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Abstract
Ferrocene (Fc)-functionalized gold nanoparticles (Fc-GNPs) have been synthesized and tested for anti-tumor activity in 
breast cancer and normal cell lines MCF-7 and MCF-10a, respectively. Synthesized Fc-GNPs exhibited homogeneous par-
ticle distribution as evident from transmission electron microscopy (TEM). Energy dispersive X-ray spectroscopy (EDX) 
showed the homogenous ligation of Fc on gold nanoparticles. Atomic emission spectroscopy-inductively coupled plasma 
(AES-ICP) was used to quantify the amount of Fc per GNPs and found to be 84 Fc units per GNPs. Gel electrophoresis and 
UV–visible (UV–Vis) analysis indicated that Fc-GNPs interacted with DNA. Binding interactions of Fc-GNPs with DNA 
were investigated using UV–Vis spectrum. Hypochromism and shift towards shorter wavelength was observed with addition 
of DNA in Fc-GNPs, indicating electrostatic mode of binding of DNA with Fc-capped AuNPs. Drug release experiments 
performed using dialysis bag method revealed that maximum amount of Fc was released from GNPs in 10–19 h. Cancer 
cell line treatments showed that Fc-GNPs were comparatively more toxic to MCF-7 (breast cancer cell line) as compared 
to MCF-10a (breast normal cell line) at 20 μM Fc-GNPs. We did not find any significant differences in Fc and Fc-GNPs 
treatment in breast normal cell line MCF-10a at 10 μM or 20 μM. However, the toxic effect of the Fc increased sparingly 
when concentration was raised to 20 μM from 10 μM. Interestingly, Fc-GNPs have higher anti-tumor effect as compared to 
Fc alone in cancer cell line.
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Introduction

Cancer is one of the leading causes of deaths worldwide. 
Due to the challenges posed by conventional therapies, sci-
entists and physicians are enthusiastically finding more effi-
cient ways to treat cancer. One of the major challenges in 
handling the disease is the emergence of severe side effects 
due to non-specific drug targets that has led to revolutionize 
the field of anti-neoplastic drugs. One of the major disad-
vantages of currently used anti-cancer chemotherapeutics 

includes non-specificity and non-bioavailability that leads to 
severe toxicity to normal and untargeted tissues and organs 
(Boulikas and Vougiouka 2003). More recent approaches to 
treat cancer focus on targeted therapies that involve a genera-
tion of new compounds, which are less toxic to normal cells 
as compared to cancer cells. Furthermore, developments 
have been made up to improve drug delivery systems that 
can reduce the non-specific effects of the drugs (Peppas and 
Blanchette 2012).

Organometallic compounds are reported as anti-cancer 
compounds that exhibit more toxicity towards various can-
cer cell lines (Alama et al. 2009; Vessieres et al. 2005). 
They have a metal core attached to organic ligands (Gasser 
et al. 2011). A lower toxicity to normal cells as compared 
to cancerous cells and their structural diversity makes them 
a powerful candidate to design an efficient and innovative 
medicinal compound (Ornelas 2011). Their structure can be 
functionalized with several molecules of choice in a variety 
of ways that further broaden up their scope (Alama et al. 
2009). However, due to their high reactivity and insolubility 
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in water, they cannot be used as a drug directly and modifi-
cations are required to further manipulate their anti-tumor 
behavior in aqueous media (Gasser et al. 2011).

Ferrocene is a member of organometallic family; first 
iron-based organometallic compounds whose anti-prolif-
erative properties have been reported (Alama et al. 2009; 
Gasser et al. 2011; Morantes et al. 2012). Cytotoxicity of 
ferrocenium salts have been tested against breast cancer 
cell lines and it was found that ferrocene derivatives induce 
DNA damage by releasing ROS species on both hormone-
dependent and independent cancer cell lines (Pizzaro et al. 
2010; Tabbi et al. 2002; Vera et al. 2014).

