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Abstract 
The increasing widespread nature of antibiotic resistant bacteria has drawn intensive research into 
alternative and complementary antimicrobial materials. Spinel ferrite nanoparticles, with the general 
chemical formula MFe2O4 (where M = Co, Zn, Cu, Mn, Ni, or Fe), have found to be promising 
antibacterial agents owing to their special structural, magnetic, and surface properties. This review 
presents a summary of current studies on the antibacterial properties of spinel ferrite nanoparticles, 
focusing on antibacterial mechanisms, synthesis methods, and future directions. The primary 
antibacterial mechanisms include reactive oxygen species (ROS) generation through photocatalytic and 
Fenton/Fenton-like reactions, release of metal ions, and direct physical and electrostatic interactions 
with bacterial cell membranes, resulting in oxidative stress, membrane disruption, and bacterial cell 
death. The role of major material parameters, such as chemical composition, particle size and 
morphology, surface functionalization, and doping or composite formation in controlling antibacterial 
activity is discussed. Various synthesis methods, including co-precipitation, sol-gel, hydrothermal, 
combustion, and green synthesis approaches, are reviewed, highlighting their influence on particle size, 
crystallinity, surface mixture, and antibacterial performance. Furthermore, recent advances in the 
synergistic use of spinel ferrite nanoparticles with conventional antibiotics are examined, showing 
enhanced antibacterial efficacy, reduced antibiotic dosage, and improved activity against resistant 
strains and biofilms. Despite significant progress, challenges related to toxicity, aggregation, 
scalability, and regulatory approval remain. Lastly, this review provides insights into the rational 
design of spinel ferrite-based antibacterial systems and outlines future perspectives for their safe and 
effective application in antimicrobial technologies. 
 
Keywords: Spinel Ferrites, Nanoparticles, Antibacterial, Antimicrobial Resistance, Reactive 
Oxygen Species. 
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INTRODUCTION 
The rapid spread of bacterial resistance to conventional antibiotics has become a serious global 
public health concern (Morais et al., 2021). The continuous misuse and overuse of antibiotics 
have accelerated the emergence of multidrug-resistant bacterial strains, leading to increased 
treatment failure, prolonged hospital stays, and higher mortality rates (Sarala et al., 2022). 
Consequently, there is a growing demand for alternative antibacterial agents that are effective, 
stable, and less prone to inducing resistance. In this regard, nanotechnology-based 
antibacterial materials have gained significant attention (Dehghani et al., 2023a). Among 
various nanomaterials, metal oxide nanoparticles are widely studied due to their strong 
antibacterial activity, chemical stability, and ease of synthesis (Chaudhary et al., 2023).  
 
In particular, spinel ferrite nanoparticles have emerged as promising antibacterial candidates. 
Spinel ferrites are mixed metal oxides with the general formula MFe2O4, where M represents 
divalent metal ions such as Zn2+, Co2+, Ni2+, Mn2+, or Cu2+ (Salih and Mahmood, 2023). These 
materials possess unique physicochemical properties, including high surface area, tunable 
particle size, excellent structural stability, and magnetic behavior, which enhance their 
interaction with bacterial cells (Haghniaz et al., 2021; Alqader et al., 2024; Alqassem et al., 2024). 
Recent studies have confirmed that spinel ferrite nanoparticles exhibit effective antibacterial 
activity against both Gram-positive bacteria such as Staphylococcus aureus and Bacillus subtilis 
and Gram-negative bacteria like Escherichia coli and Pseudomonas aeruginosa. For instance, 
ZnFe2O4, CoFe2O4, and NiFe2O4 nanoparticles have demonstrated dose-dependent bacterial 
inhibition, attributed mainly to their nanoscale size and surface reactivity (Qamar, Shahid and 
Javed, 2020; Ansari et al., 2023). Metal ion substitution within the spinel structure has also been 
shown to significantly enhance antibacterial performance by modifying surface charge and 
redox behavior (Yadav et al., 2021). The antibacterial mechanisms of spinel ferrite 
nanoparticles differ from those of traditional antibiotics, reducing the likelihood of resistance 
development. Proposed mechanisms include the generation of reactive oxygen species (ROS), 
disruption of bacterial cell membranes, leakage of intracellular contents, inhibition of enzyme 
activity, and release of metal ions that interfere with cellular metabolism (Rabbani et al., 2021; 
Ahmad et al., 2024). The magnetic nature of ferrite nanoparticles further enables their easy 
separation and reuse, making them attractive for biomedical and environmental applications. 
Spinel ferrites can also be incorporated with polymer-based and carbon-based materials not 
only for antibacterial applications, but also for catalysis and Supercapacitors as reported in 
(Idris et al., 2025). 
 
The antibacterial efficiency of spinel ferrite nanoparticles strongly depends on their synthesis 
method, which controls particle size, morphology, crystallinity, and surface chemistry. 
Common synthesis methods include co-precipitation, sol-gel (Katoch et al., 2023), 
hydrothermal, combustion, and green synthesis methods (Salih and Mahmood, 2023). Each 
technique provides distinct advantages and limitations in terms of scalability, purity, and 
biological performance. Recently, green synthesis approaches using plant extracts have 
gained attention due to their eco-friendly nature and improved biocompatibility as reported 
by; (Dewi et al., 2025). Despite significant progress, several challenges remain, including 
incomplete understanding of antibacterial mechanisms, limited in vivo studies, potential 
cytotoxicity, and lack of standardized evaluation protocols. 
 
This review critically summarizes recent advances in the antibacterial properties of spinel 
ferrite nanoparticles, with emphasis on their synthesis methods, antibacterial mechanisms, 
influencing factors, and future perspectives, aiming to support the development of efficient 
and safe antibacterial nanomaterials. Therefore, the fact that a comprehensive review of 
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existing studies is essential to identify trends, knowledge gaps, and future research needs, is 
the basis of this study. 
 
