
 

 

 

 

TESIS DOCTORAL 

SÍNTESIS Y CARACTERIZACIÓN DE 

NUEVOS QUIMIOTERÁPICOS DERIVADOS 

DE PIRAZOL Y HETEROCICLOS S,N: 

EFECTOS SOBRE LA APOPTOSIS EN 

LÍNEAS CELULARES TUMORALES 
 

Elena Fernández Delgado 

 

Biología molecular y celular, Biomedicina y Biotecnología por la Universidad de 

Extremadura 

 

Conformidad de los directores: 

 
 

  

 

José Antonio Pariente Llanos          Javier Espino Palma            Emilio Viñuelas Zahínos 

 

Esta tesis cuenta con la autorización del director y codirectores de la misma y de la 

Comisión Académica del programa. Dichas autorizaciones constan en el Servicio de la 

Escuela Internacional de Doctorado de la Universidad de Extremadura. 

2023  



 

 

 

  



 

 

 

UNIVERSIDAD DE EXTREMADURA 

FACULTAD DE CIENCIAS 

DEPARTAMENTO DE FISIOLOGÍA 

 

 

 

JOSÉ ANTONIO PARIENTE LLANOS, Catedrático del Departamento de 

Fisiología de la Facultad de Ciencias de la Universidad de Extremadura, JAVIER 

ESPINO PALMA, Profesor contratado doctor del Departamento de Fisiología de la 

Facultad de Ciencias de la Universidad de Extremadura y EMILIO VIÑUELAS 

ZAHÍNOS, Profesor Titular del Departamento de Química Orgánica Inorgánica de la 

Facultad de Ciencias de la Universidad de Extremadura, 

 

INFORMAN: 

Que la presente Tesis Doctoral, presentada por Dña. Elena Fernández Delgado, 

con el título: SÍNTESIS Y CARACTERIZACIÓN DE NUEVOS 

QUIMIOTERÁPICOS DERIVADOS DE PIRAZOL Y HETEROCICLOS S,N: 

EFECTOS SOBRE LA APOPTOSIS EN LÍNEAS CELULARES TUMORALES, ha 

sido realizada baja nuestra dirección en el Departamento de Fisiología y en el 

Departamento de Química Orgánica e Inorgánica de la Universidad de Extremadura, y 

entendiendo que se encuentra finalizada y que reúne los requisitos de originalidad, 

autorizan su presentación para ser juzgada ante el tribunal correspondiente.  

 

Y para que conste a los efectos oportunos, firman la presente conjuntamente en 

Badajoz, a 18 de septiembre de 2023. 

 

 

 

 

José Antonio Pariente Llanos          Javier Espino Palma            Emilio Viñuelas Zahínos 

 



 

 

 

  



 

 

La realización de esta Tesis Doctoral se ha llevado a cabo gracias al apoyo 

económico de las siguientes entidades: 

 

- Ayudas para la financiación de contratos predoctorales para formación de doctores 

en los centros públicos de I+D pertenecientes al Sistema Extremeño de Ciencia, 

Tecnología e Innovación. (PD18020). 

- Proyectos de Investigación en los Centros Públicos de I+D+i de la Comunidad 

Autónoma de Extremadura (IB18013). 

- Ayudas para la realización de actividades de investigación y desarrollo 

tecnológico, de divulgación y de transferencia de conocimiento por los Grupos de 

Investigación de Extremadura (GR18040, GR18062, GR21042, GR21075). 

 

 

 

 

 

 

 

 



 

 

  



 

 

Scientific production resulting from this PhD thesis: 

 

1. Articles: 

Fernández-Delgado, E.; Estirado, S.; Espino, J.; Viñuelas-Zahínos, E.; Luna-Giles, F.; 

Rodríguez Moratinos, A.B.; Pariente, J.A. Influence of ligand lipophilicity in Pt(II) 

complexes on their antiproliferative and apoptotic activities in tumour cell lines”. J. Inorg. 

Biochem. 2022, 227, 111688. 
 

Fernández-Delgado, E.; Estirado, S.; Rodríguez, A.B.; Luna-Giles, F.; Viñuelas-Zahínos, 

E.; Espino, J.; Pariente, J.A. Cytotoxic effects of new palladium(II) complexes with 

thiazine or thiazoline derivative ligands in tumor cell lines. Pharmaceutics 2023, 15, 696. 
 

Fernández-Delgado, E.; Estirado, S.; Rodríguez, A.B.; Viñuelas-Zahínos, E.; Luna-Giles, 

F.; Espino, J.; Pariente, J.A. Synthesis, characterization, crystal structures and cytotoxic 

activity of Pt(II) complexes with N,N-donor ligands in tumor cell lines. Polyhedron 2023. 

Under review. 

 

2. Lectures and oral communications: 

Fernández-Delgado, E.; Estirado, S.; Luna-Giles, F.; Rodríguez Moratinos, A.B.; 

Pariente, J.A.; Espino, J.; Viñuelas-Zahínos, E. Comparison between proapoptotic effects 

of Pt(II) and Pd(II) complexes with thiazoline or thiazine-based ligands  in tumour cell 

lines. XL Congress of the Spanish Society of Physiological Science. Badajoz, Spain. 19th-

22nd September 2022. Oral presentation No. O2-05 
 

Fernández-Delgado, E.; Estirado, S.; Luna-Giles, F.; Rodríguez, A.B.; Pariente, J.A.; 

Espino, J.; Viñuelas-Zahínos, E. Proapoptotic effects of new analogs of Cisplatin with 

Thiazoline- or thiazine- based ligands and Pt(II) or Pd(II) as metal centers. I Jornadas de 

jóvenes investigadores en fisiología. Madrid, Spain. 28th October 2022. 

 

3. Work presented in congresses: 

Viñuelas-Zahínos, E.; Luna-Giles, F.; Romero, S.; Fernández-Delgado, E.; Espino, J.; 

Estirado, S.; Espino, J.; Rodríguez Moratinos, A.B.; Pariente, J.A.; Bernalte-García A.; 

Barros-García, F.J. Estudio de la viabilidad y la actividad apoptótica de un complejo de 

Pt(II) frente a la línea celular HL-60. III Congreso Luso-Extremadurense de ciências e 

tecnologia. Évora, Portugal. 25th -26th November 2019.  



 

 

Fernández-Delgado, E.; Estirado, S.; Espino, J.; Viñuelas-Zahínos, E.; Luna-Giles, F.; 

Rodríguez Moratinos, A.B.; Pariente, J.A. Antiproliferative and proapoptotic effects of 

Pt(II) complexes in tumour cell lines. 43 Congreso de la Sociedad Española de 

Bioquímica y Biología Molecular. Barcelona, Spain. 19th-22nd July 2021. Abstract No. 

0480-P. 
 

Fernández-Delgado, E.; Estirado, S.; Viñuelas-Zahínos, E.; Luna-Giles, F.; Pariente, J.A.; 

Rodríguez Moratinos, A.B.; Espino, J. New synthesis chemotherapeutic agents and 

melatonin as coadjutant: Antitumoral potential. 7th International Electronic Conference 

on Medicinal Chemistry. Online. 1-30th November 2021. 

 

4. Science divulgation 

Fernández-Delgado, E. Las detectives del cáncer. Jornadas de divulgación científica 

“Conócelas”. Badajoz, Spain. 8th February 2021. 
 

Fernández-Delgado, E. I Edición del Concurso de Divulgación #HiloTesis. Online. April-

May 2021. 
 

Fernández-Delgado, E. La joven extremeña que “siembra” nuevos quimioterápicos contra 

el cáncer. Article in the newspaper “periódico Extremadura”. 16th May 2021. 
 

Fernández-Delgado, E. El poder de los anillos. V Jornadas Doctorales de la Universidad 

de Extremadura. Badajoz, Spain. 5th November 2021. 
 

Fernández-Delgado, E. II Edición del Concurso de Divulgación #HiloTesis. Online. 

April-May 2022. 
 

Fernández-Delgado, E. El poder de los anillos. IX Jornadas Doctorales G-9. Bilbao, 

Spain. 18-20th May 2022. 
 

Fernández-Delgado, E. Put a ring on it!. VI Jornadas Doctorales de la Universidad de 

Extremadura. Cáceres, Spain. 4th November 2022. 
 

Fernández-Delgado, E. Las detectives del cáncer. Jornadas de divulgación científica 

“Conócelas”. Badajoz, Spain. 8th February 2023. 
 

Fernández-Delgado, E. Put a ring on it!. X Jornadas Doctorales G-9. Oviedo, Spain. 31st 

May to 2nd June 2023. 

 

 



 

 

5. Awards: 

First ranked in the regional phase of “I Edición del Concurso de Divulgación #HiloTesis”. 

April-May 2021. 
 

First award to the best poster in science branch in “V Jornadas Doctorales de la 

Universidad de Extremadura”. Badajoz, Spain. 5th November 2021. 
 

First award to the best poster in science branch in “IX Jornadas Doctorales G-9”. Bilbao, 

Spain. 18-20th May 2022. 
 

First award to the best oral communication in “XL Congress of the Spanish Society of 

Physiological Science”. Badajoz, Spain. 19th-22nd September 2022. 
 

First award to the best oral communication in “I Jornadas de jóvenes investigadores en 

fisiología”. Madrid, Spain. 28th October 2022. 
 

Second award to the best poster in science branch in “VI Jornadas Doctorales de la 

Universidad de Extremadura”. Cáceres, Spain. 4th November 2022. 
 

“Fundación Merck Salud-ASEICA a las Vocaciones Científicas” award for the 

presentation carried out in “Jornadas de divulgación científica Conócelas”. Madrid, 

Sapin. 1st Juni 2023. 
 

Second award to the best poster in science branch in “X Jornadas Doctorales G-9”. 

Oviedo, Spain. 31st May-2nd June 2023. 

  



 

 

 

  



 

 

AGRADECIMIENTOS 

 

Cuando comencé esta aventura dio la casualidad de que leí una frase que me ha 

acompañado todo este tiempo y que creo que refleja perfectamente lo que han supuesto 

estos años de trabajo. La frase dice así: “Y una vez que la tormenta termine no recordarás 

cómo lo lograste, cómo sobreviviste. Ni siquiera estarás seguro de si la tormenta ha 

terminado realmente. Pero una cosa sí es segura, cuando salgas de esa tormenta no serás 

la misma persona que entró en ella. De eso se trata esta tormenta.” Mi tormenta ha estado 

llena de altibajos, de alegrías, de frustración, de orgullo y de superación. Definitivamente, 

no soy la misma persona que entró en ella, y espero que al menos en algunos aspectos sea 

una persona mejor. Atravesar la tormenta no ha sido fácil, pero todos los que me habéis 

ayudado a remar la habéis hecho mucho más llevadera. 

 

Como no podría ser de otra forma, me gustaría empezar agradeciendo a los tres 

tutores de esta tesis, los Doctores José Antonio Parientes, Javier Espino y Emilio 

Viñuelas, por su guía y apoyo durante estos años, y por no dejar que me diera por vencida 

en el camino. En especial a Javi, por transmitir siempre esa calma tan característica (y tan 

necesaria) y cuidarme como un hermano mayor. 

 

A los integrantes de los Departamentos de Fisiología Animal y Química Orgánica 

e Inorgánica por acogerme tan bien desde el inicio. A Paco Luna por ser como un tutor 

más y a Ana Moratinos por creer siempre en mí y cuidarme tanto. Sin ti ni esta tesis ni la 

estancia hubiesen sido posibles. A Samuel, Patricia y Esther por darle color hasta a los 

días más grises, a María por meternos en los líos más divertidos y a Elena por estar 

siempre pendiente de que no nos falte de nada. Gracias también a Lourdes, Marta, Sergio, 

Rafa, Lierni y Yolanda por sus consejos. 

 

Al servicio de apoyo a la investigación de la Universidad de Extremadura 

(SAIUEx), en especial a Alberto Álvarez, Esther Pérez y Pablo Muñoz, no solo por las 

mediciones sino por el excelente trato y la compresión.  

 

Ich möchte mich bei Professor Linden von der Universität Ulm und allen Kollegen 

seines Teams bedanken. Danke, dass Sie mich aufgenommen und in die Welt der 



 

 

Nanopartikeln eingeführt haben. Besonderer Dank gilt dem zukünftigen Doktor 

Draphoen für sein Wissen, seine Hilfe und seine Geduld. Der beste Labor-Kollege, den 

ich je haben konnte. 

 

A Elena, Fátima, Aroa, Javi, Carmen y Vicente por alegraros siempre por los 

éxitos, aunque sea desde la distancia. A Álvaro, por el apoyo incondicional, los consejos 

y las risas. Sé que siempre puedo contar contigo. 

 

A Candi, por ayudarme a reencontrarme conmigo y enseñarme a ver la luz cuando 

parece que no la hay. Nunca tendré palabras de agradecimiento suficientes. 

 

A Carlos, por la paciencia y el esfuerzo para que esto funcione. Por intentar 

entender qué hago con mis celulitas y por quererme siempre tanto. 

 

A mi familia, en especial a mis padres y a mi hermano. Gracias por cuidarme, 

apoyarme y aguantarme durante toda esta andadura. Os tenéis el cielo ganado. 

 

A mí, por no rendirme nunca y para que cuando lea esto en el futuro recuerde que 

soy capaz de hacer mucho más de lo que a veces creo.  

 

Gracias. 

  



 

 

ABBREVIATIONS 

 

AIF: Apoptosis-Inducing Factor 

AnnexinV-FITC: Annexin V conjugated with fluorescein isothiocyante  

APTES: (3-Aminopropyl)triethoxysilane 

ATP: Adenosine triphosphate 

AuNPs: Gold Nanoparticles 

BH: Bcl-2 Homology 

BP: Band-Pass 

CAD: Caspase-Activated DNAse 

CARD: Caspase Recruitment Domain 

CisPt: Cisplatin 

CTAB: Cetyltrimethylammonium Bromide 

DCFH-DA: 2′ ,7′ -dichlorodihydrofluorescein diacetate 

DD: Death Domain 

DED: Death Effector Domain 

DISC: Death-Inducing Signaling Complex  

DMEM:  Dulbecco’s modified Eagle’s medium  

DMF: Dimethylformamide 

DMON: Dendritic Mesoporous Organosilica Nanoparticles 

DMPzTn: 2-(3,5-dimethyl-1-pyrazolyl)-2-thiazoline 

DMPzTz: 2-(3,5- dimethyl-1-pyrazolyl)-1,3-thiazine 

DMSO: Dimethyl sulfoxide 

DNA: Desoxyribonucleic acid 

DOX: Doxorubicin 

DPhPzTn: 2-(3,5-diphenyl-1-pyrazolyl)-2-thiazoline 

DPhPzTz: 2-(3,5- diphenyl-1-pyrazolyl)-1,3-thiazine 

DR: Death Receptors 

DTT: Dithiothreitol 

EDTA: Ethylenediaminetetraacetic acid 

ER: Endoplasmic Reticulum  

FA: Folic acid 

FADD: Fas–Associated protein with Death Domain  



 

 

FBS: Fetal Bovine Serum 

FDA: Food and Drug Administration 

HCPT: 10-hydroxycamptothecin 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IAP: Inhibitors of Apoptosis Proteins 

ICP-MS: Inductively Coupled Plasma Mass Spectrometry 

LNPs: Lipid Nanoparticles  

MAPK: Mitogen-Activated Protein Kinase 

MSNs: Mesoporous Silica Nanoparticles 

MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium 

MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

NCDD: Nomenclature Committee on Cell Death 

NLDFT: Non-local Density Functional Theory 

NMSC: Non-melanoma Skin Cancer  

NPs: Nanoparticles 

NSCLC: Non-small Cell Lung Cancer  

PBS: Phosphate Buffered Saline 

PdDMPzTn: Dichloro-(2-(3,5-dimethyl-1-pyrazolyl)-2-thiazoline)-palladium(II) 

PdDMPzTz: Dichloro-(2-(3,5- dimethyl-1-pyrazolyl)-1,3-thiazine)-palladium(II) 

PdDPhPzTn: Dichloro-(2-(3,5-diphenyl-1-pyrazolyl)-2-thiazoline)-palladium(II) 

PdDPhPzTz: Dichloro-(2-(3,5- diphenyl-1-pyrazolyl)-1,3-thiazine)-palladium(II) 

PdPzTn: Dichloro-(2-(1-pyrazolyl)-2-thiazoline)-palladium(II) 

PdPzTz: Dichloro-(2-(1-pyrazolyl)-1,3- thiazine)-palladium(II) 

PI: Propidium Iodide 

PtDMPzTn: Dichloro-(2-(3,5-dimethyl-1-pyrazolyl)-2-thiazoline)-platinum(II) 

PtDMPzTz: Dichloro-(2-(3,5- dimethyl-1-pyrazolyl)-1,3-thiazine)-platinum(II) 

PtDPhPzTn: Dichloro-(2-(3,5-diphenyl-1-pyrazolyl)-2-thiazoline)-platinum(II) 

PtDPhPzTz: Dichloro-(2-(3,5-diphenyl-1-pyrazolyl)-1,3-thiazine)-platinum(II) 

PtPzTn: Dichloro-(2-(1-pyrazolyl)-2-thiazoline)-platinum(II) 

PtPzTz: Dichloro-(2-(1-pyrazolyl)-1,3- thiazine)-platinum(II) 

PzTn: 2-(1-pyrazolyl)-2-thiazoline 

PzTz: 2-(1-pyrazolyl)-1,3-thiazine 

RA: Rheumatoid Arthritis  



 

 

RIP: Receptor-Interacting Protein 

RIPA: Radioimmunoprecipitation assay 

Rpm: Revolutions per minute 

RPMI: Roswell Park Memorial Institute  

ROS: Reactive Oxygen Species 

SD: Standard Deviation 

SDS: Sodium Dodecyl Sulphate 

TA: Trimethylammonium 

TBE: Tris-borate-EDTA 

TEM: Transmission Electron Microscopy 

TGA: Thermogravimetric analysis 

TMOS: Tetramethyl orthosilicate 

TNF: Tumor Necrosis Factor 

TRADD: TNF Receptor–Associated protein with Death Domain 

WHO: World Health Organization 

  



 

 

 



 

 

INDEX 

 

RESUMEN ................................................................................................... 3 

ABSTRACT ................................................................................................. 5 

1. INTRODUCTION ................................................................................... 9 

1.1. CANCER ............................................................................................................... 9 

1.2. CELL DEATH....................................................................................................... 11 

1.2.1. Apoptosis ................................................................................................................... 12 

1.2.1.a. Caspases. ............................................................................................................ 14 

1.2.1.b. Apoptosis pathways ............................................................................................ 15 

• Extrinsic pathway ................................................................................................ 16 

• Intrinsic pathway ................................................................................................. 17 

1.2.1.c. Bcl-2 proteins ..................................................................................................... 17 

1.3. CHEMOTERAPEUTIC AGENTS ...................................................................... 19 

1.3.1. Classic chemotherapeutic agents ............................................................................... 19 

1.3.2. Other Pt-based chemotherapeutic agents .................................................................. 21 

1.3.3. Chemotherapeutic agents with transition metals ....................................................... 22 

1.3.3.a. Palladium ............................................................................................................ 23 

1.3.4. Chemotherapeutic agents with bioactive ligands ...................................................... 25 

1.3.4.a. S,N and N,N-heterocycles. Structure and applications. ...................................... 25 

• Pyrazole ............................................................................................................... 26 

• Thiazoline ............................................................................................................ 27 

• Thiazine ............................................................................................................... 29 

1.3.4.b Ligands employed ............................................................................................... 31 

1.4. NANOPARTICLES ............................................................................................. 33 

1.4.1.  Nanoparticles as drug carriers .................................................................................. 33 

1.4.2. Mesoporous silica nanoparticles ............................................................................... 35 

2. JUSTIFICATION AND OBJECTIVES .............................................. 41 

3. MATERIALS AND METHODS .......................................................... 45 

3.1. REAGENTS ......................................................................................................... 45 

3.1.1. Chemical reagents ..................................................................................................... 45 

3.1.2. Cell lines and culture media ...................................................................................... 46 

3.1.3. Other reagents ........................................................................................................... 46 

3.2. LIGANDS SYNTHESIS ..................................................................................... 47 

3.3. LIGANDS CHARACTERIZATION ................................................................... 49 



 

 

3.4. SOLID PHASE SYNTHESIS FROM M(II)/LIGAND SYSTEM ...................... 49 

3.4.1. Pt(II)/ligand system synthesis ................................................................................... 49 

3.4.1.a. Precursor cis-[PtCl2(DMSO)2] synthesis ............................................................ 49 

3.4.1.b. Pt(II)/ligand system synthesis ............................................................................ 49 

3.4.2. Pd(II)/ligand system synthesis................................................................................... 51 

3.5. SOLID PHASE CHARACTERIZATION FROM M(II)/LIGAND SYSTEM .... 52 

3.5.1. Elemental analysis ..................................................................................................... 52 

3.5.2. Crystal structures ....................................................................................................... 52 

3.5.3. Infrared spectroscopy ................................................................................................ 54 

3.5.4. 1H Nuclear magnetic resonance spectroscopy ........................................................... 54 

3.6. EXPERIMENTAL DESIGN FOR BIOLOGICAL TESTING ............................ 54 

3.6.1. Cell line culture ......................................................................................................... 54 

3.6.2. Cell treatment ............................................................................................................ 54 

3.6.3. Cell viability testing .................................................................................................. 55 

3.6.4. Apoptosis determination ............................................................................................ 55 

3.6.5. Reactive oxygen species determination .................................................................... 55 

3.6.6. Inductively coupled plasma mass spectrometry accumulation ................................. 56 

3.6.7. Intercalation assay ..................................................................................................... 56 

3.6.8. Statistical analysis ..................................................................................................... 57 

3.7. EXPERIMENTAL DESIGN OF NANOPARTICLES ........................................ 57 

3.7.1. Synthesis of nanoparticles ......................................................................................... 57 

3.7.1.a. Synthesis of mesoporous silica nanoparticles .................................................... 57 

3.7.1.b. Amino functionalization of MSN ....................................................................... 58 

• ATTO-647N NSH ester functionalization of MSN-NH2 ..................................... 58 

3.7.1.c Carboxy functionalization of MSN ..................................................................... 59 

3.7.2. Encapsulation of complexes in MSN-NH2-ATTO .................................................... 59 

3.7.3. Characterization of nanoparticles .............................................................................. 59 

3.7.3.a. Physisorption measurements .............................................................................. 59 

3.7.3.b. Transmission Electron Microscopy .................................................................... 60 

3.7.3.c. Thermogravimetric analysis ............................................................................... 60 

3.7.3.d. Z-potential .......................................................................................................... 60 

3.7.4. Biological testing ....................................................................................................... 61 

3.7.4.a. Cellular internalization and distribution ............................................................. 61 

3.7.4.b. Apoptosis determination ..................................................................................... 61 

3.7.4.c. Cellular uptake .................................................................................................... 61 

3.7.4.d. Release analysis .................................................................................................. 62 

4. RESULTS ............................................................................................... 65 



 

 

4.1. ANALOGS OF CISPLATIN WITH PLATINUM AS METAL CENTER .......... 65 

4.1.1. Characterization from Pt(II)/Ligand systems ............................................................ 65 

4.1.1.a. Elemental analysis .............................................................................................. 65 

4.1.1.b. Crystal structures ................................................................................................ 65 

4.1.1.c. Infrared spectroscopy ......................................................................................... 70 

4.1.1.d. 1H Nuclear magnetic resonance spectroscopy .................................................... 73 

4.1.2. Biological testing from Pt(II)/Ligand system ............................................................ 78 

4.1.2.a. Cell viability ....................................................................................................... 78 

4.1.2.b. Cellular uptake ................................................................................................... 80 

4.1.2.c. Apoptosis determination ..................................................................................... 81 

4.1.2.d. Reactive oxygen species determination ............................................................. 82 

4.1.2.e. Intercalation assay .............................................................................................. 82 

4.2. ANALOGS OF CISPLATIN WITH PALLADIUM AS METAL CENTER ....... 83 

4.2.1. Characterization from Pd(II)/Ligand systems ........................................................... 83 

4.2.1.a. Elemental analysis .............................................................................................. 83 

4.2.1.b. Crystal structures ................................................................................................ 84 

4.2.1.c. Infrared spectroscopy ......................................................................................... 90 

4.2.1.d. 1H Nuclear magnetic resonance spectroscopy .................................................... 94 

4.2.2. Biological testing from Pd(II)/Ligand system ........................................................... 98 

4.2.2.a. Cell viability ....................................................................................................... 98 

4.2.2.b. Cellular uptake ................................................................................................. 101 

4.2.2.c. Apoptosis determination ................................................................................... 101 

4.3. SYNTHESIS AND ENCAPSULATION OF COMPLEXES IN MESOPOROUS 

SILICA NANOPARTICLES..................................................................................... 102 

4.3.1. Characterization of mesoporous silica nanoparticles .............................................. 102 

4.3.1.a. Physisorption measurements ............................................................................ 103 

4.3.1.b. Transmission Electron Microscopy .................................................................. 104 

4.3.1.c. Z-potential ........................................................................................................ 105 

4.3.2. Encapsulation of complexes in mesoporous silica nanoparticles ............................ 106 

4.3.2.a. Thermogravimetric analysis ............................................................................. 106 

4.3.2.b. Z-potential ........................................................................................................ 108 

4.3.3. Biological testing of encapsulated complexes ......................................................... 109 

4.3.3.a. Cellular internalization and distribution ........................................................... 109 

4.3.3.b. Apoptosis determination ................................................................................... 110 

4.3.3.c. Cellular uptake .................................................................................................. 113 

4.3.3.d. Release analysis ................................................................................................ 114 

5. DISCUSSION ...................................................................................... 119 



 

 

6. CONCLUSIONS .................................................................................. 129 

7. BIBLIOGRAPHY ............................................................................... 133 

8. APPENDIX .......................................................................................... 167 



 

 

 

 

 

 

 

 

 

 

RESUMEN/ABSTRACT 

 

  



 

 

 

 



Elena Fernández Delgado  Resumen 

 

3 

 

RESUMEN 

Dado el aumento de la incidencia del cáncer y las limitaciones y efectos 

secundarios de los tratamiento usados en la actualidad, en la presente tesis doctoral se han 

sintetizado y caracterizado 12 compuestos de coordinación que contienen heterociclos 

S,N y N,N en su estructura en combinación con platino(II) o paladio(II) como centros 

metálicos. La difracción de rayos X de monocristal, el análisis elemental, la 

espectroscopía infrarroja y la resonancia magnética nuclear de protón confirmaron la 

estructura y la estabilidad en disolución de dichos compuestos.   

Respecto a la actividad biológica, se demostró que los compuestos presentaban 

actividad citotóxica en las tres líneas estudiadas (HeLa, HL-60 y U-937), siendo las 

células leucémicas las más sensibles. Entre los compuestos, se comprobó que el Pt(II) fue 

mucho más efectivo que el Pd(II) como centro metálico. Aunque los tiempos de 

incubación más largos (48 y 72 h) mejoraron la citotoxicidad de los compuestos de Pd(II) 

en HeLa, estos seguían sin alcanzar la eficacia de los compuestos con Pt(II). Tanto para 

los compuestos de Pt(II) como para los de Pd(II) se encontró la misma tendencia, 

corroborando que la presencia del anillo de pirazol en el ligando tiene un efecto moderado 

sobre la citotoxicidad, mientras que esta se ve mejorada por la incorporación de anillos 

fenilo y disminuida por la presencia de grupos metilos en el anillo de pirazol. Además, 

los compuestos con anillo fenilo fueron los más efectivos independientemente del centro 

metálico, lo cual indica que la actividad biológica de estos compuestos puede estar 

influenciada por la incorporación de anillos aromáticos a su estructura. Los complejos 

PtDPhPzTn y PtDPhPzTz mostraron los mejores resultados, teniendo una IC50 menor que 

la del cisplatino (CisPt) en las tres líneas celulares. Estos compuestos también mostraron 

efectos pro-apoptóticos, una fuerte acumulación del metal e inducción de la producción 

de especies reactivas de oxígeno en células HeLa. Sin embargo, estos compuestos no 

presentaron capacidad intercalante con el ADN. También se demostró que los ligandos 

libres no afectaban de forma significativa la viabilidad, lo cual indica que la coordinación 

con el centro metálico es indispensable para que se produzca el efecto citotóxico.  

Por otro lado, se logró con éxito la encapsulación de 6 de los compuestos 

sintetizados en nanopartículas mesoporosas de sílice (MSN), como pudo comprobarse 

mediante análisis termogravimétrico. Además, se confirmó que las partículas entraban en 

las células HeLa y se distribuían en el núcleo, aparato de Golgi, membrana plasmática y 

mitocondria. La encapsulación en MSN-NH2 de los compuestos menos efectivos PtPzTn 
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y PtPzTz mejoró el transporte a las células y su citotoxicidad en HeLa, mostrando una 

mayor liberación y acumulación de estos compuestos que las nanopartículas de 

PtDPhPzTn y PtDPhPzTz. Así, PtPzTn encapsulado redujo notablemente la población de 

células vivas más de un 50% a una concentración mucho menor que la IC50 del compuesto 

libre. Por otro lado, en el caso de PtPzTz, el descenso de la población de células vivas fue 

menor, pero la reducción de la concentración efectiva de compuesto fue mayor de tres 

veces. Estos datos confirmaron la efectividad de este tipo de nanopartículas como 

sistemas de transporte y administración de fármacos para algunos de nuestros complejos. 
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ABSTRACT 

Due to the increasing incidence of cancer and the limitations and side effects 

produced by the treatments used nowadays, in the present PhD thesis 12 coordination 

complexes with S,N and N,N heterocycles in their structure, in combination with 

platinum(II) or palladium(II) as metallic centers have been synthesized and characterized. 

X-ray diffraction, elemental analysis, IR spectroscopy, and 1H NMR spectroscopy 

confirmed the structure and stability in solution of the complexes. 

