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ARTICLE INFO  ABSTRACT
 

 

Iron oxide magnetic nanoparticles (IONPs) have been used in biomedical applications as carriers 
drug delivery, magnetic resonance imaging, magnetic hyperthermia and thermoablation, bioseparation 
and biosensor applications. The aim of this study was to synthesize magnetite nanoparticles coated 
with silica and functionalized with Octadecyl Trimetho
anti-inflammatory and other drugs in the intention of guided administration by external magnetic 
systems such as: nuclear magnetic resonance, electromagnets and Neodymium magnets. Magnetic 
IONPs were synthesi
functionalized with Octadecyl Trimethoxy silane and saturated with Doxorubicin solution for future 
biomedical applications. The coated and functionalized magnetic IONPs were characterized
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TG), 
particle size and morphology by scanning electron microscopy (SEM) and magnetic properties 
analysis (ZFC curves). The analyses revealed that the f
incorporation of antitumor did not interfere with the magnetic properties of magnetite. The 
nanoparticles obtained are within the expected parameters for application as a guided drug delivery 
system.
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INTRODUCTION 
 
Human cancer has several causes, such as: environmental, 
dietary, genetic disposition, among others (BIZARI 
2006). Cancer treatments are aggressive and the development 
of resistance to chemotherapy and radiotherapy have been the 
main concern in treatment (ARRUEBO 
Therefore, there is an urgent need to develop diagnostics and 
treatments to improve the prognosis of these patients.
last thirty years, the search for new treatments has caused an 
advance in the development of nano formulations. 
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ABSTRACT 

Iron oxide magnetic nanoparticles (IONPs) have been used in biomedical applications as carriers 
drug delivery, magnetic resonance imaging, magnetic hyperthermia and thermoablation, bioseparation 
and biosensor applications. The aim of this study was to synthesize magnetite nanoparticles coated 
with silica and functionalized with Octadecyl Trimethoxy silane for future aggregation of anti

inflammatory and other drugs in the intention of guided administration by external magnetic 
systems such as: nuclear magnetic resonance, electromagnets and Neodymium magnets. Magnetic 
IONPs were synthesized by oxidation method adapted from literature, coated with silica, 
functionalized with Octadecyl Trimethoxy silane and saturated with Doxorubicin solution for future 
biomedical applications. The coated and functionalized magnetic IONPs were characterized
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TG), 
particle size and morphology by scanning electron microscopy (SEM) and magnetic properties 
analysis (ZFC curves). The analyses revealed that the functionalization of the coating and the 
incorporation of antitumor did not interfere with the magnetic properties of magnetite. The 
nanoparticles obtained are within the expected parameters for application as a guided drug delivery 
system. 

This is an open access article distributed under the Creative Commons
medium, provided the original work is properly cited. 

Human cancer has several causes, such as: environmental, 
dietary, genetic disposition, among others (BIZARI et al., 

Cancer treatments are aggressive and the development 
of resistance to chemotherapy and radiotherapy have been the 
main concern in treatment (ARRUEBO et al., 2011). 
Therefore, there is an urgent need to develop diagnostics and 

nosis of these patients. In the 
last thirty years, the search for new treatments has caused an 
advance in the development of nano formulations.  

 
 
 
 
