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Nanoscience and nanotechnology explore the properties and application of particulate systems at the nanometric size. At
this scale, materials exhibit properties and characteristics different from their bulk form due to the surface and quantum
confinement effects. These effects are related to the increase in the area/volume ratio, which can improve textural
properties, such as specific surface area and porosity. Additionally, quantum effects are involved with electronic and
optical modifications. When considering their unique properties and characteristics, nanoparticles and nanomaterials have
been widely used in water remediation, pesticide detection, and especially in biomedical applications. Despite their
excellent properties, the toxicity of nanoparticles (NPs) is a common concern for the scientific community.
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| 1. Biomolecule Purification

Microbiological degradation is a common issue that affects the preservation of foods, beverages, and shelf-time. By
considering antibiotic resistance, numerous strategies have been developed to prevent the deterioration and damage
caused by pathogenic strains . Among these, antimicrobial peptides (AMPs) show excellent activity against different
microbial strains. AMPs are the host-defense peptides found in animals, plants, and microorganisms [&. Although peptides
have promising applications, purification and separation processes are difficult and time-consuming as they involve
several methods and steps. Additionally, the magnetic separation and immobilization techniques present some
advantages, such as simplicity, easy operation, and low cost (31041 Recently, Niu and coauthors Bl developed a new
strategy (one step) employing silica-decorated Fe3;0,4 nanoparticles for AMPs separation. Magnetic nanoparticles were
synthesized through the typical co-precipitation method, following silanization and amidation reactions. After the
optimization of the purification procedure, it was verified that the adsorption of the AMPs occurred satisfactorily and easily
(1 h of contact with the cell-free supernatant).

Furthermore, Benelmekki et al. [8 captured the protein GFP-H6 by adsorption process employing Ni2*/Co?* decorated
porous magnetic silica spheres (PMS-Ni and PMS-Co). Subsequentially, from the purification step, it was possible to
observe that the capacity of protein capture was enhanced for both doped magnetic nanocomposites. Liu and co-workers
1 synthesized Cu?* modified magnetic mesoporous silica microspheres (Fe;0,@SiO,Cu?*) by employing the sol-gel
method to capture and enrich the peptides. The results showed that magnetic nanoparticles and Cu?* ions improved the
selective peptides and enrichment efficiency due to the affinity between these inorganic compounds and biomolecules.

| 2. Food Packaging

The considerable increase in fish consumption and its low shelf-life leads to a substantial need for packaging with
properties that make it possible to reduce the degradation caused by deteriorating bacteria, maintaining the flavor and
nutritional properties 8. Essential oils are natural compounds, derivatives of the secondary metabolism of plants with
numerous properties and applications 2. By considering the antimicrobial and antioxidant activities of turmeric essential
oil (TEO), Surendhiran et al. & synthesized a magnetic silica-based composite with film food packaging for the
preservation of Surimi fish. The antimicrobial activity of nanocomposites was evaluated using the Bacillus cereus as the
deteriorating bacteria model. According to the results, the impregnation of TEO onto magnetic nanocomposite improved
bacterial activity due to its slow and controlled release. In addition, the pH of Surimi was maintained, avoiding the
oxidation and proliferation of bacteria.



| 3. Antimicrobial Activity

Antimicrobial resistance has been considered an emerging health problem due to the ability of microorganisms to resist
the pharmacological effect of many drugs 9. Through gene hypermutation, different pathways may be associated with
decreased antimicrobial activity, such as efflux pumps, enzymatic inactivation, decreased drug uptake, and
pharmacological target changes (Figure 1) L. Thus, the potential advances in nanoscience and nanotechnology have
contributed to the development of multifunctional materials that exhibit different properties and applications 2],
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Figure 1. Bacterial structure and resistance mechanisms.

The replacement of an anti-inflammatory drug was evaluated by Follmann et al. 28l Nanohybrids loaded with
dexamethasone were used in an antibacterial study to verify their biological activity. The results of the susceptibility assay
showed important bactericidal action against E. coli, S. aureus, Bacillus subtilis, and P. aeruginosa.

