
Vol.: (0123456789)
1 3

J Nanopart Res (2024) 26:2 
https://doi.org/10.1007/s11051-023-05900-5

RESEARCH PAPER

Synthesis of superparamagnetic iron oxide nanoparticles 
coated with polyethylene glycol as potential drug carriers 
for cancer treatment

D. LLamosa Peréz  · I. Puentes · 
G. A. Murillo Romero · I. M. Saavedra Gaona · 
C. A. Parra Vargas · R. J. Rincón

Received: 5 July 2023 / Accepted: 15 November 2023 / Published online: 20 December 2023 
© The Author(s) 2023

The determined properties allow the application of 
the nanocomposite produced as a potential candidate 
for cancer treatment.
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Introduction

Cancer is one of the most widely attended diseases 
today as it is among the leading causes of death 
worldwide, leaving almost 10 million dead in 2020 
[1]; surgery, immunotherapy, radiation therapy, tar-
geted therapies, hormone therapies, stem cell trans-
plants and chemotherapy are not selective, causing 
toxicity and side effects to the body [2]. That is why 
implementing new treatments are sought, improving 
existing ones by increasing their specificity and even 
developing personalized therapies.

Nanotechnology is a field recently explored in 
medicine for its particularity in using different mate-
rials at the nanometric scale (a nanometre is one bil-
lionth of a meter, 1 ×  10−9 m) [3]. In this field, nano-
medicine explores the relationship between biological 
systems and nanometric materials [4]. In nanomedi-
cine, nanometric materials will enable the construc-
tion, repair, control and monitoring of human biologi-
cal systems at the molecular scale, using nanodevices 
and nanostructures that can benefit the research 
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and practice of medicine [5]. Nanoparticles (NPs), 
ranging in size from 1 to 100  nm, have outstanding 
properties such as surface adaptability, improved 
solubility and multi-functionality. These novel char-
acteristics that differ markedly from the properties 
exhibited by materials at the micro and macroscopic 
scale allow the passage to new research, having the 
ability to interact with complex biological functions, 
operating at the same scale of biomolecules [6], so its 
use in medicine is of interest for bioavailability pro-
cesses of poorly soluble drugs, drug delivery vehicles 
to develop controlled release to specific sites and vac-
cine aids and diagnostics [7]. Several nanoparticle 
(NPs) types have been proposed for therapeutic appli-
cations, including micelles, dendrimers, polymeric, 
metallic, silica and cell membrane–coated nanoparti-
cles [8].

Among the NPs studied, iron oxide NPs smaller 
than 150 nm are known as SPION (super para-mag-
netic iron-oxide nanoparticles) [9]. SPIONs are char-
acterized by superparamagnetic behaviour. In other 
words, SPIONs manifest their magnetic properties 
only when subjected to an external magnetic field. 
Thanks to their superparamagnetic properties and 
biocompatibility with the organism [10], SPIONs 
could be controlled and guided to a specific tissue 
or organ by an external magnetic field [11]. These 
SPION characteristics generate a wide range of appli-
cations in medicine [12]. The surface of these NPs 
can be modified, coating the magnetic core with poly-
mers to obtain colloidal stability in aqueous media. 
SPION can be coupled with several molecules, such 
as a drug, with these surface modifications. By per-
forming a surface functionalization, the nanoparticles 
are prevented from being recognized by the body’s 
macrophages. The polymers used must provide char-
acteristics such as colloidal stability in the blood sys-
tem, being hydrophilic, avoiding opsonization (inter-
action with specific proteins that mark nanoparticles 
for their subsequent phagocytosis) as they are non-
ionic polymers and having a considerable molecular 
weight to promote spherical protection [13]. One of 
the polymers that meet these characteristics is poly-
ethylene glycol (PEG), which has a molecular weight 
of < 20 kDa [14]. It has been found that coating nan-
oparticles with PEG alters cell uptake and increases 
blood circulation time, improves stability, increases 
solubility and decreases renal proteolysis and excre-
tion. PEGylation creates a hydrophilic layer around 

the nanoparticle that blocks electrostatic and hydro-
phobic interactions that help opsonins bind to particle 
surfaces [15].

