen, Denmark 

Fiji [249]  

Gaussian 03 Gaussian Inc., Wallingford, USA 

GaussView 4 Gaussian Inc., Wallingford, USA 

GraphPad Prism 6 Software La Jolla, CA, USA 

LabSpec 5.0 Horiba, Villeneuve d'Ascq, France 

MANTID version 3.4.0 [250]  

Matlab 2012a The MathWorks Inc., Natick, MA 

OPUS 7.2 Bruker Optik, Germany 

Origin Pro 8.0 OriginLab, USA 

ProSpect Toolbox London Spectroscopy Ltd., London, UK 

Unscramber® X software version 10.2 CAMO, Norway 
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2.2. Experimental Methods 

2.2.1. Synthesis of Metal Complexes with Polyamines 

2.2.1.1 PtDap  

PtDap was synthesised according to an optimised procedure based on a previously 

reported method for PtEn (Pt(en)Cl2, en=NH2CH2CH2NH2) [251]. 

Briefly, 2 mmol of K2PtCl4 were dissolved in 12.5 mL of HCl-0.1 M, and a solution 

containing 2 mmol of Dap in 75 mL of HCl-0.05 M was added dropwise, under continuous 

stirring, at 60ºC, for ca. 2 h. Upon standing overnight, a dark yellow powder of the complex 

was formed, which was filtered and washed repeatedly with acetone. 

PtDap (yield: 29.7%) – Elemental analysis found (for Pt(C3N2H10)Cl2): C: 9.6 %; H: 3.0%; 

N: 8.3%; Calculated – C: 10.6%; H: 3.0%; N: 8.2%. 

2.2.1.2. Pt2Spm and Pd2Spm 

Synthesis of the Pt2Spm and Pd2Spm complexes was carried out based on published 

procedures [252], previously optimised for the Pd(II) compound [104,238,253] and currently 

modified for the Pt(II) analogue. Briefly, 2 mmol of K2PtCl4 or K2PdCl4, were dissolved in a 

minimal amount of water, and an aqueous solution containing 1 mmol of spermine was added 

dropwise under continuous stirring. The reaction was allowed to occur for 24 h, after which 

the resulting yellow powder was filtered off and washed with acetone. Recrystallization of this 

product from water afforded needle-shaped crystals (yellow-orange for the Pt(II) complex and 

yellow for the Pd(II) analogue)  

Pt2Spm (yield 60%) – Elemental analysis found (for Pt2(C10N4H26)Cl4): C: 16.2%; H: 3.5%; 

N: 7.6%, Cl: 19.1%; Calculated – C: 16.4%; H: 3.6%; N: 7.5%, Cl: 19.3% [238]. 

Pd2Spm (yield 68%) – Elemental analysis found (for Pd2(C10N4H26)Cl4): C: 21.2%; H: 4.7%; 

N: 9.6%, Cl: 25.9%; Calculated – C: 21.6%; H: 4.7%; N: 10.1%, Cl: 25.5% [104]  
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2.2.2. Preparation of Solutions 

Table 4 – Solutions used along the experimental work. 

Solution Components pH Storage 

Cell culture 

Phosphate Buffered Saline 

(PBS) 10x 

2.0 g KH2PO4 (15 mM) 

6.1 g Na2HPO4 (43 mM) 

2.0 g KCl (27 mM) 

87.7 g NaCl (1.5 M) 

1000.0 mL ultrapure water 

7.4 
Room 

temperature 

PBS 1x 
100.0 mL PBS 10x 

900.0 mL ultrapure water 
7.4 

Room 

temperature 

DMEM-HG 

13.4 g DMEM-HG 

1.5 g NaHCO3 

1000.0 mL (final volume) ultrapure water 

7.4 4ºC 

DMEM-HG 10% (v/v) FBS 

/ 1% Pen/Strep 

890.0 mL DMEM-HG 

100.0 mL FBS 

10.0 mL Pen/Strep 

7.4 4ºC 

Trypsin-EDTA 1x 

90.0 mL PBS 1x 

10.0 mL Trypsin 10 x 

20.0 mg EDTA 

7.4 4ºC 

Tested agents 

cisplatin 1mM 
3.0 mg cisplatin 

10.0 mL PBS 1x 
 -20ºC 

Pd2Spm 500 µM 
2.8 mg Pd2Spm 

10.0 mL PBS 1x 
 -20ºC 

Pt2Spm 250 µM 
1.9 mg Pt2Spm 

10.0 mL PBS 1x 
 -20ºC 

DTX 1 mM 
5.0 mg DTX 

6.2 mL PBS 1x 
 -20ºC 

SRB colorimetric assay 

Methanol 1% (v/v) in Acetic 

acid 

495.0 mL Methanol 

5.0 mL Acetic acid 
 -20ºC 

1% Acetic acid 
990.0 mL deionised water 

10.0 mL Acetic acid 
 

Room 

temperature 

SRB 0.5% 
2.5 g Sulforhodamine B 

500.0 mL 1% Acetic acid solution 
 

Room 

temperature 

Tris 10 mM 
1.2 g Tris base 

1000.0 mL ultrapure water 
10 

Room 

temperature 
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Matrigel assay 

Matrigel 250 µg/ml 
252 μL Matrigel 

2248 μL Tris 10 mM, 0.7% NaCl 
 -20ºC 

Tris 10 mM, 0.7% NaCl 

1.2 g Tris base 

7.0 g NaCl 

1000.0 mL ultrapure water 

8 4ºC 

DMEM-HG / 1% Pen/Strep 
990.0 mL DMEM-HG 

10.0 mL Pen/Strep 
7.4 4ºC 

DMEM-HG 10% (v/v) FBS 

/ 1% Pen/Strep 

890.0 mL DMEM-HG 

100.0 mL FBS 

10.0 mL Pen/Strep 

7.4 4ºC 

Formalin 4%, 0.9% NaCl 
40.0 mL 

60.0 mL NaCl 0.9% 
 4ºC 

Crystal violet 0.1% 

50.0 mg crystal violet 

2.5 ml 100% methanol 

7.5 ml ultrapure water 

 4ºC 

Spectroscopic experiments 

Sodium chloride 0.9% 
9.0 g Sodium chloride 

1000 mL ultrapure water 
7.4 

Room 

temperature 

Formalin 4% 
40.0 mL 

60.0 mL NaCl 0.9%  
4ºC 

All stock solutions for the tested compounds used in the cell culture experiments were 

sterile-filtered and stored at -20 °C. Further dilutions to the final desired concentrations were 

made in PBS 1x immediately before addition to the cells. 

2.2.3. In vitro Assays 

2.2.3.1. Cell Culture 

The epithelial human breast cancer cell line MDA-MB-231 (human Caucasian triple-

negative, claudin-low, MSL, breast carcinoma) [254] was purchased from the European 

Collection of Cell Cultures (ECACC, UK). The cells were cultured as monolayers, at 37 °C, 

in a humidified atmosphere of 5% CO2. The cultures were maintained in DMEM-HG 10% (v/v) 

FBS / 1% Pen/Strep. Cells were subcultured at 80% confluence, using a trypsin-EDTA 1x 

solution. Under these conditions, the duplication time was 26 h [104]. The cells were always 

in the logarithmic phase of growth when the tested agents were added. Whenever needed 

cells where counted using the Trypan Blue 0.4% (w/v) assay which allows the quantification of 
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morphologically intact cells by exclusion of the dye [255]. Particularly, for the anti-invasive 

assay the Crystal Violet 0.1% (w/v) dye was used. 

2.2.3.2. Evaluation of Antitumour Activity 

2.2.3.2.1. Cell Proliferation Assays 

Sole Administration 

For the determination of the anti-proliferative activity of Pd2Spm, Pt2Spm and DTX 

against the MDA-MB-231 cells, cultures were established in 24-well plates (1 mL/well) at a 

density of 3x104 cells/cm2, and were allowed to attach for about 24 h. Triplicates were treated 

for different incubation periods with several concentrations of the tested compounds (Pd2Spm 

and Pt2Spm from 1 to 16 µM and DTX from 1x10-2 to 8x10-2 µM). DTX was solubilised in 

DMSO and diluted in PBS prior to addition to the cell cultures, the DMSO concentration 

never exceeding 0.1% (v/v). According to the population doubling time for MDA-MB-231 cells 

(26 h [104]) the 48 and 72 h time-points after Pd2Spm, Pt2Spm or DTX addition were chosen. 

At each of these, the growth media was aspirated, the cells were washed and fixed with ice-

cold methanol (1% (v/v) in acetic acid) and stored at -20 ºC. After this fixation process, cell 

proliferation was evaluated through staining with SRB (1 hour) to obtain the cellular protein 

content, considered as directly proportional to the cell density [215,256,257]. A 0.01% (w/v) 

DMSO solution was always considered as a control. 

Combined Administration 

Cells were seeded in 24-well plates (1 mL/well) at a density of 3x104 cells/cm2 and were 

allowed to attach for about 24 h. Two different drug administration schemes were used: (i) 

The cells were simultaneously exposed to 1x10-2 µM DTX and 2 or 4 µM Pd2Spm; (ii) the cells 

were initially pre-treated with DTX (1x10-2 µM) for 24 h, after which the media was removed, 

the cells were washed with PBS, fresh DMEM-HG was added and Pd2Spm was administered, 

the end-points being counted from this time forward (Figure 23). 
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2.2.3.2.2. Cell Invasion Assays 

Migration of MDA-MB-231 cells was measured using the MatrigelTM cell invasion assay 

[235,236,258]. Briefly, the inserts were coated with 250 µg.mL-1 MatrigelTM and placed in a cell 

incubator for 2 h. The top chambers were then seeded with 5×104 cells in FBS-free DMEM-

HG medium along with 4 μM–Pd2Spm and 1x10-2 µM–DTX, either alone or in combination. 

The bottom chambers contained DMEM-HG supplemented with 10% (v/v) FBS. After 72 h, the 

cells on the top surface of the membrane (non migrating cells) were gently rubbed with a 

cotton swab moistened with PBS (Figure 24). The cells spreading to the bottom surface of the 

membrane (invasive cells) were washed with PBS and fixed with cold 4% formalin for 20 min, 

after which they were stained with Crystal Violet 0.1% (w/v) for 1 hour. Images were taken 

using a camera coupled to an inverted microscope (Olympus, Portugal) equipped with a 10x 

objective, and invasive cells were quantified by manual counting. 

Figure 24 – Schematic representation of cell invasion assay. 

Figure 23 – Schematic representation of combined administration according to schemes i and ii. 
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2.2.3.3. In vivo CAM Assays 

The chicken embryo CAM assay is a suitable and cost-effective model for monitoring 

neovascularisation [36,38,42,45,47,56,259], and was presently used as an in vivo model for 

angiogenesis, as described elsewhere [41]. Figure 25 schematically represents the experiments 

carried out. Briefly, the fertilised chicken eggs were incubated, with shaking, at 37.5 ºC in a 

humidified atmosphere. After 3 days of incubation, ca. 2.5 mL of albumen were removed, in 

order to detach the shell from the developing CAM, and a window was opened in the eggshell 

to expose the embryo. At this stage, the fertilised eggs were sealed with paraffin and incubation 

continued until day 9, when the windows were unsealed. Three PBS-soaked and one VEGF-

soaked (10 ng/mL) coverslips were then placed in each egg, in direct contact with the CAM, 

and the openings were sealed again with paraffin. The coverslips were previously sterilised and 

pre-treated with hydrocortisone (a cyclooxygenase inhibitor), with the purpose of avoiding 

inflammatory responses. At day 11, the windows were unsealed and two of the PBS-soaked 

coverslips were treated with Pd2Spm (1 to 4 µM), DTX (1x10-2 to 4x10-2 µM) and Pd2Spm/DTX 

combinations (1 to 8 µM/1x10-2 to 8x10-2 µM). The untreated coverslips were then used as 

controls (respectively PBS and VEGF). The windows were sealed once more and the eggs 

incubated until day 13, when angiogenesis was assessed. At this time-point, the eggs were 

opened and the coverslips (bound to the CAM) were removed and placed in PBS. Contrast-

phase images were obtained using a Moticam 5 digital camera coupled to a Motic® AE200 

inverted microscope (with a 4x magnification). The digital images were analysed using the 

software package Angiogenesis Analyser package [246] for Fiji program [249]. 

Figure 25 – Schematic representation of the CAM assay. 
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2.2.3.4. Assessment of the in Vitro Tyrosine Kinase Activity 

In vitro VEGFR2 tyrosine kinase activity was analysed by using an enzyme-linked 

immunosorbent assay kit as previously described [260]. Briefly, this assay (performed in 96-

well plates) employs an affinity tag labelled capture antibody and a reporter conjugated 

detector antibody which immunocaptures the sample analyte in solution. The complex 

(captured antibody/analyte/detector antibody) is, in turn, immobilised via immunoaffinity of an 

anti-tag antibody coating the well. 

Pd2Spm and DTX were tested separately (at their IC50 concentrations, respectively 2.9 

and 1.5x10-2 µM), or in combination (at 6x10-1/6x10-3 µM for Pd2Spm/DTX), by incubation with 

the antibody mixture. Subsequent substrate phosphorylation was monitored by the colour 

development, measured at 450 nm in an automated microplate reader. 

2.2.3.5. Quantification of Intracellular vs Extracellular Water in the Cell Pellets 

The intracellular:extracellular water ratio was determined in the cell pellets, by 

comparing the weight of differently prepared samples: cell pellet immediately after harvesting 

and centrifugation (195 x g, for 10 min), containing both inter- and intracellular water (wP); 

cell pellet after drying in a dry atmosphere at 37 ºC for ca. 3 hours, allowing for extracellular 

water to evaporate completely (wD); lyophilised cell pellet, comprising only the dehydrated 

cellular components (wL). Hence, (wP-wL), (wD-wL) and (wP-[wD-wL]) yielded the total water 

(inter+intracellular), the intracellular, and the extracellular water, respectively. 

2.2.4. Computational Methods 

Quantum mechanical calculations were performed for PtDap and Pt2Spm, using the 

Gaussian 03 program [261] – both geometry optimisation and calculation of the harmonic 

vibrational frequencies – within the Density Functional Theory (DFT) approach, at a level 

which was previously shown by the authors to be the best choice for describing this type of 

Pt(II)-amine complexes, since it presents the finest compromise between accuracy and 

computational demands [262,263]. The mPW1PW method, which comprises a modified 

version of the exchange term of Perdew-Wang and the Perdew-Wang 91 correlation 

functional [264,265] was used, along with the split valence basis set 6-31G* [266], for all atoms 



2. Experimental 

P a g e  | 55 

except for the metal. Pt(II) was represented by the relativistic Effective Core Potentials of Hay 

and Wadt [267] (G03W keyword LANL2DZ), n=5 and n=6 being considered as valence 

electron shells. 

Molecular geometries were fully optimised by the Berny algorithm, using redundant 

internal coordinates [268]: the bond lengths to within ca. 0.1 pm and the bond angles to within 

ca. 0.1º. The final root-mean-square (rms) gradients were always less than 3x10-4  

hartree.bohr-1 or hartree.radian-1. No geometrical constraints were imposed on the molecules 

under study. The harmonic vibrational wavenumbers, as well as Raman activities and infrared 

intensities, were obtained at the same theory level as the geometry optimisation procedure. 

Simulation of the INS spectra (both the theoretical transition intensities and 

wavenumbers) was carried out with the dedicated aCLIMAX program [245]. 

2.2.5. Sample Preparation for Spectroscopic Analysis 

Upon harvesting by trypsinisation, cells were centrifuged and the pellet was resuspended 

in culture medium and seeded, at a concentration of 3×104 cells/cm2, on the optical substrates 

suitable for either Raman [269] or FTIR data collection [270]: respectively MgF2 (2x20 mm) 

and CaCl2 (UV-grade, 1x13 mm) disks, previously cleaned with ethanol-70%. Upon incubation 

for 24 h (allowing the cells to attach), cells were treated for different concentrations of each 

tested compound (2, 4 and 8 μM) and left to culture for a further 48 h. The growth medium 

was then removed, cells were washed twice with NaCl-0.9%, fixed in 4% formalin (diluted in 

NaCl-0.9% from the commercial 10% neutral-buffered formalin solution) for 10 min [270] and 

washed several times with ultrapure water (to remove any residual salt). The disks were 

allowed to air-dry prior to spectroscopic analysis. 

All samples were prepared in triplicate, in a single experiment. 

2.2.6. Optical Vibrational Spectroscopy 

2.2.6.1. Raman Spectroscopy 

Raman spectra of the newly synthesised compounds was recorded (at room 

temperature) at the University of Aveiro, in a Bruker RFS-100 FT-Raman spectrometer, 

equipped with an InGaAs detector, with near-infrared excitation (in order to overcome 
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fluorescence) provided by the 1064 nm line of a Nd:YAG laser (Coherent, model Compass-

1064/500N) yielding ca. 150 mW at the sample position. A 180° geometry was employed, and 

each spectrum was the average of three repeated measurements of 50 scans each, resolution 

being set to 2 cm-1.  

Raman spectra of MDA-MB-231 fixed cells on MgCl2 disks, both untreated and drug-

treated, were recorded (at room temperature) at the VIBIMA laboratory of the QFM-UC 

(Portugal) [271] and at the peripheral laboratories of the B22 beamline from DLS (UK) 

[144,145]. Spectral collection was performed both for the dry samples (at B22/Diamond) and 

within NaCl-0.9% (w/v) solution (at VIBIMA/QFM-UC). In all cases, samples of untreated cells 

were used as control. 

At VIBIMA/QFM-UC, the spectra were obtained in the 600-1800 cm-1 range, in a Horiba 

Jobin-Yvon T64000 spectrometer in direct configuration mode (focal distance 0.640 m, 

aperture f/7.5), equipped with a holographic grating of 1800 grooves.mm-1. The entrance slit 

was set to 200 μm. Rayleigh elastic scattering was rejected by a Notch filter, which reduces 

its intensity by a factor of 106. The detection system was a LN2 cooled non-intensified 

1024×256 pixels (1") CCD. The 514.5 nm line of an Ar+ laser (Coherent, model Innova 300-

05) was used as the excitation radiation, yielding ca. 10 mW at the sample position. All the 

spectra were recorded using an Olympus 60x water immersion objective (Olympus 

LUMPLFLN 60XW, NA 1.0, wd 2 mm). A 200 µm confocal pinhole rejected signals from out-

of-focus regions of the sample. Apart from the control (untreated cells), samples containing 2, 

4 and 8 µM of the tested drugs (48 h exposure) were analysed. 30 to 40 spectra were collected 

per sample (in different cells), with 4 accumulations and 60 s of exposure, at a <1 cm-1 spectral 

resolution. 