Nayeem et al. 14 developed cationic magnetic nanocomposites containing vancomycin (Van). According to the
antimicrobial activity studies, it was verified that the Van impregnated into the nanomaterial showed higher inhibitory
capacity compared to the free drug. Similarly, Zhang et al. 23] also immobilized Van onto magnetic hybrid nanoparticles to
improve its pharmacological action. Corroborating with Nayeem and coauthors 4], the positive effects observed were the
lower dosage to inhibit bacterial growth and the enhanced antibacterial activity.

Chemically modified silica nanoparticles with essential oils also were employed to improve the antibacterial activity.
Shahabadi et al. 28 developed magnetic silica nanoparticle-based composites coated with eugenol (EUG). The bacterial
activity was evaluated against four food pathogens. The results showed that among the strains tested, Klebsiella
pneumoniae (Gram-negative) was the most sensitive bacterium. Additionally, the nanoparticles presented higher activity
than free essential oil.

Silica nanoparticles present not only high biocompatibility but also exhibit high surface area and reactive sites that enable
the conjugation with biocides compounds. Chen and coworkers 2 synthesized core—shell-like (Fe304/SiO;) magnetic
nanoparticles containing a quaternary ammonium salt (QAS) site and three N-halamine sites. The antibacterial assay
revealed that the QAS and N-halamine sites act in a synergic manner. Both bacterial strains (Staphylococcus aureus and
Escherichia coli) showed susceptibility to the magnetic compound, with bacterial inactivation of 100% after 30 min of
incubations with treatments.

Cationic dendrimers with terminal amine display antimicrobial properties. Nazari et al. 18 also modified the surface of
Fe304/SiO, nanoparticles to investigate bacterial effects against S. aureus and E. coli. The inhibitory performance of
Fe304/SiO, nanoparticles functionalized with dendrimers demonstrated that the minimum inhibitory concentration (MIC)
for E. coli and S. aureus was 4 and 8 pug mL™, respectively. The higher susceptibility of Gram-negative strain to
treatments can be associated with the thickness of the cell wall peptidoglycan.

Transition metals have also been incorporated into the surface of magnetic silica nanoparticles. Shatan and coauthors 12!
reported the coating of magnetite with silica nanoparticles and its functionalization with thiol groups to facilitate the
impregnation of silver clusters. The antibacterial activity was evaluated using clinical isolates of S. aureus and E. coli
strains. The results clearly express that the decorated Ag* ions on the surface of the magnetic nanoparticle contribute to



the inhibitory effect, considering that no significant difference was observed without the magnetic nanoparticles. In
addition, the E. coli strain demonstrates higher susceptibility to treatments.

Mesoporous silica-coated magnetic nanocomposites were synthesized for the controlled release of Ag* ions. Wang et al.
20 reported a novel silica-based core—shell compound for drinking water decontamination. The study to evaluate the
antibacterial activity was carried out using E. coli as the model. The results showed that the etching time on the
nanocomposite structure influenced the disinfectant action.

The copper ions—Schiff base complex was anchored in mesoporous silica-based magnetic nanoparticles. Ahmadi et al. 24
synthesized different magnetic nanoparticles containing streptomycin and investigated the antimicrobial activity against
two bacterial strains (S. aureus and E. coli) in the presence and absence of a magnetic field (H). The results
demonstrated that the bacterial strains treated with nanoparticles together with the magnetic field exhibited higher
sensitivity to all treatments. Moreover, the nanoparticles containing copper and streptomycin showed the most significant
effects. At the same time, the compounds presented antibacterial action more expressively against E. coli.

Platinum-doped core—shell magnetic nanoparticles (Fe3zO,@SiO,-Pt) were developed to evaluate the inhibitory effect
against S. aureus 4. The results showed that the antiproliferative effects of nanoparticles occur in a dose-dependent
manner. Additionally, the antibacterial activity is improved with the presence of hydrogen peroxide. Similarly, titanium—
silica—iron oxide (TSI) nanocomposites were prepared to explore the potential bactericidal activity. The effects of TSI
combined with UV light were also studied. The experimental results indicated that the nanocomposites showed
bactericidal performance only under the presence of ultraviolet light 23],

The synthesis of a novel magnetic nanocomposite containing different metallic elements and quantities of Ni?* was
reported by El Nahrawy et al. 24, These nanocomposites were tested in diverse bacterial strains. The in vitro data
revealed that the compounds with higher proportions of Ni?* ions presented the best inhibitory capacity.

