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Abstract 
Here, we report the synthesis, characterization and the impact of magnetite nanoparticles functionalized with cytostatic drugs, epirubicin 
(Epi) and fludarabine (Flu) (Fe3O4@Epi, Fe3O4@Flu) prepared by chemical co-precipitation method on tumoral cells in vitro. The average 
diameter of the resulted particles was about 4 nm for both Fe3O4@Epi and for Fe3O4@Flu. These bioactive nanostructured materials 
proved to significantly enhance the antitumor effect of tested cytostatic drugs in vitro. The most significant result was obtained in the case 
of Epi, where the tested magnetite nanostructured material enhanced the cytotoxic effect of this drug with more than 50%. 
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 Introduction 

Magnetic particles have a significant role in nano-
technology due to their surface properties and their 
applicability in physical and chemical processes [1], 
biocompatibility and bioactivity [1, 2], and capacity of 
selection and transport for cells and chemical compounds 
[3]. The nano-scale iron oxide, mostly Fe3O4 or γ-Fe2O3, 
with diameter of 5–20 nm have attracted much attentions 
in the biomedical field [4–8]. 

Approaches such as cellular therapy in cell labeling 
[9, 10], separation and purification [11, 12], drug delivery 
[13], contrasting agents in magnetic resonance imaging 
[14–16], localized therapeutic hyperthermia [17], bio-
sensors [18], antimicrobial therapy [19, 20], stabilization of 
essential oils [21] and inhibition of microbial biofilm 
development [22] significantly emerged in recent years. 

There are many reports in the literature that involve 
magnetite nanostructures in cancer therapy with application 
of high amplitude alternating magnetic fields [23–26]. 
Nanocomposites based on hydrophilic polymers and/or 
iron oxide nanoparticles enables the tumor localization and 
the release of cytostatic drugs or the synergistic delivery  
of anticancer drugs, magnetic nanoparticles activation 
improving the therapeutic efficacy and also reducing the 
systemic side effects [27–30]. 

Magnetite nanoparticles functionalized with different 
saturated fatty acids exhibit antitumor properties without 
applying any external alternating magnetic field, when 

tested in vitro, on HEp-2 cells, opening new directions 
for optimizations in the area of the nanoparticle kinetics 
[31]. 

Epirubicin, an epimer of anthracycline doxorubicin, 
exhibits a potent apoptotic effect against tumor cells via 
the intrinsic mitochondrial signaling pathway [32, 33]. 
Several trials suggest that epirubicin can induce some 
severe side effects [34]. Jalalian et al. reported a tertiary 
complex based on iron oxide, aptamer and epirubicin 
able to specifically deliver and internalize epirubicin 
into tumoral cells and to reduce cytotoxic effects by 
selective Epi delivery [35]. 

Fludarabine, a nucleoside analog with potent antitumor 
and immunosuppressive properties [36] was successfully 
used in the preparation of nanogel formulations and 
demonstrated significantly reduced cytotoxicity [37]. 

In this context, the aim of this study was to evaluate 
the anti-tumor effect of functionalized magnetite nano-
particles with cytostatic drugs, prepared in one-step. 

 Materials and Methods 

Materials 

Ferrous sulfate 7-hydrate (FeSO4•7H2O), ferric chloride 
(FeCl3), ammonia (NH3, 25%), epirubicin (Epi) and 
fludarabine (Flu) were purchased from Sigma-Aldrich. 
All chemicals were of analytical purity and used with no 
further purification. 
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Synthesis of magnetite nanostructures 

Magnetite nanoparticles were synthesized using the 
chemical co-precipitation method, where 2.4 g of FeSO4 

•7H2O and 1.4 g of FeCl3 were dissolved in 200 mL of 
ultrapure water in a 500 mL beaker to form the precursor 
solution. 

In order to obtain functionalized magnetite nano-
particles (Fe3O4@Epi and Fe3O4@Flu), 6 mL of NH3 
(25%) were mixed with 200 mg of cytostatic drugs and 
200 mL deionized water and the precursor solution was 
added dropwise under magnetic stirring. 

Characterization 

X-ray diffraction 

X-ray diffraction analysis was performed on a 
Shimadzu XRD 6000 diffractometer at room temperature. 
In all the cases, Cu Kα radiation from a Cu X-ray tube 
(run at 15 mA and 30 kV) was used. The samples were 
scanned in the Bragg angle 2θ range of 10–800. 

