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ABSTRACT: New definitions describe cancer as a condition where
cells, transformed by natural selection, undergo uncontrolled
proliferation. Currently, several available drugs for treating cancer
present side effects and are nonselective, thus complicating patient
treatment. To overcome such issues, alternative therapies using
inorganic nanoparticles and parent compounds are becoming more
attractive. Here, we demonstrate the use of biocompatible
superparamagnetic iron oxide nanoparticles (SPIONs) coated
with the LASSBio-1735 parent compound in BALB/c mice
inoculated with the Ehrlich tumor. We first characterize the formed
nanoparticles and confirm and quantify the anchoring of LASSBio-
1735 on the surface of the SPIONs. Tests conducted after 7, 14, and
30 days show that no significant alterations were found in
erythrocyte count analysis, hemoglobin and hematocrit determination, platelet and leukocyte counts, neutrophil/lymphocyte
ratio, serum iron dosage, alanine aminotransferase, aspartate aminotransferase, serum creatinine, and urea determination, as well as
analysis of the animals’ and tumor weights. This confirms that this new alternative can be considered in clinical trials to treat solid
tumors.

■ INTRODUCTION
The World Health Organization (WHO) estimates that
approximately 704,000 new cancer cases will occur in Brazil
annually during the triennium 2023−2025.1 Recent research
links these data with changes in the population profile
generated by globalization and changes in global demographics
due to reductions in mortality and birth rates, leading to
increased life expectancy and population aging.2,3

Cancer is the term for more than 100 diseases characterized
by the uncontrolled growth of cells that invade tissues and
organs, potentially spreading to other body regions.4 On the
other hand, recent studies have revised this definition and
considered cancer a disease of uncontrolled proliferation by
transformed cells subject to evolution by natural selection.5

The most common types of cancer in men and women
worldwide include breast cancer, lung cancer, colorectal
cancer, prostate cancer, and nonmelanoma skin cancer. For
women, the most common types are breast and colorectal
cancers.4

Regarding the estimated annual mortality in 2023, the types
of cancer that cause the most deaths among men in Brazil are

prostate cancer, with 71,730 deaths, followed by colorectal
cancer, with 21,730 deaths; trachea, bronchus, and lung cancer,
with 18,020, and stomach cancer, with 13,340 deaths. Among
women, breast cancer causes 73,610 annual deaths, followed by
colorectal cancer, with 23,660; cervix cancer, with 17,010; and
trachea, bronchus, and lung cancer, with 14,540 deaths.4

Breast cancer is the most common type among women
worldwide, accounting for about 2.3 mi (24.5%) of new cases
each year. Considered one of the most aggressive types in
Brazil, excluding nonmelanoma cancer (118,000; 32.7%),
breast cancer represents ∼74,000 (20.3%) new cases annually,
followed by colorectal cancer, with 24,000 (6.5%) cases.4

Breast cancer also affects men, but it is rare, representing only
1% of total cases. Relatively rare in women under 35, its
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incidence progressively increases above this age, especially after
50. Statistics indicate an increase in incidence in both
developed and developing countries, posing significant
problems and requiring new strategies in healthcare.4

Several anticancer medications are currently available;
however, their numerous side effects necessitate further
research into alternative therapies. These innovative treatments
can include various molecules and nanoparticles.6 The use of
chemical compounds and metals has been reported since the
earliest civilizations in Egypt, India, and China. The Chinese
and Arabs used zinc for medicinal purposes, particularly for
wound antisepsis, while the Egyptians used copper to sterilize
water.7,8 During the Renaissance in Europe, mercury(I)
chloride was employed as a diuretic, and significant efforts
were made to understand the biological importance of iron in
the diet. Based on this knowledge, researchers began
developing chemical compounds and particles with biological
activity.9−12

In recent decades, the development of nanoparticulate
materials has received much attention due to their numerous
applications, ranging from catalysis to biomedicine.13−17

Among nanometric structures, superparamagnetic iron oxide
nanoparticles (SPIONs), such as magnetite (Fe3O4) and
maghemite (γ-Fe2O3), are of great interest due to their unique
properties, such as superparamagnetism and biocompatibility.
Being biocompatible, they allow the incorporation of drugs
onto their functionalized surfaces, which can be directed to
their site of action by applying an external magnetic field. This
reduces side effects, lowers the risk of toxicity, decreases the
circulation time in the body, and allows for adequate control of
the dose, site of action, and elimination time.16,18−21 Given
this, there has been an increased search for new drugs,
including bioactive molecules such as combretastatin A4 (CA-
4). This structurally simple molecule exhibits potent cytotoxic
activity in in vivo and in vitro assays by inhibiting microtubule
polymerization.22

In this context, at the Laboratory for Evaluation and
Synthesis of Bioactive Substances (LASSBio) at the Federal
University of Rio de Janeiro (UFRJ), a series of new CA-4
analogs were synthesized, with the LASSBio-1586 compound
standing out.23 Subsequently, LASSBio-1735 was synthesized,
showing promising results regarding its cytotoxic effects against
tumor cell lines such as HL-60 (human leukemia), SF295
(human glioblastoma), MDA-MB435 (melanoma), and HCT-
8 (ileocecal carcinoma�colon).24