Respect to their biological activity, it was demonstrated that the complexes 

presented cytotoxic effect in the three cell lines studied (HeLa, HL-60 and U-937), being 

the most sensitive cells the leukemic ones. Among the complexes, it was checked that 

Pt(II) was far more effective as metal center than Pd(II). Although longer incubation times 

(48 and 72 h) improved the cytotoxicity of the Pd(II) complexes in HeLa cells, they still 

did not reach the efficacy of Pt(II) complexes. For both Pt(II) and Pd(II) complexes the 

same trend was found, corroborating that the presence of the pyrazole ring on the ligand 

has a moderate effect on cytotoxicity, while this effect seems to be enhanced by the 

incorporation of phenyl rings and diminished by the presence of methyl groups in the 

pyrazole ring. In addition, complexes with phenyl substitutions were the most effective 

regardless the metal center, which indicate that the biological activity of these complexes 

could be influenced by the incorporation of aromatic groups into their structure. 

PtDPhPzTn and PtDPhPzTz displayed the best effects, having lower IC50 values than 

cisplatin (CisPt) in the three cell lines. These complexes also showed proapoptotic effects, 

strong metal accumulation and reactive oxygen species (ROS) induction in HeLa cells. 

Nevertheless, these complexes did not present DNA intercalating capacity. It was also 

demonstrated that none of the free ligands produced significant effects in cell viability, 

which indicates that their coordination to the metal center is indispensable to produce the 

cytotoxic effect.  

On the other hand, the encapsulation of 6 of the synthesized complexes in 

mesoporous silica nanoparticles (MSNs) was successfully achieved, as ascertained by 

thermogravimetric analysis. Likewise, it was confirmed that the particles entered in HeLa 

cells and were distributed in the nucleus, Golgi, plasma membrane and mitochondria. The 

encapsulation of the less effective drugs PtPzTn and PtPzTz in MSN-NH2 improved their 

transport to the cells and their cytotoxicity in HeLa cells, showing stronger release of the 

complexes from the particles and higher accumulation in cells than their counterparts 



Abstract  Elena Fernández Delgado 

6 

 

PtDPhPzTn and PtDPhPzTz. It was obtained a reduction of the population of live cells 

by more than 50% at a concentration of encapsulated PtPzTn that was far below the IC50 

of the free drug. Besides, encapsulated PtPzTz produced a smaller decrease in the 

population of live cells, but the reduction of the concentration of PtPzTz was greater than 

three times. This data confirmed the effectiveness of this kind of particles as drug delivery 

systems for some of our complexes. 
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1. INTRODUCTION 

1.1. CANCER 

Cancer is a group of diseases characterized by the uncontrolled growing and 

propagation of abnormal cells. It can be caused by external factors such as tobacco, 

infectious organisms, and a poor healthy diet, and by internal factors like genetic 

mutations, hormones, and immune systems affections. The period between the exposition 

to the factor and the development of a detectable cancer can be longer than ten years [1].   

There exists a mechanism in the body to eliminate aberrant and/or aged cells. 

When this mechanism fails, the abnormal cells divide uncontrollably, leading to the 

generation of a tumor. The common hallmarks of cancer cells are included in Figure 1.1, 

involving evasion of growth suppressors, tissue invasion and metastasis, replicative 

immortality, and death resistance, among others [2].  

 

 
Figure 1.1. Acquired capabilities of cancer [2]. 

 

Many cancer types exist since it can develop and grow in any part of the body. In 

fact, the different forms of cancer are named according to the body part where they were 

initiated. However, there are two main categories established: hematological cancers, 

which are produced from blood cells (leukemia, lymphoma, and multiple myeloma), and 
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solid tumors, which are developed in any organ, tissue, or body part (e.g., breast, prostate, 

lung, colorectal). The different types can have many differences in the way they grow, 

respond to the treatment or spread to other body parts different from the ones where they 

initiated (metastasis) [3].  

According to the World Health Organization (WHO), cancer is the main reason of 

death around the world, reaching approximately 10 million deaths (one out of six 

registered patients) in 2020 [4]. Moreover, it is expected to have an increase in the number 

of new diagnosed cases from 19.3 M in 2020 to 30.2 M in 2040 (numbers that exclude 

the non-melanoma skin cancers (NMSC)) and an increase in the mortality worldwide 

from 9.96 M in 2020 to 16.3 M in 2040. 

The numbers of cancer in Spain is a report made by the Spanish Medical Oncology 

Society that includes the incidence, mortality, survival, and prevalence of cancer in Spain. 

The most frequent cancer diagnosed in Spain in 2023 will be colon and rectum (42,721 

new cases), breast (35,001), lung (31,282), prostate (29,002) and bladder (21,694) [5]. 

Considering the data separately by sexes, prostate is the most diagnosed in men, while 

breast is the most diagnosed in women, being colon and rectum the second in both groups. 

These data are quite coincident with the most prevalent cancers worldwide, as can be seen 

in Figure 1.2 [6]. It can be also observed that some cancers, such as lung, stomach, and 

liver, have a higher rate of mortality respect to the number of cases diagnosed (Figure 

1.2).  

 

 
Figure 1.2. Estimated age-standardized incidence (blue) and mortality (red) rates in the world 

in 2020 including both sexes and all ages (excluding NMSC) [6]. 
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Nevertheless, it is important to take into account that the figures could be 

influenced by the coronavirus pandemic of 2019 (COVID-19) due to the reduction to 

medical assistance and the restrictions. This could have led to a delay in the diagnosis and 

treatment of the patients that could have caused a drop in the incidence in the short term, 

followed by an upturn of the disease on the advance phase and mortality [7].  

Nowadays there are different methods to treat cancer, being one of the main 

procedures used the chemotherapy, both alone or in combination with surgery and 

radiotherapy. Drugs employed to that purpose generally induce apoptosis, not only in 

cancer cells but also in non-tumor cells. 

 

1.2. CELL DEATH 

To achieve a proper physiological growth and development, cell death is an 

essential biological process. This event consists in ceasing biological functions of the cell, 

either as a result of a natural process of replacement of old cells for new ones, or because 

of localized injuries or diseases.  

There are three classical forms of cell death: apoptosis, necrosis, and autophagy, 

which present different morphological characteristics (Figure 1.3).  Nevertheless, the 

understanding of cell death has grown in the last decades, starting to realize that the 

molecular mechanisms of different types of cell death are distinct but also overlapping. 

Although the previously mentioned simplified classification of cell death is still widely 

used, the Nomenclature Committee on Cell Death (NCDD) has recently made an updated 

review of the pathways involved in programmed cell death [8].  

However, in this work it will only be briefly described the classical forms of cell 

death, making a most extensive description of apoptosis in subsequent sections. Thus, 

apoptosis is a caspase-mediated form of programmed cell death. Among its 

characteristics, it can be found cytoplasmic shrinkage, chromatin condensation 

(pyknosis), nuclear fragmentation (karyorrhexis), and membrane blebbing with formation 

of small vesicles known as apoptotic bodies. These vesicles are eliminated by phagocytes 

and degraded within lysosomes, without causing inflammatory response. Another non-

inflammatory cell death process is autophagy, which is based on an extensive cytoplasmic 

vacuolization. The vesicles formed, known as autophagosomes, fuse with lysosomes and 

promote the degradation of autophagosomal content. This process is considered a cellular 

’recycling factory’ that mediates damage control by removing non-functional molecules 
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and organelles, which can ultimately lead to cell death [9]. On the other hand, necrosis is 

classically considered unregulated and caused by nonspecific stress triggers. Unlike 

apoptosis, the expansion of cellular organelles, rupture of the plasma membrane and 

release of intracellular content, produce an inflammatory response [10,11]. However, 

some studies have found programmed forms of necrosis (necroptosis), which have 

changed the perception about it [12].  

 

 
Figure 1.3. Models of cell death: Apoptosis, autophagy, and necrosis [13]. 

 

1.2.1. Apoptosis 

Throughout history, physiological cell death has been known by many names. 

Firstly, it was defined as degeneration, mortification, and necrosis by Virchow in 1858 

when studying the macroscopic parameters of cell death process. Then, microscopic 

observations in 1879 introduced the term Karyorrhexis and Karyolysis, referring to the 

disintegration of the nucleus. A decade later, Arnheim proposes piknosis and margination 

of chromatin, being followed by Fleming and their chromatolysis, term latter used by 

Gräper in 1914. Nevertheless, the widely known term apoptosis was introduce in the 
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biological terminology by J.F.R Kerr, A.H Wyllie and R. Currie in 1972 [14]. However, 

this term was suggested by James Cormack, professor of the Greek department of the 

University of Aberdeen. This word was used in Greece to describe the “dropping off” or 

“falling off” of petals from flowers or leaves from trees. 

This process is typical from pluricellular organisms in which damaged cells are 

self-destroyed without an inflammatory response or harmful to the surrounding cells. It 

is considered a physiological process of cell death that is initiated by developmental or 

environmental stimuli that initiates a genetic program that controls, designs and initiates 

a series of events that lead to the ordered destruction of the cell. This is a process that 

requires energy in form of adenosine triphosphate (ATP) and afford the elimination of the 

apoptotic cell without modifying the physiology of the tissue [15].  

Apoptosis is a highly regulated process due to the reception, integration and 

amplification of extra- and intra-cellular signals and is essential to maintain a homeostatic 

equilibrium between the number of new and damaged cells. A deregulation of this 

equilibrium can lead to different diseases. Thus, an uncontrolled proliferation of cells can 

derive in cancer, while an excessive level of cell death can lead to Alzheimer’s, 

Parkinson’s or rheumatoid arthritis [16–18].  

Apoptosis can be divided into biochemically and morphologically distinct 

phases [19,20]. In the first one, pro-apoptotic stimuli trigger activation of the central 

molecular machinery of apoptosis, which is called the “initiation phase”. In this phase, 

mitochondria are essential, due to the production of multiprotein complexes which 

liberates intramitochondrial content such as cytochrome c, hormones from caspase family 

and other triggers of apoptosis. In the second phase, known as “effector phase”, the 

molecular executioner machinery becomes fully activated, producing the condensation of 

the chromatin and the induction of apoptotic changes in nuclei by cytosolic extracts 

[19,20]. Only after this, in the “degradation phase”, the hallmarks of apoptosis do become 

evident, which include morphologic changes and DNA fragmentation. 

Respect to the morphological characteristics of apoptosis, the following features 

are highlighted (Figure 1.4) [21,22]: 

- Intracellular density increases and the endoplasmic reticulum (ER) dilates and 

forms vesicles which fuse to the plasmatic membrane and release their content 

to the extracellular medium.  

- Increases of calcium concentration on the cytoplasm.  
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- Translocation of glycan groups to the cellular surface, acting as signals to 

phagocytes and preventing from inflammation.  

- Alteration of cytoskeleton conformation, activation of proteases and altering 

the intracellular transport of growth factors and proteins.  

- Synthesis of proteins necessary to cell death routes.  

- Condensation and fragmentation of chromatin and DNA by endogenous 

endonucleases in fragments called oligonucleosomes (nucleic acid fragments 

of about 180-200 bp integer multiples). 

 

 
Figure 1.4. Morphological changes during apoptosis [22]. 

 

1.2.1.a. Caspases. 

Caspases are cysteine proteases that cleave their substrate proteins specifically 

behind an aspartate residue [23]. Thus, their name is a contraction of Cysteine-dependent 

ASPartate-specific proteASES. They are the main components of the apoptosis 

mechanism, are formed constitutively and are normally present as inactive proenzymes. 

For the induction of full enzymatic activity, they require cleavage at specific internal 

aspartate residues (Asp), which separate large and small subunits from each other (Figure 

1.5) [23]. Caspases are mainly present in the cytosol, although they can be also found on 

the nucleus and the mitochondria.  

 

 
Figure 1.5. Caspase structure. A prodomain precedes the catalytic domain, composed of two 

covalently linked subunits. Sites for (auto)proteolysis at Asp residues are indicated [24]. 
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In mammals, 14 proteins form the caspase family, although only eleven of them 

are expressed in humans: from caspase-1 to caspase-10 and caspase-14, which is only 

expressed in keratinocytes [25]. In addition, caspases are divided in three different groups 

according to their function (excluding caspases-14) (Table 1.1). Thus, it can be found 

initiator caspases, effector caspases or caspases implicated in inflammation [26].  

 

Table 1.1. Classification of human caspases by function. 

 

Function Mammalian caspases 
Apoptotic initiator caspases -2, -8, -9, -10 

Apoptotic effector caspases -3, -6, -7 

Inflammatory initiator caspases -1, -4, -5, -11, -12 

Keratinocyte differentiation effector caspases -14 

 

Initiator caspases (-2, -8, -9 and -10) have N-terminal prodomains and similar 

structural domains, i.e., DED (Death Effector Domain) or CARD (Caspase Recruitment 

Domain), and are activated via proteolysis. On the other hand, effector caspases (-3, -6 

and-7) have prodomains of 20-30 amino acids eliminated by proteolysis, without 

structural domains.  

Studies on substrate specificity, prodomain structure and biological 

function [23,27–30] have revealed that caspases are activated during apoptosis in a self-

amplifying cascade. Activation of the upstream caspases, such as caspases -2, -8, -9 and 

-10, by pro-apoptotic signals leads to proteolytic activation of the downstream or effector 

caspases (-3, -6 and -7). The effector caspases cleave a set of vital proteins and thus 

initiate and execute the apoptotic degradation phase including DNA degradation and the 

typical morphologic features [31]. 

 

1.2.1.b. Apoptosis pathways 

The are two main signaling pathways to activate apoptosis. The first one 

implicates the activation of members of the TNF (Tumor Necrosis Factor) receptor family 

[32], and it is known as extrinsic or death receptors pathway. The other one, called 

intrinsic or mitochondrial pathway, is induced by cellular stress like DNA damage, ER 

stress, viral infection, oncogene expression, UV radiation, etc. [33]. It can be described 

an additional pathway called perforin or granzyme pathway, that involves T-cell mediated 

cytotoxicity and perforin-granzyme killing of the cell [34]. All pathways activate initiator 
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caspases and converge in effector caspases activation. A schematic representation of the 

three pathways is included in Figure 1.6. In the next subsections a more detailed 

description of extrinsic and intrinsic pathways can be found. 

 

 
Figure 1.6. Schematic representation of apoptotic pathways [34]. 

 

• Extrinsic pathway 

As previously indicated, this pathway involves death receptors from TNF 

superfamily [35], which have a cytoplasmic domain of about 80 amino acids called the 

“death domain” (DD). To be able to transmit the death signal from the cell surface to the 

intracellular environment, this domain is essential. Thus, this pathway is activated when 

extracellular ligands interact with the extracellular domain of the “death receptors” (DR) 

(transmembrane receptors) as it occurs with FasL/FasR, TNF-α/TNFR1 or Apo3L/DR3 

[34,36–38]. 

A conformational change in DR is produced by the ligand joining, leading to the 

recruitment and binding of adaptor proteins through their DD. For example, FasL/FasR 

bind the adapter protein FADD (Fas–associated protein with death domain) and 

TNFL/TNFR bind TRADD (TNF receptor–associated protein with death domain) 

[34,37]. The joining of TRADD produces the recruitment of FADD and RIP (Receptor-

interacting protein), and the later association of FADD with procaspase-8. At this point, 

a death-inducing signaling complex (DISC) is formed, which activates procaspase-8 so 
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that its prodomain stays at DISC, while active caspase-8 dissociates from DISC and 

initiates the caspase cascade of apoptosis execution phase [38]. 

 

• Intrinsic pathway 

Intrinsic or mitochondrial pathway is triggered by non-receptor-mediated stimuli, 

involving extra and intracellular stresses. This entails intracellular signals that may act in 

a positive (radiation, hypoxia, free radical, viral infections, etc.) or negative (absence of 

growth factors, hormones, and cytokines) manner [34,39,40]. 

Changes produced by the stimuli are mainly focused on the mitochondria, 

resulting in the loss of membrane potential, mitochondrial membrane permeability, and 

liberation of pro-apoptotic proteins to the cytosol [41]. These proteins belong to two main 

groups: 

- First group: cytochrome c, Smac/DIABLO, and serine protease HtrA2/Omi. 

Cytochrome c in combination with Apaf-1 and procaspase-9, form the 

apoptosome, a multi-protein complex which triggers caspase-9 activation and 

subsequent caspase-3 cascade [36,42]. On the other hand, Smac/DIABLO and 

HtrA2/Omi induce apoptosis via inhibiting IAP (inhibitors of apoptosis 

proteins) activity [43,44]. 

- Second group: AIF (apoptosis-inducing factor), CAD (Caspase-Activated 

DNAse) and endonuclease G. Basically, these proteins cause DNA 

fragmentation and chromatin condensation [45,46].  

 

The regulation of these apoptotic mitochondrial events take place through the Bcl-

2 family proteins, which are described in the next subsection [47]. 

 

1.2.1.c. Bcl-2 proteins 

The Bcl-2 family is formed by a group of proteins, which share sequence 

homology within conserved α-helical regions known as Bcl-2 homology (BH) domains 

and are closely involved in the mitochondrial membrane permeability. These proteins can 

be either pro-apoptotic, favoring the permeabilization of the mitochondrial membrane and 

later inducing apoptosis, or anti-apoptotic, maintaining the membrane integrity and 

avoiding the programmed cell death [34]. 
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As can be seen in Figure 1.7, all anti-apoptotic members and some pro-apoptotic 

ones, such as BAX and BAK, are ‘multi-domain’ proteins that contain 3–4 BH domains. 

On the other hand, a single BH domain (BH3) is found in pro-apoptotic ‘BH3-only’ 

molecules. Several Bcl-2 proteins, not only have a BH domain but also a transmembrane 

domain, being able to localize to subcellular membranes, including outer mitochondrial 

membrane and the ER. As for the proteins that do not have this transmembrane domain, 

they can join the mitochondria stablishing interactions with other proteins [48]. 

 

 
Figure 1.7. Classification of the proteins from Bcl-2 family [48]. 

 

Activation of BAX and BAK plays an important role in the intrinsic pathway 

through the permeabilization of the outer mitochondrial membrane, which causes the 

release of cytochrome c into the cytoplasm and lately form the apoptosome and initiate 

the cascade of caspases, as already described [49,50]. However, these proteins can be 

inhibited by anti-apoptotic Bcl-2 family members, being apoptosis only initiated when 

anti-apoptotic proteins are bound to BH3-only proteins [51]. In the case of BH3-only 

proteins, their activity is initiated as a response to developmental and stress stimuli [52]. 

For example, PUMA and NOXA are critical for DNA damage-induced apoptosis [53], 

while Bid, which has a lipid transfer activity between mitochondria and other intracellular 

membranes, translocate to mitochondria to also ease the release of cytochrome c to the 

cytosol [54].  
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1.3. CHEMOTERAPEUTIC AGENTS 

Chemotherapy is one of the most extensive ways to treat a wide variety of cancers. 

It is based on the use of drugs to destroy cancer cells, preventing them from growing and 

dividing. This treatment usually consists of a systemic medication, which means that the 

drug travel through the bloodstream and reaches all parts of the body. For that reason, it 

can also damage healthy cells, causing numerous side effects such as hair loss, nausea, 

nephrotoxicity, neurotoxicity, etc. [55,56]. Moreover, cancer cells can acquire resistance 

to treatment, preventing the drugs from performing their effect [57].   

 

1.3.1. Classic chemotherapeutic agents  

One of the mainly used chemotherapeutic agents is cis-

diamminedichloroplatinum(II) or cisplatin (CisPt), which presents a yellow color and a 

square-planar geometry (Figure 1.8) [58]. This drug was first synthesized by the Italian 

chemist M. Peyrone in 1844, although its structure was elucidated in 1893 when Alfred 

Werner studied it [59]. However, it was not until 1965 when Rosenberg and coworkers 

discovered their inhibitory effect of the cellular division of the bacterium Escherichia coli 

[60]. That was the hint to employ this compound to avoid the growth of cancer cells.  
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Figure 1.8. Cisplatin, carboplatin and oxaliplatin structures. 

 

One of the first uses of CisPt in clinical trials was for the treatment of testicle 

cancer, where it led to a 70-90% of survival rate. In addition, since its approval by FDA 

(Food and Drug Administration) in 1978, it was also demonstrated to be quite effective 
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against solid tumors like head and neck, ovarium, bladder, stomach, breast, lung, and 

prostate cancer. It can be also used in the treatment of neuroblastoma (adrenal glands, 

neck, chest, or spinal cord), sarcoma (bones or muscle), multiple myeloma (bone 

marrow), mesothelioma (tissue that cover lungs and other organs), melanoma (skin) and 

lymphoma (lymphatic system) [61–63]. Furthermore, it could be administrated alone or 

in combination with other agents like antimetabolites (methotrexate), topoisomerase II 

inhibitors (doxorubicin, mitomycin and bleomycin), taxol (paclitaxel) or vinca alkaloids 

(vinorelbine). Nevertheless, CisPt has also its limitations due to acquired or intrinsic 

resistance of cells to the drug [64]. 

 

 
Figure 1.9. Mechanism of action of cisplatin (CisPt). 

 

Respect to the action mechanism of CisPt (Figure 1.9), it forms adducts with DNA 

through an initial substitution of the chloride ligands by water and the subsequent 

formation of a platinum-DNA linkage [59]. This produces the constraint of DNA 

replication, which grants the cytotoxic effect, primarily in tumor cell, and eventually leads 

to apoptosis [65,66]. Nonetheless, CisPt has also its drawbacks, not only due to the 

previously mentioned acquired or intrinsic resistance, but also because of severe side 

effects such as nausea and vomits, anemia, and neuro and nephrotoxicity that also affect 

healthy cells [55–57,64,67]. 

In order to avoid or diminish the weaknesses of CisPt, over the last 40 years, 23 

other platinum-based drugs have entered clinical trials. Among those, only carboplatin 

and oxaliplatin (Figure 1.8) have gained international marketing approval, and another 

three (nedaplatin, lobaplatin and heptaplatin) were approved only in regions of the Asiatic 
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continent [67–70] (Figure 1.10). Though these drugs present reduced neuro and 

nephrotoxicity in comparison to CisPt, they also have side effects, including 

thrombocytopenia [69–72].  
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Figure 1.10. Nedaplatin, lobaplatin and heptaplatin structures. 

 

1.3.2. Other Pt-based chemotherapeutic agents  

Apart from the previously seen classical chemotherapeutic agents, other 

complexes with Pt(II) as metallic center have been developed, and several of them have 

even entered clinical trials. Among them, it could be mentioned BBR 3464, a triplatinum 

complex which showed cytotoxic properties at concentrations 10 times lower than CisPt 

in both in vitro and in vivo studies. Some Phase II studies demonstrated its efficiency 

against non-small cell lung carcinomas (NSCLC) and ovarian tumors in advanced stages, 

but also a lack of activity against gastric tumors and small cell lung cancer [73,74]. On 

the other hand, results from another Phase II study related with pancreatic cancer have 

not yet been made public [75].  

Satraplatin was the first orally active platinum agent reported and showed greater 

antitumor efficacy in vivo relative to CisPt and carboplatin. Several Phase II studies have 

shown palliation in 46% of patients with metastatic NSCLC, 38% of response in patients 

with small-cell lung cancer and squamous cell head and neck cancer and clinically 

beneficial or partial rates of response in patients with relapsed ovarian cancer and 

advanced/recurrent squamous cancer of the cervix [76]. Currently, a Phase I clinical trial 

is ongoing regarding the efficacy of satraplatin on prostate cancer without metastases 

[75]. 
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On the other hand, picoplatin (AMD473 or ZD0473) has shown effectiveness 

against some types of ovarian cancer, mesothelioma, small cell lung cancer and NSCLC 

in preclinical studies. In several Phase II trials it was observed some response in patients 

with small cell lung cancer, activity and benefits in terms of survival rate on ovarian 

tumors, and inhibition of the progression of the disease for approximately 50% of patients 

with mesothelioma and metastatic breast cancer [77–79]. Nevertheless, only one Phase 

III study was undertaken targeting small cell lung cancer, with promising results for 

patients with rapid disease progression [69]. 

Finally, it can be mentioned some complexes of Pt(IV) such as ormaplatin (NSC 

363812), which has displayed in vitro and in vivo activity against some CisPt-resistant 

cancers, has been involved in six Phase I clinical trials, but no Phase II trials have been 

planned so far due to its neurotoxicity. On the other hand, iproplatin (JM9 or CHIP) is 

one of the most clinically studied platinum agents not approved for marketing. It 

undertook 38 clinical trials from Phase I to III. Phase II trials were run in patients with a 

wide range of cancer types, and Phase III were only studied in patients with ovarian 

cancer and with metastatic epidermoid carcinoma of the head and neck [80,81], but the 

results were not better than CisPt or carboplatin and no further trials were carried out. 

 

1.3.3. Chemotherapeutic agents with transition metals 

In the last decades, the search for new chemotherapeutics has been focused not 

only on the next generation of platinum-based complexes, but also on the study of other 

transition metals [76,82–84]. The exploration for alternative metal centers has been 

increasingly considered, especially the ones sharing physical and chemical properties 

with platinum. The use of a specific central metal ion can powerfully impact on biological 

activity since each metal shows distinctive physicochemical features, including redox 

ability, binding preferences with ligands and targeted molecules, and ligand-exchange 

kinetics. With all that in mind, over the last few decades a wide variety of transition metals 

have been used to synthesize new complexes with anticancer properties, such as 

ruthenium, copper, rhodium, palladium, osmium, iridium, etc. [82,85–87]. Nevertheless, 

many candidate drugs belonging to this class have been extensively evaluated in 

preclinical models in vitro and in vivo, but only a few have achieved different stages of 

clinical studies [88,89]. 
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Based on the literature, the advancement in Ru-based anticancer agents is 

remarkable [90–96], although none of them are used in the clinic yet [91,97]. Nonetheless, 

well known species such as NAMI-A, KP1019, and NKP1339 are currently undergoing 

clinical trials, opening new approaches in cancer treatment [98]. On the other hand, 

promising results in preclinical studies were obtained with organoiridium(III) complexes, 

which exhibited higher cytotoxicity against several human cancer cells (e.g., breast, 

colon, prostate, melanoma, and leukemia) compared to CisPt [99]. Ir(III)-based 

complexes have also shown interesting results via mitochondria-targeted anticancer 

activity [100,101] and autophagy-regulating activities [102]. Respect to Au(I)-containing 

molecules, auranofin and aurothiomalate were able to inhibit cancer cell growth in both 

in vitro and in vivo models [103,104] and are being studied in clinical trials. For that 

reason, hundreds of analogs of auranofin were synthesized and tested in preclinical 

screenings, some of them showing higher activity than CisPt in vitro [103,105]. In 

addition, other complexes based on Au(III) with chelating ligands have showed 

bioactivity in both in vitro and in vivo models [106,107]. Considering complexes with Cu 

as metallic center, Casiopeinas are a group of copper-based chemical compounds with 

cytotoxic, genotoxic, antiproliferative and antineoplastic activity, demonstrated in vitro 

and in vivo. Among them, Casiopeina III was tested in a phase I clinical trial with acute 

myeloid leukemia and colon cancer patients, while Casiopeina II-gly (CasII-gly) was 

tested on cervical cancer patients. Unfortunately, a current phase I trial to test toxicity of 

CasII-gly in humans has shown a high cardiotoxic effect, which will probably lead to stop 

the clinical trials [76]. 

Extensive and updated information of other complexes with a wide variety of 

metal centers approved by FDA, in clinical trials or in preclinical studies, could be found 

in the review of Singh and co-workers, which includes more than 200 complexes with 

Ru, Pt, Fe, Rh, Au, Cu, Re, V, Zn, Ir, Ti, Co, Ga, Mo and Ag as metallic centers [88]. 

 

1.3.3.a. Palladium  

Palladium (Pd) is under focus as the central coordinator metal in prospective 

anticancer complexes. The main interest of this metal is the similarity in its oxidative +2 

state (the most common one) with Pt(II) in terms of both electronic structure and 

coordination chemistry [73,108]. The first potential anticancer Pd-based drugs were 

synthesized and tested in the 1980s. However, it was checked that the rapid hydrolysis of 
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these complexes drives to a lack of antitumoral activity [73]. In fact, Pd-based complexes 

exchange their ligands much faster than the analogous Pt-based complexes, leading to 

both instability in biological environment and failure to achieve drug targets [109]. For 

that reason, to improve stability in physiological conditions, researchers have envisioned 

Pd(II)-based complexes where metal ion is bound to strong coordination ligands and/or 

non-labile moieties [110,111]. Thus, Pd(II)-based stabilized complexes showed good 

anticancer activity and reduced toxicity to normal tissues in preclinical studies compared 

with Pt(II)-based congeners [112,113]. 

In the last decade, many original Pd-based complexes has been proposed as an 

alternative to Pt-based complexes in preclinical studies against many types of cancer cells. 

However, only a few derivatives have reached the clinic to date [109,114]. 

Based on the structural characteristics of these complexes, Scattolin and co-

workers have classified Pd-based complexes into mono- and polynuclear. As it can be 

deduced, the first ones present only one Pd(II) atom in their core, while the second ones 

exhibit more palladium atoms (generally two) in their structure [109]. Among them, there 

are some derivatives that have higher activity than platinum derivatives in preclinical 

models of breast cancer [115] and some others have displayed anticancer effects in 

leukemic models [116]. In fact, some binuclear Pd-based complexes are undergoing 

preclinical evaluation [109,114,117,118]. 

Finally, despite the quantity of compounds that have been synthetized and 

developed for preclinical experimentation, only one Pd-based drug is currently being used 

in the clinic. Padeliporfin or TOOKAD (Figure 1.11) was commercialized in 2017 as the 

first Pd(II)-based compound used in the clinic, demonstrating hitherto to be a safe and 

well-tolerated photodynamic agent [119,120]. In addition, this drug is also under study 

for the treatment of some kidney neoplasms [121]. 

 
Figure 1.11. Padeliporfin or TOOKAD structure. 
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1.3.4. Chemotherapeutic agents with bioactive ligands 

One of the most often employed approaches for developing new drugs is the 

coordination of bioactive ligands to transition metals, inasmuch as it could improve 

biological activity [122,123]. On that note, heterocycles have been extensively used as 

part of a wide variety of pharmaceutical drugs with multiple applications (antibacterial, 

antifungal, antimycobacterial, genotoxic, antimalarial, analgesic, antiinflammatory, 

antidepressant, antitumoral, etc. [124]). In fact, more than 85% of all biologically active 

chemical entities contain a heterocycle. Among them, it can be easily found the presence 

of five- or six-membered rings with one or various atoms of nitrogen, sulfur, and oxygen. 