At DLS, Raman data for samples of fixed cells exposed to drugs at 2, 4 and 8 µM and 

the controls were acquired in the 600-1800 cm-1 and 2600-3600 cm-1 regions, in a Bruker 

Senterra dispersive Raman microspectrometer with a CCD detector (1024x265 pixels), using 

a 100x objective (Olympus BX, NA 0.9, Japan), a 50 µm diameter confocal aperture and a 532 

nm laser line providing ca. 25 mW at the sample position. 150 to 200 spectra were collected 

per sample (from cytoplasm and nucleus for each cell), with 5 s of exposure and 6 co-added 
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scans per chosen point, sampling approximately 75 to 100 cells per sample, at a 9-18 cm-1 

spectral resolution. 

2.2.6.2. FTIR Spectroscopy 

Globar FTIR spectra of the solid complexes were obtained at VIBIMA/QFM-UC (at 

room temperature, in KBr disks ca. 0.5% (w/w)) in a Bruker Optics Vertex 70 FTIR 

spectrometer, with a KBr beamsplitter and a LN2 cooled MCT detector. Each spectrum was 

the sum of 128 scans, at a 1 cm-1 resolution. The error in wavenumbers was estimated to be 

less than 1 cm-1. 

Synchrotron-radiation infrared microspectroscopy (SR-IRMS) data of MDA-MB-231 

fixed cells on CaF2 optical substrates, both untreated and drug-treated, were acquired (at 

room temperature) at the infrared beamline B22 (MIRIAM) from DLS (UK) [144,145]. 

Acquisition in the mid-IR region 650-3900 cm-1 (Ge filter cut off) was carried out in 

transmission mode, under a Hyperion 3000 microscope coupled to a Bruker Vertex 80v FTIR 

spectrometer, equipped with a LN2 cooled MCT high sensitivity detector (50x50 μm2 area) 

and a synchrotron radiation IR source yielding 300 mA at the sample position (microbeam 

FWHM ca. 15x15 μm2 and detected area between 5x5 to 15x15 μm2 selected via slits). An 

area of 10x10 μm2 at the sample (NA 0.5) matched with a 36x cassegrain condenser for 

transmission measurement. 

Samples containing drug at 4 and 8 µM concentrations were analysed, as well as the 

controls (drug-free). 150 to 200 spectra were collected per sample (from at least 2 points per 

cell sampling, 75 to 100 cells per sample), with 256 co-added interferograms per chosen point 

(as well as background every 10 spectra), i.e. ca. 40 s per spectrum in order to obtain a high 

enough S/N ratio for further data analysis. Three replicates were acquired for each sample. 

2.2.7. Spectroscopy with Neutrons 

The neutron spectroscopy measurements were carried out at the ISIS Pulsed Neutron 

Source (United Kingdom [177]). The newly synthesised complexes, as well as the cellular 

samples containing ca. 100 mg/1 cm3 of cell pellet (ca. 5x108 cells), were wrapped in aluminium 

foil sachets (which filled the beam) and loaded into flat thin walled aluminium cans. 
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2.2.7.1. Inelastic Neutron Scattering 

INS spectra were obtained on the TOSCA spectrometer [210,272], an indirect 

geometry time-of-flight, high resolution ((𝛥𝐸/𝐸) ca. 1.25 %), broad range spectrometer. To 

reduce the impact of the Debye-Waller factor (the exponential term in equation (16)) on the 

observed spectral intensity, the samples (in 0.2 mm-thick (4×4 cm) flat Al cans) were cooled 

to cryogenic temperature (ca. 10 K). Data were recorded in the energy range -24 to 4000  

cm-1. 

For the studies in cells, apart from the drug-containing samples untreated cellular 

controls were measured (for comparison when ascribing the cisplatin-induced changes), as 

well as cisplatin solutions (at all concentrations) in PBS and PBS buffer (to assess the drug 

effect on the saline medium in the absence of the biological matrix). Lyophilised cells with and 

without drug (8 μM) were also measured, with a view to identify the vibrational components 

due to biomolecules (mainly from proteins and DNA). 

The cellular samples were plunged into liquid nitrogen for rapid freezing, in order to 

avoid slow ice crystal growth during freezing that could extract water from cells leading to 

dehydration (an eventually to membrane disruption). 

2.2.7.2. Quasielastic Neutron Scattering 

QENS spectra of MDA-MB-231 cells were acquired on the low-energy OSIRIS high-flux 

indirect-geometry time-of-flight spectrometer [213,273], equipped with a newly installed 

beryllium filter [274], and using the 002 reflection of the cooled pyrolytic graphite analyser 

bank (PG002 25Hz configuration) with a 25.4 µeV energy resolution (FWHM). The data was 

recorded in the 𝑄 range 0.18 to 1.81 Å-1 (covering a 11º to 155º angular interval, for a total 

of 41 detectors), within the energy transfer window -0.8 to 2.0 meV. 

Drug-treated cells and untreated cellular controls were measured, as well as PBS and 

cisplatin solutions in PBS. Both non-washed and PBSdeut-washed samples were used, to 

accurately identify the contribution from bulk water. 

In all cases 0.1 mm-thick (4×4 cm) flat Al cans were used, except for the PBSdeut-washed 

samples and for PBS which were placed in 0.4 mm-thick (4×5 cm) Al containers (to allow for 
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a higher amount of scatterer in the beam, still keeping to a 10% scatterer to reduce the 

possibility of multiple scattering). Spectra were run at 298 K, for ca. 20 h each. 

A vanadium sample (a purely incoherent elastic scatterer) was measured to define the 

instrument resolution and correct for detector efficiency. 

2.2.8. Data Pre-processing, Fitting Procedures and Statistical Analysis 

Cell proliferation data were obtained from experiments in which both controls and cell 

cultures exposed to the tested compounds were established and processed in parallel. IC50 

values (relative inhibitory concentration inducing 50 % of cell growth) were calculated from 

dose-response studies for DTX (0 to 8x10-2 µM) and Pd2Spm (0 to 16 µM) according to 

previous procedures [275]. The results were expressed as a percentage of the control and 

were an average of at least three independent experiments. The standard error of the mean 

(SEM) was calculated in all cases, and the statistical significance of the differences was assessed 

using Dunnett’s post-test for the control. All data analysis was performed with the GraphPad 

Prism 6 Software. 

The synergetic effect of Pd2Spm when in combination with DTX was evaluated according 

to the method of isoboles [276]. An isobologram was plotted for both drugs in order to 

determine if the combined administration of Pd2Spm and DTX produces a response different 

than an additive one. A line (isobole) was drawn, connecting the points of 50% maximum 

response for each agent in the absence of the other one, allowing to interpolate the 

Pd2Spm/DTX combinations producing a 50% response. 

Raman spectra collection was carried out using the LabSpec 5.0 and OPUS 7.2 programs, 

respectively at VIBIMA/QFM-UC and DLS. Data pre-processing was performed with The 

Unscramber® X software. Spurious peaks caused by cosmic rays were removed and the 

spectra were selected for data treatment by discarding those with very poor S/N ratio. The 

spectra were baseline corrected (second order polynomial in the 600-1800 cm-1 region and 

linear baseline correction in the 2650-3450 cm-1 interval), smoothed by the Savitsky-Golay 

filter (order 1, 9 points) which enabled reduction of noise without band distortion, and vector 

normalised (minimising the effects of variable thickness within and among the cell samples). 
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FTIR data acquisition was performed using OPUS 7.2, which compensated for 

atmospheric and water vapour interferences, and corrected for background intensity changes 

within the chosen wavenumber interval. Infrared absorbance spectra were obtained by 

rationing to a background measured from a clean area of the sample where no cells were 

present. Since for spectral acquisition of the cells in transmission mode the sample is 

illuminated through the substrate, reflection losses related to the relative refractive indices at 

the substrate–sample interface must be considered in the data treatment, as well as optical 

contributions from sample–air and air–substrate boundaries. This was achieved by RMieS 

correction (with the EMSC algorithm [277,278], 20 iterations) of the single cell spectra, vector 

normalised and mean centred. The spectra were corrected independently before computing 

the average spectrum per cell, as each spectrum may have experienced a different spectral 

distortion due to the heterogeneous nature of the cells distributed along the two-dimensional 

arrangement of pixels over which the sample was illuminated. Data were quality checked to 

remove any spectra which still exhibited high levels of scattering. Quality checking was based 

on the amide I band intensity, spectra with absorbance between 0.1 and 1 being retained. Initial 

pre-processing was based on a principal component (PC)-based noise reduction algorithm: 

noise reduction was achieved by retaining a selected number of principal components and then 

recombine the dataset. Careful selection of the retained components enabled random noise 

to be removed while still preserving the chemical information in the spectra. Utilising PC-

based noise reduction of the data with 40 PC´s allowed good improvements to be observed 

in the S/N ratio. 

For both FTIR and Raman, the spectra were plotted using Origin 8.0. Multivariate analysis 

of the results – unsupervised principal components analysis (PCA) – was carried out in The 

Unscramber X 10.2 and using Matlab 2012a and the ProSpect Toolbox. The order of the PCs 

denotes their importance to the dataset, PC1 corresponding to the highest amount of 

variation. Analysis was carried out separately for each spectral region probed. For the Raman 

data, PCA was performed using the cross validation method, while for the IR results the 

nonlinear iterative partial least squares algorithm and the leverage correction validation 

method were applied. The use of chemometric techniques is essential when analysing complex 

systems such as cells, due to the complexity of the biochemical processes taking place within 
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them. It provides further insight into the source of the observed spectral variability, enabling 

discrimination between spectral patterns obtained for distinct levels of drug exposure. From 

the loading plots corresponding to each principal component it was possible to derive 

biochemical information based on the differentiation between the tested conditions, and to 

evidence inter-group variance. Additionally, loading plots could be matched with the 

corresponding experimental spectra, and the positive and negative peaks in the loadings were 

assigned to the different groups observed in the score plots. Once discrimination was attained 

according to PC´s dominated by spectral features characteristic of the cellular components 

(and not the drugs), it could be concluded that the detected spectral variances were not due 

to the presence of the external agents but instead to their distinct effects on the cell´s 

biochemical profile coupled to specific physiological reactions – the impact of the drugs was 

therefore monitored, as initially proposed. 

The neutron data was reduced from raw time-of-flight signals into energy transfer 

spectra using the MANTID program [250]. QENS spectra were corrected for detector 

efficiency. Resolution functions were determined independently from calibration runs for 

vanadium (used for non-cell containing samples), as well as for untreated non-washed and 

PBSdeut-washed cells (applied for the corresponding cell-containing samples). 

Fitting of the QENS spectra was performed for the energy transfer range -0.8 to 2.0 

meV, with the DAVE program [247]. One Delta function (elastic component) and three 

Lorentzians (quasielastic contributions), plus an energy independent instrumental background, 

were necessary for an accurate representation of the system. FWHM values were extracted 

from each of the Lorentzian functions representing the distinct dynamical components 

assigned to the system, yielding the translational diffusion coefficients (𝐷𝑇) and jump times 

(𝜏𝑇), as well as the correlation times for the localised motions of the cellular macromolecules 

(𝜏𝐿). For the translational Lorentzians, either a continuous diffusion (Fickian model, 𝛤 = 𝐷𝑄2) 

or a jump-reorientation mechanism were considered, the latter following the equation [279-

282], 

(21) 𝛤𝑇(𝑄) =
𝐷𝑇𝑄

2

1 + 𝐷𝑇𝑄2𝜏𝑇
𝑗𝑢𝑚𝑝
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where 𝐷𝑇  represents the translational coefficient at temperature 𝑇  and 𝜏𝑇
𝑗𝑢𝑚𝑝

 is the 

translational jump time (i.e. the mean residence time of a water molecule in each possible 

location). 
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3.1. Characterisation of the Complexes 

3.1.1. PtDap 

Figure 9 comprises the most stable geometry calculated for the newly synthesised PtDap 

chelate. This conformation belongs to the Cs point group, and displays 48 vibrational modes – 

26 with A´ symmetry and 22 with A´´ symmetry – all Raman and infrared active.  

The vibrational spectra obtained for PtDap are comprised in Figure 26 and Figure 27. 

The use of all vibrational techniques – FTIR, Raman and INS – allowed to observe virtually all 

the modes of the molecule and to achieve a complete assignment of its vibrational pattern 

(Table 5). Special attention was paid to spectral regions comprising particular vibrations which 

can be considered as a fingerprint of this kind of complexes: (i) the Cl–Pt–Cl and N–Pt–N 

deformations and stretchings; and (ii) the vibrations associated to the diamine ligand, especially 

δ(NH2) and ν(NH2), which reflect the chelating ability of this particular bidentate moiety. 

Table 5 – Experimental and calculated vibrational wavenumbers (cm-1) for PtDap. 

Experimental 
aCalculated Sym. 

species 
bApproximate description 

Raman FTIR INS 

3265 3262  3260 (A”)  νas(NH2) 

3249 3242  3261 (A’) νas(NH2) 

3198 3198  3174 (A’; A”) νs(NH2) 

3130 3130    2xδs(NH2) FR νs(NH2) 

2967 2967sh  2972 A’ νas(CH2) 

2956 2953  2928 (A’; A”) νs(CH2) 

2944      

2933      

2920 2924     

2890 2890  2910 A’ νs(CH2) 

 2852     

2799      

2777      

1589  1586 1588 1588 A’ δ(NH2) in-phase 

1581   1573 1583 A” δ(NH2) out-of-phase 

1465 1469    δ(CH2) 

1458 1462 1458 1456 A’ δ(CH2) 

1453 1451  1445 A” δ(CH2) 

1436 1436  1430 A’ δ(CH2) 

1405 1403 1406 1380 A’ ω (CH2) 

1398 1395  1377 A” ω(CH2) 

1353 1352     

1334 1330 1331 1339 A” ω(CH2) 

1321   1303 A’ t (CH2) 
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1288 1290 1287 1289 A” t (CH2) 

1254 1254 1254 1265 A” t(CH2) + ω(NH2) 

1207 1206  1213 A’ t(CH2) + t(NH2) 

1198 1193  1195 A’ ω(NH2) 

 1173     

1165 1162 1172 1161 A” ω(NH2) 

1126 1127 1134    

1087 1085  1089 A” ν(CN) + ν(CC) 

1074 1073 1069 1056 A” ν(CN) + ν(CC) + t(NH2) 

1060 1055     

      

1040 1037 1042 1048 A’ ν(CN) 

 949     
943 

943sh 
945 931 A” ν(CN) + ν(CC) 

 901 900 909 A’ ρ(CH2) 

817 815 813 783 A’ ν(CC) 

774 772    ρ(CH2) 

763 758sh 757 761 A’ ρ(NH2) 

  744 752 A” ρ(NH2) 

532 (c508) 527 535 (c505) 510 A” νas(N-Pt-N) 

488 (c524) 486sh  508 A’ νs(N-Pt-N) + δ(CCC) 

481sh 477 477 (c521) 470 A’ δ(CCC) + νs(N-Pt-N) 

384  378 381 A” δ(NCC) 

359  358 349 A’ δ(CCC) + νs(Cl-Pt-Cl) 

d325 
  

   

d314 
  336 A” νas(Cl-Pt-Cl) 

246  249 232 A' δs(N-Pt-N) 

 
 

d224 
   

 
 

d212 
211 A” γ(CN-Pt-NC) out-of-phase 

   174 A’ γ(CN-Pt-NC) in-phase 

159  160 153 A” δ(N-Pt-Cl) 

151sh  142 143 A’ δ(Cl-Pt-Cl) 

  123   external libration 

  102   external libration 

  96 95 A” eglobal “torsion” mode 

66  73 63 A’ eglobal “butterfly” mode 

aAt the mPW1 level. Scaled according to: 0.9499 for the bands in the 700-3150 cm-1 range [283]; 0.920 for ν(NH2) [262]; 0.933 for δ(NH2); 

0.986 for ω(NH2) and ρ(NH2); bSymbols for vibrational modes: δ – in-plane deformation, t – twisting, ρ – rocking, ω – wagging,  – out-of-

plane deformation, s, as, and a refer to symmetric, antisymmetric and asymmetric modes, respectively, sh refers to a shoulder; cFor cisplatin 

[263,284]; dDavydov splitting; e[284]. 
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Figure 26 – Vibrational spectra (0-1800 cm-1) for PtDap: experimental (A) and calculated (B) INS; experimental 

(C) and calculated (D) FTIR; experimental (E) and calculated (F) Raman. 
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Figure 27 – Optical vibrational spectra (2700-3400 cm-1) for PtDap: experimental (A) and calculated (B) FTIR; 

experimental (C) and calculated (D) Raman. 

Interpretation of the experimental data was assisted by the predicted spectra obtained 

from the quantum mechanical calculations, as well as by comparison with the results previously 

obtained for cisplatin and analogous complexes [262,284], as well as the free diamine ligand 

[285]. A quite good agreement was found between the experimental and calculated vibrational 

data (Figure 26 and Figure 27), namely in the low wavenumber region. Scaling of the calculated 
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values was carried out, in order to correct for the known overestimation of the calculated 

harmonic vibrational frequencies relative to the experimental ones, mainly above 700 cm-1, 

due to the neglect of anharmonicity effects in the theoretical treatment. As there are no 

reported scaling methodologies for this type of inorganic Pt-containing systems, and since the 

widely used scaling factors developed by Merrick et al. [283] are recommended for organic 

compounds only, a four-factor scaling scheme (considering different frequency sets) was 

applied for PtDap (Table 5): Merrick´s factor of 0.9499 (for the theory level presently used) 

for the frequencies between 700 and 3150 cm-1 (assigned to the ligand); the value previously 

determined for cisplatin [262] for the amine stretching modes (above 3000 cm-1) – 0.920; two 

factors presently optimised for the deformations of the amine bound to the metal – 0.933 for 

δ(NH2); and 0.986 for ω(NH2) and ρ(NH2). 

A red shift was detected for the amine scissoring modes, occurring at 1589/1581 cm-1 

(Raman), 1586 cm-1 (FTIR) and 1588/1573 cm-1 (INS), relative to the free diaminopropane 

ligand and similar linear alkylamines which display a typical NH2 scissoring vibration centred at 

1619 cm-1 [285]. This is anticipated by the metal chelate effect, that leads to an anchoring of 

the otherwise conformationally free amine groups. Furthermore, there is a significant 

narrowing of the signals associated to the amine groups upon Pt(II)-coordination. 