The synthesis of NPs by conventional methodolo-
gies employs chemical agents that can generate envi-
ronmental pollution. To minimize these drawbacks, 
green synthesis emerges as an alternative to produce 
materials at the nanometer scale. Green synthesis is 
based on reducing metals by natural species with anti-
oxidant power, using bacteria, fungi and plant extracts 
or parts thereof. Some plants contain metabolites with 
reducing properties, such as phenolic compounds, 
mainly gallic acid, benzoic acid and caffeic acid, 
giving them antioxidant properties. The use of these 
extracts induces the formation of nucleation centres, 
which sequester metal ions, leading to the formation 
of nanoparticles. Additionally, with these extracts, it 
is possible to stabilize the size of the NPs and prevent 
them from being added [16]. Agro-industrial resi-
dues such as banana peel (Musa paradisiaca) can be 
used to obtain extracts. This has a large percentage of 
phytochemicals, primarily antioxidants, such as gallo-
catechin [17], found in a more significant proportion. 
Other antioxidants are phenolic compounds, antho-
cyanins, delphinidin, cyanidin and catecholamines 
[18]. These phytochemicals act as stabilizing agents 
by controlling the size and morphology of NPs by 
preventing their aggregation [19, 20].

Numerous investigations have focused on search-
ing for methods of synthesis of NPs and extraction 
of bioactive substances that are fast, eco-friendly 
and economical. The sonochemical method is most 
suitable for synthesizing NPs that meet the above 
parameters [21–23]. Sonication allows superior yields 
in little time; it has been reported that among nano-
particle synthesis methods, this method presents a 
green, economically viable and ecologically sustain-
able approach to the synthesis of NPs at the indus-
trial level [22, 24]. This method is based on the high 
energy of ultrasonic waves through a fluid, creating 
high- and low-pressure cycles and giving rise to cavi-
tation [25]. The microbubbles’ formation, growth and 
implosive collapse generated effects such as erosion, 
particle decomposition, sonoporation and cell disrup-
tion [26].

Due to the above problems and challenges iden-
tified, the present research proposes synthesiz-
ing superparamagnetic iron oxide nanoparticles 
using Musa paradisiaca extract, coating them with 



J Nanopart Res (2024) 26:2 

1 3

Page 3 of 15 2

Vol.: (0123456789)

polyethylene glycol (SPION@PEG), as a viable sys-
tem for the transport and administration of an anti-
cancer drug.

Materials and methods

Materials

The reagents used for the synthesis of SPION 
coated with PEG were iron(II) chloride tetrahydrate 
 (FeCl2·4H2O, Merck), iron(III) chloride hexahydrate 
 (FeCl3·6H2O, Merck), 25% ammonium hydrox-
ide  (NH4OH, CMLAB), polyethylene glycol with 
a molecular weight of 1000  g/mol (PEG, Aldrich), 
sodium dodecyl sulfate (SDS, PanReac AppliChem) 
and Musa paradisiaca peel extract. Type I ultrapure 
water was used throughout the process. The antican-
cer drug tested was doxorubicin hydrochloride (DOX, 
Blau).

MTT (3-(3,4-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assays were performed to 
evaluate cytotoxicity. The following reagents were 
required: DMEM (Gibco Dulbecco’s modified Eagle 
medium, BioWhittaker), foetal bovine serum (Bio-
west) for cell cultures, phosphate-buffered saline 
(PBS, BioWhittaker), trypsin (Veisene), MTT (Trevi-
gen) and DMSO (dimethyl sulfoxide, BioBasic). The 
cell culture corresponds to the HeLa human cervical 
adenocarcinoma cell line.

Obtaining the extract of Musa paradisiaca

The ultrasound-assisted extraction technique (Fig. 1) 
obtained the Musa paradisiaca extract. A total of 
50.0 g of Musa paradisiaca peel, previously washed 
with water and an approximate particle size of 1  cm2, 
was massed. Later, they were added to 100.0 mL of 
water. It was irradiated with ultrasound for 7  min 
(UP400St, Hielscher), using a titanium probe of 

Fig. 1  Ultrasound-assisted 
extraction: (a) ultrasound 
(UP400St, Hielscher), (b) 
mechanical agitation (Hei-
Torque 200)

Musa Paradisiaca

Ultrasound with mechanical 
agitation

Centrifuge and vacuum
filtering

Fragments approximately 1cm2

(a)
(b)
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22 mm in diameter, at a frequency of 45 kHz, with an 
amplitude of 60 μm, at a temperature of 39 °C and a 
specific energy supplied of 124.236 J/mL. Mechanical 
agitation (Hei-Torque 200) kept the reaction medium 
homogeneous at 400  rpm. The mixture produced 
was filtered and centrifuged at 4500 rpm for 20 min 
(Thermo Scientific, SL 8R). Finally, the supernatant 
was vacuum-filtered and stored for SPION synthesis.

