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Antimicrobial resistance (AMR) presents a critical global health issue, necessitating novel therapeutic 
strategies to manage bacterial and fungal infections. This study explores the development and 
evaluation of multifunctional Fe3O₄@SiO₂/Schiff-base/Zn (II) magnetic nanocomposite (MNC) with 
enhanced antimicrobial properties. The synthesized MNC combines the magnetic characteristics 
of Fe₃O₄ magnetic nanoparticles (MNPs) with the antimicrobial properties of Schiff-base ligand 
functionalized with Zn (II) ions. The preparation involved the coprecipitation of Fe₃O₄, coating with 
SiO₂ via a modified Stöber method, and subsequent functionalization with Schiff-base/Zn (II) complex. 
Comprehensive characterization using FT-IR, XRD, SEM, TEM, DLS, EDX, VSM, and TGA confirmed 
successful synthesis, structural integrity, and superparamagnetic behavior of the MNPs and MNC. The 
antifungal and antibacterial activities were assessed against six Candida species and four bacterial 
strains using broth microdilution methods. The Fe₃O₄@SiO₂/Schiff-base/Zn (II) MNC exhibited 
significant inhibitory effects, with MIC values of 8–64 µg/mL for Candida species and 64–512 µg/mL for 
bacteria, demonstrating potent antimicrobial efficacy. The MTT assay indicated biocompatibility across 
various concentrations, except for slight cytotoxicity at 256 µg/mL after five days. To our knowledge, 
this is the first report integrating Zn (II) Schiff-base ligands into magnetic nanoparticles to achieve a 
versatile platform for both antimicrobial and biofilm inhibition applications.
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Antimicrobial resistance (AMR) is still an important worldwide health issue that makes managing infectious 
illnesses much more challenging and puts decades of improvements in medical treatment at risk1. There is an 
urgent need for new treatment approaches since the emergence of resistance in bacterial and fungal infections 
has raised morbidity, mortality, and healthcare expenses2. Historically, the cornerstone for treating infections 
has been conventional antimicrobial medicines, such as antibiotics and antifungal drugs. Antibiotics that are 
often used include beta-lactams (like penicillins and cephalosporins), macrolides (like azithromycin), and 
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fluoroquinolones (like ciprofloxacin)3. These medications work by interfering with vital bacterial functions such 
as DNA replication, protein synthesis, and cell wall creation4.

However, the advent of resistance bacteria places serious restrictions on these medications. For example, 
many conventional antibiotics are no longer effective against methicillin-resistant Staphylococcus aureus 
(MRSA) and extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae, which results in higher 
treatment failure rates and more severe infections5,6. Also, treating fungal infections is becoming more difficult 
since fungi like Candida auris are becoming more resistant to antifungal drugs like azoles (like fluconazole) and 
echinocandins (like caspofungin)7.

Despite various advancements in nanoparticle-based treatments, the integration of multifunctional 
properties, such as targeted antimicrobial activity and magnetic recoverability, remains underexplored. In 
light of these challenges, nanoparticles (NPs) have emerged as a potential class of materials that provide novel 
solutions for antimicrobial treatment8. NPs, particularly those with high surface area-to-volume ratios like 
silver, copper, and zinc oxide NPs, have unique antibacterial mechanisms9. These include the release of reactive 
oxygen species (ROS), and disruption of the membrane and microbial metabolic pathways9,10. Their capacity 
to permeate microbial cells and interact with intracellular components improves efficacy against both resistant 
bacterial and fungal strains11. Furthermore, NPs’ ability to be functionalized with multiple ligands or coatings 
allows for the modification of antimicrobial features and improved effectiveness12.