Antibacterial Mechanisms of Spinel Ferrites 
Spinel ferrite nanoparticles exhibit antibacterial activity through multiple complementary 
mechanisms rather than a single dominant pathway. Their nanoscale size, surface chemistry, 
and redox-active metal ions enable direct and indirect interactions with bacterial cells. These 
mechanisms include the generation of ROS, release of antibacterial metal ions, and physical 
as well as electrostatic interactions with bacterial membranes. The combined effect of these 
processes leads to membrane damage, oxidative stress, metabolic disruption, and eventual 
bacterial cell death (Rabbani et al., 2021; Long et al., 2022). Figure 1 Illustrates the antibacterial 
mechanisms of antibacterial spinel ferrites nanoparticles. 

 
Figure 1: Antibacterial Mechanisms of Spinel Ferrites adopted from (Rabbani et al., 2021) 

 
Reactive Oxygen Species (ROS) Generation 
ROS generation is one of the most dominant antibacterial mechanisms of spinel ferrite 
nanoparticles. Reactive species such as hydroxyl radicals (•OH), superoxide anions (O2•-), 
hydrogen peroxide (H2O2), and singlet oxygen (1O2) induce oxidative stress in bacterial cells, 
leading to irreversible damage (Jiang et al., 2023). The nanoscale size and high surface area of 
ferrite nanoparticles promote surface redox reactions that facilitate ROS production. Once 
generated, ROS attack membrane lipids through lipid peroxidation, resulting in increased 
membrane permeability and leakage of intracellular contents. Oxidative modification of 
proteins disrupts enzymatic activity and metabolic pathways, while ROS-induced DNA 
damage inhibits replication and transcription (Napitupulu, 2023). Research shows that these 
effects collectively lead to bacterial cell death (Ansari et al., 2018). The efficiency of ROS 
generation depends on particle size, surface defects, crystallinity, and chemical composition. 
Smaller nanoparticles with higher defect density generally exhibit enhanced ROS production. 
Metal ion substitution in spinel ferrites (e.g., Zn2+, Cu2+, Co2+) improves electron transfer and 
redox cycling, further increasing antibacterial activity (Huang et al., 2024). Most importantly, 
ROS-based antibacterial mechanisms are non-specific and multi-targeted, which significantly 
reduces the likelihood of bacteria developing resistance compared to conventional antibiotics 
(Rabbani et al., 2021). 
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Photocatalytic Activity 
Certain spinel ferrites such as ZnFe2O4 and CuFe2O4 exhibit photocatalytic properties under 
visible or UV light. Light irradiation excites electrons from the valence band to the conduction 
band, generating electron-hole pairs that react with oxygen and water to form ROS. This 
photocatalytic ROS generation significantly enhances antibacterial efficiency, particularly in 
environmental and surface disinfection applications (Huang et al., 2024). 
 
Fenton and Fenton-like Reactions 
Spinel ferrite nanoparticles containing Fe2+/Fe3+ ions can generate ROS through Fenton and 
Fenton-like reactions. In these reactions, Fe2+ reacts with hydrogen peroxide to form hydroxyl 
radicals, while Fe3+ is reduced back to Fe2+, sustaining continuous ROS generation (SOUFI et 
al., 2021). The nanoparticle surface provides active sites that enhance reaction efficiency. 
Hydroxyl radicals generated through Fenton reactions are extremely reactive and cause rapid 
oxidation of bacterial membranes, proteins, and DNA. These reactions occur even under dark 
conditions, making ferrite nanoparticles effective antibacterial agents without light activation 
(Rahmayeni et al., 2021). Other transition metals such as Cu2+, Co2+, and Mn2+ present in doped 
ferrites can also participate in Fenton-like reactions, further improving ROS yield. The 
antibacterial efficiency of these reactions depends on pH, ion availability, and nanoparticle 
stability, with slightly acidic environments favoring ROS production (Kalia and Prasad, 2023). 
 
Release of Metal Ions 
The controlled release of metal ions from spinel ferrite nanoparticles is another important 
antibacterial mechanism. Partial dissolution in aqueous environments leads to the release of 
Fe2+, Zn2+, Cu2+, Co2+, or Ni2+ ions, which exhibit intrinsic antimicrobial activity (Aisida et al., 
2023). These metal ions penetrate bacterial cells and bind to proteins, enzymes, and nucleic 
acids. Interaction with thiol groups in enzymes leads to enzyme inactivation, while 
interference with DNA replication disrupts cell division. Cu2+ and Zn2+ ions are particularly 
effective due to their strong redox and coordination properties (Napitupulu, 2023). Ion release 
from ferrite nanoparticles is generally slow and sustained, providing prolonged antibacterial 
action while reducing cytotoxicity. Doped ferrites often show synergistic effects between iron 
and substituted metal ions, resulting in enhanced antibacterial efficiency (Xia et al., 2023). 
 
Physical and Electrostatic Interactions 
Physical and electrostatic interactions play a critical role in the antibacterial behavior of spinel 
ferrite nanoparticles. Due to their nanoscale dimensions, these nanoparticles can directly 
attach to bacterial cell surfaces, forming strong contact interfaces. This close proximity 
enhances localized ROS production and metal ion exposure. Mechanical stress exerted by 
rigid nanoparticles can damage bacterial membranes, block nutrient transport, and alter 
membrane permeability. Accumulation of nanoparticles on the cell surface disrupts cellular 
homeostasis and accelerates bacterial death. Surface charge is another good factor influencing 
nanoparticle-bacteria interactions. Bacterial cell walls are negatively charged, promoting 
electrostatic attraction with positively charged or weakly negative ferrite nanoparticles 
(Penchev et al., 2025) and (Ansari et al., 2018). 
 