Iron oxide was also impregnated into silica-based microporous materials for antibacterial studies against methicillin-
resistant S. aureus (MRSA) and Pseudomonas aeruginosa 23, The MIC values and antibiofilm assay showed clearly that
the nanocomposite exhibited antibacterial activity and inhibited biofilm formation.

| 4. Drug Delivery and Release Studies

Although conventional treatments are effective in controlling and curing numerous diseases, pharmacological therapies
still present diverse limitations, such as nonspecific action, several side effects, toxicity, and instability to pH and light 28
(27, Thus, nanostructured systems have been widely used to improve the biocompatibility and systemic circulation of
drugs (Figure 2) as well as decrease immunogenicity 28],
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Figure 2. Drug delivery systems using silica-based magnetic nanopatrticles.



Some investigations indicated that silica nanoparticles could enhance drug delivery and improve treatment response. In
this scenario, Pinna et al. [22 conducted a study using MIL-88A (Fe) MOF crystals nucleated and grown around a polymer
core containing superparamagnetic nanoparticles focused on the magnetophoretic drug release of dopamine. The safety
profile of MOF was measured using PC12 cells as the neuronal cell model. The findings indicated that dopamine could be
delivered into the intracellular compartment using the PMP@MIL-88A carrier as well as avoid side effects.

Moreover, Balasamy et al. 22 reported the action of nanoformulation focusing on biocompatible metal—organic
frameworks (MOFs) as well as magnetic nanocarriers for drug delivery and tumor imaging to reveal new cancer therapies.
It was developed a nanocomposite comprising Fe/SBA-16 and ZIF-8 (Fe/S-16/ZIF-8) via ultrasonic irradiation.

An automated diffusion cell system equipped with a flow-type Franz cell was used analyzed cisplatin (Cis) drug delivery.
The results of the drug release profile established the nanocarrier as an excellent platform for cisplatin delivery, enabling a
slow and sustained release.

Follmann et al. 3 performed a synthesis of novel hybrid organic-inorganic aerogel materials with one-dimensionally
aligned pores to conduct an extended delivery system for a hydrophobic drug. Given the fact that these compounds
present hydrophobic pores, the hybrid aerogels exhibited a high drug-loading ability and excellent release pattern for
dexamethasone, which was used as a model drug. The results showed a prolonged drug delivery of more than 50 days.

Chitosan-modified magnetic silica nanoparticles and N-isopropylacrylamide (MagSi@Chi-g-NIPAAm) was used as a
doxorubicin (Dox) carrier B9, The drug release study was performed at different pHs (4.0 and 7.4, respectively) to
simulate the physiological and tumor environment. In addition, two temperatures were also used to mimic body
temperature and hyperthermia conditions (37 and 45 °C), respectively. Regarding the in vitro results, it was verified that
the drug release is highly pH/thermos-responsive, i.e., the highest drug release rate was reached at the acidic medium
and 45 °C. This behavior is sustained by swelling of the polymers at pH 4.0 (easy protonation of amine groups) and higher
rupture of nanoparticles. Similar behavior was observed by Tran et al. B4,

The magnetic nanocarrier containing cisplatin showed higher drug release at pH 5.5 than at pH 7.4. These findings were
also attributed to the protonation of NH, groups in an acidic environment.

Silica-based magnetic nanoparticles were used for targeted delivery and cellular recognition of doxorubicin and miRNA-21
82 The effect of the amount of doxorubicin on the loading efficiency (%), as well as the influence of the surface
modification with DNA and miRNA-21, was investigated. In vitro results revealed that a gradual increase in the amount of
Dox significantly improved drug loading efficiency. Furthermore, the presence of DNA and miRNA-21 in the nanocarrier
structure determined the drug release.

