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Abstract 

 

 

Three new ferrocene complexes were synthesized with 4-(1H-pyrrol-1-yl)phenol 

group appended to the cyclopentadienyl (Cp) rings. These are: 1,1’-4-(1H-pyrrol-1-

yl)phenyl ferrocenedicarboxylate, (‘Fc-(CO2-Ph-4-Py)2’), 1,4-(1H-pyrrol-1-yl)phenyl, 1’-

carboxyl ferrocenecarboxylate (‘Fc-(CO2-Ph-4-Py)CO2H’) and 4-(1H-pyrrol-1-yl)phenyl 

ferroceneacetylate (‘Fc-CH2CO2-Ph-4-Py’). The new species were full characterized by 

spectroscopic methods (FT-IR, 
1
HNMR, 

13
CNMR, and MS), and by electrochemistry. 

Additionally, the X-ray single crystal structure of Fc-(CO2-Ph-4-Py)2 was resolved. The Fc-

(CO2-Ph-4-Py)2 crystallizes in the orthorhombic space group Pbca with the Fe
2+

 cation 

positioned on an inversion center and the Cp rings adopted an anti conformation. Cyclic 

voltammetry experiments showed that Fc-CH2CO2-Ph-4-Py has a redox potential very 

similar to the Fc/Fc
+
 redox couple whereas Fc-(CO2-Ph-4-Py)2 and Fc-(CO2-Ph-4-

Py)CO2H have redox potentials of over 400 mV higher than Fc/Fc+ redox couple. The in 

vitro studies of Fc-(CO2-Ph-4-Py)2 and Fc-(CO2-Ph-4-Py)CO2H revealed that the latter two 

compounds have moderate antiproliferative activity on MCF-7 breast cancer cell line with a 

IC50 values of 45.5(6) and 57(7) µM respectively. In contrast with Fc-CH2CO2-Ph-4-Py 

which displayed low anti-proliferative activity with an IC50 value of 103(6) µM. The 

genotoxic effects of the new synthesized ferrocenes were addressed with cytokinesis-block 

micronucleus assay (CBMN) and reactive oxygen species (ROS) induction assay. The Fc-

(CO2-Ph-4-Py)2 showed with the higher genotoxic effects on the MCF-7 followed by Fc-

(CO2-Ph-4-Py)CO2H, and Fc-CH2CO2-Ph-4-Py with the lower effects. There is a 

correlation between the IC50 values of the ferrocenes and the amount of micronucleus 

formation activity on binucleated cells and the reactive oxygen species (ROS) production 

on MCF-7 cell line. However, no correlation was found between the redox activity and the 

genotoxic effects.  

A nanostructured gold dsDNA biosensor for early detection of breast cancer was 

designed and fabricated. The nanostructured gold dsDNA biosensor is based on the 

detection of the binding event of the beta protein 1 (BP1) with dsDNA. A redox-active 

probe (methylene blue) was intercalated in dsDNA to monitor the electrochemical response 

of the binding event of BP1. A linear correlation of the electrochemical response by 
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concentration of BP1 was obtained (R
2
 = 0.998) with a limit of detection of 1.2 nM. This 

nanostructured gold dsDNA sensor is shown to be sensitive, selective, stable, and reusable 

allowing for its potential clinical use. 
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Resumen 

 

Tres nuevos complejos de ferroceno fueron sintetizados utilizando 4-(1H-pyrrol-1-

yl)fenol como grupo funcional enlazado a los anillos de ciclopentadieno (Cp). Estos nuevos 

compuestos son:   1,1’-4-(1H-pyrrol-1-yl)fenol ferrocenodicarboxylato, (‘Fc-(CO2-Ph-4-

Py)2’), 1,4-(1H-pyrrol-1-yl)fenyl, 1’-carboxyl ferrocenocarboxylato (‘Fc-(CO2-Ph-4-

Py)CO2H’) and 4-(1H-pyrrol-1-yl)fenyl ferrocenoacetylato (‘Fc-CH2CO2-Ph-4-Py’). Estas 

nuevas especies fueron caracterizadas por métodos espectroscópicos (FT-IR, 
1
HNMR, 

13
CNMR, and MS) y electroquímicos. Además la estructura cristalina de Fc-(CO2-Ph-4-

Py)2 fue resuelta por medio de rayos X. Fc-(CO2-Ph-4-Py)2 cristalizó en una celda 

ortorrómbica con grupo especial Pbca con los cations de Fe
2+

 posicionados en un punto de 

inversión y los anillos de Cp adoptando una conformación anti. Experimentos de 

voltametría cíclica demostraron que Fc-CH2CO2-Ph-4-Py posee un potencial redox similar 

al de Fc/Fc+ mientras que Fc-(CO2-Ph-4-Py)2 y Fc-(CO2-Ph-4-Py)CO2H tienen potenciales 

redox mayores a 400 mV. Estudios in vitro de Fc-(CO2-Ph-4-Py)2 y Fc-(CO2-Ph-4-

Py)CO2H revelaron que estos compuestos poseen una actividad anti-proliferativa moderada 

en células de cáncer de seno, MCF-7, con un IC50 de 45.5(6) and 57(7) µM 

respectivamente. En cambio, Fc-CH2CO2-Ph-4-Py reflejó la menor actividad anti-

proliferativa con un IC50 de 103(6) µM. Los efectos genotóxicos de los tres compuestos 

también fueron estudiados mediante el ensayo de bloqueo de citoquinesis (cytokinesis-

block micronucleus assay, CBMN) y el ensayo de inducción de especies reactivas de 

oxígeno (ROS). El compuesto Fc-(CO2-Ph-4-Py)2 reflejó los efectos genotóxicos más altos 

en células MCF-7 seguido por Fc-(CO2-Ph-4-Py)CO2H, y Fc-CH2CO2-Ph-4-Py con efectos 

menores. Encontramos una correlación entre los valores de IC50 y la cantidad de formación 

de micro núcleos y la producción de especies reactivas de oxígeno. Mientras que no se 

pudo establecer una relación entre el efecto genotóxico y la actividad redox de los 

compuestos.  

El problema de la detección temprana del cáncer de seno fue abordado mediante la 

elaboración de un biosensor basado en nanoestructuras de oro con DNA de  doble hélice 

(dsDNA). El compuesto con actividad redox azul de metileno se utilizó como intercalador 
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para monitorear la respuesta electroquímica del evento de enlace de la beta proteína 1 (BP1) 

con el dsDNA.  Se obtuvo una relación lineal entre la respuesta del sensor con las 

concentraciones de BP1 con un factor de correlación de R
2
 = 0.998 y un límite de detección 

de 1.2 nM. Éste sensor nanoestructurado de oro demostró ser sensitivo, selectivo, estable y 

reusable teniendo así un potencial uso para la detección temprana del cáncer de seno a nivel 

clínico. 
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Chapter I 

Introduction 

 

1.1 Ferrocene Background 

Ferrocene was first reported in 1951 by Pauson and Kealy
1,2

. They used FeCl3 as a 

catalytist  to synthesize fulvalene (C10H8) by the oxidation of cyclopentadienyl, and as a 

result the outcome was the bis(η
5
-cyclopentadienyl)iron(II) compound

1
. A year later its 

chemical structure was then reported by Wilkinson et al. and Fischer and Pfab
3,4

. The 

bis(η
5
-cyclopentadienyl)iron(II) complex is crystalline orange solid, with a melting point of 

173 
o
C and a boiling point of 249 

o
C. Ferrocene is stable to air, water, acids and bases being 

soluble in most organic solvents and insoluble to water. The ferrocene structure (Figure 

1.1) has a staggered configuration of the Cp rings with molecular center symmetry (D5d).  

In 1979, Haaland discovered the eclipsed configuration of ferrocene by gas electron 

diffraction with a projected symmetry of D5h
5
.   

 

Fe

   

Fe

 

 

Figure 1. 1. Chemical structure of ferrocene. 
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Ferrocene has been studied for many years due to its properties and applications in 

material sciences like sensors
6–11

, organic synthesis
12–14

, and catalysis
15–18

. Two of the most 

important properties of ferrocene are its electrochemical properties and its stability. 

Ferrocene complex follow the 18 electron rule and have pared electrons localized at the 

nonbonding a’1g which is the highest occupied molecular orbital (HOMO) represented on 

Figure 1.2. Due to its electronic configuration ferrocene undergoes an one-electron 

oxidation, a perfect electrochemistry, producing the dicyclopentadienyliron(III) cation, 

called ferrocenium, Fc
+
. The ferrocenium ion has an unpaired electron in the non-bonding 

a’1g  orbital, and as a result it is a radical species with high stability. The oxidized ferrocene 

exhibit a blue color when it is diluted or blood red when it is concentrated
19

.  

  

a'1g

e2g

e*1g

 

 

Figure 1. 2: Molecular orbital diagram of iron 3d-orbitas in ferrocene.  
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In 1984, Köpf-Maier and co-workers discovered the antitumoral properties of 

ferrocene complexes
22

. Those antitumoral properties are well studied and opened a new 

area of research during the past decades
22–25

. Many researchers have driven their attention 

to the synthesis of functionalized ferrocenes to increase their antitumoral activity
23,24,26–29

. 

Among all these ferrocene derivatives, the use of the anti-cancer drug, tamoxifen
30,31

, was 

employed to improve the antitumoral properties of ferrocenes. Tamoxifen is an anti-cancer 

compound which acts as an estrogen receptor (ER) antagonist in endocrine therapy
32

.  

The tamoxifen anti-cancer drug was first coupled to ferrocene by Jaouen and 

coworkers
30,31

 using its active metabolite, hydroxytamoxifen.  As a result, these ferrocenyl 

derivatives combined the anti-estrogenic effect of tamoxifen and the cytotoxic properties of 

ferrocene. The tamoxifen coupled to the ferrocene acts as a vector carrying the drug inside 

the cell. Once the drug is inside the cell, the ferrocene produces the ferrocenium cations 

which lead to the formation of reactive oxygen species (ROS) causing cell death
33

.  

The new ferrocifens and hydroxyferrocyfens were synthesized using a McMurry 

coupling reaction. The synthesis results in a product mixture of Z and E isomeric forms. 

Figure 1.3 shows the ferrocifen Z and E structural isomers. The Z and E isomers can be 

separated by HPLC, fractional crystallization or plate chromatography
30,31

.  However, the Z 

isomer reisomerized to the E isomer leading to a racemic mixture (50:50/Z:E). In spite of 

this limitation, the receptor binding affinity (RBA) was determined for both isomers. The Z 

isomer has higher RBA to the estrogen receptor alpha (ERα) and estrogen receptor beta 

(ERβ) than the E isomer.  Given that the Z undergoes isomerization leads to a racemic 

mixture, the cytotoxic activity of these ferrocifens complexes were determined using 

mixture of isomers in hormone-dependent breast cancer cells (MCF-7) and hormone-

independent breast cancer cells (MDA-MB-231) 
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Figure 1. 3. Ferrocifen structures in the Z and E configurations.  

 

 

 

Our research group has been working for many years on the ferrocene 

functionalization with different pendant groups to enhance their cytotoxic activity on breast 

cancer cells
28,34,35

. The synthesis of three vectorized ferrocenes modified with 

(3b,5Z,7E,22E)-9,10-secoergosta-5,7,10(19),22-tetraen-3-ol, (ergocalciferol, vitamin D), 

17β-hydroxyestra-1,3,5(10)-trien-3-diol (estradiol), and 3β-estra-1,3,5(10)-trien-17-one-3-

ol (estrone) showed important results on2 the synthesis of target specific drugs. The major 

success in this research area is ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate 

complex (“Fc-CO2-estradiol”), which exhibited enhanced anti-proliferative activity on 

hormone-dependent breast epithelial adenocarcinoma cell line MCF-7
34

.  Docking studies 

of this species into the alpha estrogen receptor (ERα) revealed that the ferrocene docks 

partially in the estrogen binding pocket, impairing the protein function
34

. 

Z E 
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Figure 1. 4: Structures of A) (3b,5Z,7E,22E)-9,10-secoergosta-5,7,10(19),22-tetraen-3-

olate, B) ferrocenoyl 17b-hydroxyestra-1,3,5(10)-trien-3-olate, and  C) ferrocenoyl 3b-estra 

1,3,5(10)-trien-17-one-3-olate. 

 

 

Recently, our research group published a series of ferrocenoyl esters which have 

anti-proliferative activities depending on the pendant group attached to the Cp ring (Figure 

1.4 and 1.5)
28

. The 4-bromophenyl ferrocenecarboxylate (Fc-CO2-Ph-4-Br) displayed good 

anti-proliferative activity on breast cancer cell line MCF-7 and low anti-proliferative 

activity on non-tumorigenic human breast epithelial cell line MCF-10A
28

. In contrast to Fc-

CO2-estradiol, the Fc-CO2-Ph-4-Br anti-proliferative activity does not correspond to the 

anti-estrogenic properties and it is correlated to the cytotoxic effects of the ferrocene 

A 

B C 
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moiety.  Also on the same publication, a ferrocenecarboxylate modified with a pyrrole 

group, 4-(1H-pyrrol-1-yl)phenyl ferrocenecarboxylate,  (Fc-CO2-Ph-4-Py), was reported 

showing good anti-proliferative activity on MCF-7
28

.  However, also it has high anti-

proliferative activity on non-tumorigenic human breast epithelial cell line MCF-10A, ruling 

out the use of this ferrocene in breast cancer treatment
28

 .   

 

Fe

O

O
R

1: R = H, Fc-CO2-Ph

2: R = F, Fc-CO2-Ph-4-F

3: R = Cl, Fc-CO2-Ph-4-Cl

4: R = Br, Fc-CO2-Ph-4-Br

5: R = I, Fc-CO2-Ph-4-I

6. R = Pyrrole, Fc-CO2-Ph-4-Py  

Figure 1. 5 General structure of ferrocenoyl phenyl derivatives. 
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1.2 Breast Cancer 

1.2.1 Breast cancer statistics 

Cancer is one of the major cause  deaths in the United States. Statistically, one of 

four deaths in the United States is caused by cancer.  The most common diagnosed cancer 

in woman is breast cancer. It is also the second leading cause of cancer death among 

women around the world
36

.  During 2014, around 29% of the new cases of cancer in 

women were diagnosed  to be breast cancer (Figure 1.6) 
37

. According to the American 

Cancer Society, over 231,840 new cases of invasive breast cancer are expected to be 

diagnosed in the United States in 2015. Additionally, 60,290 new cases of carcinoma in situ 

breast cancer, which is the earliest form of breast cancer and it is also non-invasive, will be 

diagnosed in 2015. Unfortunately, about 40,290 diagnosed women will die of this 

condition. 