Nanoparticles can be classified as organic (lipids, liposomes, 
polymers, polymeric micelles, peptides and nucleic acids) 
(CLAUSON et al., 2018; ONG 
(carbon nanoparticles, metal and metal oxide nanoparticles) 
(GAO et al., 2016; LEGGE et al
al., 2016).  The special interest of the present study was to use 
magnetic iron oxide nanoparticles (IONPs) at first as drug 
vehicles for future testing in the treatment of bone and breast 
cancer.  Iron oxides are compounds found in nature and can 
also be synthesised (GUPTA and GUPTA, 2005). In the last 
decade, magnetic IONPs have been prominent in biomedicine, 
being used as drug vehicles in guided therapy, magnetic 
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resonance imaging (MRI), magnetic hyperthermia and 
thermoablation, bioseparation, and biosensing (FERRARI, 
2010; WU et al., 2015; ZHANG et al., 2020). Magnetic IONPs 
are very versatile, and can be used in different core sizes, 
surface functionalization, and drug-loading capabilities (FANG 
et al., 2020; GUARDIA et al., 2010; WU et al., 2015). The use 
of mesoporous silica as nanoparticle coatings is a strategy that 
has been used to obtain "smarter" and more effective 
nanoparticles, comprising synthesis techniques and properties, 
biocompatibility techniques, functionalization, as well as 
coatings that ensure drug delivery to the target of choice (NIK 
et al., 2020; TENG et al., 2020). In this work, IONPs 
nanoparticles were synthesized, coated, functionalized and 
saturated with Doxorubicin (Dx), one of the drugs used in the 
treatment of bone tumors, according to adaptations of the 
techniques of Stöber et al. and Qu et al. (STÖBER et al., 1968; 
and QU et al., 1999). 
 

MATERIALS AND METHODS 
 
Synthesis of magnetite: The synthesis was carried out by 
means of a chemical oxy reduction route with ferric chloride, 
sodium sulfite and ammonium hydroxide, adapted (STÖBER 
et al., 1968; and QU et al., 1999). The synthesized product was 
stored in a hermetically sealed container. 
 
Coating of magnetite with silica (MagSi): The magnetite was 
coated with silica. Tetraethyl Orthosilicate (TEOS) was added. 
The resulting particle was dried and kept in a hermetically 
sealed container. 
 
Functionalisation using n-octadecyl trimethoxy silane 
(MagSiF): Tetraethyl Orthosilicate was mixed with n-
Octadecyl Trimethoxy silane and incorporated into the coated 
magnetic nanoparticle and the obtained product was kept in a 
hermetically sealed container.  
 
Loading of Doxorubicin on Functionalized Magnetite 
(MagSiFDx): The drug (Doxorubicin) adsorption step was 
based on Liberman et al, with modifications (LIBERMAN et 
al., 2014). The nanoparticles obtained in the three synthesis 
steps, MagSi, MagSiF and MagSiFDx were characterized by 
X-ray diffraction, infrared (IR) spectroscopy, magnetization, 
particle size measurements, Transmission Electron Microscopy 
(TEM), Dynamic Light Scattering (DLS) and magnetic 
properties (ZFC curves). 

 
RESULTS AND DISCUSSION 
 
The reason for the functionalization is to promote the 
interaction with the antitumor in such a way to keep it 
aggregated until it reaches the site of action in vivo, where it 
would initiate its release. The nano particulate nucleus, 
constituted of magnetite (Fe3O4), would be subject to the 
maintenance of a magnet placed externally on the site of 
application of the proposed formulation, preventing its 
distancing from the site of action.  
 
X-ray diffraction: The evidence of large peaks in this sample 
is given by the nanometric size of the crystals, which results in 
a reduction in the number of crystalline planes.  Fig. 1 shows 
the X-ray diffractograms of Magnetite (Mag) and the 

corresponding standards, a series of characteristic peaks (220), 
(311), (400), (422), (440) and (511), which are in agreement 
with the cubic phase of Fe3O4 (magnetite, JCPDS No. 85-
1436). Doxorubicin incorporation did not cause changes in the 
XRD pattern, as none of the Dx-related peaks were observed in 
the MagSiFDx sample. This indicates that Dx, when 
incorporated into magnetite, is not covering the surface of the 
coated magnetic nanoparticles but, rather, probably in the 
porosity created by Octacecyl functionalisation. However, 
when analysing the 2Ɵ range from 10 to 25°, a degree of 
amorphism was observed in all diffractograms, which is 
possibly related to the incorporation of organic binders into the 
magnetite. According to the diffractograms, the oxy reduction 
method was suitable for the synthesis of magnetite. 

