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ABSTRACT 

Recent advancements in cancer research have led to significant breakthroughs in targeted 

therapies, immunotherapies, and diagnostic methods. Understanding the molecular biology of 

tumors has illuminated the mechanisms driving uncontrolled cell proliferation, metastasis, and 

drug resistance. Despite these achievements, cancer remains a leading global cause of mortality, 

underscoring the urgent need for more effective early detection and personalized treatment 

strategies. The complexity and heterogeneity of tumors present formidable challenges; intratumor 

heterogeneity can lead to treatment resistance and recurrence. Traditional diagnostic methods like 

tissue biopsy are often invasive and limited in monitoring disease progression. In contrast, liquid 

biopsy has emerged as a promising approach, enabling real-time molecular profiling of tumors 

from blood or other fluids. This non-invasive method allows dynamic monitoring of tumor 

evolution and mutation dynamics during treatment, potentially revolutionizing oncological 

diagnostics. At the same time, research into G-quadruplex G-quadruplex DNA structures associated 

with oncogenes has opened new paths for targeted therapies. These non-canonical DNA structures 

are prevalent in gene promoters linked to cell proliferation, making them attractive targets for 

anticancer treatments. Integrating large-scale liquid biopsy with therapies targeting DNA structures 

like duplex and G-quadruplex represents a promising strategy to overcome current cancer 

treatment limitations.  

This PhD thesis is dedicated to the developing of advancing cancer diagnostics and therapy through 

two primary research focuses. Firstly, it involves the development of graphene-based MAGnetic 

Units (MAGU) conjugated with specific antibodies. These units are designed to selectively capture 

circulating biomarkers thereby enabling precise and non-invasive detection of cancer-related 

molecules in bodily fluids. Secondly, the research delves into the exploration of novel G-quadruplex 

DNA stabilizers using computational methods. These stabilizers are crucial for understanding and 

manipulating DNA structures within tumors, aiming to uncover molecular vulnerabilities unique to 

each patient's cancer. Despite the challenges posed by the need to standardize liquid biopsy 

techniques and fully comprehend the dynamics of DNA structures in tumors, this innovative 

approach holds immense promise. By targeting personalized molecular signatures of tumors, it 

seeks to revolutionize cancer treatment strategies. This personalized approach not only enhances 

treatment efficacy but also opens avenues for tailoring therapies to individual patients, thereby 

potentially transforming cancer diagnosis and therapy into a new era of precision medicine. 
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1. AIM OF THE WORK 

1.1 The Tumor Hunting  

Cancer research has made significant progress in recent decades, mainly through the development 

of increasingly advanced targeted therapies, immunotherapies and diagnostic approaches. 

Knowledge of the molecular biology of tumors has enabled us to better understand the 

mechanisms underlying uncontrolled cell proliferation, metastatic invasion, and drug resistance [1]. 

However, despite these achievements, cancer continues to be a leading cause of death worldwide, 

highlighting the need for more effective strategies for early diagnosis and personalized treatment. 

The complexity and heterogeneity of tumors pose a major challenge to researchers: not only are 

there significant differences between tumor types, but within the same tumor heterogeneous 

mutations can occur that affect their evolution and response to therapies. This phenomenon of 

intratumor heterogeneity is a major cause of treatment resistance and recurrence, leading to a still 

high mortality rate for many tumor types [2].  

An additional obstacle to fighting cancer is the difficulty of identifying them in the early stages, 

when the chances of effective treatment are greatest. Traditional diagnostic methods, such as 

tissue biopsy, are often invasive and sometimes do not allow dynamic monitoring of disease 

progression. In this context, liquid biopsy has emerged as one of the most promising and innovative 

diagnostic techniques, as it enables the detection and analysis of tumor components in blood or 

other biological fluid samples. Liquid biopsy offers several advantages over traditional biopsy: not 

only is it less invasive, but it also allows obtaining a molecular "photograph" of the disease to be 

obtained in real time, monitoring the evolution of the tumor and its possible mutations over the 

course of treatment. This approach could revolutionize oncological diagnostics by making patient 

monitoring more accessible and frequent, facilitating early identification drug resistance and thus 

enabling timely adaptation of therapies [3]. 

To address this challenge, the research activities of this PhD thesis deal with the development of 

graphene-based MAGnetic Units (MAGU) conjugated with specific antibodies to selectively capture 

circulating biomarkers.  MAGU was designated as a fine tailored platform where the binding with 

a specific antibody can assure the capturing of target biomarkers. In particular, antibodies for the 

specific capture of exosome subpopulation (Ab-CD9; Ab -CD63) or for the fishing of methylated 

DNA  (Ab-anti-5mC) were investigated. Covalent or supramolecular approaches are designed for 

the grafting of antibody according the platform type (Figure 1).  
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Their performance was validated using samples from COVID-19 patients. Although they have not 

yet been specifically tested for DNA isolation, the results obtained indicate promising potential 

for this application as well, paving the way for further advancements in the field of molecular 

diagnostics. 

The fellowship supporting this work was awarded by MUR PON “Ricerca e Innovazione” 2014–

2020, Azione IV “Dottorati e Contratti di ricerca su tematiche dell’Innovazione.” The project was 

carried out in collaboration with Cogentech under the supervision of Dr Nina Offenhäuser.  

Cogentech is a privately held non-profit research institute that operates at the forefront of basic 

and translational cancer research (www.cogentech.it).  

 

Figure 1. Sketched view of graphene-based MAGnetic Units (MAGU ) type 1 and type 2  developed 

for the conjugation of antibodies (MAGU-Ab) 

 

In parallel, the study of specific DNA structures related to cancer occurrence, such as G-quadruplex 

G-quadruplex, has opened up new perspectives for the development of increasingly targeted 

therapies. Duplex DNA, or double-stranded DNA, is the standard structure that characterizes most 

of the genome, while the G-quadruplex is a less common structure that forms in guanine-rich DNA 

sequences and is particularly prevalent in promoters of genes associated with cell proliferation, as 

in the case of oncogenes. G-quadruplex appears to play a crucial role in genome stability and 

http://www.cogentech.it/
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regulation of gene expression, which is why it has become an attractive target for the development 

of new anticancer therapies. Molecules that can stabilize or destabilize these structures could 

inhibit the growth of tumor cells or make them more vulnerable to existing therapeutic treatments 

[4]. 

Therefore, the use of large-scale liquid biopsy combined with drug therapy aimed at molecular 

targets such as duplex DNA and G-quadruplex represents an innovative approach, which could 

overcome many of the current limitations in the fight against cancer. This approach aims to target 

specific tumor vulnerabilities at the molecular level and to personalize treatment based on the 

unique characteristics of each patient and their disease. Although there are still significant hurdles 

to overcome, such as standardization of liquid biopsy techniques and a complete understanding of 

the dynamics of DNA-specific structures in tumor contexts, these technologies are promising and 

could pave the way for a new era in cancer diagnosis and therapy. 
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2. LIQUID BIOPSY 

2.1 Introduction  

Liquid biopsy represents a diagnostic technique to identify molecular biomarkers in blood and 

other body fluids (such as urine, saliva, ascitic fluid, and pleural effusions) through a noninvasive 

approach. This technique was introduced several decades ago for the detection of extracellular 

nucleic acids (NAs) [5]. Nowadays, liquid biopsy is not limited to the identification of 

extracellular/cell-free NAs but also to the detection of circulating tumor cells (CTCs) and 

extracellular vesicles (EVs), especially exosomes (EXs). Although it does not provide details about 

tissue structure or the condition of the pathological microenvironment, liquid biopsy is considered 

a novel technique that is opening new perspectives for early diagnosis and therapeutic monitoring 

of serious diseases such as cancer [6], metabolic syndrome [7], autoimmune diseases [8], 

neurodegenerative disorders, atherothrombosis [9], and prenatal screening [10]. Despite its great 

potential, isolation, characterization, and quantification of these biomarkers present complex 

challenges due to their specific characteristics and low concentration within the complex biological 

matrix. In addition, the practical application of liquid biopsy as a diagnostic technique still has 

several difficulties including poor specificity and sensitivity, lack of standardized methods, and high 

costs. Recently, the advent of nanomedicine has led to significant advances in the use of liquid 

biopsy [11]. Indeed, a wide range of nanostructured materials have been proposed for the creation 

of devices capable of generating detectable signals for early diagnosis and dynamic disease 

monitoring due to their peculiar properties (electrical, magnetic, optical, mechanical, or thermal) 

[12]. In this context, graphene (G) materials offer significant potential in terms of applicability for 

tumor diagnosis and monitoring. Then, it has been the material of choice for the development of 

functionalized nanoplatforms that are the subject of this Ph.D. thesis.    

 

2.1.1 The Graphene Materials 

The performance of G-based nanoplatforms in sensing applications is closely related to the 

physicochemical characteristics of the starting material used for their fabrication [13]. 

Consequently, various synthetic methods have been employed to work this material taking into 

account important factors such as its heterogeneous nature, oxidation state, variable colloidal 

stability, presence of contaminants (often metals), and possibility of combining it with organic or 

inorganic compounds [14]. There are two main synthetic methods for obtaining functionalized G, 

"bottom-up" and "top-down", which differ in: (i) number and size of G layers; (ii) amount of 
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oxygenated functional groups distributed on carbon surface; (iii) chemical properties of the 

compounds introduced during the decoration process [15-18]. Specifically, "bottom-up" methods, 

such as epitaxial growth and chemical vapor deposition on metal substrates, are preferred for the 

production of monolayer or multilayer G to be used in electronic components as they offer ideal 

properties including large surface area and high homogeneity. Nevertheless, these techniques are 

not yet applied on a large-scale due to their high cost [19]. "Top-down" methods instead are 

employed for the development of diagnostic devices. Among the latter, chemical or mechanical 

exfoliation of graphite represents the reference technique for producing G in its most common 

forms, namely graphene oxide (GO), reduced graphene (G-red), and functionalized graphene (f-G) 

[20, 21]. GO is usually obtained through the ultrasonic exfoliation of chemically oxidized graphite. 

The oxygenated functional groups on its surface, i.e. carboxyl (-COOH) groups, can be exploited for 

chemical modifications of the material through esters or amides formation [22-24]. Such newly 

formed moieties are essential for conferring advantageous physicochemical characteristics to the 

framework of the G structure, such as water stability. G-red is obtained by means of two different 

techniques, i.e. solvothermal process and chemical reduction with reducing agents (mainly 

hydrazine but also biocompatible compounds such as ascorbic acid, gallic acid, and starch) starting 

from GO [25, 26]. The reduction process enhances the carbon sp2 network, thereby improving its 

electrical conductivity and mechanical strength.  

Regarding f-G, one of the most exploited techniques is the nitrogen doping. This technique consists 

of pyrolyzing a carbon-nitrogen precursor (800–1200 °C) in order to obtain functionalized N-doped 

G with applications mainly in energy storage and detection of pollutants [27]. 

 

2.1.2 Tumor Biomarkers in Liquid Biopsy 
The genetic variability and clinical course of cancer are extremely complex, making it critical to 

detect and monitor disease progression at various steps in order to achieve effective therapeutic 

treatment. Liquid biopsy, as mentioned above, meets these needs in a simple, non-invasive and 

effective way through the timely identification of tumor biomarkers in fluid biological samples 

including CTCs, EVs and especially circulating tumor nucleic acids (ctNAs). Indeed, numerous 

studies have highlighted that ctDNA fluctuations are useful in monitoring several types of 

metastatic cancers patients from the very early stages [28-32]. Despite the accuracy of the detection 

techniques, it must always be considered that small variations in the ctDNA content in the blood 

(and in biological fluids in general) can also be due pathologies not related to cancer for which it is 
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often more reliable to identify groups of biomarkers rather than just one to confirm the existence 

of a tumor [33-34]. 

 

2.1.2.1 Circulating Tumor Cells (CTCs)  
Among the various tumor biomarkers, CTCs are particularly relevant since, detached from solid 

tumors, they spread in the blood giving rise to metastases in different organs [35]. However, their 

isolation and identification remain quite challenging as their concentration in the blood is relatively 

low (less than 10/ml of blood) and they present a high degree of heterogeneity (in relation to the 

type and stage of cancer) in terms of surface proteins and physical characteristics, which requires 

highly sensitive and specific recognition methods [36]. The detection techniques consist of several 

steps: i) “capture” of the biomarker, through specific interactions between a functionalized 

material and specific portions of the CTCs (e.g., membrane proteins); ii) “enrichment”, i.e. the 

separation of CTCs from the blood; iii) “detection”, by means of analytical methods such as 

fluorescence and Raman spectroscopy; iv) “release”, during which CTCs are subjected to further 

molecular identification methods [37]. Currently the most used methods for CTCs detection are in 

sequence: a) capture of biomarkers by magnetic nanoparticles (NPs) [38]; b) separation of CTCs by 

size difference [39]; c) immunocapture [40]; and d) microfluidic approaches [41-42]. However, isolation 

methods can be intertwined, for example using magnetic materials functionalized with specific 

antibodies. The only protocol to date approved by the FDA (CellSearch®) for the capture of CTCs is 

based on the immunomagnetic separation of NPs functionalized with anti-EpCAM (Epithelial Cell 

Adhesion Molecule), namely a specific antibody for the transmembrane glycoprotein of cell 

adhesion that possesses  a high oncogenic potential. Once extracted, CTCs are separated from the 

antigen-antibody complex by means of a magnetic field [43]. Various types of nanomaterials such as 

carbon nanotubes, quantum dots, GO, dendrimers, and magnetic AuNPs have been employed in 

the quest for efficient cell capture of CTCs with high sensitivity [44] In the context of liquid biopsy 

and CTCs detection, significant advances have been made through the use of G-based 

nanostructures. For instance, GO, due to its surface’s easy modifiability and unique optical 

properties, has been proven to be an interesting material for biomolecules detection [45]. Since all 

natural biological materials have intrinsic diamagnetic properties that enable cell isolation with 

bioconjugated magnetic materials, this method can be effectively exploited to separate CTCs from 

whole blood with high specificity through targeted binding and subsequently separating them 

using a magnetic bar. This method eliminates interference from light scattering and background 
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autofluorescence of blood cells. Integrating GO quantum dots (GOQDs) and magnetic 

nanoplatforms together in one nanoarchitecture, decorated with anti-GPC3 (Glypican 3) antibody, 

is suggested for precise detection and specific trapping of liver cancer tumor CTCs [46]. A suggested 

method for monitoring and capturing CTCs involves the use of electrochemical sensors with 

nanosheets of magnetic G coated with AuNPs and modified with aptamers (AuNPs-Fe3O4-GS). The 

sensor enables both detection and recovery of specific CTCs using selected aptamers, and 

enhances the signal obtained through modification of AuNPs with electroactive substances (e.g., 

6-ferrocenyl-1-hexantinol or thionine) [47]. Several GO-based microfluidic devices have also been 

proposed. Most of these devices are based on immunoaffinity principles that exploit specific 

antibodies expressed by tumor cells to isolate CTCs with high purity and sensitivity. Examples of 

these devices include a GO-based microfluidic chip conjugated with an antibody properly designed 

to isolate CTCs from patients with metastatic breast cancer [48], and a microfluidic chip in which GO 

(modified for immunocapture) has been dispersed in a film of thermosensitive polymer matrix 

designed to capture and subsequently release CTCs from fluid samples of patients with breast and 

pancreatic cancer [49]. Electrochemical methods can also be used for the retrieval of CTCs such as 

glassy carbon electrodes that work as probes for specific receptors [50]. The advantage of using an 

array-based detection approach lies in its ability to generate a unique signature of CTCs. For 

instance, porous GO was employed to modify the surface of a light addressable-potentiometric-

sensor functionalized with a specific CTCs bioprobe, namely the aptamer AS411, capable of binding 

nucleolin [51]. Other relevant examples GO-modified electrochemical devices exploited in liquid 

biopsy for CTSs detection are Si/AuNPs (nanocomposite made of a microchip and Au-enwrapped 

silica, coated with anti-EpCAM and loaded with horseradish peroxidase and anti-CA15-3) [52], 

functionalized polyester fabric sheets coated with anti-EpCAM antibodies [53], and the 3D 

nanocomposite rGO/ZnO/anti-EpCAM foam [54]. Superior ùcapture of biomarkers efficiency can be 

achieved by combination of different antibodies in a single nanodevice as in rGO films 

functionalized with anti-EpCAM and anti-prostate-specific membrane antigen antibodies [55]. 

