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Abstract: The present work proposes a method for the synthesis of a nanoparticle with a superpara-
magnetic Fe3O4 core coated with SiO2-NH2 by ultrasound-assisted coprecipitation. Additionally, the
nanoparticle is functionalized with a microinflammation biomarker peptide, and its effects on the
viability of monkey kidney endothelial cells and the Vero cell line were evaluated. The main physic-
ochemical properties of the nanoparticles were characterized by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), a vibrating sample mag-
netometer (VSM), a field emission scanning electron, Scanning Electron Microscopy (SEM), and
High-Resolution Transmission Electron Microscopy (HR-TEM). The results showed that the nanopar-
ticles are spherical, with sizes smaller than 10 nm, with high thermal stability and superparamagnetic
properties. They also demonstrated cell viability rates exceeding 85% through Magnetic Resonance
Imaging (MRI). The results indicate the potential of these nanoparticles to be used as a contrast agent
in magnetic resonance to detect mild brain lesions.

Keywords: nanoparticles; Fe3O4; contrast agent; ultrasound-assisted synthesis; biomarkers;
superparamagnetic

1. Introduction

The blood–brain barrier (BBB) is a dynamic, semi-permeable, and functional platform
that separates and regulates the interaction between the blood system and the central
nervous system (CNS), allowing blood to flow freely to the brain but preventing the
interaction between transported foreign substances by the bloodstream and brain cells [1,2].
Therefore, the BBB plays an essential role in metabolism, defense against pathogens and
toxins, and neuronal interaction, among other functions [3,4]. The BBB comprises different
brain cells, such as pericytes, astrocytes, and endothelial cells (EC), which work together
to keep the neural environment intact [5–7]. This cell nucleus also directly interacts with
microglia and specific neurons [8,9].

It is important to highlight that various mechanisms regulate the passage of vital
substances or waste products between the brain and the bloodstream [10,11]. These in-
cluded passive diffusion, which allows lipophilic molecules weighing less than 400 Da to
cross; specific transporters that facilitate the movement of small hydrophilic molecules like
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glucose and amino acids; and receptors that enable the endocytosis of large molecules, such
as insulin [12]. However, the proper function of the BBB can be compromised by traumatic
brain injuries (TBI), which result from blows or falls that impact the head [13,14]. Such
dysfunctions, in turn, may contribute to the development of neurodegenerative diseases,
including Alzheimer’s disease, multiple sclerosis, Parkinson’s disease, and Huntington’s
disease. In severe cases, TBIs can also lead to coma and subsequent death [15,16].

TBIs are classified based on the extent of damage, ranging from mild to severe, with
severe TBIs potentially being life-threatening [17]. It is important to note that mild TBIs can
cause persistent symptoms such as acute headaches, impaired cognitive function, fatigue,
significant damage to brain cells (including those of the BBB), and consequent changes
in brain chemistry [18]. If not treated correctly, mild TBIs can progress into more severe
injuries, disrupting brain metabolism and increasing the risk of neurodegenerative diseases
or death [19,20].

Novel brain imaging techniques have been developed, including an electroencephalo-
gram (EEG), computed tomography (CT), magnetic resonance imaging (MRI), and func-
tional magnetic resonance imaging (FMRI) [21]. Although FMRI can detect mild TBIs, it
is an expensive and complex technique with limited availability in hospitals [22]. As a
result, there is a global effort to improve the resolution of more affordable imaging meth-
ods, such as MRI, to reduce costs while enabling accurate and timely detection of mild
TBIs [23]. Therefore, contrast agents that significantly improve image quality have been
proposed [24], particularly those with magnetic properties, such as gadolinium and iron
oxides [25]. However, these agents need more specificity when identifying TBIs [26].

Current approaches focus on developing magnetic nanoparticles as contrast agents
capable of crossing biological barriers due to their small size without disrupting the body’s
homeostasis [27]. The most commonly reported nanoparticles for MRI are those with super-
paramagnetic properties, which generate magnetic ordering in the presence of a magnetic
field [26,28]. Among these, the most studied are Fe3O4 nanoparticles, with sizes less than
30 nm, due to their stability and physical properties [29]. These nanoparticles enhance MRI
resolution by shortening T2/T2* relaxation times, derived from their superparamagnetic
properties [30]. Additionally, it has been reported that these nanoparticles, with the proper
morphology and size, can pass through the BBB, offering the potential for detecting CNS
damage [31]. Many synthesis routes exist to obtain Fe3O4 nanoparticles with the desired
characteristics [32]. Since the used precursors have affordable prices and are of low ecologi-
cal risk, the most commonly used techniques are chemical coprecipitation from iron salts
(sulfates or chlorides) and the use of strong bases like ammonium or sodium hydroxide as
precipitants [33].

