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A B S T R A C T   

Nanostructured materials with controllable properties have been used to cage and release various 
types of compounds. In the present study, iron-loaded nanostructured sol-gel SiO2–Fe materials 
were prepared and injected into the rat brain to develop a method for gradual iron delivery into 
the neurons with the aims to avoid acute iron toxicity and develop an animal model of gradual, 
metal-induced neurodegeneration. Nanoparticles were prepared by the traditional method of 
hydrolysis and condensation reactions of tetraethyl orthosilicate at room temperature and sub
sequent heat treatment at 200 ◦C. FeSO4 was added in situ during the silica preparation. The 
resulting materials were characterized by UV-VIS and infrared spectroscopies, X-ray diffraction, 
and N2 adsorption-desorption. An in vitro ferrous sulfate release test was carried out in artificial 
cerebrospinal fluid as the release medium showing successful ferrous sulfate loading on nano
structured silica and sustained iron release during the test time of 10 h. Male Wistar rats 
administered with SiO2–Fe nanoparticles in the substantia nigra pars compacta (SNpc) showed 
significant intraneuronal increase of iron, in contrast to the animals administered with FeSO4 that 
showed severe neuronal loss, 72 h post-treatment. Both treatments induced lipid fluorescent 
product formation in the ventral midbrain, in contrast to iron-free SiO2 and PBS-only injection 
controls. Circling behavior was evaluated six days after the intranigral microinjection, considered 
as a behavioral end-point of brain damage. The apomorphine-induced ipsilateral turns in the 
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treated animals presented significant differences in relation to the control groups, with FeSO4 
administration leading to a dramatic phenotype, compared to a milder impact in SiO2–Fe 
administrated animals. Thus, the use of SiO2–Fe nanoparticles represents a slow iron release 
system useful to model the gradual iron-accumulation process observed in the SNpc of patients 
with idiopathic Parkinson’s disease.   

1. Introduction 

The use of local drug delivery systems through carrier materials with sizes between 1 and 100 nm has increased substantially with 
the application of nanotechnology in pharmaceutical industry. Silicon dioxide (SiO2), also known as silica, has properties allowing a 
wide range of applications in energy source, electronic, sensor, and catalytic processes [1]. Several methods exist to obtain synthetic 
silica of nanometric sizes with controllable properties such as crystallinity, porosity, shape, and biocompatibility [2–4]. Sol-gel 
technology is one such method, widely used to get silica because it allows synthesis at low temperatures [5,6]. The sol-gel route 
consists of hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in acid, basic or neutral conditions [7]. Resulting silica 
materials contain porous structures and high surface area, where diverse molecules can be hosted, even when added in parallel to the 
silica synthesis procedure. The structural properties of silica nanoparticles are significant in biomedical applications, such as imaging, 
disease detection, drug delivery, disease monitoring, and ablative therapies [8–14]. Specifically, the amorphous-porous silica structure 
can concentrate drugs, later released over a prolonged time [10,15–18]. Drug delivery nanotechnologies have substantially changed 
because of the human body’s complexity, which sets specialized demands for the treatment of diseases that affect specific organ 
systems that require the drug to act locally. Since many drugs provoke unwanted side effects in healthy tissues, nanotechnology aims 
for the treatment substance to only interact with its target in the damaged area. Simultaneously, controlled release of the drug is 
another advantage that prevents secondary effects [19]. Amongst different types of nanocarriers used in the biomedical field, mes
oporous materials have emerged as an innovative tool and amorphous silica is a promising platform for the development of controlled 
drug delivery matrixes. 

On the other hand, Parkinson’s disease (PD) is a neurodegenerative disorder, in which, and despite advances in understanding the 
neurochemical processes underlying behavioral alterations in PD, the causes of the first changes that initiate neuronal degeneration are 
still unknown [20]. Amongst the proposed causal factors involved in the neuronal death of the substantia nigra pars compacta (SNpc) are 
iron deposits, mitochondrial dysfunction, free radical overproduction, and oxidative stress [21]. Ventral midbrain iron deposits are 
evaluated through brain parenchyma sonography of clinically diagnosed idiopathic PD, showing that iron is a marker with 96% of 
specificity and 91% of sensitivity [22]. However, until now, no experimental model of PD exists, arising from iron accumulation in the 
SNpc as a primary cause and the neurochemical and molecular mechanisms that lead to intraneuronal iron accumulation in the rat 
SNpc are not yet fully understood. 

In the present work, a nanostructured and biocompatible SiO2 matrix loaded with FeSO4 has been synthesized and characterized to 
obtain a gradual and sustained iron release system. The SiO2–Fe matrix has been generated to reproduce intraneuronal iron accu
mulation in the midbrain of rats and induce one of the most important markers of neuronal damage observed in the SNpc of patients 
with idiopathic PD: the iron deposits. 