 

2.1.2.2 Exosomes (EXs) 
EXs are small vesicles (30–100 nm) expressed by cells as mediators for various cellular processes 

that have gained significant importance as new biomarkers for diagnosing and monitoring response 

to treatment of diseases such as cancer, whose cells significantly overexpress them [56]. Indeed, EXs 

would be able to carry specific proteins and RNAs whose expression levels are strongly correlated 
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with tumor development, explaining their role in tumor formation and growth [57]. In addition to 

cancer, the involvement of EXs in other diseases such as neurodegenerative diseases [58] and in viral 

pathogenesis [59] has also been demonstrated. One factor to consider in successfully separating EXs 

from blood/serum is possible contamination by other cellular structures in it. Among the various 

methods, ultracentrifugation seems the most promising (60). The polymer precipitation method 

involves the creation of a polymer network that can trap lipid components in the sample while 

simultaneously altering their solubility so as to facilitate their removal by gentle centrifugation [61-

63]. The membrane filtration method relies solely on the size of the vesicles and is not without its 

problems, as possible sample loss due to the tendency of particles to adhere to the membranes 

and deformation of the EXs due to the pressure required to make the liquid flow must be 

considered [64]. Also in this regard, G-based nanoplatforms came up as useful tools. In fact, 

advanced materials have been proposed in recent years such as hydrophilic macroporous G foam 

plus amphiphilic periodic mesoporous organosilica integrated with a specific antibody for the 

exosomal marker CD64 [65], and GO nanoplatforms coated with dopamine [66]. The 3D coating has 

been shown to increase the efficiency of EXs immuno-capture by avoiding the effects of non-

specific adsorption. The platform has been shown to be effective in both molecular profiling and 

quantification of EXs in samples from a colon cancer cell line and directly in plasma samples from 

ovarian cancer patients. The platform preparation process involved applying one layer at a time 

followed by treatment with a mixture of biotinylated antibodies (CD63, CD81, and EpCAM). Finally, 

the captured EXs were detected on the chip by fluorescence analysis using streptavidin-conjugated 

β-galactosidase (SβG) as a reporter enzyme.  

 

2.1.2.3 Circulating Tumor Nucleic Acids (ctDNAs) 
Some innovative methods in liquid biopsy use circulating tumor nucleic acids (ctNA), both DNA, 

RNA and microRNA (Figure 2), as effective biomarkers [68-70] because they are easier to detect in 

blood, unlike biomarkers such as CTC [80]. Detection of nucleic acids is based on fluorescence 

spectroscopy, SERS, radiochemistry, enzymatic approach and chemiluminescence methods [71-73], 

which can be limited due to the small size of DNA and their low concentration [74].  
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Figure 2. Representation of common tumor biomarkers used in liquid biopsy: (A) Circulating 

tumor cells (CTCs); (B) Exosomes (EXs); (C) Circulating nucleic acids (ctNAs). 

 

To overcome these problems, it has been thought to combine some amplification methods (PCR, 

RCA) [75, 76], which on the other hand increase the total cost of the processes, due to the 

consumption of reagents and the purchase of sophisticated equipment and lengthen the detection 

times. The most convenient alternative, currently lies in the use of electrochemical methods, 

characterized by a lower cost and a better detection sensitivity thanks to the signal amplification 

[77]. The most widely used platforms for nucleic acid detection are graphene oxide (GO) and 

reduced graphene oxide (GO-red) which exploit their interaction properties through non-covalent 

methods (π-π and/or hydrogen bonds) and detectability by fluorescence spectroscopy [78]. They 

have demonstrated a fair ability to adsorb single-stranded (ss) oligonucleotides rather than 

double-stranded (ds) oligonucleotides due to the poor availability of nitrogenous bases in the 

interactions [79]. In the case of oligonucleotides labeled with fluorescent dyes, graphene materials 

can almost completely suppress their fluorescence emission but restore the signal following the 

separation of the DNA from the platform. This can be exploited for example in the presence of a 

complementary oligonucleotide, during which the separation of the oligonucleotides from the G-

surface and the binding to the complementary target oligonucleotide restore the light emission 

allowing the identification of the circulating oligonucleotide fragments. This ability has been 

exploited by Salih Hizir et Al. for the detection of prostate cancer, for the design of a platform that 

was able to detect two miRNAs overexpressed in this type of tumor (miR-141 and miR-21). [80] The 

platform consisted of a GO base that binds two strands of antisense anti-miR-21 DNA labeled by 
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two fluorophores (FAM and Cy5), which, in case of overexpression of miR-21 and miR-141, cause 

an increase in the signal at 520 nm (FAM) and 670 nm (Cy5), respectively. Despite the lack of 

sensitivity and specificity, the system has been used to evaluate not only the onset but also the 

progression of the tumor, limiting its use to non-clinical procedures [80]. Robertson et al. [93] have 

reported a new system combining GO-polymer-oligonucleotide (nGO-PEGMA/M2) and the 

enzyme DNase I that can detect miR-10b in an RNA sample derived from metastatic breast cancer 

cells. The inclusion of a specific mismatch segment in the probe sequence led to enhanced 

specificity for miR-10b, an oligonucleotide that is overexpressed in breast cancer. The nGO-

PEGMA/M2 DNase I system demonstrated the capability to distinguish miR-10b from miR-10a, 

which differ by just one nucleotide. The existence of the endonuclease DNase I enhanced the 

sensitivity of the fluorescent probe, while also elevating the background fluorescent signal. To 

tackle this problem, the GO edge was modified with PEGMA, which hindered DNase I from 

reaching the GO surface to avoid the rise in background fluorescence signal due to undesired 

enzymatic activity [93]. The combination of GO quenching properties and the cyclic enzymatic 

amplification (CEAM) method facilitated the development of GO/ssDNA probes that can identify 

and differentiate different mir-21 miRNAs in cell lysate samples. The increased expression of mir-

21 miRNAs contributes to the growth of solid tumors. Biological media were obtained from the 

lung cancer cell line A-549 and breast epithelial cell line MCF-10A. The existence of complementary 

miRNAs led to the recovery of fluorescence due to the creation of miRNA/DNA complexes, which 

was previously diminished by GO. Afterward, the miRNA derived from DNase I digestion can 

engage with another ssDNA probe on the GO surface to trigger another cycle, amplifying the 

fluorescent signal until all released ssDNA probes are completely used [81]. In the presence of 

divalent salts, GO cannot differentiate between ssNA and dsNA [82]. In comparison, rGO showed 

greater selectivity for miRNAs compared to GO. Afterward, the miRNA derived from DNase I 

digestion can attach to another ssDNA probe located on the GO surface, initiating an additional 

cycle and amplifying the fluorescent signal until all the released ssDNA probes are entirely depleted 

[81] In the presence of divalent salts, GO is unable to differentiate between ssNA and dsNA [82]. In 

contrast, rGO demonstrated greater selectivity for miRNA compared to GO under the same 

adsorption conditions [83]. Based on these findings, Yan et al. developed a magnetic system utilizing 

rGO (magnetic beads@APTES@rGO) that can selectively bind miRNA from the RNA pool obtained 

from healthy human plasma [84]. The magnetic beads facilitated a quicker extraction procedure 

through centrifugation. Moreover, in situ reverse transcription (RT) techniques, like rolling circle 
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amplification (RCA) method, have been utilized to desorb and detect miRNA from the rGO surface 

[84]. Different challenges related to the identification of circulating ss/ds DNA have also been 

tackled. Ruiyi et al. developed a multiplex biosensor comprising nitrogen-doped graphene 

aerogel/gold nanostar (N-doped MGA/GNS) that can detect dsDNA in human serum via an 

electrochemical technique. The N-doped MGA/GNS hybrid system demonstrated electrocatalytic 

activity for Fe(CN)63-/4, which was improved by the presence of dsDNA, as shown by 

amperometric monitoring. The authors attributed this behavior to the interaction between DNA 

and the under-coordinated Au(I) sites found on the N-doped MGA-5 surface [85]. Huang et al. 

developed an extra electrochemical biosensor made of G layered with Au nanorods and a 

polythionine film (G/Au NR/PT) for identifying human papillomavirus (HPV) DNA in human serum 

[86]. G was hired to enhance the surface and the system's electrical conductivity; Au NRs (gold 

nanorods) were utilized to improve the attachment of the DNA probe; polythionines were chosen 

for their remarkable electron transfer capabilities and their capacity to attach to Au NR surfaces 

through their amino groups. Thiolated capture probes (CP) were attached to the biosensor through 

electrostatic interactions and Au–S covalent bonds. CP was linked to one end of the target DNA 

(TD), which was obtained from the long terminal repeat sequences of HPV-16. Moreover, two 

additional probes (AP) were created to engage with TD (the human serum identity fragment) 

through a long-range self-assembly process. Ultimately, 1,10-phenanthroline ruthenium dichloride 

([Ru(phen)3]2+) served as an electrochemical indicator because of its capacity to engage with DNA 

through electrostatic binding. The improvement of the electrochemical response signal was 

influenced by the quantity of ([Ru(phen)3]2+) attached to the DNA nanostructure. Notably, the two 

AP sequences might affect the biosensor surface, leading to the formation of significant elongated 

self-assembled DNA nanostructures, but this occurs only when TD is present [86].  
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3. MAGNETIC NANOPLATFORM FOR LIQUID BIOPSY 
The research activity was focused on the development of graphene-based MAGnetic Units (MAGU) 

conjugated with specific antibodies to selectively capture circulating tumor biomarkers. Two 

different platforms were planned for the capture of biomarkers (Figure 1).   

All materials developed during this work were characterized using a range of analytical techniques, 

including TGA, Western blot and SEM. The presence of iron within the matrix was inferred by the 

magnetic properties exhibited by the materials, consistent with the expected behavior. 

Nevertheless, additional analyses required to complete the structural and functional 

characterization are in progress. 

 

3.2 Results and Discussion 
 2.2.1 Development of MAGnetic Unit (MAGU) Type 1 

 In this research thesis an innovative and fine-tuned magnetic graphene platform that acts as 

magnetic beads (Figure 3) for the capture of circulating exosome subpopulations or for the fishing 

of circulating methylated DNA was developed. The core of magnetic unit (MAGU) is based on a 

graphene layer, entrapping Fe3O4 nanoparticles, engineered with a suitable linker for the grafting 

of recognition elements. The MAGU architecture is achieved by the anchorage of pyrenacetic acid 

on magnetic graphene surface exploiting  π−π interactions between the  aromatic unit of linker 

and the sp2 network of graphene. Finally, the carboxylic functionality of linker was exploited for 

the bioconjugation with antibodies directed against a specific exosome or against methylated DNA. 
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Figure 3. Sketched View of MAGnetic Unit (MAGU)  type 1 conjugated to antibodies (MAGU-Ab).  

 

3.2.1.1 Synthesis and Characterization of MAGU 

Magnetic graphene (MG) was prepared by co-precipitation of iron ions, the Fe3+ and Fe2+ ions on 

the GO surface, followed by the slowly addition of ammonia solution.  The basic condition 

promoted the precipitation of magnetic component (Fe3O4) and the partially reduction of GO to 

reduced GO .  

Clear proof of the modification of the graphene surface was shown through thermal gravimetric 

analyses (TGA) (Figure 4). TGA profile of GO reveals two principal weight loss stages: the first occurs 

between 100° and 200 °C, attributed to the release of CO, CO2, and steam from the more labile 

functional groups, while the second spans from 200 to 340 °C, relating to the degradation of the 

more stable functional groups. The following gradual deterioration is attributed to the pyrolysis of 

the carbon framework. In comparison, MG shows significantly greater thermal stability, exhibiting 

an initial weight loss from 100 to 230 °C, then a steady degradation up to 800° C. These data confirm 

the success of synthetic strategies and indicate the partial restoration of sp2 graphene network.  

Moreover, MAGU sample shows an increased thermal stability, in the range 100-650 °C probably 

due to the absorption of PA onto the graphene surface by π-π stacking interactions [88]. 

 
 

Figure 4. A) Synthetic strategy to prepare Magnetic Unit (MAGU); B) TGA profiles of GO (black line), MG 
(red line) and MAGU (green line).  
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MAGUs were utilized for the conjugation of antibodies through carbodiimide chemistry. 

Specifically, the use of EDC and NHS promoted the activation of carboxyl groups for reaction of 

nucleophilic amine of  antibodies for the specific capture of subpopulation of exosomes (Ab-CD9; 

Ab-CD63) or for the fishing of methylated DNA (Ab-anti-5mC) (Figure 5). 

 
Figure 5. Functionalization of MAGU with antibody( Ab) by EDC / NHS chemistry. 

 
 

To confirm the successful conjugation of MAGUs with the antibody, CD9-conjugated MAGUs 

underwent western blot analysis on a denaturing gel, alongside 5 μg of CD9 as a control (Figure 6).  

 

 

Figure 6. MAGU-CD9 was suspended in a buffer with 20% SDS and 10% mercaptoethanol. The 

sample was subjected to western blot in denaturing gel and free CD9 (5 μg ) was used as a control. 

Gel staining with Blue Coomassie confirmed the binding of the CD9 antibody to MAGU.  

 

This analysis provides indirect evidence supporting the hypothesis that the bond between the 

antibody and graphene is covalent. This assumption is consistent with the reaction conditions 

employed and the chemical properties of the functional groups present on the surface  of the 

functionalized materials. 
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3.2.1.2 Capture of Exosome Subpopulations Using MAGU-Ab 
In order to investigate the fishing ability of MAGU to capture and enrich distinct subpopulations of 

exosomes produced in the context of SARS-CoV-2 infection, the experiment described in Figure 7 

was planned.  

The validation of our magnetic platform was performed on MAGU linked with antibodies targeting 

exosome surface markers CD9 and CD63. In comparison to control, IgG-conjugated and non-

immunoconjugated MAGU exosomes were isolated from the supernatant of cell cultures (THP-1 

cells subjected to 24 h of hypoxia) via ultracentrifugation and incubated with MAGU-Ab  for 12 h 

at 4 °C; then MAGUs were magnetically collected, rinsed, lysed, and analyzed using polyacrylamide 

gel electrophoresis (SDS-PAGE). The proteins were moved onto a PVDF membrane and examined 

with Flotillin-1, a marker for exosomes. A significant band was detected in lane of MAGU-

CD9/exosomes suggesting effective recovery of Flotillin-1-expressing exosomes (Figure 7B). MAGU-

IgG and bare MAGU used as control exhibited no binding to exosomes positive for Flotillin-1. This 

finding confirmed that the binding observed for MAGU-CD9 is specific. In contrast, MAGU-CD63 

did not exhibit notable bands; probably the recognition ability of Ab-CD63 was affected during the 

experimental procedures.   
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Figure 7: Exosome Binding by Immunoconjugated-MAGU. THP-1 cells were subjected to hypoxia 

for 24 h to induce the release of exosomes, which were then extracted using ultracentrifugation. 

The isolated exosomes were incubated overnight at 4°C with MAGU conjugated to antibodies 

against CD9, CD63, or control IgG, as well as with non-immunoconjugated MAGU. The following 

day, the MAGUs were magnetically precipitated, washed, and processed for western blot analysis. 

(A) Schematic representation of the experimental procedure for exosome extraction and 

incubation with MAGU immunoconjugates. (B) Western blot analysis showing the binding 

efficiency of exosomes by MAGU immunoconjugates. 
 

MAGU-CD9, were investigated for the fishing of specific subpopulation of exosomes released 

during signaling events mediated by SARS-CoV-2 infection. The infection was simulated with 

pseudo-viruses expressing the SARS-CoV-2 spike protein. 293T cells were transduced with the 
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SARS-CoV-2 pseudo-virus for 2 h, after which the inoculum was replaced with a growth medium. 

After 72 h, the supernatant was removed and processed via ultracentrifugation to isolate total 

exosomes. The cell pellet was recovered and frozen at -80°C for subsequent western blot 

investigations. The isolated exosomes were incubated with MAGU-CD9, washed and lysed. The 

lysates were subjected to electrophoresis and probed with antibodies targeting various exosomal 

markers, including ALIX, CD147, Flotillin-1, CD9, and TSG101. The western blot analysis revealed 

that MAGU-CD9 successfully isolated a distinct subpopulation of exosomes. This subpopulation 

exhibited expression of specific exosomal markers: ALIX, CD147, and TSG101. However, it did not 

express Flotillin-1, indicating a unique marker profile (ALIX+, CD147+, TSG101+, FLOT1-). Besides, 

the MAGUs-CD9-recovered exosome subpopulation differs from the total exosome fraction 

regarding the amount of exosomal markers expression. However, no significant differences were 

observed in exosome subtype populations derived from SARS-CoV-2 pseudo-virus transduction 

(Figure 8). 