Transmission electron microscopy 

Transmission electron microscopy (TEM) images were 
obtained on finely powdered samples using a TecnaiTM 
G2 F30 S-TWIN high-resolution transmission electron 
microscope from FEI Company (OR, USA) equipped 
with SAED. The microscope operated in transmission 
mode at 300 kV with TEM point resolution of 2 Å and 
line resolution of 1 Å. The powder was dispersed into 
pure ethanol and ultrasonicated for 15 minutes. After 
that, diluted sample was poured onto a holey carbon-
coated copper grid and left to dry before TEM analysis. 

Thermogravimetric analysis 

Thermogravimetric (TG) analysis of the biocomposite 
was assessed with a Shimadzu DTG-TA-50H instrument. 
Samples were screened to 200 mesh prior to analysis, they 
were placed in alumina crucible, and heated with 10 K/min. 
from room temperature to 8000C, under the flow of  
20 mL/min. dried synthetic air (80% N2 and 20% O2). 

Cytotoxicity 

Quantitative determination of cytotoxicity on human 
HCT8 cultured tumor cells was performed using the 
CellTiter 96® AQueous One Solution Cell Proliferation 
Assay according to manufacturer’s protocol. Briefly, 
5×103 cells were seeded into each well of 96-well plates 
and 24 hours later binary dilutions of 1 mg/mL compound 
was added. The cytotoxic effects were evaluated at 24, 
48 and 72 hours. The nanoparticles were removed by 
gentile washing with PBS (phosphate buffered saline) 
and 20 μL of CellTiter 96® AQueous One Solution 
Reagent was added into each well of the 96-well assay 
plate containing the samples in 100 μL of culture 
medium. Plates were incubated at 370C for two hours  
in a humidified, 5% CO2 atmosphere. 

The absorbance was recorded at 490 nm using a 
microplate reader (HumaReader HS Human), in order to 
measure the amount of soluble formazan produced by 
cellular reduction of MTS. 

The percentage of viable cells was calculated by 
following ratio: X = [OD treated sample/OD untreated 
sample] × 100. 

 Results 

The XRD pattern is shown in Figure 1. The XRD 
pattern results for the prepared samples and illustrates 
the correspondence to the magnetite characteristic 
diffraction interferences. This fact suggests that the anti-
tumor agent functionalizing of the nanoparticles does 
not affect the crystal structure of magnetite. The 
patterns have characteristic peaks at 30.50 (2 2 0), 35.90 
(3 1 1), 370 (2 2 2), 43.50 (4 0 0), 57.30 (5 1 1) and 63.10 
(4 4 0). All interferences can be indexed using the 
JCPDS file No. 19-0629 corresponding to magnetite 
[20, 38]. 

 
Figure 1 – XRD patterns of Fe3O4, Fe3O4@Epi and 
Fe3O4@Flu. 

In Figure 2 are revealed the TEM images and SAED 
patterns of Fe3O4@Epi and Fe3O4@Flu. The particles 
are very small in size (<10 nm in diameter) with 
homogenous particle size distribution. The shape of the 
particles is determined to be quasi-spherical if they are 
not aggregated. 

Small particles have suffered aggregation due to their 
very small size and high surface energy. Fe3O4@Epi 
nanoparticles are individually incorporated in cytostatic 
drug, while for Fe3O4@Flu the whole inorganic phase 
was entrapped inside in an organic matrix. These nano-
particles (Fe3O4@Epi, Fe3O4@Flu) have a mean diameter 
of 4 nm. 

TG analyses of Fe3O4, Fe3O4@Epi and Fe3O4@Flu 
are presented in Figure 3. The weight loss between 30 
and 5100C refers to the evaporation of adsorbed water 
and due to the decomposition of the physisorption and 
the chemisorption of the therapeutic agents [39, 40]. We 
also observed a fine increase at around 5100C, which is 
attributed to the oxidation of Fe3O4 to Fe2O3. Reaching 
10000C, the whole process ends up with a total weight 
loss of 5.494%. 

The TG analysis results of Fe3O4@Epi and Fe3O4@Flu 
indicated an increased weight loss from 5.494% in the 
case of Fe3O4 to 13.255% for Fe3O4@Epi and 20.097% 
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for Fe3O4@Flu, a total amount of entrapped cytostatic 
drugs of 7.761% and 14.603%, respectively. 