In addition, different drug delivery strategies are being 
adopted to enhance chemotherapeutic effect of anti-can-
cerous drugs (Wang and Guo 2013). Nano drug delivery 
system (NDS) due to their versatile properties offer many 
advantages including localized drug delivery, ameliorate 
drug efficiency by providing increased drug dose at target 
site thereby providing rapid onset of therapeutic effect. In 
addition, they offer rapid dissolution of drug (Hughes 2005; 
Kaparissides et al. 2006; Wilczewska et al. 2012). Bio-
compatibility of gold nanoparticles (NPs) make them ideal 
vehicle for in vitro and in vivo drug delivery (Song et al. 
2016). Thus, drugs conjugated onto NPs can reach target 
effectively, and are expected to exhibit enhanced antithera-
peutic effect as the threshold of therapeutic window of a 
drug reduce sparingly (Soppimath et al. 2011).

Shah et al. (2008) studied that ferrocene intercalation 
with double-stranded (ds) DNA via UV–Vis spectroscopy. 
Furthermore, Pellegrino et al. (2007) studied the interac-
tions of nanoparticles and DNA using gel electrophoresis. 
In the reported work, we addressed the aqueous solubility 
of ferrocene by conjugating it onto the gold nanoparticles 
in aqueous media by adopting Sabahat et al. (2018) method. 
Binding properties of Fc-GNPs with ds DNA was investi-
gated using UV–visible spectroscopy. We have also opti-
mized and investigated the activity of Fc alone as well as 
Fc-functionalized gold nanoparticles in breast normal cell 
line (MCF-10a) and breast cancerous cell line (MCF-7).

Materials and methods

Chemicals

Tetrachloroaurate trihydrate, HAuCl4.3H2O (Sigma-
Aldrich), tri-sodium citrate 2-hydrate (Panreac), sodium 
chloride (Merck), bis(p-sulfonatophenyl)phenylphosphine 
dihydrate dipotassium salt (Sigma-Aldrich), mercaptoal-
kyoligoethylene glycol (PEG-OH) and thiolated ferrocene 
substrate (Fc) (Prochimia), K2SO4 (Sigma-Aldrich). The 
solvents used were ethanol, methanol (Sigma-Aldrich), dis-
tilled water. Aqua regia [nitric acid (HNO3), hydrochloric 

acid (HCl)] used for cleaning of glass wares. Dialysis bag of 
Avg. flat width 35 mm (1.4 in.), MWCO 12,000 Da Sigma 
(D6066-25EA) was used. UV analysis was performed in 
Perkin Elmer Spectrophotometer.

Synthesis of GNPs

Frens–Turkevich method (1973, 1951) was used to synthe-
size the citrate-stabilized gold nanoparticles (Cit-GNPs). To 
avoid aggregation, citrate was replaced by phosphine salt on 
gold nanoparticles by adopting Loweth et al. (1999) method. 
Phosphine-stabilized gold nanoparticles (Ph-GNPs) were 
used for functionalization of thiolated ferrocene substrate 
(Fc) onto gold nanoparticles in aqueous media.

Synthesis of ferrocene‑capped GNPs

Sabahat et al. (2018) method was adopted for function-
alization of Fc onto gold nanoparticles in aqueous media. 
Briefly, ethanolic solution of 10 µl Fc (10 mM) and 10 µl 
PEG (190 mM) was added into 2 ml of GNPs solution 
(100 nM) and stirred for 24 h. It was further centrifuged for 
15 min. The final product was re-dissolved in distilled water 
to obtain the final concentration of functionalized GNPs.

Spectroscopic and biological analysis 
of functionalized GNPs

Spectroscopic analysis of synthesized gold nanoparticles 
was carried out via UV–visible spectroscopy (UV–Vis). 
Interaction of Fc-functionalized GNPs with ds DNA was 
studied through gel electrophoresis and UV–Vis spec-
troscopy. DNA was extracted from human blood by using 
standard phenol chloroform extraction protocol (Kochl et al. 
2005). Extracted DNA was monitored via UV absorbance at 
260 and 280 nm (A260/A280), and found sufficiently protein 
free.

Drug release experiments were performed using dialysis 
bag experiments (Zheng et al. 2014). Cell culture experi-
ments were performed on MCF-10a (human breast normal 
cell line) and MCF-7 (human breast cancer cell line).