 

 

Figure 1. 6: Ten Leading Cancer Types for the Estimated New Cancer Cases and Deaths 

by Sex, United States, 2014
37

.  
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Breast cancer can be detected on five different stages depending on the development 

of the disease. The earliest form of the disease diagnosed is stage 0. This stage is related to 

the abnormal growing of cells in the wall of the breast ducts, it is also called ductal-

carcinoma- in situ. (DCIS)
38

. The second stage on breast cancer is the stage I in which the 

cancerous cells begins to spread to the breast tissue away from the ducts forming the 

tumor
38

. When those cancerous cells move towards the lymph nodes over the arms and the 

tumor growth about 2cm diameter the cancer is classified as stage II
38

. The more advanced 

stages of breast cancer are stage III, and IV. During stage III, the breast cancer is known as 

locally advanced cancer. The cancer in stage III is subdivided in IIIA, IIIB or IIIC 

depending of the tumor size and the spreading of the cancerous cells (Breast Cancer 

Survival Rates by Stage, 2011). The final stage of the breast cancer is the stage IV, known 

as metastatic breast cancer in which the cancer is spread to other organs.  

The American Cancer Society in 2014 published an article to create consciousness 

about the importance of the early detection of breast cancer in women. All women have to 

do screening exams to detect breast cancer on an early stage. Those screening exams help 

to detect the breast cancer before the symptoms begins. When the breast cancer is detected 

by its symptoms probably it is in an advance stage. The Figure 1.7 shows the 5-year 

survival rates among the various stages of breast cancer. In accordance to this statistical 

study (Breast Cancer Survival Rates by Stage, 2011), about 89% of the diagnosed woman 

during stage 0 or stage I will survive. The survival rate decrease dramatically when the 

breast cancer is diagnosed in advance stages like stage III or IV
38

.  For those reasons is very 

important the early detection of breast cancer.  
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Figure 1. 7. Plot of the five-year survival rates among various stages of breast cancer 

published in Breast Cancer Survival Rates by Stage, 2011. 

 

1.2.2 Breast cancer treatment 

 

The invasive breast cancer is divided in three types of breast cancer such as: 

estrogen receptor-positive (ER+), estrogen receptor-negative (ER-), and triple negative.  

The principal incidence of breast cancer is related to estrogen receptor-positive (ER+) 

breast cancer while estrogen receptor-negative (ER-) breast cancer is less diagnosed
36

. 

Those type of breast cancers, ER+ and ER- are related to gene HER-2 or HER-2neu gene 

over expression
39

. The ER+ and ER- breast cancers can be sub-divided in four groups based 

on DNA microarrays experiments. The basal-like and HER2 positive are subtypes of the 

ER+ breast cancer whilst luminal A and B are subtypes of ER- breast cancer
40,41

. 
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Meanwhile, the triple negative breast cancer is the one which is estrogen receptor negative, 

progesterone receptor negative, and HER2neu negative
39

.   

The most common methods of breast cancer treatment are: surgery, radiotherapy 

and chemotherapeutic treatments. The chemotherapeutic treatment has been of increased 

interest in the scientific community. One of the most known chemotherapeutic drug is 

cisplatin. Cisplatin was first described by Michele Peyrone in 1844 and known as 

Peyrone’s salts
42

. Cisplatin is an antineoplastic drug which acts forming DNA adducts 

causing cell death
43,44

. Unfortunately, the patients who were treated with cisplatin showed 

different adverse side effects
45–47

. 

Today, the researchers have driven their attention to discover new chemotherapeutic 

drugs with the minimum adverse side effects. Therefore, as one of the potential alternatives, 

the design of target specific drugs has been pursued and has been of paramount importance 

in the cancer therapy.  As mentioned previously, one of the most effective target specific 

drug is the tamoxifen which is a selective estrogen receptor modulator (SERMs)
48

. 

Tamoxifen acts as anti-estrogenic drug for ER+ breast cancer
49

.  Recently other target 

specific drugs were synthesized including the ferrocenoyl group
23,26,30,31,48

. Therefore, we 

will present some of the modified ferrocenes with pendant groups that could behave as 

potential chemotherapeutic agents.  

 

1.3 DNA Biosensors 

The DNA double helical structure was elucidated around 1960 by Eley D and co-

workers
50

. The double helical structure of DNA opened a new area of interest in research 

by the possibility that the π-stacked base pairs may promote the charge transport (CT) 



 
 

11 

 

through a surface
50–56

. The new concept and idea of DNA CT led to  the development of a 

wide variety of  biosensors 
57–65

. The DNA-mediated CT provides the alternative to design 

high sensitive and simple assays; requires no labeling and it is also applicable to the 

detection of protein-DNA interactions
52,62,63,65–67

. The DNA CT is sensitive to perturbations 

causing interruptions of the CT process, including single base mismatch, lesions, or 

structural changes caused by protein interaction
57,68–70

.  

The DNA-mediated CT requires electronic coupling to the π-stacked base pairs. 

Therefore, a series of well conjugated charge donors or acceptors are employed to study the 

electrochemical properties of the DNA CT
59,70–73

. One of the most used intercalators to the 

DNA is the methylene blue (MB), represented on Figure 1.8. The MB is an organic 

molecule which interacts into the DNA through non-covalent or covalent interactions. The 

non-covalent interactions of the MB to the DNA is  intercalation into the base stack of the 

DNA
66,70,74,75

. The non-covalent MB intercalation interaction with DNA is sensitive to the 

π-stack perturbations induced by the analyte and it undergoes electrocatalytic signal 

amplifications
76

. The MB was also studied using covalent interactions to the DNA
70

. The 

tethered MB demonstrated to be more strongly coupled to the π-stack
70

 and more 

responsive to the π-stack perturbations induced by the analyte. 
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S

N
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H3C

CH3

CH3

CH3  

Figure 1. 8: Chemical structure of methylene blue. 

 

The electrochemical assays based on DNA-mediated charge transport biosensors 

demonstrated to be more sensitive, specific, fast, simple, and low-cost, making them 

suitable for point-of-care (POC) diagnostics and multiplexed platforms
61

. This type of 

biosensors has been useful in assays to detect mutations and lesions as well as for the 

detection of protein binding at self-assembled DNA monolayers. However, its use for the 

detection of protein binding utilizing double-stranded (dsDNA) monolayers can be divided 

into electrodes modified with a hairpin oligonucleotide with conjugated redox-active 

probes
58,63,77–81

, or with dsDNA that bends upon protein binding
67,82,83

. For the first type, 

the protein binding stabilizes an oligonucleotide conformation which brings the redox-

active probe close to the electrode leading to a large increase in current signal. The second 

type, the protein binding bends the dsDNA limiting the flow of electrons.  

Over the past years researchers have driven their attention to the use of 

nanotechnology to develop nanostructured materials as biomolecule immobilizing surfaces 

to improve electrochemical detection by their quantum confinement, high surface area to 

volume ratio, and macro quantum tunnel effects
84–87

. Nanostructured materials like 

nanostructured gold (NG) surfaces offer many unique features and have shown great 
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improvements in response time and sensitivity at the device interface. Their nanometer 

dimensions show an increased sensing surface and strong binding properties, allowing for 

more biomolecules to be immobilized, thus allowing a higher sensitivity
64,86–89

. The NG 

sensors modified with single-stranded DNA are mainly designed to characterize the 

hybridization event between the two complimentary strands which allows electrochemical 

charge transport
60,61,74,81,90

. The dsDNA biosensors conjugated with charge donors or 

acceptors are employed as redox active probes interacting by π-stacked base pairs in 

dsDNA to monitor the electrochemical binding event
58,63,67,70,73,91–94

.  
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Chapter II 

Synthesis, characterization, cytotoxic and genotoxic activity of 

functionalized ferrocenes with 4-(1H-pyrrol-1-yl) phenolate  

 

2.1. Introduction 

 

During the past decades researchers have driven their interests into the development 

of metallic drugs, other than platinum compounds, for cancer treatment. One of the most 

studied organometallic compounds is based on ferrocene (FeCp2). Ferrocene has been well 

studied due to its properties, applications in organic synthesis, catalysis and material 

science as well as its anticancer properties 
1–7

. Among them, ferrocenium and ferrocene 

derivatives opened a new ground in the discovery of new chemotherapeutic agents 
8
.  The 

versatility and ease of ferrocene functionalization has allowed the design and synthesis of a 

wide variety of ferrocene derivatives with biological activity
4,9–20

.  Numerous pendant 

(functional) groups have been attached or linked to the Cp ring to tailor the anti-

proliferative properties of ferrocene, many of them with great success 
4,9–20

. Recently, 

Ghorab M.M. et al
21

 reported a new range of pyrrole derivatives which had effective 

cytotoxic activity on breast cancer cell line (MCF-7). Those pyrrole derivatives have 

opened a new research area due to its good anti-proliferative activity and increase in 

membrane permeability allowing the compounds to reach the nucleus
21–28

.  

Our research group has been working for many years in the structure modification 

of the Cp ring with different pendant groups aimed to enhance the cytotoxic activity of the 

corresponding functionalized ferrocene
19,20

. One of the most successful compounds is a 

functionalized ferrocenoyl complex with estradiol
19

. This complex have a IC50 of 9(2) µM 

on hormone-dependent breast epithelial adenocarcinoma cell line MCF-7. Docking studies 
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of ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate complex (“Fc-CO2-estradiol”), 

Figure 2.1 into the alpha estrogen receptor (ERα), Figure 2.1, revealed that the ferrocene 

docks partially in the estrogen binding pocket impairing the protein function
19

. 

Additionally, confocal microscopy studies of Fc-CO2-estradiol on MCF-7 show that this 

complex reached the nucleus after 2h of drug exposure
18

. Other successful ferrocenoyl 

esters were recently published by our research group which have anti-proliferative activities 

depending on the pendant group attached to the Cp ring
20

. Of particular interest is 4-

bromophenyl ferrocenecarboxylate (Fc-CO2-Ph-4-Br) which also displayed good anti-

proliferative activity on breast cancer cell line MCF-7 and low anti-proliferative activity on 

non-tumorigenic human breast epithelial cell line MCF-10A
20

.  Also a ferrocenecarboxylate 

modified with a pyrrole group, 4-(1H-pyrrol-1-yl)phenyl ferrocenecarboxylate,  (Fc-CO2-

Ph-4-Py), has been reported showing good anti-proliferative activity on MCF-7
20

.   

 

Figure 2. 1. Chemical structure of ferrocenoyl 17β-hydroxy-estra-1,3,5(10)-trien-3-olate 

complex (“Fc-CO2-estradiol”). 

 

 

The mechanism of action of those ferrocene or ferrocenium complexes has been 

investigated on MCF-7 and MCF-10A
29

 The ferrocenium based complexes can generate 
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H2O2 by autooxidation, forming Fc
+
 which induce DNA oxidative damage and 8-

oxoguanine as an initial product of guanine oxidation
30–32

. The DNA oxidative damage can 

be expressed as DNA fragmentation. The DNA fragmentation can be measured using a well 

established procedure by Fenech and coworkers
33–36

. The cytokinesis-block micronucleus 

assay (CBMN) measure the micronuclei (MNi) formation, represented in Figure 2.2, that 

originates from chromosome fragments or whole chromosomes that lag behind at anaphase 

during nuclear division
34-39

. In addition, a reactive oxygen induction assay (ROS) was 

performed to corroborate the genotoxic effects. ROS induction assay consists in 

measurements of a fluorescent product 2ˊ,7ˊ-dichlorofluorescein (DCF) that result from the 

oxidation in the cell
29

.  

 

Figure 2. 2 Micronuclei formation during cell division in the cytokinesis-block 

micronucleus assay. 
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2.2 Experimental Section 

 

2.2.1 General Procedure 

 

All reactions were performed under an atmosphere of dry nitrogen using Schlenk glassware 

or a glovebox, unless otherwise stated.  Reaction vessels were flame dried under a stream 

of nitrogen, and anhydrous solvents were transferred by oven-dried syringes or cannula.  

CH2Cl2 was dried and deoxygenated by distillation over CaH2 under nitrogen.  Infrared 

spectra were recorded on a Perkin Elmer Spectrum ATR spectrometer in solid.  The NMR 

spectra were obtained on a 500MHz Bruker spectrometer.  Electrochemical 

characterizations were carried out on a BAS CV-50W voltammetric analyzer.  Elemental 

analyses were obtained from Atlantic Microlab Inc.  Silica gel was heated at about 200C 

while a slow stream of dry nitrogen was passed through it prior to use. 4-(1H-Pyrrol-1-

yl)phenol, ferroceneacetic acid and ferrocenedicarboxylic acid were purchased from 

Aldrich and used as received.  

