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A robust synthesis of magnetic NiFe2O4 nanoparticles via a hydrothermal technique was investigated. The prepared magnetic
NiFe2O4 nanoparticles were characterized using powder X-ray diffraction (XRD), scanning electron microscopy, transmission
electron microscopy (TEM), high-resolution TEM, energy-dispersive X-ray spectroscopy, thermogravimetric analysis, infrared
spectroscopy and vibrating sample magnetometry. XRD and TEM analyses confirmed the formation of single-phase ultrafine
nickel ferrite nanoparticles with highly homogeneous cubic shape and elemental composition. Moreover, the prepared magnetic
NiFe2O4 nanoparticles were used as an efficient, cheap and eco-friendly catalyst for the Claisen–Schmidt condensation reaction
between acetylferrocene and various aldehydes (aromatic and/or heterocyclic) yielding acetylferrocene chalcones in excellent
yields, with easywork-up and reduced reaction time. The productswere purified via crystallization. The structures of the produced
compounds were elucidated using various spectroscopic analyses (1H NMR, 13C NMR, GC–MS). The catalyst is readily recovered by
simple magnetic decantation and can be recycled several times with no discernible loss of catalytic activity. Furthermore, the
prepared chalcone derivatives were evaluated for their anti-tumour activity against three human tumour cell lines, namely
HCT116 (colon cancer), MCF7 (breast cancer) and HEPG2 (liver cancer), and showed a good activity against colon cancer.
Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

In recent years much attention has been paid to the understanding
of nanostructured materials (such as multilayers, nanowires,
nanoparticles, as well as composite materials) that exhibit interest-
ing optical, electrical, chemical and magnetic properties.[1–4] These
properties along with great chemical and physical stability, that
mark them as different from their bulk counterparts, make these
materials of great scientific and technological interest.[5–9] The
magnetic character of the nanoparticles used in the medical,
electronic and recording industries depends crucially on the size,
shape, purity and magnetic stability (e.g. blocked, unblocked state
at a particular operating temperature) of these nanoparticles. Spinel
ferrite nanoparticles such as NiFe2O4 are very important magnetic
materials because of their high resistivity and thermal stability. They
can be used in a wide range of applications including transformers,
microwave devices, magnetic temperature transducers, gas sensors
and catalysis.[10–13] In addition, magnetic nanoparticles (MNPs)
have emerged as attractive solid supports for catalysis.[14] This is
because MNPs can be well dispersed in reaction mixtures without
a magnetic field, providing a large surface area that is readily
accessible to substrate molecules. Moreover, after completing the
reactions, the MNP-supported catalysts can be isolated efficiently
from the product solution through simple magnetic separation,
eliminating the need for catalyst filtration and centrifugation.[15,16]

Ferrocenyl derivatives have been extensively studied in recent
years and are of much importance as substituents in medicinal
chemistry due to some of their unique properties and stability.[17]

These compounds show anticancer, antimalarial and other
biological activities due to lipophilicity and electronic effects and
other interesting properties of the ferrocene ring associated with
substituents. The ferrocene skeleton is extensively applied in
biological systems and it is used in the design of drugs because
of being readily recognized by amino acids, proteins, DNA and
carbohydrates in vivo.[18] Chalcones are present in edible plants
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and constitute one of the major classes of natural products with
wide-ranging distribution in fruits, vegetables, tea and soy-based
food stuffs.[19] Recent investigations have shown that chalcones
have interesting biological activities.[20,21] The main functions of
chalcones are purifying blood, strengthening the immune system,
monitoring cholesterol level, regulating blood pressure, preventing
thrombus, suppressing acid secretion, preventing cancer and
promoting metabolism.[22]

Hence, our work aimed to use a simple procedure for the green
synthesis of highly stable, efficient and magnetically recyclable
superparamagnetic NiFe2O4 nanoparticles in aqueous medium by
combined hydrothermal and co-precipitation techniques.
Moreover, the prepared nanoparticles were used as a heteroge-
neous and magnetically recoverable catalyst for the novel organic
synthesis of acetylferrocene chalcone derivatives. Furthermore,
the prepared chalcone derivatives were evaluated for their
anti-tumour activity against three human tumour cell lines:
HCT116 (colon cancer), MCF7 (breast cancer) and HEPG2 (liver
cancer).