Fc‑GNPs–DNA interactional study by UV–Vis 
spectroscopy

Interaction of DNA with Fc-GNPs was further confirmed 
through monitoring their absorbance shift in UV–Vis 
spectroscopy.

A volume of 10 µl DNA was added in Fc-GNPs solu-
tion with intervals (till no change in UV behavior was 
noticed) and the respective readings were scanned against 
400–800 nm wavelengths.
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Drug release experimental protocol

Drug release studies were performed via dialysis bag experi-
ment at pH 7.0 in phosphate buffer saline (PBS) solution (Sop-
pimath et al. 2011). Briefly, the 2 ml of release media of PBS 
(pH 7.0) was prepared. 100 µl of Fc-GNPs solution was added 
inside dialysis sack. After selected time intervals, 10 µl of solu-
tion was removed from release media and was replaced with 
fresh buffer. Release solution was collected in aliquots and 
analyzed by UV–Vis spectroscopy (Arias et al. 2012). A timed 
experiment was performed in which release was monitored 
up to 48 h.

Sample preparation for gel electrophoresis

DNA interaction with Fc-GNPs was studied by incubating 
DNA solution with Fc-GNPs for 2, 4, 24 and 48 h. A volume 
of 4 µl of solution was taken out and subjected to gel electro-
phoresis. Interaction of Fc-GNPs with DNA was studied by 
visualizing changes in fluorescence of ethidium bromide dye 
when visualized under UV illuminator.

Cell culture experiments

The commercial human cell lines MCF-10a (human nor-
mal breast cell line) and MCF-7 (human breast cancer cells) 
were used for cell culture experiments. Both cell lines were 
maintained in complete DMEM containing 10% FBS, l-glu-
tamine, and 100 U/ml penicillin–streptomycin. The media 
were pre-warmed before use by placing into a water bath set 
at 37 °C ± 1 °C for 15–30 min. Cell culture was observed daily 
under an inverted microscope to ensure culture is free of con-
tamination and culture has not reached confluence.

Cell line treatments protocol

MCF-7 or MCF-10a cells (104 cells/well) were plated into 
6-well culture plates in triplicate. After incubation for 2–3 days 
at 37 °C ± 1 °C in 5% CO2 incubator, the cells were washed 
with phosphate buffer and new medium was added to cells. 
Cells were treated with GNP, Fc-GNP, and Fc in triplicates. 
Ferrocene is practically insoluble in aqueous media and was 
dissolved in DMSO. Cells were continuously monitored for 
viability until 48 h and images were captured. Cell viability 
was determined using trypan blue dye exclusion for viable and 
total cell counting using a hemocytometer.

Results and discussion

TEM evaluation

TEM images of gold nanoparticles and ferrocene-function-
alized gold nanoparticles are shown (Fig. 1a, b). Homog-
enous distribution of nanoparticles was observed in every 
TEM image. Nanoparticles were evenly distributed in 
solution form and had different phases, which provided 
enhanced surface area for reactivity. Size of the nanopar-
ticles ranged from 15 to 20 nm.

Energy dispersive X‑ray (EDX) interpretation

EDX analysis of Fc-GNPs exposed all the elements 
that were present in synthesized nanoparticle solutions 
(Fig. 1c). Spectrum analysis of Fc-GNPs identified the 
presence of iron element in solution that confirmed the 
ligation of ferrocene over gold nanoparticles. In depth, 
analysis showed homogenous distribution of ferro-
cene over each gold nanoparticle present in the solution 
(Fig. 1d).

Atomic emission spectroscopy‑inductively coupled 
plasma

The quantification of Fc per GNP was carried out via 
atomic emission spectroscopy-inductively coupled plasma 
(AES-ICP). The calculated amount of Fc per GNP was 
found to be 84 units of Fc per GNP.