Espinoza et al. B3 employed nanocomposite for carrier doxorubicin, MNPs-SiO»-F127-2%, and MNPs-SiO,-F127-4%.
The assays were accomplished at two different pHs, 5.4 and 7.4, miming physiological and tumoral conditions,
respectively. Drug release data revealed a significant influence on pH. At acidic conditions, the drug release is higher than
the pH of 7.4, which may occur by breaking amide bonds. The Pluronic F127 content also affected the drug release rate.
Along with this, Wu and co-workers B4 ysed a nanocomposite (Fez0,@mSiO, and CS/Fe;0,@mSiO,) to deliver the
same drug (Dox) and noted that under acidic conditions (pH 4.0), a higher drug release percentage (%) was reached.
Both nanocarriers exhibit a time-dependent behavior; initially, a high concentration was released to the medium, followed
by a slower release. The nanocarrier containing chitosan (CS) showed the highest drug release rate due to breaking the
“gatekeeper” faster than Fe30,@mSiO,.

Moorthy et al. 33 studied the fucoidan-coated core—shell magnetic mesoporous silica drug carrier (FeNP@SiOH@Fuc
NPs) system action in human breast adenocarcinoma cell line (MDA-MB-231). This system contains a magnetic iron
oxide (FeNP) core, a mesoporous silica shell (SiOH), and a marine biopolymer known as fucoidan (Fuc), which focuses
on Dox drug delivery involving pH and hyperthermia.

In a similar manner, a novel Dox nanocarrier based on nanoparticles loaded into multi-walled carbon nanotubes with
mesoporous silica (mSiO,) MWCNTs@CoFe,0,@mSiO, was developed. The results showed a remarkable pH-
responsive drug delivery character within 48 h, targeting cancer therapy improvement B8, Wang et al. 34 produced
Fe,B@SiO, nanoparticles covalently grafted from graphene oxide containing 90% entrapped epirubicin (EPI). The drug
delivery was pH-dependent, with higher EPI release achieved at pH 5.7.

Wang et al. 28] investigated the synergistic antitumor effect of the hydrogel-based nanocomposite (MMSN-RBITCs) for
Dox delivery by MTT assay. The free Dox showed a low cytotoxicity capacity for the 4T1 cell line over 24 h of contact. In



contrast, the Dox-loaded hydrogel was able to decrease cell viability. Moreover, the cytotoxicity increased dramatically
when the hydrogel was exposed to magnetic hyperthermia therapy (MHT), indicating that heat potentiates the cytotoxic
effects of nanoparticles.

| 5. Antioxidant Activity

Oxidative stress is known as an organism imbalance between the production of oxidative substances and antioxidant
compounds B2, Free radicals are atoms or molecules that have unpaired electrons in the valence shell. This characteristic
enables those free radicals the ability to react with macromolecules (Figure 3) and trigger several diseases 49,
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Figure 3. Silica-based magnetic nanoparticles focusing on antioxidant activity.

Mesoporous silica nanoparticles are widely used in biological studies due to their distinct properties. A recent report
showed that quercetin conjugated with silica-based magnetic nanoparticles was able to significantly reduce AB40-induced
ROS generation in primary hippocampal neurons 411,

The antioxidant activity of silica-based magnetic nanoparticles functionalized with chitosan and tannic acid (y-
Fe,0;@Si0,-CS-TA) and also amine groups (y-Fe,03@SiO,-NH,-TA) was reported by Swietek et al. 42, DPPH assay
results showed that nanoparticles modified with chitosan exhibit a slightly higher antioxidant capacity. At the same time,
the amount of TA incorporated into the magnetic nanoparticles and the concentration of treatments also influenced the
ability to scavenge free radicals.

Zare and Sarkati 43 synthesized iron oxide nanoparticles coated with silica and chitosan immobilized into the surface (Cs-
f-SiO,@Fe304 MNPs). Magnetic nanoparticles were used as a carrier for silymarin. The antioxidant activity assay showed
that silymarin incorporated into magnetic nanoparticles presented higher DPPH radical scavenging ability compared to
pure nanoparticles. Corroborating with results reported by Swietek et al. 41, the inhibitory capacity increases with the
concentration of compounds.