The results demonstrate the success of the conjugation protocol of MAGU beads with CD9 antibody 

that is able to recover from an exosome pool, specific exosome subtypes. This study successfully 

developed an advanced in vitro system for the selective capture and enrichment of SARS-CoV-2-

derived exosomes, by combination of ultracentrifugation and magnetic bead-based capture. This 

system could facilitate detailed molecular analysis of exosomes and paves the way for potential 

diagnostic and therapeutic innovations in the context of viral infections. 
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Figure 8. Isolation and analysis of exosomes from SARS-CoV-2 pseudo-virus transduced 293T cells 

by MAGU-CD9: (A) Schematic representation of the experimental procedure for pseudo-virus 

transduction, exosome extraction, and incubation with MAGU-CD9; (B) Western blot analysis 

showing the binding efficiency of exosomes by MAGU immunoconjugates. 

 

 

3.2.1.3 Capture of circulating methylated DNA using MAGU-Ab 
MAGU were coupled with Ab-anti-5mC in the presence of EDC/NHS to investigate their ability to 

capture circulating methylated DNA. This part of the research project was carried out in 

collaboration with Cogentech.  The efficiency of the bioconjugation was proved by the experiments 

described in Figure 9. MAGU-anti5mC bioconjugate was treated with 20% SDS and 10% β-

mercaptoethanol buffer, and subjected to SDS-PAGE under reducing conditions, transferred to 



22 
 

nitrocellulose membrane and incubated with a secondary anti-mouse antibody conjugated to 

horseradish peroxidase (HRP) enzyme. SDS-PAGE analysis showed that no unbound anti5mC 

antibody was present in the supernatant (Figure 9, line 3), indicating that conjugation was 

complete. The fragmentation of unbound anti5mC showed bands at around 25 kDa and 70 kDa 

attributed to the light and heavy chains, respectively, and a strong band at around 100 kDa 

consisting of a heavy chain fused to a single chain fragment (Figure 9 line 4). Similarly, lines 1 and 

2 of the conjugated antibody show the 25 kDa band corresponding to the light chain and a weak 

band at about 130 kDa corresponding to the dimerized fragment. 

 

 
 

Figure 9. Lines 1 and 2 MAGU-Ab5mC sample after denaturation with different application 

volumes; line 3 recovered and lyophilized solutions after bioconjugation; line 4 anti-5mC antibody 

after denaturation. 

 

The samples of MAGU-anti5mC and MAGU-Ig (negative controls) were provided to Cogentech 

laboratories in Catania in order to carry out comparative tests with commercial kit for the 

extraction of methylated DNA. Experimental results showed a nonspecific extraction of 

methylated and non-methylated DNA by MAGU-anti5mC.  After this negative results we decided 

to investigate MAGU Type 1 for the capture of exosome and to investigate the MAGU Type 2 

platform for the capture of methylated DNA.  

  

3.2.2 Development of MAGnetic Unit (MAGU) Type 2 

A different synthetic approach was exploited for the preparation of platform type 2 (Figure 10).  

Reduced graphene was functionalized with azlactone units (oxazol-5-(4H)-ones), a multifunctional 

compound with various reactive sites (electrophilic centers at C2 and C5; nucleophilic site at C4; 
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azomethine ylide 1,3-dipole) [89]. Recently, they have been utilized as mesoionic azomethine 

ylides for the functionalization of carbon nanomaterials, including fullerenes and carbon 

nanotubes [90]. The 4,4-dimethyl-5-oxazolone has been researched in industry for many years by 

teams at 3M, Polaroid, Rohm and Haas GmbH; recently, 4,4-disubstituted azlactones have been 

utilized to alter polymer surfaces [91]. When two substituents are present at the C4 position, the 

ability to act as a nucleophile or azomethine ylide is hindered, and the functional group derived 

from lactone exhibits only strong reactivity toward nucleophilic agents like primary amines, 

alcohols, and thiols through a ring-opening addition reaction [91]. Incorporating azlactone moiety 

into graphene is interesting since post-functionalization of graphene-based materials doesn't 

require activation or pretreatment, given their greater stability to hydrolysis compared to 

activated esters, and no side reactions are anticipated during the functionalization process. We 

used the azlactone-sensitive graphene platform for the functionalization with magnetic dopamine.   

Finally, RAGP-DOPA-M platform could be used for streptavidin anchoring. 

 

Figure 10. Sketched View of MAGnetic Unit (MAGU) type 2 for the anchoring of antibodies (MAGU-

Ab) by supramolecular biotin/streptavidin interactions. 

 

 

The reactive azlactone graphene platform (RAGP) was obtained by click chemistry reaction 

between the two reactive structural components: graphene was modified with terminal alkyne 

groups, while the azide functionality was added to the azlactone segment. The azlactone 

component (APDMA) was synthesized through a two-step process involving sequential acylation 

and cyclodehydration (Figure 11). 
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Figure 11.  Synthesis of RAGP and APDMA. 

 

G-red was obtained through a reduction reaction starting from GO using hydrazine under 

controlled conditions; subsequentially the functionalization of the alkyne units was achieved by 

reaction with p-(2-propynyloxy)-benzamine in the presence of sodium nitrite under acidic 

conditions. The structures of the isolated compounds were verified through analytical and spectral 

information, including thermogravimetric analysis (TGA), NMR, FT-IR, and RAMAN spectra. In 

particular, the enhanced thermal stability of both G-Red and G-Alk TGA profile respect to TGA GO 

profile indicated the success of functionalization procedures and the recovery of the sp2 graphene 

structure (Figure 12). Magnetic RAGP-DOPA-m was prepared by mixing magnetic DOPA (DOPA-m) 

with RAGP in the presence of triethylamine. Currently, the characterization of RAGP-DOPA-m 

platform by SEM, FTIR and Raman analyses is ongoing.  

  

 

Figure 12. TGA profiles of GO (black line), GO-Alk (red line) and GO-Red (blue line). 
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Figure 13. Synthetic strategy for Magnetic DOPA and Magnetic RAGP-DOPA-m synthesis together 

with their TGA profiles.  

 

The morphology of the platform was studied through scanning electron microscopy (SEM). From 

the images obtained it was possible to note how RAGP clearly has a smooth surface, the particles 

with nanometric size seem to be formed by aggregates of layers with a planar conformation typical 

of graphene structures. The different transparency and the presence of defined edges in fact 

suggest the presence of several thin layers of graphene (Figure 14, panel A and B). 

Comparing the images of RAGP with those of the same platform functionalized by magnetic 

particles of Fe3O4 (RAGP-M), it is possible to note the appearance of spherical formations of 

nanometric size, which cover more or less irregularly the smooth surface of RAGP. The latter in the 

analysis pool presents a larger surface, a sign of greater aggregation perhaps as a function of the 

functionalization with the magnetic material (Figure 14, panel C and D). 
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Figure 14. Pictures of RAGP (A, B) and RAGP-M (C, D) structures obtained by SEM microscopy. 

 

Unfortunately, the practical implementation of the DNA capture platform could not be completed 

within the timeframe of this thesis. Specifically, the experimental steps involving streptavidin 

conjugation and the subsequent capture of biotinylated DNA are still underway and will be carried 

out by the research team that conceived and developed this project. These ongoing activities 

represent a natural continuation of the work presented here and will contribute to further 

validating the effectiveness of the designed platform. 

 

3.3 Materials and Methods 

General procedures   

All reagents and solvents were obtained from commercial suppliers and used without further 

purification. Graphene oxide was purchased from Sigma Aldrich. Thermogravimetric analysis (TGA) 

was done by using a Perkin–Elmer TGA7 in the temperature range 50-800 °C. SEM images were 

obtained with Zeiss Sigma 360 VP. 
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Preparation of Graphene Magnetic Unit (MAGU)   

Magnetic graphene (MG) was obtained by the addition of Fe2+/Fe3+ iron salt to a dispersion of GO 

in water [93]. Briefly: 75 mL of FeSO4/FeCl3 water solution (3.84 mg /7.44 mg/mL) was added to 30 

mL GO (5 mg/mL) previously stirred up to 80 °C in an oil bath. Then, the temperature was increased 

to 85 °C, and a solution of ammonia (27%) was added dropwise to pH = 10. The reaction mixture 

was stirred for 45 min. and then cooled to room temperature. MG precipitate was collected by 

using an external magnet, washed two times with water, and finally dried  at 100 °C for 3 h to 

recover 365 mg of MG. 

MAGU was prepared by treatment MG water suspension (10 mg/mL) with methanolic solution of 

pyrenacetic acid (5 mL, 3 mg/mL) under sonication for 30 min. The reaction mixture was left under 

vigorous stirring for 24 h at room temperature and then the precipitate was recovered by an 

external magnet. The product was washed twice with water/methanol = 9:1 solution, once  with 

water/ethanol = 9:1 solution, and the last time with water/ethanol = 7:3 solution. Then it was dried 

at 100 °C recovering 103 mg of MAGU. 

 

Bioconjugation of MAGU to Antibodies  

MAGU (1 mg) were washed three times with MES buffer (0.1 M, pH = 5) and finally resuspended 

in 500 μL MES buffer. EDC and NHS were added to the dispersion using the ratio (mg) MA-GU:EDC: 

NHS = 1:4:6 and incubated for 15 min. at 37 °C with continuous rotation. The activated MAGU-NHS 

were magnetically separated by the reaction mixture and mixed with 500 μL of the antibody 

diluted in 10 mM pH = 7.4 PBS buffer (MAGU: antibody = 1 mg : 5 μg) and incubated at 4 °C with 

continuous rotation overnight. Next day, the immune-conjugated MA-GU were magnetically 

separated and washed three times with PBS buffer 10 mM pH = 7.4. The supernatants were 

collected and lyophilized. To verify the successful coupling between MAGU and antibodies (Ab) 

the SDS-PAGE of MAGU-Ab bioconjugate was carried out. 

 

Preparation of reduced graphene oxide (G-red) 

GO was dispersed in ultrapure water (3 mg/mL) under sonication for 1 h. Then 5 mL of 98% 

hydrazine was added and the reaction mixture was stirred at 80 °C for 2 days. The product was 

recovered by filtration under vacuum, washed with deionized water and dried under vacuum at 

80 °C for 4 days (479 mg of G-red).  
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Preparation of the alkyne  

p-Nitrophenol is solubilized in 40 mL of DMF (7 mg/mL) together with K2CO3 (21 mg/mL) under 

stirring by treating the system with 4 vacuum-nitrogen cycles. Subsequently, the temperature was 

brought to 60 °C, and the reaction is carried out for 1 h. After cooling, propargyl bromide (0.44 

mL/mL) was added dropwise and the reaction was carried out under stirring for 24 h. At the end, 

200 mL of ultrapure water was added, and the compound was placed in the refrigerator overnight. 

The precipitate was recovered by 3 filtrations and dried in a rotavapor (2.78 g). Subsequently, a 

solution of SnCl2 in 43 mL of HCl (38 mg/mL) was prepared and added dropwise to a solution of 

the product in 60 mL of dioxane (4.2 mg/mL). The reaction was carried out at room temperature 

under stirring for 5 days. NaOH was added to the solution in an ice bath, alkalinizing to pH = 9 and 

then centrifuged at 8000 rpm for 20 min. The supernatant was recovered, while the precipitate 

was washed with ethyl acetate alternating manual stirring, sonication and centrifugation. The 

organic phase (yellow solution) was dried over Na2SO4 and evaporated under reduced pressure. 

 

Preparation of alkyne-terminated graphene (G-Alk)   

To a solution of p-(2-propylnyloxy)-benzamine dissolved in 192 mL of 37% HCl (0.78 mg/mL) 768 

mg of sodium nitrite were slowly added at cold (0-10 °C) under stirring. Subsequently, 5 mL of 20% 

HCl were added and the reaction was carried out under the same conditions for 45 min. 

Simultaneously, G-Red (previously prepared) was dispersed in 233 mL of ultrapure water (1.7 

mg/mL) by sonication for 1 h to which the diazonium salt solution was subsequently added. The 

reaction was carried out at 0-8 °C under sonication for 5 h. Then, the reaction mixture was placed 

in the refrigerator overnight and filtered to recover the precipitate. The product was washed in 

ethanol and dried in an oven for 24 h at about 70 °C [G-Alk = 404.5 mg]. 

 

Synthesis of Azido-azlactone 

To a solution of 4-bromomethyl benzoic acid dissolved in 10 mL of ultrapure water (223 mg/mL) 

sodium azide (255 mg/mL) was added and the reaction was placed at 80 °C under reflux and stirring 

for 48 h. Subsequently, the solution was cooled to room temperature, 10 mL of ultrapure water 

and 20 mL of ethyl ether were added and it was washed 4 times. The organic phase was dried over 

Na2SO4 and brought to dryness under negative pressure. A second aliquot of product was 

extracted by further washings of the aqueous phase, according to the same operating conditions. 
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The compound was characterized by NMR, where the presence of solvent (DMSO) was noted, 

which was eliminated by freeze-drying [4-azidomethylbenzoic acid = 840 mg]. Then, 2 mL of thionyl 

chloride was added to 908 mg of 4-azidomethylbenzoic acid. The reaction was carried out at room 

temperature for 2 h under stirring and at 45 °C for 18 h. Finally, the product was dried by a vacuum 

pump for two days (the compound remains oily). 

The resulting compound was solubilized in 9 mL of dioxane and gradually added to 18 mL of a 

solution of 2-aminoisobutyric acid (479 mg) and sodium carbonate (1.379 g) in ultrapure water 

and left at room temperature under stirring for 3 days (solution becomes opalescent white). The 

solution is dried under reduced pressure and treated with chloroform. A precipitate is formed 

which is removed by decantation while the organic phase is dried under reduced pressure. The 

flask after treatment in the rotavapor shows no residues and the previously extracted precipitate 

is treated with ethyl acetate and dried again in the rotavapor (669 mg). 

 

Preparation of reactive azlactone graphene platform (RAGP) 

To a solution of the intermediate compound (430 mg) in anhydrous acetonitrile (1 mL) were added 

140 μL of ethyl chloroformate under an inert atmosphere. The reaction was carried out for 30 min. 

under stirring at room temperature, then the temperature was brought to 5°C and 409 μL of 

triethylamine were added. The reaction was carried out for another 2 h under stirring at room 

temperature and for further 1 h at 40 °C. The formed precipitate was removed by filtration and 

the supernatant was dried under reduced pressure to obtain a dense, colourless oil. The residue 

was extracted with hot hexane (40 °C), and the solution was recovered and dried under reduced 

pressure to obtain further compound (432 mg). 

Alkyne-terminated graphene (G-Alk) 242 mg in 100 mL of dry DMF were sonicated at room 

temperature for 30 min. to obtain a homogeneous black suspension. Azido-azlactone 242 mg, 

ascorbate 102.85 and copper sulfate (3.65 mg, 0.022 mmol) were added at room temperature 

under argon inlet. Then, the temperature increased up to 80 °C and the reaction was stirred at 80 

°C for 48 h under argon inlet. The reaction mixture was diluted with deionized water and 

centrifuged at 6000 rpm for 20 min. The supernatant was discharged, and the residue was 

repeatedly washed with a solution of deionized water/methanol (1:1) and again centrifuged at 

6000 rpm for 20 min. The precipitate was dried at 60 °C to give the RAGP.  

 

Preparation of RAGP-M platform 
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A 4 mL suspension of RAGP in DMF (5 mg/mL) was prepared by sonicating the mixture for 3 h, then 

20 mg of Dopa-M and a few drops of triethylamine were added. 1 mL of DMF was allowed to slide 

off the walls to recover any product and the reaction was carried out under stirring at room 

temperature for 4 days. The precipitate was recovered by external magnet and washed 7 times 

with a 1:1 water/methanol solution. The product was dried by freeze-drying to recover the 

product. 

 

Cells cultures 

VERO (African green monkey kidney), 293T (human embryonic kidney), and THP-1 (human acute 

monocytic leukemia) cell lines were all originally obtained from ATCC (https://www.atcc.org/). 

VERO cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 6% 

fetal bovine serum (FBS, Euroclone). 293T cells were cultured in DMEM supplemented with 10% 

FBS and THP-1 cells were cultured in RPMI-1640 medium supplemented with 10% FBS (Euroclone), 

1 mM sodium pyruvate (Sigma-Aldrich), 10 mM Hepes buffer (Sigma-Aldrich). All cell lines were 

incubated at 37 °C with 5% CO2. 

 

Pseudo-virus production 

To study SARS-CoV-2 infection within a BSL-2 laboratory, a pseudo-virus system was developed. 