2. Materials and methods 

2.1. Chemical substances 

Ferrous sulfate (FeSO4) (Sigma-F8263), deionized water, tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, 98%), ammonium sulfate 
(Sigma-A3678), ethanol (Grupo Internacional ICR, 99.5%). 

2.2. SiO2 and SiO2–Fe sample preparation 

Nanostructured silica was prepared based on the method reported by Parameswaran et al. [23]. Ferrous sulfate was added during 
the TEOS hydrolysis step. Molar ratios used were TEOS/H2O:1/16, and TEOS/ethanol:1/8. 0.5% and 10% (weight) of ammonium 
sulfate and ferrous sulfate silica were used, respectively. The procedure described below was followed. 

2.2.1. SiO2 
0.05 g of ammonium sulfate was dissolved in 100 mL of water, keeping the solution stirred for 30 min. A mixture of 84 mL ethanol 

and 37.5 mL TEOS was added slowly (approximately 5 h). The final mixture was kept stirring until gel formation. Then, excess water 
and alcohol were removed, and the obtained powder was dried at 70 ◦C for 12 h. Finally, the sample was thermally treated at 200 ◦C. 

2.2.2. FeSO4/SiO2 
0.05 g of ammonium sulfate and 100 mL of water were mixed under stirring for 30 min. A mixture of 37.5 mL TEOS and 84 mL 

ethanol was added slowly for 5 h. Once TEOS addition had been completed, the solution was stirred for another 2 h. Afterwards, 1 g of 
ferrous sulfate freshly dissolved in 60 mL of water was added and the final mixture was stirred until the gel formed. Water and alcohol 
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were removed, and the obtained powder was dried at 70 ◦C for 12 h. 

2.3. Sample characterization 

2.3.1. Scanning electron microscopy (SEM) 
Sample morphology, surface texture, and elemental analysis were analyzed using a Field Emission Scanning Electron Microscope 

(Schottky JSM-7800 F). Samples were imaged using a secondary electron detector at an acceleration voltage of 2.0 kV under an ultra- 
high vacuum. Sample dimensions were measured with the ImageJ software. 

2.3.2. Ultraviolet–visible spectroscopy 
The powder samples’ diffuse reflectance spectra were obtained using a Cary 100 UV–Vis spectrophotometer equipped with an 

integrating sphere and BaSO4 as a baseline reference. Each spectrum was taken in a 190–900 nm wavelength interval. 

2.3.3. Infrared spectroscopy 
198 mg of KBr and 2 mg of each sample were mixed and ground to be compressed until a translucid wafer was formed. The wafers 

were immediately dried at 100 ◦C for 24 h to remove environmental moisture. After, the wafers were analyzed in an IRAffinity 
Shimadzu spectrophotometer in a 5000-500 cm− 1 wavenumber interval and a resolution of 8 cm− 1. 

2.3.4. X-ray diffraction 
The sample holder was filled with the corresponding sample to form a uniform surface. Subsequently, the holder was introduced to 

a Bruker D2 Phaser diffractometer, which uses Cu Kα radiation (λ = 1.5405 nm), and a rate analysis of 0.6◦/sec. 

2.3.5. N2 adsorption-desorption measurements 
N2 adsorption-desorption isotherms were obtained to quantify the specific surface area (SBET) using the BET method and the pore 

volume (Vp) and pore diameter (Dp) using the BJH method. Samples were pretreated with a vacuum at 70 ◦C for 12 h. After that, 
adsorption-desorption measurements were performed at liquid nitrogen temperature (77 K) in a Belsorp II gas adsorption apparatus 
over a relative pressure range of 0.01–0.99 P/P0. 

2.3.6. Thermogravimetric analysis 
Thermograms of thermogravimetric analysis (TGA) of the samples were obtained using a Setaram Labsys Evo apparatus. The 

temperature range analyzed was from room temperature to 800 ◦C, with a ramp of 10 ◦C/min and under a flow of 60 mL of N2. 

2.4. In vitro ferrous sulfate release test 

Simulated cerebrospinal fluid (SCF) was used as a release medium and was prepared according to the information reported by 
Düzlü et al. [24]. Approximately 5–10 mg of each FeSO4/SiO2 sample was slightly pressed to form a small cylinder, which was added to 
20 mL of SCF. At predetermined times an aliquot of 3 mL was removed from the release medium for its measurement by UV spec
troscopy in an Agilent Cary 60 spectrophotometer. After each measure, the aliquot was returned to the original release medium. Each 
time the iron concentration was obtained using a previously built calibration curve plotted of solutions of FeSO4 concentrations, versus 
maximum absorbance at 205 nm for each solution. The experiment was performed in triplicate. 