Hydrolytic stability studies of Fc-(CO2-Ph-4-Py)CO2H, and Fc-CH2CO2-Ph-4-Py 

were performed by 
1
H NMR using a solvent mixture of 5% DMSOd6–95% D2O (v/v). The 

complex solutions were prepared first by dissolving the corresponding ferrocene in DMSO-

d6 and then D2O was added to a final composition of 5% DMSOd6–95% D2O. The 
1
H 

NMR spectrum of the complex solution was then recorded at 0 h, 24 h and 72 h. Attempts 

to study the hydrolytic stability of Fc-(CO2-Ph-4-Py)2 was hampered by the limited 

solubility of this compound on aqueous solution. 
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2.2.2 Synthesis and characterization 

2.2.2.1 Synthesis of 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate (“Fc-(CO2-

Ph-4-Py)2”) 

In a 50 mL three neck round bottom flask, 1,1’-ferrocenedicarboxylic acid (0.2741g, 

0.001 mol), oxalyl chloride (174.5 µL, 0.002 mol) and pyridine (161 µL, 0.002 mol) were 

reacted in 20 mL of dichloromethane (DCM) under nitrogen atmosphere at room 

temperature. The reaction was carried out for 12 h to obtain 1,1’-ferrocenoyl dichloride. For 

esterification,   1,1’-ferrocenyl chloride was reacted with 4-(1H-pyrrol-1-yl)phenol 

(0.1592g, 0.001 mol)  and pyridine (161 µL, 0.002 mol) for 12 h. After that period, three 

consecutive washing with 0.01 M HCl were carried out. The organic phase was then dried 

over sodium sulfate. From the reaction a mixture of three components were obtained; 4-

(1H-pyrrol-1-yl)phenyl ferrocenecarboxylate,  (“Fc-CO2-Ph-4-Py”)
14

, 1,1’-4-(1H-pyrrol-1-

yl)phenyl ferrocenedicarboxylate,  (“Fc-(CO2-Ph-4-Py)2”), and 1-4-(1H-pyrrol-1-

yl)phenyl, 1’-carboxyl ferrocenecarboxylate (“Fc-(CO2-Ph-4-Py)CO2H”). The products 

were separated by column chromatography using silica gel and DCM as mobile phase. The 

three products, Fc-CO2-Ph-4-Py, Fc-(CO2-Ph-4-Py)2, and Fc-(CO2-Ph-4-Py)CO2H were 

isolated in 3 – 9% yield, 12 – 15 % yield, and 45 – 47% yield respectively. The 

characterization of 4-(1H-pyrrol-1-yl)phenyl ferrocenecarboxylate,  (“Fc-CO2-Ph-4-Py”) 

was previously reported
20

. 

Crystallization of 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate was performed 

inside an NMR tube containing CD2Cl2 for a period of two weeks, obtaining block-type 

orange crystals suitable for X-ray diffraction. Crystal data, data collection and structure 

refinement details are summarized in Table 2.1. The crystallographic data was collected on 
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a Bruker APEX_II Instrument.  The structure solution and refinement was performed using 

SHELXT 2014/4 (Sheldrick, 2014).  H atoms were positioned in idealized locations.  

1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate (“Fc-(CO2-Ph-4-Py)2”):
 

 
1
HNMR (500 MHz, CDCl3) (δppm): 7.37 (2H, d, ph; 

3
J = 8.8 Hz), 7.25 (2H, d, py; 

3
J = 2.8 

Hz), 7.03 (2H, dd, ph; 
3
J = 1.3 Hz), 6.34 (2H, dd, py; 

3
J = 1.6 Hz), 5.08 (2H, overlapping 

doublets, AA’, Cp), 4.64(2H, overlapping doublets, BB’, Cp).  

13
CNMR (125 MHz, CDCl3) (δppm): 169.0 (C=O), 148.3, 138.6, 122.9, 121.5, 119.5, 

110.5, 73.4, 72.4, 72.0. 

ATR-IR(cm
-1

): 3145, 3092, 2925, 2841, 1727 (C=O), 1523, 1265, 1205, 1106, 848, 796, 

727.  

Anal. Calc. for C32H24O4FeN2: C, 69.05; H, 4.40 Found: C, 68.62; H, 4.46.  

 

1-4-(1H-pyrrol-1-yl)phenyl, 1’-carboxyl ferrocenecarboxylate (“Fc-(CO2-Ph-4-

Py)CO2H”): 
1
HNMR (500 MHz, CDCl3): 7.45 (2H, d, ph; 

3
J = 8.5 Hz), 7.31 (2H, d, py; 

3
J 

= 8.5 Hz), 7.08 (2H, dd, ph; 
3
J = 1.6 Hz), 6.37 (2H, dd, py; 

3
J = 1.6 Hz), 5.01 (2H, 

overlapping doublets,  AA’, Cp), 4.95 (2H, overlapping doublets, BB’, Cp), 4.57 (2H, 

overlapping doublets, AA’, Cp’), 4.56 (2H, overlapping doublets, BB’ Cp’) 

13
CNMR (125 MHz, CDCl3) (δppm): 168.9 (C=O)’, 166.4 (C=O), 148.3, 138.5, 122.9, 

121.5, 119.5, 110.5, 74.3, 73.8, 73.4, 72.5, 72.1, 71.0. 

ATR-IR (cm
-1

): 3410(COOH), 3137, 3032, 2963,  1772(C=O), 1697 (C=O)’, 1515, 1250, 

1068, 1015, 825, 712.  

ESI-MS (positive mode), m/z (relative intensity, P4): [Fc-(CO2-Ph-4-Py)CO2H-H]+ 413(5), 

415(100), 416(23), 417(4). Anal. Calc. for C22H17O4NFe(CH2Cl2)0.125 : C, 62.40; H, 4.08 

Found: C, 62.59; H, 4.28. 
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2.2.2.2. Synthesis of 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-4-

Py”) 

In a 50 mL three neck round bottom flask, ferroceneacetic acid (0.0600g, 0.25 

mmol), oxalyl chloride (21.8 µL, 0.25 mmol), pyridine (20.1 µL, 0.25 mmol) and 4-(1H-

pyrrol-1yl)phenol (0.0398g, 0.25 mmol) were reacted in 10 mL of dichloromethane (DCM) 

under nitrogen atmosphere at room temperature. The reaction was carried out for 12 h to 

get 4(1H-pyrrol-1-yl)phenyl ferroceneacetylate. After that period three consecutive 

washing with 0.01 M HCl were carried out. The organic phase was then dried over sodium 

sulfate. The product was separated by column chromatography using silica gel and DCM as 

mobile phase.  Fc-CH2CO2-Ph-4-Py was isolated in 62% yield.   

 

4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-4-Py”): 
 

1
HNMR (500 MHz, CDCl3): 7.44 (2H, d, ph;

 3
J = 8.8 Hz ), 7.18 (2H, d, py;

 3
J = 8.8 Hz), 

7.01(2H, dd, ph; 
3
J = 1.9 Hz), 6.36 (2H, dd, py; 

3
J = 1.9 Hz),  4.32 (2H, bs, Cp), 4.19 (2H, 

bs, Cp’, 5H), 3.62 (2H, s, CH2, 2H).
  

13
CNMR (125 MHz, CDCl3) (δppm): 169.5 (C=O), 148.32, 138.6, 122.6, 121.6, 119.54, 

110.5, 79.7, 68.8, 68.1, 35.6.  

ATR-IR (cm
-1

): 3092, 2963, 2917, 1750(C=O), 1508, 1334, 1143, 1098, 810, 727.  

ESI-MS (positive mode), m/z (relative intensity, P4): [Fc-CH2CO2-Ph-4-Py]+ 384(5), 

386(100), 387(22). Anal. Calc. for C22H19O2NFe(CH2Cl2)0.06: C, 67.88; H, 4.94 Found: C, 

67.99; H, 5.04. 
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2.2.3 Anti-proliferative studies 

Biological activity was determined using the colorimetric MTT assay originally 

described by Mossman 
40,41

 but using 10% Triton in isopropanol as a solvent for the MTT 

formazan crystals
40,41

. The breast adenocarcinoma cell line MCF-7 and MCF-10A were 

purchased from American Type Culture Collection (ATCC HTB22 and CRL-10317) and 

were grown under sterile conditions in a culture chamber at 37C and 95%Air/5%CO2.   

Breast adenocarcinoma cell line MCF-7 was grown in Eagles’s Minimum Essential 

medium supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) 

penicillin/streptomycin, and 0.01 mg/mL bovine insulin.  Non-tumorigenic human breast 

epithelial cell line MCF-10A, was grown in Dulbecco’s modified Eagle’s medium 

(DMEM), 5% horse serum, 0.5 µg/mL hydrocortisone (Sigma Cat. no. H-0888), 10 µg/mL 

insulin (Sigma-ca. no. I1882), 20 ng/mL epidermal growth factor (Sigma Cat. no. E-9644).  

HT-29 cells were maintained at 37
◦
C and 95% Air–5% CO2 in McCoy’s 5A (ATCC) 

complete medium, which had been supplemented with 10% (v/v) fetal bovine serum 

(ATCC) and 1% (v/v) penicillin/streptomycin (Sigma). Asynchronously growing cells were 

seeded at 1.0 x 10
5
 cells per well in 96-well plates containing 100 μL of complete growth 

medium, and allowed to recover overnight. Various concentrations of the complexes (10–

1300 mM) dissolved in 5% DMSO–95% medium were added to the wells (eight wells per 

concentration; experiments performed in quadruplicate plates). The complex solutions were 

prepared first by dissolving the corresponding ferrocene in DMSO and then medium was 

added to a final composition of 5% DMSO–95% medium. In addition to the cells treated 

with the ferrocenes, two controls experiments were run: one without any addition of solvent 

mixture (5% DMSO–95% medium) and one adding 5% DMSO–95% medium to the cells. 

Both control experiments behaved identically, showing that 5% of DMSO in the medium 
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did not render toxic to these types of cells. The cells were incubated for an additional 70 h. 

After this time, MTT dissolved in complete growth medium was added to each well to a 

final concentration of 1.0 mg mL
-1

 and incubated for two additional hours. After this period 

of time, all MTT containing medium was removed, cells were washed with cold PBS and 

dissolved with 200 mL of a 10% (v/v) Triton X-100 solution in isopropanol. After complete 

dissolution of the formazan crystals, absorbances were recorded in triplicate on a 340ATTC 

microplate reader (SLTLab Instruments) at 570 nm with background subtraction at 630 nm. 

Concentrations of compounds required to inhibit cell proliferation by 50% (IC50) were 

calculated by fitting data to a four-parameter logistic plot by means of Sigma Plot software 

from SPSS (SPSS; Chicago, IL). 

2.2.4 Electrochemistry 

 

Cyclic voltammetric experiments were performed in deoxygenated CH3CN 

solutions of ferrocene complexes with 0.1 M [NBu
n
4]PF6  as supporting electrolyte and 

ferrocene complex concentration of 2 x 10
-3

 M.  The three electrodes used were platinum 

disk as the working electrode, Ag/AgCl as a reference electrode, and Pt wire as an auxiliary 

electrode.  The working electrode was polished with 0.05 µm alumina slurry for 1-2 

minutes, and then rinsed with double-distilled and deionized water.  This cleaning process 

is done before each CV experiment and a sweep between 0 and 2000 mV is performed on 

the electrolyte solution to detect any possible deposition of ferrocene on the electrode 

surface. 
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2.2.5 Cytokinesis-block micronucleus assay (CBMN) 

 

Cytokinesis-block micronucleus assay (CBMN) was performed as a modified 

procedure from Fenech M.
33

. Breast adenocarcinoma cells (MCF-7) were seeded in a 75 

cm
2
 flask with 20 mL of growth media and incubated for about 72 h. Following 

disaggregation with trypsin/EDTA and re-suspension in complete medium, with 

concentration of 1 x 10
6 

cells/mL, the cells were seed on a six well plate.  After 24 h the 

medium was replaced with a solution at different concentrations of ferrocene complexes. 

Various concentrations (10 to 0.01 µM) of the corresponding ferrocene were set below 

IC50. Ferrocene solutions were prepared first by dissolving the corresponding ferrocene in 

DMSO and then medium was added to a final composition of 5% DMSO–95% medium.  

The different solutions of the desired ferrocene were added to individual wells, in addition 

to solutions of a negative control (cells without treatment) and a positive control (cell with 

methyl methane sulphonate, MMS). Methyl methane sulphonate concentration was selected 

according to Decordier et al.
42

. After 72 h of drug exposure, the solution of ferrocene 

complex was then replaced with fresh media containing only 6µg/mL of cytochalasin-β and 

incubated for another 24 h.  The cells were washed with phosphate-buffer saline (PBS) and 

disaggregated with trypsin/EDTA. Following by centrifugation, the cells were re-suspended 

in 50µL of medium and then fixed with methanol and stained with hemacolor stain set 

(Harleco, cat# 65044-93). For each treatment condition, micronuclei in 500 binucleated 

MCF-7 cells for three experiments were scored (mean ± SD). Mitotic rate was assessed as 

per cent of binucleated cells (mean ± SD). Probability values (P) were estimated by 

Student’s t-test comparing treated cells versus control. 
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2.2.6 Measurements of reactive oxygen species (ROS) 

 

 The ROS production was determined on MCF-7 treated with the oxidation-sensitive 

dye, 2ˊ,7ˊ-dichlorodihydrofluoresceindiacetate (H2DCF-DA, Sigma-Aldrich). The exposure 

of cells to H2DCF-DA generates a fluorescent product 2ˊ,7ˊ-dichlorofluorescein (DCF) 

which has an excitation/emission maxima of ~495/529 nm.  The breast cancer cells (MCF-

7) were seeded in 96-well plates at a concentration of 5 x 10
4
 cells/mL containing 100 μL 

of complete growth medium, and allowed to recover overnight. Various concentrations of 

the complexes (10–1300 mM) dissolved in 5% DMSO–95% medium were added to the 

wells (eight wells per concentration; experiments performed in quadruplicate plates). The 

complex solutions were prepared first by dissolving the corresponding ferrocene in DMSO 

and then medium was added to a final composition of 5% DMSO–95% medium. In 

addition to the cells treated with the ferrocenes, two controls experiments were run: one 

without any addition of solvent mixture (5% DMSO–95% medium) and one adding 5% 

DMSO–95% medium to the cells. Both control experiments behaved identically, showing 

that 5% of DMSO in the medium did not render toxic to these types of cells. The cells were 

incubated for an additional 70 h. After this time, the cells were treated with 10 µM of 

H2DCF-DA and incubated for 40 minutes at 37
o
C after which time ROS production was 

evaluated at 605 nm.  
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2.3. Results and discussion 

 

2.3.1 Synthesis and characterization 

The subject ferrocenoyl esters were synthesized by an established procedure treating 

the 1,1ˊ-ferrocenoyl dicarboxilic acid (Figure 2.3) with oxalyl chloride to produce 1,1ˊ-

ferrocenoyl dichloride. Then 1,1ˊ-ferrocenoyl dichloride was treated with 4-(1H-pyrrol-1-

yl)phenol until reaction is completed. However, the reaction (Figure 2.3) rendered not very 

efficient since in the synthesis of Fc-(CO2-Ph-4-Py)2, the desired complex was isolated in 

low yield (12-15% ) and it yielded two by-products: Fc-CO2-Ph-4-Py and Fc-(CO2-Ph-4-

Py)CO2H. The second by-product undergoes a decarboxylation process into the Cp’ ring 

when extractions with HCl were performed. The mechanism of decarboxylation for Fc-

(CO2-Ph-4-Py)CO2H is shown of Figure 2.4. The first step on decarboxylation is the 

proton removal of the carboxylic proton by the pyridine in the reaction to form the carboxyl 

anion. Then on an acid media the carboxyl anion undergoes a decarboxylation. The 

resulting product was previously reported
20

. The third ferrocene derivative was synthesized 

from a modified procedure reacting ferrocene acetyl chloride (Figure 2.5) with 4-(1H-

pyrrol-1-yl)phenol for about 12 h. This reaction was simply performed without important 

by-products. The desired product was isolated in 62% yield.  
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Figure 2. 3. Synthesis of ferrocenoyl esters containing 4-(1H-pyrrol-1-yl)phenolate as 

pendant group. First and second complexes are the principal products of the reaction. The 

last product results from decarboxylation of the cyclopentadiene. 
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Figure 2. 4 Decarboxylation mechanism of 1-4-(1H-pyrrol-1-yl)phenyl, 1’-carboxyl 

ferrocenecarboxylate. 
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Figure 2. 5. Synthesis of 4(1H-pyrrol-1-yl)phenyl ferroceneacetylate. 