Synthesis of SPIONs coated with PEG (SPION@
PEG)

SPIONs were synthesized by coprecipitation of 
iron chlorides, assisting with ultrasonic cavitation 
(UP400St, Hielscher); see Fig. 2. Briefly, a precur-
sor solution was prepared using iron chlorides (II 
and III) in a molar ratio 1:2, respectively, dissolv-
ing 516.67  mg of  FeCl2·4H2O and 1405.07  mg of 
 FeCl36·H2O in 100.0  mL of water. The iron oxide 
was coprecipitated by adding 50.0 mL of an  NH4OH 
solution drop by drop until it reached a pH of 11.25. 
At the end of this first stage, 50.0  mL of Musa 
Paradisiaca extract and  NH4OH (4 mL) was added 
drop by drop. The drip speed at each stage was 
8.9  mL/min. This speed was controlled by a peri-
staltic pump (BT101F). During the dripping of the 
solutions, it was irradiated with ultrasounds using a 
titanium probe of 22 mm in diameter at a frequency 

of 45 kHz, with an amplitude of 60 μm and a spe-
cific energy supply of 329.47  J/mL. The colloidal 
dispersion of the SPION produced was magnetically 
assisted decanted (using a permanent neodymium 
magnet). The supernatant was discarded, and the 
precipitate was washed with water type I twice. 
The SPIONs were divided into two portions, one to 
advance the characterization of these uncoated, dry-
ing them in an oven (Thermo Scientific) at 90 °C for 
24 h, and the other fraction was used to be coated 
with PEG and obtain the nanocomposite SPION@
PEG.

Two solutions were prepared for coating the SPI-
ONs (Fig.  3). In the first one, 540  mg of SDS was 
dissolved in 25.0  mL of water to promote the dis-
persion of the nanoparticles; in the second solution, 
66.5 mg of PEG was dissolved in 25.0 mL of water. 
Both solutions were homogenized in an ultrasonic 
bath (Elmasonic S30H) for 1  min. A portion of the 
precipitate obtained from the SPION was re-sus-
pended in 100.0  mL of water using the ultrasound 
bath (Elmasonic S30H) for 1  min. Subsequently, 
the drop-by-drop solutions were added separately at 
an 8.9  mL/min rate, controlled through the peristal-
tic pump (BT101F). The SDS solution was dripped 
first, followed by the PEG solution after incorporating 
both solutions and was sonicated for 5 min to ensure 
the homogenization of the NPs. The particles thus 

Fig. 2  Ultrasound-assisted 
SPION biosynthesis. (a) 
Ultrasound (UP400St, 
Hielscher), (b) peristaltic 
pump (BT101F)

Iron chloride coprecipitación, 
asisted by ultrasonidos

Magnetically assisted 
settling separation

(a)

(b)
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coated were dried in an oven for 24  h at 90  °C for 
characterization.

Doxorubicin adsorption: formation of the SPION@
PEG@DOX system

The adsorption capacity of the SPION@PEG sys-
tem was determined through the physisorption of 

doxorubicin. As shown in Fig. 4, 1 mg of SPION@
PEG was suspended in 1  mL DOX with a concen-
tration of 0.1  mg/mL (according to the procedure 
described by Kuznetsov et al.) and kept in mechanical 
agitation at 1500 rpm for 60 min. After this time, the 
SPION@PEG was decanted using a permanent mag-
net, obtaining the nanocomposite SPION@PEG@
DOX. Finally, the optical density of the supernatant 

PEG

SPION re-suspended

Dry
24 h a 90°C

SDS Ultrasonic 
homogenization

Fig. 3  SPION coating with PEG

Fig. 4  DOX adsorption and 
DOX calibration curve

Resuspend 1 mg
SPION in 1 ml 

DOX (0.1 mg/ml)
Mechanical 

Agita�on
Magne�c 

Separa�on
UV-VIS Supernatant 

Reading
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was measured with a UV–VIS spectrum of 300 to 
650 nm (Merck, Spectroquant® Prove 600) to deter-
mine the concentration of DOX adsorbed by the 
SPION. The concentration of the adsorbed drug was 
calculated as the difference between the initial DOX 
concentration and the DOX concentration present in 
the supernatant. The DOX concentration in the super-
natant was calculated based on the calibration curve 
presented in Fig.  4. The absorbance of a series of 
DOX solutions was measured to obtain this graph. 
From the calibration data points, the equation of the 
line was obtained, with a linear fit with a value of 
R2 = 0.999.