Membrane Disruption 
Direct interaction between ferrite nanoparticles and bacterial membranes can cause severe 
membrane disruption. Nanoparticles may insert into lipid bilayers, create pores, or induce 
membrane thinning, resulting in leakage of intracellular contents. Loss of membrane integrity 
disrupts respiration, ion balance, and ATP synthesis, leading to metabolic failure. Microscopy 
studies often reveal distorted, ruptured, and collapsed bacterial cells after exposure to ferrite 
nanoparticles. (Napitupulu, 2023)(Coppola et al., 2019). 
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Electrostatic Attraction 
Electrostatic attraction significantly enhances antibacterial efficiency by promoting strong 
nanoparticle adhesion to bacterial surfaces. The negatively charged bacterial membrane 
attracts positively charged ferrite nanoparticles, increasing contact time and local 
concentration (Xia et al., 2023). This interaction facilitates localized ROS generation, 
concentrated metal ion exposure, and effective membrane disruption. Electrostatic binding 
also inhibits biofilm formation, a major contributor to bacterial resistance. Surface 
functionalization and doping can further tune nanoparticle charge for improved antibacterial 
targeting (Rajivgandhi et al., 2022).  
 
Spinel ferrite nanoparticles attach to the bacterial cell surface through electrostatic attraction. 
Upon contact, they generate reactive oxygen species (ROS) via photocatalytic processes and 
Fenton/Fenton-like reactions. Simultaneously, controlled release of metal ions penetrates the 
bacterial cell, disrupting enzymatic activity and DNA replication. Physical contact and 
mechanical stress cause membrane damage, leading to leakage of intracellular contents and 
eventual bacterial cell death (El-batal et al., 2022). 
 
Factors Influencing Antibacterial Activity 
The antibacterial performance of spinel ferrite nanoparticles is governed by several 
interrelated physicochemical factors that determine their interaction with bacterial cells. These 
factors influence nanoparticle stability, surface reactivity, ion release behavior, and the ability 
to ROS. Variations in chemical composition, particle size, morphology, surface 
functionalization, and doping significantly alter antibacterial efficiency against both Gram-
positive and Gram-negative bacteria (Mathew et al.,  2025)(Ummah, 2019). Unlike 
conventional antibiotics, ferrite nanoparticles act through multiple pathways, making their 
antibacterial activity highly dependent on material design rather than a single active agent. 
Understanding how these factors control antibacterial mechanisms is critical for optimizing 
ferrite-based nanomaterials for biomedical, environmental, and antimicrobial surface 
applications (Rahimi, Hashemi and Nasiri, 2025). Figure 2 present a schematic flow of how 
composition, size, surface coating and doping influence antibacterial mechanism. 
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Figure 2: Diagram showing how composition, size, surface coating, and doping influence antibacterial 
mechanisms. 

 
Chemical Composition 
The chemical composition of spinel ferrite nanoparticles plays a central role in determining 
antibacterial activity. The nature of the divalent metal ion (M2+) in the MFe2O4 structure 
directly affects redox behavior, ROS generation, surface charge, and metal ion release. 
Transition metals such as Co, Zn, Cu, Mn, and Ni introduce distinct electronic structures and 
catalytic properties that influence bacterial inhibition. Ferrites containing redox-active metals 
tend to exhibit stronger antibacterial effects due to enhanced oxidative stress and membrane 
damage. In contrast, biologically essential metals such as zinc often show moderate but 
biocompatible antibacterial activity. The stability of the spinel structure also controls ion 
dissolution rates, which impacts long-term antibacterial performance. Therefore, navigating 
ferrite composition allows precise control over antibacterial strength, selectivity, and safety 
(Rahman, Chowdhury and Hossain, 2022; Hussain et al., 2023). Table 1 presents the 
comparative studies showing different types of ferrites, antibacterial mechanisms, strengths, 
challenge and target bacteria. 
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Table 1: Comparative studies of ferrite type and antibacterial mechanisms showing their 
strengths, challenge and target bacteria.  
 

Ferrite type Antibacterial 
mechanism 

Strenghts Challenge Target bacteria Ref 

CoFe2O4 ROS, membrane 
damage, Co2+ 
release 

Strong 
antibacterial 
activity 

Potential 
cytotoxicity 

E. coli, S. 
aureus 

(Pęczkowski et 
al., 2023) 

ZnFe2O4 ROS, enzyme 
inhibition, 
photocatalysis 

High 
biocompatibility 

Moderate 
activity 

E. coli, P. 
aeruginosa 

(Nigam et al., 
2022) 

CuFe2O4 ROS, Cu2+ ion 
release 

Excellent 
antibacterial 
strength 

Ion toxicity risk Drug-resistant 
strains 

(Fiaz et al., 
2023) 

MnFe2O4 ROS, Fenton-
like reactions 

Enhanced redox 
cycling 

Lower stability Gram-positive 
bacteria 

(SOUFI et al., 
2021) 

NiFe2O4 Enzyme 
inhibition, 
membrane 
interaction 

High stability Lower ROS 
generation 

S. aureus (Almessiere et 
al., 2020) 

Fe3O4/γ-Fe2O3 ROS, Fenton 
reactions 

Biocompatible, 
magnetic 

Lower 
antibacterial 
strength 

Broad 
spectrum 

(Qamar, 
Shahid and 
Javed, 2020) 

 
Cobalt Ferrite (CoFe2O4) 
Cobalt ferrite (CoFe2O4) exhibits strong antibacterial activity due to its high chemical stability, 
magnetic anisotropy, and redox-active cobalt ions. Co2+ ions enhance ROS generation through 
surface redox reactions and Fenton-like processes, leading to oxidative damage of bacterial 
membranes and intracellular components (Fiaz et al., 2023). Several studies report effective 
inhibition of E. coli and S. aureus using CoFe2O4 nanoparticles, particularly at smaller particle 
sizes. The high surface hardness of CoFe2O4 also promotes mechanical membrane disruption 
upon direct contact. However, excessive cobalt ion release may raise cytotoxicity concerns, 
limiting biomedical use without surface modification (Riyatun et al., 2023)(Kumar et al., 2022). 
As a result, CoFe2O4 is commonly used in doped or coated forms to balance antibacterial 
efficiency and biocompatibility as reported by many studies. 
 
