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A B S T R A C T   

Commendable efforts have been gingered towards the fight against cancer. Nevertheless, it remains a major 
public health concern due to its predominant cause of death globally. Given this, we synthesized two different 
nanoparticles, Sr2+ and Gd3+ doped magnetite for magnetic hyperthermia and drug delivery application. Based 
on the characterization, the diffractogram shows that only one phase related to magnetite with a crystallite size 
of 10 nm was formed. TEM images revealed nanoparticles of spherical shapes of approximately 12 nm. There is 
no difference in magnetic saturation of the as-received synthesized samples (Fe3O4@Sr and Fe3O4@Gd), while 
the BET-specific surface area of Fe3O4@Gd is 8 m2 g− 1 higher than Fe3O4@Sr. The heat generation in alternating 
magnetic field (the magnetic hyperthermia) of Fe3O4@Sr functionalized with citric acid and loaded with 5- 
fluorouracil (Fe3O4@Sr@CA@5-flu) is slower than Fe3O4@Gd@CA@5-flu. The specific absorption rate (SAR) of 
Fe3O4@Gd@CA@5-flu, 112.0 ± 10.4 W g− 1 was found to be higher than that of Fe3O4@Sr@CA@5-flu. The 
thermogram shows that 11% of the drug was successfully loaded on Fe3O4@Gd@CA@5-flu. The release of the 
antitumor drug by the synthesized nanoparticle drug carriers for ovarian cancer (SKOV-3 cells) therapy showed 
that more than 50% of the cancer cell’s viability was reduced after 72 h of incubation. The synthesized nano
particles demonstrated a promising drug carrier for the treatment of SKOV-3 cells.   

1. Introduction 

Cancer is rated as one of the major causes of death worldwide and 
has been seen as an acute condition that consists of infected and normal 
cell types, which has limited single-mode treatment to combat its high 
heterogeneity at both initial and advanced stages [1,2]. The conse
quential death that cancer brought on humanity has necessitated pro
active measures directed toward its treatment, resulting in the 
development of new therapeutic strategies. Sad to note, due to the 
heterogeneity of patients and resistance of cancer towards therapy, this 
has resulted in poor treatment outcomes and severe side effects on the 
patients [1]. Therefore, optimizing treatment options that could be more 
efficacious and yield the highest results is of utmost importance. The 
quest for these has awakened the curiosity of researchers from different 

related fields [3]. This will go in a long way to bring hope, comfort, and 
reassurance and to minimize the distress that could weaken the immune 
defense system of cancer patients [4]. 

However, the treatment of cancer, which commonly involves surgery 
and radiation among others, has harmful consequences on healthy tis
sues [5,6]. Given these challenges, efforts have been directed toward the 
minimization of the adverse effects of cancer therapy through the usage 
of drugs. Meanwhile, the traditional means of administering drugs into 
the body system which entails swallowing a pill or intravenous in which 
the drug is dispersed throughout the body system and eventually reaches 
the affected organ for healing has a major disadvantage in that the 
healthy parts of the body could be adversely affected in the process of 
dispersion [7]. Targeted drug delivery in which a therapeutic agent 
(drug) is being introduced into the tumor cell is presently employed as a 
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replacement for traditional methods of administering drugs for cancer 
therapy. 

A drug delivery system, a better route to dispense drugs into the body 
system has many benefits (greater efficiency, increased security, lower 
cytotoxicity, controlled release, targeted drug delivery, and improved 
stability) over the traditional forms [8,9]. It helps to prevent the wastage 
of drugs by transportation to the targeted tissues and enhances treat
ment safety [10]. As much as the drug delivery system helps to curb the 
menace that is accompanied by the traditional form of therapy, another 
huge task is to be able to deliver the exact amount of the drug to the 
target cell without causing any side effects [11]. Therefore, targeting 
drugs to affected cells through nano-drug delivery systems has reduced 
to a significant level the associated side effects of drugs toward cancer 
treatment [12]. It was stated that a drug delivery system at the nanoscale 
is a promising way of administering drugs to a targeted cell due to its 
enhancement of permeability and retention effect of solid tumors [13]. 
There is an increasing trend in the applications of nanoparticles in the 
biomedical sector, with the possible advantages of diagnosis, treatment 
of cancer cells, and monitoring of therapy. Nanoparticles as drug carriers 
have many advantages which include reduced toxic effect, increased 
solubility of the drug, prolonged time of drug retention in the site of the 
affected cell, and accurate targeting [12]. 

Meanwhile, it is important to adequately guide anticancer agents to 
the targeted cancer cell. This then brought the introduction of magnetic 
nanoparticles. Among the active drug delivery strategies, magnetic 
nanoparticles have gained more popularity because of the simple 
preparation methods, low cost, and easy modification. The use of iron 
oxide (superparamagnetic) nanoparticles for drug delivery, diagnosis, 
and treatment of cancer has gained wider recognition in biomedical 
applications [14]. One feature that makes superparamagnetic nano
particles an interesting drug carrier is that they can be targeted to the 
affected tumor by an external magnet [15]. 

This research is designed to further strengthen efforts towards cancer 
therapy through the applications of drug delivery system which en
compasses the usage of Gd3+ and Sr2+ doped magnetite. These two el
ements can be converted to their respective radioisotopes and used for 
medical applications [16]. Strontium (Sr), has been discovered to in
crease the formation of bone, and decrease the tendency of bone 
resorption and the possibility of risk of fractures [17]. While gadolinium 
contrast medium is used in magnetic resonance imaging [18]. In addi
tion, lanthanide-doped nanomaterials, especially UCNPs (upconversion 
nanoparticles) have been attested to be good materials for both drug and 
gene delivery, image-guided agents, and photodynamic therapy [19]. 
Superparamagnetic iron oxide nanoparticles are nontoxic, can be 
modified with both organic and inorganic compounds, and have a 
promising method of being heat sources in magnetic hyperthermia [15]. 
Incorporating Sr2+ and Gd3+ into the core of superparamagnetic iron 
oxides could allow simultaneous hyperthermia and radiation therapy of 
the targeted tumor tissue, when loaded with a cancer drug, it could lead 
to the combination of hyperthermia, radiation, and drug release through 
an extrinsic energy source [20]. Overall, effective treatment of the 
tumor will be achieved. 