Patsula et al. 4 investigated the antioxidant activity of y-Fe,0;@SiO,-PEI-PEG nanoparticles coated with poly(l-lysine)
(PLL) and polyethyleneimine (PEI) + PLL (PLLL). The antioxidant power of magnetic nanoparticles at the cell level was
investigated by flow cytometry. According to the results, the treatments showed the capacity to reduce the endogenous
production of ROS in human glioblastoma cells (U87MG cell line).

6. Silica-Based Nanoparticles Biocompatibility and Safe Profile
Assessment

Investigations that focus on discovering new therapeutic agents that exhibit low side effects are significant to the
nanomedicine field. In this scenario, studies that analyze the biocompatibility of these compounds are essential.
Keshavarz et al. 4% reported that silica nanoparticles improved drug release using Tamoxifen (anticancer treatment) by
hyperthermia. This investigation used poly (carboxybetaine methacrylate) (pCBMA) coating for magnetite mesoporous
silica nanoparticles (MMSNSs) to inhibit protein uptake and avoid the protein corona effect. The findings herein are
indicated that nanogels are biocompatible and present no cytotoxic effects since it was tested on L929 cells at different
concentrations and distinct treatment times of 24, 48, and 72 h.

Ledda et al. 48 assessed the biocompatibility of sub-5 nm silica-coated superparamagnetic iron oxide nanoparticles in
human stem cells and mice for possible use in nanomedicine therapies. The results showed that this system did not alter
any of the stem cells’ tested parameters, such as growth, viability, morphology, cytoskeletal organization, cell cycle



progression, immunophenotype, and the expression of pro-angiogenic and immunoregulatory paracrine factors. Neither
the osteogenic nor myogenic differentiation markers suffered any modification. Moreover, in vivo analyses using a mice
model suggested no acute or chronic cytotoxicity, exhibiting short- and long-term biocompatibility and safe profile via
analyses of histopathology, hematology, serum pro-inflammatory response, body weight, and mortality.

The biocompatibility and bioaccumulation of nanoparticles were investigated by employing mice as an animal model. The
use of magnetic nanoporous silica nanoparticles (MNPSNPS) in an in vivo study was reported by JanRen et al. 44, By
considering the difficulty for magnetic nanoparticles to accumulate in deeper regions, a magnetic implant was inserted
subcutaneously to improve circulation. The analysis of biological tissues showed that the nanoparticles accumulated
mainly in the lung, liver, and spleen. However, depletion occurred quickly, and no significant tissue changes were
observed. In a similar manner, Nasiri et al. 28 also reported that silica-coated iron oxide nanoparticles caused insignificant
changes in histological tissues.

Mesoporous silica nanoparticles with magnetic core (Fe3z04) coated with polyethylene glycol-phospholipids were used in
in vitro and in vivo studies to evaluate biocompatibility. The cellular uptake was explored using hepatic cells as the model
(HepG2 and HepaRG cells). There was aggregation due to its high ionic strength, protein adsorption, and accumulation in
the liver and spleen. Cell internalization was slower with coating nanoparticles than with native ones. Despite the
accumulation, the nanoparticles did not cause toxicity in these tissues 49,

Navarro-Palomares et al. B9 reported that dye-doped biodegradable nanoparticle SiO, coating on zinc- and iron-oxide
nanoparticles enhanced biocompatibility and can be used for in vivo imaging investigations via supplying luminescent
functionality to zinc and iron oxide multifunctional nanoparticles.

With the aim of increasing biocompatibility and avoiding protein adsorption and ion aggregation in the biological
environment, SIMNPs were conjugated with PEG (MFO/SIO,-PEG). The cytotoxicity of MFO/SiO,-PEG was investigated
in NIH/3T3 cell line (MFO/SiO,-PEG concentration from 2 ug-mL™! to 200 ug-mL™) by CCK-8 assay. In this range, the
complex showed high biocompatibility (cell viability remained above 80% for all treatments) &1,