However, these synthesis methods present a challenge due to the long reaction times,
which typically range from 4 to 48 h to produce nanoparticles smaller than 30 nm [34].
Therefore, developing more cost-effective methods to reduce reaction times, while pre-
serving the characteristics of the nanoparticles required for their use as contrast agents,
is essential.

Within the specialized literature, a reduction in synthesis times has been reported by
administering large amounts of energy during the process, using direct ultrasounds [35].
Ultrasound generates cavitation effects that raise the temperature in specific areas of the
synthesis, providing enormous amounts of energy and generating a much faster coprecipi-
tation, reducing synthesis times to an average of 30 min [36]. However, this approach often
results in high synthesis temperatures, which can destabilize the nanoparticles [37]. There-
fore, it is necessary to develop a rapid synthesis method that avoids raising temperatures
above 60 ◦C to obtain nanoparticles with the required properties.

In addition to the synthesis parameters, an important consideration when using Fe3O4
nanoparticles as contrast agents is their cytotoxicity on target tissues [38]. The toxicity of
these nanoparticles has been reported due to the generation of free radicals caused by their
susceptibility to oxidation, modifying the proper redox homeostasis of the target tissue
and, consequently, altering the related metabolic pathways [39]. To address this issue,
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the use of polymer coatings that can improve cell viability without greatly affecting the
superparamagnetic properties of interest has been studied [40].

The (3-Aminopropyl) triethoxysilane (APTES) is a coating of great interest due to its
high porosity, biocompatibility, and amino-terminal groups, which facilitate the formation
of amide bonds with various molecules that can provide specificity to the nanoparticle.
Therefore, using superparamagnetic nanoparticles coated with SiO2-NH2 and function-
alized with biomarker molecules is a promising area of research for potential medical
applications, where these nanoparticles could offer enhanced targeting capabilities [41].

In this context, the main objective of this work was to synthesize superparamagnetic
Fe3O4 nanoparticles coated with SiO2-NH2 through ultrasonic-assisted chemical coprecipi-
tation. The Fe3O4 nanoparticles were found to have a size of approximately 7.5 nm, with a
SiO2-NH2 shell thickness of around 1 nm. The reduced synthesis time and costs allow a
higher production rate of nanoparticles. Additionally, the Fe3O4@SiO2-NH2 nanoparticles
were functionalized with the biomarker of neuroinflammation P-88, and their impact was
evaluated on cell viability in an epithelial cell line. This approach offers a promising method
for developing materials that allow to amplify the MRI signal detection, with potential
medical applications and the ability to contribute to addressing global health challenges.

2. Results
2.1. Nanoparticle Characterization
2.1.1. X-Ray Diffraction (XRD)

Figure 1 displays the diffractogram of the Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles,
finding the characteristic peaks for the families of crystalline planes (111), (220), (311), (222),
(400), (422), (511), (440), and (533) corresponding to a reverse spinel structure of magnetite
(Fe3O4) (JCPDS card #75-0033 or COD#96-722-8111) [42]. Additionally, the diffractogram
of the Fe3O4@SiO2-NH2 nanoparticle exhibits an appreciable broad peak between 20 and
30 degrees, confirming the presence of silica. The absence of a defined peak of SiO2-NH2
is due to the lack of crystallinity at the temperatures reached during the synthesis. When
comparing the diffraction peaks of the samples, it is observed that they do not present any
shift, revealing that the crystalline structure of the magnetite core remains unaltered, even
after performing the SiO2-NH2 coating [43], the decrease in intensity in the peaks indicates
the presence of the amorphous coating of SiO2-NH2 [44].
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The crystallite size was determined using the Scherrer equation. Average crystallite
sizes of 7.43 nm and 7.83 nm for the bare Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles,
respectively, were determined (Table 1). The crystallite size of the bare Fe3O4 nanoparticles
is close to the average size determined by TEM (cf. Section 2.1.6). As expected, this clearly
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indicates that the Fe3O4 nanoparticles are single-domain nanoparticles [45], since for sizes
smaller than 30 nm the formation of multiple domains is unfavorable energetically [46].

Table 1. Crystallite size of Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles.