A well-defined and intense INS band appears at 378 cm-1 (Figure 26) ascribed to the 

(NCC) deformation (Table 5). This can be compared to the δ(NCC) longitudinal mode 

(LAM1) of the free ligand, occurring at 409 cm-1 [286], the shift to lower frequency in the 

chelate being due to metal coordination. The two signals assigned to the (N–Pt–N) symmetric 

and anti-symmetric stretching modes of the diaminopropane complex display a considerably 

larger separation than for cisplatin (45-60 vs 16-20 cm-1, Table 5), most probably due to the 

significantly lower flexibility of the diamino1propane bidentate chelate as compared to the two 

free rotating NH3 moieties in cisplatin. Furthermore, an inversion is detected between the 

symmetric and anti-symmetric (N–Pt–N) wavenumbers, the latter being observed at higher 

values for PtDap as opposed to Pt(NH3)2Cl2, while the former is mixed with the δ(CCC) 

mode. Also, cisplatin´s typical ρ(NH3) feature (centred at ca. 790 cm-1) is substituted in the 

Dap chelate by the amine rocking modes, clearly detected by INS at 757 and 744 cm-1 (Table 

5). 
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A clear splitting of the INS band ascribed to the out-of-plane out-of-phase (CN–Pt–NC) 

deformation (212 and 224 cm-1, Figure 26), theoretically predicted as a single feature at 211 

cm-1 (Table 5), may be attributed to a Davydov splitting, reflecting the presence of more than 

one molecular entity in the crystalline unit cell for this sample. In fact, this may lead to a 

doubling of the spectral features due to the occurrence of crystallographically inequivalent 

conformations. This was previously detected by INS in n-alkanes [287] and linear alkyl-

polyamines [288]. A similar splitting was verified for the ν(Cl-Pt-Cl) vibration in PtDap, 

calculated at 336 cm-1 and yielding the 325 and 314 cm-1 experimental bands. These are only 

detected by Raman, which is a good example of the clear advantage of applying several 

vibrational techniques to the study of the same system. 

3.1.2. Pt2Spm 

The most stable geometry calculated for the Pt2Spm chelate (Figure 9) corresponds to 

a Ci symmetry, displaying 132 vibrational modes – 66 Raman active (with Ag symmetry) and 

66 infrared active (with Au symmetry). 

The vibrational spectra obtained for Pt2Spm (FTIR, Raman and INS) are comprised in 

Figure 28 and Figure 29, allowing to access all the vibrational modes of the molecule and a 

thorough assignment of its vibrational profile. Once more, special attention was paid to the 

features that evidenced more significant changes upon complexation: metal coordination was 

clearly verified by comparing the spectra of the free ligand (Spm) and its dinuclear Pt(II) 

complex (Figure 28), mainly through the characteristic Cl–Pt–Cl and N–Pt–N deformation and 

stretching bands.  

Table 6 comprises the vibrational wavenumbers for Pt2Spm, as well as a comparison with 

the corresponding features for cisplatin and the model complex PtDap. N-Pt-N deformation 

is observed at 244 cm-1 for the Spm complex and at ca. 246 cm-1 for PtDap. Regarding the Pt-

Cl stretching mode, it occurs in Raman at 327 cm-1 for Pt2Spm and at 323 cm-1 for cisplatin 

(for which it is also detected by INS at ~330 cm-1 [284]). The Pt-N stretching at 531 (Raman) 

and 526 (INS) cm-1 was also identified for cisplatin (at 524/521 cm-1) and PtDap (at 532/535 
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cm-1). This band also contains contributions from skeletal deformations (Table 6), being slightly 

blue shifted relative to the free ligand. In the complex, these modes are degenerated. 

Figure 28 – Experimental Raman, FTIR and INS spectra (0-1700 cm-1) for Pt2Spm (black) and Spm (red). 
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Figure 29 – Optical vibrational spectra (2700-3400 cm-1) for Pt2Spm (black) and Spm (red). 

The CH2 stretching modes of the intramolecular ring moiety within the Pt2Spm chelate 

(Figure 9), at 2885 and 2941 cm-1 in the Raman spectrum, were blue shifted relative to free 

spermine, which is a clear proof of metal coordination. A similar behaviour was observed for 

PtDap. 

The INS spectrum allowed an unequivocal identification of both CH2 and NH2 rocking 

modes (not clearly detected by the optical techniques), as well as of the torsion bands from 



3. Results and Discussion 

P a g e  | 73 

the intramolecular ring structures formed upon complexation. These were also recognised in 

PtDap, that accurately represents this moiety (Figure 9). 

Table 6 – Experimental (INS, Raman, FTIR) vibrational wavenumbers (cm-1) for Pt2Spm, and comparison with 

the main features for cisplatin and PtDap. 

(The most representative wavenumbers for the complex are in bold face). 

Pt2Spm 
a

aCalc. 
Sym. 

species 

bcisplatin PtDap 
cApproximate 

description Experimental Experimental Experimental 

Raman FTIR INS Raman FTIR INS Raman FTIR INS 

3273   3261 Ag    3265   asNH2 

 3267  3261 Au     3242  asNH2 

3203  
 

 3166 Ag    3198   sNH2 

  3164 Ag       NH 

 3197  
 

3166 Au       sNH2 

  3164 Au       NH 

 3133          
2xs(NH2) FR 

s(NH2) 

   3001 Au       asCH2 (ring) 

   3001 Ag       asCH2 (ring) 

 ~2960  

 

2992 Au       asCH2 (chain) 

  2990 Au       asCH2 (ring) 

   2990 Ag       asCH2 (ring) 

   2982 Ag       asCH2 (chain) 

2941  2940 2971 Ag    2956 2953  asCH2 (ring) 

 2935  2969 Au       asCH2 (ring) 

   2974 Au       asCH2 

   2963 Ag       asCH2 (chain) 

 2880  
 

2931 Au       sCH2 (chain) 

  2930 Au       sCH2 (ring) 

2885  
 

 2930 Ag    2890 2890  sCH2 (ring) 

  2925 Ag       sCH2 (ring) 

 ~2867  2925 Au       sCH2 (ring) 

   2921 Ag       sCH2 (chain) 

 ~2855  2913 Au       sCH2 (ring) 

   2913 Ag       sCH2 (ring) 

   2903 Ag       sCH2 (chain) 

   2903 Au       sCH2 (chain) 

 
1582 

1584 1597 1580 Au 1601  ~1595  1586 1588 NH2 (NH3) 

  1580 Ag       NH2 

 
 

  1463 Au       CH2 (chain) 

  1457 Ag       CH2 (chain) 

 1458  1454 Au       CH2 (ring) 

   1454 Ag       CH2 (ring) 

 
1447 

1446 1450 1441 Au    1458 1462 1458 CH2 

  1439 Ag       CH2 (ring) + βN2H 

 1439  1438 Au       CH2 + βN2H 

   1436 Ag       CH2 + βN2H 

 
 

~1433 
 

1436 Au       CH2 (ring) 

 1435 Au       βN2H + CH2 
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  1435 Ag       βN2H + CH2 

  1435 Ag       CH2 

 1396  1380 Au    1398 1395  CH2 (ring) 

1387 
 
 

1390 1383 Ag       CH2 

 1376 Ag       CH2 

 1385  1369 Au       CH2 

1364  1368 1367 Ag       CH2 + C4N2H 

 

 

1355  1354 Au       CH2 + C4N2H 

  1337 Ag       CH2 (ring) 

 

1321 

1323 1325 1336 Au     1330 1331 CH2 (ring) 

  1311 Ag       
tCH2 (ring) +  

CH2 (chain) 

   1301 Au       tCH2 

1286 
 

 1291 1295 Ag    1288 1290 1287 
tCH2 (ring) + CH2 

(chain) 

1283  1292 Au       tCH2 (chain) 

   1285 Ag       tCH2 (chain) 

   1265 Ag       tCH2 

   1265 Au       tCH2 

 1243 1253 1259 Au    1254 1254 1254 tCH2 (ring) 

 

1237 

  1258 Ag       tCH2 (ring) + tNH2 

  1234 Ag       tCH2 (chain) 

 1223 1231 1223 Au       CH2 (chain) 

1194 

 

 1188 1188 Ag       NH2 

1184  1186 Au       NH2 

   1190 Au       tCH2 (chain) + tNH2 

1166  1167 1168 Ag       tNH2 + CH2 (chain) 

 

1125 

1125 1132 1128 Au    1126 1127 1134 PtN1-H1 

  1121 Ag       PtN1-H1 +PtN2-H 

1114   1107 Ag       aN2-C3-C2 + NH2 

 1092  1104 Au       
PtN2-H + 

aN2-C3-C2 

1071 ~1065 1071 1068 Au       PtN2-H + tCH2 (chain) 

   1056 Ag       
aN1-C1-C2 + 

PtN2-H 

 

1048 

1051 ~1050 1054 Au    1040 1037 1042 
aN1-C1-C2 + 

PtN2-H 

  1051 Ag       
N1-C1 + N2-C3 + 

C4-C5 

   1049 Ag       PtN2-H 

   1042 Ag       C5-C6 + N2-C4 

   1034 Au       PtN1-H2 

1012   1023 Ag       PtN1-H2 

  1004 1021 Au       C4-C5 + tNH2 

958   964 Ag       
N2-C3 + C4-C5 + 

tNH2 

 960  949 Au       N2-C3 + tNH2 

 935 937 928 Au    943 
949 

945 
N1-C1 + N2-C3 + 

CH2 943sh 

929   920 Ag       
N1-C1 + N2-C3 + 

CH2 

 ~920 917 912 Au       CH2 + tCH2 PtNH 

886 
 

 873 901 Ag     901 900 CH2 (ring) + PtNH 

880  892 Au       CH2 + tCH2 

857   857 Ag       CH2 (ring) 

 866  853 Au       CH2 (ring) 
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 794 800 789 Au       sC1-C2-C3 

810  818 787 Ag    817 815 813 sC1-C2-C3 

755  765 775 Ag       CH2 (chain) 

 
737 

742 748 756 Au    763 758sh 757 NH2 

  755 Ag       NH2 

   710 Au       CH2 (chain) 

 
604 
566 

 595 Au       N2C3C2 

614 
592 

 593 587 Ag       N2C3C2 

531  526 530 Ag 524  521 532 527 535 
C3N2C4 + C4C5C6 

+ PtN2 

   509 Au       N1C1C2 + PtN1 

   508 Ag       N1C1C2 + PtN1 

 

471 
 

 464 
496 

Au       
aNPtN + 

C3N2C4C5 

467  482 Au    488   sNPtN + C1C2C3 

  464 Ag    481sh  477 sNPtN + C1C2C3 

  437 Au       C1C2C3 + C4C5C6 

375 -  379 Ag       C4C5C6 +  ring 

 

 

- 365 360 Au       ' ring 

-  354 Ag        ring 

 -  341 Au       s Cl-Pt-Cl 

327 -  340 Ag 323  ~330    s Cl-Pt-Cl 

   332 Ag       as Cl-Pt-Cl 

 -  332 Au       as Cl-Pt-Cl 

 - 300 312 Ag       N2C4C5 

 -  293 Au       ' ring 

244 - 244 247 Ag    246  249 NPtN 

 -  231 Au       NPtN 

 -  226 Ag        ring 

 -  218 Au        (N-Pt-N) 

 -  191 Au        (Pt-N1) 

161 -  162 Ag        (Pt-N1) 

 -  155 Ag        C-C-Cchain 

 -  154 Au        C-C-Cchain 

 -  147 Ag        C-C-Cchain 

 - ~145 145 Au        C-C-Cchain 

 -  144 Au       'Cl-Pt-Cl 

 -  142 Ag       Cl-Pt-Cl 

aCalculated at the LANL2DZ/6-31G* level, for the isolated molecule. Values scaled according to: 0.9499 for the bands above 700 cm-1 [283]; 

0.920 for (NH2); 0.933 for δ(NH2); 0.986 for ω(NH2) and ρ(NH2) [289]; baccording to reference [284]. c – stretching;  – in-plane 

deformation; β – parallel bending;  – rocking; t – twisting;  and ’ – in phase and out of phase out-of-plane deformation; s, as, and a refer 

to symmetric, antisymmetric and asymmetric modes, respectively. Numbering according Figure 9. 

  

Previous studies carried out by QFM-UC elements on biogenic polyamines [286,288] 

demonstrated that INS is a particularly suited technique to detect low frequency vibrational 

modes in these highly hydrogenated compounds, namely their characteristic transverse and 

longitudinal acoustic modes (TAMs and LAMs, respectively). In the Pt2Spm chelate, however, 

since the two metal centres are linked by the tetraamine ligand (Figure 9), the low frequency 
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vibrations of the chain are not real TAM and LAM modes, the polyamine being anchored by 

coordination to the two Pt(II) ions. 

Interestingly enough, the Raman data allowed to discriminate the distinct Pt-N stretching 

frequencies due to the different environments in Pt-N2 and Pt-N1 (Figure 9). As a consequence, 

these modes are non-degenerate and it was possible to identify more than the two bands 

assigned to the symmetric and antisymmetric stretching modes, which would be the only ones 

detected if the complex had identical symmetry regarding both metal-nitrogen bonds (for each 

coordination site). 

The full conformational characterisation of this type of Pt(II)-amine compounds, will help 

to clarify their mechanism of action within a biological matrix (e.g. a cell) and expose the 

molecular basis of their cytotoxicity, thus contributing for a tailored design of new and more 

efficient cisplatin-like anticancer agents. 

3.2. Antitumour Activity  

3.2.1. Anti-proliferative 

Since combination schemes of the Pt(II) agent will be assessed along this work, 

confirmation of the high anti-proliferative profile of DTX against the MDA-MB-231 cell line 

was carried out. Although DTX was not found (through the SRB assay [214]) to be very 

effective at the lowest concentration tested (1.0x10-2 µM), for the two highest dosages  

(4x10-2 and 8x10-2 µM) it showed a dramatic effect within 24 h of exposure (Figure 30(A)). 

Concerning the Pt2Spm compound, the IC50 was found to be 9.5 μM at 48 h, much higher 

than the value obtained for Pd2Spm (2.9 µM at 48 h, Table 7). The latter is in good accordance 

with previously reported results for the same cell line, at a different incubation time (24 h, 

[11]). In fact, this Pd(II) complex had previously been shown to exert a higher cytotoxic effect 

than the well-established cisplatin drug (for the same concentration range), not only against 

the oestrogen-unresponsive MDA-MB-231 cells but also towards the oestrogen-responsive 

MCF-7 cell line [104]. In the present study, comparison of the effects of Docetaxel and Pd2Spm 

against the triple-negative breast cancer cells (MDA-MB-231) clearly evidenced that while the 

Pd-agent induced an increasing anti-proliferative activity at all the dosages tested, for DTX a  
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Figure 30 – Anti-proliferative assays for the MDA-MB-231 cell line upon exposure to Pt2Spm, Pd2Spm, DTX or 

Pd2Spm/DTX. Simple proliferation of MDA-MB-231 cells: (A) – treated with either DTX (1 to 8x10-2 µM), Pt2Spm 

or Pd2Spm (1 to 16 µM), in sole administration; (B) – simultaneously exposed to 1x10-2 µM DTX, and to 2 or 4 

µM Pd2Spm (scheme(i)) or initially exposed to DTX (1x10-2 µM) for 24 hours, and then to Pd2Spm (2 or 4 µM) 

(scheme (ii)). 

The results are expressed as a percentage of the control ± SEM. The one-way ANOVA statistical analysis was 

used, and the Dunnett’s post-test was carried out to verify the significance of the obtained results (*p<0.05, 

**p<0.01, ***p<0.001, #p<0.0001 vs the control, for the same time-points). 

 

Table 7 – IC50 values for Pd2Spm, DTX and Pd2Spm/DTX combination against the MDA-MB-231 cell line. 

 IC50 (µM) 

Therapeutic scheme 48 hours 72 hours 

Sole administration 
 

DTX 1.5x10-2 1.0x10-2 

Pd2Spm 2.9 2.9 

Pt2Spm 9.5 8.5 

  

Pd2Spm/DTX combination (scheme i) 3.0x10-1 1.2 

Pd2Spm/DTX combination (scheme ii) 2.5x10-2 2.4 x10-2 

IC50 values calculated according to [275]. 
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plateau was attained, the highest effect being measured for a 4x10-2 µM concentration and 

remaining unaltered at 8x10-2 µM (Figure 30(A)). The effect of the platinum analogue against 

the TNBC cells, in turn, although still concentration-dependent, was much lower when 

compared to the Pd-agent. Therefore, the subsequent studies were performed only for 

Pd2Spm (Figure 30(A)). 

In turn, a high antitumour activity was verified for the Pd2Spm/DTX combination 

schemes, their growth-inhibiting effect towards the MDA-MB-231 cells having been evaluated 

through two distinct procedures: (i) the cells were exposed to both drugs at the same time 

(DTX – 1x10-2 µM / Pd2Spm – 2 to 4 µM); (ii) the cells were previously sensitised with DTX 

– 1x10-2 µM and then exposed to two different concentrations of Pd2Spm. Figure 30(B) shows 

that both schemes led to a higher cytotoxicity when compared to each drug in sole 

administration, which was confirmed by the evaluation of synergism (Table 8) through the 

analyse of the correspondent isobologram. An obvious synergetic activity was observed, 

leading to much lower IC50 values relative to those ascribed to either the Pd(II) complex or 

DTX alone. Additionally, pre-sensitisation with DTX (for 24 h) prompted a more pronounced 

effect than the simple co-administration of both drugs, although the molecular basis for this 

sensitisation still remains to be elucidated. Overall, combination between the metal-based 

agent and the taxane prompted a striking enhancement in cell growth inhibiting efficiency for 

this type of invasive breast cancer. 

Table 8 – Pd2Spm/DTX synergetic effect towards the MDA-MB-231 cell line, evaluated by the SRB method 

(scheme (i)). 

Drugs Effect 

1x10-2 µM DTX / 2 μM Pd2Spm Synergism 

1x10-2 µM DTX / 4 μM Pd2Spm Synergism 

3.2.2. Anti-invasive 

The anti-invasive ability of the tested antineoplastic agents against MDA-MB-231 cells 

was measured using the transwell migration technique [236]. The cells were treated for 72 h 

with either DTX (1x10-2 µM) or Pd2Spm (4 µM), in sole administration, as well as with 
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Pd2Spm/DTX combinations (1 µM/1x10-2 µM). MatrigelTM coated inserts were used to assess 

whether these treatment schemes affected cancer cell migration and adhesion. 