This system utilizes a lentiviral vector carrying a luciferase gene reporter, enabling the production 

of SARS-CoV-2 pseudo-viruses and subsequent infection assays. To generate SARS-CoV-2 pseudo-

viruses a three-plasmid co-transfection approach was employed using HEK-293T cells as previously 

reported. The following plasmids were used: i) pcDNA3.1(-) SARS-Swt-C9 for the α-SARS-CoV-2 

variant, generously provided by Jean K. Millet; ii) pCMV-MLVgag-pol encoding the MLV gag-pol 

proteins; iii) pTG-Luc encoding the luciferase reporter gene. The methodology used for the pseudo-

virus production was adapted from a previously reported protocol for producing pseudo-typed 

particles in a BSL-2 setting [16]. HEK-293T cells were cultured to an appropriate confluence and then 

were transfected using Lipofectamine re-agent, with the following plasmid quantities: 300 ng of 

pCMV-MLVgag-pol, 400 ng of pTG-Luc and 300 ng of the spike-encoding vector. The supernatants 

containing assembled pseudoviral particles were harvested 72 h after transfection and 

concentrated by polyethylene glycol (PEG) precipitation. The concentrated virus was used to infect 

the monolayer of VERO cells and the production efficiency was assayed 72 h post-infection by 

measuring the luciferase gene expression by Luciferase Assay System (Promega). 
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Exosome purification 

The exosome purification was performed by differential ultracentrifugation which consists of a 

series of centrifugation cycles of different centrifugal force and duration to isolate exosomes based 

on their density and size differences. The initial centrifugation steps include the centrifugation of 

the samples at 300 × g for 10 min. at 4 °C to remove cells and large debris. Then, the supernatant 

was transferred to a new tube and centrifuge at 2,000 × g for 10 min. at 4 °C to remove dead cells 

and larger vesicles. The supernatant was collected and centrifuged at 10,000 × g for 30 min. at 4 

°C. Lastly, the centrifugation at 100,000 × g for 180 min using a SW55 Ti swing bucket 

ultracentrifuge (Beckman Coulter, Brea, CA, USA) at 4°C. The supernatant was removed, and the 

pellet resuspended in 500 μL of PBS. Isolated exosomes were characterized by western blot 

analysis of proteins markers commonly found in the extracellular vesicles (i.e., Flotillin, ALIX). 

Calnexin, an endoplasmic reticulum protein marker, was used as a negative cellular control to 

identify protein contamination resulting from non-exosomes cells. 

 

Protein Extractions and Immunoblot Analysis 

Immunoblot analysis was carried out to evaluate the accumulation of exosome markers. To ob-

tain total protein extraction, cells and beads were lysed in a buffer with 20% of SDS 20%, 10% of 

β-mercaptoethanol in water and held at 100 °C for 5 min. An equal amount of protein ex-tracts 

was subjected to Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

transferred to nitrocellulose membranes (Bio-Rad Life Science Research, Hercules, CA), and 

blocked at 4 °C overnight in 5% non-fat dry milk-TBS. Anti-CD9 (ab-236630), anti-TSG-101 (ab83), 

anti-ALIX (ab-186429), anti-Flotillin (ab41927), anti-CD63 (ab271286) (Abcam, Cam-bridge, UK), 

and anti-BASIGIN (#13287) (Cell Signaling Technology, Beverly, MA, USA) were detected by 

secondary HRP conjugated goat anti-mouse IgG (Merk, Millipore) and antirabbit IgG (Abcam) 

followed by chemiluminescent detection, according to the manufacturer’s instructions. 
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4. DNA STRUCTURES  
 

4.1 DNA duplex  

4.1.1 Overview of DNA Duplex Structure 

The DNA duplex is a double-stranded helical structure essential for the storage and transmission 

of genetic information in all living organisms. Each strand is composed of a sequence of 

nucleotides, which include a phosphate group, a sugar (deoxyribose), and a nitrogenous base. 

The four types of bases—adenine (A), thymine (T), cytosine (C), and guanine (G)—pair 

specifically: A pairs with T, and C pairs with G. This complementary base pairing is fundamental 

to the fidelity of DNA replication and transcription processes, ensuring that genetic information 

is accurately copied and expressed [94-96]. 

 

Figure 15. Schematic representation of a DNA duplex showing (a) a ladder-like structure and (b) a 

helical structure. A nucleotide (monomer) in a strand interacts with one in complementary strand 

via base-pairing interaction, and other via diagonal interaction. The ladder is twisted into a helical 

structure represented by three geometrical constants; rise h, diameter D, and twist Ω (inset). 

Reference [95]. 

The structural integrity of the DNA duplex is maintained through several types of interactions. 

Hydrogen bonds between complementary bases form the basis of the helical structure. Each A-

T base pair forms two hydrogen bonds, while each G-C pair forms three, rendering G-C pairs 

more thermodynamically stable than A-T pairs. This differential stability is crucial in regions of 

the genome where DNA must withstand various cellular stresses and environmental conditions 

[97-98]. Additionally, studies have shown that the stability of the DNA duplex can be influenced by 

factors such as ionic strength and temperature, which affect the hydrogen bonding and stacking 

interactions between bases [99]. Furthermore, the stability of the DNA duplex is supported by the 
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researches [100] that highlights the critical balance of these interactions in maintaining the 

integrity of the genetic material. In addition to hydrogen bonding, base stacking interactions play 

a significant role in stabilizing the DNA duplex. These interactions arise from the overlap of π 

orbitals between adjacent bases, contributing to the overall stability of the double helix through 

favorable van der Waals forces and hydrophobic interactions  [101]. The DNA strands are 

antiparallel, meaning they run in opposite directions, which is essential for proper base pairing 

and the formation of the double helix [102]. The overall helical structure is further supported by 

the negatively charged phosphate backbone, which creates an electrostatic repulsion among the 

phosphates of adjacent nucleotides, reinforcing the stability of the DNA duplex under 

physiological conditions [103]. The dynamic nature of the DNA duplex allows for the formation of 

various secondary structures, which can influence gene expression. Protein interactions with DNA 

often necessitate localized unwinding or distortion of the double helix to initiate transcription or 

replication [104]. Mutations that affect these interactions can lead to aberrant gene expression and 

contribute to tumorigenesis [105,106]. Therefore, the intricate relationship between DNA structure, 

protein interactions, and cellular outcomes is critical for understanding the molecular basis of 

cancer. The intrinsic structural properties of the DNA molecule allow it to undergo 

conformational changes necessary for its biological functions. For example, DNA can adopt 

different conformations, such as A-DNA, B-DNA, and Z-DNA (Figure 16), depending on 

environmental conditions such as humidity and ionic strength. The most common form, B-DNA, 

is a right-handed helix that is stable under physiological conditions [98]. These structural variations 

are not merely structural curiosities; they have functional implications, as different 

conformations can affect protein binding and gene expression [108]. 
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Figure 16. Different forms of DNA- A form, B form, Z form. The right-handed double-helical 

Watson – Crick Model for B-form DNA is the most commonly known DNA structure. Figure 

adapted from different references. 

Base stacking interactions also contribute significantly to the stability of the DNA duplex. These 

interactions arise from non-covalent forces, such as van der Waals forces and π-π interactions, 

between adjacent bases. Base stacking helps minimize exposure to water and stabilizes the 

helical structure, contributing to the overall thermodynamic stability of the DNA duplex [109]. The 

dynamic nature of these interactions is pivotal during processes such as DNA replication and 

transcription, where localized unwinding and strand separation occur. For instance, during the 

initiation of transcription, RNA polymerase binds to the DNA duplex, causing localized unwinding 

of the double helix to expose the template strand for RNA synthesis [102, 103]. This unwinding is 

facilitated by the energy released from the base stacking interactions and hydrogen bonds, 

allowing the replication machinery to function efficiently. 

4.1.2 Role of Proteins in DNA Duplex Interactions 

Proteins play a critical role in mediating interactions with DNA duplexes, which are essential for 

various cellular processes, including DNA replication, repair, and transcription. Specific proteins, 

such as transcription factors, recognize and bind to specific DNA sequences. This binding can 

induce conformational changes in the DNA that facilitate the recruitment of additional proteins 

necessary for transcription initiation and elongation [110]. For example, transcription factors like 

TATA-binding protein (TBP) interact with the TATA box in the promoter region of genes, bending 

the DNA and allowing the assembly of the transcription machinery, including RNA polymerase II 
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(Figure 17) [111,112]. These protein-DNA complexes are crucial for regulating gene expression and 

ensuring that genes are expressed at the right time and in the right amounts.  

 

Figure 17. Expression of the human serum albumin gene is regulated by five transcription factors, 

four of which bind to the promoter region. TF II = transcription factor II, HNF1 = Hepatocyte 

nuclear factor 1, NFY = nuclear factor Y, C/EBP = CCAAT/Enhancer binding protein, NF1 = nuclear 

factor 1. Adapted from references [111, 112]. 

Moreover, proteins involved in DNA repair, such as those in the nucleotide excision repair (NER) 

pathway, also interact with DNA duplexes to recognize and correct DNA damage. Proteins like 

XPA and XPC scan the DNA for lesions, and upon binding, they initiate the repair process by 

recruiting additional factors to the site of damage (Figure 18) [113, 114]. This interaction not only 

stabilizes the damaged region but also facilitates the unwinding of the DNA helix, allowing the 

repair machinery to access the lesion [115]. 

 

 

Figure 18. Schematic representation of the damage recognition to excision steps in the GG-NER 

pathway. Adapted from references [113]. 
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Recent studies have highlighted how small molecules can modulate these protein-DNA 

interactions, providing potential therapeutic strategies for targeting diseases, particularly 

cancer. For instance, small-molecule inhibitors that bind to specific sites on the DNA duplex can 

interfere with the binding of regulatory proteins, thereby altering gene expression patterns [99]. 

These inhibitors can disrupt the interaction between transcription factors and their target DNA 

sequences, leading to the downregulation of oncogenes or the reactivation of tumor suppressor 

genes [106].  

 

Figure 19. Targeting and visualization of DNA G-quadruplex structures in human cells by the BG4 

antibody. From reference [100]. 

The electrostatic environment created by the negatively charged phosphate backbone of DNA 

also influences protein binding. The intrinsic negative charge can affect the affinity of positively 

charged protein domains for DNA, which is critical for the regulation of gene expression and the 

maintenance of genomic integrity [109]. For instance, the binding of positively charged 

transcription factors to the negatively charged DNA backbone can be influenced by post-

translational modifications, such as phosphorylation or acetylation, which can modulate the 

accessibility of DNA to these regulatory proteins [115, 116]. Understanding these interactions at a 

molecular level is vital for elucidating the mechanisms of gene regulation and for developing 

targeted therapies that exploit these interactions in diseases such as cancer [117].  

4.1.3 Implications in Cancer Research  

The study of DNA duplex interactions has significant implications in cancer research. Genomic 

instability is a hallmark of cancer, and aberrations in DNA structure and stability can lead to 

mutations and chromosomal rearrangements [117]. For instance, mutations in genes that encode 

proteins involved in DNA repair can compromise the integrity of the DNA duplex, leading to 

unchecked cellular proliferation and tumorigenesis [118]. Furthermore, alterations in the binding 
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affinity of transcription factors can result in the dysregulation of oncogenes and tumor suppressor 

genes, contributing to cancer progression [119].  

Recent advancements in understanding DNA duplex interactions have led to the development of 

novel therapeutic strategies aimed at targeting these structures. For example, small molecules 

that stabilize or destabilize DNA duplexes are being explored for their potential to inhibit cancer 

cell proliferation [120]. Researchers are investigating compounds that can selectively bind to specific 

regions of the DNA duplex, thereby modulating its structural dynamics and influencing gene 

expression [121].  

Moreover, the development of gene-editing technologies, such as CRISPR-Cas9, has opened new 

avenues for manipulating DNA duplex structures to achieve therapeutic outcomes. By designing 

guide RNAs that target specific DNA sequences, researchers can induce double-strand breaks and 

promote the repair of faulty genes [122]. This approach has shown promise in preclinical studies for 

treating various genetic disorders and cancers, underscoring the importance of DNA duplex 

interactions in therapeutic applications. 

4.2 DNA G-Quadruplex 

4.2.1 Overview of G-Quadruplex Structures 

In contrast to the conventional DNA duplex, G-quadruplexes are unique secondary structures 

formed from guanine-rich sequences [123, 124]. These structures consist of stacked G-tetrads, which 

are formed by the association of four guanine bases through Hoogsteen hydrogen bonding [125,126].  

Adjacent runs of guanines (G-tracts) in nucleic acid sequences (DNA and RNA) can form planar 

associations of four Gs (G-quartets), coordinated with a central monovalent cation (generally K+ or 

Na+). A G-quadruplex (G4) results from the stacking, one upon the other, of two or more G-quartets 

(Figure 20A). Stretches of nucleotides connecting adjacent G-tracts are called loops and, 

depending on the length and base composition of loops, the way a G4 can fold presents a high 

degree of polymorphism. Gs in each quartet can adopt syn or anti glycosidic bond angles, G-tracts 

can orient in the same or opposite 5'-3' direction one respect to the other, forming parallel, 

antiparallel or hybrid conformations (Figure 20B). Depending on the conformation, grooves 

between G-tracts are of variable size. For intramolecular G4s the strand polarity is strictly related 

to the loop nature. Loops can adopt lateral, diagonal or propeller orientation (Figure 20B). G4s can 

assemble also from G-tracts belonging to two or more separated molecules, forming bimolecular 
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or higher order G4 structures. These diverse structural conformations enable G-quadruplexes to 

perform specific biological functions, particularly in gene regulation and chromosomal stability. 

The elevated plasticity of G4s has always exerted great curiosity in dissecting the factors 

determining their precise conformation, spatial arrangement, and stability. Nowadays, a deep 

knowledge and advanced technologies are available for the biophysical characterization of G4 

structures. What pushed these investigations is the opportunity to exploit the high polymorphism 

of G4s for the selective recognition and interaction with binding partners. A special interest comes 

from the pharmaceutical field, seeing in G4s a highly specific target for the development of 

antitumoral and antimicrobial drugs. 

 

Figure 20. G-quadruplex polymorphism. A) Guanines arrangement into a G-quadruplex. 

Hoogsteen bond are represented as dotted lines. A central metal ion favors the self-association of 

the structure into a G-quartet and more stacked G-quartets form the G-quadruplex (adapted 

from Tassinari et al. [127]. B) G4 loop types. Highlighted in red from left to right: propeller, lateral 

and diagonal loop. Adapted from Ruggiero et al. [128]. 

G-quadruplexes are commonly found in genomic regions such as telomeres and promoter regions 

of oncogenes, where their formation plays a significant role in regulating gene expression and 

maintaining genomic stability (Kozak et al., 2018) [129]. For example, G-quadruplexes at telomeres 

protect chromosome ends from degradation and prevent the activation of DNA damage response 

pathways, thereby contributing to cellular longevity (Baker et al., 2013) [130]. Their presence in 

promoter regions of oncogenes can influence transcriptional activity, leading to altered gene 

expression patterns that are often associated with cancer (Huang et al., 2016) [131]. 
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4.2.2 Biological Functions of G-Quadruplexes 

As discussed in the previous section, G4s are characterized by a scaffold pattern consisting of at 

least four stretches of two or more guanines, separated by a variable number of other bases. This 

conserved motif can be reduced to a consensus sequence: G≥2 X1-13 G≥2 X1-13 G≥2 X1-13 where 

G are guanines and X are tracts of any residue. Several computational algorithms are available 

(Wong et al.) [132], that allowed the initial identification of putative G4 structures in the genomes 

of several organisms, like yeast (Hershman et al.) [133] and other eukaryotes [134, 135] along with 

plants [136], prokaryotes [137] and viruses [128, 138]. Biophysical studies first and functional biology 

assay then, revealed the implication of G4s in many fundamental functions for cell maintenance 

(Rhodes et al.) [118]. 

These structural properties of G-quadruplexes can significantly influence various biological 

processes, including DNA replication, transcription, and repair (Figure 21). 

 

Figure 21. Roles of G4 structures in the genome. Reference 46. 

G4s can form in guanine-rich regions of the genome during DNA replication [141]. These structures 

can impede the progression of DNA polymerases, potentially leading to replication stress [124]. 

This is particularly relevant at telomeres and in regions with high transcriptional activity. 

Helicases, such as WRN (Werner syndrome protein) and BLM (Bloom syndrome protein), are 

crucial in resolving G4s to ensure smooth replication. If unresolved, G4s can lead to genomic 

instability, increasing the rates of mutation and chromosomal aberrations, which are hallmarks of 

cancer cells, as depicted in the next paragraph (Liu et al., 2019) [139]. 
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G4s also play a significant role in regulating transcription [142]. They can influence the binding of 

transcription factors and RNA polymerases to DNA. In some cases, the formation of G4s can act 

as a barrier to transcription, while in others, it may enhance the binding of regulatory proteins, 

thereby facilitating transcription initiation. G4s are often found in promoter regions and can 

modulate gene expression by affecting RNA polymerase II activity [111, 113, 142]. 

During DNA repair processes (Rossi et al) [143], G4s can both hinder and facilitate repair 

mechanisms. For example, the presence of G4s can obstruct the access of repair proteins to 

damaged sites, complicating the repair process. Conversely, some repair proteins, such as those 

involved in homologous recombination, may recognize and bind to G4 structures, utilizing them 

as signals for repair pathways. The resolution of G4s is thus critical for maintaining genomic 

integrity (Pavlova et al) [144]. 

