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Magnesium oxide (MgO) nanoparticles have excellent biocompatibility, stability, and diverse biomedical uses, such as
antimicrobial, antioxidant, anticancer, and antidiabetic properties, as well as tissue engineering, bioimaging, and drug
delivery applications. Magnesium oxide nanoparticles demonstrate substantial biocompatibility and display significant
antibacterial, antifungal, anticancer, and antioxidant properties.

Keywords: magnesium oxide nanoparticles ; MgO ; Nanoparticles

| 1. Introduction

In recent times, nanotechnology has become a focal point in research owing to its diverse applications across scientific
and technological domains. This field focuses on crafting nanoparticles (NPs) and harnessing their potential in areas like
biomedicine, sensing, and catalysis 2. The significance of NPs stems from their unique properties, such as small size,
adaptable shapes, substantial surface area compared to volume, and outstanding magnetic, electronic, optical, and
mechanical traits A5, Yet, the distinctiveness of each nanoparticle primarily relies on the utilized synthesis method (€.
In general, nanoparticles have been synthesized using a variety physical, chemical, and green approaches [ZIBIQIL0I11][12]

Metal oxide nanoparticles represent a crucial category of nanomaterials extensively utilized today due to their distinct
physical and chemical properties, finding applications across diverse fields like biosensing technology, tissue engineering,
catalysis, food packaging, biomedicine, and environmental sciences X3l The key members within the category of metal
oxide nanoparticles include silicon dioxide (SiO,), ferric oxide (Fe,Os), copper oxide (CuO), zinc oxide (ZnO), titanium
dioxide (TiO,), and magnesium oxide (MgO) 4. Among these metal oxide nanoparticles, magnesium oxide (MgO)
nanoparticles have gained considerable attention because of their exceptional biocompatibility, non-toxic nature, robust
stability in abrupt conditions, and extensive applications, especially in biomedicine X5, Furthermore, the United States
Food and Drug Administration regards magnesium oxide as a safe material for human consumption 1€, MgO
nanoparticles possess several advantageous physicochemical characteristics, such as enhanced ionic character,
substantial specific surface area, distinctive crystal structures, as well as oxygen vacancies, enabling seamless interaction
with various biological systems I8, These nanoparticles have found widespread utility in diverse areas, including toxic
waste remediation, paints, antiseptics, catalysis, superconductors, catalytic devices, semiconductors, additives in heavy
fuel oils, refractory materials, adsorbents, reflective coatings, lithium-ion batteries, and more R |y the realm of
biomedicine, magnesium oxide nanoparticles have been employed for stomach relief, heartburn alleviation, and bone
regeneration 2122 a5 well as for therapeutic applications, such as coated capsules, biological labeling, band-aids, blood
collecting vessels, etc. 2. Additionally, MgO nanoparticles have exhibited potential as antibacterial [21[22123] fungicidal
24 anticancer 231261 antioxidant (24, and antidiabetic 22 agents, as well as in applications such as tissue engineering 2]
(29 bioimaging Y, and drug delivery B, Hence, the pursuit of novel synthetic methods for producing magnesium oxide
nanoparticles becomes imperative owing to their escalating usage in biomedicine.

| 2. Biomedical Applications of MgO Nanoparticles
2.1. Antibacterial Activity

In recent times, the rise of bacterial resistance to commonly used antibiotics has significantly impacted the effective
treatment of bacterial infections. The United Nations General Assembly has highlighted antibiotic resistance as a critical
global peril that humanity confronts 2. Consequently, exploring alternative strategies to combat bacterial growth has
become imperative, with nanoparticles emerging as a promising solution, due to their strong antibacterial properties.
Among these nanoparticles, MgO nanoparticles have garnered attention owing to their remarkable effectiveness in
combating bacteria. Studies have indicated the potent MgO nanoparticles’ antibacterial effects against various strains,



