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A B S T R A C T   

Silica-coated magnetite nanoparticles (SMNPs) were prepared by a green approach based on 
waste pickling acid. A set of techniques (PXRD, ATR, VSM, SEM, TEM, DLS and XPS) was used for 
their characterization, and for monitoring the levels of heavy metal impurities. The SMNPs 
presented an expected profile, similar to that reported for nanoparticles produced from fresh 
chemicals. The crystallinity and magnetic saturation confirmed the formation of the Fe3O4 phase, 
silanol and siloxane absorption bands, as well as TEM images confirmed the coating SiO2. The 
SMNPs chosen for the biomedical tests did not present a significant level of contaminants, and the 
non-toxic silica coat produced by the sol-gel method ensured a preliminary study on its 
biocompatibility with reproductive cells in vitro. SMNPs presented a high ability to immobilize 
spermatozoon cells, suggesting that a fine control of their surface charge must be carried out for 
specific biomedical purposes. The agglomeration of the solid NPs was evidenced by SEM and by 
DLS measurements. Its aggregation was tuned by sonication, and a 5-min long ultrasound 
treatment was capable of halving the agglomerate size, allowing a one-to-one interaction (one 
SMNPs agglomerate to each cell). The CASA system used to monitor the semen quality showed 
that vigor, motility and velocity parameters were kept at levels very close to the control group. 
Finally, a waste-based input submitted to a meticulous purification process could be used as a 
source for magnetic materials synthesis and evaluated in the biomedical field as long as all 
precautions are taken into account.   

1. Introduction 

The reuse of industrial waste as an alternative to save mineral resources has gained relevance due to the demands for more sus
tainable processes as those predicted by circular economy standards (Matlin et al., 2020). Certainly, it has to be considered that 
proposals involving application in the biomedical field raise discussions regarding aspects of toxicity and pre-established limits for 
hazardous compounds, which is totally plausible since, besides health and welfare, ethical issues are at stake (Joseph et al., 2021; Vǐsak 
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and Garner, 2016). The fact is that several initiatives have changed the concept of waste, such as the use of recycled wastewater as 
clean water or in sanitary applications (Tortajada, 2020; Tortajada and van Rensburg, 2019), and the use of food waste for livestock 
feeding (Dou et al., 2018). These initiatives and many others are supported by the Green Chemistry’s principles (Friege, 2017), as well 
as by the 17 Life-Changing Goals established by the United Nations in 2015 (UN, 2022). 

In that context, the waste pickling acid (WPA), which is an iron-rich effluent produced worldwide as a result of the steel surface pre- 
treatment in galvanizing plants, appears as a potential source of iron ions for dozens of industrial processes despite the high load of 
contaminants. It is estimated that around 300,000 tons of WPA have been generated annually only in the European Union, and in turn, 
the conventional treatments, which usually involve precipitation with limestone, have been responsible for large amounts of metals- 
containing sludge formation (Zueva et al., 2021). In addition, several alternatives have been proposed to overcome this issue and such 
strategies are capable of recovering both acid and metal in order to produce iron-based inputs, such as iron salts and magnetic oxides 
(Tang et al., 2016; Tsai et al., 2021; Wang and Lv, 2018). Despite that, some of them run into difficulties related to high energy costs 
(Özdemir et al., 2006), and there seems not to be a consistent report evaluating the biocompatibility of these recycled inputs in the 
biomedical field. 

One of the biggest challenges in using residual sources for the preparation of materials for the biomedical field is the presence of a 
high content of hazardous ionic species, such as chromium, zinc and lead. Some of these chemicals have a well-known carcinogenic 
effect and cannot come into contact with living cells because they can ultimately lead them to death (Eastmond et al., 2008). Therefore, 
the use of magnetic oxides from WPA for biomedical purposes must take into account strategies to block the contact between the 
magnetic surface and the biological medium, for instance by forming a protective silica layer as find in core-shell structures (Zelepukin 
et al., 2017). 