The Ehrlich tumor,25 described in the early 20th century by
scientist Paul Ehrlich in 1906, is an experimental transplantable
neoplasm of malignant epithelial origin, corresponding to
mammary adenocarcinoma in female mice. It is covered by a
pseudo capsule composed of pleomorphic cells with abundant
cytoplasm, which may contain vacuoles. Additionally, large
multinucleated cells and mitosis appear frequently in this
tumor, with extensive necrosis resulting from the death of
neoplastic cells.26,27 The Ehrlich tumor is commonly used to
study alternative treatments for breast cancer, as it can develop
in various strains of this animal species in both ascitic and solid
forms.25,28−30 When subcutaneously implanted, it is obtained
in the solid form. When tumor cells are injected into mice’s
peritoneal cavity, as Loewenthal and Jahn proposed,31 the
tumor develops in its ascitic form, referred to as Ehrlich ascites
carcinoma (EAC).32

The choice to analyze the biological applications of SPIONS
associated with molecules that have shown antitumor activity

sparked interest due to the possibility of synergistically
increasing the available drug options based on the results
observed with biomedical applications of superparamagnetic
iron oxide nanoparticles and anticancer molecules.14−17,24

Most available antineoplastic agents have undesirable side
effects and lack selectivity, hindering patient treatment. In this
regard, advances in research in the inorganic and organic
medicinal chemistry fields are promising, offering various
possibilities. Therefore, we have decided to focus on analyzing
new molecules and using SPIONs to observe these systems’
toxicity and biological properties against the Ehrlich tumor.

Thus, the present study aims to obtain and characterize
SPIONs and evaluate their conjugation with LASSBio-1735 in
BALB/c mice inoculated with the Ehrlich tumor regarding
toxicity among the different treated groups. We focus on
assessing the effects of SPIONs and LASSBio-1735, both
individually and anchored, on myelotoxic and hepatotoxic
activities and evaluating if they possess antitumor activity. We
analyze animal well-being following the study model developed
by the National Centre for Replacement, Refinement &
Reduction of Animals in Research.33

■ METHODOLOGY
All experimental procedures described in this study were
approved by the Animal Experimentation Ethics Committee of
the University Center FMABC under Law 11.794/2008
(Arouca Law), protocol number 012/2018.
Synthesis of Superparamagnetic Iron Oxide Nano-

particles. SPIONs were synthesized through the coprecipita-
tion method using FeCl3·6H2O (0.5 mol L−1) and FeCl2·4H2O
(1 mol L−1) solutions in an acidic environment. This mixture
was vigorously stirred at room temperature while an
ammonium hydroxide (NH4OH) solution (0.7 mol L−1) was
slowly added until a black precipitate formed.34 After the drip,
the precipitate was magnetically decanted and washed
approximately 5 times with ethanol, then dried under vacuum
at room temperature for 2 days.
Adsorption of L-Cysteine on the Surface of Fe3O4

Nanoparticles. SPIONs (∼200.0 mg) were suspended in 5.0
mL of water, and simultaneously, 2.0 g of L-cysteine was
dissolved in an equal volume of water. The SPION suspension
and the L-cysteine solution were combined and vigorously
stirred for 14 h. This process yielded a black powder, which
was magnetically separated and washed five times with ethanol.
The result was the production of water-stable, thiol-containing
nanoparticles (Cys-SPIONs).21

Incorporation of the LASSBio-1735 onto the Surface
of the Cys-SPIONs. For the synthesis, 0.02 g of L-cysteine-
SPIONs were combined with 0.10 g of LASSBio-1735 in an
ethanol solvent medium, maintaining a mass ratio of 1:5 (Cys-
SPIONs to LASSBio-1735). The dispersion was vigorously
stirred at room temperature for 24 h to ensure homogeneity.
Following this, the resultant solid was isolated using a magnetic
decantation process and subjected to repeated washing,
approximately 5 times, with ultrapure water to eliminate any
residual impurities. Finally, the purified product was dried
under vacuum at room temperature for 5 days to ensure
optimal dryness and stability, preparing it for subsequent
characterization and application assessment.
X-ray Powder Diffraction (XRPD). X-ray powder

diffraction data were collected on a STADI-P (Stoe,
Darmstadt, Germany) powder diffractometer operating at 40
kV and 40 mA, in transmission geometry, using CuKα1
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radiation (λ = 1.54056 Å). The diffracted intensities were
recorded by a Mythen 1 K (Dectris, Baden, Switzerland) linear
detector from 4.000° to 60.685°, in steps of 0.015° and a
counting time of 120 s at each 1.05°.
Fourier Transform Infrared (FT-IR) Spectroscopy.

FTIR spectra were obtained using the Agilent Cary 630
(Agilent, Santa Clara, CA, USA) spectrometer with a diamond
crystal ATR accessory. The measurements were carried out
from 400 to 4000 cm−1 with a resolution of 4 cm−1.
Quantification of Free Thiol Groups on the Surface of

SPIONs. The thiol groups (-SH) on the surface of the
nanoparticles were quantified by titration with 5′,5′-ditiobis(2-
nitrobenzoic acid) (DTNB) using the ultraviolet−visible
spectrophotometry technique. The free −SH reacts with
DTNB to form 5-mercapto-2-nitrobenzoic acid (TNB2−)
with a characteristic absorption band at 412 nm (ε = 11,400
M−1 cm−1). Briefly, 10 mg of NPs was dispersed in 1.5 mL of
TBE buffer (TRIS-borate EDTA) and added to 200 μL of
DTNB (5.07 mmol L−1) in TBE buffer (pH 8.3) with 1 mmol
L−1 of ethylenediaminetetraacetic acid (EDTA). After 5 min of
incubation, the suspensions were centrifuged. The supernatant
was placed in a quartz cuvette, and the absorption band at 412
nm was measured using a UV−vis spectrophotometer (Agilent,
model 8553). The experiments were carried out in triplicate,
and the standard deviation was estimated.
Magnetization Curves. Magnetization measurements

were performed using a superconducting quantum interference
device (SQUID) magnetometer, model MPMS XL7, from
Quantum Design (San Diego, CA, USA) at the Experimental
Multiuser Center (CEM) of the Federal University of ABC
(UFABC). The measured temperature was 300 K, and the
samples were analyzed as dried powder, which was pressed and
conditioned in cylindrical holders of Lucite.
Dynamic Light Scattering and Zeta Potential.