Experimental

Preparation of NiFe2O4 nanoparticles

To prepare NiFe2O4 nanoparticles, in an appropriate ratio,
stoichiometric molar amounts of nickel nitrate hexahydrate (Ni
(NO3)2�6H2O) and ferric nitrate nonahydrate (Fe(NO3)3�9H2O) were
each dissolved in 15 ml of distilled water to form a clear solution
andmixed together. The mixture was stirred with amagnetic stirrer
until the reactants were dissolved completely. During the stirring
process, 5 ml of poly(ethylene glycol) (PEG)-400 was added
dropwise to the solution of themixture to serve as a surfactant that
covers nanoparticles and prevents agglomeration. The obtained so-
lution was stirred for an additional 1 h to ensure mixing of PEG with
reactants. After that, the pH of the solution was adjusted to 12. This
was achieved by adding 2MNaOH drop-by-drop with stirring. After
continuous stirring at 500 rpm for 2 h, a homogeneous solution
containing hydroxide precipitates of the reactants was obtained.
The obtained solutions up to a total volume of 80 ml were put into
an autoclave. Finally, the autoclave was left in an oven at 180 °C for
24 h and then was allowed to cool to room temperature gradually.
The product was centrifuged and washed several times with deion-
ized water, acetone and absolute ethanol. Then the obtained sam-
ple was put again in an oven to dry at 90 °C for 3 h. The obtained
solid-phase sample was ground in a mortar to powder it. The pow-
der was used further for all of the measurements.

General procedure for preparation of acetylferrocene chalcone
derivatives (3a–m) catalysed by NiFe2O4 nanoparticles

A 250 ml round-bottom flask was charged with acetylferrocene 1
(0.01 mmol), aldehydes 2a–m (0.01 mmol) and NiFe2O4 nanoparti-
cles (10 mmol%; except with 2a) in ethanol (20 ml) followed by
stirring at room temperature. KOH aqueous solution (20%) was
added portion-wise with continuous stirring. The reaction mixture
was continued stirring for the specified time. The completion of
the reaction was determined by TLC. The catalyst was separated
magnetically and the reaction mixture was filtered and the solid
product was crystallized from an appropriate solvent to afford the
pure products 3a–m (Scheme 1).

Anti-tumour activity

A selection of the synthesized compounds (3c, 3d, 3 g, 3 h, 3i, 3j,
3k, 3m) were screened for their anti-tumour activity against
HCT116 (colon cancer), MCF7 (breast cancer) and HEPG2 (liver
cancer) human tumour cell lines utilizing the sulforhodamine B
(SRB) standard method.[6]

SRB cell survival assay

Cell survival was determined using the SRB method as previously
described by Skehan et al. SRB assay was developed by Skehan
and colleagues to measure drug-induced cytotoxicity and cell
proliferation for large-scale drug-screening applications. Its
principle is based on the ability of the protein dye SRB to bind
electrostatically and in a pH-dependent manner on protein basic
amino acid residues of trichloroacetic acid-fixed cells. Under mild
acidic conditions it binds to cells and under mild basic conditions
it can be extracted from cells and solubilized for measurement.
Results of the SRB assay are linear with cell number and cellular
protein measured at cellular densities ranging from 1 to 100% of
confluence. Its sensitivity is comparable with that of several
fluorescence assays and superior to that of Lowry or Bradford. The
signal-to-noise ratio is favourable and the resolution is 1000–2000
cells per well.