Histological images revealed that in the presence of DTX, both per se (1x10-2 µM) or 

combined with Pd2Spm, a sparse number of cells spread through the membrane, up to 7.2%, 

whereas for Pd2Spm alone a significantly smaller amount of cells were counted in the lower 

chamber (43.8%) relative to the control (Figure 31(A)). Nevertheless, even at 4 µM, the Pd(II) 

complex was able to prevent cell migration and adhesion (Figure 31(B)). In turn, combined 

Pd2Spm/DTX (1 µM/1x10-2 µM) administration effectively inhibited cell invasion, as compared 

to the control (Figure 31(B)). 

Figure 31 – Anti-invasive assays on MatrigelTM for the MDA-MB-231 cell line, upon exposure to DTX (1x10-2 

µM), Pd2Spm (4 µM) or Pd2Spm/DTX (1 µM/1x10-2 µM). Microscopic image (x10) of crystal violet stained MDA-

MB-231 cells treated with the therapeutic schemes under study (A); cell quantification by simple counting (B). 

The results are expressed as a percentage of the control ± SEM. The one-way ANOVA statistical analysis was 

used, and the Dunnett’s post-test was carried out to verify the significance of the obtained results (**p<0.01, 

***p<0.001 vs the control, for the same time-points). 

These results clearly evidenced that the Pd2Spm/DTX combination is efficient as an anti-

invasive strategy, and more effective than either Docetaxel and Pd2Spm in sole administration, 

although both displayed a considerable anti-invasive capacity per se. This synergetic effect, 

coupled with that already detected for anti-proliferative capacity, is of paramount relevance 

for a potential application of these compounds as effective antitumour agents, since their 

combination schemes (at the dosages and incubation times presently assessed) appear to exert 

both growth inhibiting and anti-invasive activities against low prognostic TNBC. 
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3.2.3. Anti-angiogenic 

The impact of Pd2Spm and DTX, either per se or in combination, on angiogenesis 

modulation was assessed by the CAM assay. Several parameters were evaluated: (i) number 

of extremities, branches and junctions – in order to determine if the vessels were multiplying; 

(ii) total length, total branching length and total branches length – to assess spreading of the 

vessels. Both multiplication and spreading were found to decrease in a concentration-

dependent manner, in comparison to values obtained for both the control (PBS, where normal 

development of egg neovascularisation occurred) and VEGF conditions (for which 

neovascularisation was stimulated). The effect elicited by increasing concentrations of Pd2Spm 

is depicted in Figure 32. 

The angiogenesis inhibition caused by DTX [290-292], also measured by the CAM assay, 

was greatly enhanced by the presence of the Pd(II) agent. Actually, although increasing 

concentrations were tested for DTX in sole administration (1x10-2 to 4x10-2 µM, 

corresponding to those commonly used in the clinical practice [293,294]), a significant anti-

angiogenic effect was only observed at the highest concentration, for all parameters tested 

(Figure 32). In turn, in sole administration, Pd2Spm-prompted inhibition of angiogenesis was 

very effective: 81.84.4% for total length values, at 4 µM, when compared to the 26.414.4% 

DTX-triggered at the clinically used dosage of 4x10-2 µM (n=4 to 11). 

Furthermore, Pd2Spm/DTX combinations were assessed, in search for an additive or 

synergistic interaction between both drugs (Figure 33). This association prompted an increase 

of the anti-angiogenic effect when compared to that due to each individual compound: 

77.711.2% for total branching length values vs 42.514.9% and 49.511.5% for DTX and 

Pd2Spm alone, respectively. At lower concentrations, Pd2Spm – 1 µM/DTX – 1x10-2 µM, a 

statistically significant reduction in blood vessels development was observed when compared 

to the control: above 50% in the number of extremities (51.612.3%), nodes (60.19.5%) and 

branches (58.012.6%). Similar results were obtained with total branching length (64.611.2%), 

total branches length (67.09.8%) and total length (58.79.7%) (n = 4 to 11). 

A synergetic effect between Pd2Spm and DTX was thus identified from the CAM assays 

(Table 9). An isobologram for the two drugs (Pd2Spm and DTX) was analysed, for each 

parameter (Table 9), unveiling a clear synergism between both drugs. 
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Figure 32 – Quantitative CAM angiogenesis results in the presence of increasing concentrations of DTX, Pd2Spm 

and Pd2Spm/DTX (according to 2.2.3.3., Experimental section). The results are expressed as a percentage of the 

control ± SEM. The one-way ANOVA statistical analysis was used, and the Dunnett’s post-test was carried out 

to verify the significance of the obtained results (*p<0.05, **p<0.01, ***p<0.001 vs the control and #p<0.05 vs 

the VEGF). 
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Figure 33 – Combination effect of DTX and Pd2Spm on CAM angiogenesis (according to 2.2.3.3., Experimental 

section). (A) – representative digital CAM image; (B) –anti-angiogenic effect in the presence of increasing 

concentrations of Pd2Spm/DTX. The results are expressed as a percentage of the control ± SEM. The one-way 

ANOVA statistical analysis was used, and the Dunnett’s post-test was carried out to verify the significance of the 

obtained results (*p<0.05, **p<0.01, ***p<0.001 vs the control and #p<0.05 vs the VEGF). 

The currently measured anti-angiogenic effect was distinct for the Pd2Spm and DTX 

compounds. The latter was unable to supress proliferation of endothelial cells (a required 

condition to hinder formation of new vessels), which was evidenced by its inability to alter the 

number of vessel extremities, nodes or branches. Therefore, the rather low DTX anti-

angiogenic effect presently determined can only be assigned to its capacity to inhibit formation 

of tubular-like structures, reflected in the slight detected reduction of the total branches 

length, total branching length and total length. By opposition, Pd2Spm revealed a high efficacy 

in supressing both endothelial cell proliferation and tubules development. A synergetic effect  
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Table 9 – Pd2Spm/DTX synergetic effect evaluated by the CAM assay. 

 IC50 Synergism 

Parameter Analysed 
DTX 

(x10-2 µM) 

Pd2Spm 

(µM) 

Pd2Spm (µM)/DTX 

(x10-2 µM) 
 

Number of Extremities 1.9 1.3 0.7 Yes 

Number of Nodes 1.9 2.3 0.6 Yes 

Number of Branches 1.9 1.6 0.7 Yes 

Total Branches Length 0.6 1.5 0.5 Yes 

Total Branching Length 1.5 1.5 0.4 Yes 

Total Length 1.7 1.6 0.5 Yes 

was observed for Pd2Spm and DTX combined administration, leading to an effective anti-

angiogenic role regarding endothelial cell invasion and migration, as well as tubules formation.  

Furthermore, the effect of Pd2Spm and DTX, per se or in association, on the activation 

of the vascular endothelial growth factor receptor 2 (VEGFR2) was assessed, since tyrosine 

kinase activation by VEGFR2 is one of the main pathways required for angiogenesis 

(proliferation, migration and vascular permeability). SU 5416 (IC50=1 M [295]), a known 

VEGFR2 inhibitor, was used as a positive control (inhibiting kinase activity) (Figure 34). 

Figure 34 – Inhibition of VEGFR2 activity (determined by the CAM assay) in the presence of DTX, Pd2Spm or 

Pd2Spm/DTX (at IC50 concentrations) and SU 5416. The results are expressed as a percentage of the control ± 

SEM. The one-way ANOVA statistical analysis was used, and the Dunnett’s post-test was carried out to verify 

the significance of the obtained results (*p<0.05 vs the control). 

It was verified that only the concurrent administration of both drugs triggered a 

significant inhibitory effect: while Pd2Spm and DTX in sole administration were able to slightly 

reduce VEGFR2 activation, the Pd2Spm/DTX combination was shown to be much more 

effective (Figure 34). However, angiogenesis inhibition induced by Pd2Spm/DTX combinations 

observed in the CAM assay was only partially endorsed to VEGFR2 tyrosine kinase activation. 
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Since the Pd2Spm/DTX IC50 dosage caused only a 25% inhibition of the VEGFR2 pathway, it is 

suggested that additional mechanisms may be involved in angiogenesis promotion which are 

not targeted by the compounds under study, namely activation of the NRP1 (neuropilin 1) or 

the TIE 2/ANG (tyrosine kinase endothelial-2 /angiopoietin) 1/2 receptors [296,297]. 

The reported data confirms previous results that describe DTX´s anti-angiogenic effect 

in combination with other drugs (e.g. monoclonal antibodies such as the VEGF blocker 

bevacizumab). In fact, anti-angiogenic agents have been essentially used in joined administration 

with established cytotoxic chemotherapies. This is due to the fact that by normalising the 

vasculature around the tumour, the concentration of the chemotherapeutic agent in the 

diseased tissue is increased. In addition, anti-angiogenic drugs per se were shown to have 

limited survival benefits. 

From all the analysed DTX concentrations, in sole administration, 4x10-2 M was found 

to be the most effective dosage in supressing angiogenesis. The anti-angiogenic capacity elicited 

by the Pd(II) complex, in turn, was surprisingly high, even for the lowest dosage investigated 

(1 µM). This polynuclear Pd(II) complex was therefore shown to be a very promising 

antitumour agent, corroborating previous studies at QFM-UC reporting a high impact on 

proteins and DNA backbone [298] as compared to its Pt(II) homologue and cisplatin, as well 

as a significant effect on cell morphology particularly targeting the cytoskeleton (mostly the 

microtubules [104]). This effect is closely related to the prevention of formation of the tubular 

network needed for new vessel development [299] and may explain the anti-angiogenic effect 

presently observed (associated to the inhibition of tubular-like structure formation). 

Additionally, this marked synergetic effect between Pd2Spm and Docetaxel may be justified 

through the cell sensitisation triggered by the metal-based agent, known to induce a severe 

DNA damage via direct coordination to the purine bases [71,104]. However, the exact 

mechanism of synergism between these two agents is still to clarify at the molecular level, and 

will be the goal of future studies. 

Recently, a significant anti-angiogenic activity was reported for organoplatinum(II) 

complexes in human ovarian carcinoma [300], but no synergetic interactions with conventional 

drugs were searched for. The present synergetic effect regarding angiogenesis inhibition for 

Pd2Spm/DTX combinations is a major conclusion aiming at the application of these combined 
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strategies against metastatic breast cancer, justifying further studies that include pre-clinical 

trials. In fact, although cisplatin/DTX combinations have been reported to display synergetic 

anti-proliferative and anti-angiogenic activities against human TNBC [301,302], no reports to 

combination therapies involving improved new-generation metal-containing drugs (namely Pd-

based) and yielding synergism towards this type of cancer are to be found. 

Following the studies on combination schemes of Paclitaxel with the monoclonal 

antibody bevacizumab, commonly used as a first-line therapy against metastatic breast cancer 

[303], the present study evidences the potential of combined administration of another taxane 

drug (Docetaxel) with a Pd(II)-spermine cisplatin-like agent that has previously shown to 

display promising cytotoxic properties against human invasive breast cancer, combined with 

less severe deleterious side effects [104]. Actually, this strategy couples the high cytotoxicity 

of the DNA-damaging polynuclear metal complex with the anti-angiogenic capacity of both the 

taxane derivative and the Pd-drug, turning Pd2Spm into a dual cytotoxic and anti-angiogenic 

agent. Moreover, DTX is suggested to overcome the recognised VEGF-mediated protective 

role against Pt-drugs´ anti-proliferative activity (firstly reported for cisplatin-treated human 

ovarian carcinoma [304]), therefore enhancing Pd2Spm-induced cell death. 

3.3. Metabolic Impact on Cells 

3.3.1. Raman Microspectroscopy 

According to a former evaluation of the antitumour effect of Pt2Spm and Pd2Spm 

towards MDA-MB-231 cells, at different time-points and doses, carried out at QFM-UC [104] 

a 2 to 8 μM concentration range was chosen for the current spectroscopic study, for a drug-

exposure period of 48 h, once these conditions correspond to an optimal drug effect. Hence, 

since IC50 will induce cell growth inhibition in half the population of the probed cells, higher 

concentrations (ca. twice the IC50 value) were also tested in order to better identify the drug-

induced biochemical changes. 

Spectral biochemical signatures of the cell, at each condition tested (type of drug and 

concentration), were generated by averaging the spectra acquired from different cellular 

locations. The data (both FTIR and Raman) were captured as single point spectra (Figure 35), 

across a cell population comprising randomly distributed cells displaying a high spectral 
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heterogeneity (also due to cells being in different points of the cell cycle). Therefore, a large 

number of data points was required, for the mean resulting spectrum to be representative of 

the sample. This procedure, as opposed to single cell spectral acquisition, minimises the effect 

of the cell cycle profile (predominantly G1 under normal conditions). 

Figure 35 – Mean Raman (saline-dipped fixed cells, Horiba Jobin-Yvon T64000/514.5 nm) and infrared spectra 

(fixed cells, MIRIAM) for untreated MDA-MB-231 cells, and microscopic image of a cell (x100 magnification) 

showing some of the points at which data were captured. The spectra for Pd2Spm are shown in red. 

Cisplatin, a DNA major groove binder with a well characterised mechanism of action 

[305] (Figure 6) was used as a reliable control, its effect on the MDA-MB-231 cells being 

compared and correlated to that of the cisplatin-like dinuclear Pt(II) and Pd(II) chelates. 

Similarly, to cisplatin, these are expected to be cell-cycle non-specific agents, allowing their 

cellular impact to be accurately retrieved from analysis of the mean spectra currently 

recorded, which average out the possibly different chemical fingerprints from cells at different 

cell cycle stages within the probed population. The MDA-MB-231 cell line showed to be 

sensitive to both spermine complexes, which induced clear spectral changes (complementary 

Raman and infrared) in the wide range presently analysed (600-3600 cm-1), enabling to identify 

specific features (biomarkers) associated with the biochemical effect of each investigated agent 

and the subsequent physiological response from the cell – spectral signature of drug action. 
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The cells were analysed upon chemical fixation with a 4% formalin solution. This type of 

biocompatible preservation method is intended to retain biochemical conditions as similar as 

possible to the native physiological state, for prolonged time periods, whilst minimising auto-

fluorescence and avoiding contamination from the fixative. The effects of chemical fixation are 

known to be cell line- and fixative-dependent, but are still not fully characterised in the 

literature. Formalin is a widespread chemical fixative that causes cross-linking between the 

aldehyde and the primary and secondary amine groups of cellular proteins (via methylene 

bridges), creating a gel and thus retaining cellular constituents in a close to in vivo relationship. 

While no considerable effects of this fixation procedure have been observed in the IR spectra 

of single cells [306], it is expected to induce some reduction in vibrational band intensity, 

resulting from the disruption of lipid assembly and from changes in protein conformation 

(mainly reflected in the amide I and II bands). Nevertheless, formalin fixation has been found 

to be the best method for preserving cellular integrity with a weak impact on the overall 

molecular content and yielding the spectral profile closest to that observed in the live state 

(Figure 36), while hardly affecting discrimination between cells under distinct conditions  

  Figure 36 – Mean Raman spectra for saline-dipped fixed cells (black) and for saline-dipped live cells (green) 

(Horiba Jobin-Yvon T64000/514.5 nm) for untreated MDA-MB-231 cells. 
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(namely control and drug-exposed) [139,307-309]. No formalin contamination was verified in 

the measured spectral data, no signals being detected for its typical t(CH2), ν(CO) and ẟ(CH2) 

modes at ca. 907, 1040 and 1490 cm-1. 

Despite the intense vibrational bands characteristic of the tested Pt(II) and Pd(II) agents 

within the currently probed spectral window (Figure 35 and Figure 37) [253,284], they were 

indiscernible intracellularly (either by FTIR or Raman), which can be explained by the low 

concentrations used (not exceeding 8 µM), coupled to intracellular chloride hydrolysis and 

strong interaction with their main pharmacological target (DNA) and other biomolecules 

[71,253,284]. Also, the vibrational modes involving the metal centre lie in the low frequency  

 

Figure 37 -Raman, FTIR and INS spectra of the complexes under study. (Data for cisplatin from [263,289]; data 

for Pd2Spm from [253]). 
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region of the spectrum (below 550 cm-1) which does not fall within the interval currently 

measured (>600 cm-1). It should be noted, however, that the 1000-1800 cm-1 range may 

comprise features from the polyamine ligand within the dinuclear complexes [253], but these 

are overruled by the strong signals due to the cellular components (Table 10, Figure 35). 

The Raman spectra of the MDA-MB-231 fixed cells, prior to drug administration (Figure 

35), reflected a vibrational pattern consistent with a healthy state as opposed to dead cells 

[310,311], mainly evidenced by the DNA ν(O–P–O) backbone and ν(PO2
-) modes (respectively 

at 785, and 1092/1237 cm-1), the ν(O–P–O) features assigned to phosphorylated proteins 

(from 950 to 1250 cm-1) and the protein amide I band (ν(C=O) at 1660 cm-1). The DNA  

ν(O–P–O)backbone is the most sensitive peak to recognise cell death, since this is accompanied 

by a breakdown of the phosphodiester bonds in the double helix, leading to a significant 

reduction (up to 80%) of the band´s intensity. The main Raman signals observed for untreated 

MDA-MB-231 cells are encompassed in Table 10. Assignment of the signals relied on reported 

studies on several cell lines and biomolecules [161,311,312]. Two different visible lasers were 

used for the acquisition of the Raman spectra, with 514 and 532 nm wavelengths (at QFM-UC 

and DLS, respectively). This very small energy difference in the incident radiations did not lead 

to significant changes in the intensity of the observed bands (the efficiency of the Raman 

scattering process depending on the fourth power of the excitation frequency). Moreover, 

data collection in either dry samples or saline-dipped cells did not elicit any significant 

variations in the spectral profile. 

Spectra of drug-exposed cells after 48 h of incubation with cisplatin and the Pt- and Pd-

spermine agents displayed marked differences relative to the non-exposed (control) cells, 

reflected in vibrational features associated with specific biomolecules. Additionally, a slight blue 

shift (ca. 2-3 cm-1) was detected for some features assigned to proteins (ν(CN), amide I) and 

lipids (δ(CH2/CH3)), in agreement with previously reported studies [313,314]. Upon 

unsupervised PCA analysis, a more detailed picture of drug-impact on the cellular biochemical 

profile was attained. A drug-dependent response was verified, as depicted in Figure 38, which 

represents the mean Raman spectra measured for cells upon incubation with cisplatin, Pt2Spm 

and Pd2Spm, at 4 µM, and the difference spectra to the control, the corresponding PCA loading 

and score plots being shown in Figure 39. 
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Table 10 – Raman and infrared bands for live human breast cancer cells (MDA-MB-231). 