Iron oxide NPs (Fe₃O₄) are known for their superparamagnetic characteristics, which facilitate separation 
and recovery using external magnetic fields13,14. Wrapping the magnetic core of Fe₃O₄ with a silica (SiO₂) 
shell improves stability, biocompatibility, and effectiveness15. This core-shell structure not only increases the 
mechanical strength of the NPs, but it acts as a flexible framework for additional functionalization. In this regard, 
Schiff base complexes bearing azomethine groups (-C = N), formed by the chemical reaction of an amine and a 
carbonyl compound, can be used to modify Fe₃O₄@SiO₂ NPs16. This modification improves their antibacterial 
capabilities and enables targeted applications in the treatment of resistant microbial diseases. The addition of 
Schiff base complexes enhances the NPs ' stability and bioavailability, making them more efficient against a wide 
spectrum of pathogens by interfering with microbial enzymatic activity and cellular processes17.

The tunability of both the Schiff base ligands and the choice of metal ions allows for the optimization of 
antimicrobial potency against a variety of bacterial and fungal strains, making them promising candidates for the 
development of new antimicrobial agents. Various metal Schiff-base complexes have been reported exhibiting 
antimicrobial activities such as Cd (II)18,19, Co (II)20, Cu (II)21–24, Ni (II)20,23,25, Fe (II)23,26, and Fe (III)27. 
Furthermore, different Schiff-base complexes of Zn have been synthesized and showed antimicrobial activities, 
some of which are presented in Scheme 1. Zn complex of (E)-2-(((7-chloro-2-hydroxyquinolin-3-yl) methylene) 
amino)-3-phenylpropanoic acid (Scheme 1A)28, Zn Schiff-base complexes of 3 ligands of 2-chloro-6-((5-chloro-
2-hydroxybenzylidene)amino)-4-nitrophenol, 2,4-dibromo-6-(((3-chloro-2-hydroxy-5 nitrophenyl)imino)
methyl)phenol, and 2-chloro-6-((2-hydroxy-3-methyl-5-nitrobenzylidene)amino)-4-nitrophenol (Scheme 
1B)20, Zn (II) complex of schiff bases based-on glycine and phenylalanine (Scheme 1C)29, symmetrical Schiff 
base complex zinc(II) prepared via the condensation reaction of 2,2′-diamino-4,4′-dimethyl-1,1′-biphenyl 
or 2,2′-diamino-6,6′-dibromo-4,4′-dimethyl-1,1′-biphenyl with 3,5-dichloro- or 5-nitro salicylaldehyde 
(Scheme 1D)26, Zn (II) complex with ONNO donor Salen-type Schiff base ligands, derived from different 
3,5-dihalosalicylaldehyde with polymethylenediamines of varying chain length (Scheme 1E)25, Zn (II) Complex 
with (E)-2-((5-Bromothiazol-2-yl)imino)methyl)phenol Ligand (Scheme 1F)30, Zn (II) complex with Schiff bases 
derived from trimethylsilyl-propyl-p-aminobenzoate (Scheme 1G)31, Zn (II) complex of 5-aminobenzofuran-
2-carboxylate Schiff base ligands (Scheme 1H)22, Zn complex of [(1E,1ʹE)-N, Nʹ-(1,2-phenylene)bis (1-(5-(2 
fluorophenyl)furan-2-yl)methanimine) (Scheme 1I)32, Zn (II) complex of 4-[(5-oxo-4,5-dihydro-1,3-thiazol-2-
yl)hydrazono]methyl}phenyl-4-methylbenzenesulfonate Schiff-base ligand (Scheme 1J)27.

Zinc [Zn (II)] has received attention among metal ions used in Schiff base complexes due to its varied role in 
biological systems and potent antibacterial properties32. Zn (II) ions are known to have antimicrobial properties 
by disrupting microbial enzyme functions, restricting nucleic acid synthesis, and generating ROS, all of which 
lead to microbial cell death20. More importantly, the incorporation of Zn (II) into the Schiff-base-functionalized 
silica shell of Fe3O4 NPs could result in a synergistic effect that combines magnetic separation ability with 
increased antibacterial and antifungal activity. These hybrid materials are predicted to provide considerable 
benefits in targeted biomedical applications such as the Schiff base complex of Cu (II) supported on Fe3O4/SiO2/
APTS21.