2. Materials and methods 

2.1. Materials 

Iron(II)chloride tetrahydrate (FeCl2. 4H2O), Iron(III)chloride hexa
hydrate (FeCl3. 6H2O), ammonium hydroxide (25% NH3, assay 99.99%), 
and 5-fluorouracil were purchased from Sigma-Aldrich. Strontium 
chloride and Gadolinium(III) chloride, were purchased from 
WARCHEM, Poland. Deionized water with a resistivity of 18.2 MΩ cm 
was used throughout the experiments. 

2.2. Synthesis of magnetite nanocomposites 

Fe3O4@Sr was synthesized as follows: 0.2 M of FeCl3. 6H2O, 0.0975 M 
of FeCl2. 4H2O and 0.0025 M of SrCl2, were thoroughly mixed inside a 
250 mL beaker to ensure total dissolution of the salts. Ammonium hy
droxide was added to precipitate the desired products Fe3O4@Sr at 
alkaline pH. The precipitate (Fe3O4@Sr) was heated to 90 ◦C for 1 h, and 
washed until pH is 7. The same steps were used for the production of 
Fe3O4@Gd, but the concentration of the respective salts are: 0.195 M of 
FeCl3. 6H2O, 0.1 M of FeCl2. 4H2O and 0.005 M of GdCl3. In the first 
synthesis, Sr2+ was to substitute Fe2+, while Gd3+ was to substitute Fe3+. 
In both cases the molar percentage of the dopant was 2.5. This was 
chosen based on the previous work from our group [15]. 

2.3. Modifications of Fe3O4@Sr and Fe3O4@Gd with citric acid 

The importance of the modification with surfactant is to prevent 
agglomeration of the nanoparticles during medical (drug delivery) 
application. Approximately, 400 mg of each nanoparticle (Fe3O4@Sr 
and Fe3O4@Gd) was added to 100 mL of 0.05 M of citric acid. The pH of 
the suspension was adjusted to 5.2, thereafter heated to 80 ◦C and me
chanically stirred for 3 h. The nanoparticles were washed thoroughly 
with acetone to remove excess citric acid and precipitate the nano
particles. Thereafter the named Sr-doped iron oxide nanoparticles, 
functionalized with citric acid (Fe3O4@Sr@CA), and named Gd-doped 
iron oxide nanoparticles, functionalized with citric acid 
(Fe3O4@Gd@CA), were loaded with the drug. 

2.4. Loading of the nanoparticles with drug 

The following step was the adsorption of 5-fluorouracil onto the 
nanoparticles stabilized with citrates. Therefore, the 20 mL of colloidal 
suspension containing 400 mg of magnetic particles coated with citrates 
(mass estimated for non-stabilized nanoparticles) was placed in the 
beaker and vigorously stirred at 600 rpm for 5 min. Then, 20 mg of 5- 
fluorouracil was added, and the suspension was continuously stirred 
for 12 h at room temperature. Next, the stirring bar was removed from 
the suspension, and a beaker was placed in water with a temperature of 
about 3–6 ◦C (water was cooled down with ice cubes) continuously 
stirred with 100 rpm for 15 min, and then left for the subsequent cooling 
for 60 min without stirring. To check the stability of the suspension, it 
was put in the 50 mL in volume Falcon vial and centrifuged with a 
rotation rate of about 9.000 rpm for 30 min with cooling mode and, after 
that, collected on a magnet. Here, 1 mL of the supernatant from the top 
of the falcon vial was taken for UV–vis studies to check if the drug was 
fully adsorbed on the surface of the magnetic carrier. As the 5-fluoro
uracil was fully adsorbed, the suspension was shaken intensively on 
the orbital spinner for 5 min, and it was used for analyses. The same 
procedure was used for the adsorption of the drug on Fe3O4@Gd@CA 
nanoparticles. Despite the high stability of the suspensions, according to 
the in vitro studies of the magnetic drug carrier, it was not centrifuged to 
reduce the risk of the formation of aggregates even on a small scale, 
which could lead to the non-homogeneous distribution of nanoparticles 
on the tested cell cultures. 

2.5. Interaction with biomimetic membranes 

Langmuir monolayers were prepared using KSV Nima trough (Biolin 
Scientific, Sweden). The instrument was controlled by a PC using Nima 
LB software(v. 3.7). To prepare monolayers we used a mixture of lipids: 
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine): DOPS (1,2-dioleoyl- 
sn-glycero-3-phospho-L-serine -sodium salt) in molar ratio 8:2. The lipid 
mixture was dissolved in chloroform to a final concentration of 2 mg 
mL− 1. Using a Hamilton microsyringe a 30 μL sample of this solution 
was deposited onto the surface of the aqueous subphase in the trough 
and left for 10 min to allow the chloroform to evaporate. Next, the lipid 
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molecules on the surface of the subphase were compressed continuously 
at a rate of 10 cm2 min− 1 to record the pressure− area isotherms and 
form a monolayer. The same procedure was used to follow the nano
conjugates’ interactions with lipid monolayers; in this case, the water 
subphase contained various concentrations of nanoparticles or conju
gates, as specified later in the text. 