Scheme 1. List of aldehyde substrates (2a–m) and chalcone products (3a–
m) with alkyl groups.
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Procedure

Cells were seeded in 96-well microtiter plates at a concentration of
1000–2000 cells per well, 100 μl per well. After 24 h, cells were
incubated for 72 h with various concentrations of drugs (100 mM
stock, then 10-fold serial dilutions: 0, 0.01, 0.1, 1, 10, 100 unit).
Following 48 h treatment, the medium was discarded and the cells
fixed with 10% trichloroacetic acid (150 μl per well) for 1 h at 4 °C.
They were then washed with water three times (trichloroacetic acid
reduce SRB protein binding). Wells were stained for 10–30 min at
room temperature with 0.4% SRB dissolved in 1% acetic acid
(70 μl per well) and kept in the dark. The cells were washed with
acetic acid (1%) to remove unbound dye (end point: colourless
drainage). The plates were air-dried (24 h, not exposed to UV).
The dye was solubilized with 150 μl per well of 10 mM Tris base
(pH = 7.4) for 5min on a shaker at 1600 rpm (NB: pH = 7.4 for longer
colour stability (4 months)). The optical density of each well was
measured spectrophotometrically at 545, 540 nm with an ELISA
microplate reader. The IC50 values were calculated using sigmoidal
concentration–response curve fitting models (Sigmaplot software).
The anti-cancer evaluation was performed at the Vaccine authority
in Doky, Cairo, Egypt.

Results and discussion

Characterization of prepared NiFe2O4 nanoparticles

Powder X-ray diffraction (PXRD), scanning electron microscopy (SEM),
energy-dispersive X-ray analysis (EDX) and transmission electron
microscopy (TEM) measurements

PXRD patterns of the prepared NiFe2O4 MNPs (Fig. 1) show the
expected peaks for the cubic inverse spinel-type structure of
NiFe2O4 (JCPDS PDF no. 742081). The crystallite size is about
6 nm, as determined from PXRD line-broadening analysis. The
structural composition was examined using EDX as shown in Fig. 2.
Only three kinds of elements, Ni, Fe, O (8.01, 16.95, 75.04 wt.%,
respectively), are detected and their mass ratios correspond to
NiFe2O4 chemical composition EDX spectra of products that used
NaOH solution in the co-precipitation process. The EDX results
show that none of the products contain the element Na. The atomic
ratio of Fe:Ni for the entire calcined sample is maintained at ca 2:1.

This result indicates that the Na cations do not take part in the
reaction. This study reveals a homogeneous and uniform
distribution of the prepared individual particles, and without any
apparent preferential concentration in some areas such that the
average molar ratio of Ni:Fe elements is 1:2 (Fig. 2(b)).

A TEM image (Fig. 3(a)) of the prepared nanoparticles shows
uniform distribution of nearly spherical particles, with an average
size of 5 nm (Fig. 3(b)) which is consistent with the value obtained
from PXRD measurements. The high-resolution TEM image of the
prepared nanoparticles displayed in Fig. 4(a) shows an interplanar
spacing of 2.5 Å corresponding to (311) atomic planes. Selected
area electron diffraction (SAED) patterns (Fig. 4) show the
polycrystalline nature of the samples and all the rings are indexed
as inverse spinel NiFe2O4 phase. Moreover, SAED and PXRD
patterns are found to agree that the (311) plane shows the most
intense reflection.

Fourier transform infrared (FT-IR) spectrum of prepared NiFe2O4

nanoparticles

The FT-IR spectrum of the prepared NiFe2O4 nanoparticles shows a
characteristic vibration band around 3350 cm�1 and a deformation
band at 1605 cm�1 due to the adsorbed water molecules at the
surface of the prepared nanoparticles. The band at 536 cm�1 is
characteristic for metal oxide vibration band (nickel ferrite) and this

Figure 1. PXRD pattern of NiFe2O4 nanoparticles prepared by a
co-precipitation method.

Figure 2. (a) SEM image and (b) EDX spectrum of the prepared NiFe2O4

nanoparticles.