Zinc Ferrite (ZnFe2O4) 
ZnFe2O4 nanoparticles are widely studied due to their low toxicity and good antibacterial 
performance. Zinc ions interfere with bacterial enzyme systems and membrane integrity 
while maintaining relatively high biocompatibility. ZnFe2O4 also exhibits photocatalytic 
activity under visible light, enhancing ROS generation and antibacterial action (Haghniaz et 
al., 2021). Compared to cobalt ferrite, ZnFe2O4 shows moderate antibacterial strength but 
improved safety, making it suitable for biomedical and environmental applications. Studies 
indicate higher effectiveness against Gram-negative bacteria due to easier membrane 
penetration. ZnFe2O4 is commonly combined with polymers or doped with other metals to 
enhance antibacterial efficiency (Almessiere et al., 2020). 
 
Copper Ferrite (CuFe2O4) 
CuFe2O4 nanoparticles demonstrate strong antibacterial activity due to the intrinsic 
antimicrobial nature of copper ions. Cu2+ ions induce oxidative stress, protein denaturation, 
and DNA damage within bacterial cells (Ansari et al., 2018). Copper ferrites also exhibit 
efficient Fenton-like reactions, leading to enhanced ROS production even in dark conditions. 
However, copper ion release can be cytotoxic at high concentrations, necessitating controlled 
synthesis and surface coating. Despite this limitation, CuFe2O4 shows excellent antibacterial 
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activity against drug-resistant bacteria and biofilms, making it attractive for antimicrobial 
coatings and water treatment applications (Chinnappa Reddy et al., 2022). 
 
Manganese and Nickel Ferrites (MnFe2O4, NiFe2O4) 
MnFe2O4 and NiFe2O4 nanoparticles exhibit moderate antibacterial activity compared to Cu- 
and Co-based ferrites. Manganese ions enhance redox cycling and ROS formation, while 
nickel ions interfere with bacterial metabolic enzymes (Amalthi and Vijaya, 2021). NiFe2O4 is 
particularly stable and shows prolonged antibacterial action with reduced ion toxicity. 
MnFe2O4 demonstrates improved activity under acidic conditions due to enhanced Fenton-
like reactions. These ferrites are often used in composite systems or doped structures to 
improve antibacterial efficiency (Liandi et al., 2023). 
 
Magnetite/Maghemite (Fe3O4/γ-Fe2O3) 
Iron oxide nanoparticles such as Fe3O4 and γ-Fe2O3 exhibit antibacterial activity primarily 
through ROS generation and Fenton reactions. Their superparamagnetic nature enables easy 
separation and reuse. Although their antibacterial strength is generally lower than doped 
ferrites, excellent biocompatibility makes them suitable for biomedical use (Ansari et al., 2023; 
Sanna Angotzi et al., 2023). 
 
Particle Size and Morphology 
Particle size and morphology significantly influence antibacterial activity. Smaller 
nanoparticles provide higher surface-to-volume ratios, enhancing ROS production, ion 
release, and membrane interaction. Spherical nanoparticles typically exhibit uniform bacterial 
contact, while rod- or plate-like morphologies may cause enhanced mechanical membrane 
damage. Agglomeration reduces effective surface area and antibacterial efficiency, 
emphasizing the importance of synthesis control. Studies consistently report improved 
antibacterial performance for ferrite nanoparticles below 50 nm (Haghniaz et al., 2021; Ansari 
et al., 2023; Daf et al., 2023). Plate 1 Presents the  SEM/TEM comparison of some nanoparticle 
size and morphology vs antibacterial zones of inhibition of spinel ferrites adopted from 
(Sarala et al., 2022). 
 

 
Plate 1: SEM/TEM comparison of some nanoparticle size and morphology vs antibacterial zones of inhibition of 
spinel ferrites adopted from (Sarala et al., 2022). 
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Surface functionalization improves antibacterial performance and biocompatibility. Polymer 
coatings (e.g., chitosan, PEG) enhance stability, dispersion, and electrostatic attraction to 
bacterial membranes (Naik et al., 2019). Functionalization can also reduce cytotoxicity while 
preserving antibacterial mechanisms. Table 2 presents the effect of different surface coatings 
on antibacterial efficiency. 
 
Table 2: Effect of different surface coatings on antibacterial efficiency. 

Surface Coating  Bacteria 
on Test 

Method of 
Testing  

Obtained 
Concentration 

Time of 
exposure 

Antibacterial 
Efficiency 

Ref. 

Silver (Ag) 
Nanoparticles 

E. Coli Disk 
Diffusion 

50 𝝻g/mL 24h 95% (Morais et al., 
2021) 

Zinc Oxide (ZnO) 
Nanoparticles 

S. Aureus Agar Well 
Diffusion 

100 𝝻g/mL 24h 88% (Ansari et al., 
2023) 

Titanium dioxide 
(TiO2) 
Nanoparticles 

E. Coli & S. 
Aureus 

Photocatalytic 
Test 

0.5 wt% 12hrs 
under 
UV 

80% (Chaudhary 
et al., 2023) 

Copper (Cu) 
Coating 

P. 
Aeruginosa 

CFU 
Counting 

200 𝝻g/mL 6hrs 90% (Xia et al., 
2023) 

Chitosan Coating S. Aureus Agar 
Diffusion 

1% w/v 24hrs  75% (Chadha and 
Saini, 2021) 

Graphene Oxide 
(GO) 

E. Coli Colony 
Counting 

100 𝝻g/mL 24hrs 85% (Subramanian 
et al., 2023) 

Ag-doped TiO2 S. Aureus 
& E. Coli 

CFU 
Reduction 

0.5 wt% 12hrs  93% (Algarou et 
al., 2020) 

CoFe2O4/ZnFe2O4 E. Coli & S. 
Aureus 

Disk 
Diffusion 

50/100 
𝝻g/mL 

2hrs 80/92 (Amiri et al., 
2019) 

 
Doping and Composite Formation 
Doping and composite formation significantly enhance antibacterial activity by combining 
multiple mechanisms. Metal-doped ferrites exhibit improved ROS generation and ion release 
due to synergistic redox behavior. Ferrite–polymer and ferrite–carbon composites improve 
stability, dispersion, and biofilm inhibition. Hybrid systems such as Ag-doped ferrites show 
exceptional antibacterial efficiency at low concentrations. Composite formation allows 
material optimization for targeted applications (Ahmad et al., 2024; Alhashmialameer et al., 
2025). Figure 3 shows and example of doped and composite formation of ferrite antibacterial 
mechanisms.  