Physicochemical characterization

The characterization was made for SPION, SPION@
PEG and SPION@PEG@DOX. An X-ray diffrac-
tometer PANalytical model X ́PERT PRO MPD 
with Cu-Kα radiation (λ = 0.154056  nm) was used 
to obtain the X-ray diffraction pattern. The program 
X-Pert High Score plus version 3.0 of Panalytical 
was used to identify the peaks and phases. The mor-
phological characterization of the particles was per-
formed using a TESCAN FE-MEB LYRA3 scanning 
electron microscope (SEM) operating at 30  kV and 
a Tecnai F20 Super Twin TMP transmission elec-
tron microscope (TEM) of FEI operating at 200 kV. 
Structural characterization of NPs was performed by 
high-resolution transmission electron microscopy 
(HRTEM) analysis and select-area electron diffrac-
tion pattern (SAED). The SEM and TEM teams have 
an integrated energy-dispersive X-ray spectrometry 
(EDS) microanalysis system, which allowed them to 
identify the chemical elements present in the sam-
ples and the relative percentage of each of them. 
The samples for SEM and TEM were prepared by 
dispersing the nanoparticles in water for 10  min by 
ultrasound. The suspension was then deposited on a 
carbon-backed copper TEM grid (Lacey carbon) to 
vacuum dry. Fourier transforms infrared spectrom-
etry (FTIR) was used to confirm these results, which 
were recorded with a Bruker-Alpha spectrometer at 
a resolution of 4   cm−1. FTIR spectra were measured 
between 400 and 4000  cm−1.

The magnetic characterization of the samples 
was performed by vibrating sample magnetometry 
(VSM), which allowed obtaining the magnetic hys-
teresis curve using a Quantum Design magnetometer 

(VersaLab TM) at 300 K, with an applied field of − 30 
kOe to 30 kOe. The DOX concentration was deter-
mined with a UV–VIS spectrophotometer (Merck, 
Spectroquant® Prove 600) equipped with 1-cm opti-
cal length cuvettes.

Cellular cytotoxicity by MTT assay

Before the laboratory process, the design of the plate 
of 96 wells was carried out. Twenty thousand cells 
were seeded in medium supplemented at 10%. Then, 
the dish was incubated at 37 °C for 24 h. After this 
time, the stimulus to be evaluated (SPION, SPION@
PEG and SPION@PEG@DOX) was added according 
to the concentration designated in the corresponding 
wells (Table 1) and incubated for 48 h at 37 °C. Sub-
sequently, 10 μL of MTT reagent was added to each 
well, and the plate was placed for 4 h until the crys-
tal formation was observed. Once this process was 
completed, the medium was removed, and 100 μL of 
DMSO was added; the plate was left in the incubator 
for 20 min to dissolve the crystals. Finally, the board 
was read at 570 nm on the microplate reader (Corn-
ing® 96 Well CellBIND).

Statistical analysis

The distribution of NP sizes obtained by TEM images 
was made with the ImageJ software using a LogNor-
mal setting, allowing us to get the average size and 
standard dispersion. The data obtained from the cell 
viability assay were analysed with GraphPad 8, and 
the level of significance in all statistical analyses was 
established as a probability of p < 0.05. Statistical sig-
nificance was determined using two-way ANOVA. 
Data normality was checked with a Shapiro–Wilk 
test, and a paired test was performed with the t-stu-
dent test to identify significant differences between 
groups.

Results and discussion

The structural, morphological, magnetic and chemi-
cal properties of SPION, SPION@PEG and SPION@
PEG@DOX are presented below. DRX, SEM, TEM, 
EDS, FTIR and VSM techniques were employed to 
characterize the nanoparticles.
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Crystal structure: XRD and SAED