 

The three new synthesized ferrocene were characterized by IR and NMR.  The IR 

spectra (Figure 2.6) showed bands in the 1727 - 1772 cm
-1

 region indicating the presence 

of the carbonyl stretching of the ester groups on the ferrocene. Fc-(CO2-Ph-4-Py)2, shows a 

carbonyl stretching at 1727 cm
-1

 meanwhile Fc-(CO2-Ph-4-Py)CO2H  showed two carbonyl 



 
 

39 

 

4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm
-1
)

stretching bands, one at 1772 cm
-1

, corresponding to the functionalized Cp ring and a 

second carbonyl stretching at 1697 cm
-1 

of the carbonyl attached to the unsubstituted Cp 

ring. The Fc-(CO2-Ph-4-Py)CO2H  also showed  a  broad band at 3410 cm
-1

 indicating the 

presence of the carboxyl OH group attached on the other Cp ring. The difference in the 

carbonyl stretching wavenumber of the different complexes shows the effect of the pendant 

group. 

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)
 

  

 

  

 

 

 

 

 

 

 

 

 

 
 

 

 The 
13

C NMR spectra of the three ferrocenes exhibit signals about 169 ppm 

corresponding to the carbonyl groups.  The Fc-(CO2-Ph-4-Py)CO2H showed a second 

A 

B 

Figure 2. 6. Infrared Spectra of ferrocene derivatives using an ATR-Infrared 

Spectrometer. A) Fc-(CO2-Ph-4-Py)2, B) Fc-(CO2-Ph-4-Py)CO2H. 
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carbonyl signal as expected at 166 ppm attributed to the carboxyl group.  The 
1
H NMR 

spectral data (Figure 2.7) for Fc-(CO2-Ph-4-Py)CO2H showed a singlet near 12.33 ppm 

corresponding of the carboxyl proton.  Fc-CH2CO2-Ph-4-Py showed a singlet 

corresponding to the unsubstituted Cp ring and two overlapping signals with AA’BB” 

pattern corresponding to the monosubstituted Cp ring.  Likewise, for Fc-(CO2-Ph-4-Py)2 

and Fc-(CO2-Ph-4-Py)CO2H, the Cp signals appear as overlapping doublets in a AA’BB’ 

pattern.  The phenyl and pyrrole groups appear in the aromatic and conjugated vinylic 

regions respectively as doublets or doublet of doublet splitting pattern.  

4.64.64.84.85.05.05.25.25.45.45.65.65.85.86.06.06.26.26.46.46.66.66.86.87.07.07.27.27.47.4  

4.64.64.84.85.05.05.25.25.45.45.65.65.85.86.06.06.26.26.46.46.66.66.86.87.07.07.27.27.47.47.67.6  

Figure 2. 7. 
1
HNMR spectra of: A) Fc-(CO2-Ph-4-Py)2 and B) Fc-(CO2-Ph-4-Py)CO2H. 

 

2.3.2 Crystal structure of 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate 

 

The 1,1’-4-(1H-Pyrrol-1-yl)phenyl ferrocenedicarboxylate (Fc-(CO2-Ph-4-Py)2) was 

crystallized into a NMR tube by evaporation of deuterated dichloromethane for two weeks. 

After this time, crystals with plates shape were obtained, and the crystal structure of Fc-

(CO2-Ph-4-Py)2 was elucidated by X-ray diffraction. Attempts to crystallize the Fc-(CO2-

A 

B 
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Ph-4-Py)CO2H and Fc-CH2CO2-Ph-4-Py were unsuccessful due to decomposition of the 

complexes. 

The Fc-(CO2-Ph-4-Py)2 complex crystallizes in the orthorombic space group Pbca 

(Figure 2.8), Table 2.1 with the Fe
2+

 positioned on an inversion center. The symmetry of 

the Fc-(CO2-Ph-4-Py)2 complex is implied by the NMR data where only one set of signals 

were found for the H(2)/H(5) and H(3)/H(4) of Cp rings as well as the H(2)/H(6) and 

H(3)/H(5) of the phenyl and H(2)/H(5) and H(3)/H(4) of the pyrrole groups. Figure 2.9 

presents the solid state structure of Fc-(CO2-Ph-4-Py)2 complex. The average bond distance 

for the Fe-C(Cp) is 2.044 Å, which is very similar to that reported for ferrocene
48

 and other 

previously reported structures in our lab
49

.  The Fe-C(1) bond distance (2.032 Å) is shorter 

than the Fe-C bond distances of the unsubstituted carbon atoms due to the  inductive effect 

of the carboxylate functional group attached to the Cp ring.  The Figure 2.10 shows the 

twist angles of the carboxylate group and the phenyl group of the ligand with respect of the 

Cp ring plane. The carboxylate group is oriented backward with a twist angle of 14.38
o
 

with respect to the Cp ring plane.  The twist angle between the Cp ring and the aromatic 

ring is 70.20
0
 above the Cp ring plane.  

 

Figure 2. 8. Representation of the orthorombic space group Pbca crystallization of 1,1’-4-

(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate. 
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Table 2. 1. Crystal data and structure refinement for 1,1’-4-(1H-pyrrol-1-yl)phenyl 

ferrocenedicarboxylate. 

Empirical formula  C32H24FeN2O4 

Formula weight  556.38 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P b c a 

Unit cell dimensions a = 10.6386(15) Å    α = 90°. 

 

b = 7.3948(10) Å      β = 90°. 

 

c = 30.554(4) Å        γ = 90°. 

Volume 2403.7(6) Å
3
 

Z 4 

Density (calculated) 1.537 Mg/m
3
 

Absorption coefficient 0.673 mm
-1

 

F(000) 1152 

Crystal size 0.280 x 0.260 x 0.230 mm
3
 

Theta range for data collection 2.666 to 28.395°. 

Index ranges -13<=h<=14, -9<=k<=9, -37<=l<=40 

Reflections collected 12444 

Independent reflections 2999 [R(int) = 0.0769] 

Completeness to theta = 25.000° 99.80% 

Absorption correction Multi-scan 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 2999 / 0 / 178 

Goodness-of-fit on F
2
 1.015 

Final R indices [I>2sigma(I)] R1 = 0.0441, wR2 = 0.1049 

R indices (all data) R1 = 0.0651, wR2 = 0.1166 

  

Largest diff. peak and hole 0.339 and -0.622 e.Å
-3
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Figure 2. 9. Solid state structure of 1,1ˊ-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate 

(Fc-(CO2-Ph-4-Py)2). 

 

The crystal structure of the new ferrocene derivative Fc-(CO2-Ph-4-Py)2 is 

comparable with the previously reported 4-bromophenyl and 4-chlorophenyl 

ferrocenecarboxylates (Fc-CO2-Ph-4-Br and Fc-CO2-Ph-4-Cl)
20

. The Fc-CO2-Ph-4-Br and 

Fc-CO2-Ph-4-Cl contains only one Cp functionalized and a phenyl group attached to the 

carboxylate, but with Br and Cl instead of pyrrole in the 4-position. Structural data of Fc-

CO2-Ph-4-Br and Fc-CO2-Ph-4-Cl is presented on Figures 2.11 and 2.12 and Table 2.3
20

. 

The first structural difference between the Fc-CO2-Ph-4-Br,Fc-CO2-Ph-4-Cl and Fc-(CO2-

Ph-4-Py)2 is observed on the position of the Cp rings. In the Fc-CO2-Ph-4-Br and Fc-CO2-

Ph-4-Cl derivatives, the Cp rings are positioned in a nearly eclipsed conformation and 

parallel with stagger angles < 3
0
 and Cp tilt angles of 0.48-1.25

0
. Whilst in Fc-(CO2-Ph-4-

Py)2 the Cp rings are positioned in a perfect anti-conformation. The second structural 

difference is observed on the twist angle between the Cp ring and the carboxylate group. 

This twist angle for Fc-(CO2-Ph-4-Py)2 (14.38
o
) is larger than the same twist angle on Fc-

CO2-Ph-4-Br and Fc-CO2-Ph-4-Cl (6.75
o
-10.15

o
). The third difference was found on the 

carbonyl oxygen of Fc-(CO2-Ph-4-Py)2 which lies above the Cp plane whereas for the Fc-
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CO2-Ph-4-Br and Fc-CO2-Ph-4-Cl complexes, the carbonyl oxygen lies below the Cp 

plane. Finally, the twist angle between the Cp and the aromatic ring on Fc-(CO2-Ph-4-Py)2 

is 70.20
0
 while Fc-CO2-Ph-4-Br and Fc-CO2-Ph-4-Cl the two rings are placed at higher 

angles approaching a perpendicular position.   

 

Figure 2. 10. Twist angle between the Cp ring and the carboxylate group (a) and the twist 

angles between the Cp plane and the aromatic ring (b). 
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Figure 2. 11 Solid-state structure of 4-bromophenyl ferrocenecarboxylate. Only one of two 

chemically equivalent molecules is presented. Reproduced with permission of the J. 

Organometallic Chemistry. 

  

 
Figure 2. 12 Solid-state structure of 4-chlorophenyl ferrocenecarboxylate. Only one of two 

chemically equivalent molecules is presented. Reproduced with permission of the J. 

Organometallic Chemistry. 
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The crystal structures of Fc-(CO2-Ph-4-Py)2, Fc-CO2-Ph-4-Br, and Fc-CO2-Ph-4-Cl 

also have some structural similarities. The geometry of the carbonyl carbon in the three 

ferrocene complexes is similar presenting a distorted trigonal planar. The Fe-C(Cp*) 

average bond distances of the substituted Cp rings is 2.044 Å which is identical, within the 

experimental error, in the Fc-(CO2-Ph-4-Py)2,.Fc-CO2-Ph-4-Br, and Fc-CO2-Ph-4-Cl 

derivatives. Another similarity of the Fc-(CO2-Ph-4-Py)2 with the Fc-CO2-Ph-4-Br, and Fc-

CO2-Ph-4-Cl derivatives is found on the Fe-C bond distance of the substituted carbon atom.  

The pattern of Fe-C bond distance where the pendant group is attached, is substantially 

shorter than the remaining distances of the Fe-C(Cp) on the three structures. The C(Cp)-

C(CO) bond distance in Fc-(CO2-Ph-4-Py)2 C(1)-C(6), is shorter than a typical C-C single 

bond, (1.473(3) versus 1.54 Å (single bond))
50

. This bond distance suggests a partial double 

bond character and delocalization with the Cp π system in analogous manner as for Fc-

CO2-Ph-4-Br, and Fc-CO2-Ph-4-Cl derivatives. 

In comparison with the structure of a disubstituted ferrocene, 1,1’-methyl 

ferrocenedicarboxylate, Fe(C5H4CO2CH3)2, Figure 2.13
49

, the average Fe-C(Cp) bonds are 

2.048/2.049 Å, similar to the subject complex. The Cp rings on Fe(C5H4CO2CH3)2, adopt 

an eclipsed conformation with a stagger angle of 2.37 Å in contrast with the anti-

conformation of the Cp rings in Fc-(CO2-Ph-4-Py)2. Also the functional groups are not 

positioned perfectly anti to each other. The Fe-C(Cp)-C(CO) bond of Fe(C5H4CO2CH3)2, 

1.477(4) is notably shorter than the distance for a typical C-C single bond (1.54 Å), in a 

similar manner to our subject complex, suggesting delocalization with the Cp π system. 

Finally, Fc-(CO2-Ph-4-Py)2 contain two π ring system, 4-(1H-pyrrol-1-yl)phenyl, which in 

principle could do intramolecular π-π or C-H--π stacking as do other 1,1’-disubstituted 
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ferrocenes with extended π ring system
51-53

. However, such π-π or C-H--π stacking is not 

observed in Fc-(CO2-Ph-4-Py)2  since the Cp rings adopt an anti-conformation. 

 

 

Figure 2. 13. Structure of Fe(C5H4CO2CH3)2. 

 

 



 
 

48 

 

Table 2. 2 Selected bond distances [Å] and angles [°] of 1,1ˊ-4-(1H-pyrrol-1-yl)phenyl 

ferrocenedicarboxylate. 