 
Figure 3: Schematic of doped and composite ferrite antibacterial mechanisms adopted from (Godara et al., 2023).  
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Synthesis Methods of Spinel Ferrites for Antibacterial Studies 
The synthesis approaches of spinel ferrite nanoparticles affects their particle size, crystallinity, 
morphology, surface chemistry, and defect density, which directly influence their 
antibacterial performance. Different synthesis methods produce ferrites with varying 
physicochemical properties, thereby leading to differences in reactive oxygen species (ROS) 
generation, metal-ion release, and interaction with bacterial cell membranes. This section 
discusses commonly used synthesis techniques and highlights reported structural and 
antibacterial results from various studies in the literature. 
 
Co-precipitation Method 
The co-precipitation method is one of the most frequently employed techniques for 
synthesizing spinel ferrite nanoparticles due to its simplicity, low cost, and suitability for 
large-scale production. In this method, aqueous solutions of Fe3+ and divalent metal ions (such 
as Co2+, Ni2+, Zn2+, or Mn2+) are mixed, followed by the addition of a base to induce 
precipitation. Subsequent washing and thermal treatment yield crystalline spinel ferrites 
(Mondal et al., 2023; Patil and Jagadale, 2023). 
The synthesis method which is schematically shown in Figure 4 adopted from (Kumar and 
Subudhi, 2018), and it involves addition of stoichiometric amounts of desired aqueous metal 
salt solution with continuous and vigorous stirring in an alkaline solution (NaOH or 
NH4OH). The pH of the solution plays important role in the formation of different types of 
nano-ferrite spinel and needs careful monitoring in order to achieve high-quality materials. 

 
Figure 4: Co-precipitation synthesis method of spinel ferrites (Kumar and Subudhi, 2018). 

 
Studies have shown that co-precipitation typically produces nanoparticles with sizes ranging 
from 10 to 40 nm, depending on pH, reaction temperature, and calcination conditions. For 
instance, CoFe₂O₄ nanoparticles synthesized by co-precipitation exhibited an average 
crystallite size of ~25 nm and demonstrated clear antibacterial activity against Escherichia coli 
and Staphylococcus aureus, with inhibition zones increasing as particle size decreased 
(Kamran and Anis-ur-Rehman, 2023). Similarly, ZnFe₂O₄ nanoparticles prepared via this 
route showed moderate to strong antibacterial effects, attributed to enhanced ROS generation 
and surface charge interactions (Haghniaz et al., 2021). It is observed that Smaller particle sizes 
obtained through controlled co-precipitation generally result in higher antibacterial 
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efficiency, due to increased surface area and improved contact with bacterial cells (Qamar, 
Shahid and Javed, 2020). 
 
Sol-Gel Method 
The sol-gel method provides better chemical homogeneity and stoichiometric control 
compared to co-precipitation. Metal precursors are mixed with organic complexing agents 
(e.g., citric acid), forming a sol that evolves into a gel. Calcination of the gel produces spinel 
ferrite nanoparticles with high phase purity (Tatarchuk et al., 2020; More et al., 2025). Figure 5 
illustrates the synthesis route for sol-gel method adopted from (Lalegani and Nemati, 2017).  

 
Figure 5: Schematic of the synthesis route for sol-gel method adopted from (Lalegani and Nemati, 2017). 

 
It was reported that spinel ferrites synthesized via sol-gel methods usually show high 
crystallinity with particle sizes between 15 and 35 nm. NiFe2O4 nanoparticles produced by sol-
gel synthesis exhibited strong antibacterial activity against S. aureus, with reported bacterial 
growth reduction above 80% at relatively low concentrations (Mahmoudi et al., 2018). In 
another study, sol-gel synthesized CoFe2O4 nanoparticles displayed higher antibacterial 
performance than those prepared by co-precipitation, which was linked to improved 
crystallinity and defect-induced ROS (Mamari, Kuvarega and Selvaraj, 2021). The sol-gel 
method often produces more uniform and highly crystalline nanoparticles, thereby leading to 
improved and reproducible antibacterial results. 
 
Hydrothermal/Solvothermal Synthesis 
Hydrothermal and solvothermal methods both involve carrying out reactions in sealed 
autoclaves at elevated temperatures and pressures. These methods allow precise control over 
particle size, shape, and crystallinity without requiring high post-annealing temperatures. 
Hydrothermally synthesized spinel ferrites typically exhibit well-defined morphologies with 
particle sizes ranging from 10 to 30 nm. For example, hydrothermally prepared CoFe2O4 
nanoparticles showed enhanced antibacterial activity against both Gram-positive and Gram-
negative bacteria, achieving inhibition efficiencies above 90% at moderate concentrations 
(Febrialita et al., 2021; Rahmayeni et al., 2021). The improved antibacterial performance was 
attributed to high crystallinity and increased surface defects that promote ROS generation. It 
was reported from the study that hydrothermal synthesis generally yields highly crystalline 
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nanoparticles with superior antibacterial efficiency, making it particularly suitable for 
biomedical and antimicrobial applications (Subramanian et al., 2023). The hydrothermal 
synthesis method involves the use of a solid metal linoleate, an ethanol-linoleic acid contained 
in an aqueous form, and a water or ethanol solution at different reaction temperatures under 
a very hot water. Both hydrothermal and solvothermal methods are carried out in a similar 
way just that hydrothermal is in aqueous solution while, solvothermal is in non-aqueous 
solution (Da Silva et al., 2020). Figure 6 illustrates the methodology of synthesis of spinel 
ferrites via hydrothermal method as adopted from (Gambo et al., 2023). 