Silica-coated magnetite nanoparticles (SMNPs), i.e. core-shell structures, which are part of nanotechnology strategies, have been 
extensively investigated and proposed as a kind of flagship for innovative technologies in the biomedical area, mainly due to three 
advantages: (i) the ferrimagnetism of its core, (ii) the reactive and tunable SiO2 surface amenable to chemical modifications, and (iii) 
its biocompatibility (Rodriguez et al., 2017; Sonmez et al., 2015). In addition to more traditional studies, such as those in which SMNPs 
are investigated as adsorbents for wastewater treatment (Kumari et al., 2019) or photocatalyst for degradation of organic dyes (Kumar 
et al., 2016), these nanomaterials have been studied in fields such as hyperthermia, drug release, tissue engineering, therapeutic 
diagnosis, and lab-on-a-chip approach, due to their exclusive chemical and physical properties (Cardoso et al., 2017). 

In this type of application, there is a clear demand for discrete nanoparticles, small enough to cross the plasma membrane and 
access the inner of the cells (Foroozandeh and Aziz, 2018). In an outer surface approach, however, there is a concern with the 
non-violation of the cell membrane, as well as with the maintenance of its inner information. Therefore, as the average size for equine 
spermatozoa head includes 5.3–6.6 μm of length and 2.8–3.3 μm of a maximum width (Larentis et al., 2018), sub or micrometric 
magnetic particles formed by agglomeration of magnetite nanoparticles can prevent the aforementioned possible damages to the cells 
and offer an anatomical platform to the interaction with them. 

Biocompatibility of these (nano)materials have been evaluated mainly in vitro, and the few examples of in vivo approaches have 
been restricted to small organisms (Shabana et al., 2021; Samrot et al., 2021). In general, results have pointed out that SMNPs are less 
toxic and more biocompatible than other metal NPs, appearing as an ideal metallic NP for biomedical application (Guo et al., 2018). 
Moreover, the use of novel strategies to support genetic improvement has been extensively investigated as a way to develop more 
sustainable techniques for energy and water saving, including several advantages for animal breeding and other activities belonging to 
the livestock sector (Monteiro et al., 2021; Thornton, 2010). Although there are many studies reinforcing the biocompatibility of these 
materials (Sun et al., 2006; Sonmez et al., 2015; Tran et al., 2022) and other showing the feasibility of synthesizing magnetic 
nanoparticles from WPA (Zhang et al., 2015; Cunha et al., 2021), approaches involving residual sources are scarce. 

In this work we propose a green strategy in which an industrial waste, previously treated to remove hazardous chemical species and 
prevent large contamination by heavy metals, was used to synthesize magnetic nanoparticles coated by a non-toxic mesoporous silica 
layer and submit them to the direct contact with reproductive equine cells in order to perform an assessment of its in vitro 
biocompatibility. 

2. Materials and methods 

2.1. Materials 

The waste pickling acid (WPA) used as a source for iron(II) ions for the waste-based SMNPs was gently provided by a local company 
and had its chemical composition previously analyzed by us (Cunha et al., 2021). Tetraethylortosilicate (TEOS) was purchased from 
Sigma-Aldrich, whereas iron(II) chloride tetrahydrate (FeCl2•4H2O) and iron(III) chloride hexahydrate (FeCl3•6H2O) were purchased 
from Reagen. Hydrochloric acid, ammonia aqueous solution and absolute ethanol, all reagent grade, were purchased from Neon. The 
commercial diluent Equipure® was purchased from Minitube (Germany). Unless otherwise specified, reagents were used as received 
without further purification. 

2.2. Synthesis of the SMNPs 

Silica-coated magnetite nanoparticles (SMNPs) were prepared by the co-precipitation method followed by the sol-gel process 
according to the literature (Pasandideh et al., 2016). Fresh iron salts were used in the preparation of the control magnetite, whereas 
FeCl2•4H2O from WPA was used in the other syntheses. In order to obtain the compound FeCl2•4H2O, the WPA was treated as reported 
previously by us (Cunha et al., 2021). The syntheses were carried out as follows: 5.0 mmol of FeCl3•6H2O and 2.5 mmol of FeCl2•4H2O 
were separately dissolved in 5.0 mL of a 0.5 M HCl aqueous solution and 3.0 mL of distilled water, respectively. Upon the dissolution, 
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both solutions were transferred to a 3-necked glass flask containing 80 mL of distilled water. After sealing the flask with rubber septa, a 
nitrogen purging was performed in order to eliminate the oxygen from air inside the flask and then the reaction system was heated up 
to 80 ◦C under vigorous magnetic stirring. After that, 10 mL of concentrated NH3 aqueous solution was dropwise added using a 
polypropylene syringe to achieve pH 12–13 and the formation of a black slurry (magnetite) which was kept under magnetic stirring for 
30 min. The uncoated magnetite prepared from fresh chemicals was reserved for comparative purposes. 