Sample Theta
(θ)

Beta
(β) K Lambda

(λ) (nm)
Crystallite
Size (nm)

Mean
Crystallite
Size (nm)

Fe3O4

35.24 1.14 0.90 0.18 8.49

7.43

41.58 1.09 0.90 0.18 9.08
50.68 1.54 0.90 0.18 6.65
63.31 2.58 0.90 0.18 4.20
67.62 1.43 0.90 0.18 7.79
74.58 1.39 0.90 0.18 8.37

Fe3O4@SiO2-NH2

35.23 1.08 0.90 0.18 8.97

7.83

41.58 1.18 0.90 0.18 8.40
50.68 1.51 0.90 0.18 6.75
63.30 1.58 0.90 0.18 6.84
67.59 1.42 0.90 0.18 7.80
74.55 1.41 0.90 0.18 8.21

2.1.2. Fourier Transform Infrared Spectroscopy (FTIR)

Figure 2 shows the FTIR spectra for the bare Fe3O4 and SiO2-NH2-coated nanopar-
ticles. In both cases, it is possible to observe the peak close to 540 cm−1 characteristics of
the stretching of the Fe-O bonds, indicating the presence of iron oxide. In addition, the
transmittance signals over 1000 cm−1 and 1500 cm−1 for the Fe3O4@SiO2-NH2 nanoparti-
cles indicate the bending vibration of the Si-O bond [47] and bending of N-H bonds [48],
respectively, specific to SiO2-NH2. The signals at 2920 cm−1 and 2850 cm−1 indicate
stretching vibrations C-H. Finally, the band at 3400 cm−1 corresponds to the vibration of
hydroxyl groups due to the O-H stretching model adsorbed on the surface of the Fe3O4
nanoparticles [49].
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Figure 2. FITR of Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles.

2.1.3. Differential Scanning Calorimetry-Thermogravimetric Analysis (DSC-TGA)

Figure 3 presents the decomposition of the nanoparticles as a function of temperature.
Fe3O4 nanoparticles (Figure 3a) show a loss of up to 125 ◦C of 2% of the total weight due to
the evaporation of the water present in the sample. Subsequently, a decomposition of the
nanoparticle is observed progressively down to 92% when the temperature reaches 800 ◦C.
This indicates the ability of nanoparticles to withstand high temperatures without evidenc-
ing a loss of total mass [50] and particularly at temperatures close to body temperature,
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which is promising for medical applications [51]. Additionally, the ability to withstand
high temperatures can propose nanoparticles as a possible helper in hyperthermia.
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Figure 3. DSC-TGA of Fe3O4 (a) and (b) Fe3O4@SiO2-NH2 nanoparticles.

Figure 3a exhibits a constant decomposition of the nanoparticles without peaks that
could indicate a large loss of mass at a specific temperature, as can be inferred from the
derivative of weight per temperature [52]. In contrast, for Fe3O4 nanoparticles coated with
SiO2-NH2 (Figure 3b), there is a loss of 6%wt of the sample when reaching 215 ◦C due to
the evaporation of the different solvents and impurities. From 215 ◦C to 500 ◦C, the greatest
loss occurs, reaching 57% of the initial weight of the Fe3O4@SiO2-NH2 nanoparticle, and at
800 ◦C, 50% of the initial mass is lost. The results evidenced the stability of the nanoparticles
up to 215 ◦C [53]. The derivative of the weight with respect to temperature shows three
degradation peaks, at 258 ◦C, 312 ◦C, and 468 ◦C, indicating the points of greatest total
mass loss of the Fe3O4@SiO2-NH2 nanoparticle.

The DSC analysis for the Fe3O4 nanoparticles indicates the beginning of the structural
transformation of the nanoparticles from magnetite (Fe3O4) to maghemite (γ-Fe2O3) at
136 ◦C. Likewise, the signal at 279 ◦C indicates the total transformation of nanoparticles to
γ-Fe2O3 and, finally, the exothermic signal above 480 ◦C is attributed to the transformation
of γ-Fe2O3 to hematite (α-Fe2O3) [54]. For the Fe3O4@SiO2-NH2 nanoparticle, there is a
similar behavior: a first step from Fe3O4 to γ-Fe2O3, where the coating shifts the beginning
of the transformation to 237 ◦C and the ending to 363 ◦C. Additionally, the transformation
to α-Fe2O3 does not exist.

2.1.4. Vibrating Sample Magnetometry (VSM)

Figure 4 shows the temperature dependence (50 K < T < 400 K) of the magnetization in
an applied field (H = 100 Oe) after a different cooling process in the ZFC and FC modes. The
studies of magnetization as a function of temperature in ZFC and FC resulted in blocking
temperatures of 187 K and 150 K for the uncoated and coated nanoparticles, respectively,
and a maximum magnetization of 10.4 emu/g and 5.1 emu/g. These results demonstrate
that both uncoated and coated NPs are superparamagnetic at room temperature and, more
interestingly, at body temperature. Additionally, the magnetization as a function of the
applied field was performed to determine the hysteresis loops, using a magnetic field
range from −30 kOe to 30 kOe, while keeping the samples at room temperature. The
magnetization values for the bare Fe3O4 nanoparticles are approximately 70 emu/g, while
the coated Fe3O4@SiO2-NH2 nanoparticles exhibit a lower saturation magnetization of
27.5 emu/g (Figure S1). This decrease in magnetization is attributed to the presence of
the SiO2-NH2 coating, which increases the overall mass of the nanoparticles. The specific
magnetization of the coated sample was adjusted using a weight fraction of 0.75261 for
Fe3O4, confirming that the sample contains pure Fe3O4 without significant transformation
to maghemite. The extremely low coercive field of −0.078 Oe further supports the stability
of Fe3O4 in the sample, indicating the absence of oxidation to maghemite. It is important to