Additionally, G-quadruplexes can serve as binding sites for specific proteins, including transcription 

factors and helicases, which may modulate their activity by stabilizing or destabilizing the G-

quadruplex structure [145]. For instance, certain proteins can recognize G-quadruplexes and 

promote their resolution during DNA replication, ensuring that the replication machinery can 

proceed efficiently [118]. Conversely, some proteins can bind to and stabilize G-quadruplexes, 

thereby inhibiting transcription of adjacent genes and contributing to gene silencing [146]. 

Recent research has highlighted the potential of targeting G-quadruplexes for therapeutic 

interventions in cancer. Small molecules that specifically bind to and stabilize G-quadruplexes are 

being investigated for their ability to inhibit the expression of oncogenes and induce cancer cell 

death [147]. For instance, compounds that bind to the G-quadruplex structure in the c-MYC 

promoter have shown promise in downregulating c-MYC expression, a key driver of many cancers 

[148].  

4.2.3 Cancer research: Therapeutic Applications and Future Directions 

Being cancer one of the firsts causes of death in the developed world, the possible implication of 

G4s in its pathogenesis has always attracted great interest and is also part of the present research. 

The understanding and treatment of cancer is a difficult goal, due to the heterogeneity and 

complexity of this abnormality. At the beginning of the century Hanahan and Weinberg defined six 

hallmarks that describe all different types of oncogenic malignancies (Hanahan, D. et al) [149]. A 

linkage between G4s and cancer appeared with the observation that each of the hallmark 



41 
 

categories was represented by at least one G4-containing gene: self-sufficiency for growth signal 

(C-MYC, CKIT, KRAS), insensitivity to anti-growth signal (pRB), evasion of apoptosis (BCL-2), 

sustained angiogenesis (VEGF-A), limitless replicative potential (hTERT), and tissue invasion and 

metastasis (PDGF-A) (Takahama) [150] (Figure 22A). 

 

Figure 22. G-quadruplexes in the hallmarks of cancer and LPS. A) The six hallmarks of cancer in 

relation with G4 containing genes71. B) MDM2 main ways for inhibiting p53. MDM2 mediates the 

export of p53 in the cytoplasm where it is ubiquitinated and degraded by the proteasome (on the 

left). MDM2 binding to p53 impedes p53 transcriptional activity (on the right) C) MDM2 

promoter organization. P1 and P2 transcriptional products include different 5'-UTRs. Transcription 

factors regulating the two promoters are indicated. Adapted from references [151, 152] 

The function of G4s in the mentioned genes has been extensively studied and promisingly 

appeared that their stabilization with G4 ligands has as a common effect the downregulation of 

transcription of the corresponding genes, with potential anti-tumoral effects. In this light, the study 

of G4s in relation with cancer becomes even more attractive and motivated our interest in 

investigating their involvement in soft tissue sarcomas, for which there is a limited biological 

knowledge and pressing necessity for new specific treatments. Sarcomas are a rare and 

heterogeneous type of tumors, predominantly arising from mesenchymal cells. Among the most 

common forms there are bone sarcomas and soft tissue sarcomas, with about 28.000 new cases 

per year in Europe (Stiller) [153].  

Treatment for sarcomas usually involves surgery and radiation, but there is disagreement about 

how effective standard chemotherapy is, which shows the need for new treatment options [154]. 
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Osteosarcomas and liposarcomas often have changes in chromosome 12 that affect important 

genes like Cyclin Dependent Kinase 4 (CDK4) and Mouse double minute 2 (MDM2).  

G-quadruplexes can form in the promoter region of the MDM2 gene. These G-quadruplex 

structures can affect how much MDM2 is made, which in turn influences the activity of the tumor 

suppressor gene p53. If G-quadruplexes are stable, they can block transcription factors from 

promoting MDM2 expression, leading to more active p53 and slower cancer cell growth. MDM2 

controls p53 by moving it into the nucleus and tagging it for destruction, preventing p53 from 

doing its job in managing gene activity. However, p53 can also stimulate the production of MDM2 

by binding to specific areas of its gene (Figure 22B) [152]. 

MDM2 has two promoters: the first (P1) is always active without p53, while the second (P2) is 

turned on by p53 (Figure 22C). The P2 promoter makes a version of MDM2 that is produced more 

efficiently [153, 155]. Other factors, besides p53, can also activate P2, such as thyroid hormone 

response elements and various growth factor sites (Phelps) [156]. 

Since the amplification of the MDM2 gene is important in about one-third of sarcoma cases, 

researchers are working on small molecules to inhibit MDM2. The most promising one so far is 

RG7388 (Idasanutlin), which is in phase III clinical trials [157]. This small molecule targets a specific 

part of the MDM2 protein that interacts with p53, leading to increased cell death and less tumor 

growth [156]. Importantly, the P2 promoter of MDM2 is rich in guanine and has a unique 

(nnGGGGC)5 repeat sequence, which is crucial for its function in certain breast cancer cells [157]. 

In addition to small molecules, other strategies are being explored, including the use of RNA 

molecules and CRISPR-based technologies to target G-quadruplexes and modulate their formation 

(Li et al., 2022) [158]. Understanding the regulatory roles of G-quadruplexes in various biological 

contexts will provide insights into their potential as therapeutic targets and may lead to the 

development of novel cancer treatments that exploit these unique DNA structures (Smith et al., 

2023) [159]. 

Moreover, the development of advanced biophysical techniques, such as single-molecule imaging 

and NMR spectroscopy, is enabling researchers to study G-quadruplex dynamics in real-time, 

providing valuable insights into their biological roles and interactions (Johnson et al., 2023) [160]. 

This knowledge will be crucial for the rational design of G-quadruplex-targeting drugs that can be 

used in clinical settings. 
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4.2.4 Role of Metal Ions in G4-complexes 

Metal ions play a crucial role in stabilizing G-quadruplex structures. The presence of specific 

metal ions, such as potassium, sodium, and lithium, can promote the formation of these 

quadruplexes by coordinating with the guanine bases and enhancing the hydrogen bonding and 

stacking interactions. Transition metals, such as platinum, ruthenium, and gold, have also been 

explored for their ability to interact with quadruplexes, offering unique properties for potential 

therapeutic applications (Georgiades, et al.) [117]. 

• Monovalent Metal Ions: Potassium ions are particularly effective at stabilizing G-

quadruplexes. The binding of K⁺ ions to the G-quadruplex can lead to conformational changes 

that influence the biological activity of the associated DNA [161]. 

• Transition Metal Complexes: Transition metals like platinum and ruthenium can intercalate 

into DNA or bind to the G-quadruplex structures, potentially altering their stability and 

biological function. For example, cisplatin is a well-known anticancer drug that interacts with 

DNA, and research has shown that its derivatives can preferentially target G-quadruplexes [162, 

163]. 

• Lanthanide Complexes: Lanthanide ions, such as europium and terbium, can form 

luminescent complexes with DNA quadruplexes, allowing for the development of biosensors 

and imaging tools [164]. 

These complexes have several applications that fall in what discussed previously. They show 

excellent performance as anticancer agents. By stabilizing these structures, they can inhibit the 

activity of telomerase, an enzyme often overexpressed in cancer cells. 

Metal complexes can also modulate the formation of G-quadruplexes in promoter regions of 

genes, potentially serving as therapeutic agents to regulate gene expression [117]. 

Last, the unique properties of metal complexes can be harnessed to develop biosensors for the 

detection of specific nucleic acid sequences or for monitoring cellular processes involving G-

quadruplexes [165]. 
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5. METAL COMPLEXES AS DNA BINDERS FOR THE ANTICANCER THERAPY 

5.1 Introduction  

Metal complexes have garnered considerable attention in medicinal chemistry due to their 

unique properties and therapeutic potential [166]. Platinum-based drugs, most notably cisplatin, 

have been at the forefront of cancer chemotherapy since their introduction in the 1970s. 

Cisplatin exerts its cytotoxic effects primarily through the formation of DNA adducts, which 

interfere with DNA replication and transcription, ultimately leading to apoptosis in cancer cells 

[167]. Molecular modeling studies have elucidated the formation of intrastrand guanine-guanine 

adducts produced by cisplatin and oxaliplatin, highlighting the critical interactions of these 

complexes with DNA [168]. 

 

Figure 23. Representation of cisplatin– and oxaliplatin–DNA adducts highlighting their main 

distinguishing features. Carboplatin in biologic fluids undergoes slow chlorination and aquation 

reactions, resulting in platinum–DNA adducts identical to cisplatin.  

Numerous Pt(II)-based metal complexes with two inert and two labile ligands at the cis-position 

have been synthesized and tested as potential anticancer drugs [169]. To achieve its anticancer 

activity, cisplatin must first undergo substitution of a chloride for a water molecule upon entry 

into the tumor cell, followed by coordination of Pt to a purine base. This process leads to the 

formation of bifunctional intrastrand or interstrand adducts that cause distortion of the DNA 

helix toward the major groove, ultimately causing apoptosis due to the failure of DNA repair 

systems [170]. However, despite the thousands of compounds tested, very few Pt(II)-complexes 

have been approved as therapeutic drugs.  
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Therefore, research in the field of metal complexes has also been extended to: (i) Pt(II)-based 

complexes with structures other than cisplatin (and therefore with a potentially different mode 

of action), such as phenanthriplatin, which covalently binds to DNA forming a monofunctional 

adduct and appears to be more active than cisplatin [171]; (ii) metal complexes with extended 

aromatic ligands that  establish non-covalent interactions with DNA have also been considered 

in the design of chemotherapeutics. For examples, metal complexes with extended aromatic 

ligands have been shown remarkable anticancer effects. Their aromatic moieties can intercalate 

between base pairs, give rise to aromatic π-π-stacking interactions, and interfere with the helical 

opening required for DNA duplication and transcription processes [172]. Schiff base metal 

complexes have gained significant interest in cancer treatment due to their ability to interfere with 

various catalytic processes and their high tumor preference, sometimes attributed to the Schiff 

base ligand itself [173]. They are flexible organic compounds formed through condensation 

reactions between primary amines and carbonyl groups of aldehydes or ketones under specific 

conditions. These compounds are extensively used as ligands in inorganic medicinal chemistry 

because they can form stable and bioactive complexes with various transitions and other metal 

ions [174]. 

Depending on the type of amines used (mono-, di-, or tri-functional), Schiff bases can result in bi-, 

tri-, tetra-, or poly-dentate ligands [175]. Symmetrical Schiff bases are produced when diamines 

react with the same aldehyde or ketone in a 1:2 molar ratio. The azomethine (-HC=N-) linkage in 

Schiff base ligands is crucial in coordination chemistry, allowing the ligands to coordinate with 

metals through nitrogen lone pairs, forming stable complexes[176-179] (iii) compounds of transition 

metals other than Pt [180]. 

Ruthenium-based complexes are considered reasonable candidates for anticancer drug design 

due to several advantages over platinum-based drugs: (1) multiple accessible and stable 

oxidation states under physiological conditions; (2) iron-mimicking ability in binding specific 

proteins, which leads to the up-regulation of transferrin receptors on the cell surface, resulting 

in higher accumulation of ruthenium inside tumor cells compared to healthy cells; (3) various 

activation mechanisms combined with high biological activity; and (4) slow ligand exchange in 

vivo [181]. Notably, several ruthenium-based complexes, such as ([RuCl4(DMSO)(Im)]ImH; Im = 

imidazole) and (trans-[RuCl4(Ind)2]IndH; Ind = indole), known as NAMI-A and KP1019 respectively 

(Figure 24), have shown promising anticancer activity and completed phase I and II clinical 
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studies, prompting further development of new Ru-based compounds for cancer treatment [169, 

181]. 

 

Figure 24. Chemical structure of KP1019, NAMI-A, and TLD-1433. 

Platinum-based drugs, particularly cisplatin, have long been staples in cancer treatment due to 

their ability to form covalent bonds with DNA, leading to crosslinking that disrupts replication 

and transcription [190]. Recent studies have revealed that these platinum complexes can 

preferentially bind to G-quadruplexes, stabilizing them and inducing cellular stress that is 

particularly harmful to cancer cells. This insight has spurred the development of modified 

platinum compounds aimed at improving selectivity and overcoming resistance to traditional 

chemotherapy [191, 192]. Meanwhile, ruthenium complexes are emerging as promising 

alternatives, exhibiting versatile interactions with DNA, including intercalation and electrostatic 

binding. Some ruthenium compounds can also stabilize G-quadruplexes and generate reactive 

oxygen species (ROS) when activated by light, enabling photodynamic therapy that enhances 

treatment efficacy while potentially reducing systemic toxicity [193]. 

Both platinum and ruthenium complexes face challenges in clinical application, particularly 

regarding drug resistance and selectivity. Cancer cells often develop mechanisms to evade the 

effects of metal-based drugs, necessitating ongoing research to understand these resistance 

pathways and develop next-generation therapies. Achieving a balance between efficacy and 

toxicity is also critical, as the goal is to selectively target cancer cells while sparing healthy tissues. 

Innovative drug delivery systems, such as nanoparticles, are being explored to improve the 

bioavailability and specificity of these metal complexes, ensuring they effectively reach their 

intended targets within cells. 
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Zinc(II), the second most abundant transition element in the human body after iron, is essential for 

many biological processes, including enzyme functionality, immune system support, DNA 

stabilization, gene expression, and cell proliferation [182]. Zn(II)-based hydrolytic cleavage shows 

therapeutic potential in cancer treatment due to its low toxicity, redox inertness, hard Lewis acid 

character, and good biocompatibility [183]. 

Recent efforts reported by Kordestani et al. have focused on designing, synthesizing, and evaluating 

the biological activity of other metal complexes based on Schiff base ligands, including tridentate 

Cu(II) and V(IV) complexes [184, 185], and Pd(II) complexes with additional auxiliary ligands[186, 187].  

In a recent work, Akbari et al. reported the synthesis and characterization of a range of bidentate 

and tetradentate Schiff base ligands and their zinc(II) complexes [188, 189]. Their medicinal potential 

was also investigated by assessing antimicrobial and antioxidant activities, as well as DNA cleavage 

capability. In particular, the exploration of platinum and ruthenium complexes targeting DNA 

quadruplexes is a fascinating area that bridges chemistry, biology, and medicine.  

The implications of this research extend beyond cancer therapy. Understanding how these metal 

complexes interact with G-quadruplexes can provide insights into fundamental biological 

processes and the roles of nucleic acids in cellular regulation. Additionally, these complexes can 

serve as tools for probing the structure and function of G-quadruplexes, shedding light on their 

biological significance and potential applications in other diseases. 

5.2 Results and Discussion 

In this chapter, we describe the antiproliferative activity of novel Zn(II) complexes bis or 

tetradentate with Schiff base ligands (Figure 25A); metal Ru(II) polypyridyl complexes obtained 

from the starting complex Ru(phen)2Cl2 and substituted salicylaldehyde ligands (Figure 25B) and 

Pt(II) complexes with 1,10-phenanthroline (phen) and phen-derivatives extended aromatic 

portion (Figure 25C). 

Those were synthesized and tested biologically by other laboratories against different tumor cells: 

the drug-sensitive leukemia CCRF-CEM and its multi-drug-resistant sub-line CEM/ADR5000; the 

breast adenocarcinoma MDA-MB 231; glioblastoma U87 and osteosarcoma U2-OS cell lines.  

Theoretical considerations were made to explainthe relation between pharmacodynamic activity 

and their cytotoxicity activity, on the basis of DNA interactions.  
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Specifically, for in silico studies, we used duplex DNA structures with mismatched bases, which 

simulated DNA repair errors in tumor cells; G-quadruplex DNA structures that derive from 

nucleotide sequences implicated in the formation of oncogenes in tumor cells; and hybrid Duplex-

Quadruplex structures, which mimic a situation in which both structural topologies of nucleotide 

sequences coexist, in order to evaluate the selectivity of the complexes towards one or the other 

form. 

 

 

Figure 26. Chemical structures of Zn (A), Ru (B), and Pt (C) complexes.  
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5.2.1 Biological evaluation 

 

5.2.1.1 Cytotoxicity against Leukemia Cell Lines 

It was decided to test the cytotoxicity activity of the complexes against the leukemic cell lines CCRF-

CEM (drug-sensitive) and CEM/ADR5000 (CCRF-CEM multidrug-resistant sub-cell line), with a 

preliminary screening using resazurin method at fixed concentration (10 µM). 

Results are reported in Table1 and suggest that all Pt-complexes show a good cytotoxicity activity 

while only Ru-complexes with auxiliary salicylaldehyde ligand and tetradentate Zn-complexes 

possess significant antiproliferative activity with a cutoff point of 30% cell viability. These data 

highlight the central role of substituents to exhibit their activity regarding the ligand substitution 

pattern in the complexes.  