Features from specific drug-prompted DNA and protein conformational rearrangements are presented in red. 

The signals exclusively detected by infrared are shaded in grey. 

Band (cm-1) 
aAssignment 

 Nucleic acids Proteins Lipids Carbohydrates 

622 Z-DNA/dG (ν(CC)ring) Phe (t(CC))   

645  ν(CS), Tyr (t(CC))   

668 A-DNA/dG (ν(CC)ring)    

669 B-DNA/G,T (ν(CC)ring)    

678 B-DNA/A,G,T,C (ν(CC)ring) Trp (ν(CC)ring)   

697-900   phosphate esters (νs(OPO))  

698 B-DNA/dG (ν(CC)ring) Met (ν(CS))   

717   phosphocholine (ν(C–(CH3)3N+)  

728 B-DNA/A (ν(CC)ring) Trp (νs(CC)ring)   

746 B-DNA/T (ν(CC)ring) porphyrin (ν(CC)ring)   

749 Z-DNA (ν(OPO)backbone)    

757 B-DNA/dT (ν(CC)ring) Trp (νs(CC)ring)   

782-795 C,T,U (ν(CC)ring)    

785 B-DNA (ν(OPO)backbone)    

792 Z-DNA (ν(OPO)backbone)    

805 A-DNA (ν(OPO)backbone)    

812 RNA (ν(OPO)backbone) Pro, Tyr (ν(CC))   

830 B-DNA (ν(OPO)backbone) Pro, Tyr (ν(CC))   

835-840 Z-DNA (ν(OPO)backbone)   Glu (δ(CCO)) 

855  Pro, Tyr, Val (ν(CC), δ(CCH))  polysaccharides (ϒ(COC)) 

868 Z-DNA (ν(OPO)backbone) Pro (ν(CC))  mono, disaccharides (ν(COC)) 

879 RNA (ribose, ν(CC)ring) Tyr (ν(CC)ring), Hyp (ν(CC)) phosphocholine (νs(CCN+)) ν(CC), ν(C-O)ring 

883  ρ(CH2)   

901 deoxyribose (ν(CC)ring) ν(CC) fatty acids (ν(CC), ν(CO)) ν(COC) 

915 RNA (ribose, ν(CC)ring)    

920-940 B-DNA/deoxyribose (ν(CC)ring) Pro (ν(CC))  Glu (ν(CC)) 

925-930 Z-DNA (ν(OPO)backbone)    

935-940  ν(CC) (α-helix) glycolipids (ν(COC)) ν(COC)glycosidic 

940 RNA/ribose (ν(CC)ring)   polysaccharides (skeletal modes) 

950-1250 
 phosphorylated proteins 

(ν(OPO)) 
  

951  νs(CH3) (α-helix)   

965-973 DNA (ν(CC)/ν(CO)backbone)   polysaccharides (δ(C=O)) 

974 RNA (ribose, ν(CC)ring)    

980  ν(CC) (β-sheet) δ(C=CH)  

1003  Phe (νs(CC)ring)   

1032  Phe (δ(CH)), ν(O–CH3) ν(CC), phospholipids (δ(CH)) ν(CC), ν(CO), ν(C–OH) 

1050 RNA (ν(OPO))  phosphate esters (νas(OPO)) ν(C–OH) 

1063 B-DNA/deoxyribose (ν(CO)) ν(CC), ν(CN) ν(CC), ν(CO) ν(CC), ν(CO), δ(OCH) 

1082  ν(CC), ν(CN) phospholipids (νs(PO2
-)) glycogen (ν(CC), ν(CO)) 

1092 B-DNA (νs(PO2
-))    

1095 Z-DNA (νs(PO2
-))  ν(CC), ν(CN) ν(CC), ν(CO) 

1099 A-DNA (νs(PO2
-))    

1127 RNA/ribose (ν(CO)) ν(CN) ν(CC)acyl (trans conformation) ν(CO), ν(CC) 

1157  ν(CC), ν(CN), δ(CH2) δ(CH2), ν(=C–C=)conjugated δ(CH2) 

1158  ν(CC), ν(CO), ν(CN) phosphocholine (νs(N(CH3)3
+) ν(CO) 

1175 C,G,T (ν(CC)ring) Tyr, Phe (δ(CH))   

1207  Hyp, Phe, Tyr (ν(CC))   

1220-1300  amide III (δ(NH), ν(CN))   

1229-1235  amide III/β-sheet   

1237 B-DNA (νas(PO2
-))    

1240 RNA (ν(PO2
-))    

1243-1259  amide III/random coil   

1242-1266 RNA/dT (ν(CC)ring)    

1247-1252 C (δ(NH2))    

1252-1264 A,T (ν(CC)ring) δ(CH2), δ(C=C–H) δ(CH2), δ(C=C–H)phospholipids δ(CH2), ω(CH2), t(CH2) 

1254 dC (ν(CC)ring)    

1270 RNA/C,U (ν(CC)ring)  phospholipds (δ(C=C))  

1272  amide III/α-helix δ(CH2), ω(CH2), t(CH2) δ(CH2), ω(CH2), t(CH2) 

1300 RNA/A,C (ν(CC)ring)    

1318 G (ν(CC)ring) δ(CH2) δ(CH2) δ(CH2) 

1323 G (ν(CC)ring)    

1339 G (ν(CC)ring)    

1340 A,G (ν(CC)ring) δ(CH2), Trp (ν(CC)ring)  δ(CH2) 

1375 A,G,T (ν(CC)ring) glycoproteins (δ(CH3)) lipids/acyl chains (δ(CH3)) saccharides (δ(CH2)) 

1396  δ(CH2), ρ(CH2) membrane lipids (δ(CH2)) δ(CH2), ρ(CH2) 

1405  δ(NH2)   

1420 A-DNA (δ(CH2))    

1420-1480  δ(CH2), δ(CH3) δ(CH2), δ(CH3), aromatic lipids δ(CH2) 

1421 A,G (ν(CC)ring)    

1423 B-DNA/A,G (δ(CH2))    
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1425 Z-DNA (δ(CH2))    

1440-1450   δ(CH2)  

1483  δ(NH3)   

1487 A,G (ν(CC)ring) δ(NH3
+)   

1512  Tyr (ν(CC)ring)   

1513 C (ν(CC)ring)    

1518  ν(C=C)porphyrin   

1550-1560  amide II ((δ(CN-H)/ν(CN))   

1555 G (ν(CC)ring) Trp (ν(CC)ring), ν(C=C)porphyrin   

1579 A,G (ν(CC)ring)    

1582  ν(C=C), ν(C=N) ν(C=C), ν(C=N)  

1604 T (ν(CC)ring) Phe (δ(C=CH))   

1604-1618 A (ν(CC)ring), C (δ(NH2)) Phe, Tyr, Trp (ν(C=C)), δ(NH2)   

1660 DNA (δ(NH)) Amide I (ν(C=O))/α-helix ν(C=C)  

1612-1690  amide I/β-sheet, antiparallel   

1626-1640  amide I/β-sheet, parallel   

1640-1650  amide I/random coil   

1690  ν(C=O)amino acid side chain   

1712 A-DNA (ν(C=O))    

1717 B-DNA (ν(C=O))    

1730-1742   phospholipids (ν(C=O)ester)  

     

2850-2875  νs(CH2) νs(CH), νs(CH2) νs(CH), νs(CH2) 

2880  νs(CH3) νs(CH3) νs(CH3) 

2900-2935  νas(CH2) νas(CH2) νas(CH2) 

2960  νas(CH3) νas(CH3) νas(CH3) 

3060  amide B   

3250-3290  amide A (ν(NH))   

3300-3350   ν(OH) ν(OH) 

aA – adenine; C – cytosine; dG – deoxyguanine; dT – deoxythymine; G – guanine; Glu – glucose; Hyp – hydroxyproline; Met – methionine; Phe 
– phenylalanine; Pro – proline; T – thymine; Trp – tryptophan; Tyr – tyrosine; U – uracil; Val – valine. δ – in-plane deformation; ϒ – out-of-
plane deformation; ν – stretching; ρ – rocking; t – twisting; ω – wagging. s – symmetric; as – anti-symmetric. 

The most affected DNA bands upon drug exposure were found to be those from 

deoxyguanine (dG, 698 cm-1), thymine (746, 782, 1375, 1604 cm-1), adenine (728, 1252, 1340-

1487, 1579, 1604-1618 cm-1), cytosine (782-795 cm-1), guanine (669-678, 1175, 1318-1375, 

1421-1487, 1555-1579 cm-1) and deoxyribose (901-940, 1063 cm-1, more perturbed by the 

polynuclear agents than by cisplatin) (Table 10). These variations evidence the occurrence of 

drug-DNA crosslinks, predominantly intrastrand 1,2 GG, 1,2 AG, 1,3 GTG [315], leading to 

local unwinding of the native helix. While the adenine ring breathing vibration at 728 cm-1 

decreased in intensity and was slightly red-shifted upon treatment with Pt2Spm and Pd2Spm 

(to 723 and 725 cm-1, respectively), the thymine band at 746 cm-1 was deviated to higher 

frequencies in the presence of cisplatin or Pt2Spm (755 cm-1) and Pd2Spm (749 cm-1) (Figure 

38(C)). The guanine signal at 1487 cm-1 (detected as a shoulder of the strong δ(CH2)lipids band 

at 1448 cm-1) is particularly sensitive to binding of electrophilic agents (such as cisplatin-like 

compounds) at the N7 acceptor, having decreased in intensity (nearly disappearing) upon drug-

interaction. As for the guanine band at ca. 1579 cm-1, it was found to be slightly reduced in the 

presence of the polynuclear Spm agents, as opposed to the cisplatin-induced blue shift (to 

1585 cm-1). Additionally, the strong signal centred at 1660 cm-1, encompassing contributions  
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Figure 38 – Mean Raman spectra (fixed cells, Bruker Senterra/532 nm, 600 - 1800 cm-1 (A) and 2650 - 3450  

cm-1 (B)), and difference spectra to the control, for drug-treated (4 µM) MDA-MB-231 cells. (C) – Particular 

spectral regions affected by drug exposure. 

from protein ν(C=O) (amide I), lipid ν(C=C) and DNA δ(N–H) modes, (the latter being highly 

sensitive to breakage of Watson-Crick H-bonds), rose in intensity in the presence of all three 

metal complexes studied (as evidenced by the difference spectra in Figure 38(A)). This intensity 

increase observed for DNA Raman bands in drug-exposed cells may be explained by a 

hyperchromic effect upon base unstacking and unpairing. Changes in the bands associated with 

the DNA phosphate groups are especially informative regarding a drug-prompted distortion 

of the double helix, namely those at 785 cm-1 (ν(O–P–O) backbone characteristic of B-DNA, 

combined to cytosine ring breathing), 1092 cm-1 (νs(PO2
-)) and 1237 cm-1 (νas(PO2

-)).  

ν(O–P–O)backbone suffered an intensity decrease, more evident in the presence of Pt2Spm (main 

discrimination from the control in PC1) as compared to Pd2Spm (mostly differentiated in PC2)  
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Figure 39 – PCA score and loading plots of Raman data (fixed cells, Bruker Senterra/532 nm, 600 - 1800 cm-1) 

for drug-treated MDA-MB-231 cells vs the control: all tested agents, 4 µM (A). Cisplatin, Pt2Spm and Pd2Spm – 

4 µM (B) and 8 µM (C). 

(For clarity the loadings are offset, the dashed horizontal lines indicating zero loading). 
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(Figure 38(C) and Figure 39). The symmetric stretching mode of the PO2
- groups external to 

the helix backbone (at 1092 cm-1, partially overlapped with the νs(PO2
-) band from 

phospholipids at 1082 cm-1) showed slight deviations for Pt2Spm(1090 cm-1) and Pd2Spm (1091 

cm-1), as compared to cisplatin (1099 cm-1) (Figure 38(C)). These spectral changes are in 

agreement with a B- to A-DNA (or ultimately Z-DNA) transition due to covalent drug-binding 

[71], yielding strong crosslinks responsible for disruption of the base stacking and/or base 

pairing. Apart from the intensity decrease upon drug exposure of the ν(O–P–O)backbone bands 

ascribed to the native double helix structure (at 785 and 830 cm-1), a red shift of the 698  

cm-1 signal assigned to B-DNA deoxyguanine was detected, for all tested agents, to about 668 

cm-1 (compatible with a B- to A-DNA transition) and 622 cm-1 (reflecting a B- to Z-form 

rearrangement). Moreover, apart from the B-DNA marker at 830 cm-1, a typical band for A-

DNA [316] was detected at 805, 809 and 810 cm-1 respectively for cisplatin, Pt2Spm and 

Pd2Spm-containing cells (Figure 38(C)). These are reliable spectral biomarkers of the metal-

based drugs´ interaction with DNA and consequent distortion of the DNA backbone, the 

ν(PO2
-) modes being particularly responsive to variations in the electrostatic environment of 

the phosphate group within the double helix. 

Changes in the vibrational modes ascribed to cellular proteins (Table 10) were also 

observed, reflecting a drug effect either by direct interaction (e.g. binding to cytoplasmic 

proteins) or indirectly (namely via proteolysis during the apoptotic process). In addition, the 

recognised cytotoxic mechanism of metal-based agents involves the binding of high mobility 

group (HMG) proteins to DNA upon platination- (or palladation)-induced conformational 

rearrangement of the double helix (precluding repair mechanisms). The most relevant markers 

associated with protein variations were those at 728/757 cm-1 (tryptophan ring breathing), 855 

cm-1 (Tyr), 935-940 cm-1 (ν(CC)protein, α-helix), 1003 cm-1 (phenylalanine symmetric ring 

stretching), 1207 cm-1 (ν(CC) from phenylalanine, tryptophan and hydroxyproline), 1127-1158 

cm-1 (ν(CN)), 1220-1300 cm-1 (amide III, ν(CN)/(δ(CN–H)), 1448 cm-1 (δ(CH) overlapped with 

similar modes from lipids) and 1660 cm-1 (predominantly amide I). While the impact on the 

protein skeletal stretching modes (e.g. ν(CN) at 1127 and 1157 cm-1) was found to be 

noteworthy for the cells incubated with cisplatin (PC1), it was much less marked for Pt2Spm 

(PC1) and Pd2Spm (PC1 and PC2), for which variance was more significant in the amide III 
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band (Figure 39(B)). The Trp ring breathing feature, detected at 757 cm-1 in the untreated 

cells, suffered a slight red shift (to 755 cm-1) upon exposure to cisplatin and the Spm complexes 

(for which this signal was partially overlapped with the one from the thymine ring, Figure 

38(C)). As for the ρ(CH2) signal from the peptide chains, it was shifted from 883 to 885 cm-1 

only in the presence of Pt2Spm. Additionally, direct binding of the drugs to membrane and 

cytoplasmic proteins is anticipated to cause variations in their secondary and tertiary 

structures, reflected in the characteristic features of β-sheet, random coil and α-helix 

conformations (at 1229-1235 cm-1, 1243-1253 cm-1 and 1270-1300 cm-1, respectively, Table 

10). These were perceived in the amide III band, namely through changes in the signal 

characteristic of α-helix signal at 1272 cm-1, primarily in the presence of Pt2Spm (1260 cm-1) 

and Pd2Spm (1254 cm-1), evidencing a partial conversion to a random coil structure. Moreover, 

exposure of side chains containing aromatic residues as a consequence of protein unfolding is 

suggested to be responsible for a very slight intensity increase of some of the bands ascribed 

to their ring breathing modes [314], which was currently observed only for Phe (Figure 38(A)). 

The drug impact on the protein´s amide I band, in turn, showed to be noticeable for cisplatin, 

as clearly evidenced by the respective PC1 loading (Figure 39(B)). In turn, Pt2Spm and Pd2Spm 

were found to have a higher effect on the δ(CH2) and δ(NH2) modes from the peptide chains 

(at ca. 1440 and 1618 cm-1, Table 10), as shown in the PC2 loading plot. Analysis of the high 

frequency region of the spectra (Figure 38(B) and Figure 40(A)) allowed to conclude that the 

amide A band at 3290 cm-1 (exclusively due to protein ν(NH) modes), as well as the amide B 

signal at 3060 cm-1 (arising from a Fermi resonance between amide I and ν(NH) and hence 

strongly dependent on intramolecular H-bonds), did not undergo significant changes upon drug 

exposure, as opposed to the CH stretching modes of the cellular biomolecules (2850-2960 

cm-1). 

MDA-MB-231 cells are especially rich in lipids (e.g. glycerophospholipids, known to be 

increased in cancer cells [317]). The direct drug impact on these cell constituents was reflected 

as an increase of the intense Raman feature centred at 1448 cm-1 (δ(CH2)), particularly for 

Pt2Spm, as well as of the bands at 2850-2960 cm-1, clearly evidenced in the difference spectra 

obtained for all tested drugs (Figure 38(A) and (B)). This may also be inferred by analysis of 

the loading plots corresponding to Pt2Spm and Pd2Spm (respectively in PC1 and PC2, Figure 
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39(B)). However, since CH2 deformations from cellular lipids occur in the same wavenumber 

interval as similar modes from proteins and carbohydrates (Table 10), as well as from the 

spermine polyamine ligand (Figure 35), PCA differentiation should be interpreted with care in  

Figure 40 – PCA score and loading plots of Raman data (fixed cells, Bruker Senterra/532 nm, 2650 - 3450 cm-1 

(A) and 600 - 1800 cm-1 (B)) for Pt2Spm- and Pd2Spm-treated (4 and 8 µM) MDA-MB-231 cells vs the control. 

(For clarity the loadings are offset, the dashed horizontal lines indicating zero loading). 
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this region. The PC2 loading plot for Pd2Spm, for instance, also showed a very marked 

discrimination according to protein and carbohydrate CH2 deformations (ca. 1430 cm-1). The 

highest frequency spectral region is therefore more suited for this analysis, the drug-induced 

changes observed in the typical ν(CH2) (2850-2935 cm-1) and ν(CH3) (2960 cm-1) vibrational 

modes from lipids being reflected in the clear separation from the untreated cells along PC1, 

for all agents investigated: the loadings corresponding to the (CH) stretchings from methyl 

groups being positive for cisplatin and negative for both spermine complexes (Figure 40(A)). 