Upon waste-based magnetite synthesis, the surface coating with silica was carried out by the dropwise addition of 0.6 mL (2.69 
mmol) of TEOS over the reaction mixture at the same experimental conditions applied in the previous step. Then, the reaction mixture 
was sonicated for 30 min and left to rest for 24 h at room temperature. Finally, the magnetic material was decanted by using a 
neodymium magnet and exhaustively washed with distilled water, until the supernatant presented a pH 7–8, which was followed by a 
last wash with 50 mL of absolute ethanol. The SMNPs obtained were dried at room temperature for 24 h and then stored in propylene 
flasks. Additionally, two more coating reactions were performed using 2.5 mL (11.2 mmol) and 5.6 mL (25.1 mmol) of TEOS in order to 
evaluate its influence on the coating thickness. Therefore, the samples were labeled as follows: control magnetite (prepared from fresh 
chemicals), SMNP-1 (0.6 mL of TEOS), SMNP-2 (2.5 mL of TEOS) and SMNP-3 (5.6 mL of TEOS), all prepared using iron(II) chloride 
tetrahydrate obtained from WPA. 

2.3. Techniques for characterization of the SMNPs 

Powder X-ray diffraction analysis (PXRD) was conducted in a Bruker diffractometer model D2 Phaser operating at 30 kV and 10 mA 
with copper radiation (Cu-Kα = 0.15418 nm), with graphite monochromator in the range of 10–60◦ with dwell time of 2◦/min. The 
average crystallite size was estimated using the Debye-Scherrer equation (D = Kλ/βcosθ), where D is the average crystallite size, K =
0.9082 is the Scherrer constant for cubic crystallites (Langford and Wilson, 1978), λ is the wavelength of the X-ray beam, β is the 
corrected peak width (full width at half maximum, FWHM) obtained by fitting a Gaussian function, and θ is the Bragg diffraction angle 
of the strongest peak (Shahid et al., 2019). 

Scanning electron microscopy (SEM) was recorded in an FE-SEM (TESCAN, model MIRA 3 LMU, Brno, Kohoutovice, Czech Re
public). Around 10 mg of the sample was dispersed in 1 mL of water and one drop of the suspension was placed in the sample holder in 
order to evaporate the solvent at 30 ◦C for 10 min. 

Transmission electron microscopy (TEM) was performed in a JEOL JEM 1200EX-II with resolution up to 0.5 nm. Images were 
registered using a high-resolution camera CCD Gatan (Orius SC1000B). Samples were placed in grids, metalized with gold and dried in 
an oven before analysis. 

The infrared spectra were registered in a Thermo Scientific spectrophotometer, model Nicolet iS5 iD5, using the attenuated total 
reflectance (ATR) mode. A sample was placed over an equipment window and the measurements were performed with 16 scans and 4 
cm− 1 of resolution. 

Vibrating-sample magnetometry analysis (VSM) was performed in a magnetometer (VSM MicroSense, Model 32 KP Gaussmeter) to 
evaluate the magnetic properties of magnetic nanoparticles at 303 K with a swept magnetic field between − 15 and 15 kOe. 

X-ray photoelectron spectroscopy analysis (XPS) was carried out with SPECS equipment working with X-ray monochromatic ra
diation from an Al anode and a hemispherical energy analyzer PHOIBOS 150. Charge accumulation was reduced with a food gun 
(FG500). 

Particle size in aqueous solutions was measured by dynamic light scattering (DLS) using an Anton Paar equipment, model Litesizer 
500. Around 10 mg of the powder sample was dispersed in 10 mL of distilled water, shaken by hand and immediately measured 
thereafter. 

The interaction between cells and SMNPs was analyzed in an optical microscope (magnification of 1,000X) coupled to a digital 
camera. 