Figure 3. (a) TEM micrograph of the prepared NiFe2O4 nanoparticles. (b)
Histogram of particle size distribution of the prepared NiFe2O4

nanoparticles.

NiFe2O4 nanoparticles for synthesis of acetylferrocene chalcones
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confirms the spinel structure characteristics of the prepared nickel
ferrite nanoparticles (Fig. 5).

Thermal analysis

The thermal stability of the NiFe2O4 nanoparticles in nitrogen
was investigated. The thermogravimetry (TG)/differential
thermogravimetry (DTG) curves are shown in Fig. S1. TG/DTG
curves for NiFe2O4 reveal a total mass loss of ca 46.77% from room
temperature up to 1000 °C. The mass loss takes place in five stages.
The first stage is a total mass loss of ca 6.17% in the range 25–180 °C
(which reachesmaximum rate at 120 °C), attributed to the vaporiza-
tion of surfacewatermolecules. The other four steps are continuous
with a total mass loss of ca 40.60% in the range 250–700 °C (which
reach maximum rates at 340, 390, 480 and 680 °C), which may be
due to the vaporization of trapped water molecules and decompo-
sition of organic material.

Magnetic moment measurements of the prepared NiFe2O4

nanoparticles

Magnetic characterization of the particles was performed using
vibrating sample magnetometry at room temperature (300 K) with
maximumapplied field up to 10 kOe. Figure 6 shows theM(H) loops
of 6 nm sample. The saturation magnetization (Ms) obtained at
room temperature is found to be 5.72 emu g�1 (Table 1). The
relatively large coercivity and saturation magnetization at 300 K
are consistent with the pronounced growth of magnetic anisotropy

inhibiting the alignment of the moment along the applied field
direction.[23,24]

NiFe2O4 nanoparticles as efficient catalyst

Using NiFe2O4 MNPs not only gives high yield and purity in short
reaction times but also is a cheap, speedy, facile and eco-friendly
method throughout the course of the reaction.

The Claisen–Schmidt condensation reaction of acetylferrocene 1
with aromatic and heterocyclic aldehydes 2a–m (Table 2) in the
presence of ethanol and NaOH (20% solution) affords the chalcone
derivatives 3a–m (Table 2). When the reaction is conductedwithout
nanocatalyst, it is slow with low to mild yields (Table 2, entry 1).

Figure 4. (a) High-resolution TEM image and (b) SAED pattern of the
investigated NiFe2O4 nanoparticles.

Figure 5. FT-IR spectrum of as-prepared NiFe2O4 nanoparticles.

Figure 6. Magnetic field dependence of the magnetization (M–H loops) of
the prepared nanoparticles measured at 300 K.

Table 1. Magnetic moment parameters of the prepared NiFe2O4

nanoparticles

Upward part Downward part Average

Coercivity, Hc (Oe) 47.7 �47.1 47.4

Saturation magnetization,

Ms. (emu g�1)

5.72 �5.717 5.718

Remanent magnetization,

Mr. (emu g�1)

�0.664 0.653 0.658

Table 2. NiFe2O4 nanoparticle-catalysed reaction of acetylferrocene 1
with aromatic aldehydes 2a–i for the synthesis of chalcone derivatives
3a–i

Entry Substrate R Time (min) Product Yield (%)

1 2a 4-BrPh 180 3a 55

2 2b 4-BrPh 30 3b 85

3 2c 4-NO2Ph 20 3c 97

4 2d 3-OMePh 25 3d 95

5 2e Ph 40 3e 77

6 2f 1-Naphthaldehyde 45 3f 62

7 2g 4-ClPh 30 3g 92.5

8 2h 4-FPh 40 3h 77

9 2i 4-Cyano-Ph 45 3i 68
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In order to improve the reaction time and yield, a new efficient
method was used for catalysing this reaction with a new
nanocatalyst with molecular formula NiFe2O4, as a novel and
eco-friendly heterogeneous catalyst. The reaction was performed
with many aldehydes with different electronegativities, both
aromatic and/or heterocyclic, to investigate the effect of such
different groups on the rate and the yield of the reaction. So the
effect of the new nanocatalyst on these two factors (rate and yield
of the reaction) (Scheme 2) was investigated.