such as E. coli B3 S. aureus B4, p aeruginosa, A. baumannii B3 and P. carotovorum 38!, Additionally, a proposed
antibacterial mechanism of MgO nanoparticles is depicted in Figure 1. More specifically, magnesium oxide nanopatrticles
have the ability to stimulate reactive oxygen species (ROS) within bacteria. This process leads to oxidative stress,
resulting in significant impairment to their membrane lipids, proteins, and nucleic acids 4.
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Figure 1. Representation of a feasible mechanism of MgO nanoparticles’ antibacterial activity. The entry of MgO
nanoparticles into bacterial cells is facilitated by the disturbance of the bacterial cell membrane (c). Once inside the
cytoplasm, these nanoparticles have the capacity to produce reactive oxygen species (ROS) or inflict direct harm on DNA
and enzymes (b,d). This action results in protein denaturation and damage to the mitochondria (a,f). Additionally, they
interfere with cellular memory and impede trans-tolerant electron transport (e). Consequently, the inflicted harm leads to
the destruction of bacterial cells, prompting the release of their organelles and culminating in their eventual demise.

Makhluf and colleagues B8 demonstrated the antibacterial properties of powdered magnesium oxide prepared through a
microwave-assisted synthetic approach, applying it to combat both Staphylococcus aureus and Escherichia coli cultures.
The most substantial antibacterial effect was observed when subjecting both bacterial strains to 8 nm magnesium oxide
nanoparticles. Following exposure to MgO for 60 min, less than one fifth of both cultures survived. Subsequently, after 4 h
of treatment, the survival rates decreased significantly to less than 5% for Staphylococcus aureus and a mere 0.1% for
Escherichia coli. In contrast, using 23 nm MgO resulted in a reduction in bacterial counts to approximately 40% for S.
aureus and 35% for E. coli, comparatively less effective than the 8 nm particles.

Mechanism of MgO Nanoparticles’ Bactericidal Activity

The effectiveness of MgO nanoparticles in eradicating bacteria largely relies on reactive oxygen species (ROS)
production. This reliance is specifically associated with factors such as the particle’s surface characteristics, polarity,
crystal size, increased oxygen defects, morphology, the ability of molecules to chemically diffuse, as well as the release of
Mg?* ions. The bactericidal process involving magnesium oxide nanoparticles entails sterilization through particle release,
a multifaceted mechanism, and absorption. The crystals’ size and their extensive surface area may contribute significantly
to their potent antibacterial properties. Superoxide radicals, formed through reactions between H,O, and ROS, inflict
damage on cellular proteins and DNA, leading to cell death 2.

The mechanism underlying the antimicrobial efficacy of magnesium oxide nanostructures can be elucidated as follows.
Primarily, a crucial antibacterial process involves a light-driven catalytic mechanism. Specifically, the creation of ROS on
the nanoparticle surface, in the presence of light, initiates oxidative stress on microbial cells, ultimately leading to cellular
demise. ROS comprises relatively low levels of toxic radicals like the superoxide anion radical (O,7), reactive hydroxyl
radical (-OH), and a mild oxidizing agent, hydrogen peroxide (H,0O,). A subsequent series of reactions also takes place,
where the superoxide anion radical (*O,~) combines with hydrogen ions, forming the *HO,™ radical, which then reacts with
hydrogen ions to produce H,0,. This compound can interact with DNA, cellular proteins, and cell membranes, ultimately
resulting in microbial death. The generation of a substantial amount of ROS hinges on the creation of smaller crystalline
structures with increased specific surface areas and a corresponding rise in surficial defects.



2.2. Antifungal Activity

Apart from showcasing antibacterial effects, MgO nanoparticles have demonstrated significant antifungal capabilities
against various pathogenic fungal strains (Figure 2). Fungi constitute natural pathogens as they present plenty of
similarities with the host cell, inhibiting antifungal compounds’ growth 29, Sierra-Fernandez and co-researchers 1
studied the antifungal activity of Zn-doped magnesium oxide nanoparticles synthesized through a facile sol-gel approach
and compared it with that of pure ZnO and MgO nanoparticles. The as-mentioned nanoparticles presented enhanced
antifungal efficiency compared to that of pure magnesium oxide or zinc oxide nanopatrticles, restraining the growth of fungi
Aspergillus niger, Penicillium oxalicum, Paraconiothyrium sp., and Pestalotiopsis maculans.
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Figure 2. Diagrammatic representation of the way that MgO nanoparticles operate as an antifungal agent: Initially, the
nanoparticles engage with fungal cell membranes through electrostatic interactions, leading to the disruption of both the
membranes and the glucan matrix. Following this, they initiate the production of ROS and the release of Mg2*
Subsequently, they interfere with mitochondria by inducing DNA damage, subsequently impeding protein synthesis,
disrupting proteins, leading to intracellular leakage, and ultimately resulting in the demise of fungal cells.