2.6. In vitro cytotoxicity evaluation 

One day before adding the compounds (Fe3O4 @Gd, 
Fe3O4@Gd@CA, Fe3O4Gd@CA@5-flu, 5-flu), SKOV-3 cells (2.5 × 103 

per well) were seeded in 96-wellplates. On the day of treatment initia
tion, the medium was replaced and the cells were incubated for 24 h, 48 
h, and 72 h at 37 ◦C and 5% CO2. The wells were then rinsed with PBS 
and MTS reagent was added to the fresh medium. After 2 h of incuba
tion, absorbance was measured at 490 nm. 

2.7. Statistical analysis 

The cytotoxicity test was repeated three times (n = 3) in six repli
cates. The mean and standard deviation of the measurements were 

calculated. GraphPad Prism v. 8.0 software (GraphPad Software Inc., 
San Diego, CA, USA) was used for statistical analysis. Values between 
groups (Fe3O4@Gd vs. Fe3O4@Gd@CA, Fe3O4@Gd vs. 
Fe3O4@Gd@CA@5-flu, Fe3O4@Gd@CA vs. Fe3O4@Gd@CA@5-flu, 5- 
flu vs. Fe3O4@Gd@CA@5-flu) were compared using two-way ANOVA. 
Statistical significance was considered if p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤
0.001 (***) and p ≤ 0.0001 (****). 

2.8. Characterization 

Powder X-ray powder diffraction (XRD) was carried out on Bruker 
D8 Advance with DIFFRAC PLUS, Bruker - AXS GmbH 2000, software, at 
room temperature with a Cu Kα X-ray line λ = 1.544 Å, in the 2ϴ range 
from 10 to 70◦. Transmission electron microscopy (TEM), Zeiss Libra 
120 Plus, Stuttgart, operating at 120 kV was used for the identification 
and range of the particles’ distribution. Scanning electron microscope 
(SEM), Merlin, manufactured by Zeiss, equipped with a Gemini II col
umn operated in a low kV value range (0.5–1.5 kV), and probe current 
10–20 μA, was used to examine the morphology. The FTIR spectra be
tween 400 cm− 1 and 4000 cm− 1 were collected on ThermoFisher Sci
entific Nicolet 8700 spectrometer through the use of the standard KBr 

Fig. 1. The XRD (A), SEM (B and C), and TEM images (D and E) of the synthesized Fe3O4@Sr and Fe3O4@Gd.  

Fig. 2. The N2 adsorption-desorption (a), and magnetic saturation (b) of Fe3O4@Sr and Fe3O4@Gd.  
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pellet method. The magnetic properties of the nanoparticles were 
investigated with a QD vibrating sample magnetometer (VSM) under the 
magnetic field ranging from − 2.0 T to +2.0 T at a temperature of 100 K 
and 300 K with an accuracy of ca. 0.01 K. The N2 adsorption/desorption 
experiments were conducted on Micromeritics® ASAP 2060 apparatus 
at 77.349 K absolute temperature in the relative pressure range of 
0.01–0.995 p (p0)− 1. Adsorption/desorption isotherm analysis was 
performed on ASAP 2060 software, by calculating the specific surface 
area using the BET method, distribution of pores, and their volumes. A 
thermogravimetric analyzer, TGA Q50 (TA Instruments), New Castle, 
PA, USA, was used to determine the mass loss. This was performed under 
nitrogen at 60 cm3 min− 1 flow and oxygen at a 5 cm3 min− 1 flow rate. 

3. Results and discussion 

3.1. Characterization 

The diffractogram of the synthesized nanoparticles is shown in 
Fig. 1A. It matches with the magnetite of ICSD No: 026410, having cubic 
cell and Fd-3m space group. Compare to the previously synthesized 
magnetite as reported in our group [15], there is no addition of a new 
phase which could be due to the presence of strontium and gadolinium. 
Based on the Scherrer equation, the crystallite size at 2ϴ, 35.6◦ was 
calculated to be 10 nm. The surface morphology of the nanoparticles as 
revealed by scanning electron microscope shows agglomeration of par
ticles Fig. 1B and C. Further insight into the distribution of the particles 
size was obtained from TEM images Fig. 1 D and E, which show nano
particles of well-defined round shape, whose average particles size as 
obtained from the histogram (insert) is around 12 nm for both Fe3O4@Sr 
and Fe3O4@Gd. 

The N2 adsorption-desorption of Fe3O4@Sr and Fe3O4@Gd are 
shown in Fig. 2A. The isotherm of Fe3O4@Sr is type II, a characteristic of 
non-porous materials in which the adsorption of the N2 gas did not reach 
a limit at p/po = 1. The hysteresis is type H3, and the loop is typical of 
loose aggregates of particles that formed slit pores of no uniform shape 
[21,22]. The isotherm and hysteresis of Fe3O4@Gd are type-IV and H1-2 
respectively. The BET-specific surface area of Fe3O4@Sr is 89 m2 g− 1, 
while that of Fe3O4@Gd is 97 m2 g− 1. The slight difference could be an 
assumption that Gd substituted for Fe. However, the difference is not so 
alarming that could prompt detailed investigation. The diameter of 
pores formed from the loose aggregation of the nanoparticles is between 
10 and 20 nm for Fe3O4@Sr and 7–12 nm for Fe3O4@Gd. The pore 
distribution of Fe3O4@Gd was more uniform and a bit smaller in 
diameter this might be the reason for the transition from type-II/H3 to 
one more resembling a type-IV/H1-2. 