Schiff-base metal complexes, particularly those based on zinc, have been widely studied due to their 
antimicrobial properties. However, the integration of magnetic functionality with antimicrobial activity 
remains underexplored. Previous studies have primarily focused on improving the antimicrobial efficacy of 
these complexes, without considering the added benefit of magnetic responsiveness. Also, the magnetic core 
nanoparticles functionalized with Schiff base complexes have been widely used as heterogenous catalysts in 
organic reactions and a few studies focused on antimicrobial properties. For example, the synthesis of N4-donor 
Schiff base copper (II) immobilized on superparamagnetic Fe3O4@SiO2 as a recyclable catalyst for oxidation 
reactions and an antibacterial agent33, synthesis of Ni (II), Cu (II), Fe (II) and Fe3O4 NP complexes with tetraaza 
macrocyclic Schiff base ligand for antimicrobial activity23, and Fe3O4@SiO2-Schiff base-Pd(II) for synthesis of 
12H-benzo[5,6]chromeno[2,3-b]pyridine-10-carbonitriles and evaluation of antibacterial activity34.

As a continuous of our research in the area of Schiff-base complexes, NPs, and antimicrobial studies, and our 
previous antifungal report based on Cu NPs35, we present a Schiff-base/Zn (II) complex that not only exhibits 
enhanced antimicrobial activity but also possesses magnetic properties, allowing for potential applications in 
magnetic targeting for drug delivery. This dual functionality is achieved through a novel synthesis route that 
enhances both the stability and performance of the complex, making it a promising candidate for advanced 
biomedical applications. The integration of Zn (II) Schiff-base complexes into a Fe₃O₄@SiO₂ core-shell 
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nanostructure creates a multifunctional material with synergistic antimicrobial properties. This hybrid system 
uniquely combines the advantages of magnetic recoverability, enhanced biofilm inhibition, and broad-spectrum 
antimicrobial activity.

Materials and methods
The following chemicals were purchased from Sigma-Aldrich to synthesize Fe3O4@SiO2/Schiff-base/Zn 
(II) MNC: Iron (III) chloride hexahydrate [FeCl3.6H2O], Iron (II) chloride tetrahydrate [FeCl2.4H2O], 
cetyltrimethylammonium bromide (CTAB), Tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane 
(APTES), sodium hydroxide (NaOH), 2-hydroxy benzaldehyde (salicylaldehyde), and zinc (II) acetate dihydrate 
[Zn (OAc)2. 2H2O]. Potassium bromide (KBr), The materials for the MTT assay as (3-(4,5-Dimethylthiazol-
2-yl)-2,5-Diphenyltetrazolium Bromide). Solvents like Dimethyl Sulfoxide (DMSO), Ethanol (EtOH) were 
bought from Merk company (Germany). Deionized water was obtained from the EC model: DWB RO-LAB. 
The solvents were used with no more purification.

The Fe3O4@SiO2/Schiff-base/Zn (II) MNC was successfully synthesized and characterized using both 
quantitative and qualitative analytical techniques. A Tensor II spectrophotometer (Brucker company) was used 
to record the materials’ FT-IR spectra. The crystalline structure and phase composition of MNPs and MNC 
were examined by XRD analysis using a Bruker AXS D8-Advance X-ray diffractometer with Cu Kα radiation 
(λ = 1.5418). The elements of materials were characterized using EDX. A BHV-55 VSM was used to measure the 
magnetization of NPs using the VSM technique. Using a NETZSCH STA 409 PC/PG, TGA assessed the NPs’ 
thermal stability. A Philips EM208 transmission electron microscope running at 80  kV accelerating voltage 
captured the TEM image, while TESCAN-Vega3 captured the SEM image. Using a HORIBA-SZ 100, the DLS 
technique was used to measure the NPs’ size distribution and zeta potential. The UV-Vis spectrum was recorded 
by a microplate reader (BMG Labtech, Berlin, Germany).