The X-ray diffraction patterns of the uncoated SPI-
ONs and SPION@PEG are shown in Fig. 5. The 2θ 
values of 30.3°, 35.6°, 43.3°, 53.8°, 57.3° and 62.9° 
corresponding to the crystallographic planes (220), 
(311), (400), (422), (511) and (440), of the cubic 
crystal structure of inverse spinel space group Fd3m, 
this structure is typical of the magnetite  Fe3O4. The 
positions of the peaks and their relative intensities of 
the XRD obtained were compared with the JCPDS 
crystallographic card #75–0033 of  Fe3O4 magnet-
ite [27, 28], confirming the phase obtained. It is 
observed that the peaks of the diffractogram have a 
considerable width, indicating the existence of par-
ticles with a grain on the nanometric scale. Using 
Scherrer’s equation, D = Kλ/β cos(θ), where D is the 
size of the crystalline domains (crystal or crystallite 
size), λ is the wavelength of the X-rays, β is the aver-
age height width of the analysed peak, θ is the angle 
of reflection of the strongest signal, and K is the form 
factor, assuming spherical crystals takes a typical 
value of 0.9 [29], and using diffraction peak widen-
ing (311), the average diameter of the crystallites was 
determined. The sizes obtained were 9.86  nm with-
out coating and 9.53 nm coated. The positions of the 
characteristic peaks of uncoated and PEG-coated 
SPIONs remain constant in the diffraction pattern, 
indicating that the coating does not change the crystal Ta
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structure of the  Fe3O4 core. However, in the case of 
PEG-coated SPION, it can be observed that the height 
of the peaks decreases due to the amorphous coating 
of the PEG. The low-intensity signals indicated as (X) 
possibly correspond to forming a second crystalline 
phase related to SDS which corresponds to sodium 
sulfate  (Na2SO4) with orthorhombic symmetry and 
space group Pnna (52). Finally, no other peak associ-
ated with any different polluting phase was observed. 
The size found of the crystallite allows classifying 
the NPs synthesized in VSPIO since the superpara-
magnetic iron nanoparticles are classified according 
to their diameter, the SPIONS as the general group, 
less than 150  nm, ultra-small superparamagnetic 
iron oxidbe NPs (USPION) less than 50 nm and very 
small iron oxide NPs (VSPIO) less than 10 nm [30].

Figure  6 corresponds to the selected area elec-
tron diffraction (SAED) pattern of the SPION and 
SPION@PEG samples, where the satisfactory 

crystallinity of these NPs is revealed. The patterns 
exhibit different intensities of bright circular rings 
related to the planes (220), (311), (400), (422), (511) 
and (440) that are identified in the spinel structure of 
 Fe3O4 [30], proving that the spinel-like structure of 
 Fe3O4 does not change when coated with PEG. These 
results confirm the analysis performed on the XRD 
patterns in Fig. 6.

Figure 7 a shows the HRTEM image of the SPION 
core showing the interplanar distances d1 = 4.84  Å, 
d2 = 2.96  Å, d3 = 2.53  Å, d4 = 2.11  Å, which cor-
respond to the planes (111), (220), (311) and (400) 
respectively. This can also be confirmed by the fast 
Fourier transform (FFT) pattern shown in Fig.  8(b), 
where the planes (111), (220), (311), (400), (511) 
and (422) corresponding to the magnetite phase are 
identified [31]. Figure 7(c) shows a model of  Fe3O4 
(magnetite) with inverse spinel structure and space 
group Fd3m. This corroborates the formation of a 

Fig. 6  SAED: a SPION 
and b SPION@PEG

Fig. 7  a HRTEM of the SPION nucleus b FFT of a and c magnetite structure
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single-crystalline phase in the nucleus of the NPs cor-
responding to magnetite.

Morphological characterization

The morphology and size of the SPION, SPION@
PEG and SPION@PEG@DOX were determined by 
analysing images (Fig.  8) obtained by SEM (upper 
row) and TEM (lower row). Figure  9 a shows the 
uncoated SPION; the aggregation of the NPs is pos-
sibly a consequence of the preparation of the sam-
ple on the TEM grid. Figure  8 (b1 and b2) shows 
the SPION@PEG, and Fig. 9 c shows the SPION@
PEG@DOX. Based on the micrographs observed, 
it can be established that the nanoparticles exhibit 
a spheroidal morphology; this morphological char-
acteristic is of relevance in applications in biomedi-
cine since the NPs with spherical shape can offer a 
uniform coating, which means that more drugs can 
be loaded on the surface of the nanoparticles for a 
better release of this at the target site and, therefore, 
they exhibit greater cellular toxicity [32]. Using the 

ImageJ software, the size distribution was determined 
by measuring 100 NPs in the TEM micrographs; the 
adjustment was made by a monomodal LogNormal 
distribution, which represents the best adjustment 
curve to find the average diameter. In this way, it 
was determined that the nanoparticles had an aver-
age size of 9.37 ± 0.39 nm (SPION), 10.76 ± 0.61 nm 
(SPION@PEG) and 11.61 ± 0.89  nm (SPION@
PEG@DOX) (Fig. 9).