2.4. Biocompatibility evaluation 

The interaction between SMNPs and animal cells was evaluated using equine semen obtained from a Brazilian specialized breeding 
center. Four stallions had their sperm collected considering three ejaculations each. The spermatozoon had its concentration set to 50 
× 106 mL− 1 using a commercial diluent (EquiPure®, Minitube Germany®) and immediately separated into groups. The groups that 
received treatment were incubated for 5 min at room temperature and mixed to 8.0 or 16.0 mg of SMNPs for each 500 × 106 sper
matozoa. After that, a neodymium magnet was approached for 15 min to promote the separation of SMNPs from the liquid medium. 
Upon this step, the cells were evaluated in comparison to the control test. All analyses were carried out using the CASA system for 
spermatic analysis (MACE sperm tracker®, Antúrius Brasil®) with the same setup. The standards used for the equipment setup were 
based on the recommendations of the program MACE sperm tracker® for the analysis of the semen from equines considering the 
following parameters: captured nanoparticles size ranging from 1 to 61 pixels2, spermatozoon considered immobile (<5 μms− 1), slow 
(<40 μms− 1), intermediate (from 45 to 90 μms− 1), or fast (above 90 μms− 1); progressives with straightness >70%, circular with 
linearity <45%, and acquisition rate of 17 images per second. At least three fields randomly chosen and 500 spermatozoa were 
evaluated for each sample according to the following parameters: concentration (106 spermatozoon mL− 1), total motility (TM, %), 
progressive motility (PM, %), vigor (1–5), as well as curvilinear velocity (VCL, μms− 1), linear velocity (VSL, μms− 1), and average path 
velocity (VAP, μms− 1). 
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3. Results and discussion 

3.1. Characterization of the SMNPs 

Considering the need for strictly controlled conditions regarding biomedical application and a possible chemical contamination by 
materials produced from a secondary source, the first challenge was to ensure the absence of hazardous chemical species in the 
precursor iron(II) chloride tetrahydrate. For this reason, the WPA was carefully treated and characterized as reported earlier by us 
(Cunha et al., 2021). According to the previous results, the heavy metals concentration in the iron(II) chloride tetrahydrate crystals was 
relatively low, with lead, chromium and nickel totaling no more than 50 mg kg− 1, whereas zinc achieved up to 2.23 wt%. 

SMNPs produced from pre-cleaned secondary sources were characterized by a set of techniques before testing of biological material 
in order to prevent any deleterious effects arising from possible contamination by heavy metals. 

3.2. Characterization of the SMNPs 

The PXRD patterns of the synthesized materials are shown in Fig. 1. The uncoated magnetite (Fig. 1a) presented a typical set of 
diffraction peaks positioned at 30.2, 35.6, 43.3, 53.8 and 57.3◦ (2θ), referring to the diffraction planes (220), (311), (400), (422) and 
(511), respectively. This set of peaks is in agreement with JCPDS card no. 85–1436, confirming the synthesis of magnetite in its close- 
packed cubic arrangement by the co-precipitation method (Silva et al., 2013). The silica-coated materials (Fig. 1 b-d) had a profile 
similar to that of the magnetite. Indeed, all the diffraction peaks showed the same position and relative intensity compared to the 
control material. The different amounts of TEOS, used to modulate the thickness of the silica coating, did not cause significant 
interference, except for the discrete halo-amorphous between 20 and 30◦ (2θ) for both materials in which a higher amount of TEOS was 
added. Such halo-amorphous, as is widely known, is typical of amorphous silica and represents the disordered SiO4 unit arrangement 
of the porous silica coating formed on the magnetite (Sharma et al., 2016). The relatively wide peaks indicate the presence of 
nanostructured materials, which was confirmed by Debye-Scherrer’s calculations for the synthesized materials based on the (311) 
diffraction plane. The size of the magnetite crystallites was 97.2, whereas for SMNP-1, SMNP-2 and SMNP-3 the sizes of the crystallites 
were 129.4, 119.7 and 94.2, respectively (Fig. 1). The results show that the amount of TEOS employed in the coating step has 
influenced the crystallites growth, making them smaller the more TEOS was added. Several factors can cause this effect, but literature 
reports the Zener pinning, which is caused by the presence of a small amount of a second phase in the system, as an important sup
pressor of size in grain boundary diffusion processes (Hu et al., 2021). A second solid phase based on mesoporous silica nanoparticles 
may have been favored by the increase in the TEOS amount used in the coating step. In fact, the Fe(II)/TEOS molar ratio used in the 
syntheses was 0.5 for SMNPs-1 and 5.0 for SMNPs-3, which may represent a large excess of SiO2 and may explain the observed effect. 