This increasing use of heterocycles, both from natural or synthetic origin, can be explain 

by its usefulness to modify different characteristics of drugs such as lipophilicity, 

solubility, polarity, etc. [125]. Besides, their properties have been especially associated to 

the lone pair of electrons provided by these atoms, which allows the coordination to the 

metallic center [126]. 

For many years, nitrogen heterocycles and nitrogen-sulfur heterocycles have 

gained particular attention of pharmaceutical industry due to their structural variety and 

biological importance [127]. Actually, more than 60 drugs with nitrogen-containing 

heterocycles and anticancer properties have been approved by FDA. Among these 

heterocycles, it can be mentioned pyrimidine, quinolone, carbazole, pyridine, imidazole, 

benzimidazole, triazole, β-lactam, pyrazole, quinazoline, etc. [128]. On the other hand, 

nitrogen-sulfur heterocycles have also shown potential therapeutic interest especially 

with thiazole, thiazine, pyrimidine, benzothiazines, pyrazolylbenzothiazines, etc. [127].  

For all that, the potential benefits of donor ligands containing S,N and N,N-

heterocycles are undeniable, being selected for the structures of the synthesized 

complexes presented in this PhD thesis.  

 

1.3.4.a. S,N and N,N-heterocycles. Structure and applications. 

S,N- and N,N-heterocycles have been proven to have influence on complexes used 

for pharmacological applications. Some heterocycles bearing donor atoms such as 

pyrazole [129,130], thiazoline [131] and thiazine [132,133] meet these requirements. For 

that reason, in the next sections it will be described the different cycles conforming the 

structure of the ligands used in the present work, just like their properties and applications. 
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• Pyrazole 

Pyrazole is an aromatic heterocycle of five members (Figure 1.12), which belongs 

to the 1,2-azol family, containing two nitrogen atoms in adjacent positions. From a 

chemical point of view, the two nitrogen atoms are not equivalent, being the nitrogen in 

position 1 an azole type, and the other one an azine type. The first one gives a couple of 

non-bonding electrons to the aromatic ring forming an N-H bond with a relatively acidic 

proton. On the other hand, the adjacent nitrogen on position 2 has the couple of electrons 

out of the aromatic system. This allows pyrazole to behave both as base and nucleophilic.  

N

H
N

 
Figure 1.12. Pyrazole structure. 

 

Although just a few natural products contain a pyrazole ring in their structures, 

most of their synthetic analogs have pharmacological applications. The most extensive 

use of these complexes are as antimicrobials, analgesics, antipyretics, and anti-

inflammatories [134–136].  

For example, some pyrazole derivatives, like sulfaphenazole and sulfazamet, and 

some diarylpyrazoles have been reported to have antimicrobial activity [137,138]. On the 

other hand, some drugs as the one known as Celecoxib act as potent analgesic and anti-

inflammatory agents [139]. Nonetheless, the most extensively known pyrazole derivative 

group is probably 5-pyrazolone group, which are used as analgesic, antipyretic and anti-

inflammatory agents [134,140,141], like aspirin (1-phenyl-2,3-dimethyl-5-pyrazolone), 

one of the first synthetic compounds used in medicine. In addition, this group of 

complexes has also been described to have cytostatic and cytotoxic effect when 

coordinated with Pt(II) and Pd(II) [142]. Other pyrazole derivatives have been 

demonstrated to have antitumoral effects as it happens with 3,5-diaryl-1H-pyrazoles [143] 

and 3-(3,4-dimethylphenyl)-5-(4-methoxyphenyl)-4,5-dihydropyrazole-1-carbotiamide 

[144] (Figure 1.13).  

 



Elena Fernández Delgado  1. Introduction 

27 

 

N

H
N

H3CO

A

 

N

N

H3C

B

O
H2N

OCH3

CH3

 
Figure 1.13. Structures of 3,5-diaryl-1H-pyrazoles (A) and 3-(3,4-dimethylphenyl)-5-(4-

methoxyphenyl)-4,5-dihydropyrazole-1-carbotiamide (B). 

 

In addition, in the last decades numerous Pt(II) complexes with pyrazole rings and 

cytotoxic activity have been synthesized. Among then, it can be found the complexes 

presented in Figure 1.14 [145]. Furthermore, 1-(2-dimethylaminoethyl)-1H-pyrazole 

derivatives with Pt(II) and Pd(II) as metal center have shown moderate antimalarial 

properties and remarkable cytotoxicity against several tumor cell lines [146]. Other Pt(II) 

complexes with alkylpyrazole [147] and substituted pyrazole ligands have also shown 

strong cytotoxic effect [148].   
 

N

Pt

Cl

Cl N N

N

R2

R2

R1
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A: R1=H; R2=H
B: R1=CH2Cl; R2=H
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D: R1=CH2OH; R2=CH3
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Figure 1.14.  Structure of cis-[bis(pyrazole)]dichloroplatinum(II) (A), 

cis-[bis(N-chloromethylpyrazole)]dichloroplatinum(II) (B), 

cis-[bis(N-hydroximethyl-pyrazole)]dichloroplatinum(II) (C), and 

cis-[bis(N-hydroximethyl-3,5-dimethylpyrazole)]dichloroplatinum(II) (D). 

 

In the next sections, the ligands used in this PhD thesis would be presented, being 

part of their structures a pyrazole ring with or without extra substituents in 3,5- 

disposition.  

 

•  Thiazoline 

Thiazolines are a group of heterocycles which contain an atom of nitrogen and 

another of sulfur in their structure and derive from thiazole. Taking in consideration the 

position of these atoms, thiazolines can be classified as shown in Figure 1.15.  
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Figure 1.15. a) thiazole, b) 2-thiazoline, c) 3-thiazoline, d) 4-thiazoline, e) thiazolidine. 

 

Respect to the conformation of the ring, some infrared and Raman spectroscopic 

studies of 2-thiazoline and some 2-alkyl derivatives indicate that the ring is almost plane 

[149], while the same studies in the thiazolidine ring indicate that the ring has a half-chair 

conformation [150].  

Due to the biological activity shown by several natural substances derived from 

thiazolines, numerous similar complexes have been synthesized and have demonstrated 

its usefulness in the medical and pharmacological field. In fact, 2-thiazoline rings and 

cancer have a long relationship. From some natural products like Tantazol B, synthetic 

derivatives that inhibit the cellular growing of pancreatic, prostate and colon cancer have 

been developed [131]. Parallelly, Curacin A and synthetic derivatives were also studied 

as cancer cell toxins and were checked to also produce growth inhibition in cancer cell 

lines [151]. On the other hand, there are also other synthetic derivatives containing the 2-

thiazoline and/or thiazolidine ring that have antitumoral activity. That way, thiazolidine-

4-carboxylic acid and chlorhydrate of 2-amino-2-thiazoline (Figure 1.16) can revert the 

carcinogenic process of cells [152,153]. 

 

       A      B 
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Figure 1.16. Structure of thiazolidine-4-carboxylic acid (A) and chlorhydrate 2-amino-2-

thiazoline structure (B). 

 

The antitumoral effect of these rings has been also observed in coordination 

complexes with different thiazoline derivatives and various metals like Pt(II) [154], 

Cu(II) [155,156], Ag or Au [157]. In fact, the Coordination Chemistry Research group of 

University of Extremadura has also synthesized and tested the cytotoxic effects of Pt(II) 

and Pd(II) complexes with thiazoline containing ligands like (2-(3,4-



Elena Fernández Delgado  1. Introduction 

29 

 

dichlorophenyl)imine-N-(2-thiazolin-2-yl)thiazolidine) (TdTn) (Figure 1.17) [158] and 

2-(2-pyridyl)imine-N-(2-thiazolin-2-yl)thiazolidine (PyTT) [116] with promising results. 

N S

N

S

Cl

Cl
H
N

 
Figure 1.17. Structure of (2-(3,4-dichlorophenyl)imine-N-(2-thiazolin-2-yl)thiazolidine) 

(TdTn). 

 

• Thiazine 

Thiazines are six-membered heterocycles containing a sulfur and a nitrogen atom 

in their structure. A wide number of isomeric structures are possible due to the relative 

position of the two mentioned heteroatoms and the oxidation grade. Although the 

classification shown in Figure 1.18 is not clearly delimited because of some tautomeric 

equilibrium, it indicates the basic structures of the thiazine family. Some thiazines are 

widely known and others are rare and appear only as intermediate products [159]. 
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Figure 1.18. Structure of thiazines. 
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Among thiazines, some derivatives have shown cytotoxic activity.  For example, 

N-(5,6-dihydro-4H-1,3-thiazin-2-il)benzamide bromohydrate (Figure 1.19) has a strong 

cytotoxic activity on leukemia cells without being toxic for healthy lymphocytes [160].  

S

N

N
H

O HBr

 
Figure 1.19. Structure of N-(5,6-dihydro-4H-1,3-thiazin-2-il)benzamide bromohydrate 

derivative. 

 

In the last decade, some quinonaftothiazines with cytotoxic activity against 

glioblastoma, melanoma and epithelial tumor cells have been synthesized. Among these, 

two have better results even than CisPt (Figure 1.20.) [161,162]. 
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Figure 1.20. Structure of quinonaftothiazines with stronger cytotoxicity than CisPt. 

 

On the other hand, several studies carried out with benzothiazines have also shown 

promising results due to their cytotoxic activity on different tumor cell lines [163–169]. 

In the same way, some research done with phenothiazines also revealed antitumoral 

properties [170–174]. 

With respect to complexes with coordination between Pt(II) and 1,3-thiazines or 

derivatives, there is not a large amount in the literature. Nevertheless, one of these belongs 

to the Coordination Chemistry Research group of University of Extremadura. In this case, 

it was synthesized and tested the cytotoxic effects of Pt(II) and Pd(II) complexes with the 

ligand (2-(2-pyridyl)iminotetrahydro-1,3-thiazine) (PyTz), showing a moderate 

cytotoxicity in four tumor cell lines [175]. 
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1.3.4.b Ligands employed 

As previously mentioned, S,N and N,N-heterocycles are excellent precursors to 

synthesize a wide variety of coordination complexes. For that reason, the Coordination 

Chemistry Research group of the Organic and Inorganic Department of the University of 

Extremadura has been working on new ligands containing those kinds of heterocycles for 

more than a decade. In the present work, the ligands used for the synthesis of new 

potential chemotherapeutic agents were: 

 

- 2-(1-pyrazolyl)-2-thiazoline (PzTn) 

- 2-(1-pyrazolyl)-1,3-thiazine (PzTz) 

- 2-(3,5-dimethyl-1-pyrazolyl)-2-thiazoline (DMPzTn) 

- 2-(3,5-dimethyl-1-pyrazolyl)-1,3-thiazine (DMPzTz) 

- 2-(3,5-diphenyl-1-pyrazolyl)-2-thiazoline (DPhPzTn) 

- 2-(3,5-diphenyl-1-pyrazolyl)-1,3-thiazine (DPhPzTz) 

 

In Figure 1.21, it can be observed the structure of these six ligands. 
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Figure 1.21. Structure of PzTn, PzTz, DMPzTn, DMPzTz, DPhPzTn and DPhPzTz. 

 

The behavior of the ligands is going to be determined by the presence of donor 

atoms in the S,N-heterocycles. In fact, the joining to the metallic ions is produced through 

the iminic nitrogen and the nitrogen of the 2-thiazoline or 1,3-thiazine rings, acting as 

bidentate and forming a five-membered chelate ring, which gives an additional 

stabilization due to the chelate effect. A scheme of the coordination produced between the 

metal ion and the ligands can be seen in Figure 1.22.  This way of joining is supported by 

previously synthesized complexes with these ligands. All the six ligands have been 

coordinated to Cu(II) and Cd(II) [176–183], while almost all ligands (except for 

DPhPzTn) were also coordinated to Co(II) and Zn(II) [176–178,184]. On the other hand, 

the three ligands with thiazine ring and PzTn have been coordinated to Ni(II) [178,185], 

while only PzTn and PzTz have been previously coordinated with Pt(II) [186]. 

Nevertheless, the potential cytotoxic effect on tumor cell lines of any of these complexes 

has been previously tested.  
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Figure 1.22. Scheme of metal ion coordination to the ligands. 
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1.4. NANOPARTICLES 

Last decades have been characterized for an increased interest and development 

in nanotechnology field. Nanoparticles (NPs), particles with 1 to 100 nm dimension, 

exhibit a wide variety of properties according to its size and surface functionalities.  

One of their advantages is their small size and large surface area, which has led to 

numerous applications in diverse fields such as electronics, cosmetics, food science and 

medicine [187]. Respect to the medical field, NPs have been used as drug carriers with 

applications both in diagnosis and therapy. This alternative to direct administration of 

traditional drugs, which have usually shown a considerable amount of undesirable and 

harmful side effects to healthy organs, has awakened scientific interest in the last decades. 

Nevertheless, their clinical usage is affected by their physical and chemical 

characteristics, drug loading and release efficiency, as well as low or no toxicity [188].  

 

1.4.1.  Nanoparticles as drug carriers  

As it was previously mentioned, one of the most relevant fields of application for 

nanoparticles is medicine. Their relevance as nanocarriers is correlated with their 

advantages in comparison to free drug delivery. Among them, it could be stood out the 

enhanced biodistribution, improvement of bioavailability and drug solubility, decrease of 

toxicity and prevention of multi-drug resistance [189]. In addition, NPs increase drug 

stability, preventing the degradation of the encapsulated cargo, and allow a large volume 

of drugs encapsulation without any chemical reaction [190].  

 
 

Figure 1.23. Classes and physicochemical characteristics of nanoparticles [189]. 
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Nanocarriers can be divided in different groups with particular properties (Figure 

1.23) [189]. Next, the main groups of nanocarriers are described: 

- Lipid-based NPs: These particles are typically spherical platforms with at 

least one lipid bilayer surrounding no less than one internal aqueous 

compartment. Among their advantages can be highlighted its biocompatibility, 

formulation simplicity and high bioavailability. That is the reason why they 

are the most common class of FDA-approved nanomedicines [191]. As for the 

subsets existing, there are liposomes (they can form unilamellar and 

multilamellar vesicular structures), which can deliver hydrophilic, 

hydrophobic, and lipophilic drugs  [192,193], and lipid nanoparticles (LNPs), 

which are widely used for nucleic acids delivery [194] but with limitations due 

to low drug loading and biodistribution [191].  

- Polymeric NPs: This group presents a precise control and good delivery due 

to its compatibility and simple formulation parameters. Drugs can be 

encapsulated in a wide range of ways including withing the NP core, chemical 

conjugation, entrapped in the matrix or bound to the surface [195,196]. The 

modulation of some characteristics like composition, surface charge or release 

kinetics allow that they can be precisely controlled. The most common forms 

of these particles are nanocapsules and nanospheres, having within these two 

categories a differentiation by shape in polymersomes (artificial vesicles, with 

membranes made using amphiphilic block copolymers, specially 

recommended for deliver in the cytosol [197]), micelles (nanospheres with a 

hydrophilic core and a hydrophobic coating, used for drug delivery in clinical 

trials [198]) and dendrimers (hyperbranched polymers with complex three-

dimensional architectures, specially used for nucleic acids and small 

molecules delivery [199]). Although they present advantages such as 

biocompatibility, water solubility or storage stability, the drawbacks include 

risk of particle aggregation and toxicity.  

- Inorganic NPs: This group includes gold, iron and silica for drug delivery and 

imaging application. This group presents some interesting properties including 

a variety of sizes and geometries, and unique physical, electrical, magnetic, 

and optical properties. The most extensively known nanocarriers of this group 

involves gold NPs (AuNPs) used in numerous forms [200], iron oxide, making 

the majority of FDA-approved inorganic nanomedicines [201], mesoporous 
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silica nanoparticles (MSNs), successfully used for gene and drug delivery 

[202], and quantum dots, used mainly for imaging application [203]. Most of 

them have good stability and biocompatibility. On the other hand, their main 

limitations are low solubility and toxicity.  

 

Above all this, one of the most important uses of nanoparticles application is in 

the treatment of cancer, which is known as nano-oncology. Taking into account its small 

size and improved delivery of the drug, both by active or passive targeting, it can diminish 

the off-target distribution of the drug and their associated side effects [204–206]. As it is 

described in next section, MSNs have shown promising properties as carriers for 

numerous anticancer drugs, which is the reason why they have been selected for the 

encapsulation of the new complexes presented in this PhD thesis.  

 

1.4.2. Mesoporous silica nanoparticles 

These inorganic NPs have been in the spotlight as potential drug delivery agents 

in the last years. This is due to its numerous characteristics such as high drug loading 

capacity, variability in particle size, ease to modify their surface, relatively undemanding 

synthesis process and biosafety status since they are “generally regarded as safe” (GRAS) 

by FDA [204,207]. In addition, it has been seen that they can act as vehicles of not only 

drugs, but also genes, proteins and antigens, mitigating the progress of diseases, 

inflammatory responses, and cancer [208].  

The application of MSNs as carriers can be classified in two groups: sustained and 

controlled drug-release [209]. The latter respond to one or more stimuli which can be 

either external (pH, temperature, redox capacity, etc.) or internal (UV light, magnetic 

field, etc.). As examples of controlled release, the conjugation of doxorubicin with poly-

L-lysine-coated MSNs allowed a successful and controlled drug release mediated by pH 

[210], while MSN attached with chitosan granted a doxorubicin release in response to 

colonic enzymes, achieving a great internalization of the drug in tumor cells [211].  

Moreover, the delivery capability of these materials is strongly influenced by their 

decoration with functional groups of both the external surface and pores. In the review of 

Farjadian and coworkers it could be found a table with applications of different types of 

MSN materials for anti-cancer drug delivery with both sustained and controlled release 

[208].  
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Among the application of MSNs in medicine, one of the main ones is the 

encapsulation of hydrophobic drugs, which supposes a drawback for many treatments. In 

fact, around 40% of small-molecule drugs in pharmaceutical companies have low water 

solubility, which hinders their administration through some routes even completely 

prevents it [212].  Numerous studies have proposed MSNs as solution to this problem in 

drug development due to the improvement of solubility and greater distribution in vitro. 

For example, their conjugation with umbelliferone was studied in human breast cancer 

cells (MCF-7), being more effective in the reduction of tumor volume and mass than the 

free drug [213]. The encapsulation of camptothecin into the pores of MSNs led to growth 

inhibition and cell death of three pancreatic cancer cell lines (PANC-1, Capan-1, and 

AsPc-1), a colon cancer-cell line (SW480), and a stomach cancer-cell line (MKN45) 

[214]. The improvement of drug delivery of anthelmintics [215] and telmisartan [216] 

has also been studied. The enhancement of cytotoxic effect of several commercial drugs 

respect to the effect of the free drug has been also checked for quercetin in MCF-7 [217], 

with an improvement of cell uptake and toxicity, paclitaxel in HepG2 (hepatocellular 

carcinoma) [218] and MCF-7 [219], vorinostat in HCT116 (colon cancer cell line) [220], 

oxaliplatin [221] and ursolic acid in HepG2 [222], CisPt(IV) in HeLa with the formation 

of DNA-adducts [223], resveratrol in A375 and MNT-1 (melanoma cell lines), with a high 

loading percentage (93%) and pH-dependent [224], and in AGS and HGC-27 (mouse 

gastric cancer cells) in vitro and in vivo with proliferation and migration inhibition [225], 

and combinatory delivery of CisPt and doxorubicin in HeLa and A357 (melanoma cell 

line) [226], among other studies.  

Related to the cellular uptake route of these particles, it seems to involve 

membrane wrapping in a process called endocytosis [227]. This appears to be the main 

route for MSNs internalization by eukaryotic cells and consists in comprising the particle, 

formation of an early endosome or membrane-bound vesicle, forming a lysosome and 

sorting them for different purposes (Figure 1.24) [208,228]. Taking in account the size of 

the particles, it can be differentiated between phagocytosis (micro-sized particles) and 

pinocytosis (fluids and particles through clathrin-coated vesicles). Although the particles 

enter the cells, the process is only considered successful after avoiding the degradation in 

endosomal/lysosomal vesicles and release of the cargo into the cytoplasm. 
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Figure 1.24. Routes of cellular uptake of nanoparticles [208]. 

 

The application of these particles in the medical field has raised the concerns about 

their possible toxicity [229]. Considering amorphous silica particles, they are degradable 

over time into ortho-silicic acid Si(OH)4, which is nontoxic and water soluble, being 

excreted via urine [230,231]. In fact, MSNs can be completely degraded over a month in 

simulated body fluid [230,232,233], in cells [234], and in the body [235,236], while it is 

not so easy to degrade under physiological conditions, reason why FDA give them the 

GRAS consideration [237,238].  

Numerous groups have investigated and evaluated the cytotoxicity, genotoxicity 

and blood and tissue compatibility of these particles with varying results. It seems that 

the biosafety of particles can be influenced by particle size, surface properties (charge and 

functionalities), morphology and structure, and pore size [208]. In addition, choosing an 

adequate in vitro cell viability assay for cytotoxicity analysis is fundamental for getting 

reliable results. The concentration, treatment period and cell type studied may also 

influence the results. For example, a negligible genotoxic effect has been found in colon 

cancer cells (HT-29), while a significant effect in embryonic kidney cells after overnight 

exposure to MSNs was detected [239,240]. Nevertheless, in normal and cancer cell lines, 

such as HeLa, MCF-41, or A549, MSNs are regarded as safe [241,242]. 
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2. JUSTIFICATION AND OBJECTIVES 

According to the numbers presented by the WHO, cancer is the major cause of 

death worldwide and mournfully the perspective is that the figures continue growing in 

the next decades [4]. It is also true that the mortality ratio has being reduced due to the 

rapid evolution of therapies. Nevertheless, these treatments are not completely effective 

and have numerous side effects.  

Among the main treatments used for cancer, chemotherapy is one of the most 

extensively studied to destroy cancer cells. However, although several drugs with relevant 

applications in cancer therapies such as CisPt have been developed [62,63,68,243], over 

the last 40 years only 23 other platinum-based drugs have entered clinical trials. Among 

them, only five gained marketing approval: carboplatin and oxaliplatin (internationally); 

and nedaplatin, lobaplatin and heptaplatin (only regionally in the Asiatic continent) [67–

70]. Moreover, all of them present different types of side effects, from neurotoxicity to 

thrombocytopenia, including nausea and vomiting. 

In order to improve the effectivity of new chemotherapeutic agents and reduce 

their drawbacks, the substitution of the metallic center for another transition metal and 

the modification of the structure via incorporation of ligands on the non-labile site are 

two extensively used strategies. Although numerous metals have been studied as 

alternatives to Pt(II) as metal center (e.g., Ru, Au, Ir, Os, etc.) [82], Pd(II) could be an 

interesting option to replace platinum due to their similarities both in electronic structure 

and coordination geometry [73,108]. As for the incorporation of ligands in their structure, 

it has been demonstrated that the presence of heterocycles bearing donor atoms has 

influenced their pharmacological applications. For example, heterocycles such as 

pyrazole [129,130], thiazine [132,133] and thiazoline [131] meet these requirements. 

On the other hand, the use of nanoparticles as drug carriers seems to be a 

promising way to deliver the medications faster and in a more selective way. In addition, 

they present other advantages such as drug stability, prevention of the degradation of the 

encapsulated cargo, and large volume of drugs encapsulation [190]. Moreover, a high 

number of small-molecule drugs have low water solubility and the use of nanoparticles 

could solve this issue [212]. Among all the nanoparticles types existing, MSNs are being 

amply studied for drugs, genes, proteins, and antigens delivery [208] due to its numerous 

features such as high drug loading capacity, ease to modify surface, relatively 
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undemanding synthesis process and biosafety status since they are considered GRAS by 

FDA [204,207]. 

 

For all the previously exposed, the main objective of this PhD thesis was to 

synthesize and characterize several analogs of cisplatin, both using platinum and 

palladium as metal centers, to study their potential cytotoxic and pro-apoptotic effect on 

tumor cell lines. For that aim, three tumor cell lines were used, being one derived from 

solid tumors and two from non-solid tumors. These cell lines were human epithelial 

cervix carcinoma (HeLa), human histiocytic lymphoma (U-937) and human 

promyelocytic leukemia (HL-60) cells. The general objective described can be itemized 

in the following specific objectives: 

 

1. Synthesize and characterize CisPt analogs with Pt(II) and Pd(II) as metal 

centers and N,N and N,S-bidentate donor ligands. 

2. Evaluate the effect of CisPt and the new chemotherapeutic agents synthesized 

on cell viability and apoptosis in the indicated tumor cell lines.  

3. Stablish structure-biological activity relationships that could help in future 

designs of more effective drugs against cancer.  

4. Synthesize, characterize, and encapsulate several of the CisPt analogs 

synthesized on MSNs to improve the delivery inside the tumor cells.  
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3. MATERIALS AND METHODS 

In this chapter, it will be detailed both the synthesis of the organic ligands and the 

metal complexes studied in this PhD thesis, as well as the different characterization 

techniques and the biological tests performed. For that purpose, the material and 

equipment available in both the Department of Organic and Inorganic Chemistry and the 

Department of Physiology of the University of Extremadura, and in the Servicios de 

Apoyo a la Investigación (Core Facilities) from University of Extremadura, University of 

Santiago de Compostela and University of Oviedo were used and will be detailed next. 

In addition, for the synthesis, functionalization, and characterization of nanoparticles used 

in this work, reagents and equipment of the Institute of Inorganic Chemistry II of Ulm 

University (Germany) were used.   

 

3.1. REAGENTS 

To the consecution of the experimental work of this PhD thesis, the reagents listed 

in the following sections were used. 

 

3.1.1. Chemical reagents 

- Acetone (Scharlau S.L., Barcelona, Spain)  

- Acetonitrile (Scharlau S.L., Barcelona, Spain)  

- Chloroform (Scharlau S.L., Barcelona, Spain)  

- Cyclohexane (Scharlau S.L, Barcelona, Spain)  

- Dichloromethane (Scharlau S.L., Barcelona, Spain)  

- Diethyl ether (Scharlau S.L., Barcelona, Spain)  

- Dimethyl sulfoxide (DMSO) (Panreac Química S.A., Barcelona, Spain)  

- Dimethyl sulfoxide-d6 (DMSO-d6) (Panreac Química S.A., Barcelona, Spain)  

- Ethanol 96% (Scharlau S.L., Barcelona, Spain)  

- Ethyl acetate (Scharlau S.L., Barcelona, Spain)  

- Methanol (Scharlau S.L., Barcelona, España)  

- N,N-dimethylformamide (DMF) (Scharlau S.L., Barcelona, Spain)  

- N,N-dimethylformamide-d7 (DMF-d7) (ABCR, Karlsruhe, Germany)  

- Petroleum ether (Scharlau S.L., Barcelona, Spain) 

- Potassium iodide (Panreac Química S.A., Barcelona, Spain) 
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- Potassium tetrachloroplatinate (II) (ABCR, Karlsruhe, Germany)  

- Pyrazole (Sigma Aldrich S.A, Madrid, Spain) 

- Sodium carbonate (ABCR, Karlsruhe, Germany)  

- Sodium hydride (Sigma Aldrich S.A, Madrid, Spain) 

- Sodium sulphate anhydrous (Scharlau S.L., Barcelona, Spain) 

- Sodium tetrachloropalladate (II) (ABCR, Karlsruhe, Germany)   

- Toluene (Panreac Química S.A., Barcelona, Spain)  

- 2-chloroethyl isothiocyanate (ABCR, Karlsruhe, Germany)  

- 3-chloropropil isothiocyanate (ABCR, Karlsruhe, Germany)  

- 3,5-dimethylpyrazole (Sigma Aldrich S.A, Madrid, Spain) 

- 3,5-diphenylpyrzole (ABCR, Karlsruhe, Germany) 

 

3.1.2. Cell lines and culture media 

Cells lines selected to perform the biological testing were purchased from the 

European Collection of Authenticated Cell Cultures (ECACC) (Dorset, UK.): 

 

HeLa: Human epithelial cervix carcinoma cell line (No. 93021013), 

U-937: Human histiocytic lymphoma cell line (No. 85011440) 

HL-60: Human promyelocytic leukemia cell line (No. 88120805) 

 

And the cultured media used were: 

 

DMEM: Dulbecco’s modified Eagle’s medium (Gibco) 

RPMI-1640: Roswell Park Memorial Institute-1640 (HyClone) 

 

The conditions used are described in subsequent sections. 

 

3.1.3. Other reagents 

- AnnexinV-FITC/PI (Annexin V conjugated with fluorescein 

isothiocyante/Propidium iodide) (eBioscience Dx, Barcelona, Spain) 

- Binding buffer (eBioscience Dx, Barcelona, Spain) 

- Butanol (Panreac Química S.L.U., Barcelona, Spain) 

- Cisplatin (Sigma Aldrich S.A, Madrid, Spain) 

- DCFH-DA (2′,7′-dichlorodihydrofluorescein diacetate) (Life Technologies, 

Barcelona, Spain) 
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- DTT (Dithiothreitol) (Sigma Aldrich S.A, Madrid, Spain) 

- EDTA (Ethylenediaminetetraacetic acid) (Sigma Aldrich S.A, Madrid, Spain) 

- FBS (Fetal bovine serum) (Gibco, Life technologies, Barcelona, Spain) 

- Glycerol (Sigma Aldrich S.A, Madrid, Spain) 

- Hoechst 33258 (Life technologies, Barcelona, Spain) 

- L- glutamine (Lonza Ibérica S.A.U., Barcelona, Spain) 

- MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) (Promega Corporation, Madrid, Spain) 

- NaCl (Panreac Química S.L.U., Barcelona, Spain) 

- Nitric acid (Honeywell Fluka, Madrid, Spain) 

- PBS (Phosphate buffered saline) (Gibco, Life technologies, Barcelona, Spain) 

- SDS (Sodium dodecyl dulphate) (Sigma Aldrich S.A., Madrid, Spain) 

- Sodium chloride (Panreac, Castellar del Vallés, Barcelona, Spain) 

- Sodium deoxycholate (Sigma Aldrich S.A, Madrid, Spain) 

- Streptomycin/Penicillin (Lonza Ibérica S.A.U., Barcelona, Spain) 

- TBE (Tris-borate-EDTA) (Life technologies, Barcelona, Spain) 

- Topoisomerase I (Inspiralis, Norwich, UK) 

- TrisCl (Sigma Aldrich S.A, Madrid, Spain) 

- Triton-X100 (Sigma Aldrich S.A, Madrid, Spain) 

- Trypan-blue (Sigma Aldrich S.A, Madrid, Spain) 

- Trypsin (Lonza Ibérica S.A.U., Barcelona, Spain) 

 

3.2. LIGANDS SYNTHESIS 

In this work, six ligands with S,N- and N,N-heterocycles have been synthesized. 