 
Figure 6: Hydrothermal synthesis method adopted from (Gambo et al., 2023). 

 
Thermal Decomposition Method 
Thermal decomposition involves the breakdown of metal-organic precursors at high 
temperatures in the presence of surfactants. This approach allows excellent control over 
particle size and dispersion, although it is less commonly used for antibacterial spinel ferrite 
studies. Studies revealed that Spinel ferrite nanoparticles synthesized via thermal 
decomposition often possess very narrow size distributions (5–20 nm) and high uniformity. 
Although direct antibacterial studies are limited, ferrite nanoparticles prepared by thermal 
routes have demonstrated enhanced surface activity and stability. In hybrid systems (e.g., 
ferrite-metal composites), significant antibacterial activity has been reported, suggesting that 
thermally decomposed ferrites could be promising when combined with antibacterial agents 
(Christopher and Karuppiah, 2024; Dippong and Mereu, 2024). However, Studies reported 
that thermal decomposition offers excellent size control, which is beneficial for maximizing 
antibacterial interactions, but further antibacterial-specific studies are needed (Da Silva et al., 
2020)(Tatarchuk et al., 2020). 
 
Microemulsion Method 
The microemulsion method uses surfactant-stabilized nanoscale droplets as reaction vessels, 
enabling controlled nucleation and growth of nanoparticles. This method is particularly 
effective for producing uniform and ultra-fine particles. Studies show that Microemulsion-
synthesized spinel ferrites often show particle sizes below 20 nm with narrow distributions.  
(Da Silva et al., 2020)(Yeszhan et al., 2025). Another study reported an improved antibacterial 
effects compared to bulk ferrites, especially against E. coli, due to enhanced surface activity 
and better dispersion in aqueous media. However, antibacterial performance strongly 
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depends on effective surfactant removal after synthesis. Another study observes that 
Microemulsion synthesis enables precise control of nanoparticle size, which positively 
impacts antibacterial performance, though processing complexity remains a limitation 
(Alqarni et al., 2023)(Ummah, 2019). 
 
Synergistic Effect of Spinel Ferrite Nanoparticles with Antibiotics 
The increasing prevalence of antibiotic-resistant bacteria has significantly reduced the 
effectiveness of many conventional antimicrobial drugs. As a result, combining antibiotics 
with nanomaterials has emerged as a promising strategy to restore antibacterial efficacy while 
reducing drug dosage and resistance development (Haghniaz et al., 2021). Among various 
nanomaterials, spinel ferrite nanoparticles (MFe2O4) have attracted growing interest due to 
their intrinsic antibacterial properties, magnetic behavior, chemical stability, and ability to 
interact synergistically with antibiotics (Subramanian et al., 2023). The synergistic combination 
of ferrite nanoparticles and antibiotics enhances bacterial killing through multiple 
complementary mechanisms, often achieving higher antibacterial efficiency than either agent 
alone (Jasrotia et al., 2024). 
 
Concept of Synergy in Antibacterial Therapy 
Synergy occurs when the combined antibacterial effect of two agents is greater than the sum 
of their individual effects. In nanoparticle–antibiotic systems, synergy is typically achieved 
when ferrite nanoparticles enhance antibiotic penetration, inhibit bacterial defense 
mechanisms, or introduce additional bactericidal pathways such as reactive oxygen species 
(ROS) generation (Bordiwala, 2023; Chaudhary et al., 2023). 
This interaction is commonly evaluated using the Fractional Inhibitory Concentration Index 
(FICI) as reported by (Almessiere et al., 2020; Demir Korkmaz, 2023) in Eqn 1. 

𝑭𝑰𝑪𝑰 =  
𝑴𝑰𝑪𝑨𝒏𝒕𝒊𝒃𝒊𝒐𝒕𝒊𝒄 +𝑵𝑷

𝑴𝑰𝑪𝑨𝒏𝒕𝒊𝒃𝒊𝒐𝒕𝒊𝒄
 +   

𝑴𝑰𝑪𝑵𝑷 +𝑨𝒏𝒕𝒊𝒃𝒊𝒐𝒕𝒊𝒄

𝑴𝑰𝑪𝑵𝑷
                                                                          (1) 

Where: 
MIC = Minimum Inhibitory Concentration 

NP = Nanoparticle 
The equation is interpreted as follows; 
FICI ≤ 0.5 → Synergistic 
0.5 < 𝐹𝐼𝐶𝐼 ≤ 1 → Additive 
𝐹𝐼𝐶𝐼 > 1 → Antagonistic 
However, many studies report good synergy (𝐹𝐼𝐶𝐼 ≤ 0) when spinel ferrites are combined 
with antibiotics such as ciprofloxacin, ampicillin, tetracycline, and gentamicin. 
 
Mechanisms Responsible for Synergistic Effects 
Enhanced Antibiotic Penetration 
Spinel ferrite nanoparticles can disrupt bacterial cell membranes through physical contact, 
ROS-induced lipid peroxidation, and electrostatic interactions (Rabbani et al., 2021). This 
membrane damage increases permeability, allowing antibiotics to penetrate bacterial cells 
more easily and reach intracellular targets. Gram-negative bacteria, which possess an outer 
lipopolysaccharide membrane that restricts antibiotic entry, are particularly susceptible to this 
effect. Ferrite nanoparticles weaken this barrier, significantly improving antibiotic uptake 
(Haghniaz et al., 2021; Azimi-Fouladi et al,, 2023). 
 
ROS-Antibiotic Synergy 
Ferrite nanoparticles generate ROS via surface redox reactions, Fenton or Fenton-like 
mechanisms, and photocatalytic activity (Peng et al., 2021). ROS cause oxidative stress that 
damages proteins, DNA, and membranes, weakening bacterial defense systems. When 
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combined with antibiotics, ROS reduce bacterial repair capacity and increase susceptibility to 
drug action. Antibiotics that inhibit protein synthesis or DNA replication become more 
effective under oxidative stress conditions (Haghniaz et al., 2021; Rabbani et al., 2021). 
 