2.5. Animal experimental stage 

Adult male Wistar rats (300–330 g) were used throughout the study. Animals were provided by the animal research facilities at the 
Institute of Cellular Physiology at the National Autonomous University of Mexico. The use of animals was performed according to 
official regulatory guides regarding laboratory animal use and care (NOM-62-ZOO-2001). The animals were housed in acrylic box 
cages and placed under constant conditions of temperature, humidity, and light (12 h light/dark cycles) and provided with a standard 
commercial rat chow diet and water ad libitum. Before the microinjection, the animals were intraperitoneally administrated a mixture 
of ketamine/xylazine anesthesia (80/12 mg/kg). 3–5 min later, the animals were administrated under stereotaxic coordinates: -5.4 
mm later to bregma, -2.0 mm lateral to the midline, and -7.8 mm ventral to the dura in the right SNpc, according to the stereotaxic 
Paxinos and Watson atlas [25]. The experimental group was dosed with a single unilateral intranigral (i.n.) 20 μg injection of SiO2–Fe 
nanoparticle in 2 μL of PBS as vehicle solution; 2 μL of PBS was injected to the control group, while another group was administrated 
with 20 μg of SiO2 as a control group for evaluating nanostructured materials effect; and finally, the last group was administered with 
800 ng of FeSO4 in 2 μL of PBS, iron equivalent concentration to the concentration used in the group administered with 20 μg of 
SiO2–Fe. 

2.6. Histological analysis with the prussian blue technique 

72 h after stereotaxic microinjection, rats belonging to the different groups (n = 3–4) were anesthetized and perfused with 200 mL 
of saline solution and followed by 200 mL of 4% paraformaldehyde. The brains were removed and postfixed in the same fixative 
solution for 24 h, and later embedded in sucrose solution to 15% during 24 h; finally, the brains were incubated in sucrose solution to 
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30% till their utilization. 25-μm thick coronal sections (Leica CM 1520 cryostat) were taken from each brain at the midbrain area level, 
about − 4.6 to − 6.0 mm from bregma. The intraneuronal iron deposits were evaluated with the Prussian blue stain (Perls technique). 
The sections were immersed in a 10% potassium ferrocyanide solution (J.T. Baker 3104-01) plus a 20% hydrochloric acid solution (J.T. 
Baker 9535-05) in equal parts for 1 h, followed by a wash with distilled water and immersion in a nuclear fast red solution for 30 min. 
Then, the sections were washed with water and dehydrated with gradual alcohols, cleared with xylol, for later mounting with resin 
(Permount, Fisher Chemical SP15-500). Photomicrographs were obtained with the IM1000 program of Leica Microscope with a 40X 
objective. Iron positive (blue) cells were counted in the different treatments: PBS, SiO2, FeSO4, and SiO2–Fe from 5 sequential sections 
of 5 slides per rat, selected randomly. 

2.7. Lipid peroxidation assay 

Lipid fluorescent product determination was performed in the rat SNpc (n = 5–7) 72 h after the SiO2–Fe administration. Striatal 
tissue was homogenized in sterile saline (2.2 mL). 1 mL of the homogenate was then mixed with 4 mL chloroform-methanol mixture 
(2:1, v/v) [26]. Tubes were capped and vortexed for 10 s and the mixture was ice-cooled for 30 min to allow phase separation. The 
aqueous phase was discarded and 1 mL of the chloroformic layer transferred into a quartz cuvette, to which 150 μL of methanol were 
added. Fluorescence was measured in a PerkinElmer LS50B luminescence spectrophotometer at 370 nm excitation and 430 nm 
emission. Protein content was measured in samples according to the method described by Lowry et al. (1951) [27]. Results were 
expressed as arbitrary fluorescence units/μg of protein. 

Fig. 1. SEM images, histograms the particle size distribution and EDS graphics of (A) FeSO4, (B) SiO2, and (C) SiO2–Fe samples. Scale bar 
values: (a) 10 μm, (b) 100 nm, and (c) 100 nm. 
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2.8. Animal behavior test 

Apomorphine-induced circling behavior was assessed in rats (n = 7) as previously described [28]. Six days following the micro
injection, animals were treated subcutaneously with a mixture of apomorphine (1 mg/kg) and ascorbic acid (1 mg/kg) and then placed 
into individual box cages. Five minutes later, the number of rotations was recorded for 1 h. Rotations were considered as 360◦ turns. In 
this assay, we evaluated the number of rotations as a marker of the level of iron-induced damage. Results were expressed as the total 
number of turns in 1 h period (turns/h). 