This evidences different biochemical impacts induced by these mono- and dinuclear agents on 

lipid terminal moieties (CH3) vs –(CH2)n–/–(HC=CH–CH2)n– chains, which is in accordance 

with the presence of the alkyl moieties within the ligand in the Pt2Spm and Pd2Spm complexes 

that are prone to interact efficiently with the hydrophobic chain of lipid molecules (as opposed 

to Pt(NH3)2Cl2). Regarding membrane lipids, it was possible to identify changes in the 

vibrational mode ascribed to their phosphate-ester head groups, at 1732 cm-1, that was shifted 

to 1739 cm-1 for Pt2Spm but hardly detectable (at ca. 1742 cm-1) for cisplatin- and Pd2Spm-

treated cells. The ν(COC) modes from glycosidic bonds in glycolipids, centred at 938 cm-1, 

were found to be deviated to 934 cm-1 for cisplatin and Pd2Spm, and to 931 cm-1 for Pt2Spm. 

Moreover, the signal at 1158 cm-1, characteristic of the N(CH3)3
+ choline group (e.g. from 

phosphatidylcholine and sphingomyelin, two main cell membrane constituents), experienced a 

shift to 1163 cm-1 for the cisplatin-exposed cells and an intensity decrease for the samples 

exposed to the dinuclear Spm chelates. This may be indicative of the formation of membrane 

vesicles, as a way for the cell to remove toxins (e.g. the administered compounds) by 

exocytosis. Overall, the drug effect on cellular lipids results from an interplay of several 

(sometimes disparate) factors, such as an increase in neutral lipids (associated with cisplatin’s 

nephrotoxicity), an enhanced lipid peroxidation, and a reduction in the total lipid content due 

to membrane degradation and decreased cell viability. 

Figure 39(A) displays the unsupervised PCA analysis considering all agents under study, 

allowing to identify discrimination according to PC2 that represents variances in protein, lipids 

and DNA (specifically δ(NH2), and ring modes from bases and deoxyribose), with a slight 

overlap between drug-exposed and control cells (mostly for cisplatin). Apart from this 

distinction between control and treated cells, it was possible to separate each of the three 
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drugs currently tested based on their effect on the cell´s chemical profile, as compared to the 

control (Figure 38 and Figure 39), reflecting the previously described drug-dependent 

response. Differentiation was achieved in PC1 for cisplatin and Pt2Spm, while for Pd2Spm it 

was attained in PC2 for the lowest doses and in PC1 for 8 µM (Figure 39(B) and (C)). For 

cisplatin-treated samples a main impact on DNA and proteins was observed, an effect on lipids 

being detected only for 8 µM. The dinuclear Pt(II) complex, in turn, was responsible for a 

strong effect on lipids, already at the lowest concentration tested (2 µM), also evidenced 

through changes in the corresponding high energy ν(CH2) modes. In turn, the effect on 

proteins (noticeable in PC1 and PC2) was only verified for concentrations equal to 4 µM or 

higher. At 8 µM there was a small effect on RNA (bands centred at 879 cm-1). Pd2Spm 

produced a noteworthy impact on proteins, for all concentrations tested. As to the Pd2Spm-

induced variance on lipids and DNA, it was significant for 4 µM and did not increase at 8 µM 

(Figure 39 (B) and (C)). 

A dose-dependent effect was uncovered by separate analysis of the data measured for 

each compound, a significantly improved discrimination having been achieved for higher 

concentrations, as expected (Figure 39(B) and (C)). Comparing the results for Pt2Spm- and 

Pd2Spm-treated cells vs the control, for 4 and 8 µM (Figure 40(B)), allowed to conclude that 

separation from the control as well as between both Pt2Spm concentrations occurred along 

PC1, the discriminant peaks corresponding predominantly to DNA and lipids. For Pd2Spm, this 

distinction was not as noticeable (increasing with drug concentration), and occurred in PC1 

reflecting DNA (at 785 and ca. 1320 cm-1) and protein components (at ca. 1150 and 1660  

cm-1), with a very small variance for the lipids (at 1448 cm-1). Interestingly, while in the 

fingerprint region discrimination was achieved between 4 and 8 µM concentrations for both 

Pt- and Pd-complexes (Figure 40(B)), in the highest frequency range, mainly reflecting the 

impact on lipids, no differentiation was observed between distinct drug doses for Pt2Spm and 

a very small separation was detected for Pd2Spm (Figure 40(A)). Hence, the effect on lipids 

appears to become dose-independent above 4 µM, which implies a higher sensitivity of the 

cellular lipid content to the administered drugs as compared to the other biomolecules, a 

maximum effect being attained for lower concentrations of the chemotherapeutic agent, 

particularly for Pt2Spm. 
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Discrimination between the two dinuclear spermine complexes was also attained, 

through PC2 (Figure 41) that predominantly represents the cellular DNA (at 678, 728, 746, 

785, 974, ca. 1180, 1315, 1420, 1490 and 1620-1660 cm-1) and RNA (at 812 and 920-940  

cm-1). This reflects a distinct impact of each chelate on nucleic acids, suggesting the occurrence 

of different pathways for cytotoxicity according to the nature of the metal centre.  

Figure 41 – PCA score and loading plots of Raman data (fixed cells, Bruker Senterra/532 nm, 600 - 1800 cm-1) 

for drug-treated MDA-MB-231 cells: Pt2Spm vs Pd2Spm (8 µM). 

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

In summary, the Raman spectra presently obtained for the MDA-MB-231 cells may be 

resolved into distinct regions of statistically significant spectral biomarkers which were found 

to undergo variations upon drug treatment, corresponding to different biochemical impacts. 

The overall effect of the tested agents on the vibrational features from the main cellular 

components is consistent with changes in DNA, as well as in cytoplasmic proteins and lipids, 

and the onset of apoptosis involving chromatin condensation, DNA fragmentation, membrane 

blebbing, protein proteolysis (e.g. in the cytoskeleton) and lipid accumulation. The distinct 

outcomes on the cell´s chemical content currently unveiled for Pt2Spm and Pd2Spm may be 

indicative of the occurrence of alternative pathways of cytotoxicity for the palladium complex, 

as opposed to a preferentially apoptotic mechanism of cell death induced by its platinum 

homologue (as widely accepted for the Pt-drugs in clinical use – cisplatin, carboplatin and 

oxaliplatin). 
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The results presently obtained for cisplatin are in accordance with reported Raman 

studies on the cisplatin effect on human lung adenocarcinoma cells [313,314], despite the 

longer drug exposure time considered by these authors – 96 h as compared to the 48 h 

incubation period used in the current work. Additionally, the chemical variations associated 

with the apoptotic process presently described agree with time-course Raman imaging 

experiments during apoptosis performed in the same TNBC cell line, maintained under 

physiological conditions [269]. 

3.3.2. Synchrotron-Radiation Infrared Microspectroscopy 

The spectroscopic signature of the MDA-MB-231 cells in the presence of anticancer 

agents was also monitored by SR-IRMS. The main infrared bands presently observed are 

depicted in Figure 35, clearly showing the signals assigned to the protein´s characteristic modes 

amide A (ν(NH) at 3290 cm-1) and amide II (δ(CN–H)/ν(CN) at ca. 1550 cm-1), as well as to 

the ester groups from phospholipids (ca. 1730 cm-1, Table 10). Infrared profiles from untreated 

and drug-treated cells were successfully retrieved from the data, evidencing a good PCA 

discrimination on the basis of the distinct biochemical profile observed for each condition. 

Since the main conclusions are in accordance with the Raman results previously described in 

detail, the following discussion will only emphasise the specific effects unveiled by IRMS 

analysis. 

In view of the optical substrate transmission range (0.35-10 μm wavelength) it was not 

possible to reliably explore the data below ca. 1100 cm-1, i.e. the nucleic acid region was 

strongly affected by the cut off of the CaF2 substrate at 1000 cm-1 [270]. Spectra were 

therefore truncated between 1100 and 1800 cm-1 for baseline correction prior to PCA 

analysis. When applying the PCA, the spectral interval from 1100 to 1250 cm-1 was not found 

to yield significant information. PCA applied to the spectral range 1250-1800 cm-1 showed the 

largest variability in the data, allowing to distinguish the impact of each drug type effectively. 

Actually, the score and loading plots extracted for PC2 and PC3 (Figure 42) evidenced 

significant differences between cisplatin and the platinum and palladium-spermine complexes. 

In each case, good discrimination was observed along PC3, enabling separation between the  
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Figure 42 – PCA score and loading plots of FTIR data (fixed cells, MIRIAM, 1250 - 1800 cm-1) for cisplatin-, 

Pt2Spm- and Pd2Spm-treated (4 µM) MDA-MB-231 cells vs the control. 

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

untreated control and the drug-treated cells: while there was some overlap in the scatter 

plots, two centroids could be clearly distinguished. No other principal components were able 

to successfully discriminate between the control and drug-exposed cells. The loading plot 

along PC3 for the cisplatin-containing samples displayed an intense peak at 1659 cm-1 (amide 

I) and a relatively weak band at 1556 cm-1 (amide II), reflecting a clear effect on proteins. 

Furthermore, two distinct signals ascribed to ν(C=O) modes appeared, respectively from 

amino acid side chains and antiparallel β-sheet conformations (at 1690 cm-1), and from 

phospholipid ester groups (at 1741 cm-1, Table 10). In addition to these peaks observed for 

cisplatin-exposed samples, further bands were detected upon incubation with the spermine 

complexes, at 1460 and 1628 cm-1, due to anti-symmetric CH2 scissoring from lipids and to 

the amide I protein mode (β-sheet parallel), respectively. The band at 1741 cm-1 for the 

cisplatin-treated cells was found to be slightly shifted to 1728 cm-1 in the presence of Pt2Spm 
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and Pd2Spm, possibly as a consequence of drug interaction with the cell membrane 

(phospholipid moieties). These results indicate a significant impact of the Pt(II) and Pd(II)-

polyamine agents on the cellular proteins and lipids, as verified by Raman. Strong similarities 

were apparent in the loading plots for PC3 for both Pt2Spm and Pd2Spm, which suggests an 

identical impact of these drugs on the MDA-MB-231 cells, differing from cisplatin mostly in the 

bands ascribed to the CH2 stretching modes from lipids (ca. 1450 cm-1). Also, the differences 

exposed by comparison with the cisplatin loading plot indicate that the activity of Pt2Spm and 

Pd2Spm follows a different pathway, which is to be expected since the biochemical interaction 

of these dinuclear highly flexible complexes to DNA and other cellular components is likely 

to occur via a somewhat distinct mechanism to that of mononuclear cisplatin. 

The effect of drug exposure on the cellular lipid constituents was also assessed by 

applying PCA to the 2650-3450 cm-1 spectral region (comprising the amide A and lipid CH 

stretching vibrational modes). Figure 43 depicts the score and loading plots for the cells  

  

Figure 43 – PCA score and loading plots of FTIR data (fixed cells, MIRIAM, 2650 - 3450 cm-1) for cisplatin-, 

Pt2Spm- and Pd2Spm-treated (4 µM) MDA-MB-231 cells vs the control. 

(For clarity the loadings are offset, the dashed horizontal lines indicating zero loading). 
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exposed to each of the three tested drugs vs the control, showing some separation along PC2. 

For each compound, these plots display predominantly positive scores while the untreated 

controls are chiefly negative, reflecting different modes of action. Similar profiles were 

obtained in the PC2 loadings, the main differentiating signal from the control being the one 

centred at 2960 cm-1 ascribed to methyl group stretching (mainly from the lipids). The increase 

in this band´s intensity upon drug exposure is in agreement with the PCA plots obtained from 

the Raman spectra (Figure 40(A)). The amide A (3290 cm-1) and amide B (3060 cm-1) protein 

modes were also found to undergo drug-induced changes (namely an intensity decrease) for 

both Spm complexes, supporting an impact on proteins. The effect on these particular features 

could only be clearly evidenced by infrared, since these are weak signals in Raman (Figure 38). 

The effect of changing the metal centre within the spermine chelates was also probed, 

in the high frequency spectral range. The biological effect on the treated cells (for a 4 µM drug 

concentration) was borne out on examination of the score and loading plots represented in 

Figure 44, a good discrimination having been achieved between Pt2Spm and Pd2Spm along PC2. 

Major variances were observed in the typical bands from lipids (2850 to 2960 cm-1), as well as 

in a broad feature due to the amide A mode, once more evidencing an impact on proteins and 

lipids. 

Figure 44 – PCA score and loading plots of FTIR data (fixed cells, MIRIAM, 2650 - 3450 cm-1) for drug-treated 

MDA-MB-231 cells: Pt2Spm vs Pd2Spm (4 µM). 

(For clarity the loadings are offset, the dashed horizontal lines indicating zero loading). 
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3.3.3.  Effect of Dietary Antioxidants on Chemotherapeutic Response 

About 30% of cancer mortality is attributable to an inappropriate diet, containing 

suspected carcinogens and an insufficient amount of beneficial components. Indeed, there 

seems to be an inverse relationship between a decreased risk of cancer and a regular 

consumption of fruits and vegetables, which is ascribed to phytochemicals with potential 

chemopreventive properties – phenolic acids, polyamines and flavonoids. Cancer being a 

multifactorial disease that involves numerous pathways, its prevention may be achieved by 

these pharmacologically safe compounds from natural sources that are capable of modulating 

multiple targets and cell signalling routes [318-320]. Additionally, this type of non-toxic agents 

can be used alone to prevent cancer, or in combination with chemotherapy (e.g. in 

chemosensitisation strategies or for downregulating chemoresistance processes). 

The combined effect of quercetin, an abundant dietary flavonoid with a recognised 

antioxidant capacity [321], with cisplatin and the new generation cisplatin-like polynuclear 

Pd(II) chelate (Pd2Spm) [100,104,253] was evaluated, aiming at an improved selectivity and 

antitumour activity. The effect of pre-sensitisation (24 h) of a human TNBC cell line (MDA-

MB-231) with this bioactive agent (at 50 µM) on the pharmacodynamic behaviour of cisplatin 

and Pd2Spm (at 4 µM) was assessed through Raman (Figure 45) and SR-IR (Figure 46), with a 

view to understand the influence of the daily diet on chemotherapeutic intervention.  

The present results reflected a clear separation between the cisplatin- or Pd2Spm-

treated pre-sensitised cells and those exposed to either agent without pre-sensitisation. Upon 

unsupervised PCA analysis, the impact of quercetin pre-sensitisation on the cellular 

biochemical profile was attained. 

For the Raman data, discrimination took place through PC1, revealing a main impact on 

the DNA O–P–O stretchings and on protein´s NH2 deformations (Figure 45). This is in 

accordance with the mechanism of action of Pt-based drugs (as explained before) which exert 

their cytotoxic effect through covalent binding to DNA, combined to coordination to specific 

proteins thus altering their secondary and tertiary structure and leading to unfolding and 

exposure of side chains (evidenced by intensity changes in the Phe band at ca.1000 cm-1). The 

Raman results also allowed to distinguish non-treated from treated cells (either pre-sensitised 

or not) – along PC4, mostly representing DNA and amide I. 
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In turn, the SR-IR loading plots for the 1200-1800 cm-1 region allowed to identify an 

intense peak recognised as the amide I, which is in agreement to what was previously discussed 

regarding the effect of these compounds on proteins. The SR-IR results for the 2800-3650  

cm-1 region evidence a significant impact on the lipids CH3 stretching, through the presence of 

an intense band at ca. 3000 cm-1 (Figure 46). 

Figure 45 – PCA score and loading plots of Raman data (fixed cells, Bruker Senterra/532 nm, 600 - 1800 cm-1) 

for quercetin (50 µM) pre-sensitised and drug-treated MDA-MB-231 cells vs the control: cisplatin and Pd2Spm – 

4 µM. 

(For clarity the loadings are offset, the dashed horizontal lines indicating zero loading). 
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Figure 46 – PCA score and loading plots of FTIR data (fixed cells, MIRIAM, 1250 - 1800 cm-1) for quercetin (50 

µM) pre-sensitised and drug-treated MDA-MB-231 cells vs the control: cisplatin and Pd2Spm – 4 µM. 

(For clarity the loadings are offset, the dashed horizontal lines indicating zero loading). 
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3.4.  Effect on Intracellular Water 

Water supports vital biochemical processes in a living organism, influencing key cellular 

functions such as protein folding and stability, enzyme catalysis, DNA packaging, molecular 

recognition, intracellular signalling, transport processes and cellular tolerance to freezing [322-

331]. Actually, hydration is required for bioactivity, since it is essential for maintaining the 

functional structure of biomolecules. Within a biological system such as a cell, water structure 

and dynamics are known to be changed by the presence of metabolites or extrinsic entities 

(e.g. drugs), while in turn water properties are prone to affect the conformational behaviour 

and function of biomolecules, which are slaved to the variations occurring in their hydration 

shell [202,205,328-330,332-336]. The aqueous cytoplasm comprises a complex array of 

organised macromolecular structures, including skeletal elements and organelles, and dissolved 

solutes of various dimensions (e.g. ions, amino acids, proteins) [322,337-341], water amounting 

for about 80% of the total cell mass. The unique properties of water in the intracellular space 

have long been a matter of dispute, and they have been found to determine the stiffness of the 

cytoplasm [342]. Dynamic labile H-bond networking, macromolecular crowding and 

confinement effects (by biomolecules and membranes of diverse physical-chemical nature) 

have been proposed to explain these distinctive molecular properties. Self-association through 

hydrogen bonding is a particularly important property, which is constantly changing as a 

consequence of the rotation of individual water molecules, as well as to accommodate the 

presence of solutes within the cellular milieu or to adapt to specific conditions (e.g. ionic 

strength, pH, temperature or pressure). 

Because water provides the dynamical matrix in which all biochemical and biophysical 

processes occur, interference with its structural and dynamical characteristics is expected to 

have significant consequences at the functional level, and may even induce cell damage. 

Unravelling water behaviour within the cell, at the molecular level, is thus of key importance. 

Actually, even subtle changes in intracellular water may be the driving force to disrupt 

homeostasis and initiate a series of events leading to biomacromolecular dysfunction that can 

facilitate disease (e.g. cancer or neurological disorders) [343]. This concept is presently 

extended to the mechanism of action of pharmacological agents, which are likely to affect the 

inhomogeneous highly crowded cytoplasmic medium, with still unknown effects on cellular 
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function. This is an innovative approach to better interpret pharmacodynamics (drug 

interaction with its pharmacological target), possibly unveiling secondary therapeutic targets, 

and attain an improved understanding of the drug´s in vivo mode of action, helping to develop 

more effective therapies against cancer and optimise the use of presently available drugs. 