Dynamic light scattering measurements were performed
using a compact ALV/CGS-3 goniometer system consisting
of a 22 mW linearly polarized He−Ne laser operating at a
wavelength of λ = 633 nm, an ALV 7004 digital correlator and
a pair of avalanche photodiodes operating in the pseudocross
correlation mode. Autocorrelation functions were obtained in
the 90° angle region and adjusted using the cumulative
method. The Zeta Potential of the synthesized samples was
measured on the Zetasizer Nano ZS, Malvern Instruments,
using the electrophoretic light scattering (ELS) technique. The
suspensions were prepared for both analyses by dispersing
approximately 10 mg of the sample in 20 mL of water using
ultrasound at a consistent temperature of 25 ± 1 °C.
Transmission Electron Microscopy (TEM). The mor-

phology and size distribution of the superparamagnetic NPs
were identified using a Talos F200X G2 Transmission Electron
Microscope with cold gun field-effect emission (FEG-X),
scanning module (STEM), and atomic resolution capability
(HRTEM). The samples were suspended in ethanol, and then
a drop of the supernatant dispersion was deposited on an
amorphous carbon film supported by a copper grid. The size
distribution and average diameter were calculated from 250
nanoparticles.
Chemotherapeutic. To complement the experimental

design, we used a drug with a well-known action, such as
doxorubicin, commercially known as Adriamycin or hydrox-
ydaunorubicin. The cytotoxic properties of doxorubicin on
malignant cells and the toxic effects on various organs appear
to be related to its intercalation into nucleotide bases and its

ability to bind to the lipid cell membrane. Doxorubicin was
administered to mice via intraperitoneal injection (IP) at 2.5
mg kg−1 once every 5 days.
Animals. This experimental study consisted of male albino

mice, BALB/c strain, with an average weight of 30 ± 5 g,
obtained from the Animal Facility of the ABC Medical School.
Each treatment group consisted of 6 animals. During the
experiment, the animals were housed in polypropylene cages
(49 × 34 × 16 cm), lined with wood shavings changed twice a
week, and maintained under a 12 h light/dark cycle with
controlled ventilation (20 air changes per hour), temperature,
and relative humidity, and provided with filtered water and
Nuvilab CR-1 (Nuvital) pellet diet ad libitum.

The assessment was conducted over 3 different periods: the
first for 7 days, followed by 14 days, and finally 30 days.

All animals were inoculated with tumor cells.
The animals were divided into 8 groups:
• Group 1 (n = 6): Animals received 0.1 mL of deionized

water.
• Group 2 (n = 6): Animals received subcutaneous

injection of 0.1 mg mL−1 nanoparticle solution (0.1
mL).

• Group 3 (n = 6): Animals received subcutaneous
injection of 0.1 mg mL−1 LASSBio-1735.

• Group 4 (n = 6): Animals received subcutaneous
implantation of a magnet and 0.1 mL of deionized water.

• Group 5 (n = 6): Animals received subcutaneous
implantation of a magnet and subcutaneous injection
of 0.1 mg mL−1 nanoparticle solution (0.1 mL).

• Group 6 (n = 6): Animals received subcutaneous
implantation of a magnet, subcutaneous injection of
0.1 mg mL−1 nanoparticle solution (0.1 mL), and 0.025
μM LASSBio-1735.

• Group 7 (n = 6): Animals received a subcutaneous
injection of nanoparticle solution 0.1 mg mL−1 (0.1 mL)
combined with 0.025 μM LASSBio-1735.

Inoculation of Ehrlich Tumor. To obtain the solid tumor,
tumor cells obtained from the ascitic fluid of mice with ascitic
Ehrlich tumor with 7 days of evolution from the strain
originating from the FMABC animal facility were used.
Trichotomy was performed on the animals using a hair clipper
on the dorsal region of the mouse, and the cell suspension was
injected via a 24-gauge needle at a concentration of 2 × 105

cells mL−1 (0.1 mL) into the lateral area of the dorsum of each
animal. After 14 days of inoculation, we started the count as
the experiment’s zero time.
Magnet Implantation. As demonstrated in the image

below, neodymium magnets with dimensions of 3 mm × 2.5
mm, disk-shaped, and N32 grade were used. Animals in groups
5, 6, and 7 were trichotomized and then anesthetized with 2%
isoflurane for magnet implantation in the dorsal region of the
animals. A small incision was made in the dorsal region of the
mouse, then the magnet was implanted, and the skin was glued
with cyanoacrylate glue. As the procedure is virtually painless,
the animals did not receive analgesics in the immediate
postoperative period. Treatments were performed immediately
after magnet implantation.
Analysis of Animal Welfare. We created a table in which