Condens. Matter 2024, 9, 49 6 of 15

note that, given the coercivity and remanence values are 0, the synthesized nanoparticles
will exhibit superparamagnetic behavior at room temperature [55,56].
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2.1.5. Scanning Electron Microscopy (SEM/EDX)

Figure S2 shows the surface morphology of the nanoparticles investigated by SEM. It
can be observed a spherical and uniform morphology of Fe3O4 and Fe3O4@SiO2-NH2, nec-
essary for the correct passage of those through biological barriers in medical application [57].
On the other hand, agglomeration is observed for the bare and coated nanoparticles due to
the sample preparation process on the carbon tape [58]. A larger size is distinguished for
nanoparticles with SiO2-NH2 coating (Figure S2b) [59], which suggests the formation of
the coating on the nanoparticles; however, the size continues to be of great interest within
the proposed application. However, the challenge is to achieve a greater dispersion [60].

Additionally, a surface chemical analysis was performed using EDX Figure S3, obtain-
ing a semiquantitative composition of the elements present in the Fe3O4, Fe3O4@SiO2-NH2,
and Fe3O4@SiO2-NH2/P-88 nanoparticles. Only iron (72%) and oxygen (28%) were de-
tected for the Fe3O4 nanoparticles (Figure S3a), demonstrating that the synthesis method
is adequate. On the other hand, the spectrum for the Fe3O4@SiO2-NH2 nanoparticle
(Figure S3b) shows the presence of iron (37%), oxygen (42%), silicon (18%), and nitrogen
(2%), indicating the presence of Fe3O4 nanoparticles, and the coating with SiO2-NH2 [61].
Finally, the spectrum of the functionalized nanoparticle (Fe3O4@SiO2-NH2/P-88) displays
iron (8%), oxygen (26%), silica (12%), potassium (4%), chlorine (5%), sulfur (8%), sodium
(5%), and carbon (26%), indicating the presence of Fe3O4 nanoparticles, a coating with
SiO2-NH2, and the functionalization with P-88 due to carbon and sulfur from the carbon
chain and methionine present in the peptide chain. The appearance of elements such as Cl,
K, and Na is due to the resuspension in PBS of the sample (Figure S3c) [62].

2.1.6. High-Resolution Transmission Electron Microscopy (HR-TEM)

The morphology of the synthesized Fe3O4 nanoparticles, SiO2-NH2-coated Fe3O4
nanoparticles, and Fe3O4@SiO2-NH2/P-88 nanoparticles was analyzed using TEM (Figure 5).
The bare Fe3O4 nanoparticles displayed a spherical morphology and a size of 7.61 ± 2.2 nm
(Figure 5a) [63]. The coated Fe3O4 nanoparticles maintained the spherical morphology,
and an increased size of 9.09 ± 1.77 nm is due to the presence of the coating with SiO2-
NH2 (Figure 6b) [64]. Finally, the nanoparticle functionalized with P-88 also displayed a
spherical morphology but a negligible increase in size (Figure 5c). These results agree with
the results obtained by XRD (Figure 1). Indicating that the nanoparticle has the necessary
morphological characteristics for its correct passage through the BBB [65] because it has
a size of less than 50 nm (the necessary size for the correct absorption of nanoparticulate
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materials) [66]. The inset of each image displays TEM images at a higher magnification. For
the Fe3O4@SiO2-NH2 and Fe3O4@SiO2-NH2/P-88 nanoparticles, a dark internal structure
and a lighter external layer are observed. Given that Fe3O4 has a higher density than SiO2,
this suggests the formation of a core@shell structure. This is confirmed by EDX analysis
(Figure S4) conducted on the dark structures, which reveals that they are mostly composed
of Fe and O. In contrast, the EDX of the outer layers shows an increase in Si. Additionally,
the morphology of the nanoparticle influences the correct internalization of these in the
target tissue, as the spherical shape is more appropriate compared to other structures for
penetration in biological barriers, as has been reported elsewhere [65–68]. Finally, it has
been reported that nanoparticles smaller than 20 nm could be digested and/or excreted by
the body in two ways, by endocytosis of the same by cells and by elimination in feces and
urine [69]. Avoiding adverse effects due to accumulation in the organs [70]. However, it
should be noted that not only the size determines the form of elimination, but the charge
and concentration of the nanoparticles also influence the correct movement of the latter
through the body and, consequently its absorption and excretion. It is known that the low
concentrations and neutral or positive charges of a nanoparticle do not affect the organism’s
integrity [71].
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Figure 5. TEM of Fe3O4 (a), SiO2-NH2-coated Fe3O4 nanoparticles (b), and Fe3O4@SiO2-NH2/P-88
(c) nanoparticles, together with the corresponding nanoparticle size distributions.