Bond distances [Å] 

 

Bond angles [°] 

 Fe-Cp(av)   2.044(10) 

 

C(1)-Fe(1)-C(1)#1 180 

Fe(1)-C(5)  2.035(2) 

 

C(1)-Fe(1)-C(5)#1 138.91(8) 

Fe(1)-C(3)  2.050(2) 

 

C(2)#1-Fe(1)-C(2) 180.00(12) 

Fe(1)-C(2)  2.051(2) 

 

C(3)#1-Fe(1)-C(3)               180 

N(1)-C(13)  1.382(3) 

 

C(4)#1-Fe(1)-C(4) 180 

N(1)-C(10)  1.422(3) 

 

C(5)#1-Fe(1)-C(5) 180.00(11) 

Fe-C(1) (subst) 2.032(2) 

 

O(1)-C(6)-C(1) 126.17(19) 

Fe(1)-C(4)  2.055(2) 

 

O(2)-C(6)-C(1) 109.97(18) 

O(1)-C(6)  1.201(3) 

 

C(6)-O(2)-C(7) 119.52(16) 

O(2)-C(6)  1.366(2) 

 

O(1)-C(6)-O(2) 123.84(18) 

O(2)-C(7)  1.407(2) 

 

C(8)-C(7)-O(2) 116.66(18) 

N(1)-C(16)  

  

C(12)-C(7)-O(2) 122.16(18) 

   

C(13)-N(1)-C(16) 107.58(17) 

   

C(13)-N(1)-C(10) 126.34(17) 

   

C(16)-N(1)-C(10) 126.08(18) 

   

C(14)-C(13)-N(1) 108.78(19) 

   

C(15)-C(16)-N(1) 108.9(2) 

Tilt angle between Cps [°] 0 

   Twist angle between Cp and carboxylate  [°] 14.38 

 Twist angle between Cp and aromatic ring [°] 70.20   
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Table 2. 3 Selected bonding parameters for 4-chlorophenyl ferrocenecarboxylate and 4-

bromophenyl ferrocenecarboxylate. 

4-chlorophenyl ferrocenecarboxylate 

Bond lengths [Å] Molecule 1 Molecule 2 

Fe-Cav(Cp subt.) 2.044 2.043 

Fe-C(8)                                                                2.0259(18) 

Tilt angle between Cp rings [°] 
0.54 1.25 

Twist angle between Cp and carboxylate [°] 6.75 10.15 

Twist angle between Cp plane and the aromatic ring [°] 87.58 78.06 

Cp stagger angle [°] 2.95 1.19 

      

4-bromophenyl ferrocenecarboxylate 

Bond lengths [Å] Molecule 1  Molecule 2 

Fe-Cav (Cp subst.) 2.044 2.040 

Fe-C(6)                                                                    2.026(2) 

Tilt angle between Cp rings [°] 
0.48 1.11 

Twist angle between Cp and carboxylate [°] 7.97 9.03 

Twist angle between Cp plane and the aromatic ring [°] 84.11 81.26 

Cp stagger angle [°] 1.74 1.24 

 

2.3.3 Electrochemical characterization 

 

The ferrocenium ion (Fc
+
) production is involved in the formation of reactive 

oxygen species (ROS) which induce the oxidation of the guanine to oxo-guanine resulting 

in DNA damage
20,29

. The electrochemical characterizations of the three new species were 

pursued by CV to determine the redox properties of the new complexes to assess the DNA 

damage (Figure 2.14). Table 2.4 presents the redox properties of the subject complexes.  

The CV of the three new ferrocene complexes were performed on 0.1 M [NBu
n
4]PF6  as 

supporting electrolyte due to the low solubility of these complexes under pseudo 

physiological conditions. All three complexes showed reversible redox processes with 

ipa/ipc ratios close to one.  
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Fc-(CO2-Ph-4-Py)2 (Epa = 958 mV) and Fc-(CO2-Ph-4-Py)CO2H  (Epa = 1027 mV) 

showed oxidation potentials higher than Fc (494 mV), while Fc-CH2CO2-Ph-4-Py showed 

similar oxidation potential (Epa = 503 mV) to ferrocene.  The phenyl group attached to the 

Cp ring through an ester linkage can delocalize the electrons away from the metal center 

due to its conjugated system.  This electron delocalization makes the ferrocene robust for 

oxidation, increasing its Epa. For Fc-CH2CO2-Ph-4-Py, the CH2 group between the 

ferrocene and the functional group isolates the metal center from the conjugated system 

avoiding electron delocalization between the ferrocene unit and the 4(1H-pyrrol-1-

yl)phenylcarboxylate. In order to get more insight in the mechanism of action and the 

possible correlation with the oxidation potentials, a comparison with previously reported 

potentials of biologically active ferrocene, Fc-CO2-estradiol and 4-bromophenyl 

ferrocenecarboxylate (Fc-CO2-Ph-4-Br), in MCF-7 and HT-29 cancer cell lines is needed.
.
 

Figure 2. 14. Cyclic Voltamograms of 1,1ˊ-ferrocendicarboxylic acid,  1-4-(1H-pyrrol-

1yl)phenyl, 1-carboxyl ferrocenecarboxylate and 4(1H-pyrrol-1yl)phenyl 

Ferroceneacetylate  in CH3CN with 0.1M [NBu4
n
]PF6 as supporting electrolyte and 

complex concentrations of 1mM at room temperature. The working electrode was a 

platinum disk, reference electrode was Ag/AgCl and scan rate was 100 mVs
-1

. 
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From the electrochemical point of view, Fc-CO2-Ph-4-Br does not have a pyrrole 

group available and as a consequence, electron delocalization is reduced as well as the 

oxidation potential. Meanwhile, Fc-CO2-estradiol has a steroid group, a conjugated system, 

which is able to delocalize electrons resulting in higher Epa.  In spite of these differences, 

Fc-CO2-estradiol and Fc-CO2-Ph-4-Br have identical anti-proliferative activities in MCF-7 

and HT-29 cancer cell lines thereby the correlation between oxidation potential and 

cytotoxicity cannot be made.   

 

Table 2. 4. Redox potentials of functionalized ferrocenes in CH3CN with 0.1 M 

[NBu4
n
]PF6 at a scan rate of 100 mVs

-1
, using Ag/AgCl saturated as reference electrode. 

 

Complexes Epa(mV) Epc (mV) ΔE (mV) E1/2 (mV) 

Fc-(CO2-Ph-4-Py)2 958 862 96 910 

Fc-(CO2-Ph-4-Py)CO2H 1027 901 126 964 

Fc-CH2CO2-Ph-4-Py 503 431 73 467 

Fc-CO2-estradiol
19 

801 711 90 756 

Fc-CO2-Ph-4-Br
20 

580 484 96 532 

Fc/Fc
+
 494 414 80                   454 

 

2.3.4 Anti-proliferative activity studies 

 

Cytotoxic activity of the three new ferrocenes complexes and their starting materials 

were determined by MTT-colorimetric assays. The MTT measurements were performed 
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after 72 h of drug exposure in two malignant human cell lines, MCF-7 breast cancer and 

HT-29 colon cancer, and a non-tumorigenic breast cell line, MCF-10A
40,41

. Their IC50 

values listed on Table 2.5 are compared with our two most active compounds at the present 

time in MCF-7 cell line, Fc-CO2-estradiol and Fc-CO2-Ph-4-Br
19,20

. All three starting 

materials 1-1’ferrocenedicarboxilic acid, ferroceneacetic acid and 4-(1H-pyrrol-1-yl)phenol 

showed low cytotoxic effects except 1-1’ferrocenedicarboxilic acid which is none-active in 

MCF-7 and MCF-10A. In MCF-7 cell line, all ferrocene derivatives showed dose 

dependent relationship. Two of the three ferrocene complexes, Fc-(CO2-Ph-4-Py)2 (45.5(6) 

μM) and Fc-(CO2-Ph-4-Py)CO2H  (57(7) μM) showed moderate anti-proliferative activity 

on MCF-7 and low anti-proliferative activity non-tumorigenic human breast epithelial cell 

line MCF-10A. Nonetheless, their anti-proliferative activities on MCF-7 do not exceed 

those of Fc-CO2-estradiol and Fc-CO2-Ph-4-Br
19,20

. Fc-CH2CO2-Ph-4-Py has low activity 

on all cell lines, MCF-7, MCF-10A and HT-29.  We should point out that none of the 

complexes have higher anti-proliferative activity on MCF-7 and HT-29 than Fc-CO2-

estradiol, and Fc-CO2-Ph-4-Br.   
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Table 2. 5. Anti-proliferative activities of ferrocene derivatives studied on MCF-7 breast 

cancer, MCF-10A normal breast, and HT-29 colon cancer cell lines, as determined using 

MTT assay after 72 h of drug exposure. 

 

Complex 
IC50 (µM), 

 MCF-7 

IC50(µM), 

MCF-10A 

IC50 (µM),  

HT-29 

Fc-(CO2-Ph-4-Py)2 45.5(6) 298(5) 189(16) 

Fc-(CO2-Ph-4-Py)CO2H 57(7) 219(21) 121(8) 

Fc-CH2CO2-Ph-4-Py 103(6) 288(57) 283(11) 

Fc-CO2-estradiol 9(2)
19 

119(8) 24.4(6)
19 

 

Fc-CO2-Ph-4-Br
20 

 

1,1ˊ-ferrocenedicarboxilic 

acid 

9.2(8)
 

 

N/A 

353(8) 

 

N/A 

24(6) 

 

410(21) 

Ferroceneacetic acid 590(25) 86(7) 253(10) 

4-(1H-pyrrol-1yl)phenol 

 

Ferricenium 

tetrafluoroborate
19 

249(5) 

 

150 

553(76) 

 

 

211(44) 

 

180 

IC50 values based on quadruplicate experiments and standard deviation in parenthesis. N/A 

is non-active. 

 

2.3.5 Cytokinesis-block micronucleus assay 

 

The cytokinesis block micronucleus assay (CBMN) is a well-established technique 

used to measure the DNA damage on human or mammalian cells, measuring the quantity of 

binucleated cells with micronuclei (MNi)
33,33,36

. A micronuclei (MNi) is formed by whole 

chromosomes or chromosome fragments that result from DNA breakage during anaphase 



 
 

54 

 

nuclear division and expressed just before cytokinesis
34–39

. The cytokinesis is the final step 

in the mitosis represented on Figure 2.14. In the CBMN assay, divided cells are the one 

that can express MNi and are recognized by their binucleated appearance
34,36,38

. Different 

mechanism of DNA damage may induce micronuclei-forming activity.  For example, the 

estrogens produces metabolites which may involve DNA adduct formation and free radical 

by redox cycling of estrogens through microsomal, mitochondrial or nuclear processes
43–46

. 

For ferrocene derivatives, DNA damage may be caused by oxygen free radical species, 

inducing oxidative damage to the DNA. Those radical species oxidize the guanine to oxo-

guanine resulting in DNA fragmentation
18–20,30,31,34

.
 

The DNA fragments results in 

micronucleated cells during anaphase cell stage.  

 

Figure 2. 15.Schematic representation of the cell cycle. Cytokinesis is the final step of the 

mitosis. 
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The level of DNA damage caused by the three new ferrocenes and Fc-CO2-estradiol 

was studied on MCF-7 cells using cytokinesis-block micronucleus (CBMN) assay. The 

genotoxic effects of, Fc-(CO2-Ph-4-Py)CO2H, Fc-CH2CO2-Ph-4-Py, and Fc-(CO2-Ph-4-

Py)2 were studied after 72 h of treatment with these compounds. Micronuclei were scored in 

500 binucleated MCF-7 cells as micronucleated binucleated cells.  Figure 2.15 presents the 

photomicrographs of the MCF-7 cells in the CBMN assay without the presence of the drugs 

to demonstrate the appearance of mononucleated cell, binucleated cell and binucleated cell 

containing one micronucleus. 

                   

Figure 2. 16. Photomicrographs of the MCF 7 cells scored in the CBMN assay taken with 

an electronic microscope Olympus BX60. A) Mononucleated cell; B) binucleated cell; C) 

binucleated cell containing one micronucleus. All cells were treated with 6 µg/mL 

Cytochalasin-ß for 24 hours. 

The concentrations of each ferrocene complex were selected below IC50 values of 

the corresponding ferrocene.  For Fc-CO2-estradiol with an IC50 of 9(2) µM the 

concentrations selected were 1µM, 0.1µM, and 0.01µM.  For Fc-(CO2-Ph-4-Py)2, Fc-(CO2-

Ph-4-Py)CO2H, and Fc-CH2CO2-Ph-4-Py with IC50 values between 45 to 103 µM, the 

concentrations were 10 µM, 1µM, and 0.1µM.  The induction of micronucleus forming 

activity was characterized by an increase in the number of binucleated cells containing one 

micronucleus relative to untreated cells.  A positive control was selected to verify the 

effectiveness of the method. Methyl methane sulphonate (MMS) was selected as positive 

control due to its well-known genotoxic activity
30

. After drug exposure time, the cells were 

A B C 
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treated with cytochalasin-β, an inhibitor of the cytokinetic stage during the cell mitosis. The 

micronucleus formation can only be expressed in divided cells during the anaphase.    

Mononucleated, binucleated and micronucleated binucleated scored cells after 24 h of 

cytochalasin-β addition are represented in Figure 2.15. Micronucleus formation in 

binucleated cells is associated to the genotoxic effect of the complex under study.  