2.9. Statistics 

Prussian blue staining results were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test. Results from lipid 
fluorescent products were analyzed by one-way ANOVA followed Dunnett’s multiple comparisons test. Data obtained from evaluating 
circling behavior were analyzed by Kruskal-Wallis’ followed by Dunn’s test. Statistical significance was set at P < 0.05. 

3. Results 

3.1. Nanostructured SiO2 materials characterization 

3.1.1. Scanning electron microscopy 
Fig. 1 shows the SEM images, particle size distribution histograms, and energy dispersive spectroscopy (EDS) plots of FeSO4, 

SiO2, and SiO2–Fe samples. From the SEM image of FeSO4, it is possible to identify orthogonal structures greater than 10 μm, 

Fig. 2. (A) Diffuse reflectance UV–Vis spectra in solid state, (B) FTIR spectra, (C) X-ray diffraction patterns, and (d) N2 adsorption-desorption 
isotherms of the FeSO4, SiO2, and SiO2–Fe samples. 
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themselves constituted of smaller orthogonal/square particles (Fig. 1A). Particle size distributions are presented as a histogram insert 
within the SEM image that shows a substantial percentage of particles ranging between 2.4 and 3.2 nm (Fig. 1A). As expected, the EDS 
spectrum of FeSO4 shows the presence of iron, oxygen, and sulfur in a percentage of 33, 50, and 18 wt %, respectively (Fig. 1A). In 
contrast, the SEM image for silica revealed aggregates of nanoparticles with sizes of approximately 100 nm (Fig. 1B). These aggregates, 
in turn, are formed from smaller spherical nanoparticles of about 10 nm in size (as shown in the respective histogram). It is possible to 
observe the porous nanostructured network generated. The SiO2 EDS spectrum shows the presence of silicon and oxygen atoms, as 
expected, in a percentage of 43 and 57 wt %, respectively (Fig. 1B). Last, the SEM image corresponding to the SiO2–Fe sample also 
consists of nanoparticle aggregates but there are larger than the silica sample, exceeding the 100 nm scale (Fig. 1C). However, these 
aggregates are also formed from nanoparticles with sizes of 10 nm and similar to the SiO2 sample, a porous network formation can also 
be observed in the SiO2–Fe sample. The EDS spectrum for the SiO2–Fe sample shows the presence of silicon, oxygen, iron, and sulfur in 
42, 55, 1, and 2 wt %, respectively (Fig. 1C). 

3.1.2. UV–vis spectroscopy 
Fig. 2A shows the solid-state samples’ UV–Vis spectra. The FeSO4 spectrum contains two significant absorptions, the first observed 

at 424–570 nm corresponds to electronic transitions from the sulfate ion to the iron atom, while the second that appears below 424 nm 
corresponds to electronic transitions in the d orbitals of the iron atoms. These absorptions were also observed in the SiO2–Fe sample, in 
contrast to SiO2, which did not show absorption in the UV–Vis range above background level. These results suggest ferrous sulfate was 
occluded in silica without undergoing structural changes. 

3.1.3. FTIR spectroscopy 
Fig. 2B displays the Fourier transformed infrared (FTIR) spectra of the FeSO4, SiO2, and SiO2–Fe solids. The chemical structure of 

FeSO4⋅7H2O used in this study is also drawn in the inset of Fig. 2B. The FeSO4 spectrum contains several bands related principally to 
hydroxyl (OH− ) and SO4

= ions. The high-frequency region at 3454 cm− 1 is a signal associated with νOH stretching vibration from the 
water molecules interacting with iron atoms and sulfate ions. The band located at 1631 cm− 1 is related to bending vibrations from 
water molecules. The νSO4 band that appears at 1005 cm− 1, and the band at 1106 cm− 1 are related to both sulfate ions and Fe–OH2 
species. Other bands at low frequencies 814, 630, 600, and 541 cm1 are also related to different vibrations modes of SO4

= ions. The SiO2 
spectrum, on the other hand, shows the characteristic signals of silica. The OH− band at 3410 cm− 1, the NH band from ammonium 
sulfate at 3222 cm− 1, the water band at 1635 cm− 1, the characteristic Si–O–Si band from the silica network at 1058 cm− 1, the band of 
Si–OH associated with Si–O–H bending vibrations at 950 cm− 1, and the Si–O bending vibrations band at 798 cm− 1 were found in this 
sample. Several bands corresponding to sulfate ions are also readily observed since ammonium sulfate was used to functionalize the 
silica surface. Last, the SiO2–Fe sample shows all the signals corresponding to ferrous sulfate as well as those attributed to the silica. 
These results agree with the UV–Vis spectroscopic results that the ferrous sulfate did not undergo any structural change upon its 
occlusion in the silica nanoparticles. 