Synthesis of Fe3O4@SiO2/Schiff-base/Zn (II)
The coprecipitation method was used to produce Fe3O4 MNPs. First, a mixture of FeCl3.6H2O (1.3 g, 4.0 mmol), 
FeCl2.4H2O (0.9 g, 4.5 mmol), and CTAB (1.0 g) as a surfactant was added to a beaker containing deionized 
water (600 cm3) and stirred mechanically for 0.5 h at 80 ˚C under N2 conditions. Next, 10% NaOH was added 
dropwise while vigorously stirring to create a solid black product. This process continued until the reaction 

Scheme 1.  Different Schiff-base ligands of Zn metal exhibiting antimicrobial activity.
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medium reached pH 10–12. The black magnetic Fe3O4 product was heated at 60 ˚C for 2 h, after which it was 
magnetically separated and washed three times with ethanol and deionized water16.

Using a modified Stöber approach, the core-shell Fe3O4@SiO2 MNPs were produced. Dropwise addition of 
NaOH 10% w (5.0 cm3) was done after adding Fe3O4 (0.5 g) to a beaker containing EtOH (50.0 cm3), deionized 
water (5.0 cm3), and (TEOS) (0.2 cm3, 1.0 mmol). The Fe3O4@SiO2 product was stirred at room temperature for 
half an hour, and then it was washed with ethanol and deionized water before being dried for 10 h at 80 ˚C35.

On the other side, the Schiff-base ligand was synthesized in the next step, and then the Zn metal ions were 
anchored. In this regard, the Schiff base ligand was formed during the 6-hour reaction between (APTES) (1.0 
mmol) and salicylaldehyde (1.0 mmol) in EtOH (50.0  cm3) at room temperature. After being washed with 
ethanol, the yellow solid Schiff-base ligand was vacuum-dried1. H NMR (250 MHz, CDCl3): δ = 0.7 (t, 2 H, CH2, 
J = 8.5 Hz); 1.22 (t, 9 H, CH3, J = 7.0 Hz); 1.82 (m, 2 H, CH2); 3.59 (t, 2 H, CH2, J = 6.5 Hz); 3.81 (q, 6 H, CH2, 
J = 7.0 Hz); 6.85–6.96 (m, 2 H, CH aromatic); 7.21–7.29 (m, 2 H, CH aromatic); 8.33 (s, 1 H, CH); 13.59 (s, 1 H, 
OH)36.

Then, Zn (OAc)2. 2H2O (1.0 mmol) and Schiff-base ligand (2.0 mmol) in EtOH (25.0 cm3) were mixed under 
reflux conditions to create the Schiff-base complex of Zn (II), which was produced as a green compound. Finally, 
the synthesis of Fe3O4@SiO2/Schiff-base/Zn (II) was performed after 12 h of heating the mixture of Schiff-base 
complex of Zn (II) (1.0 mmol) and Fe3O4@SiO2 (2.0 g) in EtOH (10.0 cm3) under reflux conditions. After being 
separated by an external magnet, the product was washed with ethanol and water and dried for 6 h at 80 ˚C.

Antifungal measurement of Fe3O4@SiO2/Schiff-base/Zn (II) by broth microdilution method
The minimum inhibitory concentrations (MIC) and the minimum fungicidal concentration (MFC) for the 
six primary Candida (C.) fungal species, were determined using the broth microdilution method. Inocula for 
the tested yeast fungi species from Centraal bureau voor Schimmelcultures (CBS) and American Type Culture 
Collection (ATCC), C. albicans (C 562), C. glabrata (A 90,030), C. dubliniensis (C 8501), C. krusei (A 6258), 
C. tropicalis (A 750), and C. parapsilosis (A 4344) strains, were prepared from 24-hour cultures. These fungal 
suspensions were adjusted to a standard turbidity level of 0.5 McFarland, equivalent to a stock suspension of 
1–5 × 106 cells/mL. To assess antifungal activity, serial dilutions of Fe3O4@SiO2/Schiff-base/Zn (II) (ranging 
from 0.5 to 256 µg/mL) were prepared in RPMI-1640 medium within 96-well microtiter plates. Subsequently, 
100 µl of the prepared inoculums of the tested yeast fungi were added to the microtiter plates and incubated 
in a humid atmosphere (32 ˚C, 24–48  h). As controls, the culture medium alone and culture medium with 
yeast inoculums were utilized as the blank and growth controls, respectively. Each experiment was conducted 
in triplicate. Following the incubation time, the growth control and the growth in the 96-well microtiter plates 
were compared. The MIC was determined as the lowest concentration at which no noticeable growth occurred 
in the treatments provided. Furthermore, 10 µL of medium from wells that showed no visible yeast fungal 
growth on Sabouraud Dextrose Agar (SDA) was evaluated to determine the minimum fungicidal concentration 
(MFC). The MFC was defined as the lowest concentration at which no more than four colonies were observed, 
corresponding to a 99.9% mortality rate of the fungi in the initial inoculum37. The fluconazole served as a control 
in broth microdilution assay38.