Moreover, De la Rosa-Garcia and co-workers 42 evaluated the antifungal activity (towards strains of C. gloeosporioides)
of pure ZnO and MgO, as well as ZnO/MgO and ZnO/Mg(OH), composites fabricated under different synthetic
approaches (co-precipitation and hydrothermal). According to the acquired results, all tested nanoparticles at the tested
concentrations significantly restrained conidia’s germination and led to the structural damage of the fungal cells, verifying
that the as-mentioned nanoparticles could constitute promising fungicidal agents against C. gloeosporioides.

In addition, Castillo and his team 24 demonstrated through in vitro experiments that magnesium oxide nanoparticles,
characterized by a diameter equal to 12 nm, presented fungistatic efficiency towards three filamentous fungal strains (T.
reesei, A. niger, and C. cladosporioides), at concentrations ranging from 3 to 12 mg/mL.

2.3. Anticancer Activity

Cancer stands as one of the most lethal and intricate diseases known to date. The unregulated growth of cancerous cells
detrimentally impacts neighboring healthy cells, leading to fatality 43l. Various treatments, including surgery, radiation
therapy, and chemotherapy, have been proposed for combating cancer 24, Nonetheless, the aforementioned approaches
may harm normal cells, resulting in numerous side effects and potential disease recurrence 43, Recently, there has been
a rising focus on the development of nanoparticle-based nanomaterials, notably magnesium oxide nanoparticles,
renowned for their potent anti-cancer properties. Figure 3 portrays a hypothetical anti-cancer mechanism associated with
magnesium oxide nanoparticles. The advancement of synthesis methods and techniques has significantly propelled the
application of magnesium oxide nanoparticles in anti-cancer therapy.



* o®

o0 ®

* o l o
| Endusome |
Protein

 oxidation |

| Mitochondrial |
degradation |
" LY S, | g
|  DNA | /‘/');ﬁ;"
E denaturation
: Damage to E
o i nucleus |

- MSO nmuparﬁdes

e Gl deah
Figure 3. Representation of the potential anticancer mechanism involving MgO nanoparticles: Through electrostatic
interactions with the cell surface, MgO nanoparticles gain entry into the cell via the intracellular pathway. Once inside,
these nanoparticles prompt the formation of reactive oxygen species (ROS) within the cells, resulting in DNA damage,
protein oxidation, and mitochondrial impairment, ultimately culminating in cell death.

Behzadi and his team € reported that the tested magnesium oxide nanoparticles presented selective cytotoxicity against
the K562 cell line, thus rendering them as a novel anticancer agent. Their study’s data revealed that MgO nanopatrticle-
mediated apoptosis was initiated through reactive oxygen species generation within the cancer cells.

Additionally, magnesium oxide nanoparticles synthesized through a simple sol-gel method and further modified with
polyethylene glycol were successfully fabricated by Alfaro and his team %4 to be utilized as carrier for the anticancer drug
2-Methoxyestradiol for advancing its clinical utilization. According to their research’s results, the as-developed
nanoparticles significantly reduced the viability of a prostate cancer cell line (LNCap), rendering the as-mentioned
nanocomposite appropriate as a drug delivery system towards anticancer prostate therapy.