3.1.4. X-yay diffraction 
The X-ray diffraction patterns of FeSO4, SiO2, and SiO2–Fe samples are shown in Fig. 2C. The sulfate ferrous X-ray diffraction 

pattern shows several fine peaks at 18–30◦ that feature the ferrous compound. In contrast, the silica X-ray diffraction pattern consists of 
broadband characterized by amorphous silica. As expected, the SiO2–Fe diffraction pattern is a mixture of signals from ferrous sulfate 
and amorphous silica. 

3.1.5. N2 adsorption-desorption measurements 
Fig. 2D reports the N2 adsorption-desorption isotherms of the samples under study. The isotherm of FeSO4 is characteristic of 

microporous or no porous materials, expected since the ferrous sulfate has a crystalline structure (Fig. 2C) and does not have porosity. 
In contrast, according to the IUPAC classification, the SiO2 isotherm corresponds to a type IV, indicating that silica has a mesoporous 
structure. The isotherm of SiO2–Fe is similar to the silica sample because silica is the matrix. It is in a higher percentage, the difference 
being that N2 was adsorbed at the porous structure, indicating that a portion of pores was occupied for the ferrous sulfate. 

The surface area for ferrous sulfate is shallow at 17.88 m2/g, due to it being a crystalline sample. In contrast, the silica sample had a 
higher surface area of 358.7 m2/g since it is amorphous generating high porosity. The surface area of the SiO2–Fe sample decreased to 
98.14 m2/g in comparison with the silica sample. This decrease is due to ferrous sulfate occupying part of the surface area. Table 1 
summarizes the textural properties of all samples, where it is possible to observe that the pore volume decreased from silica to SiO2–Fe, 
due to these pores being partially filled with the ferrous sulfate molecules. 

Table 1 
Surface area (SBET), pore diameter (Dp), and pore volume (Vp) of the FeSO4, SiO2, and FeSO4/SiO2 samples.  

Sample SBET (m2/g) DP (nm) VP (cm3/g) 

FeSO4 17.88 30.48 0.064 
SiO2 358.7 35.03 0.746 
FeSO4/SiO2 98.14 40.66 0.330  
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3.1.6. Thermogravimetric analysis 
The TGA pattern of SiO2 and SiO2–Fe samples is depicted in Fig. 3. It is possible to observe two crucial weight losses from the silica 

thermogram. The first is seen below 150 ◦C, corresponding to water and ethanol evaporation used in the silica synthesis. A weight loss 
of 10% at 150 ◦C was observed. The second weight loss is seen in the range of 150–800 ◦C, which corresponds to total dehydration and 
surface dehydroxylation of the silica sample. The weight loss in this range was 10%. The TGA thermogram of the SiO2–Fe sample shows 
instead four crucial weight losses. The weight loss seen at 150 ◦C is due to the elimination of water and ethanol in the synthesis 
procedure. However, it also includes the water molecules in the ferrous salt, which is transformed from FeSO4⋅7H2O to FeSO4⋅4H2O 
[29]. The weight loss seen at 350 ◦C corresponds to the total dehydration of silica but also to the second loss of three water molecules 
from FeSO4⋅4H2O to FeSO4⋅H2O in agreement with the literature [29]. The loss seen below 545 ◦C corresponds to surface dehy
droxylation of the silica sample and is also due to the dehydration of FeSO4⋅H2O. The final significant weight loss between 545 and 
800 ◦C corresponds to sulfate decomposition from the oxidation and dehydration of FeSO4⋅H2O. This sample had a total weight loss of 
42%. These results are also consistent with the conclusion that the FeSO4 salt did not undergo any structural changes upon its 
incorporation in the silica nanoparticles resulting in the functionalized SiO4–Fe matrix. 

3.2. In vitro ferrous sulfate release results 

Fig. 4A shows the FeSO4 release profiles as a time function of three independently performed tests. All three release profiles follow 
the same behavior, where a sustained release of ferrous sulfate is observed during the time the test lasted. Fig. 4B shows the average 
release profile with a lineal tendency. To determine the theoretical release mechanism of iron sulfate, the experimental data were fitted 
with several theoretical-mathematical models such as zero-order kinetics, first-order kinetics, Higuchi model, Hixson-Crowell model, 
and Korsmeyer-Peppas model [30]. The linear regression coefficient (R2) is the indicator for choosing the most probable release 
mechanism. The value of R2 must be as close as possible to 1 so that the mathematical model is selected and allows us to determine the 
theoretical release mechanism. Table 2 shows the profitability coefficients obtained for each mathematical model and the simplified 
linear equation of each model. The model with an R2 closest to 1 is that of Higuchi, who describes the release of drugs from insoluble 
matrices. This model explains that the drug release is can be by diffusion and dissolution. Therefore, the release mechanism in our 
system occurs by an initial dissolution of FeSO4 in contact with the liquid medium to diffuse through the pores to reach the release 
medium. 