scores were assigned to each factor, such as the presence of
ulcers, evaluation of fur, movements, posture, tail, eyes, ears,
and whiskers. A score of 0 (zero) was assigned to an ideal
situation, i.e., adequate animal welfare, and a score of 3 (three)
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would be assigned to a problem of animal suffering. Thus, the
higher the score, the worse the animal’s condition. All these
parameters were analyzed daily, with scores assigned to each
parameter daily during the experiment. In cases where the total
score exceeded 19, a humane end point would be determined,
and euthanasia of the animal would be performed by an
overdose of anesthetic with the anesthetics mentioned above.
Euthanasia and Sample Collection. After the study

periods ended, the animals were euthanized with sodium
thiopental 100 mg kg−1 intraperitoneally. Blood was collected
by puncturing the caudal vena cava and stored in pediatric
tubes with EDTA for hemograms and to measure hepatic
enzymes and serum iron levels at the Clinical Analysis
Laboratory of FMABC.
Biochemical and Hematological Analysis. The deter-

mination of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), serum iron, serum creatinine, and urea in
plasma was performed by the kinetic-UV method using the
ADVIA 1200 Siemens automation equipment, using InVitro
reagents, following good practices in clinical analysis. The
hematological evaluation was performed by flow cytometry,
using a Sysmex XN-2000 Hematology System (Melville, NY,
USA), which included erythrocyte count, leukocyte count,
platelet count, and microscopic analysis of blood smears to
observe possible leukocyte and erythrocyte alterations,
following good practices in a clinical study.
Results Analysis. Absolute and relative values were used

for qualitative variables. Median, 95% confidence interval, and
percentiles 25 and 75 were used to express non-normal
quantitative data (Shapiro−Wilk <0.05). For data representing
normality (Shapiro−Wilk >0.05), mean, standard deviation,
minimum and maximum values were used. Chi-square,
Kruskal−Wallis, and One-way ANOVA tests were performed
to test differences between and within groups for the recorded
parameters and postanalysis Sidak’s multiple comparisons tests.
A confidence level of 95% was used for all analyses. The
statistical program used was GraphPad Prism version 8.0.24

■ RESULTS AND DISCUSSION
A quantitative phase analysis35,36 using X-ray powder
diffraction data and the Rietveld method37 was carried out as
an initial screening of the structural characterization of the
synthesized nanoparticles and to infer the successful attach-
ment of the LASSBio-1735 molecule to the surface of the
SPIONs. We used the crystal structures in the literature to
describe iron oxide,38 LASSBio-1735,24 and L-cystine39

contributions. Although we have used L-cysteine in the
synthesis procedure, we could infer that it transforms to its
dimer (L-cystine) in the solid state. On the other hand, in
solution, it goes back to L-cysteine.21 Figure 1 shows the
Rietveld plot of the SPIONs-Cys-LASSBio-1735 sample,
indicating that we obtained 86.8(4) wt % of anhydrous
LASSBio-1735, 5.2(2) wt % of hydrated LASSBio-1735, 2.5(3)
wt % of magnetite, and 5.5(1) wt % of L-cystine. The software
pdCIFplotter40 was used to generate Figure 1.

To determine the chemical composition of both as-
synthesized (Fe3O4) SPIONs-Cys and SPIONs-Cys-LASS-
Bio-1735, we conducted Fourier-transform infrared spectros-
copy (FTIR) analysis.

Figure 2 presents the main absorption bands observed in the
spectra of these samples. As detailed in previous studies, the
characteristic bands of the iron oxide core are evident at 3460
cm−1 (νFeO−H) and 579 cm−1 (νFe−O).41 The presence of
L-cysteine is confirmed by bands around 1654, 1639, 1589,
856, 825, and 760 cm−1, which are linked to the asymmetric
bending of the NH3 group.42,43 Table 1 summarizes the
vibrational modes of L-Cys along with their respective
wavenumbers.

In the spectra shown in Figure 2, shifts associated with
cysteine and iron oxide bands are observed, indicating
interactions between these molecules. For example, the band
at 580 cm−1, characteristic of the Fe−O bond in SPIONs,
shifts to 600 cm−1 in the spectrum of functionalized SPIONs.
This shift to higher frequencies suggests that the Fe−O bond is
stronger than the Fe-Cys bond, indicating adsorption between
Fe and L-Cys rather than the formation of a chemical bond.
This adsorption between iron and cysteine is further evidenced

Figure 1. Rietveld plot of the SPIONs-Cys-LASSBio-1735 sample. The blue crosses indicate the observed pattern, while the red line displays the
calculated one. The gray line represents the difference between the observed and calculated pattern, and the vertical lines at the bottom indicate the
Bragg reflections of the observed phases.
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by changes in the shape of the bands at 1580 and 1500 cm−1,
attributed to the vibrations of the carboxylate ion (νasym −
COO−) and the nitrogen−hydrogen bond (δ N−H),
respectively. The carboxylate and amino groups have free
electrons, which can interact with the iron oxide surface,
allowing cysteine to bind to the metal. Variations in the
molecules’ dipole moments, likely due to differing electronic

densities, may lead to adsorption via van der Waals
interactions.

However, cysteine in the solid state can form its dimer, L-
cystine, through disulfide bridges resulting from thiol
oxidation. The thiol group has a characteristic band at 2550
cm−1 in the L-Cys spectrum. However, this band is absent in
the spectra of SPIONs with cysteine (red spectrum), and
additional bands appear that cannot be attributed to cysteine
alone. This suggests a likely mixture of cysteine and cystine,
which was later confirmed by XRD results.