The HRTEM analysis (Figure 6) allowed us to determine a structure like hexagons for
the Fe3O4 nanoparticles. Additionally, the value of 0.301, corresponding to the interplanar
distance of the family of crystalline planes (220), proper to said nanoparticles, is shown
(Figure 6a). Confirmation of each of the crystalline planes reported in the diffractograms
was performed using the fast Fourier transform Figure 6b. Table 2 records the presence of
atomic distances corresponding to the crystalline planes (111), (220), (311), (222), (400), and
(511) found in Figure 6b, which are specific to an inverse spinel structure of Fe3O4 (JCPDS
Fe3O4 crystalline structure [72]. There are similarities indicating that the synthesized
nanoparticles have an inverse spinel crystalline structure Figure 5c.
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Table 2. Fourier transform crystal planes determination.

Crystal Plane
(hkl)

Theoretical
Distance (nm)

Theoretical
Value

Experimental
Value

Experimental
Distance (nm)

111 0.484 4.13 4.10 0.488
220 0.296 6.75 6.65 0.301
311 0.253 7.91 7.92 0.252
222 0.242 8.26 8.21 0.244
400 0.210 9.54 9.47 0.211
511 0.161 1.40 12.91 0.155

2.2. Peptide Anchoring on the Nanoparticle

The conjugation between the Fe3O4@SiO2-NH2 nanoparticle and the P-88 was evalu-
ated using a biotin–streptavidin–HRP assay using the biotinylated peptide-88 for detection.
The results reveal a 46% increase in absorbance for the nanoparticle functionalized with P-88
(Fe3O4@SiO2-NH2/P-88) compared to the nanoparticle without the peptide (Fe3O4@SiO2-
NH2) (Figure 7a) (p = 0.033).

Condens. Matter 2024, 9, x FOR PEER REVIEW 9 of 16 
 

 

 

 

(a) (b) 

Figure 7. (a) Verification of the anchorage of P88 on the Fe3O4@SiO2NH2 nanoparticle using a bio

tinstreptavidinHRP assay (Student’s test n:3 * p < 0.05). (b) Cell viability assays of Fe3O4, 

Fe3O4@SiO2NH2, and Fe3O4@SiO2NH2/P88 nanoparticles (* p < 0.05, and **** p < 0.0001). 

2.3. Cell Viability 

The effects of Fe3O4, Fe3O4@SiO2NH2, and Fe3O4@SiO2NH2/P88 nanoparticles on the 

viability of the Vero cell line were assessed using MTT assays (Figure 7b). The viability of 

cells exposed to bare nanoparticles was reduced by 33.8% (p < 0.0001 compared to the 

control), which can be attributed to the generation of reactive oxygen species (ROS) by the 

bare nanoparticles, leading to alterations in lipid metabolic pathways, cytokines, and cel

lular stress markers. Notably, the viability of cells exposed to coated nanoparticles showed 

a moderate decrease of 17.3% (p = 0.0105) for coated nanoparticles and 16.6% for function

alized coated nanoparticles (p = 0.0129) compared to the control. These results underscore 

the ability of the SiO2NH2 coating, performed by ultrasonic cavitation to reduce the cyto

toxicity of the superparamagnetic nanoparticles synthesized in the Vero cell line [73]. This 

finding opens the possibility of scaling up the study of functionalized nanoparticles for in 

vivo applications, particularly in MRI. 