The mechanism of the Claisen–Schmidt condensation reaction
between acetylferrocene 1 and aldehydes 2a–m using the new
nanocatalyst is illustrated in Scheme 3.

When the reaction is performed with 4-bromobenzaldehyde
without catalyst the reaction takes more time, about 3 h, and the
yield is low at about 55% (Table 2, entry1), but when the reaction
is performed in the presence of the nanocatalyst, the reaction time
is decreased to about 30min and the yield is about 85%, about 1.54
times more yield than the reaction without catalyst (Table 2). The
structure of the products 3a and b were elucidated by spectral
and elemental analyses. The 1H NMR spectrum exhibits three
signals of ferrocene protons at 4.24 ppm (S, 5H), 4.63 ppm (m, 2H)
and 4.93 ppm (m, 2H), and two new doublets are seen at 7.15
and 7.72 ppm with coupling constant 15 for CH¼CH indicating E
isomer in addition to two doublets at 7.54 and 7.57 ppm for the four
phenyl protons. Also, the 13C NMR spectrum exhibits signals
attributed to ferrocene carbons at 69.75 (Fe-2C), 70.12 (Fe-5C),
72.81 (Fe-2C), 80.61 (Fe-1C) and 175.51 (C¼O) ppm. GC–MS of the
same compound gives m/z = 395.8 (supporting information).

In the case of 4-nitrobenzaldehyde instead of 4-
bromobenzaldehyde under the same conditions and in the
presence of the nanocatalyst, it is found that the reaction time

and the yield are improved because the nitro group gives more
activation to the phenyl ring due to the presence of two oxygen
atoms exerting more electronegativity and more conjugation
due to external double bond, which increases the reaction
yield and decreases the time of the reaction. Also, with
3-methoxybenzaldehyde, it is found that the reaction time and
yield are similar to those with the 4-nitro derivative due to the
methoxy group being more electronegative and giving more
activation to the phenyl group to improve the yield and reaction
time. In the case of benzaldehyde (2e) the reaction time is 40 min
and the yield is less than with the former aldehydes due to
less activation of the benzyl ring. While, in the case of
1-naphthaldehyde (2f), the reaction takes more time (45 min)
and the yield is much lower (62%) due to less activation of the
naphthyl group because of extended conjugation, but with
4-chlorobenzaldehyde (2 g) the reaction time and the yield are
improved again (30 min and 92.5%). In contrast, for
4-fluorobenzaldehyde (2 h) and 4-cyanobenzaldehyde (2i) the
reaction times and yields are much less (40 and 45 min, 77 and
68%, respectively). The structures of the product compounds 3c–i
were confirmed using various spectroscopic analyses, 1H NMR, 13C
NMR and GC–MS, which agree well with the assumed structures
(supporting information).

On the other hand, when the reaction was performed with
heterocyclic aldehydes under the same conditions, when
thiophen-2-carboxyaldehyde (2j) is used the time and the yield of
the reaction are much better (25 min and 90%) due to more
activation of the thiophene ring; but in the case of quinoline-
2-carboxaldhyde (2 k) and 1-methylindole-3-carboxaldehyde (2 l),
it is observed that the reaction times and yields are less than with
2j indicating that the activation of the sulfur atom is more than that
of the nitrogen atom (Table 3). In the case of furan-2-aldehyde (2m)
the reaction time and yield are improved again due to more
activation of the oxygen atom. The structures of the product
compounds 3j–m were confirmed using various spectral analyses
(1H NMR, 13C NMR and GC–MS; supporting information).

When the reaction is performed with aldehydes such as
4-dimethylaminobenzaldehyde, 4-hydroxybenzaldehyde, 2-hy-
droxy-3-methoxybenzaldehyde, 5-bromosalicylaldehyde, pyridine-
carbaldehyde and 2,4,6-trimethoxybenzaldehyde, the reactions
fail and no chalcone derivatives are obtained. This is because of
the electron-donating effect of the phenyl ring substituents or the
crowding effect of the substituents on the ring which deactivate
the aldehyde.