The infrared spectra are shown in Fig. 2. This is a useful technique for preliminary characterization of silica-coated nanoparticles 
because of the existence of typical vibrational modes of silica chemical bonds in the region ranging from 750 to 1120 cm− 1. Therefore, 
the coating process could be confirmed based on the variation of the TEOS volume. Fig. 2a shows that magnetite presented a wide 
absorption band centered at 600 cm− 1 referring to iron-oxygen stretching modes (νFe-O), whereas the silica-coated nanoparticles 
presented two wide absorption bands at 794 and 1094 cm− 1, referring to siloxane stretching modes (νSi-O-Si), as well as another 
absorption band centered at 957 cm− 1 referring to the silanol stretching mode (νSi-OH) (Fig. 2b–d). The coated nanoparticles kept the 
νFe-O vibrational mode of medium-strong intensity independently of the amount of silica deposited on the magnetite, suggesting that 

Fig. 1. PXRD patterns for (a) control magnetite, prepared from fresh inputs, (b) SMNP-1, (c) SMNP-2 and (d) SMNP-3, prepared using iron(II) chloride tetrahydrate 
from WPA. 
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Fig. 2. Infrared spectra for (a) control magnetite, (b) SMNP-1, (c) SMNP-1, and (d) SMNP-3 highlighting absorption bands referring the silica shell and magnetite core.  

Fig. 3. VSM analysis for control magnetite and SMNPs synthesized. (top) VSM curves and (inset) an image of the NPs being attracted by the Nd magnet over a glass 
surface. (down) A detail of the magnetic curves highlighting the hysteresis of the materials. 
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the magnetic inner withstood the reaction steps. All vibrational modes shown in Fig. 2 are in agreement with the literature, and 
specifically the Si–O modes confirm a successful coating process (Safari et al., 2016). In addition, control magnetite presented a broad 
band centered at 3400 cm− 1 referring to OH stretching from adsorbed water and hydroxyl groups of the magnetite surface. This 
absorption band was less intense in the silica-coated materials, which could have been a result of the desiccator storage process before 
analysis. 

VSM analysis was performed to characterize the magnetic properties of the synthesized materials prepared from secondary sources. 
The obtained results for the four synthesized materials can be seen in Fig. 3. Some useful parameters extracted from the hysteresis loops 
include saturation magnetization (Ms), remanence (Mr), and coercivity (Hc). The uncoated magnetite (control magnetite) presented a 
typical hysteresis loop for a ferrimagnetic material, with Ms = 56.6 emu g− 1, Mr = 6.5 emu g− 1 and Hc = 53.8 Oe. These values are 
within the usual range reported in the literature, in which the Ms ranges from 54 to 84 emu g− 1 as a function of the crystallite size. In 

Fig. 4. SEM images of (a, b) control magnetite, (c, d) SMNP-1, (e, f) SMNP-2 and (g, h) SMNP-3.  
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fact, the obtained Ms (56.6 emu g− 1) seems to be slightly low when the average crystallite size (97.2 nm) is considered, however, other 
studies have presented similar results (Rahmawati et al., 2017). For comparative purposes, the Ms for bulk magnetite was theoretically 
estimated to be 92 emu g− 1 (Li et al., 2017). 

The silica-coated materials had different VSM results from each other. The SMNP-1, the one prepared with a thinner layer of 
mesoporous silica, showed magnetic results close to those obtained for the magnetite, that is, Ms = 48.8 emu g− 1, Mr = 5.0 emu g− 1, 
and Hc = 54.3 Oe. In its turn, SMNP-2 and SMNP-3 presented a decrease in their Ms values, suggesting an equivalent decrease in the 
size of their crystallites. 

It is well known that the smaller the particles, the lower the saturation magnetization Ms (Novoselova, 2021), therefore, the lower 
values of Ms obtained for SMNP-2 and SMNP-3 suggest the existence of smaller crystallites, which is in agreement with the decrease in 
the average crystallite size calculated by the Debye-Scherrer’s equation (Kemp et al., 2016; Kelgenbaeva et al., 2013). 