All six ligands had been previously studied and published for the Coordination Chemistry 

Research group from the University of Extremadura [176,179,184]. 

A summary of the main steps followed for the synthesis of the ligands is next 

included. The corresponding quantity of pyrazole, 3,5-dimethylpyrazole or 3,5-

diphenylpyrazole was solved in toluene and mixed during 3 h at room temperature with 

the corresponding amount of NaH 60% (Table 3.1). Then, 1 mL (10 mmol) of 2-

chloroethyl isothiocyanate in the case of PzTn, DMPzTn and DPhPzTn or 3-chloropropyl 

isothiocyanate for PzTz, DMPzTz and DPhPzTz was added, and the mixture was 

maintained under reflux and agitation during 24 h. 
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After that time, the reaction mixture was concentrated in a R-3000 rotary 

evaporator (BUCHI) once the addition of 5 mL of methanol was made. The next step was 

adding water to the residue and extracting the organic phase with chloroform. Afterwards, 

the solution obtained, previously dried with sodium sulphate, was evaporated again with 

the rotary evaporator. The product was purified via flash chromatography using diethyl 

ether-petroleum ether 1:1 v/v as eluent for PzTn and PzTz and dichloromethane-diethyl 

ether 20:1 v/v for the rest of the ligands. The chromatography phases containing the 

purified ligand were crystallized in the same mixture that was used as eluent. All the 

amounts of reagents used and the yields obtained are shown in Table 3.1.  

 

Table 3.1. Reagents amounts and yields. 
 

Ligand Pyrazole  
3,5-

dimethylpyrazole  

3,5-

diphenylpyrazole  
NaH 60%  Yield  

PzTn 
0.695 g   0.400 g 

42.3 % 
10 mmol   17 mmol 

PzTz 
0.695   0.600 

32.5 % 
10 mmol   25 mmol 

DMPzTn 
 0.971  0.400 

41.7 % 
 10 mmol  17 mmol 

DMPzTz 
 0.971  0.400 

43.9 % 
 10 mmol  17 mmol 

DPhPzTn 
  2.200 0.600 

30.6 % 
  10 mmol 25 mmol 

DPhPzTz 
  2.200 0.600 

36.5 % 
  10 mmol 25 mmol 

 

A possible mechanism for the synthesis of the ligands would be the previous 

reaction between pyrazole and NaH to generate a pyrazolate, being followed by a 

nucleophilic attack of the anion to the carbon atom of the thiocarbonyl of the 

isothiocyanate group. Finally, the last step could be an intramolecular substitution by the 

attack of the sulfur atom to the carbon joined to the chlorine (Figure 3.1). 
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Figure 3.1. Possible mechanism for the synthesis of the ligands. 
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3.3. LIGANDS CHARACTERIZATION  

To confirm the successful synthesis of the ligands mentioned in the previous 

section, both 1H NMR and IR measurements were made. The spectra and data obtained 

are included in section 8. Appendix (Figures A1-A6 and Tables A1-A2). Further 

spectroscopic data of these ligands can be found in [176,179,184]. 

 

3.4. SOLID PHASE SYNTHESIS FROM M(II)/LIGAND SYSTEM 

 

3.4.1. Pt(II)/ligand system synthesis 

3.4.1.a. Precursor cis-[PtCl2(DMSO)2] synthesis  

The synthesis of precursor cis-[PtCl2(DMSO)2] (Figure 3.2) was made through 

Price and cols. method [244]. The experimental procedure started with the solution of 

K2[PtCl4] (1.25 g, 3 mmol) in distilled water (10 mL). After that, DMSO was added 

dropwise (0.7 mL, 9 mmol), forming immediately a yellow powder. The mixture was 

maintained under agitation during 1h, being filtered and washed with distilled water and 

cold diethyl ether afterwards. 

Pt

DMSO

DMSO

Cl

Cl

 

Figure 3.2. Cis-[PtCl2(DMSO)2] structure. 

 

3.4.1.b. Pt(II)/ligand system synthesis  

For the synthesis of solid phases of Pt(II) complexes, the precursor cis-

[PtCl2(DMSO)2] was dissolved in the less amount possible of hot ethanol. From an 

addition funnel, a solution of the corresponding ligand in ethanol was added, being the 

stoichiometry metal-ligand 1:1. The mixture was maintained under reflux and agitation 

during 24 h. A yellow powder was formed during that time, being then filtered, and 

washed with distilled water and cold diethyl ether. The solid phases were crystallized, 

obtaining monocrystals with enough size and quality to be studied by X-ray diffraction. 

In Table 3.2 it could be found the formula and nomenclature used for the synthesized 

complexes, which will be named as indicated from now on. A scheme of the reaction of 
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the synthesis for PtCl2/Ligand solid phases is shown in Figure 3.3 and the solubility of 

the different complexes at room temperature is depicted in Table 3.3. The solvents used 

to crystallize the complexes are indicated in Table 3.3 with yellow-colored cells. For 

further information on PtPzTn and PtPzTz, it can be consulted the Final Master Thesis of 

Felipe de la Cruz Martínez [186], who previously synthesized these two complexes. 

 

Table 3.2. Formula and nomenclature of Pt(II) complexes. 
 

Formula Nomenclature 

[PtCl2(PzTn)] PtPzTn 

[PtCl2(PzTz)] PtPzTz 

[PtCl2(DMPzTn)] PtDMPzTn 

[PtCl2(DMPzTz)] PtDMPzTz 

[PtCl2(DPhPzTn)] PtDPhPzTn 

[PtCl2(DPhPzTz)] PtDPhPzTz 
 

 

Pt

DMSO

DMSO

Cl

Cl

+ + 2 DMSO

EtOH

N
N

SN

(CH2)n

N

N

SN

Pt

Cl

Cl

(CH2)n

Reflux, 24h

 

Figure 3.3. Reaction scheme for PtCl2/Ligands solid phase. 

 

Table 3.3. Solubility of PtDMPzTn, PtDMPzTz, PtDPhPzTn and PtDPhPzTz. 

 

 PtDMPzTn PtDMPzTz PtDPhPzTn PtDPhPzTz 

Diethyl ether I I I PS 

Dichloromethane SS SS S S 

Acetone SS SS S PS 

Chloroform SS SS S S 

Methanol SS SS I I 

Ethyl acetate SS SS PS I 

Ethanol SS SS I I 

Cyclohexane I I I I 

Acetonitrile SS SS S PS 

Water I I I I 

Toluene I I PS I 

DMF SS SS S S 

DMSO SS SS S S 
 

S: soluble; PS: partially soluble; SS: slightly soluble; I: insoluble 
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3.4.2. Pd(II)/ligand system synthesis 

For the synthesis of solid phases of Pd(II) complexes, the salt Na2[PdCl4]·H2O 

was dissolved in the less amount possible of ethanol. From an addition funnel, a solution 

of the corresponding ligand in ethanol was added, being the stoichiometry metal-ligand 

1:1. The mixture was maintained under agitation during 24 h. An orange powder was 

formed during that time, being then filtered and washed with distilled water and cold 

diethyl ether. The solid phases were crystallized, obtaining monocrystals with enough size 

and quality to be studied by X-ray diffraction. In Table 3.4 it could be found the formula 

and nomenclature used for the synthesized complexes, which will be named as indicated 

from now on. A scheme of the reaction of the synthesis for PdCl2/Ligand solid phases is 

shown in Figure 3.4 and the solubility of the different complexes at room temperature is 

displayed in Table 3.5. The solvents used to crystallize the complexes are indicated in 

Table 3.5 with yellow-colored cells. 

 

 

Table 3.4. Formula and nomenclature of Pd(II) complexes. 

 

Formula Nomenclature 

[PdCl2(PzTn)] PdPzTn 

[PdCl2(PzTz)] PdPzTz 

[PdCl2(DMPzTn)] PdDMPzTn 

[PdCl2(DMPzTz)] PdDMPzTz 

[PdCl2(DPhPzTn)] PdDPhPzTn 

[PdCl2(DPhPzTz)] PdDPhPzTz 
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N
N

SN
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Figure 3.4. Reaction scheme for PdCl2/Ligands solid phase. 
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Table 3.5. Solubility of PdPzTn, PdPzTz PdDMPzTn, PdDMPzTz, PdDPhPzTn and PdDPhPzTz. 

 

 PdPzTn PdPzTz PdDMPzTn PdDMPzTz PdDPhPzTn PdDPhPzTz 

Diethyl ether I I I I S S 

Dichloromethane PS PS SS SS PS PS 

Acetone PS PS SS SS PS PS 

Chloroform PS PS SS SS S S 

Methanol PS PS SS SS PS PS 

Ethyl acetate   SS I PS PS 

Ethanol I I SS SS PS PS 

Cyclohexane   I I I I 

Acetonitrile S PS SS SS S S 

Water I I I I I I 

Toluene   I I PS PS 

DMF S S PS SS S S 

DMSO S S PS SS S S 
 

S: soluble; PS: partially soluble; SS: slightly soluble; I: insoluble 

 

3.5. SOLID PHASE CHARACTERIZATION FROM M(II)/LIGAND 

SYSTEM 

The characterization of solid phases was made through different techniques, 

which would be indicated in the next subsections.  

 

3.5.1. Elemental analysis 

The content of C, H, N and S of the solid phases was determined with a Leco 

CHNS-932 microanalyzer. 

 

3.5.2. Crystal structures 

X-ray single-crystal diffraction measurements were performed using a Bruker 

Kappa APEXII CCD diffractometer (PtPzTn and PtPzTz) or a Bruker D8 VENTURE 

PHOTON III-14 diffractometer (PtDMPzTn, PtDMPzTz, PtDPhPzTn, PtDPhPzTz, 

PdPzTn, PdPzTz, PdDMPzTn, PdDMPzTz, PdDPhPzTn and PdDPhPzTz), both using 

graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) and the ω scan technique at 

100 K. All data were corrected for Lorentz and polarization effects, while absorption 

corrections were performed by means of SADABS [245] program. The structures were 
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solved by direct methods and subsequent Fourier differences, except for PtDMPzTz for 

which Patterson method was used, in both cases using the SHELXS-14 [246] program 

and refined by full-matrix least-squares on F2 with SHELXL-18 [247], included in 

WINGX [248] package, assuming anisotropic displacement parameters for non-hydrogen 

atoms. Hydrogen atoms were placed at calculated positions and refined using a riding 

model.  

In case of PtDMPzTn, the crystals available were all twinned and were refined as 

a 2-component perfect twin. A twin integration was made combining both domains in one 

hkl5 data file. The asymmetric unit comprises thus two crystallographically different 

molecules of [PtCl2(DMPzTn)]. There are minor differences in bond lengths as well as 

bond and torsion angles. EADP constraint instruction was applied for C1A, C2A and N3A 

atoms in PtDMPzTn and for N3 in PtDMPzTz.  

 

Crystallographic data has been deposited at the CCDC (Cambridge 

Crystallographic Data Center; copies of the data can be obtained, e-mail: 

deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk/structures/). In Table 3.6, 

it can be found the CCDC numbers assigned to the complexes. The graphic representation 

of the molecular structures was made with the applications Mercury [249] and POV-Ray 

[250] for Windows. 

 

Table 3.6. CCDC numbers of the different complexes. 

 

Complex CCDC number 

PtPzTn 2086351 

PtPzTz 2086353 

PtDMPzTn 2260597 

PtDMPzTz 2260598 

PtDPhPzTn 2086352 

PtDPhPzTz 2086354 

PdPzTn 2224537 

PdPzTz 2224538 

PdDMPzTn 2224539 

PdDMPzTz 2224540 

PdDPhPzTn 2224541 

PdDPhPzTz 2224542 
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3.5.3. Infrared spectroscopy  

IR spectra were recorded on a Perkin-Elmer 100 FTIR spectrophotometer from 

KBr pellets in the 4000–400 cm−1 range. 

 

3.5.4. 1H Nuclear magnetic resonance spectroscopy  

1H NMR spectra were obtained with a Bruker Avance III 500 instrument at 500 

MHz in DMF-d7 for Pt(II) complexes and for PdDPhPzTn and PdDPhPzTz, and with a 

Bruker AV300 instrument at 300 MHz for PdPzTn and PdPzTz also in DMF-d7 and for 

PdDMPzTn in DMSO-d6. 
1H NMR data could not be obtained for PtDMPzTn, 

PtDMPzTz and PdDMPzTz due to its low solubility. 1H NMR signals were referenced to 

residual proton resonances in deuterated solvents. 

 

3.6. EXPERIMENTAL DESIGN FOR BIOLOGICAL TESTING 

3.6.1. Cell line culture 

Cells were cultured in DMEM (HeLa) or RPMI-1640 (U-937 and HL-60) 

medium, which were supplemented with 2 mM L-glutamine, 10% heat-inactivated FBS, 

100 U/mL penicillin, and 10 μg/mL streptomycin. Cells were usually plated at a density 

of 7 × 105 cells/mL (HeLa) or 3 × 105 cells/mL (HL-60 and U-937) into 25 cm2 culture 

flasks (TPP) and were kept under a humidified atmosphere containing 95% air and 5% 

CO2 at 37 °C (ICO105 incubator, Memmert). Their viability was routinely tested by the 

Trypan-blue exclusion method.  

 

3.6.2. Cell treatment 

In order to test the different complexes and ligands synthesized, it was necessary 

to prepare solutions of those complexes in solvents in which they had enough solubility. 

For that reason, solutions of 5 mM of complexes were prepared in DMF, except for 

complexes with methyl substituents which were prepared in DMSO. For these last ones, 

suspensions were obtained due to the low solubility of these four complexes. 

Treatments used covered from 1 to 100 µM and CisPt was included as positive 

control for Pt(II) complexes. To consider the solvent effect, a control with DMF or DMSO 

was used (vehicle), being the final concentrations of these solvents lower than 0.5% (v/v). 
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3.6.3. Cell viability testing 

The cytotoxic effects of the different compounds were evaluated on the three cell 

lines selected by means of the CellTiter 96 AQueous One Solution Cell Proliferation 

Assay, which is based on the reduction of MTS. Cells were seeded in 96-well plates at a 

density of 8 × 103 cells/well (HeLa), 1.5 × 104 cells/well (U-937) or 2.5 × 104 cells/well 

(HL-60) and regularly treated during 24 h. In addition, 48 and 72h incubation times were 

also used for the testing of some complexes (PdPzTn, PdPzTz, PdDPhPzTn and 

PdDPhPzTz) in HeLa cells. After treatment, assays were performed by adding 10 μL of 

the CellTiter 96 AQueous One Solution Reagent directly to culture wells, incubating for 

15 min (HeLa), 1 h (U-937) or 2 h (HL-60) at 37 °C. Then, the absorbances were recorded 

on a microplate reader (Infinite M200; Tecan) at a test wavelength of 490 nm and a 

reference wavelength of 650 nm to subtract background. All analyses were run in 

triplicate. The cell viability was calculated as percentage of control values (untreated 

samples).  

 

3.6.4. Apoptosis determination 

Induction of apoptosis was determined using an annexin V-FITC apoptosis 

detection kit (BD Biosciences), as reported elsewhere [251]. Briefly, stimulated or resting 

HeLa cells were harvested by trypsinization (2 × 105 cells/mL), washed twice with PBS, 

and centrifuged at 500 ×g for 5 min; then the supernatant was discarded, and the pellet 

was resuspended in 200 μL of binding buffer containing 5 μL of annexin V-FITC. Cells 

were incubated for 10 min at room temperature, washed twice, and finally resuspended 

in 200 μL of binding buffer containing 2 μL of PI. Double-stained cells were immediately 

analyzed by a MACS-Quant X flow cytometer (Miltenyi Biotech). Annexin V-FITC was 

excited with 488 nm laser and its fluorescence was acquired through 525/50 nm band-

pass (BP) filter, while PI was excited with 488 nm laser and its fluorescence was acquired 

through 585/40 nm BP filter. Ten thousand events/cells were analyzed per condition. Each 

sample was tested eight times in independent experiments.  

 

3.6.5. Reactive oxygen species determination 

HeLa cells were seeded in 6-well plates at a density of 2 × 105 cells/well. After 

treating cultures for 4 h, assays were performed by incubating cells (30 min, 37 °C) with 
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0.4 μM DCFH-DA, which allows to determine intracellular ROS production. Flow 

cytometry analysis was performed using a MACSQuant Analyzer 10 flow cytometer 

(Miltenyi Biotech). DCF was excited with 488 nm laser and its fluorescence was acquired 

through 525/50 nm BP filter. Analysis of ROS production was restricted to live cells that 

were detected by using the vital dye Hoechst 33258 (10 μg/mL), which was excited with 

405 nm laser and its fluorescence acquired through 450/50 nm BP filter. Ten thousand 

events/cells were analyzed per condition. Each sample was tested four times in 

independent experiments. Data were presented as percentage of DCF stained cells. 

 

3.6.6. Inductively coupled plasma mass spectrometry accumulation 

To quantify the metal accumulation inside the cells, HeLa cells were seeded in 100 mm 

Petri dishes at a density of 2 × 106 cells. After 24 h, cells were treated with IC50 of the 

complexes for 4 h. Then, cells were trypsinized, washed twice with PBS, and centrifuged 

at 500 ×g for 5 min. Finally, the supernatant was discarded, and the cell pellet was 

resuspended in 1 mL of Radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 

50 mM Tris-Cl pH 7.4, 1% Triton-X100, 0.5% sodium deoxycholate, and 0.1% SDS). 

Afterwards, the different samples were digested with 65% HNO3 at room temperature 

and analyzed by inductively coupled plasma mass spectrometry (ICP-MS 7900, Agilent 

Technologies, Madrid, Spain). 

 

3.6.7. Intercalation assay 

DNA intercalation was assessed by examining the ability of the compounds to 

unwind supercoiled DNA or displace topoisomerase I from the DNA groove. To do so, 

DNA unwinding assay kit (Inspiralis) was used following manufacturer’s instructions. 

Briefly, 0.5 μg of DNA (supercoiled or relaxed pBR322) were added to 15 μL of 2× assay 

buffer (50 mM Tris-HCl (pH 7.9), 1 mM EDTA, 1 mM DTT, 20% (v/v) glycerol, 50 mM 

NaCl) and then incubated with the compounds or the vehicle (negative control) for 5 min 

at room temperature. Afterwards, 2 μL of 1× dilution buffer (50 mM Tris-HCl (pH 7.9), 

1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol, 500 mM NaCl) and 2 μL of wheat germ 

Topoisomerase I were added to initiate unwinding and samples were incubated at 37 °C 

for further 30 min. Reactions were terminated by addition of 20 μL of water and 50 μL of 

butanol. Reactions were separated on 1% (w/v) agarose gel in 1× TBE buffer and gel was 
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run at 80 V for approximately 4 h, stained with ethidium bromide, and visualized with a 

gel documentation system (ChemiDoc XRS+ System, Bio-Rad). 

 

3.6.8. Statistical analysis  

Data were presented as mean ± standard deviation (SD). To compare the different 

treatments, statistical significance was calculated by one-way analysis of variance 

(ANOVA) followed by Tukey’s test or Dunnett’s test, as indicated in figure legends. IC50 

values obtained from the dose-response curve of each compound were calculated by 

fitting the curve to the data using nonlinear regression to generate a four-parameter 

sigmoid dose-response equation. P <0.05 was considered to indicate a statistically 

significant difference. The statistics software used was GraphPad Prism 7.04 (GraphPad 

Software, San Diego, CA, USA) for Windows. 

 

3.7. EXPERIMENTAL DESIGN OF NANOPARTICLES 

3.7.1. Synthesis of nanoparticles 

For the synthesis of MSN and further functionalization and characterization, the 

preestablished protocols of the group I was working with during my short internship in 

Germany (Institute of Inorganic Chemistry II, Ulm, Germany) were followed. The 

reagents and equipment necessary for that process were provided by the hosting lab. In 

addition, dendritic mesoporous organosilica nanoparticles (DMON) were also supplied 

by the hosting lab. 

 

3.7.1.a. Synthesis of mesoporous silica nanoparticles 

For the synthesis of MSN, 14 g of cetyltrimethylammonium bromide (CTAB) 

were mixed at 300 rpm during 45 min with 1280 g of methanol and 1920 g of MilliQ 

water. Then, the speed was up to 550 rpm while adding 4.8 mL of tetramethyl orthosilicate 

(TMOS) and left under agitation during 15 min. After that time, 9.12 mL of NaOH 1 M 

were added and stirred. After 1 h of agitation, the speed was down to 300 rpm to stir 

overnight. 

The mixture was added to a beaker with 1 L of acetone and was agitated at 700 

rpm for 15 min. Then, it was necessary to leave the solution to precipitate. Once the 

supernatant was clear, it was removed until half liter was left. The rest was centrifuged in 
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bottles at 10 ºC and 10000 rpm for 10 min. Once the supernatant was carefully removed 

by decantation, MilliQ water was added to wash the particles. This process implicates to 

sonicate the particles in water for 10 min and centrifugate again at the same conditions as 

the previous one. The process was repeated twice with water and twice with ethanol. 

Then, the particles were dried overnight in the oven at 60 ºC. Finally, the particles were 

grinded with a quartz mortar and retained in a ceramic plate, which was kept in the oven 

during 16-18 h at 550 ºC reached gradually (1 K/min) to calcinate the particles. Last step 

was to dry them on vacuum overnight at 100 ºC. 

 

3.7.1.b. Amino functionalization of MSN 

For the amino functionalization of the previously synthesized MSN, 403 mg of 

them were weighted and mixed with 80 mL of toluene dehydrated. After 30 min of 

ultrasound, 242 µL of (3-aminopropyl)triethoxysilane (APTES) previously dissolved in 

7 mL of toluene were added. The mixture was kept in the oven at 85 ºC under agitation 

at 300 rpm overnight. Then, the mix was centrifuged at 10000 rpm and 10 ºC for 10 min. 

The supernatant was removed and replaced with toluene and a little amount of water and 

sonicated for 10 min before centrifuged again. Then, the particles were washed twice with 

MilliQ water and twice with ethanol like it was done for the MSN synthesis. After the 

washing steps, the particles were dried at 60 ºC at the vacuum during 24 h, and then 

grinded and kept on a vial.  

 

• ATTO-647N NSH ester functionalization of MSN-NH2 

For the fluorescent functionalization of the previously synthesized MSN-NH2, 

ATTO-S47N NSH ester was selected due to its strong absorption, high photostability, and 

high fluorescence quantum yield. For the synthesis of MSN-NH2-ATTO, 100 mg of 

MSN-NH2 particles were mixed with 10 mL of 7.2 pH HEPES 25% (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) and dispersed in Covaris S220 (Covaris Ltd, Brighton, 

United Kingdom) for 10 min. Then, 100 µL of ATTO dye were added and incubated 

during 1 h in the dark under rotation. After a centrifugation at 6000 rpm for 10 min, the 

sample was dispersed in absolute ethanol during 10 min in Covaris and then centrifuged 

at 6000 rpm during 10 min. This process was repeated two times. Finally, the particles 

were dried at 60 ºC at the vacuum overnight. During this process the MSN-NH2 particles 
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turn from a whitish to an intense blue color, which indicates that the MSN-NH2-ATTO 

particles have been achieved.  

 

3.7.1.c Carboxy functionalization of MSN 

For the carboxy functionalization of the previously synthesized MSN, 404 mg of 

them were weighted and mixed with 100 mL of 7.2 pH HEPES 25%. After 6 min of 

dispersion in Covaris S220 (Covaris Ltd, Brighton, United Kingdom), the sample was 

mixed manually. Then, 910 µL of carboxyethyl silanetriol in aqueous solutions was added 

and kept under movement in a rotary wheel for three hours. After a centrifugation at 10 

ºC and 10000 rpm for 10 min, the particles were washed with MilliQ water and twice 

with ethanol like was done for the MSN synthesis. After the washing steps, the particles 

were dried at 60 ºC at the vacuum during 24 h, and the grinded and kept on a vial. 

 

3.7.2. Encapsulation of complexes in MSN-NH2-ATTO 

For the encapsulation of PtPzTn, PtPzTz, PtDPhPzTn, PtDPhPzTz, PdDPhPzTn 

and PdDPhPzTz in the MSN-NH2-ATTO previously synthesized and characterized, 50 

mg of particles were dispersed in 5 mL of cyclohexane for 1 min. Then, 5 mL of a solution 

of the corresponding complex (10 mg in 5 mL of dichloromethane) were added. After an 

incubation of 3 h in a rotary wheel in the dark, particles were centrifuged at 6000 rpm 

during 30 min. Then, particles were washed with diethyl ether, firstly dispersed for 10 

min and then centrifuged for 15 min. Finally, particles with a blue color were obtained 

and dried in a vacuum at room temperature overnight.  

 

3.7.3. Characterization of nanoparticles 

The characterization of synthesized and functionalized nanoparticles was made 

through different techniques, which would be indicated in the next subsections.  

 

3.7.3.a. Physisorption measurements 

Physisorption or physical gas adsorption using BET (Brunauer, Emmett and 

Teller) and NLDFT (non-local density functional theory) is used to obtain the specific 

surface area, pore size distribution and pore volume of adsorbents. Adsorption and 
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desorption isotherms were obtained using nitrogen as an adsorptive at cryogenic 

conditions.  

Once the synthesized particles were heated and vacuumed, nitrogen sorption 

measurements were conducted on a Quadrasorb–1 (Quantachrome Instruments, Germany) 

at −196 °C. The specific surface areas were determined using the BET method, pore 

diameters were determined using the equilibrium NLDFT kernel (silica, cylindrical pores) 

in a relative pressure range of 0–0.9. 

 

3.7.3.b. Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a technique that uses an electron 

beam to image a nanoparticle sample. For sample preparation, a pint of a spatula of the 

nanoparticles sample was solved in 500 µL of ethanol. A drop of the solution was 

deposited in a carbon-supported grid for further observation once the sample was dried. 

A Jeol 1200 (Jeol, Germany) TEM using a HT voltage of 120 kV and a beam current of 

65 µA was used. Grey-scale images of the electron diffraction patterns were obtained via 

fast Fourier transformation (FFT) using the FFT plug-in of ImageJ version 1.52n.  

 

3.7.3.c. Thermogravimetric analysis  

Thermogravimetric analysis (TGA) provides information about physical 

phenomena of samples, such as phase transitions, adsorption and desorption as well as 

chemisorption, thermal decomposition, and solid-gas reactions. This is produced through 

the changes of the mass of sample over time with increasing temperature.  

Once the adsorption of complexes was done, and after drying the samples in the 

vacuum at room temperature overnight, the particles were measured on a TG209 F1 Libra 

(Netzsch, Germany) at a heating rate of 10 °C min−1 in nitrogen/oxygen (70%/30%) 

atmosphere. 

 

3.7.3.d. Z-potential 

Zeta-potential is a determination of the effective electric charge on the 

nanoparticle's surface. When nanoparticles have a net surface charge, this is screened by 

the concentration of ions of opposite charge near the nanoparticle surface. 

https://nanocomposix.com/kb/general/characterization-techniques#tem
https://www.sciencedirect.com/topics/chemistry/electron-diffraction
https://www.sciencedirect.com/topics/chemistry/fourier-transform
https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Adsorption
https://en.wikipedia.org/wiki/Desorption
https://en.wikipedia.org/wiki/Chemisorption
https://en.wikipedia.org/wiki/Thermal_decomposition
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Zeta-potentials were measured three times with a Zetasizer NanoZS Zen3600 

(Malvern Panalytical, Germany) in aqueous HEPES buffer (25 mM, pH 7.2) using a 

particle concentration of 0.1 mg mL−1.  

 

3.7.4. Biological testing 

To perform the biological testing described next, HeLa cell line was selected. In 

addition, solutions of 1 mg/mL particles in DMEM were made as mother solutions for 

these experiments. Both the remaining particles and solutions were kept in a -80 ºC 

ultrafreezer.   

 

3.7.4.a. Cellular internalization and distribution 

Cellular internalization and distribution were studied via confocal microscopy. To 

do that, HeLa cells were seeded in µ-Slide 8 well ibiTreat chambered coverslips (Ibidi, 

Martinsried, Germany) at a density of 1.5 × 104 cells. After 24 h, cells were treated with 

10 µg/mL of MSN-NH2-ATTO-PtPzTn or MSN-NH2-ATTO-PtDPhPzTz during 24 h. 

Then, MSN-challenged cells were counterstained with DAPI (nuclear staining), 

MitoTracker Green FM (mitochondria staining) and/or BODIPY FL C5-sphingomyelin 

(Golgi/plasma membrane staining) to study the subcellular distribution of the 

nanoparticles. Finally, the samples were imaged with a spectral multiphoton confocal 

microscope (FV1000, Olympus). Fluorescence analysis was done using the FV10 

software (Olympus). 

 

3.7.4.b. Apoptosis determination 

Apoptosis induction was analyzed as previously described in the section 3.6.4. 

Apoptosis determination. This time, the density of HeLa cells was 6 × 104 cells/mL and 

the concentration of nanoparticles was 200 µg/mL. The rest of the process was performed 

as described previously, except for the substitution of the 2 µL of PI for 2 µL Hoechst 

33258, due to the interaction of PI with the ATTO dye. 

 

3.7.4.c. Cellular uptake 

It was studied as previously described in the section 3.6.6. Inductively coupled 

plasma mass spectrometry accumulation. This time, HeLa cells were seeded in 100 mm 
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Petri dishes at a density of 5 × 106 cells. After 24 h, cells were treated with 100 µg/mL of 

the loaded nanoparticles for 4 h. The rest of the process was performed exactly as 

described before. 