The sizes found were consistent with the crystal-
lite size (9.86 nm without coating and 9.53 nm with 
PEG coating), with which it can be inferred that the 
NPs have high crystallinity; this characteristic is cru-
cial since it influences the magnetic properties [33]. 
In the SPION (Fig. 9a), the formation of any layer on 
its surface is not observed, confirming that the wash-
ing and drying processes were carried out properly 
since no layers of oxides or salts are formed from the 
precursors used. The increase in the diameter of the 
SPION@PEG compared to the SPION is due to the 
formation of the PEG layer that covers them. This 
layer has an average thickness of 1.39 nm (although 

Fig. 8  SEM and TEM of (a) SPION, (b) SPION@PEG, and (c) SPION@PEG@DOX
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the coating is not uniform if it covers the entire nano-
particle). In the same way, the increase in the diame-
ter of the SPION@PEG@DOX is due to the adhesion 
of the DOX to the particles SPION@PEG, forming 
a second layer with an average thickness of 0.85 nm.

As the size of these NPs is essential in the adhe-
sion and interaction with the cells of the organism, the 
diameter of the NPs obtained in this work makes them 
excellent candidates for applications in medicine. For 
example, for oral administration of anticancer drugs, 
the possible mechanisms in which nanoparticles can 
cross gastrointestinal barriers are paracellular pas-
sage (< 50  nm), endocytic uptake (< 500  nm) and 
lymphatic uptake (< 5 μm) [35]. Another example is 
the intravenous administration of anticancer drugs, 
where the morphology of NPs determines their phar-
macokinetic behaviour since the elimination of NPs 
in the blood system is due to the reticuloendothelial 
system (MPS). This system consists of bone mar-
row progenitor cells, blood monocytes and tissue 
macrophages, such as Kupffer cells, to recognize and 
eliminate microorganisms, senescent cells and other 
external elements [36]. MPS recognizes the NPs and 

is eliminated from the blood system, decreasing the 
chance of being bioaccumulated at the target site. 
NPs with a diameter greater than 200 nm are phago-
cytosed and bioaccumulated in the spleen. In com-
parison, NPs with a diameter of less than 40 nm and 
additional with a hydrophilic coating, such as PEG, 
have a plasma half-life of over 2 h [36].

Chemical characterization: EDS and FTIR

Figure 10 shows the X-ray energy scattering spectros-
copy (EDS) spectra and their respective semi-quan-
titative elemental analysis. In the TEM micrographs, 
the areas analysed are shown in red. The spectrum of 
uncoated SPION (Fig. 11a) shows that iron and oxy-
gen have an atomic percentage of 36.28% and 63.72%, 
respectively, confirming a successful elemental com-
position of the nucleus of the NPs. The spectrum 
obtained from SPION@PEG (Fig. 10b) confirms that 
the core mainly comprises iron and oxygen. Sodium 
and sulfur come from the SDS used in the synthesis 
during functionalization with PEG. Although clearly 
in the TEM micrograph, the formation of a layer that 

Fig. 9  Size distribution for a SPION, b SPION@PEG, and c SPION@PEG@DOX
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covers the nucleus of the NPs is observed (Fig. 10a), 
it is not possible to confirm by EDS that its composi-
tion is PEG since it is composed of carbon like the 
support of the grid used for TEM (Lacey carbon). 
However, a significant increase in the carbon signal 
compared to the EDS of the SPION suggests that 
this coating is composed of PEG. The spectrum of 
the SPION@PEG@DOX (Fig. 11c) also shows chlo-
rine (0.06%), evidencing the presence of DOX by 
the hydrochlorides in the DOX used, confirming the 
functionalization of the NPs with the drug. The cop-
per seen in all samples comes from the TEM (Lacey 

carbon) grid. These results prove that the methodol-
ogy for forming the nanocomposite is adequate, mini-
mizing external pollutants.

FTIR was used to corroborate the functionalization 
of SPION with PEG and DOX. Figure 11 illustrates 
the FTIR spectra of SPION, SPION@PEG, PEG 
and SPION@PEG@DOX. The band displayed on 
580  cm−1 is characteristic of the stretching vibrations 
of the Fe–O bond in the crystal lattice  Fe3O4, which 
also confirms the magnetite core in all samples. Its 
surface is covered with hydroxyl groups whenever 
the synthesis is advanced in an aqueous medium. 