The magnetization curve of the obtained nanoparticles (emu g− 1) vs 
applied magnetic field (Oe) is displayed in Fig. 2B. The magnetic 

saturation of the two samples is almost the same (see inset in Fig. 2B for 
enlargement). The obtained values of M3 for both samples are close to 
each other (Fe3O4@Gd:70.5 emu g− 1 and Fe3O4@Sr (69.8 emu g− 1)), 
even though Gd2+ has 7 unpaired electrons in its 4f shell. This suggests 
that at the dopant level of 2.5%, the magnetic behavior of both samples 
is determined mainly by the magnetite core structure. Although it was 
expected that the MS of Fe3O4@Gd would be higher than that of 
Fe3O4@Sr due to the presence of 7 unpaired electrons in its 4f shell 
electronic structure, this did not occur with the as-synthesized sample. 

Therefore, to satisfy our curiosity, the two samples were heated to 
500 ◦C, and the magnetic saturation (Ms) was thereafter measured again. 
The results are shown in the supplementary (Fig. S1), while Fe3O4@Sr 
nanoparticles completely lost their magnetic properties, Fe3O4@Gd 
retain its own with an up Ms value of 54 emu g− 1. More so, Raman 
spectroscopy analysis (Fig. S2), carried out on the samples after sub
jecting them to calcination at 500 ◦C, shows that Fe3O4@Sr transformed 
to hematite, while Fe3O4@Gd were thermally stable without any trace of 
transformation. Given this, it can be affirmed that Gd3+ substitution up 
to 2.5% stabilizes the crystal structure and magnetic behavior of the 
nanoferrites while the effect of Sr2+ could not be felt. According to 
Cornell and Schwertmann [23], the substitution of Fe with other cations 
could prevent the thermal transformation of iron oxides from one phase 
to another. The coercive field Hc is as low as 5 and 12 Oe for the 
Fe3O4@Gd and Fe3O4@Sr - samples, respectively. This feature is ad
vantageous for practical applications. 

In Fig. 3A, we presented the thermogram of Fe3O4@Gd, 
Fe3O4@Gd@CA and Fe3O4@Gd@CA@5-flu (The focus on Gd as dopant 
was due to the results obtained from the magnetic hyperthermia which 
was discussed under section 3.2). The sample Fe3O4@Gd was relatively 
stable within the range of the studied temperature (0–800 ◦C), having 
approximately 4% mass loss for the entire temperature, due to the loss of 
water. As shown in Fig, there are 3 distinct regions that are related to the 
decomposition of different organic compounds from Fe3O4@Gd@CA 
and Fe3O4@Gd@CA@5-flu. To start with, the first region (i) which 
occurred between 0 and 195 ◦C is due to the thermo-desorption of water 
that was physically and chemically bound to the structure of 
Fe3O4@Gd@CA and Fe3O4@Gd@CA@5-flu. This amount to a mass loss 
of 7% from these two samples. The second region (between 195 and 
332 ◦C), labeled (II) with a concave shape, having 33% mass loss was 
due to the thermo-decomposition of citric acid that was used to func
tionalize the nanoparticles. After 332 ◦C, the sample Fe3O4@Gd@CA 
became thermally stable, which implies that all the citric acid that was 
present has been totally decomposed, leaving behind the iron oxide 
nanoparticles. Region (iii), which is within the range of 332–442 ◦C, and 
observable only for the drug-loaded nanoparticles, is due to the thermal 
decomposition of the loaded drug, 5-fluorouracil (from 
Fe3O4@Gd@CA@5-flu), which is thermally unstable within this 

Fig. 3. The thermogram (A) and IR spectra (B) of Fe3O4 doped gadolinium nanoparticles.  
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temperature range. The mass loss in this region is 11%. This implies that 
110 μg of the drug is contained in 1 mg of Fe3O4@Gd@CA@5-flu. 

The FTIR spectra of Fe3O4@Gd@CA and Fe3O4@Gd@CA@5-flu are 
shown in Fig. 3B. The spectrum of Fe3O4@Gd is not shown because it 
similar to that of undoped magnetite as reported in our previous work 
[24]. The bands at 549 and 641 cm− 1, on the spectra of the two samples 
are the characteristics feature of Fe–O in the iron oxide nanoparticles 
[25]. The presence of 884 cm− 1 is related to the C–H out of plane vi
bration of CF––CH [26]. The peak at 1242 cm− 1 is the characteristics of 
C–F stretching band of 5-fluorouracil [27], whereas the C–H bending 
vibration appears at 1401 cm− 1 [28] at the spectra of both 
Fe3O4@Gd@CA and Fe3O4@Gd@CA@5-flu. The peak at 1622 cm− 1 is 
ascribed to C––O stretching vibration of citric and 5-fluorouracil [28]. 
The intensity of this peak increase for the spectrum of Fe3O4@Gd@
CA@5-flu which shows that there is interaction between the linker 
(citric acid) and 5-fluorouracil. This could be interaction of π bond in 
C––O stretching of citric acid with another π bond in C––O stretching of 
-5-fluorouracil, known as π-π interaction. The shoulder at 3450 and the 
broad peak at 3149 cm− 1 is evidence of the interaction of the drug with 
the iron oxide nanoparticles doped with gadolinium which could be 
referred to as hydrogen bond interaction through the oxygen atom of the 
nanoparticles and the H atom of 5-fluorouracil. 