The investigated reaction using magnetically recoverable
NiFe2O4 nanoparticles produces a high yield. The results presented
in Table 4 show that the optimum condition is obtained with
10 mmol% NiFe2O4 MNPs. The reaction yield with increasing
amount of NiFe2O4 MNPs is not substantially increased.

The reaction mixture worked up using three types of catalysts
was examined, i.e. NiFe2O4 powder, fresh NiFe2O4 nanoparticles

Scheme 2. Claisen–Schmidt condensation between acetylferrocene 1 and
various aldehydes 2a–m in the presence of NiFe2O4MNPs and NaOH (20%
solution) to afford the chalcone derivatives 3a–m.

Scheme 3. Proposed mechanism for the formation of the chalcone
derivatives 3a–m.

Table 3. NiFe2O4 nanoparticle-catalysed reaction of acetylferrocene 1
with heterocyclic aldehydes 2j–m for the synthesis of chalcone deriva-
tives 3j–m

Entry Substrate R Time (min) Product Yield (%)

10 2j Thiophene-2-yl 25 3j 97

11 2k Quinoline-2-yl 45 3k 64

12 2l 1-Methylindole-3-yl 40 3l 72

13 2m Furan-2-yl 30 3m 83

NiFe2O4 nanoparticles for synthesis of acetylferrocene chalcones
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and recovered NiFe2O4 nanoparticles.
[2] The highest yield of prod-

uct in the shortest time is obtained using NiFe2O4 nanoparticles
which may be due to greater diffusion of NiFe2O4 nanoparticles in
the reaction mixture. The performance of the recovered catalyst is
found to be similar to that of the fresh NiFe2O4 nanoparticles
(Table 5).
To understand the role of iron in the present catalytic system,

two independent reactions with 10 mmol% of nano-Fe3O4 and
NiFe2O4 catalysts were carried out under the optimized reaction
conditions. As evident from Table 6, lower yield is observed with
nano-Fe3O4, clearly indicating that Ni is the active catalytic centre
in this reaction. An increase in yield (Table 6) with NiFe2O4

nanoparticles shows that iron plays a constructive role, possibly in
the re-oxidation of nickel during the catalytic cycle.[25]

Finally, the recovered catalyst was subjected to TEM analysis. The
change in size is found to be negligible (4.5 nm) (Fig. 7).

Anti-tumour activity of prepared chalcones

Cancer is a set of diseases in which the affected cells display the
following abnormalities: (i) uncontrolled growth and division
beyond what is normal, (ii) invasion and destruction of
neighbouring cells and (iii) metastasis, i.e. the spreading of the
disease to other locations.[26,27] The biochemistry of cancer is
enormously complex, but one cause that has been generally
accepted is that reactive oxygen species play many important roles
in carcinogenesis and the progression of tumours. The most
frequent types of cancer which cause themost deaths include lung,
stomach, liver, colon and breast cancers. The development of
chemotherapy resistance remains a major problem to the effective
treatment ofmany tumour types. Resistance can occur prior to drug
treatment (primary or innate resistance) or may develop over time
following exposure (acquired resistance). Chemotherapeutic drugs
such as acetylferrocene chalcones elicit cancer cell death by

interfering with the cell replication process. This can be accom-
plished by disrupting the function of DNA, either by acting directly
on DNA (alkylating agents) or by inhibiting the enzymes involved in
DNA synthesis using antimetabolites. Alternatively, chemothera-
peutics may act by interfering with the mechanics of cell division,
for example by binding to microtubules.[28]

Several mechanisms, including alterations in drug pharmacoki-
netics and metabolism, modification of drug target expression or
function, drug compartmentalization in cellular organelles, altered
repair of drug-induced DNA damages, changes in apoptotic
signalling pathways or expression of proteins directly affecting
cellular drug transport, are responsible for anticancer drug
resistance (Scheme 4).[29]