In this proof-of-concept study on the effect of a drug on intracellular water, the widely 

recognised anticancer chemotherapeutic agent cisplatin was used. Its direct cytotoxic effect 

mediated by DNA conformational rearrangement [69,71,344] is well known. However, should 

cisplatin induce changes in the intracellular milieu, these might have a noteworthy impact on 

vital biomolecules and affect cellular proliferation and viability. To the best of the author´s 

knowledge this is the first study of the kind to be carried out, as well as the first neutron 

spectroscopy probing of human cells. 

Water dynamics and structure were directly probed (through INS and QENS 

experiments, as well as by optical vibrational spectroscopy) in lyophilised and intact MDA-MB-

231 cells, in the presence of cisplatin, to monitor their response as a function of drug 

concentration (8 to 20 µM, for an exposure time of 48 h). Water was therefore directly 

probed within intact human cancer cells, with a view to ascertain both structural and dynamical 

modifications upon drug incubation. Several samples were investigated: (1) PBS (both 

undeuterated and deuterated), as a good model for bulk water; (2) cell pellets, comprising 

biomolecules as well as extra- and intracellular water – non-washed cells; (3) cells in 

deuterated saline medium allowing to observe only intracellular water and biomolecules, as 

this PBSdeut-washing procedure suppresses practically all the extracellular (bulk) water 

dynamical component by replacing the exchangeable hydrogens with poor scatterer deuterium 

atoms – PBSdeut-washed cells; (4) cisplatin-exposed cells, including extra- and intracellular water 

and cellular constituents affected by the drug; (5) cisplatin-exposed cells in deuterated saline 

medium, containing intracellular water and cellular constituents affected by the drug – PBSdeut-

washed cisplatin-treated cells (or simply washed cisplatin-treated cells); (6) lyophilised cells, 

with and without drug, containing solely cytoplasmic biomolecules. Hence, subtracting the data 

for lyophilised cells from that for cells in deuterated saline, either untreated or drug-treated 

(respectively [3 minus 6] or [5 minus 6]), corresponds to removal of the contributions from 

the biomass and bulk water and allows to directly probe the drug impact on the intracellular 
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water. The data acquired for both bulk water (H2O and D2O) and PBS (non-deuterated and 

deuterated) was subtracted from that of the cell samples (respectively non-washed and PBSdeut-

washed), in order to better distinguish the features due to interfacial water. 

3.4.1. Structure 

Optical vibrational data (FTIR and Raman) obtained for lyophilised cell samples 

(untreated and cisplatin-treated/8 µM) is represented in Figure 47 –, showing the main bands  

  

Figure 47 – Raman and FTIR spectra (at room temperature) of lyophilised MDA-MB-231 cells, untreated (black) 

and cisplatin-treated/8 µM (red). 

(The most significant spectral changes are shaded in grey.) 
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from the cellular metabolites (Table 11): (i) amide bands from the peptide bonds – I (C=O, at 

1660 cm-1), II (60% N–H + 40% C–N, at 1550 cm-1) and III (30% N–H + 40% C–N, centred at 

1250 cm-1); signals from the aromatic aminoacids (phenylalanine, tryptophan and tyrosine) at 

1585, 1170, 1003 (s(CC)ring) and 863 cm-1, and from phosphorylated proteins (PO3
2- 

stretchings at ca. 980 cm-1); (ii) typical features from the main cellular components, mostly 

lipids – CC (ca. 1130 cm-1) and CH2/CH3 (intense bands between 1400-1470 cm-1); (iii) symmetric 

and antisymmetric (O–P–O) stretching modes from DNA and RNA (at 1090 and 1240 cm-1, 

respectively), and (CC)ring from DNA´s purine bases (e.g. 1320 to 1370 cm-1). 

Comparison of the infrared data from the control and drug-containing cells clearly 

demonstrates a marked effect of cisplatin on DNA and the protein cellular constituents (in 

accordance with previously reported studies for live MDA-MB-231 cells [345] (according to 

3.3., Results and Discussion section)), that is reflected by an almost complete disappearance 

of the peaks assigned to tyrosine (at 863 cm-1) and the PO3
2- symmetric stretching mode from 

proteins (at 980 cm-1), coupled to a strong intensity decrease of the s(O–P–O) signal from 

DNA (at ca. 1090 cm-1), the latter being a recognised spectral biomarker of cell death [310]. 

The Raman spectra also expose the drug impact on the cellular chemical fingerprint: on DNA, 

supported by changes in the bands at ca. 720, 780, 920, 1170, 1314 and 1555 cm-1 due to 

(CC)ring modes from B-DNA bases and deoxyribose, and at 830 cm-1 assigned to (O–P–

O)backbone (Table 11); on phospholipids (membranes), evidenced by the feature at 1033 cm-1 

clearly seen in the drug-treated sample; and on phenylalanine, which gives rise to a 

characteristic signal at 1003 cm-1 that is enhanced in the cisplatin-containing samples, since 

drug binding to cellular proteins triggers conformational rearrangements and unfolding leading 

to an increased exposure of aromatic aminoacids. 

Neutron vibrational spectroscopy allows us to define the local structures of water 

molecules within the cell by comparing their vibrational signatures with known geometries, 

namely from ice in its different phases (since the neutron scattering measurements are 

performed at cryogenic temperatures). Interfacial water molecules in the vicinity of 

membranes and biomolecules within the cellular environment were reported (both by 

experimental data and molecular dynamics simulations) to yield different INS profiles relative  
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Table 11 – Main FTIR, Raman and INS bands observed for human breast cancer cells (MDA-MB-231). 

FTIR Raman INS aAssignments 

  56-80 Water – acoustic modes 

  155 Water – acoustic modes 

  160 Lipids (membranes) – (CH3) 

  224 Water – H-bonded (weak) 

  240 Proteins – (CH3) 

  290 Proteins – (CH3) 

  304 Water – H-bonded (strong) 

  540-1100 Water – librational modes 

  560 Water – intracellular 

 720 728 B-DNA (A,T) – (CC)ring 

 780-785  
B-DNA (C,T,U) – (CC)ring 

B-DNA – (OPO)backbone 

 830-850  

B-DNA – (OPO)backbone 

Proteins (Pro,Trp,Tyr) – (CC), (CCH) 

Polysaccharides – (COC) 

863   Tyr – (CC)ring 

 920  B-DNA (deoxyribose) – (CC)ring 

980   Proteins (phosphorylated) – (OPO) 

1003 1003  Proteins (Phe) – s(CC)ring 

 1033  Phospholipids – (CCH) 

1080-1090 1070-1090  

B-DNA, RNA – s(PO2
-) 

Proteins – (CC), (CN) 

Phospholipids – s(PO2
-) 

Glycogen – (CC), (CO) 

1139 1128  

RNA (ribose) – (CO) 

Proteins – (CN) 

Lipids – (CC)acyl 

Carbohydrates – (CO), (CC) 

1170 1170  
DNA (C,G,T) – (CC)ring 

Proteins (Phe,Trp,Tyr) – (CH) 

1235-1245 1235-1245 
Lipids, carbohydrates – (CH2), (CH2), t(CH2) 

B-DNA, RNA – as(PO2
-) 

 1250  Proteins – amide III ((CN–H)/(CN)) 

 1314 1350 
DNA (A,G) – (CC)ring, (CH) 

Proteins (Trp) – (CC)ring, (CH2) 

1400-1450 1400-1450 1430-1470 Proteins, lipids, carbohydrates – (CH2); (CH3) membranes 

1550-1560 1555  
Proteins – amide II ((CN–H)/(CN)) 

DNA (G) – (CC)ring 

1585 1585  
DNA (T) – (CC)ring 

Proteins (Phe,Trp) – ν (C=C), ν (C=N) 

 1622 1620 Water – (OHO) 

1650-1660 1650-1660  

DNA – (NH2) 

Proteins – amide I ((C=O)) 

Lipids – (C=C) 

1740   Phospholipids ((C=O)ester) 

2850-2875 2850  Proteins, lipids, carbohydrates – s(CH), s(CH2) 

2880 2880-1890  Proteins, lipids, carbohydrates – s(CH3)

2900-2935 2933  Proteins, lipids, carbohydrates – as(CH2) 

2960 2960  Proteins, lipids, carbohydrates – as(CH3) 

 3060  Proteins – amide B (2 x amide I FR (NH)) 

3250-3300 3300  Proteins – amide A ((NH)) 

3300-3400   Lipids, carbohydrates – (OH) 

3450 3450  Water – (OH) 

aA – adenine; C – cytosine; dG – deoxyguanine; dT – deoxythymine; G – guanine; Glu – glucose; Hyp – hydroxyproline; Met – 

methionine; Phe – phenylalanine; Pro – proline; T – thymine; Trp – tryptophan; Tyr – tyrosine; U – uracil; Val – valine.  – in-

plane deformation;  – out-of-plane deformation;  – stretching;  – rocking; t – twisting;  – wagging. s – symmetric; as – anti-

symmetric; FR – Fermi resonance. 
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to bulk water, in the translational (below ca. 300 cm-1), librational (500 to 1000 cm-1) and OH 

stretching (3200 to 3600 cm-1) regions of the spectrum [199,202,207,325]. Figure 48 comprises 

the INS spectra presently measured (at 10 K) for human breast cancer cells: untreated and 

cisplatin-treated (8 and 20 µM) cell pellets and lyophilised cells, as well as PBS difference 

spectra (resulting from subtraction of the saline buffer to each of the cell pellet samples). 

Three distinct structural contributions could be identified, due to: 1) extracellular (bulk) water, 

yielding a broad and intense librational band at 540 to 1000 cm-1 (identical to the H-bonded 

tetrahedral network of ice Ih), and a translational region comprising two peaks at 224 and 304 

cm-1, assigned to intermolecular water-water hydrogen bonding [346], as well as acoustic 

modes at 56 (very intense) and 155 cm-1; 2) intracellular (interfacial) water, responsible for a 

distinctive feature at ca. 560 cm-1; 3) cellular components, clearly perceived in the lyophilised 

sample in the 1280-1500 cm-1 range (centred at ca. 1370 cm-1, mainly arising from CH2 

deformation modes of proteins, lipids and carbohydrates), 240 and 290 cm-1 from proteins 

(τ(CH3), partially overlapped with the water intramolecular H-bonding features) and 160 cm-1 

from membrane lipids (τ(CH3)) (Table 11). Indeed, unlike the INS profile of the cell pellets, 

the spectrum of the lyophilised cells gave rise to INS peaks solely due to the biomolecules 

within the cell since these samples were devoid of both extra- and intracellular water. 

Comparison of this data for the lyophilised cells with and without cisplatin allowed to uncover 

a drug effect on DNA through the corresponding adenine and timine ν(CC)ring band at 728  

cm-1 (which was not observed in the treated sample, Figure 48). A slight blue shift (from 552 

to 556 cm-1) was detected in the librational band peak between the spectrum of PBS (as a 

model for extracellular water) and the drug-free cell pellet, which is ascribed to an enhanced 

rigidity in the structure of interfacial water (within the crowded cytoplasm). Upon cisplatin 

incubation a marked change in the spectral profile was observed, the librational band (540-

1000 cm-1) resembling the profile characteristic of low-density amorphous ice [346], in 

accordance with a noteworthy decrease in the ordering of water molecules within the drug-

containing cytoplasm. The contribution from intracellular water was clearly unveiled upon 

subtraction of PBS from the data measured for the cells, either untreated or cisplatin-treated, 

evidencing striking variations relative to bulk (extracellular) water as a consequence of 
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Figure 48 – INS spectra (at 10 K) of MDA-MB-231 cells (pellet and lyophilised samples), both untreated and 

cisplatin-treated. 



A. L. M. Batista de Carvalho 

114 | P a g e  

modifications in the respective H-bonding network (Figure 48): 1) the broad librational 540-

1000 cm-1 band was substituted by a much narrower signal centred at 560 cm-1, ascribed to 

interfacial water, which was progressively reduced in intensity with increasing cisplatin 

concentration; 2) the features characteristic of H-bonded bulk water molecules were affected 

– the 224 cm-1 translational peak decreases, while the 304 cm-1 signal shifts to 293, 285 and 

283 cm-1 (more noticeably in the drug-exposed samples, as a direct function of cisplatin 

concentration); 3) the δ(CH2) signal at 1450 cm-1 mainly due to the cellular lipid constituents 

disappears, as a consequence of the recognised metabolic impact of this type of Pt(II)-based 

agents [345] (according to 3.3., Results and Discussion section), while a band is detected at ca. 

1350 cm-1, assigned to ν(CC)ring and δ(CH) modes from DNA (adenine and guanine) and 

proteins (particularly tryptophan). Subtraction of the data for the lyophilised cells from the 

cisplatin (8 µM)-exposed cells (after PBS exclusion) yielded a double-difference spectrum 

which best revealed the confined (cytoplasmic) water in the presence of the drug, since the 

contributions from extracellular water and the cellular constituents (metabolites and 

biomolecules) were removed. Analysis of this spectral profile corroborates the assignment of 

the 560 cm-1 signal to intracellular water. 

These results plainly show that drug exposure induces structural changes in intracellular 

water H-bonding network which are mainly reflected in the librational region, as expected, 

since this is strongly dependent on proton ordering defining the geometrical arrangement 

within the lattice [199,346,347]. In fact, the hydrogen bonds in confined intracellular water, 

known to display significantly longer lifetimes (5 to 10x than those occurring in unconstrained 

water, are proposed to be further changed by cisplatin, with a profound impact on the intrinsic 

dynamics of water molecules within the cell as to their ability to rotate, translate and interact 

with biomolecules (in their hydration layers). Several water structures displaying different H-

bonding profiles, resembling some of the known ice phases studied so far [346], may then 

coexist within the cell upon increasing cisplatin exposure – e.g. hexagonal (Ih) to low-density 

amorphous (LDA) ice-like geometries. Indeed, the drug-induced conformational changes in 

DNA and proteins are expected to affect these molecule´s hydration patterns, this effect being 

assumed to propagate into the native hydrogen bond network of water in the highly packed 
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cytoplasm (the average distance between macromolecules in an eukaryotic cell being ca. 2 nm 

[341]). 

These results evidence that the intramolecular H-bond network characteristic of 

intracellular water appears to be disrupted by the presence of the antitumour drug, the 

average interaction of each H2O to four neighbouring molecules being changed to a distinct 

lattice organisation within the intracellular medium, which encompasses water–water and 

water–biomolecules hydrogen-type interactions. Actually, the librational profile observed in 

the INS spectra of cisplatin-exposed cells compares better with LDA or cubic (Ic) forms of ice 

than with the polycrystalline hexagonal geometry of water at cryogenic temperatures (ice Ih). 

This data is in accordance with previous INS and QENS studies on the structure of water 

associated with DNA [199,200,348,349] and yeast cells [202]. 

3.4.2. Dynamics 

Quasielastic data was acquired in the OSIRIS spectrometer (ISIS Facility, UK [213]), that 

is sensitive to motions with time scales of the order of the picoseconds (ca. 4-200 ps, within 

a length interval of ca. 4-20 Å), optimal for the detection of intracellular water dynamics and 

still allowing to perceive local motions of the biological macromolecules in the cytosol. 

Nevertheless, discrimination between both types of motions is far from straightforward 

considering the diversity of entities present in the heterogeneous cellular system under 

observation: cellular components such as sugars, lipids, proteins and DNA (moving with similar 

time-scales) and intracellular milieu comprising water molecules in different local 

environments – cytoplasmic (less constrained) water and hydration water (in the vicinity of 

biomolecules, strongly adsorbed at their surface). 

Intracellular water dynamics was currently investigated in the TNBC cells under different 

conditions, by measuring several samples (at 298 K): (i) phosphate buffered saline (PBS) and 

cisplatin-containing (8 µM) PBS, to assess a possible drug effect on the saline medium; (ii) cell 

pellets, both drug-free (control) and cisplatin-treated (8 and 20 µM); (iii) cell pellets in 

deuterated saline (apart from the non-washed samples), in order to minimise the bulk water 

component and accurately identify the contribution from intracellular water. 



A. L. M. Batista de Carvalho 

116 | P a g e  

In these densely packed cell pellets the intracellular medium accounts for ca. 95% of the 

total water within the system (according to the quantification of intra- vs extracellular water 

in the samples, see Experimental Section – 2.2.3.5.). A good approximation to the scattering 

signal due to the extracellular water contribution (ca. 5%) may be visualised in the difference 

QENS profile of the non-washed cells minus the PBSdeut-washed ones depicted in Figure 49(A) 

(profile in blue), which clearly evidences the attenuation of this component upon its 

deuteration (𝜎𝑖𝑛𝑐(D)=2.05 vs 𝜎𝑖𝑛𝑐(H)=80.26 barns) that allows an improved detection of the 

contribution from the intracellular water. Therefore, the henceforth discussion is mostly based 

on the analysis of PBSdeut-washed cell samples, which are dominated by intracellular water apart 

from cellular metabolites and biomolecules. In addition, subtraction of the PBS data from these 

cell pellets was carried out, with a view to completely remove the reminiscent bulk water 

component and plainly show the contributions from the intracellular milieu (Figure 49(B)). 

Figure 49 – QENS spectra (298 K) at Q=1.079 Å-1, measured for untreated MDA-MB-231 cells: (A) Non-

washed vs PBSdeut-washed cells. (B) Washed vs PBS-subtracted washed cells. 

(Spectra were normalised to maximum peak intensity. The dashed line represents the instrument resolution, as 

measured by a standard vanadium sample). 

Exposure to cisplatin was found to induce a reduced flexibility in both non-washed and 

washed cells, reflected in the narrowing of the corresponding QENS profiles in a 

concentration-dependent way (Figure 50 (A) and (B)). This drug-prompted reduced mobility 

of intracellular water is consistent with a glassy form as opposed to a flexible state in drug-
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free cells. Hence, a dynamical transition is proposed to take place upon drug exposure, 

associated to the onset of translational diffusion and localised motions of the cellular 

macromolecules, from an intracellular water plasticity in untreated cells to a significantly higher 

rigidity upon drug administration. This transition from a flexible to a glassy state is suggested 

to involve jumping between sites of different energy within the intracellular confined space, in 

the time window of the spectrometer, and the onset of glassy dynamics was found to depend 

on drug concentration. Since the cisplatin solutions were prepared in PBS, the drug effect on 

the saline medium was also monitored, a slight narrowing of the QENS profile having been 

observed for the drug-containing deuterated PBS (Figure 50(C)). 

Figure 50 – QENS spectra (298 K) at Q=1.079 Å-1, measured for MDA-MB-231 cells and PBS, with and without 

cisplatin: (A) Cells in deuterated saline medium (washed). (B) Non-washed cells. (C) Deuterated saline medium. 