3.3. Histology 

Next, we injected the SiO2 and SiO2–Fe nanoparticles, along with respective phosphate buffered saline (PBS) and FeSO4 controls, 
into rat brains aiming for an initial characterization of their utility as a slow-release iron delivery system. Animals were sacrificed 72 h 
post-injection and their brains were dissected and sectioned. The use of Prussian blue staining in the group of animals microinjected 
intranigrally with vehicle solution (2 μL of PBS) revealed tissue integrity without structural or cellular alterations, and no positive iron 
signals were observed (Fig. 5A). The group of animals administered with nanostructured materials of SiO2 did not show positive 
staining for iron, nor cellular or tissue alterations (Fig. 5B). The histological analysis by Prussian blue staining was only positive in the 
groups of animals administered intranigrally with the FeSO4 and nanostructured SiO2–Fe material (Fig. 5C and D), albeit with 
significantly more intracellular iron present in the SiO2–Fe treatment group. The nigral tissue of animals treated with FeSO4, on the 
other hand, showed a severe alteration of tissue structure and neuronal degeneration, loss of tissue and loss of cellular structure with 
the presence of pyknotic nuclei, evidence of numerous cell loss (Fig. 5C). In contrast, when microinjected nanostructured SiO2–Fe 
material, only intracellular deposits of iron formation were observed without apparent signs of large scale neurodegeneration 

Fig. 3. TGA Thermograms of SiO2 and SiO2–Fe samples.  
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(compared to the FeSO4 treatment). The same images provide evidence that in this group there is presence of both pyknotic nuclei and 
surrounding macrophages in the injured area (Fig. 5D). These results support the notion that the formation of iron accumulations 
inside neurons through the employment of nanostructured materials of SiO2 occluded with FeSO4 (Fig. 5D) is efficient and an 

Fig. 4. (A) In vitro FeSO4 release profiles from independent assays and (B) the averaged FeSO4 release profile.  

Table 2 
Correlation coefficients R2 obtained from the linear regression applied to the different mathematical models 
for the FeSO4/SiO2 system.  

Mathematical mode Equation R2 

Zero order Ct = C0+K0t 0.9484 
First order Log C0 = Log C0 - K1t/2.303 0.719 
Higuchi Q = KH x t1/2 0.9913 
Korsmeyer-Peppas Log Ct = log KKp + nlog t 0.7621 
Hixson-Crowell C1/3

0 -C1/3
t = KHCt 0.8567  

Fig. 5. Histological analyses of nanostructured materials administration effect. Each of the figures in the panel is representative of different groups 
(n = 3–4). A) Control group was administered with PBS and B) Group treated with 20 μg of SiO2. C) Animals administered with 800 ng of FeSO4 
showed a severe neuronal loss, while D) 20 μg of SiO2–Fe administration produced a significant intraneuronal increase in the positive signal to iron 
(Prussian blue staining). The images were observed to 40X magnifications. E) Average of the pixel distribution positive to iron for Prussian blue stain 
in the brain sections were quantified. Each bar represents the mean ± S.E.M. of 3–4 animals by group. *P = 0.003. ANOVA followed by Tukey test. 
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underlying cause for the initial signs of neuronal apoptosis and neuroinflammation, a significantly milder reaction to the direct in
jection of FeSO4. In Fig. 5E, we show the average distribution of iron-positive pixels in the different groups, where a significant increase 
(P = 0.003) in the iron-positive signal is evident in the group administered with SiO2–Fe. The images were analyzed using the “ImageJ/ 
Analyze Particles” software, configured to select the blue color between pixels 40–90. Preliminary assays of iron quantification showed 
that the microinjection of 20 μg of SiO2–Fe in the SNpc gives place to an increase of 40% of the iron in the ventral midbrain versus the 
control group (data not shown). 

3.4. Lipid peroxidation 

Fluorescent lipidic product formation was evaluated from the ventral midbrain in all groups as a short-term damage marker in the 
SNpc to corroborate histological findings. The control group injected intranigrally with PBS provided information on the basal level of 
lipid peroxidation showing 2.07 ± 0.09 fluorescent lipidic product units/μg of protein (Fig. 6). SiO2 intranigral administration did not 
produce significative changes in the fluorescent lipidic product formation at 2.24 ± 0.27 fluorescent units/μg protein. When the 
animals were administrated the FeSO4 infusion a statistical increase (P = 0.001) in the generation of fluorescent lipidic products at 
3.34 ± 0.23 fluorescent units/μg protein was observed and considered a product of lipid peroxides formed in the SNpc perilesional 
area. Nevertheless, levels of lipid peroxidation may have already decreased from a prior maximum value due to the loss of tissue at the 
72 h mark. The effect of intranigral microinjection of SiO2–Fe also generated a significate increase (P = 0.0461) versus the control 
group in the formation of lipid peroxidation (2.84 ± 0.07 fluorescent units/μg protein), still at an intermediate value below that 
observed in the group treated with FeSO4. 