3. Discussion 

Diffractogram analysis of Fe3O4 and Fe3O4@SiO2NH2 nanoparticles confirms the spi

nel structure of magnetite; no changes in the diffraction peaks were observed, indicating 

that the core remains intact even after coating with SiO2NH2. This suggests that the func

tionalization process does not alter the crystalline arrangement of magnetite. However, 

the decrease in peak intensity points to the amorphous nature of the silica coating. More

over, the appearance of a broad peak between 20 and 30 degrees further validates the 

presence of silica in the coated nanoparticles. The crystallite size, determined using the 

Scherrer equation, closely aligns with the particle size measured by TEM, supporting the 

conclusion that these Fe3O4 nanoparticles are single domain. This is consistent with the 

nanoparticle size of less than 30 nm, as multidomain formation becomes energetically 

unfavorable at this scale. Overall, the results highlight the successful synthesis of 

Fe3O4@SiO2NH2 nanoparticles, preserving the magnetite core while introducing the 

amorphous silica shell. The coating of nanoparticles with SiO2NH2 significantly alters 

their magnetic properties by reducing both the magnetization and blocking temperature, 
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a biotin-streptavidin-HRP assay (Student’s test n:3 * p < 0.05). (b) Cell viability assays of Fe3O4,
Fe3O4@SiO2-NH2, and Fe3O4@SiO2-NH2/P-88 nanoparticles (* p < 0.05, and **** p < 0.0001).
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2.3. Cell Viability

The effects of Fe3O4, Fe3O4@SiO2-NH2, and Fe3O4@SiO2-NH2/P-88 nanoparticles
on the viability of the Vero cell line were assessed using MTT assays (Figure 7b). The
viability of cells exposed to bare nanoparticles was reduced by 33.8% (p < 0.0001 compared
to the control), which can be attributed to the generation of reactive oxygen species (ROS)
by the bare nanoparticles, leading to alterations in lipid metabolic pathways, cytokines,
and cellular stress markers. Notably, the viability of cells exposed to coated nanoparticles
showed a moderate decrease of 17.3% (p = 0.0105) for coated nanoparticles and 16.6% for
functionalized coated nanoparticles (p = 0.0129) compared to the control. These results
underscore the ability of the SiO2-NH2 coating, performed by ultrasonic cavitation to
reduce the cytotoxicity of the superparamagnetic nanoparticles synthesized in the Vero
cell line [73]. This finding opens the possibility of scaling up the study of functionalized
nanoparticles for in vivo applications, particularly in MRI.

3. Discussion

Diffractogram analysis of Fe3O4 and Fe3O4@SiO2-NH2 nanoparticles confirms the
spinel structure of magnetite; no changes in the diffraction peaks were observed, indicating
that the core remains intact even after coating with SiO2-NH2. This suggests that the func-
tionalization process does not alter the crystalline arrangement of magnetite. However, the
decrease in peak intensity points to the amorphous nature of the silica coating. Moreover,
the appearance of a broad peak between 20 and 30 degrees further validates the presence
of silica in the coated nanoparticles. The crystallite size, determined using the Scherrer
equation, closely aligns with the particle size measured by TEM, supporting the conclusion
that these Fe3O4 nanoparticles are single domain. This is consistent with the nanoparticle
size of less than 30 nm, as multi-domain formation becomes energetically unfavorable
at this scale. Overall, the results highlight the successful synthesis of Fe3O4@SiO2-NH2
nanoparticles, preserving the magnetite core while introducing the amorphous silica shell.
The coating of nanoparticles with SiO2-NH2 significantly alters their magnetic properties
by reducing both the magnetization and blocking temperature, likely due to the increased
mass of the coated particles. Despite this reduction, the superparamagnetic nature of the
nanoparticles remains intact, even at room temperature, making them suitable for biomed-
ical applications. The absence of coercivity and remanence in both coated and uncoated
samples further reinforces their potential for use in environments where rapid magnetic
response is crucial. The results indicate that conjugation between the Fe3O4@SiO2-NH2
nanoparticle and the peptide occurs effectively. This finding highlights the potential of
conjugating diverse peptides that interact with molecular targets, conferring specificity
to the nanoparticle to generate a contrast agent for MRI capable of detecting CNS dis-
eases, even at early stages [37,73]. The BBB is a significant challenge in diagnosing and
delivering therapies in the CNS; this hurdle can be overcome using nanoparticles with
sizes <50 nm, as synthesized in this work. The superparamagnetic properties of Fe3O4
nanoparticles cause MRI signals to be more intense in the areas where they accumulate,
allowing for better spatial resolution and precision in identifying lesions or abnormalities in
the brain [74]. However, achieving nanoparticle functionalization is not the only objective
in developing a nanomaterial as a contrast agent; it is also essential to evaluate its effects
on cell biocompatibility to subsequently scale up to in vivo studies.