(Spectra were normalised to maximum peak intensity. The dashed line represents the instrument resolution, as 

measured by a standard vanadium sample). 
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Fitting of the QENS spectra was attained using one Delta function (elastic component) and 

three Lorentzians (quasielastic contributions) (Figure 51). In fact, two Lorentzian functions 

were found not to suffice for accurately fitting the experimental data acquired for the complex 

system under study (Figure 52). One Delta and three Lorentzians were thus used to represent 

three major dynamical components which are proposed to correspond to the following three 

populations: 1) very slow motions of the largest organelles and cytoskeleton within the cell  

  

Figure 51 – QENS spectra (298 K) for untreated (A) and cisplatin-treated/8 μM (B) MDA-MB-231 cells, in 

deuterated saline medium (washed), fitted using three Lorentzian and one Delta functions, at some typical Q 

values. 
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(slower than the longest observable time defined by the spectrometer resolution), 

represented by the Delta function; 2) slow diffusion of the intracellular water molecules (Q-

dependent reorientations mediated by hydrogen bonds), represented by the two narrower 

Lorentzians, corresponding to two different regimes that we ascribe to two types of 

intracellular water – water in the vicinity of the biomolecules and water from the rest of the 

intracellular milieu, beyond the hydration shells (hereafter called hydration and cytoplasmic 

water, respectively); 3) internal localised motions of the macromolecules and/or fast rotation 

of the water molecules within the cellular medium (Q-independent), attributed to the broader 

Lorentzian function. 

Figure 52 – QENS spectra (at 298 K) at Q=1.079 Å-1for untreated MDA-MB-231 cells in deuterated saline 

medium (washed), fitted using: (A) three Lorentzian and one Delta functions. (B) two Lorentzian and one Delta 

functions. 

(The corresponding residual plots are shown). 

Fitting of the QENS profiles obtained for the PBSdeut-washed samples (with and without 

cisplatin) allowed to probe biomolecules and intracellular water exclusively. The fitting 

parameters were analysed as a function of the wave vector transfer (Q). The full widths at 
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half-maximum were extracted from the Lorentzian functions representing each of these 

quasielastic dynamical components, and their dependence on Q2 provided information on the 

dynamical behaviour of the system, at the different conditions tested: the confined localised 

motions (broad Lorentzian) yielded a flat, Q-independent, profile, while the non-localised 

translations of intracellular water (narrower Lorentzians) gave rise to Q-dependent functions 

(Figure 53). 

Figure 53 – Variation of the full widths at half-maximum (FWHM) with Q2 for untreated and cisplatin-treated 

(8 and 20 μM) MDA-MB-231 cells in deuterated saline medium (washed), at 298 K: (A) Lorentzian functions 

representing the translational motions of intracellular water – cytoplasmic and hydration water. (B) Lorentzian 

function representing the internal localised motions within the cell. 
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Each of the motions taking place within the MDA-MB-231 cells may then be 

approximated by a different model, which was shown to be affected by deuteration of the 

intracellular medium and, to a higher degree, by the presence of cisplatin. The plots 

represented in Figure 53 for the translational motions of intracellular water (both in the 

cytoplasm and in hydration shells) correspond to the most rational biochemical interpretation 

of the data, taking into account the knowledge available on the activation process and cytotoxic 

mechanism of cisplatin within the cell. Overall, cytoplasmic water displayed a higher degree of 

freedom than hydration water, as anticipated in view of the interactions taking place between 

the biomolecules and the water molecules in the corresponding hydration layers, that are 

tightly organised and allow only very restricted motions (Figure 51 and Figure 53). Regarding 

the translational motions of cytoplasmic water, a dynamical profile in accordance with a 

translational jump diffusion model was observed, with significantly restricted motions when 

going from untreated cells to PBSdeut-washed samples exposed to cisplatin at increasing dosages 

(8 and 20 μM, Figure 53 (A)). The hydration water, in turn, displayed a distinct dynamical 

pattern, going from a highly constrained Fickian diffusion in the drug-free cells (where 

hydration layers are intact) proceeding via a sequence of infinitely small steps (according to 

Γ=DQ2), to a considerably less restricted purely translational jump behaviour for 20 μM-

treated cells (where hydration shells are disordered, Figure 53 (A)). Apart from a probable 

direct drug effect, this variation in the hydration water confinement upon cisplatin exposure 

is proposed to be mainly due to the drug-prompted reorientation of the cellular biomolecules 

(e.g. proteins, DNA) causing a gradual disturbance of their native structure and a consequent 

disruption of their highly organised hydration layers, leading to an enhanced degree of freedom 

of the respective water molecules. This is hypothesised to be maximum when the cellular 

solutes adopt a random conformation triggered by the presence of the drug (at 8 μM), but 

undergoes a decrease upon further reorganisation of the biomolecules to a more ordered 

(although probably nonfunctional) structure in the extremely confined medium containing high 

cisplatin concentrations (20 μM). In fact, the conformational rearrangements of proteins and 

other cellular macromolecules were previously reported to be responsible for a dynamical 

heterogeneity within the corresponding hydration layers [350,351]. Overall, as anticipated, the 

anticancer drug was shown to have an impact on both the cytoplasmic medium and the 
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hydration water, which, in turn, influence each other. Actually, the drug impact on hydration 

water (mediated by the macromolecules´ rearrangement) is foreseen to spread to the 

surrounding water molecules in the cytoplasm, adding to the direct drug effect, and cisplatin´s 

impact on the cytosol will gradually extend to the neighbouring hydration layers. 

Particularly interesting is the intermediate behaviour detected for both cytoplasmic and 

hydration water in the samples exposed to the lowest drug dosage (8 µM): the experimental 

data is fitted to an unrestricted Fickian diffusion at low Q, and to a jump reorientation 

mechanism in the high Q region (beyond Q=1.25 Å-1), each type of water population within 

the intracellular environment appearing to display different dynamic regimes. This can be 

pictured as a transitional state of drug-induced disorganisation, in which neither the hydration 

nor the cytoplasmic water behave purely as such – the former is proposed to be partially 

detached from the macromolecules´ hydration shells mixing with the outside water in the 

cytosol, while the former starts to approach and become part of this more restricted 

environment around the cellular components. This dynamical change occurs for a distance of 

ca. 4 Å (that is within the boundaries of a biomolecule´s hydration shell) – beyond this limit, 

water molecules display a cytoplasmic behaviour; below, they behave as constrained hydration 

water. 

Hence, upon a progressively higher degree of confinement to ca. 4 Å – from untreated 

non-washed to PBSdeut-washed untreated and PBSdeut-washed drug-containing cells – the 

dynamical profile of cytoplasmic water appears to be better adjusted by a translational jump 

model than by a simple Fickian diffusion. This jump reorientation or extended jump model 

(EJM) [280-282] was described to occur through a sequence of discrete large amplitude angular 

jumps involving an exchange of H-bond acceptors, as opposed to the Fickian-like continuous 

diffusive mechanism (either unrestricted or restricted) that proceeds via a sequence of 

infinitely small diffusive steps (according to Γ=DQ2). In the translational jump model, the H-

bond cleavage and the molecular reorientation take place concertedly and not successively as 

usually considered, and each time one of the approximately four H-bonds formed by a water 

molecule is exchanged, the molecule´s centre of mass undergoes a translational shift. This 

reorientation process is therefore dependent on the local environment of the water 

molecules, and is anticipated to be affected by the presence of an extrinsic entity (such as a 
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drug) in the intracellular medium. Moreover, when H-bonds are ruptured zones of higher 

density water are created (i.e. water density is locally higher than the bulk) which is expected 

to have an effect on the conformation (and therefore function) of neighbouring biomolecules. 

The translational diffusion coefficients (DT), translational jump times (τT) and correlation 

times for the localised motions of the cellular macromolecules (τL), at each drug concentration 

tested, were extracted from the dynamical model considered for each case. The values thus 

obtained clearly reflected the effect of cisplatin on the of the intracellular medium. For the 

cells in deuterated saline medium (washed samples), the diffusion coefficients obtained for 

cytoplasmic water were consistent with an enhanced rigidity, in a concentration-dependent 

way: DT
298=1.04±0.05x10-5 vs 0.19±0.01 x10-5 cm2s-1 and τT

298=1.00±0.10 vs 7.39±1.16 ps, for 

control and cisplatin/20 µM-treated cells, respectively. For water within hydration shells, in 

turn, a reverse effect was observed (as previously discussed): DT
298=0.03±0.0004x10-5 vs 

1.39±0.13 x10-5 cm2s-1, for control and cisplatin (20 µM)-exposed samples. Regarding the 

correlation times for the localised motions of the cellular constituents quite high values were 

measured, as expected in view of the large dimensions of the biomolecules and the crowded 

intracellular environment in which they move: τL
298=21.94±0.04, 21.43±0.04 and 18.12±0.07 

ps for untreated and cisplatin-treated (8 and 20 μM), respectively. The τL decrease detected 

upon drug-exposure, mainly in the presence of the highest cisplatin concentration (20 μM), 

may be justified by the drug-induced structural disruption of the intracellular water that will 

ease these localised motions of the macromolecular solutes. 

These dynamical parameters obtained for MDA-MB-231 cells were compared with 

previously reported values for Escherichia coli bacteria [189,205]: DT
298=1.04±0.05x10-5 vs 

DT
301=2.39±0.05x10-5 cm2s-1 and τT

298=1.00±0.10 vs τT
301=1.54±0.08 ps, respectively for drug-

free cancer cells and E. coli. Actually, while the results published for E. coli were not significantly 

different from those determined for pure water (DT
298=2.3x10-5 cm2s-1 [352]), evidencing an 

intracellular water diffusion process similar to bulk water, the same was not verified in the 

currently probed human breast adenocarcinoma cells for which a considerably restricted 

intracellular water dynamics was observed (under identical conditions). This may be justified 

by the fact that eukaryotic cells have an extremely crowded cellular environment 

(macromolecular concentrations as high as 400 mg.mL-1 and distances among biomolecules of 
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ca. 1 nm) as opposed to bacteria, leading to a much higher degree of confinement of 

intracellular water, its dynamics being better adjusted by a jump diffusion model than by a 

simple Fickian diffusion. Furthermore, the translational diffusion coefficients presently obtained 

for cytoplasmic water in the breast cancer cells exposed to cisplatin are one order of 

magnitude lower than the value obtained by QENS for extreme halophiles (in which the high 

salt concentration leads to a significant reduced mobility of ca. 76% of intracellular water) 

[204] – DT
298=0.19±0.01x10-5 (cisplatin-20 μM) vs DT

285=1.29x10-5 cm2s-1, respectively. 
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4.1 General Conclusions 

The present work aimed to investigate the effect of dinuclear Pt(II) and Pd(II) spermine 

complexes (with chlorides as leaving ligands) on the cellular response at the biochemical level, 

through analysis of the vibrational pattern of drug-treated and untreated cells. The 

multidisciplinary approach followed in this study, coupling biochemical assays for drug 

screening (both in vitro and in vivo) to spectroscopic techniques, aimed to link biological 

response to spectral signatures of cellular biochemistry and intracellular water dynamics, thus 

identifying spectral markers of drug activity.  

The results presently gathered clearly evidenced that although both Pd2Spm and Pt2Spm 

displayed cytotoxicity against the triple negative MDA-MB-231 human breast carcinoma cells, 

the Pd-based complex was the most effective, combining promising anti-proliferative, anti-

invasive and anti-angiogenic abilities, specifically for Pd2Spm/DTX combinations (with a clear 

synergetic effect). In particular, a very high anti-angiogenic and anti-invasive capacity 

were induced by Pd2Spm in sole administration, that were further enhanced by exposure to 

Pd2Spm/DTX combination. This is suggested to occur through inhibition of endothelial cell 

proliferation and tubules formation, coupled to Pd2Spm-prompted cell sensitisation. This 

proposed angiogenesis-targeting therapeutic strategy via concurrent exposure to Pd2Spm and 

DTX may thus contribute to circumvent chemoresistance to cisplatin-like drugs in human low 

prognostic breast cancer, which is of the utmost relevance for future clinical applications of 

this polynuclear Pd(II) agent, both in primary and in adjuvant therapy.  

The cutting-edge optical vibrational spectroscopy techniques used – Raman and SR-IR 

microspectroscopies – for the interrogation and measurement of the metabolic impact and 

cellular response to Pt2Spm and Pd2Spm (cisplatin being taken as a reference), allowed access 

to an accurate description of variations in cellular biochemistry, with molecular specificity, in 

the presence of each of the compounds under study, unveiling vibrational bands assigned to 

specific drug-elicited effects (spectral biomarkers) and to the cell´s response to the 

chemotherapeutic perturbation. In fact, drug exposure was found to trigger both a direct 

biochemical effect, via covalent drug binding to DNA, and a physiological response from 
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the cell as variations in the bands assigned to lipids and proteins were the combined outcome 

of direct drug interaction and the cellular reaction to the chemotherapeutic insult. 

Multivariate analysis was of utmost importance in order to clearly distinguish between 

drug-treated and untreated cells. Additionally, it enabled to discriminate between groups of 

data and to correlate them with different chemotherapeutic conditions regarding 

concentration and type of drug – either Pt(II)- or Pd(II)-based, mononuclear or dinuclear. 

Moreover, the intracellular water was under focus in this work starting with the 

assumption that in human cells the behaviour of cytoplasmic water (both structural and 

dynamical) determines not only the conformation and function of biomolecules (primarily 

through their hydration shells), but may also be tamed by the cellular constituents – the cellular 

macromolecules “dance” to the tune of intracellular water and vice versa, in a twofold, 

intertwined, process. Hence, any effect that a drug may exert on vital macromolecules (such 

as DNA or proteins) will also have a predictable impact on intracellular water, with 

consequences on cellular function, thus constituting a potential secondary 

pharmacological target. The reported combined inelastic and quasielastic neutron 

scattering spectroscopies allowed to establish the feasibility of these techniques to probe 

complex macromolecular systems such as human cells, with a view to gain a deeper insight 

into confined intracellular water and to monitor perturbations to its structural and dynamical 

behaviour (e.g. via interference with its native H-bonding network) due to the presence of 

external agents such as chemotherapeutic agents. 

The results thus obtained revealed a clear picture of the intracellular water response to 

a drug, evidencing clear differences relative to non-treated cells and therefore disclosing a 

clear impact of cisplatin on the cytomatrix. Coupled to different structural properties, mainly 

reflected in the librational region of the INS spectra, this antitumour agent was found to affect 

the dynamic state of intracellular water, rendering it different from bulk water and also from 

the cellular medium in drug-free samples, this effect being concentration-dependent. Diffusion 

of intracellular water molecules is known to be restricted due to confinement within the 

crowded cytoplasmic environment coupled to strong interactions with biomolecules and 

membranes (structured water in hydration shells). In the presence of cisplatin, these effects 

were found to be enhanced due to the drug´s effect on DNA and subsequently on other 
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cellular constituents (e.g. proteins and membranes), disrupting their folded native 

conformation and thus increasing disorder and crowding in the cellular milieu with a significant 

impact on water properties. Intracellular water molecules with distinct structural and 

dynamical profiles – from the hydration shell of biomolecules (hydration water) and from the 

aqueous intracellular medium (cytoplasmic water) – could be discriminated by QENS. Both 

were found to be affected by the presence of the antitumour drug, in opposite ways: while the 

former showed a progressively restrained dynamics upon cisplatin exposure, the latter was 

prompted to a higher degree of freedom as the biomolecules´ native structure was disrupted 

by the antitumour agent and the corresponding hydration layers were destroyed. This marked 

change in the dynamical profile of hydration water in the presence of cisplatin is thus a 

consequence of the drug-triggered reorganisation of the intracellular macromolecules, which 

finally readjust into a more ordered (likely nonviable) conformation. 

To this date, reduced mobility of cellular water on an atomic scale had never been 

detected in eukaryotic cells. To the best of the author´s knowledge this was the first study 

with neutron techniques involving live human cells. This is an innovative way of tackling a 

drug´s pharmacodynamics, searching for additional (and possibly ancillary) targets of drug 

action with a view to improve chemotherapeutic efficiency without increased 

deleterious side effects. The successful results already gathered pave the way for further work 

on a drug impact on intracellular water, for conventional as well as newly developed anticancer 

agents.  

All the findings in the present work (Figure 54) are expected to contribute to the 

elucidation of potentially novel pathways of cytotoxicity for tailored Pt(II)- and Pd(II)-

polyamine polynuclear compounds, leading to diverse and improved pharmacological 

properties coupled to minimal acquired resistance, and hopefully allowing to identify and 

predict the cellular response to chemotherapy. 
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4.2 Futures Prospects 

Future work should focus on the Pd2Spm complex (the most promising of the tested 

metal-based agents). Further investigation through optical vibrational spectroscopy on its 

effect on the biochemical profile of cells and tissues should be performed, since information 

at the cellular and subcellular levels – in vitro bioavailability, biodistribution and metabolic 

impact – are pivotal in rational drug design. The correlation between vibrational microscopic 

chemical images and specific spectral changes induced by a particular compound should also 

be evaluated through single cell imaging, which will hopefully allow to attain an accurate 

description of cellular biochemistry in the presence of the pharmacological agent, as well as to 

monitor the cellular response to treatment regarding specific biomarkers of drug action. 

Moreover, the full extent of Pd2Spm influence on DNA should be probed, namely 

through synchrotron-based THz absorption spectroscopy. Actually, the drug has never been 

detected within a biological matrix such as a cell, and this can only be foreseen through this 

type of high resolution techniques, that will hopefully allow to clearly observe the low 

frequency vibrational modes characteristic of the complex (e.g. involving the metal centres). 

As intracellular water may be envisaged as a secondary pharmacological target, it is of 

the utmost importance to pursue the experiments tackling intracellular water dynamical and 

structural behaviour, in the presence of the polynuclear complexes presented along this work, 

in order to better understand the drug’s pharmacodynamics aiming at enhancing its 

Figure 54 – Schematic representation of the present results (green) and future trends (red). 
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therapeutic activity. Additionally, whether this is a cell-specific effect or not may be clarified 

by monitoring the intracellular water in different cancer cell lines, subject to treatment with 

the same drug. 

Overall, these future studies will build on the presently gathered data, and expectedly 

lead to a better understanding of the in vivo mechanism of action of antitumour agents used 

daily in the clinic, at a molecular level, providing valuable clues for the rational design of 

improved anticancer metal-based drugs (Figure 54). 
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