We also observed bands from 3040 to 1240 cm−1,
corresponding to CH groups’ stretching and bending
vibrations.44 Additionally, the band at 530 cm−1 indicates the
presence of the S−S bond.

FTIR spectra of SPIONs, SPIONs-Cys, and SPIONs-Cys-
LASSBio-1735 reveal distinct differences, especially in the
latter. Specifically, the bands ranging from 1275 to 1020 cm−1,
associated with the C−O bond of the ether group in the
LASSBio-173 molecule, and the band at 1640 cm−1 referring to
the alkene group of the aromatic ring, illustrate the chemical
modifications introduced by the binding of LASSBio-1735.

It is also worth noting that the SH groups were quantified by
titration using 5′,5′-dithiobis(2-nitrobenzoic acid) (DTNB),
with Ultraviolet−visible Spectrophotometry (UV−vis). In an
exchange reaction, DTNB, containing a highly oxidizing
disulfide bond, is stoichiometrically reduced by free thiol
groups (−SH), forming a mixed disulfide and releasing the
TNB− anion, which has a pKa of 4.5. For each thiol oxidized in
this reaction, one TNB− is released. A yield of 1.15 mmolg−1 of
thiols was obtained on the surface of the SPIONs.

Figure 3 presents the magnetization curve of SPIONs-Cys-
LASSBio-1735 obtained under isothermal magnetic conditions

at room temperature. The hysteresis loop indicates super-
paramagnetic behavior for this sample. Additionally, we
observed that the residual magnetization and the coercive
force were zero for the sample. The saturation magnetization
(Ms) was approximately 20 emu g−1. This value is lower than
the saturation magnetization of around 80 emu g−1 reported

Figure 2. (A) FTIR to samples SPIONs; SPIONs-Cys and SPIONs-
Cys-LASSBio 1735. (B) Enlarged region (1900−400 cm−1) displaying
some of the most characteristic bands of L-cys (red) and LASSBio-
1735 (blue).

Table 1. Assignment of Bands for the Vibrational Modes of
L-Cysteine

wavenumber (cm−1) vibrational modes

3175 ν−NH2

2957 νasym C−H aliphatic
2780 Νsym C−H aliphatic
2550 δ (S−H)
1572 νasym−COO−

1520 δ (N−H)
1422 δ CH2

1383 δ CH3

1348 νsym −COO−

1284 C−H (bending)
1136 δ NH3

1054 S−H (in plane bending)
940 ν N−CH
860 CO2 (rocking)
800 CO2 (scissoring)
772 δ C−H
670 δ C−S
636 ν CH−CO2

450 δ S−H

Figure 3. Magnetization curve for SPIONs-Cys-LASSBio-1735. The
hydrodynamic sizes of SPIONs-Cys and SPIONs-Cys-LASSBio-1735
nanoparticles were found to be approximately (80.0 ± 7.1) nm and
(129.0 ± 5.0) nm, respectively. This increase in size (from 80 to 129
nm) is associated with the anchoring of LASSBio to the SPIONs
surface. The PDI values increased from 0.20 ± 0.07 for SPIONs-Cys
to 0.49 ± 0.05 for SPIONs-Cys-LASSBio-1735. Finally, regarding zeta
potential values, we observe an increase from (−30.00 ± 0.35) mV for
SPIONs-Cys to (−32.00 ± 0.50) mV for SPIONs-Cys-LASSBio-
1735. A zeta potential of −30 mV indicates excellent colloidal stability
and reflects the surface charge of the nanoparticles.
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for Fe3O4 in our previous studies.21,34 The decrease in Ms can
be attributed to the addition of two nonmagnetic layers, L-
cystine and LASSBio-1735, on the surface of the SPIONs. This
modification suggests that SPIONs-Cys-LASSBio-1735 nano-
particles can be manipulated by an external magnetic field and
directed toward a specific target.

Figure 4 depicts the TEM image of SPIONs-Cys-LASSBio-
1735. The nanoparticles are almost spherical but show

aggregation due to surface interactions from intermolecular
forces. It is worth observing the crystalline planes related to
magnetite. The nanoparticles are around 15 nm in size.

In the evaluation of erythrocytes, a significant difference (p <
0.0001) and alteration compared to the ref 45 value were
observed for the groups that received subcutaneous magnet
implantation (Figure 5a), indicating a possible correlation
between magnet implantation and erythrocytopenia, like what
was observed with chemotherapy.

A significant result was also observed in the determination of
hemoglobin (Figure 5b). Even though there was a significant
difference (with p 0.0003 in the group with magnet
implantation, p 0.0024 in the group with magnet implantation
and SPIONS, p 0.0121 in the group with magnet implantation
and SPIONS and LASSBio-1735, and p < 0.0001 in the group
treated with SPIONS and LASSBio-1735), this does not
indicate a probable anemic condition. This is because we
observed increased hemoglobin, a vital protein found within
red blood cells and plasma, whose primary function is
transporting oxygen. This suggests that even iron oxide
SPIONS would not disrupt homeostasis, indicating its use
for several therapeutic purposes.46

Continuing the evaluation, no significant alterations were
found in the hematocrit analysis and platelet count,
demonstrating that the compounds do not interfere with
hemostasis.47

Several studies analyze the use of compounds with SPIONS
for immunological and immunogenic therapy options, as
currently used ones exhibit a carrier characteristic. Therefore,
we evaluated total leukocytes (Figure 5e) from a complete

blood count. In this analysis, we observed that almost all
treatments analyzed are promising for therapy use. They do
not exhibit toxicity or cause any alterations compared to
reference values of cells whose primary function is defense in
the body,48,49 and they do not cause morphological cellular
alterations, as demonstrated in blood smears.