Figure 2.16 shows the micronuclei-forming activity of the ferrocene complexes as 

total micronucleated binucleated MCF-7 cells in 500 scored cells.  The micronucleus-

forming activity of each complex was evaluated as the fold increases in the number of 

micronucleated binucleated cells of each concentration over the number of micronucleated 

binucleated cells of the untreated cells. A statistical student’s t-test was used to evaluate the 

significance of the results compared with the control.  
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 Figure 2. 17 Micronucleus forming activity of Fc-CO2-estradiol, Fc-(CO2-Ph-4-Py)CO2H, Fc-

CH2CO2-Ph-4-Py and Fc-(CO2-Ph-4-Py)2 on MCF-7 cells (mean ± SD).  
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Induction of single micronucleus formation in binucleated cells was found for Fc-

CO2-estradiol, Fc-(CO2-Ph-4-Py)CO2H, and Fc-(CO2-Ph-4-Py)2. Binucleated cells with 

more than one micronucleus were not significantly formed. Fc-CO2-estradiol at 

concentrations of 1µM (mean 29, P < 0.0001) and 0.1µM (mean 25, P < 0.01)  and Fc-

(CO2-Ph-4-Py)CO2H at a concentration of 10 µM (mean 25.5, P < 0.01) showed a 4-fold 

increase in micronucleus forming activity compared to the control experiment (untreated 

cells).  At a concentration of 0.01µM (mean 24, P < 0.0004) Fc-CO2-estradiol has a 3-fold 

increase in micronucleus forming activity while Fc-(CO2-Ph-4-Py)CO2H shows similar 

micronuclei-forming activity for the two lower concentrations (1µM (mean 20, P < 0.01), 

and 0.1µM (mean 18.5, P < 0.03)).  Fc-(CO2-Ph-4-Py)2 exhibits higher micronucleus 

forming activity than Fc-CO2-estradiol and Fc-(CO2-Ph-4-Py)CO2H at a concentration of 

10 µM (up to 5-fold, mean 33.5,  P < 0.05) meanwhile, at 0.1µM Fc-(CO2-Ph-4-Py)2 has no 

significant (mean 10, P < 0.1) increase in micronucleus forming activity compared to our 

control experiment. Fc-CH2CO2-Ph-4-Py has no significant (P < 1) micronucleus forming 

activity at any concentration.  

The increase in micronucleus-forming activity with concentration suggests a direct 

relation of genotoxic effect with concentration. Important differences in micronucleus 

forming activity depending on concentrations for Fc-CO2-estradiol, Fc-(CO2-Ph-4-

Py)CO2H, and Fc-(CO2-Ph-4-Py)2 can be observed. For instance, a considerable increase in 

the number of total micronucleated binucleated cells at a concentration close to IC50 was 

observed for Fc-(CO2-Ph-4-Py)2.  Likewise, Fc-CO2-estradiol and Fc-(CO2-Ph-4-Py)CO2H  

showed similar genotoxic effect on MCF-7 cells at concentrations close to their IC50.  Fc-

CH2CO2-Ph-4-Py with the lowest cytotoxicity appears to have no significant genotoxic 
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effect on MCF-7 cells. For Fc-CO2-estradiol, Fc-(CO2-Ph-4-Py)CO2H, and Fc-(CO2-Ph-4-

Py)2, the micronucleus forming activity decrease as concentration decreases suggesting a 

dose dependent relation. The micronucleus forming activities in Fc-CO2-estradiol, Fc-

(CO2-Ph-4-Py)CO2H, Fc-CH2CO2-Ph-4-Py, and Fc-(CO2-Ph-4-Py)2 are lower than activity 

for positive control (MMS) at all concentrations.  

The mitotic rate effects on MCF-7 cells after 72 h treatment was also assessed with 

CBMN. The mitotic rate effect is presented on Table 2.6 as percent of binucleated cells 

following cytokinesis block. Statistical correlation of the percent of binucleated cells and 

untreated cells was estimated by Student’s t-test.  A decrease in the mitotic rate is observed 

upon a treatment of MCF-7 cells with all four ferrocene complexes and the positive control 

(MMS), in comparison with untreated cells. However, those results reflect no significant 

differences (P < 1).  
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 Table 2. 6. Micronucleus forming activity values of control (untreated cells), MMS, Fc-

CO2-estradiol, Fc-(CO2-Ph-4-Py)CO2H, Fc-CH2CO2-Ph-4-Py, and Fc-(CO2-Ph-4-Py)2 on 

MCF-7 cells (mean ± SD) after 72 h of treatment.  

 

Ferrocene Complex 
Concentrations 

(µM) 

Micronucleus (MNi)    

(mean ± SD) 

%Binucleated cells 

(Mitotic rate)     

Control (untreated cells) 
 

7 (4) 40 (15) 

 (MMS) 94.4 62 (6)
*** 

28 (3)
*
 

 

Fc-CO2-estradiol  
1.0 29 (4)

****
 34 (9)

*
 

0.1 25 (10)
*** 

39 (9)
*
 

0.01 23 (4)
**** 

33 (2)
*
 

 

Fc-(CO2-Ph-4-Py)2 
10.0 34 (6)

*** 
25 (6)

*
 

1.0 15 (1)
** 

33 (13)
*
 

0.1 10 (1)
** 

18 (7)
*
 

 

Fc-(CO2-Ph-4-Py)CO2H 
10.0 26 (4)

*** 
12 (2)

*
 

1.0 20 (1)
*** 

16 (6)
*
 

0.1 19 (5)
*** 

13 (3)
*
 

 

Fc-CH2CO2-Ph-4-Py 
10.0 11 (7)

* 
38 (12)

*
 

1.0 8 (2)
* 

41 (15)
*
 

0.1 7 (4)
* 

33 (21)
*
 

Mitotic rate values represented as per cent binucleated MCF-7 cells (mean ± SD). * P < 1, 

** P < 0.1, *** P < 0.05, **** P < 0.0005 (treatment versus control) as determined by 

Student’s t-test. 
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The mechanistic route for Fc-CO2-estradiol was recently elucidated. Fc-CO2-

estradiol binds to the alpha estrogen receptor, ERα, causing a conformational change acting 

as an antagonist.
19

. Additionally, studies with confocal microscopy revealed that Fc-CO2-

estradiol migrate through the cell and reach the nucleus after 2 h of drug exposure
18

. Once 

Fc-CO2-estradiol reaches the nucleus it generates oxygen free radical species resulting in 

DNA fragmentation. The results for the micronucleus assay shows an increase in 

micronucleus-forming activity up to 4-fold at a concentration near IC50. These results can 

be considered a moderate genotoxic effect of the Fc-CO2-estradiol on MCF-7 cells.  

Meanwhile, studies reported by Yared et al.
43

 using β-estradiol on MCF-7 cells show a 3-

fold increase in the micronucleus-forming activity. The differences in activity of Fc-CO2-

estradiol and β-estradiol can be attributed to the redox activity ferrocenoyl group.  

Fc-(CO2-Ph-4-Py)CO2H,  Fc-(CO2-Ph-4-Py)2, and Fc-CH2CO2-Ph-4-Py showed 

important differences in the anti-proliferative activity and genotoxicity.  Fc-(CO2-Ph-4-

Py)CO2H with a pyrrole group and a carboxylic group  is less cytotoxic than Fc-(CO2-Ph-4-

Py)2.  Both Fc-(CO2-Ph-4-Py)CO2H  and Fc-(CO2-Ph-4-Py)2 are the one with higher 

oxidation potentials than ferrocene.  Fc-(CO2-Ph-4-Py)CO2H  present up to 4-fold increase 

in micronucleus-forming activity close to IC50 while Fc-(CO2-Ph-4-Py)2 shows up to 5-fold 

increase. The difference in micronucleus activity of these two ferrocene complexes may be 

attributed to the number of pyrrole groups attached to the Cp rings. This pendant group, 4-

(1H-pyrrol-1-yl)phenol, exhibit a oxidation potential close to 1.6 V providing an additional 

redox center which could induce redox processes (oxidative stress) in the cell and 

enhancing the cytotoxic activity.  In addition, 4-(1H-pyrrol-1-yl)phenol, could enhance the 

permeability of the ferrocene complex through the cell
23

. In contrast, Fc-CH2CO2-Ph-4-Py 
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which possess a CH2 between the Cp ring and the pendant group, and unsubstituted Cp ring 

exhibit the lower cytotoxicity, and lower genotoxic effect.  This ferrocene derivative has an 

oxidation potential similar to ferrocene and shows slightly damage to DNA.  As a result, it 

exhibits a mild reduction on mitotic rate compared to the untreated cells due to its low 

cytotoxicity.  

Recently our laboratory reports a series of ferrocene derivatives using phenol 

pendant groups with various substituents on the 4-position (Fc-CO2-Ph-4-X, X = F, Cl, Br, 

I, pyrrole)
20

. In vitro studies on MCF-7 combined with docking studies on the ERα revealed 

that their anti-proliferative activities are not associated to the anti-estrogenic properties of 

the ferrocene but rather to the cytotoxic activity of the metallocene unit
20

.  Noteworthy, the 

binding affinity of Fc-CO2-Ph-4-Py in the ERα is lower than for the Fc-CO2-Ph-4-X ( X = 

F, Cl, Br, I) complexes
20

. Additionally, Fc-CO2-Ph-4-Py has high anti-proliferative activity 

on hormone-dependent breast cancer cell line MCF-7, but it also has high anti-proliferative 

activity on non-tumorigenic human breast epithelial cell line MCF-10A.  Thus, ERα is not 

responsible for the anti-proliferative activity of Fc-CO2-Ph-4-Py.   

2.3.6. Measurements of reactive oxygenated species (ROS) 

 

 Measurements of reactive oxygen species (ROS) induction assay were performed on 

MCF-7 to prove the relation of the cytotoxic and genotoxic effect of the ferrocenoyl 

derivatives: Fc-CO2-estradiol, Fc-(CO2-Ph-4-Py)CO2H, Fc-(CO2-Ph-4-Py)2, and Fc-

CH2CO2-Ph-4-Py (Figure 2.17). Fc-CO2-estradiol and Fc-(CO2-Ph-4-Py)2 the ones with the 

higher genotoxic activity shows significant increase in ROS production with concentration. 

Those results suggest a direct correlation between concentration and ROS production and a 
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significant increase around 1000 µM. The amount of ROS formation by Fc-CO2-estradiol 

and Fc-(CO2-Ph-4-Py)2 are similar to ferrocene (FeCp2) but lower than ferrocenium 

([FeCp2]BF4) as reported by Acevedo et al
29

.
 
Although these results suggest that the 

genotoxic activities of Fc-CO2-estradiol and Fc-(CO2-Ph-4-Py)2 are likely correlated to the 

ROS formation, other possible mechanisms cannot be ruled out. Along this line, the ROS 

formation of Fc-(CO2-Ph-4-Py)CO2H is the lowest, but the IC50 is comparable to Fc-(CO2-

Ph-4-Py)2.  Meanwhile, the ROS production for Fc-CH2CO2-Ph-4-Py, is low in comparison 

with FcCp2
29

 and it has no relationship to concentrations. However, this last result was 

expected considering the low cytotoxic effect and micronucleus forming activity of Fc-

CH2CO2-Ph-4-Py. The results of ROS induction assay agree with the genotoxic and 

cytotoxic findings. 
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Figure 2. 18. ROS production induced by (A)Fc-CO2-estradiol, (B) Fc-(CO2-Ph-4-Py)CO2H, (C) 

Fc-(CO2-Ph-4-Py)2, and (D) Fc-CH2CO2-Ph-4-Py generated on MCF-7 at 72 h. 
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2.4 Concluding Remarks 

 

 The antiproliferative and genotoxic activity of three new functionalized ferrocenes 

with 4-(1H-pyrrol-1-yl)phenol as pendant group and Fc-CO2-estradiol was assessed in 

order to determine the influence of the redox active pendant groups on ferrocene on breast 

cancer cell line. The cytotoxic activity was evaluated on MCF-7, MCF-10A and HT-29 

cells using a colorimetric MTT assay. The new ferrocene synthesized Fc-(CO2-Ph-4-Py)2 

displayed moderate cytotoxic activity on MCF-7 nonetheless its activity does not exceed 

the previously reported Fc-CO2-estradiol and Fc-CO2-Ph-4-Br which both have IC50 values 

of 9.2 μM.  

The genotoxic activity on MCF-7 of Fc-(CO2-Ph-4-Py)2, Fc-(CO2-Ph-4-Py)CO2H, 

Fc-CH2CO2-Ph-4-Py, and Fc-CO2-estradiol was evaluated using the cytokinesis-block 

micronucleus assay and ROS induction assay to measure the amount of DNA damage 

(genotoxic effects). These results were compared with the electrochemical data to establish 

a correlation between the redox potential with the ROS induction and the micronucleus 

forming activity. Table 2.7 summarizes the results obtained from electrochemical data, 

cytotoxic and genotoxic experiments for the three new ferrocenes and Fc-CO2-estradiol. 

First, in comparison to Fc-CO2-estradiol and Fc-CO2-Ph-4-Br which both have IC50 values 

of 9.2 μM but different redox potentials (756 and 532 mV respectively), we observe similar 

trends among the three new ferrocene-pyrrole complexes.  That is, there is no correlation 

between the anti-proliferative activity of the new ferrocenes and their redox potentials.  

Second, Fc-CO2-estradiol has the higher micronucleus-forming activity  on MCF-7 cell line 

followed by Fc-(CO2-Ph-4-Py)2 > Fc-(CO2-Ph-4-Py)CO2H > Fc-CH2CO2-Ph-4-Py.  This 

trend is correlated to their IC50 values. The ROS production assay confirmed the genotoxic 
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activity of Fc-CO2-estradiol and Fc-(CO2-Ph-4-Py)2 due to reactive oxygen species 

formation.  

 

Table 2. 7 Summary of the oxidation potentials, IC50 values, micronucleus forming 

activity and reactive oxygen species induction results of MCF-7 cells.  
 

Ferrocene Complexes  Epa, (mV)  
IC50 (µM) 

MCF-7  
MNi  ROS  

Fc-(CO2-Ph-4-Py)2  958  45.5(6)  34(6)  High  

Fc-(CO2-Ph-4-Py)CO2H  1027  57(7)  26(4)  Low  

Fc-CH2CO2-Ph-4-Py  503  103(6)  11(7)  Low  

Fc-CO2-estradiol  801  9(2)
*
  29(4)  High  

 

Thus, this study provides evidence that the pendant groups have influence in the 

anti-proliferative activity and in less degree to the DNA damage on MCF-7 breast cancer 

cell line. However, the anti-estrogenic effects of Fc-CO2-estradiol and analogous ferrocenes 

functionalized with phenols in the alpha estrogen receptor (ERα) revealed that Fc-CO2-

estradiol acts as an antagonist whereas the analogous ferrocenes not
19,20

. Comparing these 

results with our complexes we can suggest that the genotoxic effects of these new 

functionalized ferrocene complexes come mainly from the ferrocene moiety and not from 

the anti-estrogenic effects. 
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Chapter III 

Nanostructured gold dsDNA sensor for early detection of breast cancer 

by beta protein 1 (BP1) 

 

3.1 Introduction 

 

Breast cancer is the second leading cause of death in women after lung cancer. 