 

 

 
Figure 1. X-ray diffractograms: Magnetite (Mag); silica coated 
Magnetite, functionalised with Octadecyl trimethoxy silane and 

doped with Doxorubicin (MagSiFDx) and Doxorubicin (Dx) 
 

Fourier trans form mid-infrared absorption spectroscopy – 
FTIR: The FTIR spectra of Mag, MagSi, MagSiF, MagSiFDx 
and Dx are shown in fig. 2. The magnetized structure of FeIII 
(FeIIFeIII) O4 can show four active models in the R.I. 
spectrum for each structure but, in several situations, two 
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modes are weakly expressed and, evidently, at low 
wavelengths (FARJADIAN et al., 2016; GUILLOT et al., 
1983). The infrared spectrum of magnetite showed two large 
absorption bands at 620 and 468cm-1, vibrations characteristic 
of the Fe-O stretching mode of magnetite in good agreement 
with the data obtained by other authors (ROCA et al., 2009; 
SOUZA et al., 2008). The broad band 3443cm-1 relative to the 
stretching of the -OH groups and the band 1627cm-1 attributed 
to the deformation of the H-O-H bond suggest the presence of 
water adsorbed on the particle surface. The MagSi spectrum 
showed a broad band at 1093 cm-1 characteristic of the 
asymmetric stretching of the Si-O-Si bonds (BRUNI et al., 
1999). The band observed at 790cm-1 is associated with the 
symmetric stretching of the Si-O bond and the band at 462cm-
1 is related to the Si-O-Si tensioning vibration mode. The 
presence of free Si-OH silanols on the particle surface is 
confirmed by the band at 942cm-1 and two main absorption 
bands at 647 and 550cm-1, vibrations characteristic of the Fe-
O magnetite stretching mode.  
 
The 3450cm-1 wide bands related to the stretching of the -OH 
groups and the 1623cm-1 band attributed to the deformation of 
the H-O-H bond suggest the presence of water adsorbed on the 
particle surface (CORINNE and CORINNE, 1996). In the 
FTIR spectrum of MagSiF, a broad band was observed at 
3470cm-1 relative to the elongation of the -OH groups or the 
vibration of the elongation of the -OH groups of silanol (Si-
OH), and the band at 1620cm-1 assigned to the deformation of 
the HOH bond suggests the presence of water adsorbed on the 
particle surface (CORINNE and CORINNE, 1996). The 
stretching vibration of the Si-O-Si bond gives rise to the broad 
and intense absorption bands at 1210 and 1050cm-1 
(SAMBANDAM and RAMANI. 2007). The absorption at 
710cm-1 and 480cm-1 are attributed to the asymmetric 
vibration of the siloxane network and the flexural vibration of 
the Si-O bond (SAMBANDAM and RAMANI. 2007). The 
absorption band at 640cm-1 corresponds to the characteristic 
vibration of the Fe-O stretching mode of magnetite (ROCA et 
al., 2009). In the FTIR spectra of MagSiFDx and Doxorubicin 
(Dx), a broad band at 3445cm-1 can be observed in relation to 
the stretching of the OH- group or H-OH deformation for drug 
encapsulation. The band at 462cm-1 is related to the vibration 
mode of the Si-O-Si group. The spectrum of Doxorubicin 
encapsulated by functionalised magnetic nanoparticles, 
indicated that there was a propensity for magnetic 
nanoparticles to interact with drugs through co-precipitation 
method (QU et al., 1999). Typical bands of pure drug and 
nanoparticles as well as C = O and C = C functional groups 
can be observed at 1630 and 1440cm-1, indicating the effective 
incorporation of the drug into the polymer matrix. Bands 
before 1000cm-1 are fingerprint regions of the drug and 
functionalised magnetite. Therefore, the drug-magnetite 
interaction can be realized using chemical bonds between 
functional molecules such as OH, CH, CN, CO, C = O and / or 
C = C and physical association between magnetite and / or 
drug molecules. Doxorubicin showed distinct bands 587, 790, 
870, 995, 1067, 1180, 1427, 1520, 1630, 1740, 2912, 3055, 
3339 and 3523cm-1 may correspond to alkane groups CH, 
Aromatic CH, carboxylic acids, elongation of C-alkene = C, 
NH3 structure, charged amines C = NH+ and H-OH. 