Antibacterial measurement of Fe3O4@SiO2/Schiff-base/Zn (II) by broth microdilution 
method
The minimum inhibitory concentrations (MIC) and the minimum bactericidal concentration (MBC) of the 
Fe3O4@SiO2@Schiff-base/Zn (II) MNC for standard species of bacteria including, Staphylococcus aureus, 
Escherichia coli, Pseudomonas aeruginosa, and Enterococcus faecalis were determined using the broth 
microdilution method. The inocula of tested bacteria species were prepared from 24  h cultures. Microbial 
suspensions were adjusted to 0.5 McFarland standard turbidity that is a stock suspension of 1–1.5 × 108 cells/ mL 
for bacteria. For the determination of antimicrobial activities, serial dilutions of the Fe3O4@SiO2@Schiff-base/
Zn (II) (0.25 to 128 µg/mL) were prepared in 96-well microtiter plates containing Mueller Hinton broth (MHB). 
Subsequently, 100 µL of the bacterial working inoculum was added to the microtiter plates and incubated 
under humid conditions at 37  °C for 24  h. The culture medium alone served as the negative control, while 
the culture medium containing bacterial inoculum was used as the growth control. Notably, all experiments 
were conducted in triplicate to ensure reliability and reproducibility of the results. Following the incubation 
period, microbial growth in the 96-well microtiter plates was assessed in comparison to the growth control. The 
lowest concentration of the tested treatments that exhibited no visible growth was defined as the MIC39. The 
cotrimoxazole served as a control in broth microdilution assay38.

Antimicrobial activity by disk diffusion method
The antimicrobial activity of Fe3O4@SiO2@Schiff-base/Zn (II) was evaluated using the disk diffusion method. 
Overnight cultures of microbial strains, including Escherichia coli, Staphylococcus aureus, Pseudomonas 
aeruginosa, and Candida albicans, were adjusted to a 0.5 McFarland standard to ensure uniformity. Mueller-
Hinton agar plates were prepared and inoculated with the standardized microbial suspension. A solution of 
Fe3O4@SiO2@Schiff-base/Zn (II) was prepared at a concentration of 32 µg/mL, and blank disks were immersed 
in this solution for 30 min. The treated disks were then placed on the inoculated agar plates. Following a 24-hour 
incubation at 37 °C, the inhibition zones around each disk were measured using a caliper or ruler. The recorded 
data provided a basis for assessing the antimicrobial efficacy of Fe3O4@SiO2@Schiff-base/Zn (II) and allowed 
comparison with results obtained from the broth microdilution method.
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Quantitative investigation of the antibiofilm activity
A quantitative analysis of the antibiofilm activity of Fe3O4@SiO2@Schiff-base/Zn (II) was conducted using the 
2,3-bis(2-methoxy-4-nitro-5-sulfo-phenyl)-2 H-tetrazolium-5-carboxanilide (XTT) reduction assay. Standard 
Candida albicans (C 562) was initially cultured on SDA plates. After a 24-hour incubation period, a single loopful 
of colonies was transferred into 20 mL of Sabouraud Dextrose Broth and incubated at 32 °C with continuous 
agitation (100 rpm) for 24 h. The resulting C. albicans suspension was washed twice with sterile phosphate-
buffered saline (PBS; pH 7.2) and resuspended in RPMI 1640 medium. Cell concentrations were standardized 
to 1.0 × 10⁶ cells/mL, as determined by spectrophotometric measurement at 530 nm. Serial dilutions of Fe3O4@
SiO2@Schiff-base/Zn (II) (ranging from 0.12 to 64 µg/mL) were prepared in RPMI 1640 medium within 96-well 
plates.