 

3.7.4.d. Release analysis 

A metal leaching study was performed to determine the concentration of Pt or Pd 

species in simulated body fluid (pH 7.4 PBS buffer). For that, 200 µg of the loaded 

nanoparticles were suspended in 1 mL of PBS buffer and incubated at 37 °C in an orbital 

shaker incubator (Optic ivymen system, Comecta) under rotation during 4 and 24 h. Then, 

the samples were centrifuged at 14000 rpm and room temperature. The supernatant was 

conserved and analyzed by ICP-MS to determine the quantity of Pt or Pd leached during 

the incubation. Experiments were run in duplicate.
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4. RESULTS 

4.1. ANALOGS OF CISPLATIN WITH PLATINUM AS METAL CENTER 

As it was previously described in section 3. Materials and methods, six complexes 

have been synthesized with platinum as metallic center. In this section, the results 

obtained from the characterization techniques used and the biological testing performed 

are exposed and analyzed. It is important to mention that elemental analysis, X-ray 

diffraction and IR analysis are not included for PtPzTn and PtPzTz since they were 

formerly described in the Final Master Thesis of Felipe de la Cruz Martínez [186], as 

previously mentioned. 

 

4.1.1. Characterization from Pt(II)/Ligand systems 

4.1.1.a. Elemental analysis 

Elemental analysis for the solid phases of Pt(II) complexes are shown in Table 4.1, 

where it can be also seen the calculated values from the empiric formula. A good 

concordance between data could be observed.  

 

Table 4.1. Elemental analysis data for Pt(II) complexes. 

 

  %C %H %N %S Empiric formula 

PtDMPzTn 
Experimental 23.61 2.85 8.83 7.20 

C8H11Cl2PtN3S 
Calculated 23.43 2.85 9.12 6.95 

PtDMPzTz 
Experimental 21.57 2.51 9.22 7.19 

C9H13Cl2PtN3S 
Calculated 21.48 2.48 9.40 7.17 

PtDPhPzTn 
Experimental 37.78 2.57 7.45 5.45 

C18H15Cl2PtN3S 
Calculated 37.84 2.65 7.35 5.61 

PtDPhPzTz 
Experimental 38.32 2.89 7.38 5.15 

C19H17Cl2PtN3S 
Calculated 38.97 2.93 7.18 5.48 

 

 

4.1.1.b. Crystal structures 

As it was previously mentioned, monocrystals suitable for X-ray diffraction 

analysis were obtained for PtDMPzTn, PtDMPzTz, PtDPhPzTn and PtDPhPzTz. In Table 

4.2, it can be found the main information of the examined crystals, the data collection and 

refinement details. 
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Table 4.2. Crystal information, data collection and refinement details for PtDMPzTn, PtDMPzTz, 

PtDPhPzTn and PtDPhPzTz. 

 

 PtDMPzTn PtDMPzTz PtDPhPzTn PtDPhPzTz 

Crystal shape Needle Plate Plate Prism 

Colour Yellow Yellow Orange Orange 

Size (mm) 0.070.030.02 0.060.040.02 0.17x0.16x0.06 0.18x0.13x0.06 

Chemical 

formula 
C8H11Cl2N3PtS C9H13Cl2N3PtS C18H15Cl2N3PtS 

C19H17Cl2N3PtS·

C2H3N 

Formula weight 447.25 461.27 571.38 626.46 

Crystal system Monoclinic Orthorhombic Triclinic Triclinic 

Space group P 21/c P b c a P1̅ P1̅ 

Unit cell 

dimensions 
    

a (Å) 17.9683(9) 7.4526(3) 9.3943(7) 9.5617(7) 

b (Å) 7.3231(4) 17.5917(7) 9.6599(8) 11.1072(9) 

c (Å) 17.3899(8) 18.3353(8) 11.7278(10) 11.4558(9) 

α (°) 90 90 68.234(3) 66.525(3) 

β (°) 91.123(2) 90 76.018(3) 77.155(3) 

γ (°) 90 90 64.339(3) 74.355(3) 

Cell volume 

(Å3) 
2287.8(2) 2404.22(17) 886.73(13) 1065.48(15) 

Z 8 8 2 2 

Dcalc (g cm-3) 2.597 2.549 2.140 1.953 

µ (mm-1) 12.884 12.265 8.337 6.949 

F(000) 1664 1728 544 604 

θ range 2.583-26.494 2.315-28.279 2.417-30.504 2.231-30.506 

Index ranges 

-22h22, 

0k9, 

0l 21 

-9h9, 

-23k23, 

-24l 24 

-13h13, 

-13k13,-16l 

16 

-13h13, 

-15k15,-16l 

16 

Temperature 100 100 100 100 

Independent 

Reflections 
8082 2979 5421 6502 

Observed 

reflections 
6475 2228 5195 6256 

No. of refined 

parameters 
253 141 226 263 

R [F>4.0 σ(F)] 0.0597 0.0290 0.0153 0.0123 

wR [F>4.0 

σ(F)] 
0.14 0.0520 0.037 0.036 

GOF 1.051 1.027 1.057 0.974 

𝜌max, 𝜌min (e Å-3) 4.442, -3.043 1.090, -1.209 0.992, -1.601 0.518, -0.688 



Elena Fernández Delgado  4. Results 

67 

 

The metal complexes showed crystal structures that consist of monomeric units of 

[PtCl2L] (L= DMPzTn, DMPzTz and DPhPzTn) or [PtCl2L]·C2H3N (L= DPhPzTz,), as 

can be observed in the molecular structures presented in Figure 4.1. In the case of 

PtDMPzTn, there were two types of independent molecules in the unit cell. The 

coordinated geometry around Pt(II) for the complexes was slightly distorted square-

planar with the dihedral angles between Cl(1)-Pt-Cl(2) and N(1)-Pt-N(3) being lower than 

7º. Data corresponding to dihedral angles can be found in Table 4.3. The Pt(II) ion was 

joined to two chlorines in cis disposition and a ligand molecule, which acted as bidentate 

and formed a chelate ring of five members. The ligand was coordinated to platinum 

through the nitrogen of pyrazole cycle and the nitrogen of 2-thiazoline ring for complexes 

PtDMPzTn and PtDPhPzTn, and through the nitrogen of 1,3-thiazine ring for complexes 

PtDMPzTz and PtDPhPzTz. The selected interatomic distances and angles are listed in 

Table 4.4. 

 

 

PtDMPzTn PtDMPzTz 

 

 

PtDPhPzTn PtDPhPzTz 

Figure 4.1. Crystal structure of PtDMPzTn, PtDMPzTz, PtDPhPzTn and PtDPhPzTz. 
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Table 4.3. Dihedral angles (°) between the planes Cl(1)-Pt-Cl(2) and N(1)-Pt-N(3) in Pt(II) 

complexes and torsion angles (°) for Pt(II) complexes and their respective ligands. 

 

 Dihedral angle between 

Cl(1)-Pt-Cl(2) and N(1)-Pt-N(3) 
Torsion angle S-C(1)-N(2)-N(3) 

PtDMPzTn 2.27 / 2.72 -178.95 / -176.82 

DMPzTn  - 

PtDMPzTz 4.44 -173.7(4) 

DMPzTz  - 

PtDPhPzTn 4.66 -163.8(1) 

DPhPzTn  0.6 (2) 

PtDPhPzTz 6.18 -159.1(1) 

DPhPzTz  -50.7(2) 
 

*DMPzTn and DMPzTz are oils, so X-ray diffraction data are not available. 

 

 
Table 4.4. Selected bond distances (Å) and angles (°) for Pt(II) complexes. 

 

 PtDMPzTn PtDMPzTz PtDPhPzTn PtDPhPzTz 

Pt-Cl(1) 2.287(4) 2.296(1) 2.299(1) 2.294(1) 

PtA-Cl(1)A 2.303(4)    

Pt-Cl(2) 2.299(3) 2.298(1) 2.290(1) 2.298(1) 

PtA-Cl(2)A 2.288(3)    

Pt-N(1) 1.984(14) 2.022(4) 1.995(2) 2.018(1) 

PtA-N(1)A 1.992(13)    

Pt-N(3) 2.022(11) 2.003(4) 2.019(2) 2.006(1) 

PtA-N(3)A 2.024(11)    

Cl(1)-Pt-Cl(2) 89.3(1) 87.5(1) 89.56(2) 88.25(2) 

Cl(2)A-PtA-Cl(1)A 87.9(1)    

N(1)-Pt-Cl(1) 176.9(3) 175.4(1) 174.50(5) 174.84(4) 

N(1)A-PtA-Cl(1)A 177.6(3)    

N(1)-Pt-Cl(2) 93.6(3) 95.3(1) 93.84(5) 95.09(4) 

N(1)A-PtA-Cl(2)A 94.2(3)    

N(1)-Pt-N(3) 79.6(5) 79.8(2) 78.84(7) 79.49(5) 

N(1)A-PtA-N(3)A 78.9(5)    

N(3)-Pt-Cl(1) 97.6(4) 97.5(1) 97.85(5) 97.46(4) 

N(3)A-PtA-Cl(1)A 99.1(4)    

N(3)-Pt-Cl(2) 172.8(4) 174.7(1) 172.54(5) 173.03(4) 

N(3)A-PtA-Cl(2)A 172.8(4)    
 

Pt-Cl bond lengths were similar for the four examined complexes and slightly 

longer than Pt-N bond lengths, as can be seen in Table 4.4. Furthermore, after an 

exhaustive research on Cambridge Structural Database (CSD, version v5.44, Jun 2023) 

[252], it was checked that all the Pt-Cl distances were in the same order as the mean 
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values for squared-planar cis-complexes with a Cl2N2 coordination environment around 

Pt(II) [2.299(17) Å for 665 Pt(II) complexes]. This was also true for Pt-Npyrazole bond 

distances, which were similar to the mean value calculated for squared-planar complexes 

with Pt(II) in a Cl2N2 coordination environment [2.007(24) Å for 34 Pt(II) complexes] in 

CSD [252], especially for complexes with thiazoline rings, being slightly larger in the 

case of complexes with thiazine rings. As for the Pt-Nthiazoline bond distance, it was a bit 

shorter than the average values calculated for this type of bonds in CSD [252]: 2.106(38) 

Å for 5 Pt(II) complexes; occurring the same way for Pt-Nthiazine bond distance, which 

was also a little shorter than the mean value calculated in CSD [252]: 2.082(31) Å for 11 

Pt(II) complexes. 

Regarding the arrangement of the organic ligands in the Pt(II) complexes, the 

thiazoline and thiazine rings rotated around C(1)-N(2) bond so that the N(1) and N(3) 

atoms were on the same side in order to coordinate simultaneously to Pt(II) ions. To prove 

this, the values of the corresponding torsion angles of the complexes and their free ligands 

are shown in Table 4.3. 

Respect to the interactions produced in these complexes, both PdDMPzTn and 

PdDMPzTz showed π-π stacking interactions between pyrazole rings, and PtDPhPzTn 

displayed parallel displaced aromatic interactions between phenyl rings. The values and 

a representation of these interactions could be found in Figure 4.2 and Table 4.5. 
 

 

  
PtDMPzTn PtDMPzTz 

 

PtDPhPzTn 

 

Figure 4.2. Aromatic interactions in PtDMPzTn, PtDMPzTz and PdDPhPzTn. 
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Table 4.5. Aromatic interactions in PtDMPzTn, PtDMPzTz and PtDPhPzTn. 

 

 Type of 

interaction 
ANG DC DZ DZ’ DS ANGS 

PtDMPzTn 
π-π stacking 

(pyrazole rings) 

1.82 4.375 3.447 3.407 3.268 86.57 

1.82 4.250 3.431 3.509 3.465 80.66 

PtDMPzTz 
π-π stacking 

(pyrazole rings) 
0.83 3.922 3.526 3.508 3.827 76.72 

PtDPhPzTn 
T type  

(phenyl rings) 
64.39 5.203 4.511 1.099 3.222 138.03 

 

4.1.1.c. Infrared spectroscopy 

The coordination of a metallic ion to a ligand produces the formation of metal-

ligand bonds and variation in the energy of the free ligand bonds. These changes due to 

the metal-ligand bonds generate the displacement of the ligand bands due to the 

coordination. A comparison between the IR spectra of the free ligand and its 

corresponding complex could provide information about what ligand atoms are 

implicated in the metal coordination, which allow to confirm the structure of the 

complexes. 

For that reason, a comparison of the most relevant signals corresponding to the 

pyrazole, thiazine and thiazoline ring vibrations of the free ligands [176,179,184] and 

their complexes can be found in Table 4.6 and Table 4.7. Additionally, the IR spectra in 

4000-400 cm-1 region of PtDMPzTn, PtDMPzTz, PtDPhPzTn and PtDPhPzTz can be 

observed in Figure 4.3-Figure 4.6. 

 

Table 4.6. IR spectral assignments (cm-1) for PzTn, PtPzTn, DMPzTn, PtDMPzTn, DPhPzTn and 

PtDPhPzTn. 

 

 PzTn PtPzTn DMPzTn PtDMPzTn DPhPzTn PtDPhPzTn 

W1[(C=N)] 1641 1596 1635 1600 1639 1587 

Pyrazole 

ring 

vibrations 

1514 1518 1574 1568 1560 1555 

1382 1413 1410 1417 1408 1412 

1350 1359 1387 1381 1319 1319 

991 1004 970 977 1000 998 
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Table 4.7. IR spectral assignments (cm-1) for PzTz, PtPzTz, DMPzTz, PtDMPzTz, DPhPzTz and 

PtDPhPzTz. 

 

 PzTz PtPzTz DMPzTz PtDMPzTz DPhPzTz PtDPhPzTz 

Ψ1[(C=N)] 1635 1606 1639 1592 1639 1606 

Pyrazole 

ring 

vibrations 

1510 1527 1566 1562 1548 1556 

1419 1437 1411 1405 1406 1404 

1386 1416 1375 1387 1303 1314 

1327 1373 1315 1346   

995 1003 981 995 998 1006 
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Figure 4.3. IR spectrum of PtCl2(DMPzTn) in 4000-400 cm-1 region. 



4. Results  Elena Fernández Delgado 

72 

 

4000 3000 2000 1000
Wavenumber (cm-1)

55

60

65

70

75

80

85

90

95
%

T
ra

n
s
m

it
ta

n
c
e

 
 

Figure 4.4. IR spectrum of PtCl2(DMPzTz) in 4000-400 cm-1 region. 
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Figure 4.5. IR spectrum of PtCl2(DPhPzTn) in 4000-400 cm-1 region. 
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Figure 4.6. IR spectrum of PtCl2(DPhPzTz) in 4000-400 cm-1 region. 

 

The IR spectra of all Pt(II) complexes showed that ν(C=N) vibration from thiazine 

and thiazoline rings are shifted to a lower wavenumber in the complexes compared to 

their respective ligands. It has been found that the tension vibration of the C=N band can 

be shifted to lower frequencies when it is part of a chelate ring due to an increase in 

conjugation therein. This occurs because of back-coordination in the metal to ligand 

direction, which counteracts the loss of electron density on the donor nitrogen atom in the 

C=N bond. 

On the other hand, the stretching vibrations from pyrazole ring vibrations for 

PtPzTn and PtPzTz were shifted to higher wavenumbers than their respective ligands, 

while for PtDPhPzTn and PtDPhPzTz this occurred to a lesser extent probably due to 

some electron transfer by inductive effect of the phenyl rings to the pyrazole ring. In the 

case of PtDMPzTn and PtDMPzTz, they did not show a well-defined pattern, which can 

be explained by the presence of the methyl substituents. These frequency shifts in the IR 

spectra of the platinum complexes confirmed their coordination to the metal ion through 

the nitrogen atoms of both heterocycles [179,184]. 

 

4.1.1.d. 1H Nuclear magnetic resonance spectroscopy 

The 1H NMR spectral data of Pt(II) complexes in deuterated DMF can be seen in 

Figures 4.7-4.10. The position and assignation of the signals can be found in Table 4.8 
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and Table 4.9, both for the complexes and for the ligands, in order to clearly identify de 

displacements between them, which confirmed de coordination of the metal ion to the 

ligand. 

As it was indicated previously, the data for PtDMPzTn and PtDMPzTz could not 

be obtained due to their low solubility.  

 

Table 4.8. 1H NMR spectral data for PzTn, PtPzTn, DPhPzTn and PtDPhPzTn in DMF-d7 solvent. 
 

N

N

N S

2 3

6

8

9

11

12

7

4 5

13

14
15

16

17
18

1

10
 

 N-CH2 S-CH2 H(4) H(5) H(6) H(8-18) 

PzTn 4.34 3.58 8.40 6.60 7.81 - 

PtPzTn 4.47 4.20 9.08 7.11 8.29 - 

DPhPzTn 4.19 3.51 - 7.20 - 7.46-8.08 

PtDPhPzTn 4.42 3.87 - 7.19 - 7.49-7.86 

 

 

Table 4.9. 1H NMR spectral data for PzTz, PtPzTz and DPhPzTz, PtDPhPzTz in DMF-d7 solvent. 
 

N

N
7

9

10

12

13

8

5 6

14

15
16

17

18
19

1

11

SN

2

3

4

 

 N-CH2 H2(3) S-CH2 H(5) H(6) H(7) H(9-19) 

PzTz 3.83 1.92 3.21 8.33 6.50 7.69 - 

PtPzTz 4.20 2.27 3.61 8.95 7.05 8.27 - 

DPhPzTz 3.65 1.91 3.31 - 7.16 - 7.47-8.01 

PtDPhPzTz 4.25 2.31 3.30 - 7.12 - 7.48-7.85 
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The results of the 1H NMR spectral data comparison for the four ligands and its 

complexes showed in Table 4.8 and Table 4.9 denoted that signals are shifted to downfield 

respect to free ligands. These differences indicate that, in the complexes, the organic 

ligand was coordinated to metal ion in DMF solution. Thus, the highest value of shifts for 

the CH2-Nthiazine signal in PtDPhPzTz respect to free ligand was in accordance with the 

fact that the coordination in this complex took place through the nitrogen atom of the 

thiazine ring to the metal ion. However, for the other platinum complexes, apart from the 

displacement of the hydrogen signals belonging to the methylene groups attached to the 

nitrogen atom of the S,N heterocycles, a displacement of the hydrogen signals 

corresponding to the methylene groups attached to the sulfur atom was observed. This 

can be explained by the loss of electron density in the sulfur atom due to the increase of 

the double bond character of the carbon-sulfur linkage because of the extension of 

conjugation in the chelate ring to the sulfur atom. These electronic redistributions in the 

heterocyclic rings as a result of coordination were in agreement with the length increase 

of the C(1)-N(1) bonds and the length decrease of the C(1)-N(2) and C(1)-S bonds in the 

complexes with respect to non-coordinated ligands.  

These findings of NMR spectroscopy in DMF solution suggested that the platinum 

complexes remained intact in solution. Additionally, the complexes were kept in solution 

for 21 days before being measured by NMR again (data not included), showing the high 

stability of these complexes in the DMF medium.  
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Figure 4.7. 1H NMR spectrum of PtCl2(PzTn) in DMF-d7. 

 

 

 
Figure 4.8. 1H NMR spectrum of PtCl2(PzTz) in DMF-d7. 
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Figure 4.9. 1H NMR spectrum of PtCl2(DPhPzTn) in DMF-d7. 

 

 

 
 

Figure 4.10. 1H NMR spectrum of PtCl2(DPhPzTz) in DMF-d7. 
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4.1.2. Biological testing from Pt(II)/Ligand system 

4.1.2.a. Cell viability 

The cytotoxic potential of all the synthesized Pt(II) complexes was assessed 

against three selected human tumor cell lines (HL-60, U-937, and HeLa), which were 

challenged with increasing concentrations (0-100 μM) of the compounds and CisPt for 

24 h. As can be observed in Figure 4.11 and Table 4.10, data obtained showed that Pt(II) 

compounds had a potent cytotoxicity towards leukemic cell lines HL-60 and U-937, 

among which PtDPhPzTn and PtDPhPzTz displayed higher antiproliferation effects 

compared to CisPt in both leukemic cell lines. In fact, PtDPhPzTn and PtDPhPzTz were 

tested in concentrations from 0-10 μM in the two lines mentioned due to its high 

cytotoxicity. Particularly, the cytotoxic effect of PtDPhPzTn and PtDPhPzTz with IC50 

values of 3.23 ± 0.34 μM and 2.75 ± 0.29 μM, respectively, was two-fold lower than that 

of cisplatin in U-937 cells. A similar trend was found in HL-60, with PtDPhPzTn and 

PtDPhPzTz depicting the highest cytotoxic effect. Furthermore, PtPzTn and PtPzTz were 

able to significantly reduce the cell viability of the leukemic cells HL-60 and U-937 at 

moderately higher concentrations. On the other hand, PtDMPzTn and PtDMPzTz showed 

moderate cytotoxicity on non-solid tumor HL-60 and U-937 cell lines, presenting lower 

IC50 values for PtDMPzTn in both cases. However, in HeLa cells, neither PtPzTn, PtPzTz, 

PtDMPzTn nor PtDMPzTz exhibited cytotoxic potential (IC50 values >100 µM), while 

PtDPhPzTn and PtDPhPzTz showed a cell killing ability comparable to that of CisPt (IC50 

values were 12.15 ± 0.89 µM and 14.09 ± 1.17 µM, respectively). Likewise, none of the 

free ligands produced significant effects in cell viability of U-937 and HL-60 cells, 

whereas DPhPzTn and DPhPzTz only affected cell viability of HeLa cells at the highest 

dose, i.e., 100 µM (Figure A.7 and Table A.3). These findings indicated that HL-60 and 

U-937 leukemic cells were more sensitive than HeLa cells to all six Pt(II) complexes. 

Therefore, given that HeLa were the most resistant cells to the different compounds and 

the remarkable differences observed in this cell line between PtDPhPzTz and PtDPhPzTn 

and their analogs without phenyl groups, the subsequent experiments were carried out in 

such cellular model derived from a solid tumor. 
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Figure 4.11. Cytotoxic effect of Pt(II) complexes. HL-60 (A), U-937 (B) and HeLa (C) cell 

lines were challenged with concentrations from 0-100 μM of cisplatin (CisPt), the six Pt(II) 

complexes, namely PtPzTn, PtPzTn, PtDMPzTn, PtDMPzTz, PtDPhPzTn and PtDPhPzTz, or 

the vehicle (DMF or DMSO) for 24 h. Values are presented as means ± SD (n = 6) and depicted 

as percentage over untreated samples. *P < 0.05 vs. control (0.5% DMF or DMSO). (Dunnetts’s 

test). 
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Table 4.10. Cytotoxic effect of PtPzTn, PtPzTz, PtDMPzTn, PtDMPzTz, PtDPhPzTn and 

PtDPhPzTz and their respective ligands towards selected tumor cell lines. 

 HeLa HL-60 U-937 

CisPt 16.08 ± 1.01 ª 11.32 ± 1.04 b 7.89 ± 0.54 b 

PtPzTn 140.20 ± 24.31 b 15.02 ± 1.41 c 6.48 ± 0.81 c 

PtPzTz 142.20 ± 14.26 b 23.93 ± 2.49 d 8.09 ± 0.83 b 

PtDMPzTn 119.8 ± 8.38 c 42.83 ± 1.75 e 32.59 ± 1.17 d 

PtDMPzTz 144.7 ± 14.25 b 62.32 ± 1.87 f 43.04 ± 1.36 e 

PtDPhPzTn 12.15 ± 0.89 ª 6.05 ± 0.47 ª 3.23 ± 0.34 ª 

PtDPhPzTz 14.09 ± 1.17 ª 5.79 ± 0.45 ª 2.75 ± 0.29 ª 
 

For a given cell line, a different lowercase letter indicates statistically significant (P < 0.05) changes 

(Tukey’s test). Data are presented as IC50 ± SD (µM).   

 

4.1.2.b. Cellular uptake  

In order to verify the Pt(II) accumulation into HeLa cells, ICP-MS measurements 

were done. For that, the complexes with the best cytotoxic effects were selected. 

Therefore, the tumor cells were incubated with the IC50 of PtPzTn, PtPzTz, PtDPhPzTn, 

PtDPhPzTz and CisPt during 4h. As it can be seen in Figure 4.12, an accumulation of the 

metal ion was produced after incubation with the four compounds. Additionally, it was 

observed that complexes with phenyl substituents accumulated into cells much more 

efficiently than CisPt (10-fold higher in both cases). The higher accumulation and lower 

IC50 values of these complexes might indicate that the presence of aromatic groups in the 

ligands improved their cellular uptake. This could be related with a presumable higher 

lipophilicity of PtDPhPzTn and PtDPhPzTz. 
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PtDPhPzTz 316.86 ± 37.06 
     

 
Figure 4.12. Platinum accumulation in HeLa cells. Cells were treated with 16.08 µM of 

cisplatin (CisPt), 12.15 µM of PtDPhPzTn, 140.20 µM of PtPzTn, 14.09 µM of PtDPhPzTz or 

142.20 µM of PtPzTz for 4 h, and then samples were digested with 65% HNO3 and 

subsequently analyzed by ICP-MS. Pt concentrations were given in ng/mL. Values represent 

means ± SD of 3 independent experiments. *P < 0.05 compared to cisplatin values. #P < 0.05 

compared to PtPzTn values. §P < 0.05 compared to PtPzTz values. (Tukey’s test). 
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4.1.2.c. Apoptosis determination 

Once it was checked the higher cytotoxic effect and stronger accumulation of the 

complexes with phenyl rings, these two complexes were selected for the rest of the 

experiments (apoptosis determination, ROS production and intercalation assay). To test 

whether the reduction in cell viability was associated with induction of apoptosis, the 

redistribution of phosphatidylserine in the presence of PI was analyzed. The treatment of 

HeLa cells with IC50 of the complexes with phenyl rings, their respective ligands and 

CisPt during 24 h produced significant changes in the percentage of cell populations 

(Figure 4.13). Particularly, it could be observed a significant decrease of live cells for 

CisPt and the two complexes respect to the control, as well as significant differences 

between the complexes and their corresponding ligands. Although no significance was 

found for early and late apoptotic cells neither for CisPt nor the complexes or their 

respective ligands, it can be noticed an increase of late apoptotic cells of all of them 

respect to the control levels, especially for CisPt and the two complexes. On the other 

hand, a significant increase of secondary necrotic cells for CisPt and the two complexes 

was produced respect to the control, being also significant when comparing the effect of 

the complexes with that of CisPt. Significant differences between the secondary necrosis 

induced by the complexes and their corresponding ligands were also observed. These 

results suggested that the major type of cell death prompted by PtDPhPzTn and 

PtDPhPzTz was apoptosis. 
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Figure 4.13. Flow cytometry results including live cells, early and late apoptosis, and 

secondary necrosis caused by platinum complexes. HeLa cells were challenged with 16.08 µM 

cisplatin (CisPt), 12.15 µM PtDPhPzTn, 12.15 µM DPhPzTn, 14.09 µM PtDPhPzTz, 14.09 

µM DPhPzTz or the vehicle (0.5% DMF) during 24 h. Histograms show percentages of cell 

population detected by flow cytometry. Values are presented as means ± SD of four independent 

experiments. *P < 0.05 compared to control values; #P < 0.05 compared to the corresponding 

CisPt value; γP < 0.05 comparing each complex with its respective ligand (Tukey’s test). 
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4.1.2.d. Reactive oxygen species determination 

On the other hand, the Pt(II) complexes PtDPhPzTn and PtDPhPzTz were checked 

to cause a dramatic increase of intracellular ROS production (35.7 ± 6.1 and 31.6 ± 4.5% 

DCF positive cells for PtDPhPzTn and PtDPhPzTz, respectively; Figure 4.14) that 

ultimately led to apoptotic cell death. Surprisingly, the free ligands per se also produced 

a significant increase in the intracellular production of ROS (Figure 4.14), which was not 

correlated either with increases in the percentage of apoptotic cells (Figure 4.13) or with 

modifications of cell viability (Figure A.7). This effect of the free ligands on ROS 

production may be due to nonspecific effects inherent to the nature of the molecules, or 

to possible interferences with the fluorescent probe used for the determination of ROS. 
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Figure 4.14. Reactive oxygen species (ROS) production triggered by Pt(II) complexes. HeLa 

cells were challenged with 16.08 µM cisplatin, 12.15 µM PtDPhPzTn, 12.15 µM DPhPzTn, 

14.09 µM PtDPhPzTz, 14.09 µM DPhPzTz, or the vehicle (DMF, control) for 4 h, and the 

production of intracellular ROS was determined by flow cytometry by means of DCFH. 

Histograms show percentages of DCF positive cells. Values are presented as means ± SD of 

four independent experiments. *P < 0.05 compared to control values. (Tukey’s test). 

 

4.1.2.e. Intercalation assay 

Once it was performed the intercalation assay, it could be affirmed that, unlike 

cisplatin, apoptosis induction by both PtDPhPzTn and PtDPhPzTz was independent of 

their DNA intercalating capacity. This was demonstrated by the inability of both 

complexes to either unwind the supercoiled DNA or displace topoisomerase I from the 

groove, which would produce DNA mobility shifts (Figure 4.15).  
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Figure 4.15. The Pt(II) complexes lack DNA intercalating capacity. DNA intercalation was 

assessed by means of a DNA unwinding assay kit, as explained in Section 3. Materials and 

methods. Lane 1: supercoiled pBR322 + wheat germ Topoisomerase I; lane 2: supercoiled 

pBR322; lane 3: supercoiled pBR322 + 14.09 µM PtDPhPzTz; lane 4: supercoiled pBR322 + 

12.15 µM PtDPhPzTn; lane 5: supercoiled pBR322 + 14.09 µM DPhPzTz; lane 6: supercoiled 

pBR322 + 12.15 µM DPhPzTn; lane 7: supercoiled pBR322 + wheat germ Topoisomerase I + 

14.09 µM PtDPhPzTz; lane 8: supercoiled pBR322 + wheat germ Topoisomerase I + 12.15 µM 

PtDPhPzTn; lane 9: supercoiled pBR322 + wheat germ Topoisomerase I + 14.09 µM DPhPzTz; 

lane 10: supercoiled pBR322 + wheat germ Topoisomerase I + 12.15 µM DPhPzTn; lane 11: 

relaxed pBR322; lane 12: relaxed pBR322 + wheat germ Topoisomerase I. If a given compound 

was an intercalating agent, it would unwind the supercoiled DNA or displace topoisomerase I 

from the groove, thus producing DNA mobility shifts which is not the case for any of the tested 

compounds. 

 

 

4.2. ANALOGS OF CISPLATIN WITH PALLADIUM AS METAL CENTER 

As for the Pt(II) complexes, another six metallodrugs were synthesized with 

palladium as metallic center as it was previously described in section 3. Materials and 

methods. In this section, the results obtained from the characterization techniques used 

and the biological testing performed are exposed and analyzed.  