3.5. Circling behavior 

A behavioral evaluation of the injected animals was carried out 6 days after surgery. We used classical assays from Norman et al. in 
1990 [31] to evaluate the longer term effect of nanostructured material administration on circling behavior of the rat following 
apomorphine administration. As shown in Fig. 7, FeSO4 administration produced a significative (P = 0.001) effect on circling behavior 
(232 ± 31 ipsilateral turns/h) against the animals administrated with PBS (control group) (4 ± 1 ipsilateral turns/h). The animal 
group treated with intranigral microinjection of SiO2 presented a non-significant change in the phenotype (31 ± 6 ipsilateral turns/h) 
in comparison with the control group, whereas SiO2–Fe administration showed 73 ± 6 ipsilateral turns/h, which represented sig
nificant differences to all other groups (P = 0.01) once againshoing an intermediate phenotype between the dramatic effect of injecting 
free iron and the minor disturbances of iron-free silica injection. 

4. Discussion 

Iron is an essential element and micronutrient for the central nervous system, participating in myelin formation, catecholamine 
metabolism, mitochondrial oxidative phosphorylation, among numerous other physiological processes [32]. Alterations in iron 
metabolism are closely related to neurodegenerative diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s 
disease (HD), and amyotrophic lateral sclerosis (ALS) [33,34]. In idiopathic PD, it should be considered that the increase in iron 
content – identified by parenchyma brain sonography – represents a marker of neuronal damage, clinically indicated for high spec
ificity and high diagnosis sensitivity [22]. For several decades, the main neurochemical characteristics of PD have been reproduced 
through various models in laboratory animals. The administration of neurotoxins such as 1-methyl-4-phenyl-1,2,3,6 tetrahydropyr
idine (MPTP), 6-hydroxydopamine (6-OHDA), rotenone and paraquat in rodents induce oxidative stress due to free radicals’ 

Fig. 6. Nanostructured material microinjection of SiO2 occluded with iron-induced lipid peroxidation in the midbrain. Both groups of animals 
treated with FeSO4 and Fe–SiO2 showed significant oxidative damage versus the control groups (PBS and SiO2). Lipid peroxidation was measured as 
an index of fluorescent lipidic products formation. Each bar represents the mean ± S.E.M. of 5–7 animals. (*P = 0.001 and δP = 0.046) in fluo
rescence arbitrary units. ANOVA followed by Dunnett’s multiple comparisons test. 
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overproduction, which it is accompanied by lipid peroxidation and mitochondrial damage [35]; however, these animal models of PD 
do not induce iron accumulation as an early marker of damage per se, which also does not reflect the imbalance in other transition 
metals, such as copper (Cu2+), zinc (Zn2+) and manganese (Mn2+) [36]. 

The nanostructured materials of silica dioxide occluded with ferrous sulfate used in this study have been synthesized and char
acterized to obtain a gradual and sustained iron release system per unit of time, which can facilitate the release of iron to the 
extracellular space and eventuality its internalization in the neuron. The administration of 20 μg of SiO2–Fe in the ventral midbrain of 
rats resulted in a substantial increase in the total iron content reproducing a marker of neuronal damage observed in patients with PD 
[37]. Several mechanisms have been reported by which neurons internalize iron from interstitial fluid [38]. Once iron is released from 
nanostructured materials, it can join transferrin [39] or lactoferrin [40] in the interstitial fluid, and subsequently, the proteins can be 
coupled to receptors for transferrin (Tf-TfR1) or lactoferrin (Lf-LfR1) on the neuronal membrane and be internalized by endocytosis 
[38]. Another iron internalization pathway happens through the divalent metal transporter-1 (DMT1), despite, the ferric reductases 
involved in reducing Fe3+ to Fe2+ have not yet been firmly identified [38]. Intraneuronal accumulation of iron deleterious effect 
presents a resulting production of free radicals through Fenton chemistry (H2O2 + Fe2+ → –OH + •OH + Fe3+). Oxidative stress could 
also result from deficits in metal removal [36] and concomitant neural death by ferroptosis [41], consistent with the overproduction of 
fluorescent lipid products and the concomitant evidence of tissue and cytostructural alterations, as well as possible microglia acti
vation or infiltrating macrophages presence in the injured zone. Indeed, an increase in cellular iron has been discussed as the possible 
cause of the deficit both in the antioxidant response and in the decrease in the mitochondrial electron transport chain activity [42,43], 
as well as glia activation [41]. 