These alterations are observed in groups treated with
magnet implantation and SPIONS (p 0.0089) and with
doxorubicin (p 0.0115) (Figure 5c); however, for the
semiacute toxicity test, leukopenic action was observed as an
action already found in other chemotherapeutic agents.

Neutrophils and lymphocytes are fundamental to the
inflammatory process. The neutrophil-to-lymphocyte ratio
(NLR) is calculated by dividing the absolute neutrophil
count by the lymphocyte count obtained from a complete
peripheral blood count. The NLR is cheap and easy to obtain
clinical data that indicates the inflammatory process in various
other clinical conditions.49

The importance of the NLR in diagnosing and monitoring
the evolution of neoplasms is being widely studied, given its
importance and great applicability in the prognosis and
progression of various neoplasms.50,51 However, no significant
difference was found in our analyses, indicating that the
treatments did not increase the inflammatory process,
intensifying the neoplastic process in the analyzed animals.

The serum iron test aims to verify the concentration of iron
in the blood, allowing the identification of whether there is a
deficiency or overload of this mineral. Depending on the
amount of iron in the blood, this can indicate nutritional
deficiencies, anemia, or liver problems.52−54

Considering the composition of the SPIONS used in this
study, assessing a possible increase in iron in the bloodstream
may be related to potential intoxication, which can lead to
various disorders accompanied by circulatory53 collapse.
Fortunately, we did not observe this when evaluating the
groups treated for 7 days.

A significant result was observed in the analysis of ALT, an
enzyme considered the gold standard for diagnosing liver
diseases because it is found only in the liver. No significant
difference was found in the analyzed samples. The same was
observed in the analysis of AST, indicating the absence of
hepatotoxicity during the 7 days of treatment.

Some drugs commonly used to treat neoplastic processes
have as one of their main side effects damage to the kidneys;
for this reason, we evaluated the renal markers creatinine and
urea. We found this possible renal reaction only in the group
that received treatment with Doxorubicin, which showed a
considerable increase that led to a significant difference in
creatinine assessment (p 0.0311) (Figure 5d). An important
difference was also observed in urea assessment, but this time
with a reduction in urea for the groups that received
Doxorubicin (p 0.0001) and the group that received the NP
solution with LASSBio-1735 (p 0.0001) (Figure 5e).

Several tumors cause a significant reduction in appetite. The
patient does not feel hungry or like eating. Similarly, some
types of cancer cause nutritional depletion by themselves.55−57

Cancer treatment also has side effects that temporarily affect
the patient, making it difficult for them to eat. Among the most
frequent are nausea, vomiting, diarrhea, mucositis, and lack of
appetite. These factors contribute to progressive weight loss
during treatment, which can lead the patient to exaggerated
states of malnutrition, known as cachexia.28−30

Figure 4. TEM image of SPIONs-Cys-LASSBio-1735 For cytotoxicity
analysis, we chose commonly used standards for determining
hematocrit, hemoglobin, platelets, red blood cells, and white blood
cells.
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To assess possible cachexia, the variation in the animals’
weight at the beginning and end of treatment was evaluated,
weighing on the first day and, at the end, weighing on the
seventh day. No significant difference was observed, indicating
that the treatments used did not cause relevant changes in
weight.

In evaluating tumor weights, it was not possible to establish
a correlation between treatments and weights, as a lower
weight was observed in the control group compared to the
group treated with doxorubicin, a chemotherapy drug with a
known outcome. However, analyzing the results that show

significant differences, it was demonstrated that the groups
with magnet implantation and SPIONS (p 0.0026) and magnet
implantation and SPIONS (p 0.0390) with the molecule
presented the highest tumor weights (Figure 5f).

Furthermore, in the morphological evaluation of blood
smears, no significant alterations were identified in the
analyzed cells (data not shown). This analysis included a
detailed observation of the morphology of erythrocytes,
leukocytes, and platelets, confirming cellular integrity, the
absence of deformities or irregularities, and the preservation of
typical characteristics for each cell type. These findings support

Figure 5.Myelotoxicity analysis, with evaluation of red blood cells, hemoglobin, leukocytes, urea, creatinine, and tumor size, over 7 days, *p < 0.05.

Table 2. Animal Welfare Assessment with Treatments over 7 Days

parameters control SPIONS LASSBio-1735

subcutaneous
magnet
implant

subcutaneous magnet
implantation and

SPIONS

subcutaneous magnet
implantation and SPIONS with

LASSBio-1735
SPIONS with
LASSBio-1735 doxorubicin

ulcer 0 0 0 0 0 0 0 0
coat 0 0 0 0 0 0 0 0
movement 0 0 0 0 0 0 0 0
posture 0 0 0 0 0 0 0 0
tail 0 0 0 0 0 0 0 0
eyes 0 0 0 0 0 0 0 0
ears 0 0 0 0 0 0 0 0
whiskers 0 0 0 0 0 0 0 0
end score 0 0 0 0 0 0 0 0
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the hypothesis that the evaluated treatments, including
subcutaneous magnet implantation, SPIONS, and their
combination with LASSBio-1735, do not compromise the
structure of blood cells, highlighting the safety of these
procedures within the studied context.