 

4.2.1. Characterization from Pd(II)/Ligand systems 

4.2.1.a. Elemental analysis 

Elemental analysis for the solid phases of Pd(II) complexes are shown in Table 

4.11, where it can be also seen the calculated values from the empiric formula. A good 

concordance between data could be appreciated.  
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Table 4.11. Elemental analysis data for Pd(II) complexes. 

 

  %C %H %N %S Empiric formula 

PdPzTn 
Experimental 21.73 2.08 12.53 9.39 

C6H7Cl2PdN3S 
Calculated 21.80 2.14 12.72 9.70 

PdPzTz 
Experimental 24.52 2.65 12.10 9.28 

C7H9Cl2PdN3S 
Calculated 24.39 2.64 12.20 9.30 

PdDMPzTn 
Experimental 26.83 3.08 11.34 9.24 

C8H11Cl2PdN3S 
Calculated 26.79 3.10 11.73 8.94 

PdDMPzTz 
Experimental 28.85 3.57 11.17 8.71 

C9H13Cl2PdN3S 
Calculated 29.03 3.52 11.29 8.60 

PdDPhPzTn 
Experimental 44.59 3.02 8.76 6.67 

C18H15Cl2PdN3S 
Calculated 44.78 3.14 8.71 6.64 

PdDPhPzTz 
Experimental 45.90 3.41 8.92 6.24 

C19H17Cl2PdN3S 
Calculated 45.93 3.46 8.47 6.45 

 

4.2.1.b. Crystal structures 

As it was previously mentioned, monocrystals suitable for X-ray diffraction 

analysis were obtained for all Pd(II) complexes synthesized. In Table 4.12 and Table 4.13, 

it can be found the main information of the examined crystals, the data collection and 

refinement details. 

The metal complexes showed crystal structures that consist of monomeric units of 

[PdCl2L] (L= PzTn, PzTz, DMPzTn, DMPzTz, DPhPzTn) or [PdCl2L]·C2H3N (L= 

DPhPzTz,), as can be observed in the molecular structures presented in Figure 4.16. The 

coordinated geometry around Pd(II) for the complexes was slightly distorted square-

planar with the dihedral angles between Cl(1)-Pt-Cl(2) and N(1)-Pt-N(3) being lower than 

8º, except for PdPzTn whose geometry was square-planar with a dihedral angle of 0º. 

Data corresponding to dihedral angles can be found in Table 4.14. The Pd(II) ion was 

joined to two chlorines in cis disposition and a ligand molecule, which acted as bidentate 

and formed a chelate ring of five members. The ligand was coordinated to palladium 

through the nitrogen of pyrazole cycle and the nitrogen of 2-thiazoline ring for complexes 

PdPzTn, PdDMPzTn and PdDPhPzTn, and through the nitrogen of 1,3-thiazine ring for 

complexes PdPzTz, PdDMPzTz and PdDPhPzTz. The selected interatomic distances and 

angles are listed in Table 4.15. 
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Table 4.12. Crystal information, data collection and refinement details for PdPzTn. PdPzTz, 

PdDMPzTn and PdDMPzTz. 

 

 PdPzTn PdPzTz PdDMPzTn PdDMPzTz 

Crystal shape Needle Plate Needle Needle 

Colour Yellow Orange Yellow Yellow 

Size (mm) 0.16x0.05x0.03 0.19x0.18x0.06 0.25x0.02x0.02 0.24x0.03x0.02 

Chemical 

formula 
C6H7Cl2N3PdS C7H9Cl2N3PdS C8H11Cl2N3PdS C9H13Cl2N3PdS 

Formula weight 330.51 344.53 358.56 372.58 

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 

Space group C 2/m P 21/n P 21/c P b c a 

Unit cell 

dimensions 
    

a (Å) 16.317(3) 8.9806(5) 17.9491(18) 7.4256(4) 

b (Å) 6.7035(10) 7.3615(4) 7.2963(7) 17.6074(12) 

c (Å) 8.7925(14) 16.2772(10) 17.5523(15) 18.3241(13) 

α (°) 90 90 90 90 

β (°) 95.489(9) 101.738(2) 91.305(3) 90 

γ (°) 90 90 90 90 

Cell volume (Å3) 957.3(3) 1053.59(10) 2298(14) 2395.8(3) 

Z 4 4 8 8 

Dcalc (g cm-3) 2.293 2.172 2.073 2.066 

µ (mm-1) 2.666 2.427 2.23 2.143 

F(000) 640 672 1408 1472 

θ range 2.327-30.494 2.407-30.529 2.27-28.439 2.313-26.369 

Index ranges 
-23≤h≤23, 

-9≤k≤9,-12≤l 

≤12 

-12≤h≤12, 

-10≤k≤10, 

-23≤l≤23 

-24≤h≤23, 

-0≤k≤9,-0≤l 

≤23 

-9≤h≤9, 

-22≤k≤22, 

-22≤l ≤22 

Temperature 100 101 100 100 

Independent 

reflections 
1579 3228 10104 2448 

Observed 

reflections 
1506 3106 7828 2112 

No. of refined 

parameters 
79 127 272 147 

R [F>4.0 σ(F)] 0.0243 0.0161 0.059 0.0335 

wR [F>4.0 σ(F)] 0.0643 0.0503 0.1311 0.0786 

GOF 0.875 1.057 1.06 1.087 

𝜌max, 𝜌min (e Å-3) 1.777, -1.155 0.413, -0.772 1.325, -1.441 0.671, -0.781 
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Table 4.13. Crystal information, data collection and refinement details for PdDPhPzTn and 

PdDPhPzTz. 

 

 PdDPhPzTn PdDPhPzTz 

Crystal shape Prism Prism 

Colour Orange Orange 

Size (mm) 0.12x0.11x0.08 0.13x0.12x0.11 

Chemical formula C18H15Cl2N3PdS C19H17Cl2N3PdS·C2H3N 

Formula weight 482.69 537.77 

Crystal system Triclinic Triclinic 

Space group P1̅ P1̅ 

Unit cell dimensions   

a (Å) 9.5024(6) 9.498(3) 

b (Å) 9.7838(6) 11.092(4) 

c (Å) 11.4434(7) 11.502(4) 

α (°) 76.448(3) 66.569(13) 

β (°) 71.639(3) 77.150(13) 

γ (°) 62.954(3) 74.427(13) 

Cell volume (Å3) 894.07(10) 1061.9(6) 

Z 2 2 

Dcalc (g cm-3) 1.793 1.682 

µ (mm-1) 1.459 1.239 

F(000) 480 540 

θ range 2.479-36.316 2.245-36.316 

Index ranges -15≤h≤15,-16≤k≤16,-19≤l≤19 -15≤h≤15,-18≤k≤18,-19≤l≤19 

Temperature 100 100 

Independent 

reflections 
8668 10285 

Observed reflections 6943 8316 

No. of refined 

parameters 
226 163 

R [F>4.0 σ(F)] 0.0349 0.034 

wR [F>4.0 σ(F)] 0.0742 0.0797 

GOF 1.028 0.987 

𝜌max, 𝜌min (e Å-3) 0.673, -1.689 0.735, -1.415 
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Figure 4.16. Crystal structure of PdPzTn, PdPzTz, PdDMPzTn, PdDMPzTz, PdDPhPzTn and 

PdDPhPzTz. 
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Table 4.14. Dihedral angles (°) between the planes Cl(1)-Pt-Cl(2) and N(1)-Pt-N(3) in Pd(II) 

complexes and torsion angles (°) for Pd(II) complexes and their respective ligands. 
 

 Dihedral angle between 

Cl(1)-Pd-Cl(2) and N(1)-Pd-N(3) 
Torsion angle S-C(1)-N(2)-N(3) 

PdPzTn 0.0 -180.0 

PzTn  -4.7(2) 

PdPzTz 4.13 174.9(1) 

PzTz  -17.9(2) 

PdDMPzTn 2.61 179.3(6) 

DMPzTn  - 

PdDMPzTz 4.65 173.1(2) 

DMPzTz  - 

PdDPhPzTn 5.68 -164.8(1) 

DPhPzTn  0.6(2) 

PdDPhPzTz 7.69 158.7(1) 

DPhPzTz  -50.7(2) 
 

*DMPzTn and DMPzTz are oils, so X-ray diffraction data are not available. 

 

Table 4.15. Selected bond distances (Å) and angles (°) for Pd(II) complexes. 
 

 PdPzTn PdPzTz PdDMPzTn PdDMPzTz PdDPhPzTn PdDPhPzTz 

Pd-Cl(1) 2.278(1) 2.292(0) 2.280(2) 2.289(1) 2.283(1) 2.291(1) 

Pd-Cl(2) 2.299(1) 2.294(0) 2.304(2) 2.285(1) 2.285(1) 2.283(1) 

Pd-N(1) 2.008(3) 2.030(1) 1.999(7) 2.025(3) 2.005(2) 2.031(2) 

Pd-N(3) 2.009(3) 1.996(1) 2.036(6) 2.007(3) 2.036(1) 2.026(2)  

Cl(1)-Pd-Cl(2) 92.76(4) 92.41(1) 88.73(8) 88.21(4) 90.53 (2) 89.08(3) 

N(1)-Pd-Cl(1) 93.43(9) 95.14(4) 93.3(2) 94.90(9) 93.45(4) 94.78(5) 

N(1)-Pd-Cl(2) 173.82(8) 171.42(4) 177.30(19) 175.03(9) 174.03(4) 174.06(4) 

N(1)-Pd-N(3) 79.60(2) 79.81(5) 79.2(3) 79.87(3) 78.89(6) 79.40(6) 

N(3)-Pd-Cl(1) 172.93(9) 174.84(3) 172.3(2) 174.23(9) 171.67(4) 171.79(4) 

N(3)-Pd-Cl(2) 94.31(9) 92.55(3) 98.8(2) 97.26(9) 97.37(4) 97.19(5) 
 

In Table 4.15, it can be observed that the Pd-Cl bond lengths were similar in all 

complexes and longer than the Pd-N bond lengths. After checking the data obtained from 

the CSD (version v5.44, Jun 2023) [252], it can be affirmed that all the Pd-Cl distances 

were in the same order as the mean values for squared-planar cis-complexes with a Cl2N2 

coordination environment around Pd(II) [2.295(19) Å for 973 Pd(II) complexes]. Same 

asseveration can be done for Pd-Npyrazole bond distances, which were similar to the mean 

value calculated for squared-planar complexes with Pd(II) in a Cl2N2 coordination 

environment [2.031(19) Å for 109 Pd(II) complexes] in CSD [252]. As for the Pd-

Nthiazoline bond distances, they were slightly shorter than the average values calculated for 

this type of bonds in CSD [252]: 2.037(59) Å for 14 Pd(II) complexes; unlike Pd-Nthiazine 

bond distances, which were slightly larger than the only complex found in CSD: 2.016 Å 

[175].  
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With respect to the arrangement of the organic ligands in the Pd(II) complexes, it 

can be observed that the thiazoline and thiazine rings were rotated around the C(1)-N(2) 

bond so that the N(1) and N(3) atoms simultaneously coordinated to the Pd(II) ion. This 

can be confirmed by the data corresponding to the torsion angles of the complexes and 

the free ligands showed in Table 4.14. Moreover, the crystal structures were stabilized by 

the parallel displaced aromatic interactions between phenyl rings in both PdDPhPzTn and 

PdDPhPzTz complexes and between pyrazole rings in PdPzTz. On the other hand, π-π 

stacking interactions were produced in both PdDMPzTn and PdDMPzTz complexes. A 

representation of these interactions can be found in Figure 4.17 and the specific values in 

Table 4.16. 
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Figure 4.17. Aromatic interactions in PdPzTz, PdDMPzTn, PdDMPzTz, PdDPhPzTn and 

PdDPhPzTz. 
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Table 4.16. Aromatic interactions in PdPzTz, PdDMPzTn, PdDMPzTz, PdDPhPzTn and 

PdDPhPzTz. 

 Type of interaction ANG DC DZ DS ANGS 

PdPzTz C··H (pyrazole rings) 0 4.887 4.454 4.446 113.10 

PdDMPzTn π-π stacking (pyrazole rings) 
1.54 4.340 3.371 4.391 74.67 

1.54 4.452 3.432 4.628 71.87 

PdDMPzTz π-π stacking (pyrazole rings) 1.28 3.916 3.494 3.813 76.80 

PdDPhPzTn T type (phenyl rings) 75.72 4.956 4.908 2.965 137.86 

PdDPhPzTz T type (phenyl rings) 88.08 5.327 5.182 3.156 150.96 

 

 

4.2.1.c. Infrared spectroscopy 

A comparison of the most relevant signals corresponding to the pyrazole, thiazine 

and thiazoline ring vibrations of the free ligands [176,179,184] and the complexes can be 

found in Table 4.17 and Table 4.18. Additionally, the IR spectra in 4000-400 cm-1 region 

of PdPzTn, PdPzTz, PdDMPzTn, PdDMPzTz, PdDPhPzTn and PdDPhPzTz can be 

observed in Figure 4.18-Figure 4.23. 

 

Table 4.17. IR spectral assignments (cm-1) for PzTn, PdPzTn, DMPzTn, PdDMPzTn, DPhPzTn 

and PdDPhPzTn. 

 

 PzTn PdPzTn DMPzTn PdDMPzTn DPhPzTn PdDPhPzTn 

W1[(C=N)] 1641 1608 1635 1601 1639 1587 

Pyrazole 

ring 

vibrations 

1514 1532 1574 1571 1560 1556 

1382 1413 1410 1413 1408 1411 

1350 1371 1387 1397 1319 1314 

   1378   

991 1001 970 973 1000 996 

 

 

Table 4.18. IR spectral assignments (cm-1) for PzTz, PdPzTz, DMPzTz, PdDMPzTz, DPhPzTz 

and PdDPhPzTz. 

 

 PzTz PdPzTz DMPzTz PdDMPzTz DPhPzTz PdDPhPzTz 

Ψ1[(C=N)] 1635 1596 1639 1592 1639 1606 

Pyrazole 

ring 

vibrations 

1510 1524 1566 1564 1548 1556 

1419 1441 1411 1404 1406 1404 

1386 1413 1375 1382   

1327 1358 1315 1341 1303 1313 

995 1003 981 991 998 1000 
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Figure 4.18. IR spectrum of PdCl2(PzTn) in 4000-400 cm-1 region. 
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Figure 4.19. IR spectrum of PdCl2(PzTz) in 4000-400 cm-1 region. 
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Figure 4.20. IR spectrum of PdCl2(DMPzTn) in 4000-400 cm-1 region. 
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Figure 4.21. IR spectrum of PdCl2(DMPzTz) in 4000-400 cm-1 region. 
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Figure 4.22. IR spectrum of PdCl2(DPhPzTn) in 4000-400 cm-1 region. 
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Figure 4.23. IR spectrum of PdCl2(DPhPzTz) in 4000-400 cm-1 region. 

 

The IR spectra of Pd(II) complexes showed that the bands attributable to 

W1[υ(C=N)] vibration in thiazoline and Ψ1[υ(C=N)] vibration in thiazine suffered a shift 

to lower wavenumber in the complexes with respect to their respective ligands, as it was 
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seen for Pt(II) complexes. It has been described that the reason for this displacement could 

be related to the presence of the C–N bond as part of a chelate ring where the back-

coordination from the metal to the ligand compensates for the loss of electron density on 

the nitrogen atom. In addition, the bands assigned to pyrazole ring vibrations were shifted 

to higher wavenumber for PdPzTn and PdPzTz, not showing such well-defined patterns 

for the other four complexes, which can be explained by the presence of the substituents. 

Therefore, the palladium coordination to both heterocycles through the nitrogen atoms 

was confirmed for these frequency shifts in the IR spectra [179,184]. 

 

4.2.1.d. 1H Nuclear magnetic resonance spectroscopy 

The 1H NMR spectral data of Pd(II) complexes in DMF-d7, except for DMPzTn 

and PdDMPzTn which were done in DMSO-d6, can be seen in Figures 4.24-4.28. The 

position and assignation of the signals can be found in Table 4.19 and Table 4.20 for both 

the complexes and the ligands in order to clearly identify the displacements between 

them, which confirmed the coordination of the metal ion to the ligand. 

As it was indicated previously, the data for PdDMPzTz could not be obtained due 

to their low solubility.  

 

Table 4.19. 1H NMR spectral data for PzTn, PdPzTn, DPhPzTn and PdDPhPzTn complexes in 

DMF-d7 solvent and for DMPzTn and PdDMPzTn in DMSO-d6. 
 

N

N

N S

2 3

6

8

9

11

12

7

4 5

13

14
15

16

17
18

1

10
 

 N-CH2 S-CH2 H(4) H(5) H(6) CH3 H(8-18) 

PzTn 4.34 3.58 8.40 6.60 7.81 - - 

PdPzTn 4.30 4.13 8.91 6.99 8.15 - - 

DMPzTn 4.27 3.35 - 6.12 - 2.13 ; 2.46 - 

PdDMPzTn 4.22 3.98 - 6.60 - 2.63 , 2.65 - 

DPhPzTn 4.19 3.51 - 7.20 - - 7.46-8.08 

PdDPhPzTn 4.22 3.78 - 7.12 - - 7.47-7.84 
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Table 4.20. 1H NMR spectral data for PzTz, PdPzTz, DPhPzTz and PdDPhPzTz complexes in 

DMF-d7. 

 

N

N
7

9

10

12

13

8

5 6

14

15
16

17

18
19

1

11

SN

2

3

4

 

 N-CH2 H2(3) S-CH2 H(5) H(6) H(7) H(9-19) 

PzTz 3.83 1.92 3.21 8.33 6.50 7.69 - 

PdPzTz 3.98 2.22 3.58 8.81 6.92 8.14 - 

DPhPzTz 3.65 1.91 3.31 - 7.16 - 7.47-8.01 

PdDPhPzTz 4.02 2.09 3.28 - 7.07 - 7.47-7.86 

 

 

The results presented in Tables 4.19 and Table 4.20 indicated that 1H NMR signals 

of thiazine and thiazoline of all complexes were in general shifted to higher frequencies 

respect to their free ligands. This also occurred for pyrazole ring signals of PdPzTn, 

PdPzTz and PdDMPzTn, while the signals of complexes with phenyl substituents were 

slightly shifted to lower frequencies probably due to the presence of aromatic groups, 

which helps with the redistribution of electronic density loss [253,254].Therefore, it can 

be concluded that the ligands were coordinated to palladium in DMF solution for PdPzTn, 

PdPzTz, PdDPhPzTn and PdDPhPzTz and in DMSO solution for PdDMPzTn. To confirm 

the stability of the complexes in solution, they were kept in DMF or DMSO for 21 days. 

After that time, the 1H NMR was measured again (data not included), remaining intact, 

thus showing the high stability of the complexes in solution conditions. 
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Figure 4.24. 1H NMR spectrum of PdCl2(PzTn) in DMF-d7. 

 

 

 
 

Figure 4.25. 1H NMR spectrum of PdCl2(PzTz) in DMF-d7. 
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Figure 4.26. 1H NMR spectrum of PdCl2(DMPzTn) in DMSO-d6. 

 

 

 
 

Figure 4.27. 1H NMR spectrum of PdCl2(DPhPzTn) in DMF-d7. 
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Figure 4.28. 1H NMR spectrum of PdCl2(DPhPzTz) in DMF-d7. 

 

4.2.2. Biological testing from Pd(II)/Ligand system 

4.2.2.a. Cell viability  

In this section, the viability results of the Pd(II) complexes can be found. In order 

to verify the cytotoxicity of the compounds, Pd(II) complexes were tested at 

concentrations from 1 to 100 µM on HL-60, U-937 and HeLa tumor cell lines for 24 h. 

As can be observed in Figure 4.29 and Table 4.21, data obtained showed that PdPzTn, 

PdPzTz, PdDPhPzTn and PdDPhPzTz had a moderate cytotoxic effect towards all the 

three cell lines studied. On the contrary, PdDMPzTn and PdDMPzTz, did not show 

cytotoxic effects until high concentrations (IC50 values >100 µM). Moreover, complexes 

with the presence of ligands with phenyl groups (PdDPhPzTn, PdDPhPzTz) showed 

lower IC50 values than the analogs without extra substituents, improving the cytotoxicity 

of the compounds. The IC50 values found for these two complexes were between 46.39 ± 

3.99 μM and 62.74 ± 6.45 μM in the three cell lines, not existing strong differences 

between the complexes or the cell lines.  
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Figure 4.29. Cytotoxic effect of Pd(II) complexes. HL-60 (A), U-937 (B) and HeLa (C) cell lines 

were challenged with 1, 5, 10, 20, 50 and 100 μM of the six Pd(II) complexes, namely PdPzTn, 

PdPzTn, PdDMPzTn, PdDMPzTz, PdDPhPzTn and PdDPhPzTz, or the vehicle (DMF or 

DMSO) for 24 h. Values are presented as means ± SD (n = 6) and depicted as percentage over 

untreated samples. *P < 0.05 vs. control (0.5% DMF or DMSO) (Dunnett’s test). 
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Table 4.21. Cytotoxic effect of PdPzTn, PdPzTz, PdDMPzTn, PdDMPzTz, PdDPhPzTn and 

PdDPhPzTz towards selected tumor cell lines. 

 HeLa HL-60 U-937 

PdPzTn 67.55 ± 7.27 a 71.81 ± 9.09 a 70.95 ± 8.73 a 

PdPzTz 77.75 ± 9.68 a 54.50 ± 6.68 a 70.21 ± 7.67 a 

PdDMPzTn > 150 b > 150 b > 150 b 

PdDMPzTz > 150 c > 150 b > 150 c 

PdDPhPzTn 62.74 ± 6.45 a 58.83 ± 4.94 a 53.43 ± 4.91 a 

PdDPhPzTz 57.83 ± 6.45 a 46.39 ± 3.99 a 50.35 ± 4.82 a 
 

For a given cell line, a different lowercase letter indicates statistically significant (P < 0.05) changes 

(Tukey’s test). Data are presented as IC50 ± SD (µM).   

 

As reported in previous publications, other palladium(II) complexes have been 

also studied on tumor cell lines, but in general with longer incubation times (48-72 h) 

[255–259]. To properly compare our findings with the literature, and due to the lower 

cytotoxic effects showed in comparison with Pt(II) complexes (see 4.1.2.a Cell viability), 

the cytotoxicity assay was also performed at 48 and 72 h in HeLa cells. The results 

obtained showed a reduction of the IC50 values of the complexes PdPzTn, PdPzTz, 

PdDPhPzTn and PdDPhPzTz, unlike PdDMPzTn and PdDMPzTz, which did not improve 

their effect along time (Table 4.22). The decrease in the IC50 values was around 10 μM 

for PdPzTn and PdPzTz after 48 h of treatment, and between 25-30 μM at 72 h. These 

results were even better for both complexes with phenyl groups, whose IC50 values 

decreased more than 25 μM at 48 h and between 30-40 μM at 72 h. Therefore, the best 

results obtained were those of PdDPhPzTn and PdDPhPzTz after 72 h of treatment, with 

IC50 values of 23.28 ± 2.44 μM and 27.98 ± 3.33 μM, respectively. It could be concluded 

that, in general, longer incubation times improved the cytotoxic effect of most of our 

Pd(II) complexes.  

 

Table 4.22. Cytotoxicity (IC50 ± SD, µM) of the different Pd(II) complexes in HeLa cells treated 

for 48 and 72h. 

 48 h 72 h 

PdPzTn 58.22 ± 9.66 a 44.17 ± 6.33 a 

PdPzTz 66.01 ± 11.43 a 46.59 ± 6.55 a 

PdDMPzTn >150 b >150 b 

PdDMPzTz >150 c >150 c 

PdDPhPzTn 34.85 ± 4.00 a 23.28 ± 2.44 a 

PdDPhPzTz 32.09 ± 4.23 a 27.98 ± 3.33 a 
 

Within each column, values followed by a diverse lowercase letter are significantly different (P < 0.05; 

Tukey’s test). 
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4.2.2.b. Cellular uptake 

In order to verify the Pd(II) accumulation into HeLa cells, ICP-MS measurements 

were done. For that, the complexes with the best cytotoxic effects were selected. Thus, 

the tumor cells were incubated with the IC50 of PdPzTn, PdPzTz, PdDPhPzTn and 

PdDPhPzTz during 4 h. As it can be seen in Figure 4.30, accumulation of the metal ion 

was produced after incubation with the four compounds. However, PdDPhPzTn and 

PdDPhPzTz showed a more efficient accumulation into cells than their analogs, although 

any significant difference was found. Even so, the higher accumulation and lower IC50 

values of the two complexes with phenyl rings might indicate that the presence of 

aromatic groups in the ligands improved their cellular uptake. This could be related with 

a presumable higher lipophilicity for PdDPhPzTn and PdDPhPzTz since they showed the 

same trend as that found for platinum(II) complexes with the same ligands (see 4.1.2.a 

Cell viability).  
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Figure 4.30. Palladium accumulation in HeLa cells. Cells were treated with 67.55 µM of 

PdPzTn, 77.75 µM of PdPzTz, 62.74 µM of PdDPhPzTn or 57.83 µM of PdDPhPzTz for 4 h, 

and then samples were digested with 65% HNO3 and subsequently analyzed by ICP-MS. Pd 

concentrations were given in ng/mL. Values represent means ± SD of 4 independent 

experiments. 

 

4.2.2.c. Apoptosis determination 

Finally, based on the higher accumulation of Pd(II) checked in the previous section 

and in order to verify whether the reduction in cell viability showed by PdDPhPzTn and 

PdDPhPzTz was mediated by apoptosis, flow cytometry experiments using annexin V-

FITC and PI were carried out. The treatment of HeLa cells with IC50 of the complexes 
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with phenyl rings during 24 h produced significant changes in the percentage of cell 

populations, particularly in the case of live cells (decrease) and late apoptotic and 

secondary necrotic cells (increase) for both complexes, in comparison with vehicle-

treated and control cells (Figure 4.31). These results suggested that the major type of cell 

death prompted by PdDPhPzTn and PdDPhPzTz was apoptosis. 
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Figure 4.31. Flow cytometry results including live cells, early and late apoptosis, and 

secondary necrosis caused by palladium complexes on HeLa cells. IC50 of PdDPhPzTn (57.83 

µM), PdDPhPzTz (62.74 µM), 1.5% DMF (vehicle) or 0.5% DMF (control) were tested on 

HeLa cells for 24 h. Histograms show percentages of cell population detected by flow 

cytometry. Values are presented as means ± SD of four independent experiments. *P < 0.05 

compared to its corresponding control value. #P < 0.05 compared to its corresponding vehicle 

value (Tukey’s test). 

 

 

4.3. SYNTHESIS AND ENCAPSULATION OF COMPLEXES IN 

MESOPOROUS SILICA NANOPARTICLES 

As it was previously described in section 3. Materials and methods, MSNs have 

been synthesized, functionalized, and characterized to use them as nanocarriers. Once this 

was done, six complexes were encapsulated in the MSNs. In this section, the results 

obtained from the characterization techniques used and the biological testing performed 

are included. 

  

4.3.1. Characterization of mesoporous silica nanoparticles 

Firstly, MSN-NH2 and MSN-COOH particles were characterized via gas 

adsorption, TEM and Z-potential, whose results are included in the next subsections. 
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4.3.1.a. Physisorption measurements 

Gas adsorption employing BET and DFT methods were used to obtain specific 

surface area, pore size distribution and pore volume of adsorbents of the amino- and 

carboxy-functionalized MSNs. During this process, controlled increments of the 

adsorptive (nitrogen) are applied to the solid from low to high relative pressures. After 

each increment, the volume of adsorbed gas is measured till reaching the saturation 

pressure, which is equivalent to the pressure of the atmosphere (𝑝/𝑝0 = 1). An isotherm, 

which shows the volume uptake versus the relative pressure, is obtained (Figure 4.32). 

The low-pressure region relates to monolayer adsorption, and it is used to define the 

surface area by the BET method, while the high-pressure region corresponds to multilayer 

adsorption. The isotherm also allows for the calculation of pore volume and pore size via 

simulation with a DFT kernel (Figure 4.32 and Table 4.23).  

 

 

 

Figure 4.32. Nitrogen sorption isotherms of MSN-NH2 and MSN-COOH (left), and the 

corresponding DFT-calculated pore-size distribution (right). 

 

https://www.sciencedirect.com/topics/chemistry/sorption
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The isotherms obtained were clearly type IV isotherms (Figure 4.32). This type of 

isotherm appears when capillary condensation occurs. Gases condense in the tiny 

capillary pores of the solid at pressures below the saturation pressure of the gas. The 

different parameters obtained with BET method and DFT calculation are included in 

Table 4.23.  

 

Table 4.23. N2 adsorption/desorption parameters of MSN, MSN-COOH and MSN-NH2. 

 

 
BET surface 

area (m²/g) 

Pore volume 

(cm3/g) 

Mean pore 

diameter (nm) 

MSN 1288 0.696 3.2 

MSN-COOH 1004 0.464 2.6 

MSN-NH2 848 0.394 2.6 

 

As can be observed, when comparing pure MSN with the functionalized ones a 

reduction of the surface area and a loss of pore volume were produced, being sharper for 

amino than for carboxy functionalized particles. On the other hand, a reduction on pore 

diameter was also seen, being identical for both MSN-NH2 and MSN-COOH.  

 

4.3.1.b. Transmission Electron Microscopy 

As for the morphology, it could be observed that both MSN-NH2 and MSN-

COOH particles were monodisperse and spherical, and that the mesopores of the particles 

could be clearly identified (Figure 4.33). Respect to the size distribution of particles, the 

Software ZEISS ZEN was used, being concluded that the size distribution was quite 

homogeneous, with an average diameter of 168 ± 24 nm (14% standard-deviation) and 

138 ± 25 nm (18% standard-deviation) for MSN-NH2 and MSN-COOH, respectively. 