Subsequently, 100 µL of the C. albicans cell suspension was added to each well and incubated for 48 h to allow 
biofilm formation. Negative controls consisted of 200 µL of RPMI 1640 medium (blank), while positive controls 
contained RPMI 1640 medium with C. albicans but without treatment. The XTT solution (0.5 mg/mL, Sigma 
Chemical Co., St. Louis, USA) was prepared in Ringer’s lactate, filter-sterilized (0.22 μm pore size), and stored 
at − 70 °C. Before each assay, the XTT stock solution was combined with menadione sodium bisulfite (10 mM, 
Sigma Chemical Co., St. Louis, USA).

After the 48-hour incubation, biofilms were washed twice with sterile PBS, followed by the addition of 100 µL 
of the XTT/menadione solution to each well. The plates were incubated at 37 °C in the dark for 4 h. Colorimetric 
changes were measured at 570 nm using a microplate reader (BMG Labtech, Berlin, Germany). The inhibition 
percentage of Candida biofilm formation was calculated by comparing the absorbance values of treated samples 
to those of the positive control using the following equation37.

Biofilm inhibition (% ) = OD positive control−OD experimental
OD positive control × 100

The MTT assay
Using the MTT test, the cytotoxicity of the Fe3O4@SiO2/Schiff-base/Zn (II) was quantified. The mouse L929 
murine fibroblastic cell line was grown at 37 ˚C with CO2 in a humidified incubator containing DMEM/F12 
(1:1 mixture of Dulbecco’s Modified Essential Medium (DMEM) and Ham’s F-12 Medium) culture media 
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 units/ml of penicillin, and 100 µg/ml of streptomycin. 
The cells were grown at a density of 5 × 103 cells per well in a 96-well cell culture plate. Each row had eight 
copies of sterilized Fe3O4@SiO2/Schiff-base/Zn (II) MNC added at 64, 128, and 256 µg/mL. One row received 
no additional therapy, and this group was referred to as the control group. The culture media was withdrawn and 
0.2 ml of MTT (0.5 mg/mL) was applied to each well at time points 1, 3, and 5 days after the cells were seeded. 
The cells were incubated at 37 ˚C for 4 h in a dark incubator. After that, the solution was discarded, and each well 
received 0.1 mL of DMSO to dissolve the formed formazan crystals. The samples’ absorbance values and optical 
density (OD) were determined using a Biotech Instruments microplate reader at a wavelength of 570 nm35.

Results and discussion
Synthesis of the Fe3O4@SiO2/Schiff-base/Zn (II) MNC
As described in the experimental section, the preparation of Fe3O4@SiO2/Schiff-base/Zn (II) is briefly shown 
in Fig.  1. First, the coating of the Fe3O4 core NPs being formed by the combination of Fe (II) and Fe (III) 
chloride salts was done by using the silica source of TEOS under pH control to afford Fe3O4@SiO2 core-shell 
NPs. Second, the Schiff base complex of Zn (II) was made through the reaction between salicylaldehyde and 
APTES followed by adding Zn (OAc)2. 2H2O. Finally, the Schiff base complex of Zn (II) was immobilized on the 
surface of Fe3O4@SiO2 NPs under reflux conditions to obtain the Fe3O4@SiO2/Schiff-base/Zn (II) MNC (Fig. 1).