 

Table 1. Results of the screening assay at 10 μM against CCRF-CEM leukemic cells reported as % of 
residual cell viability. 

Compound 
Cell viability % 

(±SD) 

Ru1 -1.02 ± 2.01 

Ru2 1.93 ± 1.74 

Ru3 23.51 ± 1.83 

Ru4 -0.25 ± 1.62 

Ru5 -0.40 ± 5.03 

Ru6 -0.58 ± 1.10 

Ru7 -3.11 ± 1.43 

Ru8 30.27 ± 3.03 

Ru9 -2.98 ± 1.39 

Ru10 -3.06 ± 0.96 

Ru11 -2.74 ± 1.64 

Ru12 -1.05 ± 0.40 

Ru13 79.79 ± 2.33 

Ru14 97.13 ± 3.20 

Ru15 84.68 ± 5.75 
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Pt1 5.57 ± 1.08 

Pt2 8.49 ± 0.59 

Pt3 5.28 ± 3.18 

Pt4 4.05 ± 1.84 

ZnL1 37.54 ± 3.46 

Zn1 55.69 ± 5.83 

Zn2 51.95 ± 5.33 

Zn3 51.86 ± 2.64 

Zn2 35.47 ± 1.42 

Zn4 6.24 ± 1.53 

Zn5 7.47 ± 4.80 

Zn6 6.20 ± 2.88 

 

For every class of complexes more active complexes were chosen for carried out the IC50 values 

determination (Pt1, Pt4, Ru7, Ru10, Zn4 and Zn6) (Figure 27), resistance ratio calculations, and 

selectivity index (SI) using human peripheral blood mononuclear cells (PBMCs). The cisplatin was 

used as control and the dose-response curves are shown in Figure 28. 
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Figure 27. Chemical structure of more active metal complexes.  

Data were collected and summarized in Figure 28 and Table 2, and suggest that compounds possess 

high cytotoxicity activity (sub-micromolar range). 
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Figure 28. Cytotoxicity profile of the top most active compounds towards drug-sensitive parental 
CCRF-CEM tumor cells and their P-glycoprotein (MDR1/ABCB1)-expressing, multidrug-resistant 
sub-line CEM/ADR5000 as determined by resazurin reduction assays. Moreover, human peripheral 
mononuclear cells (PBMC) were investigated as normal counterparts to the leukemia cell lines. 
Cisplatin was used as a positive control to verify the multidrug resistance phenotype of the 
CEM/ADR5000 cells. All data are presented as mean ± SE of three independent experiments. One 
asterisk (*) indicates p-value less than 0.05 (p < 0.05); two asterisks (**) indicate p-value less than 
0.01 (p < 0.01). 

Table 2. Cytotoxicity data of more active complexes towards drug-sensitive CCRF-CEM, multidrug-
resistant CEM/ADR5000 and healthy PBMC cells determined  by resazurin reduction assay. All 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/resazurin
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values are expressed as mean ± standard deviation (SD) of three independent experiments. The 
degree of resistance was calculated by dividing the IC50 value of resistant by that of sensitive cells. 

 

 

From the biological evaluation we could observe that our complexes possess best cytotoxic 

activity on CCRF-CEM cells compared to cisplatin, sub-micromolar IC50 values were achieved 

against the drug-sensitive leukemia cell line (CCRF-CEM) and a selectivity index (SI) of up to 19.5 

for the Ru complexes, 2.5 for Pt4 complex (evaluated on PBMC cells) and 15.1 for Zn6. 

The chick embryo chorioallantoic membrane (CAM) assays, an efficient and cost-effective model 

successfully employed as a predictive model in acute toxicological studies,  [194] as a patient-

derived xenograft platform for preclinical oncologic research [195], for studying human blood cell 

malignancies, [196] and for invasion/metastasis studies.[197, 198], was used in this work as model to 

study the vascular effect of our complexes associated to the angiogenesis processes during 

metastasis (especially in the hematopoietic organs).[199, 201] 

Result suggests that Pt1 and Pt4 in the CAM model show a better anti-angiogenic response (IC50 

= 0.87 μM ± 0.04 and 0.77 μM ± 0.03, respectively) compared to retinoic acid (IC50 = 2.6 μM ± 

0.04), which was used as a reference compound. Anti-angiogenic activity was evaluated using a 

dose–response curve and expressed in terms of IC50 values and is reported in Figure 29. In 

addition, by observing the microvascular network of CAMs, it can be seen that these are greatly 

reduced after treatment with Pt1 and Pt4 compared to the control. A selection of 

photomicrographs is shown in Figure 30. 

Compound 

CCRF-CEM CEM/ADR5000 PBMC 
Degree of 

resistance 
IC50 

(µM) 
SD IC50 (µM) SD IC50 (µM) SD 

Ru7 0.78 0.02 7.17 0.53 1.72 0.09 9.19 

Ru10 0.52 0.08 5.56 1 10.15 0.73 10.69 

Pt1 1.71 0.05 3.97 0.16 0.82 0.1 2.32 

Pt4 0.82 0.06 17.46 0.96 2.03 0.06 21.29 

Zn4 4.49 0.06 5.66 0.33 11.72 2.05 1.26 

Zn6 1.78 0.06 3.36 0.28 26.91 2.12 1.89 

Cisplatin 5.82 0.16 3.28 0.41 - - 0.56 
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Figure 29. The anti-angiogenic activity of compounds and retinoic acid (positive control) was 

calculated as inhibition percentage versus negative control (100% of angiogenic activity) in a set of 

experiments (n = 6). IC50 values were then calculated, representing the concentration that caused 

50% of the angiogenic activity. The statistical significance was evaluated by one-way analysis of 

variance (ANOVA) followed by Student’s test. p < 0.01 was considered statistically significant. ** 

p < 0.01 vs. retinoic acid. 

 

 

Figure 30. Representative photomicrographs of the chick embryo chorioallantoic membranes 

(CAMs) treated with Pt1 and Pt4 (0.5 μM). Retinoic acid was used as positive control (3 μM). The 

images of the CAMs were captured using a stereomicroscope (SMZ-171 Series, Motic, San Antonio, 

TX, USA) equipped with a digital camera (Moticam® 5 plus, Motic, San Antonio, TX, USA). 
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5.2.1.2 Cytotoxicity against breast cancer, osteosarcoma and glioblastoma cells lines 
The biological activity of other derivatives of Pt(II)-complexes was examined in vitro also using cell 

lines known to express G-quadruplexes as target, specifically MDA-MB 231 (breast 

adenocarcinoma), U87 (glioblastoma), and U2-OS(osteosarcoma). An initial screening was 

performed at a concentration of 10 µM, followed by assessment of cell viability after a 72-hour 

incubation period. The first one cell line exhibited a significant decrease in viability for nearly all 

tested compounds compared to cisplatin (less than a 20% reduction in viability). Decrease in 

viability of the untreated controls was not statistically significant.  

Particularly, the greatest difference between cisplatin group and other compounds is with Pt19 and 

Pt20, showing a p-value ≤ 0.0001 (****). All compounds also exhibited substantial cytotoxic effects 

on the glioblastoma cell line with cell viability < 65%, (more effective than cisplatin) with a p-value 

≤ 0.0001 (****), except for Pt6 and Pt14 (***, p-value ≤ 0.001). In the U2-OS cell line, all samples 

resulted in a viability decrease of less than 70% compared to control cells, but only four compounds 

demonstrated significantly greater activity than cisplatin: Pt10 (*, p-value ≤ 0.01), Pt11 (****, p-

value ≤ 0.0001), Pt19 (****, p-value ≤ 0.0001), and Pt20 (****, p-value ≤ 0.0001). All those data 

are collected and represented in Figure 31. 
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Figure 31. Despite of cell viability assays of all compounds tested at a concentration of 10 µM 

over 72 h against breast adenocarcinoma MDA-MB 231 (A);  glioblastoma U87 (B) and 

osteosarcoma U2-OS (C) cell lines. Data are presented as mean ± SD. Statistical analyses are 

indicated relative to control cells, with p-values defined as α ≤ 0.05, β ≤ 0.01, δ ≤ 0.001, and γ ≤ 

0.0001. Comparisons to cisplatin revealed: (A) Pt5 (****, p-value ≤ 0.01), Pt6 (****, p-value < 

0.0001), Pt7 (****, p-value ≤ 0.01), Pt8 (****, p-value ≤ 0.01), Pt9 (****, p-value ≤ 0.05), Pt10 

(****, p-value ≤ 0.001), Pt11 (****, p-value ≤ 0.0001), Pt12 (****, p-value ≤ 0.01), Pt17 (****, p-

value ≤ 0.01), Pt19 (****, p-value ≤ 0.0001), and Pt20 (****, p-value ≤ 0.0001); (B) All 

compounds had a p-value ≤ 0.0001 (****), except Pt6 and Pt14, which showed a p-value ≤ 0.001 
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(****); (C) Pt10 (****, p-value ≤ 0.01), Pt11 (****, p-value ≤ 0.0001), Pt19 (****, p-value ≤ 

0.0001), and Pt20 (****, p-value ≤ 0.0001). Pt denotes cisplatin. 

In light of these findings, the compounds that consistently exhibited greater toxicity compared to 

cisplatin across all cell lines (Pt10, Pt11, Pt19, and Pt20) were subjected to additional studies. IC₅₀ 

determinations were performed through serial dilutions of the samples (0.25, 0.5, 1, 2.5, 5, 10, 20, 

and 40 µM) after a 72 h incubation period, showing lower values and corresponding curves than 

cisplatin. Specifically, Pt19 and Pt20 displayed consistently lower IC₅₀ concentrations across all 

conditions, being four times lower than cisplatin in the MDA-MB 231 and U87 cell lines and eight 

and sixteen times lower, respectively, in the U2-OS cell line. IC₅₀ values were collected and 

represented in Figure 32. 

 

Figure 32. IC₅₀ (µM) values for the compounds Pt10, Pt11, Pt19, Pt20, and cisplatin against MDA-

MB 231, U87, and U2-OS cells. 

To further substantiate these findings, a morphological analysis was performed after 48 h and 72 h 

of incubation with Pt10, Pt11, Pt19 and Pt20 at a concentration of 10 µM. Assessing the integrity 
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of the cytoskeleton and the morphology of the nuclei are crucial for determining cell health; thus, 

an actin/DAPI staining procedure was employed. The cell density observed at the 72-hour mark 

was consistent with the viability data, and in most cases, the cytoskeletal structure appeared 

significantly disrupted (Figure 33). 

 

Figure 33. Morphological evaluation after 48 h (A) and 72 h (B) of incubation Pt10, Pt11, Pt19, 

Pt20 and cisplatin at a concentration of 10 µM. F-actin filaments are shown in red; cell nuclei are 

depicted in blue. 

Considering the results obtained, a more comprehensive morphological assessment was carried 

out on U2-OS cells, which revealed several nuclear morphology abnormalities across all samples, 

thus confirming the considerable toxicity of these new compounds (Figure 34). 
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Figure 34. Assessment of nuclei morphology in U2-OS cells treated with 10 µM of Pt10, Pt11, 

Pt19, Pt20 and cisplatin for 72 h. F-actin filaments are presented in red; cell nuclei are shown in 

blue. 

 

5.2.2 Molecular modelling studies 

5.2.2.1 Interaction with DNA duplex 
Considering therefore the known link between angiogenesis and progression of leukemia, the 

effects that Ru and Pt complexes have demonstrated in vitro studies and consequently in vivo, 

can be recognized and evaluated as an anti-tumor efficacy useful for antileukemic therapy. 

Biological activity of best complexes (Ru7, Ru10, Pt1 and Pt4) was studied by molecular docking 

and molecular dynamics approach methods, using the crystallographic structure (PDB: 4E1U) of 

12-mer oligonucleotide sequence of DNA duplex co-crystallized with the Ru-based complex 

[Ru(bpy)2dppz]2+ as target [202]. On it we could find two main binding sites created by the well-

matched DNA base pairs A6-T19 and T7-A18 (BS1), and the second site created by the well-

matched DNA base pairs G3-C22 and A5-T20 and the mismatched A4-A21 base pair (BS2). The 

importance of the mismatches bases is the relationship between deficiencies in DNA mismatch 

repair (associated to gene mutation) and the development of various cancers. [203] 

From the studies emerges that complexes could potentially interact with both binding pocket (BP1 

and BP2), as predicted by the crystallographic position of the [Ru(bpy)2dppz]2+ complex.  

Ru complexes adopting two main binding modes for both BP1 and BP2: binding mode A (salicyl-

orientation) and binding mode B (aryl-orientation). In binding mode A, the salicylaldehyde group 

is partially intercalated within the bases A6-T19 and T7-A18 of BP1 or G3-C22 and A5-T20 of BP2, 
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with the two phenanthroline rings creating stacking interactions with the unpaired bases A9 and 

A21 of the BP1 or interacting with the mismatched bases A4-A21 in BP2. 

In binding mode B one of the phenanthroline rings is intercalated between the bases A6-T19 and 

T7-A18 in the BP1 or between the bases G3-C22 and A5-T20 in the BP2, while the second 

phenanthroline ring and the salicylaldehyde moiety interact with bases A9 and A21 in the BP1 or 

create stacking interactions with the bases A4 and A21. All interactions are depicted in Figure 35. 

 

 

Figure 35. Salicyl-orientated (panel A) and aryl-orientated (panel B) docking poses of complex Ru10 
(yellow sticks) bound to BP1 (green sticks). Salicyl-orientated (panel C) and aryl-orientated (panel 
D) docking poses of complex Ru7 (magenta sticks) bound to BP1 (green sticks). Salicyl-orientated 
(panel E) and aryl-orientated (panel F) docking poses of Ru10 (yellow sticks) bound to BP2 (olive 
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sticks). Salicyl-orientated (panel G) and aryl-orientated (panel H) docking poses of complex Ru7 
(magenta sticks) bound to BP2 (olive sticks). DNA phosphodiester backbone is represented in 
orange cartoons. [Ru(bpy)2dppz]2+ experimental position is depicted for reference, in every panel, 
as white transparent sticks. 

While for the Pt complexes, binding mode is influenced by the geometry of the structure. The 

square planar complex Pt1 exhibits a slightly different binding mode than the L-shaped complex 

Pt4. The molecular plane of Pt1 undergoes a rotation of approximately 180° along its orthogonal 

axis, bringing the metal close to the centers of both binding pockets (Figure 36A and 37C). 

Furthermore, Pt4 attaches its aromatic moiety between the base pairs of BPs orienting the metal 

toward the outside of the minor groove (Figure 36B and 37D). 

This change in behavior of the complexes is likely caused by the steric hindrance the L-shaped 

geometric structure fail to position the metal atom deepest in the binding pocket and the small 

sizes of Pt1 could limit π-π stacking interactions with the nucleobases, compared Pt4. 

 

Figure 36. (A) Docking pose of Pt1 (yellow sticks) bound to BP1 (green sticks). (B) Docking pose of 

Pt4 (orange sticks) bound to BP1 (green sticks). (C) Docking pose of Pt1 (yellow sticks) bound to 

BP2 (olive sticks). (D) Docking pose of Pt4 (orange sticks) bound to BP2 (olive sticks). DNA 

phosphodiester backbone is represented by orange CGI loops. [Ru(bpy)2dppz]+2 experimental 

position is depicted for reference, in every panel, as white transparent sticks. 

 

To further investigate the docking studies, molecular dynamics simulations were conducted using 

docking-predicted poses of compounds as starting point. From the result we could observe that 
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intercalation in BP1 is less stable compared to BP2, due to the smaller size of the site and the steric 

hindrance of the phosphodiester backbone.  

The variation in term of RMSD values suggesting compounds Ru10 and Ru7 interact better at BP2 

compared to BP1. It especially impacts on the aryl-oriented poses interaction, as the aryl group is 

not as well suited for deep intercalation as the salicylaldehyde group due to its shape, 

consequently, pose remains on the lower groove of the BP1 site stabilized by stacking with the 

bases A9 and A21, without penetrating between the base pairs A6-T19 and T7-A18. 

On the other hand, the complexes with aryl-orientation can penetrate further into the BP2 site. 

Nevertheless, the minor RMSD variations of the salicyl-orientation indicate a preference for this 

conformation compared to the aryl-orientation, also while simulating the aryl-oriented pose of 

complex Ru10 at BP1, the complex moves away from the site and attaches to BP2 through its 

salicylaldehyde component (Figure 37). 
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Figure 38. Rmsd variations over 960ns-long MD simulation of BP1-bound complex Ru10 (panel A); 
BP2-bound complex Ru10 (panel C); BP1-bound complex Ru7 (panel B) and BP2-bound complex 
Ru7 (panel D). Red lines represent salicyl-oriented binding mode and blue lines represent aryl-
oriented binding mode. 