 

https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwi3_8XF87D_AhUXrdUKHaUKDl4YABAAGgJ3cw&ohost=www.google.com&cid=CAESbeD2Hs1Qn_qNBDaAAtA72LXPa_PP1UJMlEEeFUF2VHR7uYX1XzBGSwTcEfmdYeA5so5jpt_VA4xN_dpt4Nj5KrkOIsDCYtID3sEbI1CnwWp1qAUD4iFLWmsu4m3Ukh-b4nvLrrgelGURE6ntVFU&sig=AOD64_1j0eztGFIc2L5SiEz9Az-HaEjblA&q&adurl&ved=2ahUKEwjLv7_F87D_AhXRdqQEHcfoCe8Q0Qx6BAgGEAE
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Figure 4.33. TEM-images of the MSN-NH2 with a 25k and a 250k resolution (top left and top 

right, respectively) and MSN-COOH with a 25k and a 250k resolution (bottom left and bottom 

right, respectively), and particle size distribution (insets). 

 

4.3.1.c. Z-potential 

The corresponding Z-potentials of MSN-NH2 and MSN-COOH were also 

measured, obtaining values of 13.0 ± 0.5 mV and -37.1 ± 8.52 mV respectively. Both 

values are slightly lower compared with some results found on the literature, such as the 

work of He and coworkers [260] with a value for MSN-NH2 of 22.78 ± 0.32 mV, and the 

work of Gou and coworkers [261] with a value -30.4 ± 2.2 mV for MSN-COOH. 

Nevertheless, the values remain normal as the positive value correlate with the presence 

of amino groups and the negative one with the presence of carboxy groups. 
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4.3.2. Encapsulation of complexes in mesoporous silica nanoparticles 

The encapsulation process was made as described in section 3. Materials and 

methods, but before trying for all complexes, it was made an initial test using one complex 

(i.e., PtDPhPzTz) and different types of particles. A thermogravimetric assay was made 

to check the adsorption of PtDPhPzTz into MSN, MSN-NH2, MSN-COOH and DMON. 

As can be observed in Figure 4.34, the compound was adsorbed in all particles, obtaining 

the best loading results for MSN-NH2, where the loading was more than two times higher 

than in the rest of particles tested. For that reason, amino-functionalized MSN were 

selected for the rest of the experiments.  

 PtDPhPzTz 

loading (%) 

MSN 5.63 

MSN-NH2 12.08 

MSN-COOH 5.85 

DMON 6.68 
 

 
Figure 4.34. TGA data of PtDPhPzTz alone and encapsulated in MSN, MSN-NH2, MSN-

COOH and DMON nanoparticles and loading percentages in the different types of 

nanoparticles. 

 

4.3.2.a. Thermogravimetric analysis  

Once MSN-NH2 were selected and after their functionalization with ATTO dye, 

the loading of all complexes was made with these particles. To check the adsorption of 

the compounds, TGA was performed as can be seen in Figure 4.35. Each loaded particle 

is compared to the compound alone and to non-loaded particles, which were treated with 

the same solvent as the loaded particles, as a reference. A comparison of TGA data of all 

loaded particles respect to the non-loaded ones is shown in Figure 4.36.  
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Figure 4.35. TGA data of MSN-NH2-ATTO-PtPzTn (A), MSN-NH2-ATTO-PtPzTz (B), MSN-

NH2-ATTO-PtDPhPzTn (C), MSN-NH2-ATTO-PtDPhPzTz (D), MSN-NH2-ATTO-

PdDPhPzTn (E) and MSN-NH2-ATTO-PdDPhPzTz (F) in comparison with non-loaded 

particles (MSN-NH2-ATTO) and the compounds alone. 
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Figure 4.36. TGA data comparison of all encapsulated complexes in MSN-NH2-ATTO and 

non-loaded particles. 

 

With the data obtained from TGA, loading percentage of each compound in the 

particles could be calculated (Table 4.24). The highest loading percentages were found 

for Pt(II) complexes, particularly for PtDPhPzTz and PtPzTn, being followed by 

PtDPhPzTn and PtPzTz. On the other hand, Pd(II) complexes did not show a strong 

loading, reaching only a 3%, which is three or four times lower than that found for Pt(II) 

complexes. 

 

Table 4.24. Loading percentage of all complexes in MSN-NH2-ATTO particles. 

 

MSN-NH2-ATTO- Compound loading (%) 

PtPzTn 10.89 

PtPzTz 9.16 

PtDPhPzTn 9.70 

PtDPhPzTz 12.61 

PdDPhPzTn 3.28 

PdDPhPzTz 3.12 

 

 

4.3.2.b. Z-potential 

The corresponding Z-potentials of loaded and non-loaded particles were measured 

in 7.2 pH HEPES buffer, and the values are included in Table 4.25. 
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As it can be observed, there was a clear trend for the Pt(II) complexes with thiazine 

rings, which were more negative than the Pt(II) complexes with thiazoline rings. 

Nevertheless, this observation was not consistent throughout all the complexes as the 

Pd(II) ones exhibited a positive value for PdDPhPzTz and a negative value for 

PdDPhPzTn.  

 

Table 4.25. Z-potential of all complexes in MSN-NH2-ATTO particles and non-loaded particles 

in 7.2 pH HEPES buffer. 

 

MSN-NH2-ATTO- Z-potential 
Reference -3.0 ± 0.5 

PtPzTn 8.52 ± 0.5 

PtPzTz -11.2 ± 0.5  

PtDPhPzTn 3.8 ± 0.2 

PtDPhPzTz -5.3 ± 0.3 

PdDPhPzTn -4.3 ± 0.2 

PdDPhPzTz 1.9 ± 0.1 

 

 

4.3.3. Biological testing of encapsulated complexes 

In the next subsections, the release, accumulation, distribution and proapoptotic 

ability of the synthesized nanoparticles are analyzed.  

 

4.3.3.a. Cellular internalization and distribution 

Firstly, HeLa cells treated with 10 µg/mL of loaded particles were imaged by 

confocal microscopy. The cells were incubated with two of the loaded particles (MSN-

NH2-ATTO-PtPzTn and MSN-NH2-ATTO-PtDPhPzTz) in order to observe if the 

particles entered the cells and their subcellular distribution. To study the subcellular 

distribution of MSNs, live cells were counterstained with nuclear, Golgi, plasma 

membrane and mitochondria markers. In Figure 4.37, it can be observed that the particles 

(red dots/aggregates) are clearly entering the cells. In addition, they seem to be distributed 

in different subcellular compartments, including nucleus, Golgi, plasma membrane and 

mitochondria. 
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Figure 4.37. Subcellular localization of MSN-NH2-ATTO loaded particles. HeLa cells were 

treated with 10 µg/mL of MSN-NH2-ATTO-PtDPhPzTz (A and C) or MSN-NH2-ATTO-

PtPzTn (B and D). To localize different cellular compartments, HeLa cells were counterstained 

with DAPI (nucleus), BODIPY FL C5-sphingomyelin (Golgi and plasma membrane), and/or 

MitoTracker Green FM (mitochondria), as indicated in each panel. Individual particles or 

clusters of particles are pointed by white arrows (nucleus), blue-light arrows (Golgi), purple 

arrows (plasma membrane) or yellow arrows (mitochondria). 

 

4.3.3.b. Apoptosis determination 

Once it was checked that the particles were entering the cell, their cytotoxic ability 

was tested. Initially, measurement via MTS method was performed, but data were not 

accurate (data not included). As indicated in the literature, this group of methods tends to 

overestimate the results when used with nanoparticles [262,263]. For that reason, 

apoptosis was analyzed by flow cytometry using annexin V-FITC and Hoechst 33258. 

The treatment of HeLa cells with 200 µg/mL of the loaded particles during 24 h produced 
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significant changes in the percentage of cell populations for MSN-NH2-ATTO-PtPzTn 

and MSN-NH2-ATTO-PtPzTz. Particularly, a decrease in live cells and an increase in late 

apoptotic cells for both systems were observed. In the case of MSN-NH2-ATTO-PtPzTn, 

the differences were significant in comparison with both the untreated and the non-loaded 

particle samples, and for MSN-NH2-ATTO-PtPzTz the differences were only significant 

respect to the untreated sample (Figure 4.38 and Table 4.26). For the rest of loaded 

particles (those with complexes containing phenyl rings), the apoptotic effect was similar 

among them and only slightly higher than the one showed by non-loaded particles. 

However, the differences respect to non-loaded particles were non-significant, indicating 

that their main effect was produced by the silica material and not by the complexes 

themselves. 
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Figure 4.38. Flow cytometry results including live cells, early, late, and total apoptosis 

triggered by loaded and non-loaded particles. HeLa cells were challenged with 200µg/mL of 

the indicated particles for 24 h. Histograms show percentages of cell population detected by 

flow cytometry. Values are presented as means ± SD of three independent experiments. *P < 

0.05 compared to non-loaded particles. #P < 0.05 compared to control values (Dunnett’s test). 
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Table 4.26. Flow cytometry values including live cells, early, late, and total apoptosis triggered 

by loaded and non-loaded particles.  

MSN-NH2-ATTO- Live cells 
Total  

apoptosis 

Early 

apoptosis 

Late 

apoptosis 

Control 82.06 ± 6.20 6.76 ± 3.52 2.83 ± 2.44 3.93 ± 1.42 

Non-loaded 72.49 ± 3.50 10.16 ± 3.66 * # 3.00 ± 1.58 7.16 ± 2.08 * # 

PtPzTn 38.53 ±6.29 * # 43.78 ± 11.39 8.49 ± 5.35 35.28 ± 6.12 # 

PtPzTz 62.99 ± 3.99 # 20.39 ± 6.57 7.16 ± 3.46 13.23 ± 5.91 

PtDPhPzTn 72.27 ± 2.61 12.24 ± 4.02 4.72 ± 3.11 7.52 ± 1.30 

PtDPhPzTz 64.97 ± 11.11 18.13 ± 3.81 6.79 ± 5.01 11.54 ± 2.03 

PdDPhPzTn 71.70 ± 7.44 12.13 ± 6.91 5.74 ± 5.58 6.39 ± 1.38 

PdDPhPzTn 74.37 ± 2.64 12.64 ± 3.79 5.12 ± 2.73 7.52 ± 1.77 
 

*P < 0.05 compared to non-loaded particles. #P < 0.05 compared to control values (Tukey’s test).  

 

To properly understand what these results implicate, relevant values 

corresponding to the free compound IC50 and the concentration of complexes in the 

particles used in the apoptosis experiment were collected in Table 4.27.  

 

Table 4.27. Comparison of IC50 of free compounds and the compound concentration used in 

apoptosis experiments.   

MSN-NH2-ATTO- 

IC50 free 

compound (µM) 

Compound 

concentration in 200 

µg particles (µM) 

PtPzTn 140.20 51.90 

PtPzTz 142.20 42.31 

PtDPhPzTn 12.15 33.98 

PtDPhPzTz 14.09 43.08 

PdDPhPzTn 62.74 13.57 

PdDPhPzTn 57.83 12.54 

 

Interestingly, the best results were observed for the two complexes with less 

cytotoxic effects as free drugs (i.e., PtPzTn and PtPzTz), while the effect of any of the 

complexes with phenyl rings was not improved. In fact, focusing the attention on PtPzTn, 

the encapsulation allowed the use of much less concentration of the complex to produce 

a similar effect. Thus, the IC50 of the free compound is nearly 150 µM, while the 

concentration of the compound encapsulated is 51.9 µM, the latter generating a decrease 

of more than 50% in the population of live cells compared to control cells. Therefore, a 

strong improvement in the effect of PtPzTn was achieved by encapsulating the complex 

in the MSN-NH2 system, thus reducing almost three times the concentration of compound 

used. In the case of PtPzTz, the decrease in cell viability was smaller, but the reduction 

of the concentration of compound used was greater than three times.  Nevertheless, part 

of the effect of PtPzTz was probably due to the silica itself. 
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On the other hand, the lack of effect of the complexes with phenyl rings could be 

related with some interactions of these complexes with the particles, which could difficult 

either their internalization in the cell or their liberation and further accumulation inside 

the cells, thereby preventing them to act. This might explain why such an increase on the 

concentration used for PtDPhPzTn and PtDPhPzTz had apparently no effect, or a similar 

one to the non-loaded particles. However, in the case of palladium complexes, the 

explanation could be related with the low loading achieved (around 3%) and the 

subsequent low quantity used in comparison to the free complexes. To identify if there 

was any difference in the accumulation and liberation of compounds, ICP-MS 

experiments were performed and included in the next subsections.  

 

4.3.3.c. Cellular uptake 

To verify the metal accumulation in HeLa cells, ICP-MS measurements were 

performed. For that, cells were treated with 100 µg/mL of the loaded nanoparticles for 4 

h. As can be observed in Figure 4.39, the strongest accumulation was produced for 

PtPzTn, which presented statistically significant differences with all complexes with 

phenyl rings, both with Pt(II) and Pd(II) as metal centers. This intense accumulation could 

be related with the higher cytotoxic effect displayed in the apoptosis assay. In fact, PtPzTz 

was also the second compound with higher accumulation and the second one with higher 

cytotoxic effect, while the complexes with phenyl groups were the ones with less 

accumulation and less cytotoxic effect. Thus, the accumulation seems to be in line with 

the cytotoxic effect of the complexes. To verify whether the complexes were being freed 

from the particles, a cell-free release experiment was also performed. 
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Figure 4.39. Platinum or palladium accumulation in HeLa cells. Cells were treated with 100 

µg/mL of loaded nanoparticles for 4 h, and then samples were digested with 65% HNO3 and 

subsequently analyzed by ICP-MS. Pt(II) or Pd(II) concentrations were given in ng/mL. Values 

represent means ± SD of 3 independent experiments. *P < 0.05 compared to MSN-NH2-ATTO-

PtPzTn (Dunnett’s test). 
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4.3.3.d. Release analysis 

To confirm whether the complexes were released from the particles, the amount 

of Pt(II) or Pd(II) leached after 4 and 24 h of incubation in pH 7.4 PBS buffer was 

measured by ICP-MS. After the incubation of 200 µg of the loaded nanoparticles in 1 mL 

of PBS buffer, the release results (Figure 4.40) indicated that a considerably strong release 

was produced for the complexes PtPzTn, PdDPhPzTn and PdDPhPzTz at 4 h, which was 

slightly lower for PtPzTz. In this sense, significant differences were found for PtPzTn 

respect to PtPzTz, PtDPhPzTn and PtDPhPzTz at 4 h of incubation. After 24 h, the 

leaching was vaguely increased for PtPzTn, PdDPhPzTn and PdDPhPzTz, showing a 

pronounced increase for PtPzTz, which even surpassed the amount released for the 

complexes with palladium. On the other hand, the complexes PtDPhPzTn and PtDPhPzTz 

showed practically no release neither after 4 h nor 24 h. Significant differences were 

found for PtPzTn and PtPzTz respect to the Pt(II) complexes with phenyl rings at 24 h. 

On the other hand, significant differences were observed for the Pt(II) complexes with 

phenyl rings respect to both Pd(II) complexes at short and long incubation times.  
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Figure 4.40. Platinum or palladium release. HeLa cells were treated with 200 µg of loaded 

nanoparticles in 1 mL of pH 7.4 PBS buffer for 4 h and 24 h. The samples were digested with 

65% HNO3 and subsequently analyzed by ICP-MS. Pt(II) or Pd(II) concentrations were given in 

percentage respect to the theoretically calculated maximum release. Values represent means ± 

SD of 2 independent experiments. *P < 0.05 compared to MSN-NH2-ATTO-PtPzTn (4 h); *’P < 

0.05 compared to MSN-NH2-ATTO-PtPzTn (24 h); #P < 0.05 compared to MSN-NH2-ATTO-

PtDPhPzTn (4 h); #’P < 0.05 compared to MSN-NH2-ATTO-PtDPhPzTn (24 h); γP < 0.05 

compared to MSN-NH2-ATTO-PtDPhPzTz (4 h); γ’P < 0.05 compared to MSN-NH2-ATTO-

PtDPhPzTz (24 h); ϕP < 0.05 compared to MSN-NH2-ATTO-PtPzTz (24 h) (Tukey’s test). 

 

The highest release was achieved by PtPzTn at both 4 and 24 h, reaching 30% of 

release after the longest incubation time. These results seem to correlate with the 
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accumulation of metal in cells, which was also higher for PtPzTn and PtPzTz. Although 

it appears that there is also a high release for palladium complexes, their accumulation 

and cytotoxicity were quite low, which could be justified by the limited loading achieved 

for these two complexes. On the other hand, some interactions could be occurring 

between the particles and the complexes PtDPhPzTn and PtDPhPzTz preventing them 

from being released, which would explain the low accumulation on the cells and the lack 

of cytotoxic effect even with a high loading of these complexes.
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5. DISCUSSION 

Cancer is one of the main causes of death around the world and it is characterized 

by the uncontrolled growing and propagation of abnormal cells in any part of the body. 

Notwithstanding the advances on the understanding of this disease and the improvements 

achieved on treatments development, it is expected an increase in the number of new 

diagnosed cases and mortality rates worldwide for the next decades [5]. On the other 

hand, the methods used to treat cancer are not always effective and include many side 

effects. One of the principal ways to treat this illness is chemotherapy, which is based on 

the use of drugs to destroy cancer cells, preventing them from dividing and growing. 

Nevertheless, it can also damage healthy cells, causing nausea, neurotoxicity, etc., or even 

stop working due to acquired resistance of the tumor cells [264]. 

CisPt has been one of the most relevant chemotherapeutic agents used since its 

approval by the FDA in 1978. But, as previously mentioned, it also has some drawbacks 

that led to the synthesis of other analogs. For that reason, not only platinum but also 

different metals have been studied, as well as the incorporation of a wide variety of 

ligands in order to improve its antitumoral effects and avoid their side effects [55,57,67]. 

With all that in mind, in the present PhD thesis it has been synthesized and characterized 

12 complexes with S,N and N,N-heterocycles in the ligand structure, in combination with 

platinum(II) or palladium(II) as metallic centers. The structure and stability of the 

synthesized complexes was checked via X-ray diffraction, elemental analysis, IR 

spectroscopy, and 1H NMR spectroscopy. Based on those data, it could be affirmed that 

the structure of the complexes consists of monomeric units of [MCl2L] (L = bidentate 

ligand), being the coordinate geometry around the metal slightly distorted square-planar. 

In addition, it was confirmed that the ligands were coordinated to the metal through the 

nitrogen of pyrazole cycle and the nitrogen of 2-thiazoline ring or the nitrogen of 1,3-

thiazine ring according with the compound. Moreover, it was checked that those agents 

that were soluble were stable in solution during at least 21 days.  

The results achieved in this PhD thesis showed that the CisPt analogs synthesized 

presented cytotoxic effect in the three cell lines selected (HL-60, U-937 and HeLa). The 

most sensitive cells to these chemotherapeutic agents were the leukemic ones, as 

ascertained by the lower IC50 values obtained in comparison with HeLa cells.  

When comparing with other cis-complexes with a Cl2N2 coordination 

environment around Pt(II) reported in the literature*, it could be found some complexes
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(1-4, 6, 8-15, Table A.4, and 1-9, Table A.6) displaying higher cytotoxicity than our most 

potent complexes (PtDPhPzTn and PtDPhPzTz) both in HeLa [265–268] and U-937 

[269], but in general with quite different chemical structures and with larger incubation 

times (48 h-7 days). On the other hand, it could be affirmed that PtDPhPzTn and 

PtDPhPzTz showed stronger cytotoxicity than some other platinum(II) complexes at the 

same, or even at shorter, incubation times (24h) against HeLa (5, 7, 16-38, Table A.4) 

[266,270–276] and HL-60 (1-7, Table A.5) [270,271,277]. Moreover, PtPzTn, PtPzTz, 

PtDMPzTn and PtDMPzTz also had stronger cytotoxic effect in HeLa and HL-60 than 

some of these complexes (16-21, 23, 25 and 26, Table A.4 and 1-7, Table A.5) found in 

the literature [270–273,277] at the same or even at shorter incubation times. Nevertheless, 

it is important to highlight that some of the comparisons are not accurate because some 

authors measured cell proliferation by other methods different from MTS assay 

[265,272].  

As it was already mentioned, the chemical structures of the complexes found in 

the literature are quite distinct from ours. Hence, to compare to closer structures, results 

from some complexes previously synthesized by the Coordination Chemistry Research 

group of University of Extremadura will be discussed. Among them, it can be stated that 

the complexes PtTdTz [278] and PtPyTz [175], both tested in HeLa cells, showed better 

results than our complexes with methyl or no substitutions, but lower cytotoxicity than 

PtDPhPzTn and PtDPhPzTz. Nevertheless, the complex PtTzTz presented a slightly 

lower IC50  (9.8 ± 0.9 µM) than our best complex (PtDPhPzTn) [279]. On the other hand, 

four of our Pt(II) complexes (PtPzTn, PtPzTz, PtDPhPzTn and PtDPhPzTz) performed 

better cytotoxic effect than PtPyTz in U-937 and HL-60, and PtTdTn in U-937 [175,280].  

Respect to Pd(II) analogs, when comparing with other Pd(II) complexes reported 

in the literature, it could be also found some complexes displaying higher cytotoxicity 

than our most potent complexes (PdDPhPzTn and PdDPhPzTz) in HeLa cells (42, 44, 47 

and 48, Table A.4) [272,281,282] at the same incubation times. Nonetheless, as happened 

with Pt(II) complexes, they had in general quite different chemical structures or even used 

different methods to measure cytotoxicity [272]. In contrast, our complexes improved 

some of the IC50 values achieved with other palladium(II) compounds, thereby decreasing 

the concentration of some of them at the same incubation times. This happened for 

complexes PdDPhPzTn, PdDPhPzTz, PdPzTn and PdPzTz in HeLa (43, 45, 46, 49-51, 

53 and 55, Table A.4) [259,272,282,283] and HL-60 (7, Table A.5) [277], while only 

PdDPhPzTn and PdDPhPzTz demonstrated lower IC50 values than other Pd(II) 
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complexes in HeLa cells (52 and 54, Table A.4) [259,283]. Moreover, when comparing 

to closer structures, the Pd(II) complexes described in this PhD thesis were not able to 

improve the biological activity of complexes PdTdTn [280] in U-937, and PdTdTz and 

PdTzTz [278,279] in HeLa cells, although the effect of the latter compounds was 

apparently due to the ligands and not influenced by the metal center. In contrast, the 

complexes with phenyl or no substitutions improved the cytotoxic effect showed by 

PdPyTz in the three cell lines selected [175]. Additionally, it was also verified that longer 

incubation times (48 and 72 h) improved the cytotoxicity of the Pd(II) complexes in HeLa 

cells, unlike PdDMPzTn and PdDMPzTn, which did not enhance their effect with time. 

The greater decrease in the IC50 values was around 30-40 μM at 72 h for PdDPhPzTn and 

PdDPhPzTz.  

In general, data obtained demonstrated a higher sensitivity of leukemic cell lines 

in comparison to the solid-tumor cell line towards the chemotherapeutic agents tested, 

among which PtDPhPzTn and PtDPhPzTz displayed the best effects. In fact, lower IC50 

values were obtained for these two complexes compared to CisPt in the three cell lines, 

being almost two-fold lower in HL-60 and more than two-fold lower in U-937. 

The results followed the same trend for Pt(II) and Pd(II) complexes, corroborating 

that the methyl substitution of pyrazole ring in the ligand is not as effective as the phenyl 

substitution or the absence of extra substituents. Besides, the methyl substitution did not 

improve the effect of the complex with either Pt(II) nor Pd(II) as metal center, except for 

a moderate effect of PtDMPzTn and PtDMPzTz in leukemic cell lines. It is undeniable 

that there is an influence of the substituents presented in the pyrazole ring, where 

complexes with phenyl substituents promoted strong cytotoxicity in all three cell lines, 

with both Pt(II) and Pd(II) as metallic centers in comparison to their analogs with the 

same metal. Thus, it was presumed that the biological activity of the CisPt analogs could 

be influenced by the incorporation of aromatic groups into their structure [284,285]. In 

fact, Segapelo and coworkers [266] also demonstrated that the aryl substitution of 

pyrazole ring in their Pt(II) complexes (6 and 8, Table A.4) improved their cytotoxicity in 

comparison with alkyl substitutions (5 and 7, Table A.4). Same conclusion was obtained 

by Zafar and coworkers [259], who also improved cytotoxicity with benzyl instead of 

methyl substitutions of their Pd(II) complexes (54 and 55, Table A.4), but in this case 

making the substitution on the pyridine ring. Moreover, in the case of Keter and 

coworkers [272], the methyl substitution of bis-pyrazoles remarkably worsened the 

cytotoxicity of their complexes (22, 23, 42 and 43, Table A.4), both with Pt(II) and Pd(II) 
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as metallic centers. On the other hand, when HeLa cells were incubated for 4 h with the 

IC50 of our Pt(II) and Pd(II) complexes with phenyl rings or no extra substituents, stronger 

accumulation was observed for complexes with phenyl substituents in comparison with 

their respective counterparts. Moreover, PtDPhPzTn and PtDPhPzTz accumulated into 

cells much more efficiently than CisPt (10-fold higher in both cases). This may indicate 

that the presence of aromatic groups in the ligands, which structurally confers enhanced 

lipophilicity to these complexes, improved their cellular uptake and accumulation. 

Likewise, it was also demonstrated that none of the free ligands produced 

significant effects in cell viability of U-937 and HL-60 cells, whereas they only affected 

cell viability of HeLa cells at the highest dose, e.g., 100 μM in the case of DPhPzTn and 

DPhPzTz. This indicates that the coordination to the metal center is indispensable to 

produce the cytotoxic effect. In addition, it was also clearly identified that the complexes 

with Pt(II) as metallic center have a greater cytotoxic effect than Pd(II) complexes. This 

could be related to the higher kinetic lability of Pd(II) complexes in comparison to Pt(II) 

ones [286]. This usually generates a rapid hydrolysis of palladium-ligand bonds, generally 

resulting in the formation of reactive species unable to reach the 

target biomolecules inside cancer cells [82,287]. 

Focusing on the phenyl substituted complexes, which were the most promising 

ones, it was also confirmed that the cell death produced in HeLa cells was mediated via 

apoptosis, as occurred with other complexes with similar structure [280]. The increase in 

the percentage of apoptotic cells was akin to that elicited by the IC50 of CisPt. On the 

other hand, although the apoptosis induction was similar to that of CisPt, it was checked 

that PtDPhPzTn and PtDPhPzTz did not produce DNA intercalation, unlike CisPt, which 

suggest that these complexes may act through a different mechanism. In fact, PtDPhPzTn 

and PtDPhPzTz also caused a dramatic increase of intracellular ROS production that 

ultimately led to apoptotic cell death. In this sense, previously described Pt(II)-based 

complexes were also shown to exert their cytotoxic effect through mechanisms distinct 

from cisplatin, including ROS-mediated apoptosis [288–290], mitochondrial dysfunction 

and ER stress response [290,291], and mitogen-activated protein kinase 

(MAPK) modulation [288]. Surprisingly, although the free ligands DPhPzTn and 

DPhPzTz did not significantly modify the percentage of apoptotic cells, they produced a 

significant increase in the intracellular production of ROS. This effect may be due to 

nonspecific effects inherent to the nature of the molecules, or to possible interferences 

with the fluorescent probe used for the determination of ROS. 

https://www.sciencedirect.com/topics/engineering/biomolecule
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On the other hand, encapsulation of drugs in nanoparticles has been an extensive 

approach used in recent years to improve their biological effects and some 

physicochemical properties such as solubility and transport [292,293]. Among 

nanoparticles, MSNs have been widely used to improve the delivery of hydrophobic and 

hydrophilic drugs both in vitro and in vivo. In addition, one of their advantages is their 

biosafety status since they are regarded as GRAS by FDA [294]. Among some studies 

with promising results for anticancer drug delivery with MSN, it can be mentioned that 

Tao and coworkers encapsulated CisPt and transplatin on two types of MSN (MCM-41 

or SBA-15) achieving an enhanced cytotoxicity at 24h of incubation greater than that of 

the free drugs in lymphoid cells [295]. Similarly, Lin and coworkers also improved CisPt 

effect by encapsulating it on trimethylammonium (TA)-MSN-carboxylate, showing 

highly anti-proliferative effect through the induction of cell apoptosis in HT-29 cell line 

[296]. Nevertheless, the encapsulation of doxorubicin (DOX) in MSN-NH2 only showed 

comparable results on A549 cell line when incubated during 72h [260], while other study 

on HeLa cells and MSNs as carriers improved the cytotoxicity of DOX alone [297]. On 

the other hand, the encapsulation of oxaliplatin in MSN-COOH reduced the IC50 obtained 

for the free drug on HepG-2 cells and changed the internalization mechanism, as they 

were taken up via endocytosis instead of passive diffusion [221]. For all this, in the 

present PhD thesis MSNs were selected as drug delivery systems for several of the 

synthesized complexes. Furthermore, amino functionalization of MSNs was selected due 

to an enhanced loading of PtDPhPzTz in comparison with other particles (MSN, MSN-

COOH and DMON). MSN-NH2 were then synthesized and characterized via TEM, gas 

adsorption, and Z-potential. In addition, they were also functionalized with ATTO dye to 

make easier the studies on their subcellular localization. Finally, six (PtPzTn, PtPzTz, 

PtDPhPzTn, PtDPhPzTz, PdDPhPzTn and PdDPhPzTz) of our complexes were 

successfully encapsulated. The loading was checked via TGA, where it could be seen that 

the loading percentage was higher for Pt(II) complexes than for the Pd(II) ones. 

Afterwards, it was confirmed that the particles successfully entered in HeLa cells, as 

particles were imaged through confocal microscopy and seemed to be distributed in the 

nucleus, Golgi, plasma membrane and mitochondria. In addition, release of complexes 

from the particles and accumulation on HeLa cells were also checked by ICP-MS, 

showing that MSN-NH2-ATTO-PtPzTn and MSN-NH2-ATTO-PtPzTz had the stronger 

release and MSN-NH2-ATTO-PtPzTn produced the higher metal accumulation on cells. 