 
Thermal analysis: Fig. 3 shows the thermogravimetric curves 
of the Mag, Dx and MagSiFDx samples and, in the Mag 
sample, an initial mass loss at 61.78°C can be observed.  

 
 

 
 

 
 

Figure 2. FTIR spectra: Magnetite (Mag), Doxorubicin (Dx) and 
silica-coated Magnetite functionalized with Octadecyl Trimethoxy 

Silane and loaded with Doxorubicin (MagSiFDx) 
 
It is also possible to observe an initial mass loss at 146.27°C. 
This reduction of about 5.1% of the total mass can be 
attributed to the loss of water molecules adsorbed on the 
magnetite surface. From 146.27°C to 355.92°C a mass loss of 
approximately 1.3% is observed which may be associated with 
the combustion of residual organic material (HONG et al., 
2008, ISHIKAWA et al., 1998, JITIANU et al., 2006). 
MagSiFDx shows the TG curve obtained for the functionalized 
magnetite coated silica saturated with Doxorubicin. Two stages 
of mass loss can be observed, with a total reduction of 40% in 
mass. The first reduction occurs at 34.26°C and can be 
attributed to the loss of adsorbed water molecules and 
dehydration. The second mass reduction at 262.77°C can be 
attributed to the combustion of residual organic matter and 
incorporation of the drug by magnetic nanoparticles, observing 
a 0.8% mass reduction. The third step from 400°C onwards 
may be related to the restructuring of the structure of the 
functionalised magnetite and the incorporated drug. Dx shows 
the TG curve obtained for Doxorubicin. Three stages of mass 
loss can be observed, with a total mass reduction of 50%. The 
first loss at 182.59°C, of approximately 30%, refers to 
dehydration, while, the second refers to combustion of organic 
matter at 232.61°C and, in the third step, to decomposition at 
350.14°C. 
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Figure 4. SEM micrographs: Magnetite (Mag), silica-coated 
magnetite, functionalized with octadecyl trimethoxy silane and 
saturated with Doxorubicin (MagSiFDx) and Doxorubicin (Dx) 

 
Particle size: There was a concern to obtain particles smaller 
than 300 nm because this is the recommended diameter to 
cross the cell membrane (ARRUEBO et al., 2007)31. Thus, the 
average effective diameter found in the Magnetite analysis 
(Table 1) was 131.33nm, with a polydispersity of 0.236, which 
represents a homogeneous size distribution (ARRUEBO et al., 
2007)31. Table 1 shows that particles smaller than 300 nm 
were obtained, fulfilling the cell permeability condition. At this 
stage, polydispersity was maintained at values that are often 
obtained by keeping the particle size homogeneous and close 
to the diameters between the particles formed by the 
formulation. 
 

Scanning Electron Microscopy – SEM: The Magnetite 
(Mag) sample particles are shown in Fig. 4 (Mag), as expected, 
particle aggregation was observed since the specific surface 
area (surface to volume ratio) resulted in a high surface energy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and the particles are almost spherical, with an average size of 
20nm (SILVA et al., 2013). Fig. 4 (Dx) also illustrates the 
original Doxorubicin crystals (raw material) before dissolution 
and incorporation into the coated and functionalised magnetic 
particle. Fig. 4 (MagSiFDx) presents the image of silica-coated 
magnetite samples functionalised with Octadecyl trimethoxy 
silane and loaded with Doxorubicin, which did not 
substantially alter the morphology and size of the magnetite 
particle. 