The morphology of the synthesized SMNPs and control magnetite was studied by SEM analysis and the results are shown in Fig. 4. 
Firstly, Fig. 4a and b shows that the non-coated magnetite forms micrometric agglomerates, with nanoparticles around 50 nm in size. It 
is possible to notice in the images that the non-coated magnetite seems to present nanoparticles of a more homogeneous shape. Upon 
the coating process by silica, SMNP materials seem to have gone through a densification process, increasing their agglomeration level 
and making it difficult to identify discrete nanoparticles (Fig. 4c–f). Specifically for SMNP-3, a higher level of agglomeration is 
observed, confirming the formation of micrometric agglomerates. Additionally, SMNP-3 showed nanometric pores, with size around 
50 nm (Fig. 4h). 

In order to further elucidate the morphology of the nanoparticles, the SMNP-1 was submitted to TEM analysis and the images are 
shown in Fig. 5. The nanocrystallites of magnetite were embedded in a bounding silica shell as depicted in Fig. 5a and e, confirming the 
formation of a core-shell structure. The magnification of Fig. 5b shows that SMNP-1 nanoparticles have a size around 15 nm and a thin 
SiO2 edge, as indicated by the orange arrow, with thickness around 3 nm, which is in agreement with the literature (Ahmad et al., 
2019). However, the crystallite sizes obtained by TEM diverge from those estimated using the Debye-Scherrer equation, suggesting 
that the PXRD-based method presents some shortcomings when the nanoparticles undergo an intense agglomeration process. Addi
tionally, the TEM results corroborate the existence of nanopores of approximately 50 nm, which was previously showed by SEM 
analysis (Fig. 5c). The size distribution of a given agglomerate of SMNP-1 nanoparticles can be seen in histogram of Fig. 5d. 

In order to know both hydrodynamic size and zeta potential of the synthesized SMNPs in aqueous media, a DLS analysis was carried 
out and its results are shown in Fig. 6. The agglomeration of the nanoparticles in aqueous solution was confirmed by their size 

Fig. 5. TEM images of SMNP-1 showing (a) nanocrystallites of Fe3O4 embedded in a silica shell, (b) a detail of the core-shell structure highlighting a 15 nm wide 
magnetite crystallite and a silica shell of around 3 nm of thickness, (c) a nanopore around 50 nm in size, (d) size distribution on NPs, and (e) an aggregate of 
nanocrystallites around 200 nm wide. 
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distribution centered at 2.0 μm (Fig. 6a, c and 6e). Aiming at investigating the possibility of reducing the size of the aggregates, the 
SMNP-1 was submitted to ultrasonic treatments for distinct periods of 5 and 10 min. Fig. 6f shows that the 5 min-long treatment was 
capable of decreasing the average size of the SMNP-1 from ~2.0 to ~1.0 μm, but no significant additional size change was observed 
after 10 min. These results confirm the agglomeration of the SMNPs in aqueous solution and the influence of the ultrasound on their 
partial deconstruction. 

In terms of zeta potential, the SMNP-1 and SMNP-2 showed similarities with ζ = − 20.95 and ζ = − 21.00 mV (Fig. 6b and d), 
respectively, whereas SMNP-3 presented ζ = − 18.83 mV (Fig. 6f). These results are in agreement with the literature for silica-coated 
magnetite nanoparticles (Mandel et al., 2015). The difference of just over 2 mV between SMNP-3 and the others was attributed to a 
higher acidity of the silanol groups (Si–OH) which covers the silica surface, perhaps influenced by its higher thickness and less 
proximity to the magnetite core. Indeed, literature reports that in multiple-valence environments formed by different interconnected 
metal-oxygen units, as in the case of the interface between SiO4 and FeO6 units, the Tanabe’s postulates predict that the –OH BrÖnsted 

Fig. 6. Particle size distribution in aqueous solution for (a) SMNP-1, (c) SMNP-2 and (e) SMNP-3. Zeta potential for (b) SMNP-1, (d) SMNP-2, and (f) SMNP-3. (g) 
Effect of the ultrasonic treatment in the particle size of SMNP-1. 
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surface sites attached to silicon atoms can display changes in their acidity, showing a higher capacity of donating a H atom to a H2O 
molecule (Tanabe et al., 1974), which may lead to a different distribution of surface charge. 