This intense accumulation could be related with a higher apoptosis-inducing effect. In 
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fact, when encapsulated into MSN-NH2-ATTO system, PtPzTn remarkably decreased the 

population of live cells by more than 50% at a concentration that was far below the IC50 

of the free drug (51.90 µM vs. 140.20 µM). In the case of MSN-NH2-ATTO-PtPzTz, the 

decrease in population of live cells was smaller (~20 % vs. control), but the reduction of 

the concentration of PtPzTz was greater than three times (42.31 µM for encapsulated drug 

vs. 142.20 µM for free drug). Nevertheless, it cannot be ignored that a minor part of the 

effect was probably due to the silica itself and that the release of complexes from the 

synthesized MSNs was not completed after 24h (e.g., ~30 % and ~25 % release for 

PtPzTn and PtPzTz respectively). Therefore, the actual amount of readily bioavailable 

complex should be lower than the total amount concentration in the MSN-NH2, making 

the encapsulated complexes more effective than it was considered. On the other hand, the 

lack of effect of the complexes with phenyl rings could be related with some interactions 

of this complexes with the particles, which could hinder their liberation and further 

accumulation in the cells, thereby preventing them to act. However, in the case of 

palladium-containing nanoparticles, the explanation could be related with the low loading 

achieved and subsequent low quantity used in comparison to the free complexes.  

It is important to highlight that making a comparison of the results obtained with 

other complexes or nanoparticles in the literature is complex and not completely accurate. 

This is due to the lack of works with the exact same functionalization that was used in 

this PhD thesis and the wide range of coating options existing. In addition, as it was 

already mentioned, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide) assay and methods alike are not precise to study cell viability when treating 

cells with nanoparticles [262,263]. Nevertheless, many researchers still use this assay. 

Having said that, when comparing with the work of Gu and coworkers [298], where they 

encapsulated CisPt in carboxylic group modified MSNs (MSNs-C) with enhanced results 

in HeLa cells respect to free CisPt, MSN-NH2-ATTO-PtPzTn was able to improve the 

IC50 (55.7 µM) of particles of comparable size and at an equivalent incubation time. 

Similarly, Ren and coworkers [299] used MSN and amino functionalized MSN modified 

with folic acid (FA) to load 10-hydroxycamptothecin (HCPT) and checked their 

cytotoxicity by MTS assay on HeLa cells. Although both types of particles showed 

antitumor activity, their IC50 (71.08 µM for MSN and 152.03 µM for MSN-FA) were also 

higher than the ones achieved by MSN-NH2-ATTO-PtPzTn and MSN-NH2-ATTO-

PtPzTz. On the other hand, Cheralayikkal and coworkers [300] encapsulated 5-

fluorouracil, another potent chemotherapeutic agent, in amine functionalized hollow 



Elena Fernández Delgado  5. Discussion 
 

   125 

MSNs and then coated with a biocompatible polydopamine. The IC50 values obtained 

using MTT assay on HeLa cells were 20.3 and 31.3 μg/mL for both loaded particles, 

which improved the value of the free drug (40.7 μg/mL), being also higher or very similar 

to the ones showed by MSN-NH2-ATTO-PtPzTn and MSN-NH2-ATTO-PtPzTz. 

Nevertheless, other works showed impressive results in this field and presented other 

ideas to improve the effectivity of the particles. For example, Racles and coworkers [301] 

remarkably reduced DOX concentrations from 50 µg/mL to 1–2 µg/mL when 

encapsulated in mesoporous and nonporous functionalized silica nanoparticles with 

methyl, thiol and glucose groups. On the other hand, Li and coworkers [226] 

demonstrated the utility of poly(acrylic acid) modified MSNs as carries for combined 

drugs such as CisPt and DOX on HeLa cells studying the cell viability with CCK-8 

assays. The synergic effect achieved values of IC50 lower than 10 µM. Alternatively, 

MSNs with a carboxylic acid or amine surface group can be successfully decorated with 

long-chain hydrophilic polymer via an amide bond. This occurred in the work of Al-Nadaf 

and coworkers [302] who described the encapsulation and cytotoxicity of DOX-

loaded/decorated MSNs further coupled with FA, both chemically bound or as a complex 

with carboxymethyl beta-cyclodextrin (CM-b-CD). The IC50 values obtained ranged 

between 0.07-0.015 mg/mL on HeLa cells.  

On the other hand, with the encapsulation of PtPzTn and PtPzTz it was possible 

to improve the IC50 values of some of the complexes found in the literature in HeLa cells 

(5, 28-33, 36, 38 and 40, Table A.4), which was not possible when using the PtPzTn and 

PtPzTz as frees drugs. Nevertheless, it was not feasible to improve the results obtained 

for the free complexes PtDPhPzTn and PtDPhPzTz, or the complexes 1-4, 6, 8-15 (Table 

A.4, incubation times from 48 h to 7 days) in HeLa cells. Nonetheless, the encapsulated 

PtPzTn and PtPzTz were able to improve the effect of all the six Pd(II) complexes 

presented in this PhD thesis.  

 

To sum up, the results presented in this PhD thesis proved that the incorporation 

of aromatic groups to the ligands gave rise to an enhanced cellular uptake and 

accumulation of the metallodrugs, which resulted in increased biological activity for both 

Pt(II) and Pd(II) complexes. In fact, Pt(II) complexes PtDPhPzTn and PtDPhPzTz were 

far more effective in terms of cytotoxicity than their less lipophilic counterparts, 

especially in HeLa cells, even showing lower IC50 than CisPt itself. Altogether, our results 

suggest that modulating the lipophilicity of the ligands can help improve the cytotoxic 

https://www.sciencedirect.com/topics/physics-and-astronomy/polydopamine
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effect of the metal complexes. On the other hand, the encapsulation of the less effective 

drugs PtPzTn and PtPzTz in MSN-NH2 improves their transport to the cells and their 

cytotoxicity towards HeLa cells, which confirms the effectiveness of this kind of particles 

as drugs delivery systems for some of the synthesized complexes. 
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6. CONCLUSIONS 

From the results obtained in the present PhD thesis, in which it was intended to 

synthesize and characterize new Pt(II) and Pd(II) analogs of cisplatin with N,N- and N,S- 

heterocycles-bearing ligands, and to study their potential cytotoxic and pro-apoptotic 

effect on three tumor cell lines (HeLa, U-937 and HL-60), it can be concluded that: 

 

1. The synthesis and characterization of twelve cisplatin analogs, six with Pt(II) 

and six with Pd(II) as metal centers and N,N- and N,S-bidentate ligands, were 

successfully achieved. The structures of these complexes were confirmed by 

X-ray diffraction, elemental analysis and IR spectroscopy. That way, it could 

be affirmed that the complexes’ structure consists of monomeric units of 

[MCl2L] (L = bidentate ligand), being the coordinate geometry around the 

metal slightly distorted square-planar. In addition, it was verified that the 

ligands were coordinated to the metal through the nitrogen of pyrazole cycle 

and the nitrogen of 2-thiazoline ring or the nitrogen of 1,3-thiazine ring 

according with the compound. On the other hand, it was checked by 1H RMN 

that those metallodrugs that were soluble were stable in the selected solvents 

during at least 21 days. 

 

2. The evaluation of the cytotoxicity effects of the twelve complexes showed a 

higher effect on leukemic cell lines (HL-60 and U-937) than in the solid tumor 

cell line HeLa for most complexes. In addition, an improvement of IC50 values 

of complexes with respect to CisPt itself was achieved by PtDPhPzTn and 

PtDPhPzTz in all the three tumor cell lines, and similar values were obtained 

for PtPzTn in both U-937 and HL-60 cells and for PtPzTz in U-937 cells. 

Furthermore, the cell death detected was mediated via apoptosis for the 

complexes with phenyl rings on HeLa cells. In fact, the total cell death 

produced by PtDPhPzTn and PtDPhPzTn was higher than that produced by 

CisPt even using lower concentrations than the commercial agent. 

 

3. The results obtained from the different complexes showed that the presence of 

aromatic rings in the ligand improved the biological activity of these 

complexes. This tendency was maintained in both complexes with Pt(II) and 
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Pd(II) as metal centers. Likewise, the presence of methyl substituents did not 

improve the cytotoxic activity of the complexes. On the other hand, it was also 

checked that, for the complexes synthesized, Pt(II) was more effective as 

metallic center than Pd(II), except for PdPzTn and PdPzTz in HeLa cells, 

which showed lower IC50 values than their Pt(II) counterparts. Having all that 

in mind, for future drug development, further investigations of complexes with 

Pt(II) and aromatic rings in their structure can lead to promising results.  

 

4. The synthesis, characterization, and encapsulation of six of the synthesized 

complexes in MSNs were achieved successfully. In addition, it was 

accomplished an improvement of solubility of all complexes encapsulated and 

an upgrade of the cytotoxic effects of PtPzTn and PtPzTz in HeLa cells. This 

suggested that the use of MSNs as carriers of these type of complexes could 

be useful for the delivery of poorly soluble drugs for cancer treatment.  
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8. APPENDIX 

 

 
 

Figure A1. 1H NMR spectrum of PzTn in DMF-d7. 

 

 
 

Figure A2. 1H NMR spectrum of PzTz in DMF-d7. 
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Figure A3. 1H NMR spectrum of DMPzTn in DMSO-d6. 

 

 
 

Figure A4. 1H NMR spectrum of DMPzTz in DMSO-d6. 
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Figure A5. 1H NMR spectrum of DPhPzTn in DMF-d7. 

 

 
 

Figure A6. 1H NMR spectrum of DPhPzTz in DMF-d7. 
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Figure A7. Cytotoxic effect of ligands. Promyelocytic leukemia HL-60 (A), histiocytic 

lymphoma U-937 (B) and epithelial cervix carcinoma HeLa (C) cell lines were challenged with 

concentrations from 0-100 μM of the six ligands, namely PzTn, PzTn, DMPzTn, DMPzTz, 

DPhPzTn and DPhPzTz, or the vehicle (DMF or DMSO) for 24 h. Values are presented as 

means ± S.D. (n = 6) and depicted as percentage over untreated samples. *P < 0.05 vs. control 

(0 μM) (Dunnett’s test). 
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Table A1. IR spectral assignments (cm-1) for PzTn, DMPzTn and DPhPzTn. 

 

 PzTn DMPzTn DPhPzTn 

W1[(C=N)] 1641 1635 1639 

 
Pyrazole ring 

vibrations 

1514 1574 1560 

1382 1410 1408 

1350 1387 1319 

991 970 1000 

 

 

 

 

Table A2. IR spectral assignments (cm-1) for PzTz, DMPzTz and DPhPzTz. 

 

 PzTz DMPzTz DPhPzTz 

Ψ1[(C=N)] 1635 1639 1639 

 

Pyrazole ring 

vibrations 

1510 1566 1548 

1419 1411 1406 

1386 1375  

1327 1315 1303 

 995 981 998 

 

 

 

 

Table A3. Cytotoxic effect of PzTn, PzTz, DMPzTn, DMPzTz, DPhPzTn and DPhPzTz towards 

selected tumor cell lines. 

 HeLa HL-60 U-937 

PzTn 133.60 ± 22.56 > 150 > 150 

PzTz > 150 > 150 > 150 

DMPzTn > 500 > 500 > 500 

DMPzTz > 500 > 500 > 500 

DPhPzTn 95.62 ± 7.73 > 150 > 150 

DPhPzTz 78.71 ± 6.41 > 150 > 150 
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Table A4. Cis-complexes in the literature with a Cl2N2 coordination environment around Pt(II) and 

Pd(II) tested in HeLa cell line, including IC50 (µM) and treatment incubation time. 

 
HeLa 

 
Compound IC50 (µM) 

Incubation 

time (h) 

Reference 

 

[PtCl2(PzTn)] 
140.20 ± 

24.31 
24 

This PhD 

thesis 

[PtCl2(PzTz)] 
142.20 ± 

14.26 
24 

[PtCl2(DMPzTn)] 119.8 ± 8.38 24 

[PtCl2(DMPzTz)] 
144.7 ± 

14.25 
24 

[PtCl2(DPhPzTn)] 12.15 ± 0.89  24 

[PtCl2(DPhPzTz)] 14.09 ± 1.17  24 

1 
[PtCl2(L1)] 

L1:9-amino-N-[2-[(2-aminoethyl)amino]ethyl]acridine-4-

carboxamide 
0.4* 48 

[265] 

 

2 
[PtCl2(L2)] 

L2: 9-amino-N-[2-[(2-aminoethyl)amino]ethyl]-7-

methoxyacridine-4-carboxamide 

10* 48 

3 
[PtCl2(L3)] 

L3: 9-amino-N-[2-[(2-aminoethyl)amino]ethyl]-7-fluoroacridine-4-
carboxamide 

1.3* 48 

4 
[PtCl2(L4)] 

L4: N-[2-[(2-aminoethyl)amino]ethyl]-9-[(2-
hydroxyethyl)amino]acridine-4-carboxamide 

1.1* 48 

5 [PtCl2(L5)] 
L5: 2-(3,5-dimethylpyrazol-1-ylmethyl)pyridine 

> 50 7 days 

[266] 

 

6 [PtCl2(L6)] 
L6: 2-(3,5-diphenylpyrazol-1-ylmethyl)pyridine 

3.849 7  days 

7 [PtCl2(L7)] 
L7: 2-(3,5-di-tert-butylpyrazol-1-ylmethyl)pyridine 

> 25 7  days 

8 [PtCl2(L8)] 
L8: 2-(3-p-tolylpyrazol-1-ylmethyl)pyridine 

8.920 7  days 

9 [PtCl2(L9)]∙3½H2O 
L9: bis(1-methyl-2-(3′-hydroxypropyl)benzimidazole) 

˂ 2.5 72 [267] 

10 
[PtCl2(L10)] 

L10: N-[(1S,3S)-6,7-Dimethoxy-1-phenyl-1,2,3,4-tetrahydro-3-

isoquinolinyl]methyl-N-phenylamine 

8.92 ± 0.77 96 

[268] 

 

11 
[PtCl2(L11)] 

L11: N-[(1S,3S)-6,7-Dimethoxy-1-phenyl-1,2,3,4-tetrahydro-3-

isoquinolinyl]methyl-N-(4-methoxyphenyl)amine 

6.43 ± 0.77 96 

12 
[PtCl2(L12)] 

L12: N-(4-Chlorophenyl)-N-[(1S,3S)-6,7-dimethoxy-1-(4-

methoxyphenyl)-1,2,3,4-tetrahydro-3-isoquinolinyl]methylamine 

3.01 ± 0.57 96 

13 
[PtCl2(L13)] 

L13: Methyl 4-([(1S,3S)-6,7-dimethoxy-1-(4-methoxyphenyl)-

1,2,3,4-tetrahydro-3-isoquinolinyl]methylamino)benzoate 

2.92 ± 0.78 96 

14 
[PtCl2(L14)] 

L14: N-[(1S,3S)-1-(4-Chlorophenyl)-6,7-dimethoxy-1,2,3,4-

tetrahydro-3-isoquinolinyl]methyl-N-(4-methylphenyl)amine 
2.23 ± 0.33 96 

15 

[PtCl2(L15)] 
L15: N-[(1S,3S)-1-(4-Chlorophenyl)-6,7-dimethoxy-1,2,3,4-

tetrahydro-3-isoquinolinyl]methyl-N-[4-

(trifluoromethyl)phenyl]amine 
 

 

0.91 ± 0.47 96 
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16 [PtCl2(dap)]·H2O 
dap: 1-(carboxylic acid)-1,2-diaminoethane 

340 24 

[270] 

220 48 

165 72 

17 [PtCl2(dab)]·1/4 HCl 
dab: 1-(carboxylic acid)-1,3-diaminopropane 

330 24 

230 48 

215 72 

18 [PtCl2(dap–phe)] 
dap-phe:2-(1,2-diaminoethylcarboxiamide)-3-phenylpropionic 

> 500 24 

[271] 

 

> 500 48 

> 500 72 

19 
[PtCl2(dab–phe)] 

dab-phe: 2-(1,3-diaminopropylcarboxiamide)-3-phenylpropionic 
acid 

> 500 24 

> 500 48 

> 500 72 

20 [PtCl2(dap–ala)] 
dap-ala: 2-(1,2-diaminoethylcarboxiamide)propionic acid 

415 24 

310 48 

160 72 

21 [PtCl2(dab–ala)] 
dab-ala: 2-(1,3-diaminopropylcarboxiamide)propionic acid 

220 24 

190 48 

60 72 

22 [PtCl2(L16)] 
L16: bis(pyrazole) 

20 ± 0.01# 24 
[272] 

23 [PtCl2(L17)] 
L17: bis(3,5-dimethylpyrazole) 

200 ± 0.1# 24 

24 [PtCl2(pbiCN)] 
pbiCN: 1-(Cyanoethyl)-2-(2-pyridyl)benzimidazole 

15.4 ± 0.9 72 

[273] 

25 [PtCl2(pbiSO3)] 
pbiSO3: 3-(2-(2-pyridyl)-benzimidazol-1-yl)propane-1-sulfonate) 

> 100 72 

26 
[PtCl2(bpyam)] 

bpyam: 4,4′-bis(N-(4-pentyldiethylamine)carbamoyl)-2,2′-
bipyridine 

> 100 72 

27 [PtCl2(bpyst)] 
bpyst: 4,4′-bis(α-styrene)-2,2′-bipyridine 

33 ± 2 72 

28 [PtCl2(L18)] 
L18: Z-NHC(NHcyclopropyl)Me)2 

> 100 48 

[274] 29 [PtCl2(L19)] 
L19: (Z-NHC(NHcyclopentyl)Me)2 

> 100 48 

30 [PtCl2(L20)] 
L20: (Z-NHC(NHcyclohexyl)Me)2 

87.89 ± 2.22 48 

31 [PtCl2(L21)] 
L21: 6,6′,7,7′-tetramethoxy-3,3′,4,4′-tetrahydro-1,1′-biisoquinoline 

> 50 72 

[275] 

32 
[PtCl2(L22)] 

L22: Rac-6,6′,7,7′-tetramethoxy-1,1′, 2,2′3,3′,4,4′-octahydro-1,1′-
biisoquinoline 

> 50 72 

33 
[PtCl2(L23)] 

L23: Meso-6,6′,7,7′-tetramethoxy-1,1′,2,2′3,3′,4,4′-octahydro-1,1′-
biiso quinoline 

> 50 72 

34 
[PtCl2(L24)] 

L24: (1S, 1S′)-6,6′,7,7′-tetramethoxy -1,1′,2,2′3,3′,4,4′-octahydro-

1,1′-biiso quinoline 

29.94 ± 1.07 72 

35 
[PtCl2(L25)] 

L25: (1R, 1R′)-6,6′,7,7′-tetramethoxy -1,1′,2,2′3,3′,4,′4′-octahydro-

1,1′-biiso quinoline 

21.95 ± 0.32 72 

36 
[PtCl2(L26)] 

L26: Rac-6,6′,7,7′-tetrahydroxy-1,1′, 2,2′3,3′,4,4′-octahydro-1,1′-

biisoquinoline 

> 50 72 

37 

[PtCl2(L27)] 
L27: Meso-6,6′,7,7′-tetrahydroxy-1, 1′,2,2′3,3′,4,4′-octahydro-1,1′-

biisoquinoline 

 

 

23.67 ± 0.84 

 

72 
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38 
[PtCl2(L28)] 

L28: 6-(4-(3-(2-aminoethylamino)propylamino)-7-deazapurine-β-
D-riboside 

55.1 ± 14.6 72 [276] 

39 
[PtCl2(TdTz)] 

TdTz: 2-(3,4-dichlorophenyl)imino-N-(4H-5,6-dihydro-1,3-
thiazin-2-yl)thiazolidine) 

14.9 ± 1.2 24 [278] 

40 [PtCl2(PyTz)]·C2H6O 
PyTz: 2-(2-pyridyl)iminotetrahydro-1,3- thiazine 

63.38 ± 5.63 24 [175] 

41 
[PtCl2(TzTz)] 

TzTz: 2-(3,4-dichlorophenyl)imino-N-(4H-5,6-dihydro-1,3-
thiazine-2-yl)tetrahydro-1,3-thiazine 

9.8 ± 0.9 24 [279] 

 

 

[PdCl2(PzTn)] 

67.55 ± 7.27 24 

This PhD 

thesis 

58.22 ± 9.66 48 

44.17 ± 6.33 72 

[PdCl2(PzTz)] 

77.75 ± 9.68 24 

66.01 ±11.43 48 

46.59 ± 6.55 72 

[PdCl2(DMPzTn)] 

> 150 24 

> 150 48 

> 150 72 

[PdCl2(DMPzTz)] 

> 150 24 

> 150 48 

> 150 72 

[PdCl2(DPhPzTn)] 

62.74 ± 6.45 24 

34.85 ± 4.00 48 

23.28 ± 2.44 72 

[PdCl2(DPhPzTz)] 

57.83 ± 6.45 24 

32.09 ± 4.23 48 

27.98 ± 3.33 72 

42 [PdCl2(L16)] 
L16: bis(pyrazole) 

10 ± 0.1# 24 
[272] 

43 [PdCl2(L17)] 
L17: bis(3,5-dimethylpyrazole) 

350 ± 0.01# 24 

44 [PdCl2(L29)] 
L29: (pyrrolymethylidene) (Pyridyl-2-yl-methyl) Amine N,N 

45.5 ± 0.167 24 [281] 

45 
[PdCl2(L30)] 

L30: N1,N1-dimethyl-N2-[(1R,2S,3R,4S)-2-oxy-1,7,7-

trimethylbicyclo[2.2.1]heptan-3-yl] ethane-1,2-diamine-N1,N2 

≥ 100 24 

 

[282] 

 

46 

[PdCl2(L31)] 
L31: (Z)-N1,N1-dimethyl-N2-[(1R,4S)-2-oxo-1,7,7-

trimethylbicyclo[2.2.1]heptane-3-ylidene]ethane-1,2-diamine -

N1,N2 

≥ 100 24 

47 
[PdCl2(L32)] 

L32: (1R,2R,5R)-3-(Benzylimino)-2,6,6-Trimethylbicyclo 

[3.1.1]Heptane-2-ol N,N 

4.28 ± 0.09 24 

48 
[PdCl2(L33)] 

L33: (1S,2S,3S,5S)-3-(Benzylamino)-2,6,6- Trimethylbicyclo 

[3.1.1]Heptane-2-ol-N,N 

28.44 ± 0.18 24 

49 
[PdCl2(L34)] 

L34: (1R,2R,5R,3E)-3-{[2-(amino)ethyl]imino}-2,6,6-

trimethylbicyclo[3.1.1]- heptan-2-ol-κ2 N 
≥ 100 24 

50 
[PdCl2(L35)] 

L35: (N-(2E,1S,4S)-1,7,7-Trimethylbicyclo[2.2.1]- hept-2-

ylidene)ethane-1,2-diamine-N1,N2 

≥ 100 24 

51 
[PdCl2(L36)] 

L36: (1R,2R,5R,3E)-3-{[2-(dimethylamino)ethyl]imino}-2,6,6-

trimethylbicyclo[3.1.1]- heptan-2-ol-κ2 N 

≥ 100 24 

52 
[PdCl2(L37)] 

L37: (S,E)-2-(pyridine-2-ylmethyleneamino)propan-1-ol 

 

50 48 [283] 
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* Amylar blue assay, # Neutral red assay 

 

 

 

 

 

 

Table A5. Cis-complexes in the literature with a Cl2N2 coordination environment around Pt(II) 

and Pd(II) tested in HL-60 cell line, including IC50 (µM) and treatment incubation time. 
 

HL-60 

 
Compound IC50 (µM) 

Incubation 

time (h) 

Reference 

 [PtCl2(PzTn)] 15.02 ± 1.41 24  

 

This PhD 

thesis 

[PtCl2(PzTz)] 23.93 ± 2.49 24 

[PtCl2(DMPzTn)] 42.83 ± 1.75 24 

[PtCl2(DMPzTz)] 62.32 ± 1.87 24 

[PtCl2(DPhPzTn)] 6.05 ± 0.47 24 

[PtCl2(DPhPzTz)] 5.79 ± 0.45 24 

1 [PtCl2(dap)]·H2O 
dap: 1-(carboxylic acid)-1,2-diaminoethane 

265 24 

[270] 

 

220 48 

160 72 

2 [PtCl2(dab)]·1/4 HCl 
dab: 1-(carboxylic acid)-1,3-diaminopropane 

150 24 

113 48 

95 72 

3 [PtCl2(dap–phe)] 
dap-phe:2-(1,2-diaminoethylcarboxiamide)-3-phenylpropionic acid 

448 24 

[271] 

 

420 48 

340 72 

4 
[PtCl2(dab–phe)] 

dab-phe: 2-(1,3-diaminopropylcarboxiamide)-3-phenylpropionic 

acid 

470 24 

340 48 

330 72 

5 [PtCl2(dap–ala)] 
dap-ala: 2-(1,2-diaminoethylcarboxiamide)propionic acid 

240 24 

98 48 

90 72 

6 [PtCl2(dab–ala)]  
dab-ala: 2-(1,3-diaminopropylcarboxiamide)propionic acid 

245 24 

195 48 

130 72 

7 [PtCl2(L39)] 
L39: 1-Amino-1,3-dihydrospiro[imidazoline-4,2-indene]-2,5-dione 

165.2 72 [277] 

8 [PtCl2(PyTz)]·C2H6O 
PyTz: 2-(2-pyridyl)iminotetrahydro-1,3- thiazine 

39.25 ± 3.86 24 [175] 

 

53 [PdCl2(L38)] 
L38: ®-2-(4,4-dimethyloxazolidin-2-yl)pyridine 

> 100 48 

54 [PdCl2(LBn)] 
LBN: N,N’-bis(1-benzylpyridylidene)oxalamide 

30.8 ± 1. 9 72 [259] 

 55 [PdCl2(LMe)] 
LMe:  N,N’-bis(1-methylpyridylidene)oxalamide 

75.1 ± 1.0 72 

56 
[PdCl2(TdTz)] 

TdTz: 2-(3,4-dichlorophenyl)imino-N-(4H-5,6-dihydro-1,3-

thiazin-2-yl)thiazolidine) 
44.8 ± 3.8 24 [278] 

57 [PdCl2(PyTz)]·C2H6O 
PyTz: 2-(2-pyridyl)iminotetrahydro-1,3- thiazine 

78.62 ± 8.21 24 [175] 

58 
[PdCl2(TzTz)] 

TzTz: 2-(3,4-dichlorophenyl)imino-N-(4H-5,6-dihydro-1,3-

thiazine-2-yl)tetrahydro-1,3-thiazine 
55.76 ± 2.6 24 [279] 
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[PdCl2(PzTn)] 71.81 ± 9.09 24 

This PhD 

thesis 

[PdCl2(PzTz)] 54.50 ± 6.68 24 

[PdCl2(DMPzTn)] > 150 24 

[PdCl2(DMPzTz)] > 150 24 

[PdCl2(DPhPzTn)] 58.83 ± 4.94 24 

[PdCl2(DPhPzTz)] 46.39 ± 3.99 24 

9 [PdCl2(L40)]  
L40: 1-Amino-1,3-dihydrospiro[imidazoline-4,2-indene]-2,5-dione 

> 200 72 [277] 

10 [PdCl2(PyTz)]·C2H6O 
PyTz: 2-(2-pyridyl)iminotetrahydro-1,3- thiazine 

115.20 ± 

17.01 
24 [175] 

 

 

Table A6. Cis-complexes in the literature with a Cl2N2 coordination environment around Pt(II) 

and Pd(II) tested in U-937 cell line, including IC50 (µM) and treatment incubation time. 
 

U-937 

 Compound IC50 (µM) 
Incubation 

time (h) 

Reference 

 

[PtCl2(PzTn)] 6.48 ± 0.54 24  

 

This PhD 

thesis 

[PtCl2(PzTz)] 8.09 ± 0.81 24 

[PtCl2(DMPzTn)] 32.59 ± 0.83 24 

[PtCl2(DMPzTz)] 43.04 ± 1.17 24 

[PtCl2(DPhPzTn)] 3.23 ± 1.36 24 

[PtCl2(DPhPzTz)] 2.75 ± 0.34 24 

1 [PtCl2(t-L41)] 
L41: threo-2,3-Diamino-3-(4-fluorophenyl)propane 

0.33 ± 1.20 72 

[269] 

2 [PtCl2(e-L41)] 
L41: erythro-2,3-Diamino-3-(4-fluorophenyl)propane 

2.17 ± 1.11 72 

3 [PtCl2(rac-L42)] 
L42: 1,2-diamino-1,2-bis(4-fluorophenyl)ethane 

0.37 ± 1.19 72 

4 [PtCl2(meso-L42)] 
L42: 1,2-diamino-1,2-bis(4-fluorophenyl)ethane 

1.17 ± 1.12 72 

5 [PtCl2(t-L43)] 
L43: threo-2,3-Diamino-3-(4-fluorophenyl)propan-1-ol 

0.37 ± 1.20 72 

6 [PtCl2(e-L43)] 
L43: erythro-2,3-Diamino-3-(4-fluorophenyl)propan-1-ol 

1.16 ± 1.14 72 

7 [PtCl2(L44)] 
L44: 2,3-Diamino-3-(4-fluorophenyl)ethane 

0.58 ± 1.16 72 

8 [PtCl2(t-L45)] 
L45: threo-3,4-Diamino-4-(4-fluorophenyl)butan-1-ol 

0.63 ± 1.16 72 

9 [PtCl2(e-L45)] 
L45: erythro-3,4-Diamino-4-(4-fluorophenyl)butan-1-ol 

2.98 ± 1.15 72 

10 [PtCl2(PyTz)]·C2H6O 
PyTz: 2-(2-pyridyl)iminotetrahydro-1,3- thiazine 

26.36 ± 2.56 24 [175] 

11 [PtCl2(TdTn)] 
TdTn: 2-(2-pyridyl)iminotetrahydro-1,3-thiazine 

~ 10 24 [280] 

 

 

[PdCl2(PzTn)] 70.95 ± 8.73 24 

This PhD 

thesis 

[PdCl2(PzTz)] 70.21 ± 7.67 24 

[PdCl2(DMPzTn)] > 150 24 

[PdCl2(DMPzTz)] > 150 24 

[PdCl2(DPhPzTn)] 53.43 ± 4.91 24 

[PdCl2(DPhPzTz)] 50.35 ± 4.82 24 

12 [PdCl2(PyTz)]·C2H6O 
PyTz: 2-(2-pyridyl)iminotetrahydro-1,3- thiazine 

90.96 ± 

17.66 
24 [175] 

13 [PdCl2(TdTn)] 
TdTn: 2-(2-pyridyl)iminotetrahydro-1,3-thiazine 

~ 5 24 [280] 



 

 

 

 

 

 

 