4. Materials and Methods
4.1. Synthesis of Fe3O4 Nanoparticles

For the synthesis of Fe3O4 nanoparticles, FeCl2·4H2O (ACS, Reag. Ph Eur) and
FeCl3*6H2O (ACS, Reag. Ph Eur) were dissolved in ultrapure water in a 250 mL three-
necked vessel. Subsequently, a mixture of 100 mL of ultrapure water and 4 mL of 25% NH3
(Reag. USP, Ph. Eur.) was added dropwise. All the above processes were performed using
a Hielscher UP400ST ultrasonicator (400 W, 24 kHz), with a 14 mm diameter titanium sonic
probe operating at a 90% pulse cycle and set to 60% ultrasonic maximum power (400 W).
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The applied energy density was 310.5 J/mL. The maximum temperature of the process
was 27 ◦C. Once dripping was complete, the nanoparticles were separated by magnetically
assisted decantation and washed three times with ultrapure water.

4.1.1. Coating of Fe3O4 Nanoparticles with SiO2-NH2

The Fe3O4 nanoparticles were suspended in 100 mL of ultrapure water. Subsequently,
SDS (PanReac Applichem) was incorporated into the nanoparticle suspension and APTES
(Thermo Scientific) was added dropwise to coat the nanoparticles with a uniform SiO2-NH2
matrix. All the above processes were carried out using an ultrasonicator and the conditions
described above. The maximum temperature of the process was 20 ◦C. After dripping, the
nanoparticle was separated by magnetically assisted decantation and washed repeatedly.
Finally, the nanoparticle was dried at 80 ◦C for 4 h in a forced convection drying oven, and
the obtained powder was ground and stored in a dry place.

4.1.2. Functionalization of the Fe3O4@SiO2-NH2 Nanoparticle with the Biomarker P-88

An aliquot of 1.4 mg/mL concentration of Fe3O4@SiO2-NH2 was prepared in PBS
at pH 5.7. From this aliquot, 100 µL was taken and mixed with 50 µL of PBS at pH 5.7
(Solution 1). On the other way, 1 mg of EDC and 1 mg of NHS were dissolved in 1 mL
of PBS at pH 5.7 (Solution 2), later, 150 µL of Solution 2 was taken, and we added 1.6 µL
of peptide 88. Both solutions were mixed and placed under orbital shaking for 12 h. The
result was sterilized with UV light for 1 h and stored in a refrigerator at 2 ◦C.

An assay was carried out with a biotin–streptavidin–HRP system to identify the
anchorage of the peptide P-88 in the Fe3O4@SiO2-NH2 nanoparticle. Starting from a 96-
well plate, hydration with 1X PBS was performed overnight. Subsequently, the plate
was washed three times with PBS/0.05% Tween-20 and blocked with 5% BSA/1X PBS
(300 µL/well) for 2 h at room temperature. Again, the wells were washed 3 times. As a
control, 100 µL of Fe3O4@SiO2-NH2 was used in one well, 100 µL of PBS was used as a
blank, and 100 µL of Fe3O4@SiO2-NH2/P-88 was placed in another well. Each assay was
performed in triplicate. Subsequently, the plate was washed 3 times and incubated with
100 µL streptavidin-HRP for 30 min at room temperature in the dark. Finally, the wells
were washed 3 times, and 100 µL of the substrate (1:1, H2O2: tetramethylbenzidine, TMB)
was added for 30 min at room temperature in the dark. The reaction was stopped with 1 M
H2SO4 placed in 50 µL/well. The absorbance was determined at a wavelength of 450 nm
in an FC Multiskan TM microplate reader.

4.2. Nanoparticle Characterization
4.2.1. Functionalization of the Fe3O4@SiO2-NH2 Nanoparticles with the Biomarker P-88

To obtain the X-ray diffraction pattern, a PANalytical brand X’PERT PRO MPD X-ray
diffractometer with Cu-Kα radiation (λ = 0.154056 nm) was used. For the identification of
the peaks and phases, the program X-Pert High Score plus version 3.0 of Panalytical was
used. Samples of 30 mg of powdered Fe3O4 and Fe3O4@SiO2-NH2, previously dried and
ground, were analyzed. The measurements were made with an angular step of 0.013◦ and
an angular interval of 10◦ to 80◦ in 2θ. The Rietveld refinement technique was performed
using Xpert Highscore plus software version 5.1.

4.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were taken with a BRUKER ALPHA II FTIR unit with a range of
4000–400 cm−1 using 1% KBr pellets with 1 mg of Fe3O4 and Fe3O4@SiO2-NH2.

4.2.3. Vibrating Sample Magnetometry (VSM)

The thermogravimetric analysis with differential scanning calorimetry was carried out
with SDT Q600 equipment from the Thermal Analysis brand, analyzing 10 ◦C/min from
room temperature to 800 ◦C in a nitrogen atmosphere.
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4.2.4. Thermogravimetric Analysis with Differential Scanning Calorimetry (DSC-TGA)

The magnetic characterization of the nanoparticles was carried out by the analysis
of the magnetic hysteresis curves obtained by VSM. A Quantum Design magnetometer
(VersaLab TM) was used at a temperature of 300 K with an applied field of −3T to 3T. The
magnetization curves as a function of temperature in Field Cooled and Zero Field Cooled
modes were also recorded. The studies of magnetization as a function of temperature were
carried out following the magnetization routines of cooling without an applied magnetic
field (Zero Field Cooling, ZFC) and cooling with an applied magnetic field (Field Cooling,
FC), within a temperature interval from −223.15 ◦C to 126.85 ◦C.