2.4. Antioxidant Activity

For a considerable duration, researchers have established that free radicals negatively impact human health, potentially
leading to various ilinesses including heart disease, arteriosclerosis, tumors, diabetes, and aging “&. Consequently, the
focus on understanding antioxidants has expanded to counteract the free radicals’ detrimental effects. However, despite
their effectiveness, potent antioxidant agents also bring along several adverse effects. For instance, Edaravone,
acknowledged as a free radical scavenger beneficial in preventing lipid oxidation and treating ischemic stroke, mitigates
nerve cell damage. Yet, when utilized clinically, Edaravone induces numerous side effects, including liver and kidney
toxicity, which can impact human health 42, Hence, exploring antioxidant capabilities via enhanced magnesium oxide
nanoparticles presents a possible solution to mitigate several associated drawbacks.

Podder and colleagues Y explored the antioxidant activity of three nano-MgO structures (i.e., nanoparticles, nanoplates,
and nanorods). They reported the effective production of superoxide anions (*O,~) and hydroxyl radicals (¢OH) at
increased concentrations (>500 ug/mL) and the scavenging of «O,™ at lower concentrations (40 pug/mL) for all examined
nanostructures. More specifically, it was observed that magnesium oxide nanorods produce the most increased levels of
superoxide anions, while magnesium oxide nanoparticles possessed the most enhanced ability (60%) to scavenge
superoxide anions. Lastly, the researchers also reported a 100% scavenging ability of the nitrogen-centered free radical
(DPPH) by magnesium oxide nanoplates, given their significantly enhanced specific surface area (342.2 m?/g).

Magnesium oxide nanoparticles (42 nm) were successfully developed utilizing geranium leaf extract by Mylarappa et al.
Bl The antioxidant characteristics of the synthesized nanoparticles were evaluated using the DPPH method. Based on
the obtained results, MgO nanoparticles displayed significant efficacy in scavenging free radicals, as demonstrated by
their DPPH scavenging activities.

2.5. MgO-Based Biosensors towards Diabetes Detection and Treatment

Diabetes comprises a collection of severe and enduring metabolic disorders associated with elevated blood glucose
levels, contributing to increased rates of premature morbidity. In spite of advancements in life’s quality, there hasn’'t been a



decline in diabetes prevalence; instead, it continues to strain global healthcare systems B2, Often diagnosed after
irreversible organ damage due to prolonged hyperglycemia, diabetes stands among the most pressing global health
challenges 22, alongside cancer, chronic respiratory issues, and cardiovascular diseases, causing approximately five
million deaths annually in developed nations. Notably, cardiovascular disease (50%) and kidney failure (10—-20%) account
for the majority of these fatalities. Diabetes also leads to complications like blindness, lower limb amputations, and severe
outcomes in viral infections, such as COVID-19 58l The primary diabetes types include insulin-dependent or juvenile
diabetes (T1DM-Type 1 Diabetes Mellitus), non-insulin-dependent (T2DM-Type 2 Diabetes Mellitus), and gestational
diabetes 1541,

The initial and crucial aspect of managing diabetes involves diagnosis. Presently, traditional methods such as assessing
fasting plasma glucose (FPG) levels, conducting oral glucose tolerance tests (OGTT), and measuring hemoglobin Alc
(HbAlc) levels B3Il are employed for diabetes diagnosis. However, the aforementioned methods are often
uncomfortable and painful for patients, due to blood withdrawal, leading to potential neglect of therapy. Additionally,
periodic measurements might not capture significant fluctuations in glucose levels between testing intervals. Moreover,
variations in measured values can occur due to factors like timing of testing, age, and an individual’s physiological state.
These approaches are also unsuitable for continuous monitoring due to their laborious nature, prolonged diagnosis
duration, increased blood withdrawal, and complex blood processing BZ. Notably, clinical signs of detrimental diabetes
symptoms, like hyperglycemia, are usually observed only after the disease has progressed, hindering early intervention.
To mitigate these complications, it is crucial to develop diagnostic tools that are more affordable, rapid, and widely
accessible B8],