3.2. Magnetic hyperthermia analysis 

The destruction of cancer cells via hyperthermia treatment is effi
cient using iron oxides of good magnetic properties and surface func
tionalization, which are referred in literature to as nanosized heaters 
[29]. This type of hyperthermia, called localized hyperthermia, involves 
the heating of as a small area of tissue as required and possible, pref
erably a tumor. Cancer cells are more sensitive to elevated temperatures 
than healthy cells and typically they are destroyed at temperatures in the 
moderate range of 42–46 ◦C. In this range of temperature, the mecha
nisms responsible for cell death involve aggregation and denaturation of 
intracellular proteins. Typically, the heating effect of magnetic nano
particles shows a dependence on their structural behavior, such as 
particle confinement, size, and anisotropy [30]. Three mechanisms are 
responsible for heat generation from magnetic particles. For larger, 
multi magnetic-domain nanoparticles, the heat generated is due to 
hysteresis losses. For smaller, below 15 nm diameter superparamagnetic 

nanoparticles, that can be considered as single magnetic domain nano
particles, the heating effect originates from their total magnetic moment 
which undergoes orientational thermal fluctuations under the influence 
of an alternating magnetic field (AMF) [31,32]. These fluctuations are 
due to the internal rotations of the magnetic moment with respect to the 
crystal lattice of nanoparticles (Néel mechanism) and physical rotations 
of the whole nanoparticles within the surrounding medium (Brownian 
mechanism). These two mechanisms are the sources of friction and 
result in a phase lag between the external magnetic field and the di
rection of nanoparticles’ magnetic moments, generating thermal energy 
upon the relaxation of magnetization. The Néel and Brownian relaxation 
times differ, with the former depending strongly on the nanoparticle size 
and its anisotropy, and the latter depending on the hydrodynamic size of 
the nanoparticle, but much more on the viscosity of the surrounding 
medium. Néel relaxation prevails in the higher frequency of an AMF and 
smaller particle size, whereas Brown’s contribution is larger for larger 
particle size and greater medium viscosity [33]. The overall heat dissi
pation value depends therefore on the frequency and amplitude of the 
applied magnetic field and the magnetic properties and size of nano
particles and is experimentally quantified from the value of specific loss 
power or specific absorption rate (SAR). The values of SAR are usually 
determined using Eq. 1 

SAR=
d.Ce

Np

(
dT
dt

)

max
1  

where the d is the dispersant density (kg.m− 3); Ce is a dispersant-specific 
heat (kcal.kg− 1◦C− 1); Np is the density of magnetic nanoparticles 
(kg.m− 3); T is the temperature (◦C), and t is the time (s). 

Since Fe3O4@Sr@CA and Fe3O4@Gd@CA nanoparticles loaded with 
a drug (5-fluorouracil) are proposed to be used for cancer treatment via 
the combination of drug release and an increase in the temperature of 
the affected cells, heat generation was investigated with the use of 
magnetic hyperthermia (MH). In these experiments, the aqueous sus
pensions of Fe3O4@Sr@CA and Fe3O4@Gd@CA were treated with an 
alternating magnetic field (AMF) of controlled frequency and amplitude. 
The increase in temperature was measured as a function of the ampli
tude of the magnetic field until the therapeutic temperature (42–46 ◦C) 
was achieved. This temperature range is also known as thermal sensi
tization, in which the cancer cells become more susceptible to other 

Fig. 4. Images from the thermovision camera on the (A) Fe3O4@Sr@CA@5-flu and (B) Fe3O4@Gd@CA@5-flu, where three images reveal the heat distribution 
before AMF application (left column), after 60 s of 26 G application (middle images), and after 200 s of 26 G application to the sample. The frequency was about 
290 kHz. 
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treatment techniques (that is a combination of hyperthermia and drug 
delivery [34]). Whenever the elevated temperature of the tissue is above 
the physiological level, there will be changes in the vascular perme
ability, an increase in the blood flow, which eventually resulted in the 
oxygenation of the tumor [35]. 

To start with, the images of the suspension of Fe3O4@Sr@CA and 

Fe3O4@Gd@CA during heating were recorded using a thermovision 
camera (Fig. 4). The following Fig. 4A and B show the images recorded 
using a thermovision camera for Fe3O4@Sr@CA@5-flu and 
Fe3O4@Gd@CA@5-flu, respectively. Suspensions were kept in the 
center of the magnetic field generating coil on a Petri dish and subject to 
thermal imaging before and during AMF application, particularly after 
60 s and 200 s measurements. The amplitude was about 26 G, and the 
frequency was 290 kHz. It is clearly seen that the suspensions heat 
uniformly during the heat generation. For these parameters (Ho = 26 G 
and f = 290 kHz) the Hof is about 5.95 × 108 Am− 1s− 1 and is slightly 
above the Atkinson-Brezovich safety limit Hof<4.85 × 108 Am− 1s− 1 
(6 × 106 Oe Hz) [36]. However, another work shows a higher acceptable 
limit Hof<5.0 × 109 Am− 1s− 1 (25 × 107 Oe Hz) making the proposed 
conditions suitable to be applied in the small body regions [37]. 

In this (MH) analysis, the suspension of Fe3O4@Sr@CA@5-flu and 
Fe3O4@Gd@CA@5-flu with a density of about 10 mg L− 1 was placed in 
a Petri-dish and then, in the coil generating AMF. The AMF frequency 
was about 290 kHz and its magnitude was applied in the range of 16–36 
G. The heat generation was recorded with the thermovision camera. 
Fig. 5A and B show the plots of the increase of temperature in time, for 
Fe3O4@Sr@CA@5-flu and Fe3O4@Gd@CA@5-flu, respectively, at 
different AMF intensities. These results (Fig. 5A and B), show that the 
nano heater, Fe3O4@Sr@CA@5-flu heated up at a slower rate compared 
to Fe3O4@Gd@CA@5-flu. The presence of seven unpaired electrons in 
Gd3+ in Fe3O4 that retained its magnetic properties at higher tempera
tures could have led to its ability to generate more heat in the alternating 
magnetic field than Sr2+ with no unpaired electrons. 

As discussed above, the heat generation mediated by magnetic 
nanoparticles in the presence of an external AMF can be quantified by 
the value of specific loss power, also named as specific absorption rate 
(SAR). One of the requirements for superparamagnetic iron oxide 
nanoparticles suitability for hyperthermia treatment is that they must 
have a high specific absorption rate (SAR) so that lower dose of the 
nanoparticles and lower values of the product of magnetic field strength 
and frequency will be used during the application [38]. Therefore, the 
specific absorption rate (SAR) was determined using Eq. (1). 