When animal experimentation is deemed the only viable
option, the number of laboratory animals utilized should be
strictly limited to the minimum required to generate
meaningful data. Moreover, comprehensive refinement meas-
ures must be implemented to minimize any pain, suffering, or
distress resulting from the experimental procedures.

In this study, animal welfare was evaluated by assessing the
conditions of their environment and considering critical
aspects of their anatomy, physiology, ethology, and species-
specific management. The analysis revealed no significant
deviations in welfare scores across all groups studied (Table 2),
suggesting that the treatments and management practices
maintained the physical and mental balance of the animals
within their environment over the 7 day period.
Analysis of Results from Mice Treated for 14 Days. In

the assessment of subchronic toxicity, this phase provides an
opportunity to refine the understanding of dose−response
relationships following repeated administrations while enabling
detailed comparisons between toxicity studies. Consistent
changes were observed during this intermediate evaluation,
with statistically significant differences (p < 0.0001) in red
blood cell counts (Figure 6a) for the same treatment groups
when compared to the 7 day analysis period. This observation
may be linked to the progression of tumor mass, which
potentially results in hemorrhagic lesions that influence red
blood cell levels.

Additionally, this possible hemorrhagic effect could account
for the increase in platelet counts observed (Figure 6b).
Significant differences were recorded in the group subjected to
the magnet implant (p = 0.0444), as well as in those receiving
the magnet implant alongside SPIONS (p = 0.0210), and the
combination of the magnet implant, SPIONS, and the
molecule (p = 0.0027). These outcomes suggest a physio-

logical adaptation aimed at enhancing platelet production to
mitigate potential hemorrhagic challenges.

The changes observed in the serum analyses are consistent
with the morphological analysis observed in the blood smears,
which did not show morphological alterations as depicted in.

No significant changes were found in the total leukocyte
investigation and in the neutrophil/lymphocyte ratio, recently
popularized as a biomarker of systemic inflammatory response,
which proves to be an excellent analysis in neoplastic studies
and corroborates the survival of those treated in our study.

The significant alteration found in the treatment with a
magnet implant (p 0.0137) (Figure 6c) suggests that the
decrease in circulating serum iron is likely related to the
magnet’s magnetic action, attracting the serum iron to the
vicinity of the application. However, confirming this action is
only possible with histopathological analysis, with iron deposits
near the tumor masses.

Prolonged treatments tend to cause liver damage; thus, this
subchronic test indicates that even though our treatments are
metabolized by the liver, they do not induce hepatic toxicity,58

as demonstrated in the analysis of liver enzymes, such as ALT,
which is typically elevated in the presence of liver lesions
caused by toxic drugs or infections, and AST in cases where
hepatocyte integrity may be compromised due to necrosis or
inflammation.59

In the evaluation of serum creatinine, no significant
alteration was found in the assessed treatments. However, in
the urea analysis (Figure 6d), alterations were found, with
reductions in the groups that received SPIONS associated with
LASSBio-1735 (p 0.0014) and doxorubicin (p 0.0027). Even
though urea is not a gold-standard marker for possible
nephropathy, these findings are of the utmost importance, as
they allow comparison with the results of a known drug since
nephrotoxicity is one of the main harmful effects caused by the
administration of doxorubicin.60

Due to the kidneys’ low regenerative capacity, they are more
susceptible to cytotoxic damage. Epithelial injuries are the first
to appear, leading to degeneration of the glomeruli. The final

Figure 6. Myelotoxicity analysis, with an evaluation of red blood cells (a), platelet (b), and serum iron (c) and urea(d) over 14 days *p < 0.05.
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course of this is glomerulosclerosis, the main nephropathy
related to the use of doxorubicin.61,62

The normal and consistent variations observed over the 14
days were insignificant, suggesting that the treatments
enhanced protein metabolism. Consequently, the body
requires more calories to perform its daily functions, which
can lead to weight loss�a common symptom in neoplasms.
The differences in tumor masses are noticeable, but to assess
slight variations, one should consider differences in tumor
growth rates and the lack of significant differences observed in
this evaluation.

Unfortunately, there is limited literature on animal welfare
analysis specifically for doxorubicin, as it was the only
treatment that registered above a score of 0 over these 14
days for further discussion. Therefore, it can be concluded that,
based on our research group’s planned treatments and the
results mentioned above, the 14 day treatment period did not
reveal any significant toxicity or issues related to the
subcutaneous implantation of magnets in the animals. Table
3 shows animal welfare assessment with treatments over 14
days.
Analysis of Results from Mice Treated for 30 Days. In

the chronic toxicity evaluation, significant alterations were
identified (Figure 7) in the group that received SPIONS
associated with LASSBio-1735 (p = 0.002), the group with
subcutaneous magnet implantation and SPIONS associated
with LASSBio-1735 (p = 0.0053), and the group treated with
doxorubicin (p < 0.0001).8 These alterations were accom-
panied by variations in hemoglobin levels, suggesting a direct
correlation between the observed changes and the organism’s
adaptation to the treatment. Despite these alterations, the
values remained within the reference ranges,60 indicating that
the treatments do not interfere with hemostasis or the
characterization of anemia due to drug toxicity from prolonged
use.46,47

A more detailed analysis of red blood cell counts over the
three evaluated periods showed an initial reduction in some
groups, possibly related to adaptation to tumor growth or the
initial impact of the treatments. However, this trend was not

sustained over the longer analysis period, suggesting that the
organism was able to reestablish hematopoietic balance. This
recovery is evidenced by the normalization of hemoglobin and
platelet counts, reinforcing the organism’s physiological
compensatory capacity.