 

 
 

Figure 5. ZFC-FC curves: Magnetite (Mag); Magnetite coated 
with silica, functionalised with Octadecyl trimethoxy silane and 

loaded with Doxorubicin (MagSiFDx). 
 
Analysis of the magnetic properties: Comparing the curves 
between Mag and MagSiFDx, there is a similarity in the 
magnetic behaviour of the two samples in fig. 5. The relative 
magnetization (magnetic moment per unit mass, in ema/g) 
increases with temperature in the ZFC curve, and after 250K 
this increase is slow, showing that the curve is approaching the 
maximum value. However, at 300K (maximum temperature of 
the experiment) the maximum value has not yet been reached.  
 

 
Figure 3. Magnetite (Mag); silica-coated magnetite, functionalised with Octadecyl trimethoxy  

silane, loaded with Doxorubicin (MagSiFDx); and Doxorubicin (Dx) 
 

Table 1. Mean diameters and polydispersity results of Mag and MagSiFDx particles. Average of five tests 
 

 Effective diameter average (nm) 
(Average of 5 tests) 

Diameter 
(Standard Deviation) 

Polydispersity 
(Average of 5 tests) 

Polydispersity 
(Standard Deviation) 

Mag 131,33 3,71 0,236 0,023 
MagSiFDx 282,73 2,63 0,236 0,020 
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The FC curve shows little variation with temperature. The 
maximum of the ZFC curve is expected to be at higher 
temperatures, but close to 300K. On the other hand, the near 
overlap of the ZFC and FC curves for values near 300 K shows 
that the nanoparticles are (at room temperature) in a magnetic 
reversibility regime (superparamagnetic regime). The 
separation of the ZFC and FC curves at low temperatures 
indicates that the magnetic nanoparticles present in the samples 
are in weak interaction, which is compatible with the fact that 
they are particles coated with non-magnetic material, which 
isolates them from each other. It is possible to observe the 
similar behaviour of both samples in Fig. 5. The second type of 
characterization performed consists in measuring hysteresis 
cycles at low temperature (5K) and at room temperature 
(300K). The results are shown in Fig. 6. The upper part of Mag 
shows the complete cycles (measured up to a maximum field 
of ± 70kOe), while the lower part of MagSiFDx shows the 
behaviour of the same cycles, at low fields (in the range of ± 
2kOe). The cycles for the 5K temperature show hysteresis 
(area enclosed by the curves) with coercivities close to 0.3KOe 
for both samples. This is compatible with the behaviours 
observed in other magnetite nanoparticle systems. At 300K, on 
the other hand, the coercivity is clearly zero (no area in the 
hysteresis loop), which shows that, in fact, the samples are 
superparamagnetic at room temperature. The saturation 
magnetization (maximum observed value of magnetization for 
70KOe) is approximately 60emu/g for Magnetite (Mag) and 
47emu/g of the functionalized sample (MagSiFDx), both 
values corresponding to room temperature measurements. 
 

CONCLUSION 
 
The synthesis of Magnetite and other compositions was 
successfully carried out, considering that magnetic IONP were 
characterized by X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), thermogravimetric analysis 
(TG), particle size and morphology by scanning electron 
microscopy (SEM) and magnetic properties analysis (ZFC 
curves) and the results revealed that the functionalization of 
the coating and incorporation of antitumor did not interfere in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the magnetic properties of Magnetite, showing that the particle 
obtained is perfectly within the parameters predicted for 
application as a drug delivery system, demonstrating structural 
and morphological properties similar to those obtained by 
other synthesis methodologies and, in particular, to the 
magnetic analyses that point to a possible application of 
systems such as drug delivery that act in the treatment of 
cancer tumours. However, further studies are needed to 
confirm the possible application. 
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