| 7. Silica Nanoparticles Carriers Focusing on Cardiovascular Treatment

Huang et al. 2 used silica nanoparticles to improve stroke treatment. This study was conducted using a novel surface
imprinted magnetic mesoporous silica nNOS—PSD-95 (nitric oxide synthase—postsynaptic 12 density protein-95) as
artificial antibodies. This complex showed a significant adsorbing performance and high recyclability and can be used as a
sorbent to catch uncouplers from natural compounds. Biological action and interaction were measured in vitro and in vivo.
This compound showed neuroprotective action on glutamate-injured PC12 cells (rat adrenal medulla cell line) and
uncoupling activity targeting nNOS—PSD-95. Moreover, nNOS—PSD-95 uncouplers improving neurological deficit and
decreased infarct volume of MCAO/R (middle cerebral artery occlusion and reperfusion) in rats, indicating significant
potential for ischemic stroke treatment.

| 8. Silica Nanoparticles against Cancer Cells

The development of nanoparticles with potential anticancer activity is a very important aspect to be investigated,
considering the chemoresistance, recurrence, and several side effects B3l Previous investigations reported that silica
nanoparticles present action against different cancer cell lines BB4IESIEE] | addition, silica nanoparticles are widely
explored due to their inert characteristic and high biocompatibility (Figure 4). Moreover, they can be easily obtained from
sustainable sources such as rice husks by a top-down approach 4. Chemically modified silica nanoparticles are
synthesized for carrier drugs and other organic compounds aiming to explore their antitumor activity. Due to
responsiveness to an external magnetic field and biocompatibility, magnetic nanoparticles are commonly used in
modification reactions 22!,
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Figure 4. Interaction of silica-based nanoparticles with healthy cells.

In this scenario, Abbasi Kajani et al. B8 synthesized gold/silver decorated silica-coated iron oxide nanoparticles and
evaluated the anticancer activity using human breast (MCF-7) and cervical cancer (HeLa) cell lines. According to the
results, it was possible to verify a dose-dependent anticancer activity. In addition, higher effects were exhibited on the
MCEF-7 cell line than on HelLa. The nanostructures containing gold/silver showed high results when compared to silica—
iron oxide nanoparticles (FeSi-NPs), indicating that metal ions improve the cytotoxicity against tumor cells. Moreover,
nanoparticles showed good biocompatibility with healthy cells, significantly affecting cell viability only at the highest
concentrations.

Taher et al. B synthesized magnetosome mimics nanoparticles with a lipid-covered magnetite core synthesized by the
bacterium Magnetospirillum magneticum (called magnetosome). Cytotoxic effects of mimetic magnetosomes were
evaluated using MDA-MB-231 (human breast adenocarcinoma) cells by flow cytometry. In vitro results showed that
magnetosomes exhibited higher toxicity than nanoparticles. Among them, the silica-containing mimetic magnetosomes
(Si@rMNP) showed a higher capacity for cellular internalization.

Iron oxide-loaded hollow silica spheres were synthesized and evaluated by MTT on HCT-166 cells (colon-rectal
carcinoma). The cellular viability decreased in a dose and iron-dependent manner. These data suggest that the coupling
with magnetic nanoparticles could increase the anticancer capacity of the iron oxide-loaded hollow silica spheres 89,

Foglia et al. [81 developed silica-coated magnetic iron oxide fluorescent nanoparticles. Confocal microscopy confirmed
internalization in human colon cancer cells (Caco-2). However, no interference with cytoskeleton organization or cell cycle
progression was observed.

Solak and coauthors 2 employed magnetic mesoporous silica hanoparticles modified with acid-linked polyethyleneimine
(mMDPF) to loaded Disulfiram (DSF) against MCF-7 and MCF-10A cell lines. The results of cytoviability showed that
MCF-7 cells were the most sensitive line to treatments. The higher selectivity of nanoparticles modified with folic acid is
attributed to the expression of fatty acid (FA) receptors by MCF-7 cells 3,

The combined therapy of Cu?* ions and/or sodium nitroprusside (SNP) improved the cytotoxicity of the nanoparticle-
loaded DSF, although it did not enhance the effects of free disulfiram. Further, the magnetic field also contributed to higher
cellular uptake and drug release.