UV–visible analysis

UV–Vis spectrum of Fc-GNPs with DNA showed shift as 
well as decrease in absorbance (Fig. 2). Hypochromism 
along with shift towards shorter wavelength (blue shift) 
inferred the utilization of all the available sites on Fc-
GNPs. In Fig. 2, it can also be noticed that at ~ 700 nm, 
UV responses intercept which may indicates the Fc-GNPs 
and DNA complexation. Ferrocene undergoes structural 
conformational changes, it can possibly be proposed that 
Fc-GNPs possess electrostatic mixed mode of binding with 
DNA. Ferrocene corresponds to ferrocenium ion that leads 
to a series of redox reactions that disrupt DNA structure.
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Drug release investigation

UV analysis of Fc release experiment is shown (Fig. 2b). 
Maximum release of Fc from GNPs was detected between 
10 and 19 h.

Gel electrophoresis

Fc-GNPs showed competitive binding (in the presence 
of ethidium bromide, EtBr) with DNA as compared to 
DNA–dye alone. A slight increase in luminescence as com-
pared to control (DNA) was observed, we can propose that 
Fc-GNPs may interact with EtBr also (Fig. 2c).

Morphological evaluation of cell lines 
through microscopy

In vitro investigation of Fc-GNPs was carried out on 
normal MCF-10a and tumorigenic MCF-7 breast cancer 
cell lines. Both cell lines were cultured for 24 h and were 

treated with 10 μM and 20 μM of Fc and Fc-GNPs for 
48 h. Fc induced more cell death in MCF-7 cell line at 
20 μM as compared to MCF-10a cell line. However, no 
significant differences were seen at 10 μM (Fig. 3a). Selec-
tive toxicity of different Fc derivatives has been reported 
in different cell lines (Vera et al. 2014; Duivenvoorden 
et al. 2005; Fouda et al. 2007). We did not find any signifi-
cant differences in cell viability in MCF-10a cell line when 
treated with Fc or Fc-GNPs at 10 μM or 20 μM (Fig. 3b). 
GNPs alone did not show any significant cytotoxic effect 
on both cell lines. Gold nanoparticles were observed to 
integrate into cells genome very effectively without dis-
turbing cells structure or causing cell death proving them-
selves to be an efficient carrier for drug (Chithrani et al. 
2006). However, the treatment with Fc-GNPs significantly 
(p value < 0.01) induced more cell death in MFC-7 cell 
line at 20 μM as compared to MCF-10a cell line. Cyto-
toxicity was observed with very less amount of Fc ligated 
onto the GNPs. Graphical representation of cell lines stud-
ies is displayed in Fig. 3a, b.

100 

ba

dc

Fig. 1   TEM analysis at 100 nm. a GNPs, b Fc-GNPs. c, d EDX analysis of Fc-GNPs



129Chemical Papers (2020) 74:125–131	

1 3

400 500 600 700 800
0.2

0.3

0.4

0.5

0.6

0.7

0.8

A
bs

or
ba

nc
e

Wavelength (nm)

Fc-A
Fc-A+ 10ul DNA
Fc-A+ 20ul DNA
Fc-A+ 30ul DNA
Fc-A+ 40ul DNA
Fc-A+ 50ul DNA
Fc-A+ 60ul DNA
Fc-A+ 70ul DNA
Fc-A+ 80ul DNA
Fc-A+ 90ul DNA
Fc-A+ 100ul DNA

DNA Fc-GNPs

a b

c

Fig. 2   UV analysis of a Fc-GNPs–DNA interaction. b Fc release experiment. c Gel electrophoresis analysis of DNA (control) and Fc-GNPs with 
DNA

Fig. 3   Cell viability experiment following treatment with Fc alone and Fc-GNPs at 10 μM and 20 μM concentration and 48 h, a MCF-7 and b 
MCF-10a
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Conclusion

Gold nanoparticles not only addressed the issue of Fc aque-
ous insolubility, but were also capable of delivering even 
low amount of Fc to cells where Fc showed its anti-cancer 
activity. Cytotoxicity was observed with Fc-ligated GNPs 
in breast cancer cell line. Electrostatic mode of Fc-GNPs 
binding with DNA was monitored via UV analysis. Gel elec-
trophoresis analysis also confirms the Fc-GNPs interaction 
with DNA. A time span of 10–19 h was required for Fc 
release from GNPs as evident from drug release experiment 
performed by dialysis bag. Keeping all results, Fc-GNPs can 
be used as anti-cancer agent for future studies.
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