Fig. 10  EDS of a SPION, 
b SPION@PEG, and c 
SPION@PEG@DOX. The 
red boxes show the area 
analysed by EDS
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The characteristic bands are observed in 1.636 and 
3.415   cm−1, corresponding to the bending vibration 
of H–O–H in the samples [37, 38].

The appearance and increase in the stretching band 
C–H to 2,915  cm−1 and the bending band C–H2 and 
C–H3 to 1,636   cm−1 were observed, confirming the 
formation of the PEG layer (SPIO@PEG). The bands 
close to 1200   cm−1 belong to the C–O–C stretch-
ing vibration of the repeated units –O–CH2–CH2–of 
polyethylene glycol [39]. The characteristic bands of 
DOX appeared in 2900, 1600 and 1027  cm−1 [40, 41], 
which confirms the functionalization of NPs with the 
drug; however, the characteristic bands of DOX have 
a shielding by the PEG since the distinctive bands are 

very similar. It can be observed how the typical signal 
of iron in 580  cm−1 is shielded as the PEG and DOX 
layers are formed on the core of the NPs, generating a 
less pronounced signal.

Magnetic properties

Figure  12 shows the magnetic hysteresis loops of 
the SPION and SPION@PEG at 300 K. Magnetiza-
tion data was recorded while the applied field varied 
between − 30 and 30 kOe. The graph shows that both 
samples present a superparamagnetic behaviour with 
zero remanences and coercivity. The saturation mag-
netization (Ms) values are 72.75 emu/g for uncoated 
SPIONs and 32.36  emu/g for SPION@PEG. It is 
observed that the SPION@PEG has a lower satura-
tion magnitude than the uncoated SPION, probably 
due to the dilution of magnetic material within the 
volume of the sample when it is coated with the non-
magnetic material, i.e. the moment per unit volume 
(and hence the moment per unit mass) is reduced [8]. 
However, it may also depend on the thickness of the 
silica layer; the thicker the SIPON@PEG layer, the 
lower the saturation magnetization [42]. The coercive 
field (Hc) is approximately equal to zero, indicating 
that the dipoles are oriented randomly without a mag-
netic field, making the resulting magnetic moment 
zero. The lack of magnetic remanence is essential 
in medical applications. When NPs are subjected to 
a magnetic field, they are allowed to be guided to an 
objective point, and when this magnetic field has been 
eliminated, the redispersion of these NPs will take 
place quickly [43]. Additionally, it is an important 

Fig. 11  FTIR. Characteristic bands of stretching and bend-
ing vibrations for SPION, SPION@PEG, and SPION@PEG@
DOX

Fig. 12  Magnetic hyster-
esis cave using uncoated 
SPION VSM and SPION@
PEG
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property when used in a biological system because 
if these NPs presented a magnetic remanence (ferro-
magnetic behaviour), dipole–dipole magnetic attrac-
tions would be generated between them, and they will 
agglomerate and form agglomerations, increasing the 
virtual size of NPs [44].

Superparamagnetic behaviour in NPs is related to 
size, shape and crystal structure. The high saturation 
magnetization and its superparamagnetic behaviour 
obtained in the NPs of SPION@PEG is a product of 
its high crystallinity, and low anisotropy confirmed 
in XRD and HRTEM, in addition to its nanometric 
size of less than 20  nm, was demonstrated through 
the different characterization techniques used. All this 
makes these NPs excellent candidates for applications 
in nanomedicine [12, 33, 45].

Cellular cytotoxicity by MTT assay

Figure 13 shows the percentage of metabolic activity 
evaluated by MTT (cell viability) after 48 h of expo-
sure of Hela cells with SPION, SPION@PEG and 
SPION@PEG@DOX with different concentrations 
of doxorubicin (DOX) adsorbed. It is observed that 
exposure of Hela cells to the highest concentration of 
NPs (200  μg/ml) for 48  h generates an average cell 
viability of 55.5% with SPION, 76.7% with SPION@
PEG and 45.5% with SPION@PEG@DOX (25  μg/
mL DOX). While in the lowest concentration of NPs 
(25 μg/ml), a cell viability of 76.9% is observed with 

SPION, 86.1% with SPION@PEG and 62.5% with 
SPION@PEG@DOX (3.1  μg/mL DOX). SPIONs 
coated with PEG have greater cell viability, showing 
that PEG anchored to NPs is an excellent platform to 
reduce damage to cells generated by uncoated NPs 
(SPION), which agrees with what has been reported 
by [13], and allows the adsorption of doxorubicin. 
This is evidenced by the effect generated by SPION@
PEG@DOX on Hela cells.