As aforementioned, for this work the main challenge was the safe use of waste-based materials for biomedical applications. For this 
reason, SMNP-1 was chosen for further evaluation and confirmation of the absence of unwanted chemical species. Fig. 7 shows the 
result obtained for magnetite and SMNP-1, both submitted to XPS analysis. Considering that the synthesis of the materials was per
formed under conditions of high pH, the metallic ion zinc - one among the contaminants in the precursor iron(II) chloride tetrahydrate 
- was successfully eliminated by the formation of the tetrahydroxozincate(II) complex ion, [Zn(OH4]2-, highly soluble at basic con
ditions. In fact, no signal was detected in the range of 1020–1050 eV, typically attributed to bivalent zinc species (Chang et al., 2019). 
In addition, the minor contaminants and their typical ranges, that is, lead (135–145 eV), chromium (570–580), and nickel (850–885 
eV), were not detected either (Bhat et al., 2016; Jin et al., 2019; Fu et al., 2018). In addition, the peaks of silicon at 104 eV (Si2s) and 
154 eV (Si2p) corroborated the coating of magnetic NPs. Oxygen (O1s) peak centered at 533 eV showed a profile with almost 8 eV 
width, probably due to the existence of different binding energies, such as lattice oxygen (Fe–O, 530 eV), surface hydroxyl (-OH, 532 
eV) and adsorbed water (-OH2, 534 eV) (Wang et al., 2016). Still for the oxygen, another signal is present as a broader peak at 977 eV, 
which could be attributed to oxygen KLL due to an auger transition (Jacomaci et al., 2019; Baltrusaitis et al., 2007). Additionally, iron 
was detected as a weak signal at 90 eV (Fe3s) and 56 eV (Fe3p). An extra signal centered at 284 eV was attributed to the interference 
from the carbon-based tape used to stick the powder samples to the sample holder. Fig. 7a and b shows the expected signals for the 
components of the materials, such as Fe2p1/2 and Fe2p3/2 at 725 and 710 eV, respectively, confirming the preferential synthesis of 
Fe3O4 and an almost negligible presence of satellite peak at 719 eV and 723 eV, which are characteristics of γ-Fe2O3 and FeOOH (Tian 
et al., 2011). Nevertheless, any material synthesized in this work could show some degree of oxidation due to the drying process 
performed at room atmosphere. 

3.3. Biocompatibility tests 

Among all analyzed parameters, only progressive motility presented a significant difference (P < 0.05) between the control group 
(CG) and the test groups (T1 and T2). Despite the lower values (Table 1), both remained within the range considered normal for the 
studied species (Rezagholizadeh et al., 2015; Křížková et al., 2017; Gaitskell-Phillips et al., 2021). As can be seen in Table 1, the total 
motility remained practically constant for CG, T1 and T2, confirming changes only in the progressive motility and suggesting the 
presence of a residual number of SMNPs, probably in a nanometric range, which were not effectively attracted by the magnet and 
remained in suspension in the liquid medium causing a type of blockage to the free straight-line movement of the cells. 

Nevertheless, considering the global set of evaluated parameters, the results obtained suggest the maintenance of fertilizing ca
pacity of the equine spermatozoa (Love, 2011; Singh et al., 2021), confirming the biocompatibility of the SMNPs produced from 
secondary sources, as well as showing that the non-toxic silica layer plays an important role in this regard. 

Fig. 8 depicts the in vitro test, in which a clear attraction between spermatozoa cells and SMNP-1 can be observed. It is intriguing 
that while some cells are completely immobilized due to a strong interaction between their head and the agglomerates of SMNPs (pink 
arrow), other cells show a free straight-lined journey across the medium (orange arrow) (Fig. 8a and c). The interaction between 
SMNPs and the studied cells can be evidenced in Fig. 8b, in which two agglomerates of approximately 5 μm each immobilize the same 
spermatozoon. The free movement of the cells, as well as their immobilization on SMNPs surface, can be seen in more details in Video 1 
(https://drive.google.com/file/d/1IBMdrkFsHDpEO3s7zdbtUoBV1P_CvIQg/view?usp=sharing). The main result was a decrease on 
the number of free cells for both treatment groups in comparison to the control group (P < 0.01), which confirms the attraction of cells 
by the SMNPs surface (Table 2). 