Addressing these challenges, various nanotechnologies focusing on diverse biomarkers have emerged, aiming to enable
early and non-invasive diabetes detection. Analyzing specific biomarkers serves as an indicator for multiple diseases B2,
Lately, there has been a notable emphasis on advancing research related to diabetes treatment through the utilization of
nanoparticles. Magnesium oxide nanoparticles, in particular, have gained substantial attention among various
nanoparticles and are extensively employed in biomedical studies, particularly in diabetes treatment, through a suggested
mechanism depicted in Figure 4.
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Figure 4. Schematic representation of the way that MgO nanoparticles contribute to diabetes treatment. Firstly, MgO
nanoparticles adhere to the surface of affected cells (1, 2, 3). Subsequently, they discharge Mg?* and 02~ ions, initiating
the activation of internal enzymes (4, 5). These enzymes, in turn, facilitate the reversal of insulin resistance and facilitate
the entry of glucose transporter 4 into the cell’s plasma membrane (6, 7, 8). Ultimately, this glucose transporter enables
the absorption of glucose into the cells, where insulin functions to decrease glucose levels and generate ATP (9, 10, 11).

2.6. Tissue Engineering Applications
2.6.1. Bone Tissue Engineering

Enhanced biomaterials aimed at restoring bone integrity are necessary to address the escalating number of individuals
grappling with deteriorating or damaged bones [BUBLIB2ES]  presently, existing biomaterial solutions for this purpose
involve invasive procedures that introduce permanent materials, potentially leading to prolonged issues within the body.
Although progress has been made in bone defect regeneration using injectable cements and various scaffold materials,
significant enhancements are still needed 41831681 The jdeal biomaterials for bone tissue regeneration should harmonize



mechanically with surrounding tissue, lessening stress and strain discrepancies, while also possessing suitable chemical
compositions and surface features that foster bone cell adhesion, growth, movement, and the production of proteins
forming the extracellular matrix.

Furthermore, Suryavanshi and co-researchers €7 evaluated the suitability of electrospun polycaprolactone polymer
composites loaded with magnesium oxide nanoparticles as scaffolds for bone-soft tissue engineering. Magnesium oxide
nanoparticles were synthesized using a hydroxide precipitation sol-gel process. The nanocomposites exhibited
significantly improved mechanical properties compared to the pure polymer samples, due to the even dispersion of MgO
nanoparticles throughout the polymer fibers. In immersion tests, the nanocomposite scaffolds displayed notable bioactivity
by developing a surface hydroxyapatite layer by the third day of incubation. The electrospun polymer mats loaded with
magnesium oxide nanoparticles demonstrated enhanced in vitro biological performance with osteoblast-like MG-63 cells,
showing increased adhesion, proliferation, and enhanced differentiation marker activity.

2.6.2. Skin Tissue Regeneration

The skin, being the body’s largest vital organ, serves as a protective barrier against the external environment. While skin
tissue possesses self-regenerating abilities, these capabilities significantly diminish in cases of full-thickness injuries,
necessitating skin grafts or dressings [%8]. The process of cutaneous wound healing, essential for repairing damaged skin
tissue, involves several intricate stages: hemostasis, inflammation, proliferation, and remodeling 9. Hemostasis,
occurring immediately after injury, involves platelet aggregation and blood clotting. The inflammatory stage involves the
presence of neutrophils and macrophages releasing cytokines at the wound site. During the proliferative phase, fibroblast
differentiation leads to the initiation of re-epithelialization through the synthesis of the extracellular matrix. The final stage
involves collagen synthesis and myofibroblast activity, facilitating tissue remodeling 974, These stages progress

sequentially within a specific timeframe for complete healing.

Globally, various wound dressings have been developed to address epidermal damage. Traditional materials like
bandages, cotton wool, lint, and gauze were historically utilized to absorb wound exudates, maintaining dryness to
prevent bacterial infection 472 Given the complexities of wound healing, an ideal wound dressing should possess
exceptional biocompatibility to enhance tissue regeneration 3. It should also enable gas exchange, shield the wound
from microbial infections, absorb excess fluids without leakage, and be non-adherent and comfortable 4. As a result,
novel materials meeting the aforementioned characteristics need to be developed. Amongst them, MgO-based
nanomaterials have gained considerable researchers’ attention within the last decade, given the fact that magnesium
oxide is considered to be biologically safe, capable of biodegradation, cost-effective, and environmentally friendly, holding
significant promise for various biomedical applications 31,