The calculated SAR values are about 112.0 ± 10.4 W g− 1 for 
Fe3O4@Gd@CA@5-flu at 26 G, while that of Fe3O4@Sr@CA@5-flu 
ranges from 92.0 ± 11.3 W g− 1 at 26 G. These values are higher than 66 
± 18 that was reported for Fe3O4 + Dx-ECH-Amine-CREKA by Anastasia 
et al. [39]. The observed lower value of the SAR for Sr-based carriers can 
be related to the dopant’s valency. It has been reported that the incor
poration of Co (with three unpaired electrons) into the ferrite structure 
resulted in an increase in SAR value [40]. Therefore, the higher values of 
SAR doped with Gd3+ as reported in this study could be due to the 
availability of unpaired electrons upon substitution of part of Fe3+

Fig. 5. Temperature change of the different amplitude of AMF for (A) 
Fe3O4@Sr@CA@5-flu and (B) Fe3O4@Gd@CA@5-flu, where the concentration 
was 10 mg mL− 1. 

Fig. 6. Temperature change of the different amplitude of AMF with the retain pulses above 50 s for (A) Fe3O4@Sr@CA@5-flu and (B) Fe3O4@Gd@CA@5-flu, where 
the concentration was 10 mg mL− 1. 
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cations. When the value of SAR is high, it implies that the residence time 
of the nanoparticles in the human body is low, this will lead to a lower 
amount of the nanoparticles that will be administered to the cancer 
patient [38]. This implies that the amount of Fe3O4@Gd@CA@5-flu that 
will be administered into the human body will be lower than that of 
Fe3O4@Sr@CA@5-flu. 

From the medical point of view the sample should reach a plateau at 
the temperature in the range of 42–46 ◦C (mild hyperthermia) and keep 
it constant for several minutes to achieve the desired effect in cancer 
treatment. Therefore, based on the results obtained for the single pulse 
MH and the SAR values, the following measurement was performed with 
the pulse change, where the higher amplitude of AMF was initially 
applied. Then, when the sample was heated up to therapeutic values of 
42–46 ◦C, the subsequent retain pulse with a lower amplitude of AMF 
was applied. As can be seen in Fig. 6A and B for Fe3O4@Sr@CA@5-flu 
and Fe3O4@Gd@CA@5-flu respectively, depending on the applied 
amplitude of AMF, the desired temperature can be controlled with the 
change of the pulse. 

A similar approach to mitigate the side effects of magnetic nano
particle hyperthermia by the intermittent, pulse magnetic field appli
cation was proposed in the case of cancer tissue phantom, resulting in 
the temperature variations of healthy tissue phantom well below 4 ◦C 
[41]. 

The amplitude of AMF applied to the Sr-doped carriers needs to be 
higher than for Gd-doped carriers. In comparison to the single pulse, the 
desired temperature can be reached much faster for both suspensions. 
Applying the AMF in a pulse mode enables fast generation of the heat 
with a therapeutic temperature range, shortening the treatment time, 
fast drug delivery, and reducing the AMF conditions, making it safe for 

patient treatment. It is worth mentioning that SAR values and the trend 
of the T-t curves in AMF are similar due to the high colloidal stability 
and narrow size distribution of magnetic nanocarriers, similar to the 
results presented in the literature [42]. For the initial 36 G at initial 50 s 
the Hof is about 8.25 × 108 Am− 1s− 1 and then, the amplitudes below 
21.5 G give the Hof below the Atkinson-Brezovich limit making it suit
able for the safe treatment. 

Since Fe3O4@Gd@CA@5-flu showed better results for the MH, 
higher value of SAR, and Fe cation substitution based on the magnetic 
saturation and Raman spectroscopy analysis, further studies were car
ried out on these nanoparticles. 

3.3. The interactions of the nanoparticles with biomimetic membranes 

The Langmuir technique is one of the most precise and simple 
methods to obtain well-ordered monolayers that can imitate the struc
ture and composition of biomembranes. The composition of monolayers 
can be controlled by mixing the components in a certain proportion. 
This allows the preparation of several different types of membranes that 
can serve as an excellent model of biomembranes. To gain deeper insight 
into the interactions of nanoparticle- 5-flu drug conjugates with the 
cancer cell membranes, as a first step of our studies, we present the effect 
of the conjugate on the organization of Langmuir lipid film that mimics 
the lipidic content of cancer cells. 

For Langmuir’s experiments, a mixture of DOPC:DOPS lipids (in a 
molar ratio of 0.8:0.2) was used. Lipids with the choline moiety are the 
most abundant compounds in the membranes of eukaryotic cells. 
Phosphocholine with a cis-9 double bond, such as DOPC (1,2-dioleoyl- 
snglycero-3) represents a major fraction of all biomembranes. The other 

Fig. 7. Langmuir isotherms (A, C) and reciprocal of the compression modulus vs surface pressure plots (B, D) of mixed lipids DOPC:DOPS (in molar ratio 0.8:0.2). 
The composition of the subphase described in the legend. 
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of the used lipids, DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), is 
mainly enriched in the intracellular layer of the cell membrane. Its 
content in the biomembranes is estimated to be in the range of 6–20 mol 
% [43]. However, phosphatidylserine may be considered a tumor 
marker because in cancer cells the molecules of DOPS pass to the outer 
layer of the membrane [44]. 

The presented studies were performed for the conjugate 
(Fe3O4@Gd@CA @5-flu) and, separately, on its components (5-fluoro
uracil and Fe3O4@Gd@CA). For each of the systems system a Langmuir 
isotherm, called the π− A plot, was recorded. Next, to analyze the effect 
of the presence of nanoparticles on molecular packing in the monolayer 
in more detail, the reciprocal of the compression modulus values Cs

− 1, 
were calculated directly from the isotherm data using equation (2). 