To determine if there are significant differences 
in cell viability after exposure to each of the NPs at 
different concentrations, statistical analyses were per-
formed using the ANOVA and t-student tests. First, 
we analysed whether the data showed normal behav-
iour with the Shapiro–Wilk test. Data from all groups 
showed a normal distribution (p < 0.05).

Differences between treatments (SPION, SPION@
PEG, SPION@PEG@DOX) and nanoparticle con-
centrations (25, 50, 100 and 200  μg/ml) were ana-
lysed using the two-way ANOVA test. A signifi-
cant difference in cell viability was found between 
treatments (p-value < 0.0001) and concentrations 
(p-value < 0.0001). A paired test was performed 
using the t-student test to identify which treatment 
groups had significant differences in cell viability. 
It was found that if there are substantial differences 
(p-value < 0.05) in the viability of the cells when they 
are treated with each of the NPs: SPION vs SPION@
PEG (p-value: 0.0406); SPION vs SPION-PEG-DOX 
(p-value: 0.0271); SPION-PEG vs. SPION@PEG@
DOX (p-value: 0.0018); DOX vs. SPION (p-value: 
0.0140); DOX vs. SPION@PEG (p-value: 0.0056) 
and SPION@PEG@DOX (p-value: 0.0375).

Likewise, significant differences in cell viabil-
ity were found in all groups of NPs in the following 
concentrations: 25  μg/mL vs. 100  μg/mL (p-value: 
0.0251); 25 μg/mL vs. 200 μg/mL (p-value: 0.0417); 
50  μg/mL vs. 200  μg/mL (p-value: 0.0388). At the 
following concentration, no significant differences 
in cell viability were found: 25 μg/mL vs. 50 μg/mL 
(p-value: 0.2190); 50 μg/mL vs. 100 μg/mL (p-value: 
0.1039) and 100  μg/mL vs. 200  μg/mL (p-value: 
0.2319).

The antitumoural effect of the nanocomposite 
SPION@PEG@DOX depends on the concentra-
tion. When the concentration was 200  μg/mL, the 
viability was less than 50%, while with the lowest 
concentrations, the viability was greater than 50%. 
The trial also showed that SPION@PEG@DOX 

Fig. 13  Metabolic activity (cell viability) of Hela cells with 
different NPs (SPION, SPION@PEG and SPION@PEG@
DOX) at different concentrations after 48  h of exposure. 
*p-value < 0.05; **p-value < 0.01
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could maintain the integrity and activity of DOX by 
making it a good nanocomposite for the delivery of 
anticancer drugs.

Conclusions

The crystal structure of the synthesized iron oxide 
nanoparticles corresponds to the magnetite reverse 
spinel. This structure is associated with an “ultra-
small” core of  Fe3O4, which remains unchanged 
even after coating it with polyethylene glycol or 
functionalizing this compound with doxorubicin.

The SPION, SPION@PEG and SPION@PEG@
DOX have spheroidal morphology and an average 
diameter of 9.37, 10.76 and 11.61 nm, respectively. 
The increase in diameter is due to the coating by 
PEG (with a thickness of 1.39 nm) and functional-
izing it with the DOX (a thickness of 0.85 nm).

The chemical composition of the synthesized 
nanocomposite confirms the presence of PEG and 
DOX. When analysing the vibration bands in FTIR, 
the interaction in the nanocomposites  Fe3O4@PEG 
and  Fe3O4@PEG@DOX is evident when observing 
the characteristic peaks corresponding to the vibra-
tions of stretching or bending of the bonds present 
in each step of the synthesis.

SPION and SPION@PEG exhibit superpara-
magnetic behaviour, although PEG coating shows 
shielding, and the sample still has significant satura-
tion magnetization.

The MTT assay confirmed a cell viability of less 
than 50% using the highest concentration (200  μg/
mL) of the nanocomposite  Fe3O4@PEG@DOX, 
maintaining the integrity and activity of the DOX.

The nanocomposite  Fe3O4@PEG@DOX synthe-
sized, considering the physicochemical character-
istics identified, has the potential to be applied in 
developing cancer treatments.
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