In vitro experiments proved that the synthesized 
nano-bioactive magnetite structures have a great cyto-
toxicity against cultured human tumor cells. MTT assay 
revealed that Epi and Flu drugs exhibit differential effects 
on tumor cells viability, depending on the exposure 
time, their effect being significantly potentiated by the 
fabricated magnetite nano-system. Fe3O4 ensure the 

targeted delivery and controlled release of Epi. This  
is revealed by the fact that a much lower concentration  
of Fe3O4@Epi bio-active nano-system (respectively 
1.95 µg/mL) is needed to obtain a tumor cells viability 
lower that 50%, while for obtaining a similar percent of 
viable tumor cells, an amount of 7.81 µg/mL plain Epi 
is needed. This activity enhancing effect is maintained 
for at least 72 hours (Figure 4). 
 

 

Figure 2 – TEM images (a–d) and SAED patterns  
(c and f) of Fe3O4@Epi (a–c) and Fe3O4@Flu (d–f). 

Figure 3 – Thermogravimetric curves for Fe3O4, 
Fe3O4@Epi and Fe3O4@Flu nanoparticles. 

 

Figure 4 – Graphic representation of the MTT assay 
results obtained after the incubation of human tumor 
cells with Epi and Fe3O4@Epi for 24 hours (a) and 72 
hours (b). 

Figure 5 – Graphic representation of the MTT assay 
results obtained after the incubation of human tumor 
cells with Flu and Fe3O4@Flu for 24 hours (a) and 72 
hours (b). 

 
In the case of Flu, different effects were observed 

regarding the effect of this compound during time. The 
tested nanosystem proved a lower potentiating effect in 
the case of Flu, differences between the cytotoxicity 
manifested by plain and magnetite coupled Flu being 
insignificant after 24 hours of incubation (Figure 5a). 
Although at this time point, a minimum amount of 
31.25 µg/mL is necessary in order to significantly reduce 
the viability of tumor cells, after 72 hours of incubation 
an amount of 1.95 µg/mL of Flu or Fe3O4@Flu is still 
sufficient to reduce the cells viability (Figure 5b). This 
result suggests that Flu may have a delayed tumor cells 
inhibitory effect and that the tested nanosystem may act 

as an efficient shuttle for drug delivery and controlled 
release of this compound. 

Microscopy results revealed that the morphology of 
human tumor cells is different after the treatment with 
different concentrations of the tested nanostructures. 
Generally, at amounts higher than 3.91 µg/mL we can 
observe only cells with modified morphology, most of 
them being pyknotic. Furthermore, in many images we 
observed a great amount of cell debris, which suggest an 
advanced necrosis of these cells, due to the increased 
cytotoxicity of the tested compounds (Figure 6). 
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Figure 6 – Microscopy images revealing the morphology of tumor cells treated with different amounts of tested 
cytostatic drugs (Epi, Flu) and functionalized magnetite nanoparticles (Fe3O4@Epi, Fe3O4@Flu). 
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 Discussion 

Epirubicin and fludarabine are two of the most widely 
used anti-tumor drugs. They may be used independently 
or together in order to treat different types of tumors, 
from most classes of leukemia and lymphoma to breast 
cancers [41]. Despite their proved effect in tumor 
regression and cure, high doses of these drugs, which 
may be many times necessary to treat a tumor, are very 
toxic for patients and the therapy is often interrupted 
because of this inconvenient [42, 43]. Our results 
demonstrate that the developed magnetite nanocarriers 
are very useful for enhancing the efficacy of epirubicin 
and fludarabine, by ensuring their targeted delivery and 
controlled release. The fact that Fe3O4@Epi determines 
the same effects on the tumor cells when used in lower 
amounts (half of the amount of plain Epi) demonstrate 
that this nanoactive system may be used for therapeutic 
approaches aiming to reduce the therapeutic dose of this 
compound. Using lower amounts of antitumor drugs, but 
still preserving their efficacy against tumor cells, leads 
automatically to decreased side effects and to a more 
supportable therapy for cancer patients. 

Nanoparticles as drug delivery systems enable unique 
approaches for cancer treatment [44]. 

The fact that the obtained magnetic nanoparticles 
have very low dimensions (~4 nm in diameter) and they 
are homogenous, also represents a favorable aspect, 
because they can easily enter the target cell and deliver 
the active drug next to its molecular target. This aspect 
reduces the risk of drug inactivation or spread to other 
healthy areas, therefore increasing its effect. 

 Conclusions 

Characterization and anti-tumoral effect of newly 
developed epirubicin and fludarabine functionalized 
magnetite nanoparticles was evaluated. The prepared 
nanostructures proved to be highly homogenous and with 
low dimensions (about 4 nm diameter) and the in vitro 
results demonstrate their great anti-tumoral potential. 
The most significant result was obtained in the case of 
Epi, where the tested magnetite nanostructured material 
enhanced the cytotoxic effect of this drug with more 
than 50%. 
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