 

It happened also for Pt(II)-complexes: in BP1, LDP-1 escaped from the minor groove to stabilize 

inside the major groove interacting with the bases A6, T7, A18, and T19, recalling the interaction 

of cisplatin, on the contrary, it interacts with more stability inside BP2 (Figure 38C), establishing 

interactions with the bases G3, A5, T20, and C22, having the possibility of inserting deeper into 

the site with the metal facing the minor groove. Figures 39B and 39D show that the small RMSD 
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variations recorded during the MD simulations highlight the stability of Pt4 binding to both BP1 

and BP2. Pt4 binds to BP1 primarily through π–π stacking with A6, T7, A18, and T19. The binding 

of Pt4 to BP1 appears significantly more stable than that of Pt1 due to its different geometry (L-

shaped) and aromatic surface shape, contrasting with the square-planar Pt1 complex. 

The binding of Pt4 to BP2 causes a slight rearrangement of the binding site. The complex loses 

contact with C22 and shifts towards G3 and A5, followed by the movement of T20. After this 

rearrangement, Pt4 stacks tightly with G3, A4, A5, and T20, with its metal atom positioned next 

to A21.  

 

Figure 38. RMSD variations over 480 ns-long MD simulations of (A) BP1-bound Pt1; (B) BP1-bound 

Pt4; (C) BP2-bound Pt1, and (D) BP2-bound Pt4. 
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5.2.2.2 Interaction with hybrid DNA (duplex-quadruplex) 
Literature indicate that overexpression of the transcription factor c-Myc in leukemia cells like CCRF-

CEM is direct correlated in the developing of the tumor due to his capacity to impact in the cellular 

processes like cell-cycle and regulator and angiogenesis in the metastatic processes of leukemia 

cells. Considering that the Pu27 gene sequence (27 bp comprising 5 regions of guanine) responsible 

to the transcription of c-Myc factor is able to stabilize DNA G-quadruplex G-quadruplex 

structure[204] as well as the double-stranded DNA (DNA duplex) and considering that formation and 

stabilization of G-quadruplex structures causes gene silencing, we suggest that the stabilization of 

G-4 form with by drug could be involved in the reduction of leukemia cell growth.  

In order to study the biological activity (of our compounds correlated to their ability to stabilize G-

quadruplex structures we decided to perform molecular modeling simulation on hybrid 

quadruplex-duplex (Q-D) systems, with model (PDB ID: 6ZL9 [205]) consisting of 10 conformations 

determined by NMR spectroscopy. This structure is characterized by two portions: duplex and 

quadruplex DNA, and the Q-D junction that is of great biological relevance. It represents a site-

specific region available as a potential hotspot for designing inhibitors with a high tumor selectivity 

profile [206]. 

The three binding sites on the model are predicted using SiteMap tool (Figure 39) [207]:  

• BS1 a specific binding of the system located in the Q-D junction, between part of the G-

quadruplex structure and a loop (first loop), created upon extrusion of T30 

• BS2 the duplex binding site located in the minor groove of the duplex portion and extending 

throughout the minor groove up to the loop formed upon the displacement of T21 (third 

loop) 

• BS3 the G-quadruplex binding site, located in the groove of the G-quadruplex  

BS1 has an area suitable for hydrogen bonding, more extended than BS2 and BS3, due to the 

presence of amino groups on the site surface. 
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Figure 39. Depiction of the BS1 (green mesh surface in panel A), BS2 (blue mesh surface in panel 

B) and BS3 (yellow mesh surface in panel C) on quadruplex-duplex hybrid structure represented 

as green cartoon (G-quadruplex portion) and blue cartoon (Duplex portion). 

 

Interaction of the best and representative complexes Zn3, Zn6, ZnL1 and ZnL2 (one for each 

bidentate, tetradentate and ligands) with the Q-D hybrid DNA is studied by ensemble docking 

methods using all 10 NMR conformations of the model 6ZL9 as target for the simulation. The 

obtained docking poses were collected and clustered based on the atomic RMSD values of the 

complexes (Figure 40 and Table 4) [208, 209]. 

 

Table 4. Details of the ensemble docking studies of Zn3, ZnL1, Zn6 and ZnL2: a Number of poses 

found in the binding site; b Number of clusters found in the binding site; c Number of poses in the 

most populated cluster. d Lowest predicted binding energy of the most populated cluster. e The 

most populated cluster shows the compound bound at BS1. f The most populated cluster shows 

the compound bound at BS3. 

 
 

G-quadruplex Duplex 

Compound Posesa Clustersb Populationc LBEd Posesa Clustersb Populationc LBEd 

Zn3 605 66 97e -11.07e 873 63 111 -14.09 

ZnL1 208 47 30f -13.71f 1750 80 340 -15.00 
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Zn6 1011 90 133e -13.07e 920 95 133 -13.06 

ZnL2 431 337 4e -8.31e 1494 734 18 -12.63 

 

 

Figure 40. Despite the best conformation (more populated cluster) of compounds Zn3 (yellow 

stick); ZnL1 (blue stick); Zn6 (orange stick) and ZnL2 (violet stick) inside the DNA target, 

represented as green (G-quadruplex portion) and blue (duplex portion) cartoon. Binding sites are 

represented as surface mesh (BS1 in green, BS2 in blue and BS3 in yellow). 

 

Analyzing the result of the simulation in detail, comparing predicted docking poses, cluster sizes 

and low binding energies, ZnL2 does not seem to be a strong binder compared to the other 

compounds. Zn3, Zn6, and ZnL1 may bind at both BS1 and BS2, although ZnL1 bound at BS3 with 

the binding conformation of most populated cluster, while the binding conformation of second 

cluster binding at BS3 and BS1 simultaneously, as we could see from Figure 41. In contrast, Zn3 and 

Zn6 do not show any tendency to bind at BS3. 
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Figure 41. ZnL1 docking poses of the second cluster ranked by population (panel A) and the 

binding conformation of the poses with lowest predicted energy (panel B). Ligand is represented 

as blue sticks; binding sites BS1 and BS3 are represented as green and yellow surface mesh 

respectively. Hybrid Q-D structure is represented as green (G-quadruplex portion) and blue 

(Duplex portion) cartoon. 

Zn6 complex and the ZnL1 ligand could interact within the BS2 like the classic mechanism of groove 

binding, inside the minor groove ZnL1 and ZnL3 establish some van der Waals interactions with 

bases G1, A2, T3, A5, G6, T8, T13, A15, T16 and C17 (ZnL1) and bases G1, A2, T3, A5, G6, T8, T13, 

A15, T16, and C17 (Zn3). All interactions diagrams are represented in Figure 42. On the contrary, 

ZnL2 and Zn6 do not act as groove binders. In fact ZnL2 stabilizes in the lower part of BS2 interacting 

with bases C4, A5, G6, T7, T13, G14, A15, and T16, with low clusters sizes (population 13) suggesting 

a low probability of this binding mode. Instead Zn6 stabilizes in the upper part of BS2 at the end of 

the minor groove creating interaction with duplex bases A2, T3, C17, and G-quadruplex bases G1, 

G18, G19, T21, and G22.  

Metal atom seems to be influent for the binding to BS1, in fact results suggest that metal complexes 

Zn3 and Zn6 possess more populated clusters compared to the ligands ZnL1 and ZnL2. In the case 

of  Zn6 it possess better binding energies than the bidentate complex Zn3, it could be due to the 

ability to fits better in the Q-D junction, forced by metal to assume a tangled conformation 

interacting with both quadruplex and duplex portions especially with bases G14, T16, C17 and G31. 

It forms also hydrogen bonds with both the duplex bases G1, A2, A15, and the quadruplex base 

G27 compared to Zn3 that forms just one hydrogen bond, via its methoxy oxygen, with the exocyclic 

amino hydrogen of G27 and vdW interactions with bases G1, A15, G23, G28, and G31 (Figure 4A). 

The simultaneous interaction of the tetradentate complex Zn6 with both G-4 and duplex DNA bases 

suggests selectivity towards the G-quadruplex hybrid form rather than the common double-

stranded form. 
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Figure 42. Binding conformation of Zn3 (yellow sticks); ZnL1 (blue sticks); Zn6 (orange sticks) and 

ZnL2 (magenta sticks) with BS1 (A, B, C and D panels) and BS2 ( E, F, G and H panels). Hydrogen 

bonds are represented as yellow dotted lines. 

In order to obtain more information and to study also the pharmacological properties (like 

molecular weight, lipophilicity, water solubility, absorption and metabolism phases) of our 

compound, we used the Swiss ADME online tool [210] uploading the structures of Zn4 and Zn6. Two 

tetradentate complexes are chosen to underline the difference about Cl and NO3 groups in 

providing differences to the structure. It appear that Zn4 possess more lipophilicity compared to 

Zn6, with LogPo/w values of -6.30 and -1.36, respectively. This difference affects their 

pharmacokinetic properties and indicate possible routes of administration. Zn6 is more soluble in 

water than Zn4, with solubility values of 3.30e-03 mol/l and 2.84e-06 mol/l, respectively, and is 

predicted to have low gastrointestinal absorption, making it potentially suitable for parenteral 

administration only. This also aligns with its negative Lipinski's rule characteristics. However, 

formulation adjustments could address this issue and be a future goal for work on Zn(II) complexes. 

An important aspect to underline is that neither compound are able to pass the blood-brain barrier, 

which could be advantageous since the CNS is not a target for these compounds, avoiding potential 

side effects. Regarding metabolism, neither complex is expected to cause a substantial inhibition 

of cytochrome P450. Zn6 is expected to inhibit only one (2C9) of the five isoforms considered, while 

Zn4 is not expected to inhibit any. This may potentially reduce the likelihood of drug-drug 

interactions [211]. Finally, both complexes appear to have poor skin permeability. All the data are 

collected in the table 5, and represented as graphic in Figure 43. 
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Table 5. Predicted physicochemical properties and absorption/metabolism profile. 

Compound MW RB HBA HBD LP WS LR 

Zn4 602.82 6 8 2 -6.30 -5.55 1 

Zn6 653.91 10 14 2 -1.36 -2.48 2 

 

Compound IA BBB SP 1A2 2C19 2C9 2D6 3A4 

Zn4 Low No -7.21  No No No No No 

Zn6 Low No -7.99 No No Yes No No 

 

MW: molecular weight (g/mol); RB: rotatable bonds; HBA: number of hydrogen bond acceptors; 

HBD: number of hydrogen bond donors; LP: lipophilicity (LogPo/w); WS: water solubility (log S) 

[insoluble < -10, very soluble < 0]; LR: Lipinski rule violations; IA: intestinal absorption; BBB: blood 

brain barrier permeation; SP: Log Kp skin permeation (cm/s); 1A2, 2C19, 2C9, 2D6, 3A4: CYP450 

isoforms inhibition.  

 

 

Figure 43. Graphical representation of chemo-physical properties of compounds Zn4 (A) and Zn6 

(B). The pink area represents the optimal range for each property (lipophilicity: XLOGP3 between 

−0.7 and +5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and 130 Å2, 

solubility: log S not higher than 6, saturation: fraction of carbons in the sp3 hybridization not less 

than 0.25, and flexibility: no more than 9 rotatable bonds.  
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5.2.2.3 Interaction with DNA G-quadruplex 
We decided to perform docking studies to test the activity of our metal complexes Pt10, Pt11, Pt19 

and Pt20 to stabilize G-quadruplex form, using G-quadruplex models derived from gene sequences 

implicated in the progression of these neoplasms: breast adenocarcinoma (MDA-MB 231 cells), 

glioblastoma (U87 cells), and osteosarcoma (U2-OS cells). Specifically, four G-quadruplex models 

were utilized as target for the in silico studies: KRAS for breast cancer (PDB ID: 5I2V);[212] hTERT for 

glioblastoma (PDB IDs: 2ZKE, 2ZKD) [213], and wtTel23 for osteosarcoma (PDB ID: 2LD8) [214.] 

Considering those models was obtained by NMR resolution, we conducted ensemble docking 

simulations on all the NMR conformations of each G-quadruplex (10 conformation). Data derived 

from the simulations align with the biological data acquired experimentally, as we could see 

comparing the low binding energies of top ranking docking poses and the cytotoxicity value.     

Notably, the estimated low binding energies (LBE) of the highest-ranking docking poses correspond 

with the biological observations. Specifically, for Pt19 and Pt20 complexes LBE was lower than 

those for Pt10 and Pt11 across all models tested. This disparity is particularly pronounced in the 

simulations involving model 2LD8 (U2-OS cells), where LBE of -9.95 kcal/mol and -10.64 kcal/mol 

were calculated for Pt19 and Pt20, respectively, in contrast to -6.27 kcal/mol and -5.57 kcal/mol 

for Pt10 and Pt11, respectively (Table 6 and Figure 44). 

Table 6. Energy values and clustering data of Pt10, Pt11, Pt19 and Pt20 docking poses. a Number 

of poses in the most populated cluster. b Lowest predicted binding energy of the most populated 

cluster. 

 

 

COMPOUND 5I2V 2KZE 2KZD 2LD8 

 popa LBEb popa LBEb popa LBEb popa LBEb 

PT10 365 -7.10 438 -5.83 419 -6.64 645 -6.27 

PT11 784 -6.39 181 -4.79 670 -5.06 596 -5.57 

PT19 469 -9.95 445 -7.93 411 -7.70 1601 -9.95 

PT20 469 -10.31 299 -8.06 278 -7.91 1350 -10.64 
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Figure 44. Despite of the predicted binding energies values for each complex obtained from the 

docking simulations on the 5I2V, 2KZE, 2KZD, and 2LD8 models. 

 

A comprehensive examination of the binding modes predicted by docking reveals significant 

distinctions between Pt19 and Pt20, in contrast to Pt10 and Pt11. The former complexes are 

involved in strong stacking interactions with the G-quadruplex structures, due to their larger 

aromatic structures. Additionally, their L-shaped configuration give them the ability to 

simultaneously interact with both the surfaces of the G-quadruplex layers and the loops formed by 

the phosphodiester backbone in the 5I2V and 2LD8 models. This particular binding mode leads to 

lower binding energies compared to the smaller Pt10 and Pt11 complexes. Such patterns are 

consistently observed in both the 5I2V and 2LD8 models, as illustrated in Figure 45, panels A and 

D. 
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Figure 45. Docking poses from the most populated cluster of complexes Pt10 (blue sticks), Pt11 

(magenta sticks), Pt19 (yellow sticks), and Pt20 (orange sticks). Target G-quadruplex models 5I2V 

(panel A); 2KZE (panel B); 2KZD (panel C) and 2LD8 (panel D) are represented as cartoons. 

 

The binding of Pt19 and Pt20 is reinforced through interactions between the aromatic segments 

of the complexes and the bases G9, G12, G18, and G20 in the 5I2V model, as well as G11, T18, A20, 

G21, G22, and G23 in the 2LD8 model. Additionally, these complexes form a hydrogen bond 

between the nitrogen of the pyrazine ring and the polar hydrogen of the amine group in G13 (for 

5I2V) or G17 (for 2LD8) (Figure 46, panels C, D, O, and P). Conversely, the docking simulations of 

these L-shaped complexes on the 2KZE and 2KZD models reveal a different binding mode compared 

to that observed in the 5I2V and 2LD8 models. Specifically, the complexes adopt distinct poses for 

each target: Pt19 interacts with the loop bases I10, T12, G13, G14, A16, and G17 in the 2KZE model, 

and with I5, A6, G7, G8, G15, and G19 in the 2KZD model. In contrast, Pt20 interact with bases I10, 

T12, G13, G14, A16, and G17 in the 2KZE model, and A1, G13, G14, A16, and G17 in the 2KZD model 

(Figure 46, panels G, H, K, and L). Pt10 primarily interacts with the guanine layer through stacking 

interactions with bases A1, G6, A17, and G18 in the 5I2V model; G5, G9, G15, G19, and C20 in the 



74 
 

2KZE model; G7, G8, G15, G19, and C20 in the 2KZD model; and G9, T12, A14, and G15 in the 2LD8 

model (Figure 46, panels A, E, I, and M). In contrast, Pt11 engages with the bases of the backbone 

loops, including A15, T16, G18, and G19 in the 5I2V model; T12, G13, and G14 in the 2KZE model; 

G9, T12, and G13 in the 2KZD model; and T12, T13, A14, and G15 in the 2LD8 model (Figure 46, 

panels B, F, J, and N). 

 

Figure 46. Docking poses of complexes Pt10 (blue sticks), Pt11 (magenta sticks), Pt19 (yellow 

sticks), and Pt20 (orange sticks). G-quadruplex models 5I2V (panel A, B, C and D); 2KZE (panel E, F, 

G and H); 2KZD (panel I, J, K and L) and 2LD8 (panel M, N, O and P) are represented as cartoons. 