Inhibition of Bacterial Resistance Mechanisms 
Ferrite nanoparticles can interfere with resistance pathways such as: Efflux pump activity, 
Enzymatic antibiotic degradation and Biofilm formation among others.  Metal ions released 
from ferrite nanoparticles (e.g., Fe2+, Cu2+, Zn2+) bind to proteins involved in efflux pumps and 
resistance enzymes, reducing their activity. This restores antibiotic sensitivity in resistant 
strains (Karataş et al., 2023);(Gonçalves et al., 2022). 
 
Biofilm Disruption and Antibiotic Potentiation 
Biofilms protect bacteria from antibiotics by limiting penetration and promoting slow growth 
states. Spinel ferrite nanoparticles can penetrate biofilms, generate localized ROS, and 
destabilize the extracellular polymeric matrix. Once biofilms are disrupted, antibiotics regain 
effectiveness against previously protected bacteria. Magnetic ferrites offer additional 
advantages by enabling targeted delivery and removal using external magnetic fields (Azimi-
Fouladi et al., 2023; Islam et al., 2024). 
 
Reduced Antibiotic Dosage and Toxicity 
Other Synergistic systems often allow for lower antibiotic doses while maintaining or 
improving antibacterial performance. This reduces side effects, toxicity, and environmental 
antibiotic contamination. Lower doses also reduce selective pressure that drives resistance 
evolution (Haghniaz et al., 2021; Antony and Jagannathan, 2024). 
 
Role of Ferrite Composition in Synergy 
The extent of this synergy depends greatly on ferrite composition, which includes; ZnFe₂O₄: 
Enhances biocompatibility and enzyme inhibition; effective with β-lactams, CuFe₂O₄: Strong 
ROS generation; high synergy with broad-spectrum antibiotics, CoFe₂O₄: Promotes 
membrane damage and oxidative stress; effective but requires toxicity control and Fe3O4/γ-
Fe2O3: Excellent biocompatibility and magnetic targeting. However, doped ferrites usually 
show superior synergy due to combined redox and ion-release effects. Table 3, Presents the 
synergistic antibacterial performance of spinel ferrite nanoparticles combined with antibiotics. 
 
Table 3: Synergistic antibacterial performance of spinel ferrite nanoparticles with antibiotics 

Type of 
Ferrites 

Antibacteria 
Used 

Target 
Bacteria 

Effect 
Observed 

FICI 
Value 

Mechanism Ref. 

ZnFe2O4 Ciprofloxacin E. Coli Strong 
Synergy 

≤ 0.5 Membrane 
Perrmeabilization 

(Amiri, 
Salavati-
Niasari and 
Akbari, 
2019)(Idrees 
et al., 2025) 

CuFe2O4 Ampicillin S. Aureus Enhanced 
killing 

≤ 0.4 
 

ROS + Ion release (Wang et al., 
2022) 

CoFe2O4 Tetracycline P. 
aeruginosa 

Biofilm 
inhibition  

≤ 0.5 ROS + membrane 
Damage 

(Saadatidizaji 
et al., 2024) 

Fe3O4 Gentamicin  MDR E. Coli Restored 
Snsitivity 

≤ 0.6 Efflux pum 
inhibition 

 

Doped-
ferrite 

Vancomycin MRSA High 
synergy 

≤ 0.3 Biofilm disruption (Chen and 
Liu, 2022) 

 
Advantages, Challenges and Limitations of Ferrite-Antibiotic Synergy 
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Some of the advantages, challenges and limitations of ferrites-antibiotic synergy are presented 
Table 4. However, further research is required to optimize ferrite composition, surface 
modification, and dosage for safe clinical translation. Though, integration of spinel ferrite 
nanoparticles with antibiotics represents a powerful strategy to overcome antibiotic resistance 
and develop next-generation antimicrobial therapies, then studies on the following 
specialized applications are encouraged. The areas include; Smart, stimuli-responsive ferrite–
antibiotic systems, Magnetic targeting for localized infections, In vivo toxicity and 
pharmacokinetics and Clinical evaluation against multidrug-resistant pathogens  (Benítez et 
al., 2004; Park et al., 2019; Fiaz et al., 2023). 
 
Table 4: Some advantages, challenges and limitations of ferrites-antibiotics synergy 

Advantages Challenges & Limitations 

Enhanced antibacterial efficiency Potential cytotoxicity at high nanoparticle concentrations 
Activity against drug-resistant strains Lack of standardized testing protocols 
Reduced antibiotic dosage Limited in vivo and clinical studies 
Multi target antibacterial action Long-term environmental impact 

 
Magnetic targeting and recovery  
Lower probability of resistance development  

 
Influence of Surface Functionalization 
Surface functionalization plays a an important role in controlling the antibacterial 
performance of spinel ferrite nanoparticles by modifying their surface chemistry, stability, 
and interaction with bacterial cells (Janani et al., 2021). Pure ferrite nanoparticles usually suffer 
from aggregation in aqueous and biological environments, which reduces their effective 
surface area and antibacterial efficiency (Morais et al., 2021). Surface functionalization using 
polymers, surfactants, or biomolecules improves nanoparticle dispersion and stability, 
thereby enhancing their antibacterial activity (Amiri et al., 2019; Sani et al., 2023). One of the 
major effects of surface functionalization is the ability to tune surface charge. Bacterial cell 
membranes generally possess a negative surface charge; therefore, functionalization with 
positively charged materials such as chitosan, polyethyleneimine, or amino-containing 
ligands increases electrostatic attraction between nanoparticles and bacterial cells. This 
enhanced contact promotes membrane disruption, increases local reactive oxygen species 
(ROS) generation, and facilitates metal ion release at the bacterial surface, leading to improved 
antibacterial efficacy (Sowmya and Vijaikanth, 2023; Kozhunova et al., 2024). 
 