The primary impediment in the healing process of diabetic wounds is insufficient angiogenesis. Based on existing
scientific reports, electrospun nanofiber membranes have demonstrated potential as wound dressings. To effectively
address diabetic wounds, it is crucial for electrospun membranes to stimulate wound angiogenesis. Current strategies
predominantly focus on employing pro-angiogenic growth factors to augment the angiogenic properties of these
membranes. However, integrating growth factors into electrospun nanofibers and sustaining their activity long-term pose
technical challenges. Taking the aforementioned into consideration, Liu and co-researchers 22 introduced an electrospun
membrane comprising polycaprolactone, gelatin, and magnesium oxide nanoparticles, releasing Mg?* ions to further
promote angiogenesis. The as-prepared membranes encouraged human umbilical vein endothelial cell proliferation and
enhanced vascular endothelial growth factor production in vitro. Implantation studies in a rat model reveal that the MgO-
included membrane facilitated the early formation of robust blood vessels within a week post surgery, fostering enriched
capillary networks within the degrading membrane over time.

2.7. Bioimaging Applications

Extensive research focuses on fluorescent nanoparticles to enable real-time bioimaging and tracking of biological
processes at the nanoscale. These nanoparticles hold promise for advancing diagnostic tools and targeted drug release
therapies. Metal oxide nanoparticles 87778l have gained attention as contrast agents in bioimaging, due to their room-
temperature single-photon emission 878 customizable optical properties 29, and low toxicity. However, challenges
persist in their application, such as low quantum efficiency and brightness ZZZ8 propensity for agglomeration in cell
culture media /4, and dose-dependent cytotoxicity B9,

For effective in vitro experiments, a fluorescent marker must absorb light above 500 nm and emit light beyond 600 nm to
mitigate cell autofluorescence B, In contrast, for in vivo experiments, emission in the near-infrared (NIR) range, between
700 and 900 nm, is crucial as it penetrates tissue over centimeters, unlike visible light, which travels mere microns 2,



Magnesium oxide nanoparticles apart from being biocompatible and biodegradable as previously mentioned, are also
intrinsically fluorescent (831,

Taking the aforementioned into account, Rasheed and Sandhyarani B4 conducted the synthesis of luminescent
nanocrystals of magnesium oxide by introducing a very low amount of Cr®* as a dopant. The production of chromium-
doped magnesium oxide nanocrystals involved the use of magnesium nitrate as the base material and chromic nitrate as
the doping agent.

Additionally, in a study by Khalid and co-researchers [83 the inherent and enduring fluorescent characteristics of
magnesium oxide nanoparticles derived from naturally present chromium Cr3* and vanadium V2* ions were detailed.
These properties encompassed a fluorescence spectrum spanning from the visible to the near-infrared range, enabling
their potential utilization for real-time monitoring of live cells derived from both normal and cancerous tissues.

2.8. Drug Delivery Applications

Nanotechnology offers promising avenues in drug delivery, especially for combating terminal illnesses such as cancer 3
8811871 previous studies have explored the utilization of nanostructures to administer drugs 8889 and nanoparticles have
shown potential in targeting specific cell genes, particularly those in tumor cells. Nanostructures possess advantageous
qualities, including a significant volume-to-surface ratio, customizable surface properties, and multifunctionality, making
them appealing for drug delivery applications 2281192

Sabbagh and Muhamad 231 employed acrylamide-based hydrogel systems for drug delivery, specifically for the release of
Acyclovir from magnesium oxide nanocomposite hydrogel. Acyclovir was incorporated into the polymer through a soaking
process, enabling the hydrogel system for use in vaginal drug delivery and subsequent release. An assessment of the
chemical and physical properties of the reinforced hydrogels provided an analysis of the polymer’s morphological
structure, swelling behavior, gel formation, and physical attributes. The drug release behavior in different mediums, PBS
and SVF aqueous solutions, was examined, and the quantity of the released drug was determined using HPLC.
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