4.2.5. Scanning Electron Microscopy (SEM/EDX)

A Teascan Lyra 3 model scanning electron microscope (SEM) was used with an energy
disperse spectrometer (EDX) with excitation energies from 0.1 kV to 30 kV that produces
high magnification images with high resolution (up to 3 nm). A sample of 30 mg of Fe3O4
and Fe3O4@SiO2-NH2 was used, suspended in water, and a carbon tape adhered to the
metal sample holders as a substrate. These samples were dried in a vacuum.

4.3. Cell Viability

The VERO monkey renal epithelial cell line was grown in DMEM supplemented with
5% fetal bovine serum (FBS-GibcoTM). Cells were maintained in standard cell culture at
conditions of 37 ◦C in a humidified atmosphere at 5% CO2. The culture medium was
replaced every 3 to 4 days, and when its influx exceeded 80% (2,000,000 and 8,000,000 cells
for flaks of 25 and 75 cm3, respectively), the corresponding passages were performed. Cells
with a range of 17 passages were used for the MTT assays.

An MTT assay was performed to evaluate the cytotoxicity of the Fe3O4 nanoparti-
cles, the Fe3O4@SiO2-NH2 nanoparticles, and the Fe3O4@SiO2-NH2/P-88 nanoparticles.
From a 96-well plate, 20,000 cells were seeded per well, and the plate was allowed to
incubate for 24 h. Subsequently, cells were evaluated with the following conditions: stan-
dard culture medium, DMSO 10%, Fe3O4, Fe3O4@SiO2-NH2, Fe3O4@SiO2-NH2/P-88, and
Fe3O4@APTES without cells (Blank). After placing the stimuli, the plate was incubated for
24 h. After 24 h, 10 µL of MTT reagent was added, and the plate was incubated for 4 h.
The medium was discarded and 100 µL of DMSO was added and the plate was allowed to
incubate again for 20 min. The absorbance was determined at a wavelength of 570 nm in
an FC Multiskan TM microplate reader. Each assay was performed in quintuplicate.

4.4. Statistical Analysis

Statistical analysis was performed using OriginPro® 2021b software and GraphPad
Prism version 8.0.1. Differences between samples and control were assessed using Student’s
t-test. A value of p < 0.05 was considered statistically significant.

5. Conclusions

The synthesis of superparamagnetic Fe3O4 nanoparticles with a mean diameter of
7.61 nm with an inverse spinel structure and crystallite size of 7.43 nm and superparam-
agnetic properties was carried out at room temperature, in times less than 15 min, using
coprecipitation assisted by ultrasound. With the use of sonochemistry, SiO2-NH2 coatings
were obtained on the Fe3O4 nanoparticles, increasing their diameter to 9.09 nm while
keeping the Fe3O4 core intact after coating. Additionally, the amorphous nature of the
@SiO2-NH2 coating was confirmed, and, therefore, the decrease in the magnetic characteris-
tics due to the shielding produced by the coating without affecting the superparamagnetic
in the nanoparticle. The functionalization of the nanoparticle was verified by means of
a biotin-streptavidin-HRP test, observing an increase in absorbance due to the presence
of peptide-88 anchored on the nanoparticle. Finally, the effect of the Fe3O4 nanoparticles,
the Fe3O4@SiO2-NH2 nanoparticles, and the Fe3O4@SiO2-NH2/P-88 nanoparticles on cell
viability was determined, allowing us to propose these nanomaterials as a potential contrast
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agent in magnetic resonance imaging to detect mild brain lesions, opening new alternatives
in nanomedicine and early detection of brain diseases.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/condmat9040049/s1, Figure S1: Magnetization curves at 300 K
of Fe3O4@SiO2-NH2 during the reheating process. Figure S2: Representative SEM Images of the
surface granularity of Fe3O4 (a) and (b) Fe3O4@SiO2-NH2 nanoparticles. Figure S3: EDX of Fe3O4 (a),
Fe3O4@SiO2-NH2 nanoparticles (b) and Fe3O4@SiO2-NH2/P-88 nanoparticles (c). Figure S4: TEM
image and EDX spectra with elemental composition in two zones of the nanoparticles: EDS-1 in the
core and EDS-2 on the SiO2-NH2 coating.
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