C− 1
s = − A

(
dπ
dA

)

2  

where: A-area per lipid molecule in the monolayer; П-surface pressure. 
The results show the correlation between the concentration of the 

free drug added to the subphase and the effect of the membrane packing. 
Based on the isotherms, the concentration range of 1 × 10− 6 M up to 1 ×
10− 5 M of 5-fluorouracil has no effect on the membrane structure 
(Fig. 7A). A 10-fold increase in the concentration of 5-fluorouracil 
causes significant changes in the organization of lipids. At that con
centration, the drug strongly adsorbs on the mixed monolayer surface, 
particularly at low values of surface pressure (Fig. 7B; green curve). 
With further compression above 10 mN m− 1, a large amount of the 
therapeutic is suddenly squeezed out of the surface of the monolayer. It 
is visible as a plateau in the green curve. The isotherm recorded for the 
drug is shifted in relation to the curve for lipids on the water even for 
higher surface pressure, which confirms the penetration of the drug 

molecules into the monomolecular film. Further, these observations are 
supported by the values of the reciprocal of compressibility modulus 
(Fig. 7B). The Cs value of the pure lipids monolayers equals 100 mN m− 1; 
it is in agreement with literature data and close to the values for the 
liquid expanded (LE; 12–100 mN m− 1) and liquid-condensed (LC; 
100–250 mN m− 1) phases. For the subphase containing a higher con
centration of 5-fluorouracil, the Cs value decreases to about 70 mN m− 1, 
due to the change in the phase state of a monolayer. At the same time, at 
П = 10 mN m− 1, there is a minimum on the curve, which suggests a 
relationship between drug adsorption and the process of membrane 
compression (squeezing out the drug off the surface of the monolayer at 
p = 10 mN m− 1). 

In the next step, solutions of Fe3O4@Gd@CA and 
Fe3O4@Gd@CA@5-flu with different concentrations were used as sub
phases (Fig. 7C and D). The results show that the addition of nano
particles modified by citric acid, regardless of their concentration, does 
not affect the structure of the layer. That proves that the carrier is 
neutral in relation to the biomimetic membrane. In vitro tests (vide infra) 
confirm the lack of cytotoxicity of the nanoparticles toward the human 
ovarian cancer cell line (SKOV-3 cells). This result stays in agreement 
with previous studies on the interactions of nanoparticles with lipid 
monolayers [25,45]. 

Modification of nanostructures with fluorouracil changes the surface 
properties of the nanocarrier. The isotherms show that the concentration 
of the conjugate at the level of 10 mg ml− 1 (corresponding to the amount 
of free drug in the subphase of ca. 8 × 10− 6 M) significantly affects the 
shape of the curve. The value of the compressibility factor in the pres
ence of high conjugate concentrations (10 mg L− 1) reveals a marked 
decrease of Cs with a characteristic minimum at П = 15 mN m− 1. These 
changes confirm the lipid reorganization caused by the addition of the 

Fig. 8. Cytotoxicity studies of Fe3O4@Gd, Fe3O4@Gd@CA, 5-flu, Fe3O4@Gd@CA@5-flu compounds performed on SKOV-3 cells. Data are expressed as ± SD (n = 3). 
Statistical significance was considered if p <0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). 
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drug. Similar changes in the presence of free drug are revealed only at 
higher concentrations of the therapeutic, i.e., at ca. 10− 4 M. Carrier- 
bound fluorouracil seems to accumulate more strongly in the mem
brane, which may explain the greater cytotoxicity of the conjugate 
compared to the free drug towards SKOV-3 cell lines (see below). 

3.4. In-vitro cytotoxic effect of the nanoparticles 

The cytotoxic effect of Fe3O4 doped gadolinium was tested on a 
human ovarian cancer cell line with epithelial-like morphology (SKOV- 
3 cells) using an MTS assay. Based on the obtained results, as shown in 
Fig. 8, Fe3O4@Gd proved to be non-toxic at the three various concen
trations (50, 100, and 200 μM) after 24 h of incubation time. Meanwhile, 
an approximate 5% slight decrease in the viable cells was observed after 
48 and 72 h of incubation time. However, considering the results for 
Fe3O4Gd@CA@5-flu, it exhibits cytotoxicity to the SKOV-3 cells in a 
time and concentration-dependent manner. After 72 h and at 50 μM of 
Fe3O4Gd@CA@5-flu concentration average of 30% of the cells were 
observed as dead. When the concentration was increased to 200 μM, 
only 45% of cells were metabolically active. A shorter incubation time 
caused lower cytotoxicity of Fe3O4Gd@CA@5-flu. Furthermore, the 
viability of SKOV-3 cells treated with Fe3O4Gd@CA@5-flu was lower in 
comparison to Fe3O4Gd@CA@ and free 5-flu at the same concentra
tions. Although ca. 110 μg of 5-flu was successfully loaded on 
Fe3O4Gd@CA@5-flu, high efficiency in the reduction of cancer cells 
viability was achieved. To summarize, the obtained results confirm the 
potential of Fe3O4@Gd nanoparticles to enhance 5-flu anticancer 
efficacy. 

The comparison of the effectiveness of Fe3O4Gd@CA@5-flu in 
destroying cancer cells was itemized in Table 1. The table shows that our 
nanoparticles drug-carrier is more effective than some reported work in 
the literature. 