Chemo-physical and Pharmacokinetics properties were studied for the compounds Pt10, Pt11, 

Pt19, and Pt20 using OSIRIS DataWarrior and are summarized in Table 2. The Lipinski rule of five 

(RO5) considered as initial step in the industrial drug development, suggest the bioavailability of a 

molecule can be approximated using its in-silico properties [215]. Those rule consider a drug-like 

compound if it meets the following criteria: an estimated logP value of ≤ 5, a total count of nitrogen 

and oxygen atoms less than 10, fewer than 10 hydrogen bond acceptors (H-A) and fewer than 5 

hydrogen bond donors (H-D), and a molecular weight of ≤ 500 Da [216]. To be considered for oral 

route of administration, a novel compound could satisfy these conditions. Pt10 adheres to all the 

criteria, whereas Pt11, Pt19, and Pt20 each violate one of the RO5 conditions (specifically, their 
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molecular weight exceeds 500), suggesting that these four compounds may still be considered for 

oral drug development. Moreover, the in-silico predictions indicate no significant risks related to 

tumorigenic, irritant, or reproductive effects for the studied compounds, although a low mutagenic 

risk is noted. Additionally, the drug score values for these compounds are positive, implying that 

Pt10, Pt11, Pt19 and Pt20 warrant further investigation as potential therapeutic candidates. 

Table 7. Properties predicted by OSIRIS DataWarrior of the Pt10, Pt11, Pt19 and Pt20 

compounds. 

 

 

5.3 Materials and methods 

Cell lines and compounds  

Human drug-sensitive CEM-CCRF, multidrug-resistant CEM/ADR5000 leukemia cell lines and the 

MDA-MB 231 human breast adenocarcinoma cell line (ATCC® HTB26™) were cultured in RPMI-1640 

medium; The U2-OS human osteosarcoma cell line (ATCC® HTB-96™) was maintained in McCoy’s 

5a Modified Medium (Gibco), while the U87 MG glioblastoma cell line (ATCC® HTB-14™) was grown 

in MEM Alpha (Gibco). All cells lines were supplemented with 10 % fetal bovine serum (FBS) (Gibco) 

and 1% penicillin/streptomycin (Invitrogen, Darmstadt, Germany).  The cells were incubated in a 

humidified atmosphere of 5% CO2 in air at 37 °C. For the MDA-MB 231 and U2-OS cells detachment 

from the culture flasks was achieved by trypsinization, followed by centrifugation of the cell 

suspension to assess viability using the trypan blue dye exclusion method. All cell handling 

procedures were conducted under sterile conditions in a laminar flow hood. All compounds were 

first dissolved in DMSO to obtain 20 mM stock solutions that were stored at −20 °C, then diluted 

200-folds with the assay medium before use.  

Cell proliferation inhibition assay 

Comp. Mw logP H-A H-D Drug 

likeness 

Mutagenic Tumorigenic Reproductive 

effective 
Irritant Drug 

score 

Pt10 < 500 2.06 4 0 -1.86 low none none none 0.21 

Pt11 > 500 2.20 4 0 0.53 low none none none 0.28 

Pt19 > 500 4.61 8 0 0.88 low none none none 0.11 

Pt20 > 500 4.80 8 0 0.88 low none none none 0.08 
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The antiproliferative activity of the compounds was evaluated using the resazurin assay and MTT 

assay exposing cells for 72 h to the compounds at a fixed screening concentration (10 μM). To 

determine the IC50 values of the selected most active compounds, different concentrations in the 

range 0.25 – 100 μM were used for each of compound. Suspension cells were treated immediately 

after seeding. After 72 h of incubation, viability was assessed using the MTT and resazurin 

fluorescence assays. Resazurin fluorescence was measured after 4 h of incubation using an Infinite 

M2000 Pro plate reader (Tecan, Crailsheim, Germany) at Ex/Em = 550 nm/590 nm wavelength.[217, 

218] Cell viability was calculated in comparison to DMSO employed as negative control. The final 

concentration of DMSO in the assay medium was 0.5 %. Additionally, a morphological evaluation 

was performed on the selected compounds at 48 h and 72 h using a concentration of 10 µM. 

Cisplatin and untreated cells were included as controls throughout the experiments. The anticancer 

drug cisplatin was used as positive control. This experiment was performed in triplicate with six 

wells each for each concentration. 

Toxicity in normal cells  

Peripheral blood (PB) was obtained from healthy donors and collected in plastic Monovette EDTA 

tubes and the isolation of the mononuclear cells (i.e. human peripheral mononuclear cells “PBMC”) 

was accomplished using Histopaque® (Sigma-Aldrich, St. Louis, MO, USA) as already reported [219]. 

Subsequently, three milliliters of blood were cautiously layered over 3 mL Histopaque® and 

centrifuged at 400 × g for 30 min at room temperature. The PBMC-containing layer at the interface 

between blood serum and Histopaque® was transferred into a new tube and washed with PBS three 

times. The isolated cells were suspended in Panserin 413 medium (PAN-Biotech, Aidenbach, 

Germany) supplemented with 2.5 % phytohemagglutinin M (PHA-M, Life Technologies, Darmstadt, 

Germany). Finally, cell viability was measured using the resazurin method as described above. 

 

MTT Assay 

All cell lines were seeded at a consistent concentration (8.0 x 10³ cells/well) in 96-well plates 

containing complete media. The next day, the media was replaced with the diluted compounds in 

complete media. After 72 h, 10% v/v of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) reagent (5 mg/mL) (Sigma Aldrich) was added to each well, followed by a 2-hour 

incubation at 37 °C. Living cells metabolize the MTT reagent into formazan crystals, which can be 

dissolved in DMSO (Sigma Aldrich) after 15 min. of agitation. The absorbance was then measured 

at 570 nm using a Multiskan FC Microplate Photometer (ThermoFisher Scientific, Waltham, MA, 
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USA). A single experiment was performed for both the initial screening and the IC₅₀ analysis, with 

three biological replicates for each condition. 

 

Morphological Evaluation   

Morphological assessments were performed exclusively for the selected compounds. After 48 and 

72 h, the cells were fixed, permeabilized, and stained. A brief wash with PBS 1X was followed by a 

10-minute incubation with 4% w/v paraformaldehyde (PFA) (Sigma Aldrich) at room temperature 

(RT). An additional PBS 1X wash was performed prior to the addition of 0.1% v/v Triton-X (Sigma 

Aldrich) for 5 min. at RT. Another PBS 1X wash was conducted before staining. To evaluate cell 

health, an actin/DAPI staining procedure was employed, using ActinRed 555 ReadyProbes reagent 

(Invitrogen) according to the manufacturer’s instructions for cytoskeleton staining, followed by a 

PBS 1X wash and counterstaining of nuclei with DAPI (600 nM) (Invitrogen) as directed by the 

manufacturer. Images were captured with an Inverted Ti-E Fluorescent Microscope. 

 

Statistical Analysis 

Statistical analysis and IC₅₀ calculations were performed utilizing GraphPad Prism software (version 

8.0.1). Cell viability assay results were expressed as mean percentages relative to untreated control 

cells ± standard deviation (SD). The data were analyzed using one-way analysis of variance (ANOVA) 

and Dunnett’s multiple comparisons test. IC₅₀ values were calculated as the logarithm of the 

inhibitor concentration versus the mean percentage of dead cells relative to controls, and the 

results were presented with 95% confidence intervals (CI). 

 

Molecular docking 

The crystal structure of DNA duplex 5′-(dCGGAAATTACCG)2-3′, co-crystallized with the inhibitor 

[Ru(bpy)2dppz]2+ (PDB ID: 4E1U) [202], the NMR conformations of a quadruplex-duplex (Q-D) hybrid 

DNA (PDB ID: 6ZL9) [206], and the NMR conformations of G-quadruplexes (PDB IDs: 5I2V, 2ZKE, 2ZKD, 

2LD8) were downloaded from the protein data bank [220], prepared by means of AutoDockTools 

1.5.6,[221] and used as target for the molecular modelling studies docking target. Docking grids were 

generated by means of AutoGrid 4.2.6. [221]. 

For the DNA duplex structures docking grids were centred on the experimental BP1- and BP2-

bound conformations of [Ru(bpy)2dppz]2+ instead for the NMR conformations (Q-D and G-

quadruplex) a docking grid for each of the 10 conformations was defined to embrace the whole 
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structure, with coordinate of x =120, y =92, z =94 points; grid spacing = 0.375Å (Duplex and Hybrid 

Q-D systems) and x = 84, y = 104, z = 84 points; grid spacing = 0.375 Å (G-quadruplex systems). 

Metal complexes were built into the Maestro GUI (graphical user interface) [209] and optimized 

through 100 steps of B3LYP DFT calculations using LACVP basis set for Metals and 6-31G* for all 

the other atoms.  

Parameters for ruthenium, zinc and platinum were added to the parameters file (atom_par Pt 2.75 

0.080 12.000 -0.00110 0.0 0.0 0 -1 -1 4 # Non H-bonding; atom par Zn 1.48 0.550 1.7000 -0.00110 

0.0 0.0 0 -1 -1 4 # Non H-bonding; atom_par Pt 2.75 0.080 12.000 -0.00110 0.0 0.0 0 -1 -1 4 # Non 

H-bonding). For each ligand, 200 Genetic Algorithm runs were run. Population size was set to 150 

individuals, the maximum number of energy evaluations was set to 2,500,000. Rates of mutation 

and crossover rates were set to 0.02 and 0.8, respectively.  

Clustering analysis of the docking poses was performed based on their atomic RMSD. For the DNA 

hybrid system it was performed in a stepwise manner: in the first step the number of clusters was 

set according to the Kelley criterion [222]. The first clustering step highlighted that the most 

populated clusters represent the ligands bound to BS1, BS2 or BS3, (see molecular modeling 

section for a description of the sites) while the least populated ones show the ligands interacting 

with other regions of the model. These latter poses were poorly significative and were ruled out 

before proceeding to the next clustering step. The most populated clusters were then submitted 

to a further clustering step in which a cluster merge distance cutoff of 3 Å was used. This step was 

meant to rank based on the cluster populations, the possible binding modes of the compounds at 

BS1, BS2 and BS3. For each compound and site, the most populated cluster was finally selected as 

the bound conformation For the DNA hybrid system utilizing a merge distance cutoff of 3 Å. Instead 

for G-quadruplex system clustering analysis was performed just using merge distance cutoff of 3 Å. 

The lowest energy docking pose from the most populated cluster was chosen as the bound 

conformation for each compound. 

Molecular Dynamics 

The lowest energy bound conformations of complexes was then submitted to MD simulations, that 

were set up and run using Desmond, [223] partial charges of metal were retrieved from the DFT 

calculations. Solvation was treated explicitly using the TIP3P water model [224] and OPLS2005 was 

used as force-field [225]. The system was neutralized by the addition of 22 Na+ ions. Prior to the 

production stage, the four systems were relaxed using a previously reported protocol [226]. At this 

point, 960 ns long simulations were run in the NPT ensemble at a temperature of 310 K using a 
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Nose-Hoover chain thermostat and Martyna-Tobias-Klein barostat (1.01325 bar). Time steps for 

bonded, near and far interactions were set to 2 fs, 2fs and 6fs, respectively. Recording interval for 

MD trajectories was set to 480 ps. Except of the residues A6, T7, T18 and T19 for BP1-bound 

complexes, and G3, A4, A5, T20, A21, C22 for BP2-bound systems, non-H atoms were constrained 

by 1 kcal/mol. Atomic RMSD values of 10 and 7 over the MD trajectories were computed using the 

DNA structure for frames superimposition. Open source PyMOL v. 1.8.4.0 was used for visual 

inspection and to make molecular representations. 

 

In silico prediction 

The online tool SwissADME [227] was used to predict ADME profiles of compounds (Zn complexes) 

while predictions regarding toxicity, drug-likeness, and drug scores (for the Pt(II) complexes) were 

performed using the OSIRIS DataWarrior 5.2.1 software package [228]. The drug-likeness parameter 

evaluates whether a compound has the potential to function as an oral medication based on its 

bioavailability [228]. The potential side effects of the metal complexes were assessed through toxicity 

risk predictions, which are vital for the rational design of new pharmaceuticals. Typically, this 

software decomposes compounds into smaller molecular fragments, allowing for the assessment 

of their overall properties based on the combined characteristics of these smaller units. Predicting 

the toxicity effects of compounds, including mutagenic, tumorigenic, irritant, and reproductive 

impacts, is crucial for advancing drug discovery from laboratory research to clinical application. 
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6. CONCLUSION 
In conclusion, recent progress in oncology research has provided significant insights and tools for 

improving cancer diagnosis and treatment, particularly through the advent of targeted therapies, 

immunotherapies, and innovative diagnostic technologies like liquid biopsy. These advances have 

capitalized on a deeper understanding of tumor molecular biology, allowing researchers to 

explore the underlying mechanisms of cancer progression, metastatic spread, and treatment 

resistance with unprecedented detail.  

Liquid biopsy, a less invasive yet highly informative diagnostic approach, has proven especially 

promising. By capturing real-time snapshots of tumor characteristics through circulating 

biomarkers in blood or other bodily fluids, liquid biopsy enables clinicians to track tumor 

evolution and adapt treatment strategies in response to molecular changes, potentially 

improving outcomes by identifying drug resistance early.  

We conducted the synthesis and functionalization of two magnetic graphene nanoplatform, 

developing for the liquid biopsy purpose, with the aim of capturing tumor biomarkers. The results 

demonstrate the success of the conjugation protocol of MAGU beads with CD9 antibody and the 

development of RAGP nanoplatform. The MAGU-CD9 system can fish in an exosome pool, 

recovering the exosome subtypes. Further study will characterize the exosomal miRNAs recovering 

by the MAGU system. This study successfully developed an advanced in vitro system for the 

selective capture and enrichment of SARS-CoV-2-derived exosomes, by immuno-conjugated 

magnetic beads. The combination of ultracentrifugation and magnetic bead-based capture 

provides a robust method for isolating a sub-type population of exosomes with high specificity. This 

system facilitates detailed molecular analysis of exosomes and paves the way for potential 

diagnostic and therapeutic innovations in the context of viral infections. Instead, RAGP platform 

was successfully synthesized and characterized by several assays strategies and will be subject of 

further studies.  

On the other hand, the study of DNA duplexes and G-quadruplexes offers profound insights into 

the molecular mechanisms that underpin genetic stability and expression, particularly in the 

context of cancer. The DNA duplex, characterized by its double-helical structure and 

complementary base pairing, is fundamental for the accurate storage and transmission of genetic 

information. Its stability is maintained through hydrogen bonding, base stacking interactions, and 

the electrostatic properties of its phosphate backbone. The dynamic nature of the DNA duplex 
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allows for essential biological processes such as replication and transcription, with proteins 

playing crucial roles in mediating these interactions. 

G-quadruplexes, represent a unique class of DNA structures formed from guanine-rich 

sequences, which have significant implications for gene regulation and chromosomal stability. 

Their ability to influence transcription and DNA replication poses both challenges and 

opportunities in cancer biology, where genomic instability often drives tumorigenesis.  

The interaction of small molecules and metal complexes with DNA presents promising 

therapeutic avenues, particularly in targeting oncogenes and enhancing the efficacy of cancer 

treatments. 

In our studies, new Ru(II) polypyridyl complexes, Zn(II) Shiff base complexes and Pt(II)-complexes 

with aromatic moieties were reported as potential anticancer agents. The complexes showed 

significant cytotoxicity against leukemia, breast cancer, glioblastoma and osteosarcoma cell lines, 

with IC50 values in the sub-micromolar to low-micromolar range. For the Ru(II)-complexes the 

presence of the metal ion and salicyl ligand was crucial for their antiproliferative activity. 

Substitution patterns on the salicyl ligand influenced their biological effectiveness, for platinum 

complexes the best cytotoxic activity is linked to the L-shape structural geometry and for the zinc 

the best selective compounds possess the tetradentate Schiff bases as ligand. In silico studies 

suggested that the salicylaldehyde moiety aids in binding to mismatched DNA base pairs, 

highlighting its role in anticancer activity, while both square-planar and L-shaped complexes (Pt1 

and Pt4) could bind to DNA, but L-shaped complexes faced steric hindrance. Pt4, with its extended 

aromatic structure, showed greater π–π stacking interactions with nucleobases. Interactions with 

predicted target could affect exceptional tumor selectivity of the tetradentate complex ZnL4(NO3)2 

Overall, this research underscores the potential of metal complexes as effective anticancer agents, 

particularly those capable of targeting DNA duplex with mismatched bases and G-quadruplex 

structures. Future studies should focus on further optimizing these compounds and exploring their 

mechanisms of action in vivo to advance their development as novel anticancer therapies. 
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