On the other hand, oral iron supplementation in the form of ferrous sulfate has been evaluated as a therapeutic alternative to treat 
iron deficiency anemia, with no reports of adverse effects on the organism due to the increase in sulfate ions [44]. Likewise, in rats, 
copper sulfate administration reverted striatal and midbrain damage induced by injections of 1-methyl-4-phenylpyridinium ions, 
which would be an unlikely outcome if sulfate ions presented toxicity at the concentrations used [45]. Therefore, there are no in
dications at present that sulfate ions can pause a toxicity problem to the brain tissue, but future work should be directed to address 
specifically this concern. In subsequent trials, we will evaluate the possibility of additional effects of the sulfate counter ions on 
iron-associated neurotoxicity in the present paradigm. 

In relation to the effect of apomorphine systemic administration indicated as an agonist of dopaminergic receptors of type D2 
preferentially [46] induced ipsilateral turning behavior in the groups of animals treated intranigrally with FeSO4 or SiO2–Fe, leaving 
the hemisphere supersensitive to apomorphine action [28,29]. Therefore, the possible increase in receptor density could be explained 
by sensitization to dopamine generated after SNpc neurons degeneration. Consequently, the striatum afferent neurons become 
sensitized to the lack of dopamine and increase the externalization of their dopaminergic receptors [47]. Then, the contralateral 
normosensitive hemisphere is observed to determine this behavior produced by increase of iron [31]. 

Finally, the present work reports on the synthesis and characterization of SiO2–Fe nanostructured materials as well as on their 
application to generate neuronal damage due to intraneuronal iron accumulation in the rat SNpc, behavioral, histological, and 
neurochemical levels are very promising. The strategy to generate intraneuronal increase in iron opens the possibility, to analyze the 
time course of iron increase in the SNpc through the analysis of the change in concentrations of transition metals mentioned above (Cu, 
Zn, Mn) allowing the study of the early change in the expression of proteins involved in the transport and storage of iron and other 
transition metals. In the same way, it will be possible to evaluate the consequences of drug administration with therapeutic potential to 
reduce the iron content within neurons affected by the imbalance in transition metals and increase the half-life of remnant dopami
nergic neurons. 

Fig. 7. Nanostructured materials and iron administration effects on apomorphine-induced circling behavior. Animals were evaluated six days after 
lesions induced both by PBS, FeSO4 or nanostructured material. The rats received apomorphine and ipsilateral turns were recorded for 60 min. 
Results are shown as mean ± S.E.M. from 5 to 7 rats per group. Differences from FeSO4- and SiO2–Fe-treated versus control group are shown, *P =
0.001 and δP = 0.01, respectively; data were analyzed by Kruskal–Wallis’ test followed by Dunn’s test. 
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5. Conclusion 

Nanostructured SiO2–Fe material was successfully obtained by the sol-gel process. The spectroscopic results indicate that FeSO4 
addition to the silica network during its preparation did not cause structural or chemical changes to the iron source. Sustained release 
of iron was observed during the first 10 h tested in vitro and after 72 h in vivo, the biological effect of iron evaluated in the ventral 
midbrain of rat. Injection of the nanostructured materials of SiO2–Fe in the mesencephalic midbrain produced intraneuronal deposits 
of iron, histological damage, lipid peroxidation and behavioral alterations, suggesting a viable technique for inducing an intraneuronal 
increase of iron content and reproducing markers of damage related to neurodegenerative diseases associated with increased iron 
content. 

The present study sets the ground to generate a model of PD through the slow increase of iron concentrations in the SNpc of the rat. 
Future perspectives (present limitations) include further tests to quantify the increase in iron in the brain nuclei and assays to evaluate 
immediate downstream effect. In the first instance, we propose to investigate the activity of complex I of the mitochondrial, evaluate 
the ratio of oxidized/reduced glutathione (GSH/GSSG), measure dopamine levels in the striatum of the rat and quantify dopaminergic 
neuronal death of the nigro-striatum pathway. It is also crucial to evaluate the effect of SiO2–Fe administration on the immune 
response, and on the structure of α-syn. All of the above, with the prospect of challenging pharmacologically the effect of slowly 
accumulating iron to discover therapeutic alternatives capable of reducing the high content of the metal in the SNpc of patients with 
idiopathic PD and in this way promoting an increase in the half-life of dopaminergic neurons affected by the imbalance in the content 
of transition metals. 
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