| 9. Point-of-Care Detection of Silica-Based Nanoparticles

Silica nanoparticles are highlighted in point-of-care detection to enhance imaging assessment and improve the diagnosis
in nanomedicine BY64ES] | this scenario, a recent review summarized the importance of silica nanoparticles for
improving the sensitivity of lateral flow assays (LFAs), which is a rapid and affordable point-of-care device for health
diagnostics. Silica nanomaterials have been used to enhance the signal of label materials or offer stability and subsequent
detection performance improvement B8, Moreover, Monaco et al. €4 developed a smart assembly of Mn-ferrites/silica
core—shell with fluorescein and gold nanorods that exhibit robust and stable nanomicelles for in vivo triple modality
imaging. The results herein was indicated a contrast-to-noise ratio (CNR) as high as 60 in a mouse leg injected
subcutaneously with the nanosystem. Moreover, biocompatibility analysis did not show hemolytic effects, highlighting this
investigation's medical diagnosis. Additionally, Navarro-Palomares et al. Y developed a dye-doped biodegradable
nanoparticle SiO, coating on zinc- and iron-oxide nanoparticles to enhance biocompatibility and in vivo imaging
investigations. In addition, Cabrera-Garcia et al. €3 reported the synthesis of engineered contrast agents in a single
structure for T1-T2 dual magnetic resonance imaging using a thin and homogeneous silica coating through hydrolysis



and polymerization of silicate at neutral pH. They produced Gd(H,0)4[Fe(CN)s]@SiO, magnetic nanoparticles that are
very stable in biological fluids. Thus, this product exhibits an important action as MRI CA, improving positive and negative
contrasts in T1- and T2-weighted MR images, which can be applied for both in vitro and in vivo models. Moreover, it is
showed that biosafety profile and excellent capacity to add in organic molecules, showing remarkable potential for medical
diagnostic tools.

Magnetic Hyperthermia Therapy and Magnetic Resonance Imaging

Magnetic nanoparticles are commonly studied for magnetic hyperthermia therapy (MHT) and as contrast agents for
magnetic resonance imaging (MRI). The responsiveness of MNPs to an external magnetic field (MF) is useful in cancer
treatment due to the ability to target the drug to the organs and tissues of interest, decreasing the non-specific toxicity of
chemotherapeutic agents 7. Iron oxide nanoparticles (IONPs) are a class of nanoparticles widely explored B8589 These
nanoparticles are known to exhibit magnetic properties only in the presence of the external magnetic field. Moreover,
IONPs can be easily synthesized and chemically modified 42, However, considering the critical size and high surface
energy, magnetic nanoparticles tend to aggregate &l. Thus, surface modification with silica-based nanoparticles can not
only increase stability but also become magnetic nanoparticles even more functional and biocompatible 9.

The advantage of the use of magnetic hyperthermia therapy (Figure 5) is the higher sensitivity of tumor cells to heat
compared to healthy cells. The increase in local tumor tissue temperature (41-46 °C) causes cell damage for different
pathways as well as sensibilize cells to drug chemotherapy 4. Cell damage can occur by diverse pathways: i: through
conversion of energy to heat (Neel relaxation); ii: mechanical damage caused by MNPs rotation in response to the
external changing MF direction (Brownian relaxation) [8: iii: production of heat shock proteins; iv: increase in immune
response (recognition by cytotoxic T lymphocytes) 6.
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Figure 5. Magnetic nanoparticles as the therapeutic agents for MHT.

The MRI-based conventional diagnosis uses gadolinium derivatives as contrast agents. Gd is rare earth from the
lanthanide series that shows high toxicity in its inorganic form. Therefore, this metal is employed in chelate forms to
increase stability and consequently reduce its toxicity 2. However, gadolinium-based contrast agents (GdBCAs) still
trigger side effects such as gadolinium deposition disease, skin changes, neurotoxicity, nephrotoxicity, and pancreatitis
[73 |ron oxide nanoparticles have been widely explored in MRI, considering their superparamagnetic properties, high
biocompatibility, and relaxivity 241,