4. Conclusion 

In this study, iron oxide nanoparticles (magnetite) doped with 
strontium (Sr2+) and gadolinium (Gd3+) were produced and applied for 
the delivery of 5-fluorouracil for ovarian cancer (SKOV-3 cells) therapy. 
There is no difference between the magnetic saturation values of the as- 
received (without thermal treatment) Fe3O4@Sr and Fe3O4@Gd. The 
response of suspension of Fe3O4@Gd modified with citric acid, and 
loaded with the antitumor agent (Fe3O4@Gd@CA@5-flu) to heat gen
eration in an alternating magnetic field for the application of magnetic 
hyperthermia, was faster than of Fe3O4@Sr@CA@5-flu. This was 
assumed to be due to the ability of Gd3+ to replace part of the Fe ions 
which Sr2+ could not achieve as proven by the Raman and magnetic 
saturation values of the thermally treated doped nanoparticles. Lang
muir technique shows that the nanoparticles (Fe3O4@Sr@CA@5-flu) 
interacted with biological membrane analogs. Preliminary cytotoxicity 
studies indicated that Fe3O4@Gd nanoparticles are potentially prom
ising candidates for drug (5-flu) carriers leading to a significant reduc
tion in the metabolism activity of the cancer cells and finally, in the 
future, tumor progression. Nevertheless, further in vitro as well as in vivo 
experiments are needed to approve the anticancer efficacy of 

Fe3O4Gd@CA@5-flu. 
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P. Behrens, A. Kirschning, D. Mario Köster, Macrophage entrapped silica coated 
superparamagnetic iron oxide particles for controlled drug release in a 3D cancer 
model, J. Contr. Release 294 (2019) 327–336. 

[50] H.Y. Cho, T. Lee, J. Yoon, Z. Han, H. Rabie, K.B. Lee, W.W. Su, J.W. Choi, Magnetic 
oleosome as a functional lipophilic drug carrier for cancer therapy, ACS Appl. 
Mater. Interfaces 10 (2018) 9301–9309, https://doi.org/10.1021/ 
acsami.7b19255. 

S.J. Olusegun et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.ceramint.2016.04.116
https://doi.org/10.1016/j.ceramint.2016.04.116
https://doi.org/10.1016/j.jconhyd.2022.104057
https://doi.org/10.1016/j.jconhyd.2022.104057
https://doi.org/10.1021/acs.jmedchem.5b01975.Lanthanides
https://doi.org/10.1021/acs.jmedchem.5b01975.Lanthanides
https://doi.org/10.4155/tde.11.72
https://doi.org/10.4155/tde.11.72
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1016/j.jece.2019.103442
https://doi.org/10.1016/j.jece.2019.103442
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref23
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref23
https://doi.org/10.1016/j.jmmm.2019.01.102
https://doi.org/10.3390/nano12050795
https://doi.org/10.1039/c4ra11615a
https://doi.org/10.1039/c4ra11615a
https://doi.org/10.4236/jbnb.2012.34048
https://doi.org/10.1208/s12249-020-01672-6
https://doi.org/10.1208/s12249-020-01672-6
https://doi.org/10.1016/j.rpor.2013.09.011
https://doi.org/10.1016/j.rpor.2013.09.011
https://doi.org/10.1016/j.msec.2014.04.064
https://doi.org/10.1016/j.msec.2014.04.064
https://doi.org/10.1063/1.3551582
https://doi.org/10.1063/1.3551582
https://doi.org/10.1088/0953-8984/20/20/204133
https://doi.org/10.1088/0953-8984/20/20/204133
https://doi.org/10.1016/j.colsurfb.2018.10.051
https://doi.org/10.1016/j.colsurfb.2018.10.051
https://doi.org/10.1016/j.jconrel.2016.05.062
https://doi.org/10.1080/02656730310001619514
https://doi.org/10.1080/02656730310001619514
https://doi.org/10.1016/j.jmmm.2003.09.001
https://doi.org/10.1016/j.jmmm.2003.09.001
https://doi.org/10.3390/magnetochemistry5040067
https://doi.org/10.3390/magnetochemistry5040067
https://doi.org/10.1142/S1793984415500026
https://doi.org/10.1142/S1793984415500026
https://doi.org/10.1016/j.actbio.2014.01.025
https://doi.org/10.1016/j.jmmm.2009.02.076
https://doi.org/10.1016/j.jmmm.2009.02.076
https://doi.org/10.1080/02656736.2021.1899310
https://doi.org/10.1080/02656736.2021.1899310
https://doi.org/10.1016/j.jcis.2011.12.008
https://doi.org/10.1016/j.jcis.2011.12.008
https://doi.org/10.1007/s10863-020-09846-4
https://doi.org/10.1007/s10863-020-09846-4
https://doi.org/10.3390/molecules14124892
https://doi.org/10.3390/pharmaceutics13040480
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref46
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref46
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref46
https://doi.org/10.1039/c9bm01880h
https://doi.org/10.1016/j.colsurfb.2020.110896
https://doi.org/10.1016/j.colsurfb.2020.110896
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref49
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref49
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref49
http://refhub.elsevier.com/S0272-8842(23)00686-7/sref49
https://doi.org/10.1021/acsami.7b19255
https://doi.org/10.1021/acsami.7b19255

	Synthesis and characterization of Sr2+ and Gd3+ doped magnetite nanoparticles for magnetic hyperthermia and drug delivery a ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Synthesis of magnetite nanocomposites
	2.3 Modifications of Fe3O4@Sr and Fe3O4@Gd with citric acid
	2.4 Loading of the nanoparticles with drug
	2.5 Interaction with biomimetic membranes
	2.6 In vitro cytotoxicity evaluation
	2.7 Statistical analysis
	2.8 Characterization

	3 Results and discussion
	3.1 Characterization
	3.2 Magnetic hyperthermia analysis
	3.3 The interactions of the nanoparticles with biomimetic membranes
	3.4 In-vitro cytotoxic effect of the nanoparticles

	4 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