According to the American Cancer Society over 232,670 new cases of invasive breast 

cancer will be diagnosed in the United States in 2014. Meanwhile 2,360 new cases of 

invasive breast cancer will be diagnosed in men during 2014. The principal incidence of 

breast cancer is related to estrogen receptor-positive (ER+) breast cancer while estrogen 

receptor-negative (ER-) breast cancer is less diagnosed
1
. According to a statistical study, 

about 90% of the breast cancer patients diagnosed with carcinoma in stage 0 will survive
2
. 

During the past decade researchers focus their attention to find different biomarkers for 

early detection of breast cancer. In 2002, Sidney et al. reports the correlation of the 

expression of beta protein 1 (BP1, a homeobox gene), and estrogen receptor in breast cancer 

cells
3
. BP1 was first expressed in leukemia and found to play an important role in oncogenic 

pathway
4
. However, BP1 has a remarkably expression of 100% in estrogen receptor 

negative tumors and 73% expression in estrogen receptor positive tumors
3,5,6

. Estrogen 

receptor negative breast tumors are more invasive and typically have poor diagnosis in 

comparison to the ER+ tumors. Meanwhile, lack of BP1 expression was found in ER- 

normal breast cells and low-level expression in ER+ normal breast cells. In addition, 

frequent expression of BP1 was also found in all tumor grades. Therefore this protein is a 

perfect biomarker for early detection of breast cancer
3,5,6

.  
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Nanostructured gold (NG) sensors are commonly used to develop sensitive 

electrochemical detection of different analytes due to its conductivity, large surface area, 

and high stability
7-10

. Most NG sensors are modified with DNA to characterize the binding 

event of the analyte through DNA electrochemical charge transport
11-16

. DNA, a 

biorecognition element, is anchored in the surface functioning as a transducer
11,12

. A series 

of conjugated charge donors or acceptors are employed as redox active probes interacting 

by π-stacked base pairs in DNA to monitor the electrochemical binding event
14,17-24

. 

In this research, an electrochemical NG sensor was modified with the BP1 genomic 

sequence DNA
3,5,6

 containing a thiol C6 linker. Methylene blue (MB) was used as redox-

active probe intercalated to DNA by non-covalent interactions with the π-stacked base 

pairs. BP1 binging event was characterized by monitoring the redox cycle of MB with 

different concentrations of BP1. This NG biosensor provides a new sensitive tool for early 

detection of breast cancer. Thus, this work proposes for the first time (1) the detection of a 

clinically-relevant transcription factor biomarker, (2) the electrochemical detection of a 

transcription factor using a double-stranded DNA probe on a nanostructured gold electrode, 

and (3) a detection limit of 1.2 nM. 

 

3.2 Experimental Section  

 

3.2.1 Materials  

 

SRS Quartz crystal microbalance (QCM) Ti/Au, 5MHz electrode used were 

purchased from Stanford Research Systems. Methylene blue 82%, 6-mercapto-1-hexanol 

(MCH) 97%, and tris(hydroxymethyl)-aminomethane 99.9% were obtained from Sigma-

Aldrich. The DNA sequences containing the BP1 binding motif ATATATATG were the 
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following: Forward 5’-TTAAAAAGATATATATATATGTTTTTCTAATGT-3’, 

(modified with 5’end thiol C6 linker) and reverse 5’-ACATTAGAAAAACATATATAT-

ATATCTTTT-TAA-3’
5,6

. The following sequences without the BP1 binding sequence 

where used as the dsDNA negative control (Forward: 5’-

TCTTAGAGGGAGGGCTGAGGGTTTGAAGTCCAACTCCTAAGCC-3’; Reverse: 5’-

AGAATCTCCCTCCCGACTCCCAAACTTCAGGTTGAGGATTCGG-3’)
5
. All DNA 

probes were obtained from Eurofins Genomics and the BP1 protein was obtained from Gen 

Way and used as received. Deionized water (18.2 MΩ) was used for all experiments. 

 

3.2.2 Equipment 

 

CP-II VEECO atomic force microscope (AFM) with scanning probe microscopy 

and lateral force microscopy and nanomanipulation capabilities with 100 _ 100 lm scanning 

area capacity is used to characterize the surface morphology. Scanning electron microscopy 

(SEM) is used to characterize the surface morphology of the nanostructured electrode using 

a Field Emission Scanning Electron Microscope Supra 35 (Zeiss). The equipment allows 

analysis of features in the nanometer range using low accelerating voltage (3kV). 

Electrochemical experiments were carried on an Epsilon Potentiostat/Galvanostat 

(Bioanalytical Systems, Inc.) using a specially designed three-electrode electrochemical 

cell having gold as working electrode, a platinum wire as counter (auxiliary) and Ag/AgCl 

paste covered wire as reference electrode. 
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3.2.3 Synthesis and characterization of gold nanoparticles 

 

The gold electrode surface was polished prior to use with 0.5 µm alumina for 3 

minutes and then cleaned in an ultrasonic bath with ethanol and deionized water for 5 

minutes. The gold electrode is then electrochemically cleaned by cyclic voltammetry (CV) 

in 0.5 M sulfuric acid at 100 mVs
-1

 scan rate, between -0.35 to 1.5 V until no changes in 

voltamograms. After electrochemical cleaning of the gold electrode, the thick hydrous gold 

oxide layer accumulated on the gold electrode was removed in 0.5 M sulfuric acid by using 

repetitive square-wave voltammetry (SWV), with a potential range between −0.8 V and 2.5 

V (versus silver/silver chloride electrode) at 2,000 Hz  for 5 minutes. In the following step, 

the potential is held at -0.8 V until complete electro-reduction of the hydrous gold oxide 

layer is accomplished. The NG surface was characterized by cyclic voltametry in 0.5 H2SO4 

between -0.35 to 1.5 V (versus silver/silver chloride electrode) at 100 mVs
-1

. After 

synthesis of gold nanoparticles, the gold reduction peak current at 0.942 V increases 

considerably. SEM was used to characterize the surface morphology of the nanostructured 

electrode. In addition, atomic force microscopy (AFM) was used to measure the surface 

topography. 

3.2.4 Immobilization of dsDNA onto Nanostructured gold sensor. 

 

The BP1 binding sequence oligonucleotides were resuspended in an annealing 

buffer consisting of 10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA. Equimolar 

concentrations of the forward and reversed oligonucleotides were annealed at 94
o
C for 4 

minutes and then cooled at room temperature for 40 minutes. The resulting dsDNA was 

self-assembled into the NG surface for 18-24 h. After dsDNA addition to the NG surface, it 
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was exposed to a solution of 1.0 mM mercaptohexanol (MCH) for 1 h (Figure 3.1) to allow 

for surface passivation
37

. The co-adsorption of MCH onto DNA-modified gold surface 

removes the weakly, unspecifically adsorbed nucleic acids by forming a dense MCH 

sublayer. DNA sensor was then immersed in a solution on 20 µM MB for 20 minutes to 

intercalate it as redox-active probe
25,26

. Characterization of dsDNA and its binding to the 

NG surface were performed using CV to monitor changes in MB redox cycle. The CV 

experiments were performed between -0.450 to 0 V at 100 mVs
-1

 in 20 mM Tris, 100 mM 

NaCl, pH 7.5, at room temperature under an inert atmosphere. A three-compartment 

electrochemical cell is used with a Pt wire auxiliary electrode, silver/silver chloride 

electrode as reference, and a 0.02 cm
2
 NG working electrode. 

3.2.5 Electrochemical characterization of DNA-binding event of BP1 

 

The BP1 binding event was characterized by CV between -0.450 to 0 V (vs. 

Ag/AgCl) in 20 mM Tris, 100 mM NaCl, 20 µM MB, pH 7.5 at 100 mVs
-1

, using 

silver/silver chloride as reference, Pt wire as supporting electrode and NG/dsDNA/MCH as 

the working electrode.  A stock solution of BP1 was prepared dissolving 0.01 mg of the 

protein in buffer. For the binding event characterization, the redox cycle current of MB was 

monitored with different dilutions of the BP1 stock solution (5.30 to 33.78 nM). 

Regeneration of the NG/dsDNA/MCH sensor was performed by a simple rinse in deionized 

water. Square wave voltametry (SWV) was also performed after regeneration to confirm 

the BP1 binding event. This was carried out in 20 mM Tris, 100 mM NaCl, 20 µM MB, pH 

7.5 from -0.6 to 0 V (vs. Ag/AgCl) at 600 Hz with an amplitude of 25 mV and a step size 

of 1 mV. It should be mentioned that both, CV and SWV can be used to monitor and 

quantify the BP1 binding.  
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Figure 3. 1. Schematic representation of NG/dsDNA/MB sensor construction. 

 

3.3. Results and discussion 

 

3.3.1 Synthesis and Characterization of gold nanostructures 

 

The gold sensor was nanostructured by a modified procedure
7
 using square wave 

voltametry in 0.5 M H2SO4 at 2,000 Hz for five minutes followed by electro-reduction at a 

fixed potential of -800 V. Figure 3.2 shows the cyclic voltammograms (CV)  in 0.5 M 

H2SO4 at 100 mVs
-1

 of the gold electrode before electroreduction (black) and after 

electroreduction (red). The CV of the clean gold electrode display two oxidation peaks for 

the formation of gold oxides at 1.09 and 1.27 V and a reduction peak at 0.95 V
19

. When the 

process of electroreduction is finished, the current of gold reduction peak at 0.95 V increase 
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about 18 µA compared to the non-nanostructured gold electrode. The increase in reduction 

current of the gold reduction peak indicates the formation of gold nanostructures. Those 

results are related to the formation of the NG which has large surface area and greater 

conductivity
19

. 

The NG surface topography was measured by AFM, represented in Figure 3.3. The 

gold surface topography before electro-reduction (Figure 3.3 A) shows a smooth surface 

topography with an average roughness of 2.089 nm while the NG electrode surface (Figure 

3.3 B) has a rough appearance with an average roughness of 7.202 nm. The increase in 

average roughness is consistent with the changes in surface area due to gold nanostructures 

formation. SEM images of clean gold electrode (Figure 3.3 C) shows gold particles with a 

uniform size while the SEM images of NG (Figure 3.3 D) shows small grains and a brain 

like particles as reported in literature
19

. 
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Figure 3. 2. Cyclic voltamograms of clean gold electrode (black) and nanostructured gold 

electrode (red) performed in 0.5 M H2SO4 at a scan rate of 100 mVs
-1

. 

 

 

Figure 3. 3. A) AFM image of clean gold electrode, B) AFM image of gold nanostructed 

electrode, C) SEM image of clean gold electrode, and D) SEM image of NG electrode.
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3.3.2 Immobilization of dsDNA onto Nanostructured gold sensor 

 

DNA oligonucleotide with the BP1 binding sequence were first annealed by mixing 

them in equimolar concentrations on a thermostatic bath at 95 
o
C for 4 min, and cooled to 

room temperature for 40 min. Subsequently, the annealed oligo duplex was exposed in 

contact with NG electrode
14,17

. The forward strand of the BP1 DNA is modified with a thiol 

terminal which has strong affinity for gold. The annealed oligo duplex is adsorbed on the 

nanostructured gold surface due to its thiol C6 linker. The dsDNA nanostructured gold 

surface is then exposed to MCH to passivate the surface. The MCH is introduced into the 

uncovered gold surface to avoid interactions of the analyte with the sensor surface. Hereby, 

the protein only can interact with the dsDNA attached to the gold surface and not directly 

with the gold surface. After this process, the redox-active probe (MB) is incorporated on 

the system through intercalation into the dsDNA.  

The presence of the dsDNA self assembled into the gold electrode was confirmed 

by cyclic voltammetry of the redox-active probe intercalated into the dsDNA (Figure 3.4). 

Figure 3.4 A shows the CV of MB using the NG electrode (blue). The MB has an anodic 

peak in -0.188 V, when it is intercalated onto the dsDNA attached to the NG electrode, the 

anodic peak potential was shifted to -0.253 V (Figure 3.4 A, pink). The anodic peak 

potential shift of the MB is due to the intercalation into dsDNA.  An increase in anodic 

peak current was also observed due to the DNA electron charge transport.  

Hybridization of the oligos was verified to detect any mismatch in the double strand 

formation (Figure 3.5). The mismatch was detected through reduction of MB in presence 

of potassium ferricyanide. The current flows through the well-stacked DNA transferring 

one electron to the MB intercalated to it. The MB is then reduced to produce 
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leucomethylene blue (LB) who reduces ferricyanide to reoxidize MB
26,27

. The electro-

reduction cycle results in amplification of the MB signal. Meanwhile, if the dsDNA have 

any mismatch, the MB reduction to LB does not occur resulting in a decrease in the 

oxidation current of MB
11,13

. 

 

 

 

   

 

 

 

 

Figure 3. 4. Cyclic voltammograms of; A) NG/MCH sensor in 20 mM Tris, 100 mM NaCl, 

20 µM MB (blue) and NG-MCH-dsDNA with MB intercalated into dsDNA (pink). B) CV 

of NG/MCH/dsDNA in 20 mM Tris, 100 mM NaCl, 20 µM MB (pink) and with 0.1M 

K2Fe(CN)6. MCH = 6-mercapto-1-hexanol. 
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Figure 3. 5 Mismatch identification on the dsDNA hybridization by monitoring the redox 

of MB intercalated onto the DNA. On the left: the current flows to the well-stacked dsDNA 

to reduce MB intercalated onto the DNA to leucomethylene blue (LB) which reduce 

ferricyanide in solution. Ferricyanide regenerates MB to complete the electron cycle. On 

the right:  if the dsDNA have some mismatch the MB reduction to LB does not occur. 