The nanoparticles based on iron oxide, as well as those containing silica, are recognized by their low toxicity and for this reason 
they are widely studied for multiple uses in the biomedical field (Berry and Curtis, 2003; Azam et al., 2012; Yaqoob et al., 2020). On the 
other hand, it is well known that some aspects related to the interaction between these materials and the organisms can result in some 
kind of cytotoxicity, impacting directly in the physical, chemical and biological properties of the cells, which in turn is dependent on 
the size and dosage of the nanoparticles, as well as on the idiosyncrasy of a given animal species (Exbrayat et al., 2015). Based on our 
results, only the features that encompass low toxicity were confirmed for the studied SMNPs, since all the seminal parameters linked to 
the fertility were not affected. Additionally, the progressive motility, which showed a decrease after the treatment with SMNPs, 
remained within the standards of quality required for the studied species. 

The selective attraction observed between some spermatozoa and the SMNPs, which resulted in a dropdown of the spermatozoa 
concentration in the sample and subsequent reduction of the total cell count, as well as the clear absence of attraction to the other set of 
cells within the same sample, suggest similarities to what was reported by Domínguez et al. (2018), who monitored the attraction of 
only male gametes for magnetic nanoparticles during 5 min of treatment, and recommended the use of this type of materials for 
spermatic sexing of the equine species. 

Certainly, further studies are necessary in order to enhance the comprehension of the interaction between SMNPs and the animal 
cells. The possible toxicity of the waste-based nanoparticles is one of the most important aspects that deserve deeper studies. Moreover, 
successive tests involving different individuals may reveal an existence of singular variations in the results. Notwithstanding, in vivo 
studies using semen treated by SMNPs, followed by insemination of females and a meticulous monitoring of the offspring’s birth are 
fundamental for the development of technologies based on magnetic nanoparticles. Also, tests involving different species can help to 
elucidate the details of the interaction of SMNPs and cells, considering their distinct seminal characteristics. 

In general, the results showed that the presence of a silica coating on the magnetite nanoparticles was essential for trapping the 
eventual heavy metals that could be dragged from the iron(II) input obtained from secondary sources into the final product. 
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Fig. 7. XPS analysis of the (a) control magnetite showing Fe and O peaks, (b) SMNP-1 sample with silicon from silica shell, (c) a broad peak of oxygen, and (d) a detail 
of the Fe3s and Fe3p signals outermost electronic layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Results obtained from the CASA analysis system (average ± SD) for the studied parameters.  

Parameter CG T1 T2 

Vigor 3.4 ± 0.1 3.2 ± 0.2 3.4 ± 0.3 
TM 73.3 ± 1.8 74.5 ± 7.1 74.2 ± 7.5 
PM 61.7 ± 6.7a 48.9 ± 6.1b 48.3 ± 11.1b 

VSL 66.8 ± 3.7 57.8 ± 3.8 58.4 ± 10.5 
VCL 228.1 ± 5.0 214.7 ± 10.3 218.2 ± 18.3 
VAP 100.9 ± 1.6 95.1 ± 5.1 96.4 ± 10.5 

The superscripts a and b in the average values represent discrepancies in relation to the variance test ANOVA (P < 0.05). Vigor (Vig-1 to 5), Total Motility (TM, %), 
Progressive Motility (PM, %), curvilinear velocity (VCL, μms− 1), linear velocity (VSL, μms− 1), and average path velocity (VAP, μms− 1). 

Fig. 8. Tests in vitro highlighting the interaction between cells and SMNPs.  
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4. Conclusion 

The green synthesis of silica-coated magnetite nanoparticles was not significantly interfered by the waste-based iron precursor 
source used for. All characterization techniques confirmed the successful production of crystalline-coated-ferromagnetic nano
particles. The agglomeration of the nanoparticles was observed by SEM and DLS analyses, and their size was strongly influenced by the 
ultrasound treatment. Hazardous contaminants (heavy metals) from waste-based precursor were not detected and the SMNPs could be 
evaluated in vitro. The tests showed that the spermatozoa can be immobilized by their head, requiring a fine tune of their zeta potential 
for specific biomedical applications. In addition, in vitro tests revealed the high capacity of the SMNPs to concentrate the sperma
tozoon cells in the system. The CASA analysis performed in this study confirmed the biocompatibility of the synthesized SMNPs and 
reinforced the possibility of application of the nanomaterials for biomedical purposes. 
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