Surface coatings also help to reduce cytotoxicity and improve biocompatibility, which is 
critical for biomedical applications. Biocompatible polymers such as polyethylene glycol 
(PEG), dextran, or alginate form protective layers around ferrite nanoparticles, controlling 
metal ion release and preventing excessive ROS generation that could harm healthy cells. In 
addition, functionalization enables targeted and controlled delivery of antibacterial agents. 
Antibiotics, antimicrobial peptides, or plant-derived compounds can be immobilized on the 
nanoparticle surface, creating multifunctional systems with synergistic antibacterial effects 
(Suresh et al., 2021; Singh, Shrivastava and Bajpai, 2023). Moreover, surface functionalization 
improves resistance to protein adsorption and environmental degradation, ensuring stable 
antibacterial performance over time. In general, surface functionalization is a powerful 
strategy for optimizing the antibacterial efficiency, safety, and application versatility of spinel 
ferrite nanoparticles, making it essential for their practical use in antimicrobial coatings, 
medical devices, and therapeutic systems (Rana, Rawat and Sorensson, 2006; Suresh et al., 
2021). 
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Challenges and Future Prospects 
Despite the promising antibacterial performance of spinel ferrite nanoparticles, several 
challenges must be addressed before their large-scale and clinical applications can be realized. 
One major concern is biocompatibility and toxicity, as excessive generation of reactive oxygen 
species (ROS) and uncontrolled release of metal ions may damage healthy cells alongside 
bacteria. The toxicity profile strongly depends on particle size, chemical composition, surface 
charge, and dosage, yet standardized evaluation protocols are still lacking (Peng et al., 2021; 
Sayed et al., 2023). In addition, many reported antibacterial studies are limited to in vitro 
experiments, with insufficient in vivo and long-term toxicity data. Another challenge lies in 
particle aggregation and stability in biological environments, which can reduce antibacterial 
efficiency and reproducibility. Furthermore, inconsistencies in synthesis methods and testing 
conditions across studies make direct comparison difficult and hinder the establishment of 
clear structure–activity relationships. From a technological and translational perspective, 
challenges also exist in scalability, reproducibility, and regulatory acceptance (Jiang et al., 
2023; Jermy et al., 2024). Most synthesis routes that produce highly active ferrite nanoparticles 
are laboratory-based and may not be easily scalable for industrial production without 
compromising quality and performance. The integration of spinel ferrites with antibiotics, 
polymers, or biomolecules introduces additional complexity in formulation control, storage 
stability, and cost. Moreover, regulatory frameworks for nanomaterial-based antibacterial 
agents are still evolving, and concerns regarding environmental accumulation and post-use 
disposal remain unresolved. Without clear regulatory guidelines and comprehensive risk 
assessments, clinical and commercial adoption may be delayed despite encouraging 
laboratory results (Amiri et al., 2019; Narang and Pubby, 2021). 
 
Moving forward, the future prospects of spinel ferrite nanoparticles in antibacterial 
applications are highly promising. Advanced strategies such as surface functionalization, 
controlled doping, and composite formation offer opportunities to enhance antibacterial 
efficiency while minimizing toxicity. The development of stimuli-responsive and 
magnetically guided systems can enable targeted antibacterial therapy, reducing off-target 
effects and antibiotic dosage (Malaie and Ganjali, 2021; Farhan et al., 2023; Mohammed et al., 
2024). Future research should prioritize in vivo studies, standardized testing protocols, and 
life-cycle assessments to bridge the gap between laboratory research and real-world 
applications. In addition, combining ferrite nanoparticles with existing antibiotics or 
antimicrobial peptides may provide powerful solutions to combat multidrug-resistant 
bacteria. With interdisciplinary collaboration and responsible material design, spinel ferrite-
based antibacterial systems have strong potential to contribute to next-generation 
antimicrobial technologies (Zamani et al., 2022; Dehghani et al., 2023b). 
 
Conclusion 
This review has examined some of the antibacterial properties of spinel ferrite nanoparticles, 
highlighting their growing importance as alternative and complementary antimicrobial 
agents in the fight against bacterial infections and antibiotic resistance. Spinel ferrites with the 
general formula MFe2O4 (where M = Co, Zn, Cu, Mn, Ni, or Fe) exhibit intrinsic antibacterial 
activity arising from their unique physicochemical properties, including nanoscale size, high 
surface reactivity, magnetic behavior, and tunable chemical composition. The antibacterial 
mechanisms discussed in this review; namely reactive oxygen species (ROS) generation 
through photocatalytic and Fenton/Fenton-like reactions, controlled release of metal ions, 
and physical as well as electrostatic interactions with bacterial membranes, act synergistically 
to induce oxidative stress, membrane disruption, metabolic inhibition, and bacterial cell 
death. The effectiveness of these mechanisms is strongly influenced by material factors such 
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as chemical composition, particle size and morphology, surface functionalization, and doping 
or composite formation.  
 
Various synthesis methods, including co-precipitation, sol-gel, hydrothermal, combustion, 
and green synthesis approaches, have been also reviewed, highlighting that synthesis 
approach plays a decisive role in controlling crystallinity, particle size, surface defects, and 
antibacterial performance. Co-precipitation and sol-gel methods are widely employed due to 
their simplicity and good control over composition, while hydrothermal and combustion 
techniques enable improved crystallinity and morphological tuning. Green synthesis has 
emerged as a sustainable alternative, thereby giving reduced toxicity and enhanced 
biocompatibility. Furthermore, the synergistic combination of spinel ferrite nanoparticles 
with conventional antibiotics has been shown to significantly enhance antibacterial efficacy, 
reduce required antibiotic doses, disrupt biofilms, and overcome bacterial resistance 
mechanisms. Despite these promising outcomes, challenges related to toxicity, aggregation, 
scalability, and regulatory approval remain and require systematic investigation. Lastly, this 
review underscores that rational material design, optimized synthesis strategies, and 
comprehensive biological evaluation are essential for advancing spinel ferrite nanoparticles 
toward practical antibacterial applications. With continued interdisciplinary research, spinel 
ferrite-based systems hold strong potential for the development of safe, effective, and next-
generation antibacterial technologies. 
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