 

3.3.3 Characterization of the binding event of beta protein 1 (BP1) to dsDNA 

 

Characterization of the binding event of BP1 was performed by cyclic voltammetry 

and square wave voltammetry (SWV) monitoring the redox-active probe, methylene blue 

(MB). Methylene blue is a well-known organic molecule that binds to DNA by 

intercalation
18,20,28-30

. The MB was intercalated into a dsDNA containing the binding site 

(ATATATATG) for BP1 transcription factor reported in literature
5
. The electron charge 

transport reaction in taken between the NG surfaces through the dsDNA to the MB. The 

electrochemical signal of the MB is then monitored by CV or SWV to determine the 

possible changes in current when the protein BP1 binds to the dsDNA. A schematic 
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illustration of the binding event of the BP1 to the genomic sequence dsDNA is shown in 

Figure 3.1.  

The MB intercalation is positioned on the top of the dsDNA allowing the binding 

site interactions with the protein. The NG/dsDNA/MB sensor is then exposed to different 

concentrations of BP1 and monitored by CV or SWV.  When BP1 binds to the genomic 

sequence in the dsDNA, the charge transport through the dsDNA to the MB is interrupted. 

The interruption in the charge transport system results in attenuation of the current 

generated by the redox-active probe
14

. Figure 3.6 shows the cyclic voltammograms of MB 

intercalated on the dsDNA linked to the NG surface (NG/dsDNA/MB) at different 

concentrations of transcription factor BP1. The anodic peak current of MB decreases 

significantly after first addition of BP1. The anodic peak current of MB continues to a 

gradual decrease while concentration of BP1 increases. The percent of response after first 

addition of BP1 is 16% compared to the anodic current of MB in absence of BP1. The 

significant decrease in current at the lowest concentration reflects the effects of the binging 

event of BP1 onto the dsDNA. Whenever BP1 interacts with the binding site on the dsDNA 

genomic sequence it perturbs the charge transport resulting in attenuation of the oxidation  

or reduction signal of the MB.
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Figure 3. 6. Cyclic voltamograms of NG/dsDNA/MB containing 20 µM MB, in 20 mM 

tris, 100 mM NaCl at 100 mVs
-1

 in presence of different concentrations of BP1.  
 

 

3.3.4 Analytical performance of the biosensor 

 

  The analytical performance of the NG/dsDNA/MB sensor was evaluated 

using three independent measures using the same electrode. A significant attenuation of the 

MB current response was observed while the BP1 concentration increases.  The percent of 

current attenuation follows a good linear relation with BP1 concentrations (Figure 3.7), 

with a linear range from 5.3 to 23.6 nM and a correlation coefficient of 0.998 ± 0.39. The 

linear regression equation is %ΔI = 8.551 + 1.152 C (C units of nM), and a limit of 

detection of 1.2 nM. The SD obtained from the data was of 0.39 indicating a good 

reproducibility of the biosensor. The NG/dsDNA/MB sensor also demonstrates to be stable 

and reusable with reproducible results. Comparing the NG/dsDNA/MB with other 
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biosensors (summarized in Table 3.1), our biosensor based on protein interaction is 

specific for breast cancer cells, take instant measurements and is reusable. 
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Figure 3. 7. Calibration curve of NG/dsDNA/MB illustrating the percent of current change 

vs BP1 concentration (nM). 
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Table 3. 1. Comparison of detection agent, linear range, advantages anddisadvantages of 

electrochemical biosensor for breast cancer detection. 

Modified electrodes 
Detection 

Agent 
Linear range Advantages/disadvantages References 

 
anti-HER-3  HER-3 0.2 to 1.4 pg/mL 

HER-3 is present in a wide 

range to tumors cell lines 
[31] 

 

   

Incubation of 1 h with HER-3 

sample   

   
Single use electrode 

  

      

SAM-assisted SiNW  Erα 1 pM to 1 fM 

Erα is present in breast cancer 

cell lines and non-tumorigenic 

breast cells 

[32] 
 

   

Incubation of 1 h with cells 

sample   

   

Single use electrode 

  

   
 

  
Avastin-MGO-Au  VEGF 

31.25 - 2000 

pg/mL 

VEGF is present in many 

human cancers 
[33] 

 

   

Incubation of 30 min with 

sample 

  

   

Reusable 

  

   
 

  
VEGF-R1 

 
10 - 70 pg/mL 

VEGF is secreted by tumor 

cells 
[34] 

 

   

Incubation of 1 h with VEGF 

sample 

  

   

Single use electrode 

  

   
 

  
NG/dsDNA/MB  BP1 5.3 - 23.6 nM 

BP1 is expressed in Erα
+
 and 

Erα
- 
breast cancer cells 

This work 

 

   

Instant sample measurements 

        Reusable   
 HEGF-3 = human epidermal growth factor-3, SAM = self-assembled monolayer, SiNW = silicon nanowire,  

ERE = estrogen  receptor element,  Erα = Estrogen receptor alpha MGO = magnetic graphene oxide, 

 VEGF-R1 = vascular endothelial growth factor receptor 1 
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3.3.5 Regeneration of the fabricated DNA sensor 

 

The NG/dsDNA/MB is a simple and easy to use sensor for early detection of breast 

cancer by recognition of BP1 transcription factor. This DNA sensor is not only simple to 

use but it can be regenerated and reused. For regeneration of NG/dsDNA/MB sensor, a 

simple wash with deionized water for 30 seconds remove all the protein bound to the 

dsDNA resulting in a re-appearance of the MB original signal
14,23

. After wash with 

deionized water, the MB signal is completely restored and new measurements of BP1 can 

be performed. New measurements of BP1 were realized by square wave voltammetry 

(SWV) to prove the stability of the DNA sensor. Selection of the square wave frequency 

was performed to determine MB redox signal at different frequencies after regeneration. 

The frequency with better signal of MB was reached at 600 Hz (Figure 3.8). Different 

SWV experiments were made with additions of BP1 transcription factor. A rapid response 

(less than 30 s) for the lowest concentration of BP1 was observed with a signal of about 

14% less than MB initial signal. Subsequent attenuation response while the concentration 

of BP1 increased was obtained (Figure 3.9).  
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Figure 3. 8 Square wave voltammetry of MB in NG/dsDNA/MB sensor after regeneration 

at different frequencies.  SWV was carried out in 20 mM Tris, 100 mM NaCl from 60 Hz to 

600 Hz with amplitude of 25 mV and a step size of 1 mV.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 9. Square wave voltammetry of MB in NG/dsDNA/MB sensor after regeneration 

at different concentrations of BP1.  SWV was carried out in 20 mM Tris, 100 mM NaCl at 

600 Hz with amplitude of 25 mV and a step size of 1 mV.  
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3.3.6 Selectivity of NG/dsDNA/MB biosensor 

 

A negative control sequence, a dsDNA sequence with no binding site to PB1, was 

used to verify the selectivity of the biosensor. The sequence of dsDNA without the binding 

site of BP1 was previously reported in the literature by Togni, A
5
. Figure 3.10 shows the 

SWV of MB in NG sensor modified with the negative control sequence. The MB 

intercalated onto the negative control sequence (black) shows a higher reduction current 

than MB intercalated onto the DNA genomic sequence (blue).  However, only a 3% of 

signal attenuation was observed with the negative control sequence (red) compared to a 

16% of attenuation signal with the genomic sequence at the same concentration of BP1 

(cyan). No significant changes in attenuation response were observed with higher 

concentrations of BP1. Those results suggest that NG/dsDNA/MB sensor has a good 

selectivity due to the specific sequence for the BP1 binding site. In addition, 

NG/dsDNA/MB sensor was stable after two weeks of its preparation.  
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Figure 3. 10. Square wave voltammetry of MB in NG/dsDNA/MB sensor modified with 

the negative control DNA (black and red) and NG/dsDNA/MB with the genomic sequence 

(blue and cyan).  SWV was carried out in 20 mM tTis, 100 mM NaCl at 600 Hz with 

amplitude of 25 mV and a step size of 1 mV. 
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3.4. Concluding remarks 

 

 A nanostructured gold biosensor based on dsDNA genomic sequence for the 

detection of the binding event of BP1 was fabricated in a simple manner. First, the gold 

nanoparticles were synthesized and characterized by cyclic voltammetry (CV), atomic force 

microscopy (AFM), and scanning electron microscopy (SEM). The increase in reduction 

current of the gold electrode demonstrated the formation of the gold nanoparticles. The 

presence of characteristic morphology and topography of the gold nanoparticles was 

confirmed by the surface analysis with AFM and SEM. Second, the dsDNA was annealed 

and then immobilized onto the gold surface through the thiol end incorporated to one of the 

DNA stand. The intercalation of the organic compound methylene blue as redox-active 

probe allows the simple monitoring of the electrochemical response without causing 

damage to the dsDNA. The NG/dsDNA/MB electrochemical response to the binding event 

of BP1 results in attenuation of the current generated by the charge transport through the 

dsDNA to the MB. The resulting signal response to different concentrations of BP1 has 

linear range from 5.3 to 23.6 nM and a correlation coefficient of 0.998 ± 0.39. Also, it has 

been demonstrated that NG/dsDNA/MB sensor is stable and can be regenerated. 

Regeneration of the sensor provides the advantage of a reusable sensor. Through the 

selective detection of BP1 at low concentrations, NG/dsDNA/MB sensor is suitable for 

early detection of breast cancer. Nanostructured gold dsDNA sensor is demonstrated to be 

sensitive, selective, stable, and reusable allowing it to be potentially used at clinical level. 
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Appendix A: NMR Data 
 

 
 



 
 

99 

 

 

3.23.23.43.43.63.63.83.84.04.04.24.24.44.44.64.64.84.85.05.05.25.25.45.45.65.65.85.86.06.06.26.26.46.46.66.66.86.87.07.07.27.27.47.4  

Figure A1: 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-4-Py”): 
1
HNMR 

(500 MHz, CDCl3): 7.44 (2H, d, ph;
 3

J = 8.8 Hz ), 7.18 (2H, d, py;
 3

J = 8.8 Hz), 7.01(2H, 

dd, ph; 
3
J = 1.9 Hz), 6.36 (2H, dd, py; 

3
J = 1.9 Hz),  4.32 (2H, bs, Cp), 4.19 (2H, bs, Cp’, 

5H), 3.62 (2H, s, CH2, 2H).
  

 

 

404050506060707080809090100100110110120120130130140140150150160160170170  

Figure A2: 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-4-Py”): 
13

CNMR (125 MHz, CDCl3) (δppm): 169.5 (C=O), 148.32, 138.6, 122.6, 121.6, 119.54, 

110.5, 79.7, 68.8, 68.1, 35.6.  
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Figure A3: 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate (“Fc-(CO2-Ph-4-Py)2”):
 

13
CNMR (125 MHz, CDCl3) (δppm): 169.0 (C=O), 148.3, 138.6, 122.9, 121.5, 119.5, 

110.5, 73.4, 72.4, 72.0. 
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Figure A4: 1-4-(1H-pyrrol-1-yl)phenyl, 1’-carboxyl ferrocenecarboxylate (“Fc-(CO2-Ph-4-

Py)CO2H”):
 13

CNMR (125 MHz, CDCl3) (δppm): 168.9 (C=O)’, 166.4 (C=O), 148.3, 

138.5, 122.9, 121.5, 119.5, 110.5, 74.3, 73.8, 73.4, 72.5, 72.1, 71.0. 
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Appendix B: Infrared Data 
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Figure B1: Infrarred spectra of 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-

Ph-4-Py”): ATR-IR (cm
-1

): 3092, 2963, 2917, 1750(C=O), 1508, 1334, 1143, 1098, 810, 

727.  
 

 

 



 
 

103 

 

 

 

 

 

 

Appendix C: IC50 Data of 

MCF-7 
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Figure C1: IC50 values for 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate (“Fc-

(CO2-Ph-4-Py)2”). 
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Figure C2: IC50 values for 1-4-(1H-pyrrol-1-yl)phenyl, 1’-carboxyl ferrocenecarboxylate 

(“Fc-(CO2-Ph-4-Py)CO2H”).
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Figure C3:IC50 values for 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-

4-Py”). 
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Figure C4: IC50 values for ferroceneacetic acid.
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Figure C5: IC50 values for 4-(1H-pyrrol-1yl)phenol. 
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Appendix D: IC50 Data of 

MCF-10A 
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Figure D1: IC50 values for 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate (“Fc-

(CO2-Ph-4-Py)2”). 
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Figure D2: IC50 values for 1-4-(1H-pyrrol-1-yl)phenyl, 1’-carboxyl ferrocenecarboxylate 

(“Fc-(CO2-Ph-4-Py)CO2H”).



 
 

109 

 

 

-5.0 -4.5 -4.0 -3.5 -3.0 -2.5
0

25

50

75

100

Log (concentration)

%
 V

ia
b

il
it

y

 

Figure D3:IC50 values for 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-

4-Py”). 
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Figure D4:IC50 values for ferrocenoyl 3b-estra1,3,5(10)-trien-17-one-3-olate (Fc-CO2-

estradiol). 
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Figure D5: IC50 values for ferroceneacetic acid. 
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Figure D6: IC50 values for 4-(1H-pyrrol-1yl)phenol.
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Figure D7:IC50 values for 1,1’-ferrocenedicarboxylic acid.
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Appendix E: IC50 Data of 

HT-29 
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Figure E1: IC50 values for 1,1’-4-(1H-pyrrol-1-yl)phenyl ferrocenedicarboxylate (“Fc-

(CO2-Ph-4-Py)2”). 
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Figure E2: IC50 values for 1-4-(1H-pyrrol-1-yl)phenyl, 1’-carboxyl ferrocenecarboxylate 

(“Fc-(CO2-Ph-4-Py)CO2H”).
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Figure E3:IC50 values for 4-(1H-pyrrol-1-yl)phenyl ferroceneacetylate (“Fc-CH2CO2-Ph-4-

Py”).\ 
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Figure E4: IC50 values for ferroceneacetic acid.
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Figure E5: IC50 values for 4-(1H-pyrrol-1yl)phenol. 
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Figure E6:IC50 values for 1,1’-ferrocenedicarboxylic acid 