From the obtained results in our study as summarized in Table 7,
it is concluded that the compounds derived from condensation of
acetylferrocene 1 with heterocyclic compounds, namely 3j–m
(thiophene, quinoline, 1-methylindole and furan), are more
effective anti-tumour agents than the compounds derived from ar-
omatic ones, namely 3a–i. Compound 3 k exhibits highly potent
anti-tumour activity against MCF7 and HCT116 cell lines with
IC50 = 5.96 and 6.07 μM compared to the reference drug
5-fluorouracil. While compounds 3 g, 3 h, 3i, 3j and 3 m reveal
moderate anti-tumour activity against MCF7 and HCT116 cell lines

Table 4. Amount of catalyst and corresponding yield of products

Entry Catalyst (mol%) Yield (%) Entry Catalyst (mol%) Yield (%)

1 2 62 5 9 90

2 4 75 6 10 97

3 6 80 7 11 97

4 8 88 8 12 97

Table 5. Effect of different morphological structures of NiFe2O4 on re-
action yield under optimum conditions

Entry Catalyst Tim (min) Yield (%)

1 NiFe2O4 powder 180 61

2 NiFe2O4 MNPs fresh 30 97

3 NiFe2O4 MNPs recovereda 30 97

aRecovered NiFe2O4 MNPs after fourth cycle.

Table 6. Reaction yield in presence of Fe3O4 and NiFe2O4 catalysts

Entry Catalyst Time (min) Yield (%)

1 Fe3O4 MNPs 30 88

2 NiFe2O4 MNPs 30 97

Figure 7. (a) TEM image of the prepared NiFe2O4 nanoparticles after the
catalytic reaction. (b) Histogram of particle size distribution of the
prepared NiFe2O4 nanoparticles after the catalytic reaction.

Scheme 4. Representation of different mechanisms involved in anticancer
drug resistance. ↗: increase; ↘: decrease; OATP: organic anion-transporting
polypeptide; OCT: organic cation transporter; Pgp: P-glycoprotein; MRP:
multidrug resistance associated proteins; CYP: cytochrome P-450; SOD:
superoxide dismutase; GST: glutathione transferase; MAPK: mitogen-
activated protein kinase.
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with IC50 ranging from 12.09 to 20.5 μM compared to the reference
drug 5-fluorouracil. The reactivity of the compounds is due mainly
to the ferrocene ring in addition to the derived aromatic system,
thiophene, quinoline and furan rings, which are reactive
anti-tumour agents.

Conclusions

In this article we have presented the synthesis of NiFe2O4

nanoparticles using a hydrothermal route with the size of the
nanoparticles being in the range 2–7 nm. The size of the particles
was measured both by XRD and TEM and was found in good
agreement with each other. NiFe2O4 MNPs are an excellent catalyst
for organic reactions. Additionally, the magnetic properties make
possible the complete recovery of the catalyst by means of an
externalmagnetic field, and could be reused up to six timeswithout
any significant loss of the initial catalytic activity. These advantages
become evenmore attractive if such reactions can be conducted in
aqueous media. Furthermore, the prepared chalcones were tested
against three types of tumours and showed a good activity against
colon cancer.
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Table 7. C-docking interaction energy and anti-tumour properties of
synthesized compounds

Compound Colon cancer
(HCT116), IC50 (μM)

Breast cancer
(MCF7), IC50 (μM)

Liver cancer
(HEPG2), IC50 (μM)

3c 101 171.5 110.4

3d 61.9 149 71.6

3g 17.05

3h 16.09

3i 26.96

3j 20.5 13.92 55.69

3k 6.07 5.96 31.89

3m 12.09 95.8 85.3

5-Fluorouracil 3.4366 3.9458 13.076

NiFe2O4 nanoparticles for synthesis of acetylferrocene chalcones
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