Additionally, no significant changes were observed in cell
morphology or the leukogram. The analysis of leukocytes
revealed that lymphocytes, which account for approximately
75% of the total, remain predominant in mice, followed by
neutrophils.63 The absence of alterations in lymphocyte and
neutrophil counts indicates that intense inflammatory
processes or exacerbated immune responses did not occur
during the 30 day period, unlike what is typically observed in
advanced neoplastic conditions.

No changes were detected in serum iron concentration,
which can be attributed to the restoration of hemostasis. This
excludes iron-deficiency anemia as a possible complication,
reinforcing the treatments’ ability to avoid severe adverse
effects. However, histological analyses are ongoing to assess
potential iron deposits in the tissues.

Based on the renal function results and the data collected
over 30 days, it is presumed that the tested treatments are safe
and do not present significant toxicity. However, despite the
observed safety, it has not yet been possible to confirm an
antineoplastic action in the evaluated groups. Significant
differences indicating a potential antineoplastic effect of the
treatments were not evidenced, and confirmation of this
hypothesis will depend on the ongoing biomolecular results.

In the well-being assessment, we observed relevant
alterations, as around the 20th day, the onset of redness
points was observed, which progressed to ulcers that quickly
healed near the sites of magnet application in almost all groups.

The most significant changes were observed in the control
group and the group that received doxorubicin, with scores of
8 and 10, values much higher than those found in the other
studied groups. This may indicate that the treatments could
have had a protective effect on the animals, which could be
further elucidated by comparing all periods and analyses,

Table 3. Animal Welfare Assessment with Treatments over 14 Days

parameters control SPIONS LASSBio-1735

subcutaneous
magnet
implant

subcutaneous magnet
implantation and

SPIONS

subcutaneous magnet
implantation and SPIONS with

LASSBio-1735
SPIONS with
LASSBio-1735 doxorubicin

ulcer 0 0 0 0 0 0 0 0
coat 0 0 0 0 0 0 0 1
movement 0 0 0 0 0 0 0 2
posture 0 0 0 0 0 0 0 1
tail 0 0 0 0 0 0 0 1
eyes 0 0 0 0 0 0 0 0
ears 0 0 0 0 0 0 0 0
whiskers 0 0 0 0 0 0 0 0
end score 0 0 0 0 0 0 0 5

Figure 7. Myelotoxicity analysis, with evaluation hemoglobin, over 30 days, *p < 0.05.
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including gene expression of inflammatory markers and
oxidative stress and fatigue, to be conducted later (Table 4).

■ CONCLUSION
In conclusion, to evaluate the toxicity of the compounds and
the effectiveness of subcutaneous magnet implantation, it was
possible to observe that both the isolated compounds, such as
SPIONS and LASSBio-1735, and their combinations, despite
yielding different results in the analyzed periods, ensured the
survival and well-being of the animals analyzed. Besides,
nonrelevant toxicity was found in the studied groups. This
opens further research possibilities, including exploring differ-
ent cellular lineages in future stages.
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Table 4. Animal Welfare Assessment with Treatments over 30 Days

parameters control SPIONS LASSBio-1735

subcutaneous
magnet
implant

subcutaneous magnet
implantation and

SPIONS

subcutaneous magnet
implantation and SPIONS with

LASSBio-1735
SPIONS with
LASSBio-1735 doxorubicin

ulcer 5 3 3 3 3 4 4 3
coat 1 1 0 2 0 0 0 4
movement 0 0 0 0 0 0 0 0
posture 0 0 0 0 0 0 0 1
tail 1 0 0 0 0 0 0 1
eyes 0 0 0 0 0 0 0 0
ears 0 0 0 0 0 0 0 0
whiskers 0 0 0 0 0 0 0 0
end score 8 4 3 5 3 3 4 10
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Aerztl. Fortbild. 1906, 3, 205−213.
(26) Fernandes, P. D.; Guerra, F. S.; Sales, N. M.; et al.

Characterization of the inflammatory response during Ehrlich ascitic
tumor development. J. Pharmacol. Toxicol. Methods 2015, 71, 83−89.
(27) Bruijnincx, P. C.; Sadler, P. J. New trends for metal complexes

with anticancer activity. Curr. Opin. Chem. Biol. 2008, 12, 197−206.
(28) Felipe, K. B.; Kviecinski, M. R.; Da Silva, F. O.; et al. Inhibition

of tumor proliferation associated with cell cycle arrest caused by
extract and fraction from Casearia sylvestris (Salicaceae). J. Ethno-
pharmacol. 2014, 155, 1492−1499.
(29) Abdel-Rahman, M. N.; Kabel, A. M. Comparative study

between the effect of methotrexate and valproic acid on solid Ehrlich
tumour. Journal of the Egyptian National Cancer Institute 2012, 24,
161−167.
(30) Salgado Oloris, S. C.; Dagli, M. L. Z.; Guerra, J. L. Effect of β-

carotene on the development of the solid Ehrlich tumor in mice. Life
Sci. 2002, 71, 717−724.
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