Nanotheranostic is a novel concept involving nanoscience and nanotechnology that associates therapy and diagnostics.
In the past, magnetic nanoparticles were employed for cell migrating detection through MRI, and the results obtained
revealed an improvement in the resonance signal 2. Similarly, Benyettou and coauthors 28 reported an interesting study
regarding the use of organic framework-based magnetic nanoparticles for multitasking applications. According to the
results, it was possible to verify a linear correlation between the nanoparticles concentration and contrast, improving the
relaxivity values. The theranostic proposal allows targeting antitumor drugs using nanocarriers as well as verifying tissue
accumulation, toxicity, and cell processes I8, Aiming to overcome the limitations of chemotherapy, such as high toxicity
and poor specificity, Wang et al. 28] developed an injectable self-healing hydrogel (Mn-Znferrite@mesoporous silica) for



doxorubicin delivery in the tumor site. Doped ferrite with Zn?>* and Mn?* can convert the H,O, into -OH radical (-OH
radicals cause tumor cell death) through ion-mediate Fenton reaction. Moreover, the superparamagnetic properties of this
self-healing hydrogel allowed its use in MHT and MRI. The results showed the excellent effect of magnetic hyperthermia
and MRI. An increase in the cytotoxicity of doxorubicin against the 4T1 cell line was observed due to higher cell uptake
triggered by the nanoencapsulation and association with an alternate magnetic field (AMF). The in vitro and in vivo MRI
results demonstrated that the increase in iron concentration improves transverse relaxation. Moreover, magnetic
nanoparticles can enhance image resolution due to their high relaxivity (303.9 mM™ s™1). Magnetic silica-based
nanoparticles with high relaxation values (175 mM™ s™1) were also reported by Sheng et al. 21, These results display the
potential application of nanoparticles as a theranostic platform.

Effects on the relaxation time caused by iron concentration were reported by Kubi¢kova et al. Z8. The MRI experiment
revealed that an increase in iron content caused a reduction in the signal, which can be explained by the high relaxivity.
Furthermore, MnFe,0,4 and MnFe,0,@mSiO, nanoparticles were also used as contrast agents (CAs) 2. The results of
the MRI showed that pristine manganese ferrite exhibits higher capacity than the CAs (transverse relaxation-T2) due to
relaxivity value (1.04 pg mL™' s™1). Regarding the MHT study, the results revealed that the coating with silica
nanoparticles decreased the specific absorption rate (SAR). The heat dissipation mechanisms reported are the Neel and
Brown relaxation due to the critical size of magnetic nanoparticles.

Effects of the alternate magnetic field were also evidenced by Pon-on et al. B4 when employing Dox-carried into
MagSi@Chi-g-NIPAAm. The internal stimulation increased the Dox release. Under the same experimental conditions (pH
4.0), it was observed that the drug release rate improved by around 30% with AMF application.

Moorthy et al. 4! produced a mesoporous silica hanocarrier system (FeNP@SIiOH@CET) modified by a crown ether triad
unit (CET) focused on drug carriers, especially chemotherapy and heat therapy. This system presents a potential
application for cancer therapy to reduce the side effects of pH-responsive drug delivery and magnetic hyperthermia. The
surface-modified CET gating units protect the encapsulated drug inside the mesopores of the FeENP@SIOH@CET NPs
system under a physiological environment and exhibit a pH-responsive release in acidic conditions promoted by an
alternating magnetic field (AMF). This system presents action against MDA-MB-231 considering magnetic hyperthermic
heating induced by the exposed AMF. Therefore, FeENP@SIOH@CET NPs present an important potential for cancer
treatment combined with magnetic hyperthermia therapy applications.

lliasov et al. BY investigated the in vitro cytotoxicity of PEGylated MNPs and bioinert silica-coated MNPs on tumor cells
(PC3-human prostate cancer) using a low-frequency alternating magnetic field (LF AMF). After 48 h of incubation, it was
verified that the cytotoxic effects occurred in a dose-dependent manner and increased with coating. The amplitude of LF
AMF and preincubation time had a significant contribution to the cytotoxicity, while the frequency did not affect cell
proliferation. Similarly, Yang et al. [l reported that the FDPOMs complex improved MR tumor imaging ability and showed
excellent anticancer action considering the intense magnetic targeting capacity under an external magnetic field.
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