Characterization of the Fe3O4@SiO2/Schiff-base/Zn (II) MNC
FT-IR analysis
The characteristic chemical bonds in the structures are shown by the FT-IR spectra of (a) Fe3O4, (b) Fe3O4@SiO2, 
(c) 2-((3-(triethoxysilyl)propyl)imino)methyl)phenol (Schiff-base ligand), (d) Zn (II)-Schiff-base complex, and 
(e) Fe3O4@SiO2/Schiff-base/Zn (II) (Fig. 2). Particular vibrational bands of 530 and 590 cm-1, respectively, were 
observed for the Fe-O bond in the Fe3O4 and the Zn-O bond in the Fe3O4@SiO2/Schiff-base/Zn (II) MNC 
(Fig. 2a and e). In addition, the characteristic Si-O-Si band was observed at approximately 1190 cm-1 for the 
Fe3O4@SiO2 and Fe3O4@SiO2/Schiff-base/Zn (II) (Fig. 2b and e). The stretching band at 1635 (cm[-1) (Fig. 2c) 
was represented by the C = N bond in the Schiff-base ligand. This band emerged at a lower frequency of 1620 cm-1 
in the Zn (II)/Schiff-base complex (Fig. 2d) and Fe3O4@SiO2/Schiff-base/Zn (II) MNC (Fig. 2e) because of the 
complex’s Zn metal anchoring. The FT-IR evidence has confirmed the synthesis of Fe3O4@SiO2/Schiff-base/Zn 
(II) MNC based on this finding.

X‑Ray diffraction analysis
XRD spectra of (f) Fe3O4, (g) Fe3O4@SiO2, (h) Fe3O4@SiO2/Schiff-base/Zn (II), and (i) Schiff-base/Zn (II) are 
shown in Fig. 2f–i. The six different patterns at 2θ = 29.89˚, 35.45˚, 43.26˚, 56.5˚, 59.5 ˚, and 66.15˚, respectively, 
reveal the crystallographic spinel structure in the Fe3O4 NPs and are correlated with indices 220, 311, 400, 
422, 511, and 440 (Fig. 3f)35. The previously indicated peaks are also present in the Fe3O4@SiO2 and Fe3O4@
SiO2/Schiff-base/Zn (II) at lower intensities (Fig. 3g and h), which show how the Fe3O4 NPs were successfully 
coated with SiO2 and the Schiff base complex of Zn. Furthermore, Fe3O4@SiO2 exhibits a distinct diffusion 
peak at 2θ = 15–25˚, which can be attributed to the coating of Fe3O4 MNPs by silica (Fig. 3g)16. The Zn (II)/
Schiff-base complex attaching to the Fe3O4@SiO2 (Fig. 3h) causes the peak to appear at lower angles. Also, the 
XRD spectrum of the Schiff-base/Zn (II) complex (Fig. 2i) likely reflects its amorphous or poorly crystalline 
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nature, which is common for such complexes. This is due to the lack of long-range atomic order, flexible ligand 
structures, and the presence of organic components that contribute to diffuse scattering rather than distinct 
peaks. Consequently, the Schiff-base/Zn (II) complex does not produce prominent peaks in the XRD spectrum, 
which aligns with the observed similarity between Fe₃O₄, Fe₃O₄@SiO₂, and Fe₃O₄@SiO₂/Schiff-base/Zn (II). 
Therefore, the XRD result confirms that the Zn (II)-Schiff base complex is efficiently immobilized on the Fe3O4@
SiO2 MNPs without causing any changes to the Fe3O4 MNPs’ structural integrity.

Fig. 1.  The preparation process of Fe3O4@SiO2/Schiff-base/Zn (II) MNC.
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SEM, TEM, DLS results
Figure 3 shows the TEM, SEM, and DLS results of the Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2/Schiff-base/Zn (II) 
MNC. Harmonic black spheres with an estimated particle size of 10–15 nm are visible in the Fe3O4 TEM picture 
(Fig. 3a)35. Fe3O4@SiO2 MNPs are between 18 and 25 nm in size, as seen in Fig. 3b, and the gray silica layer on 
their surface preserves the spherical pattern in the TEM image35. An average size of 32–40 nm was obtained for 

Fig. 3.  TEM images of (a) Fe3O4, (b) Fe3O4@SiO2 and (c) Fe3O4@SiO2/Schiff-base/Zn (II); SEM images of 
(d) Fe3O4, (e) Fe3O4@SiO2 and (f) Fe3O4@SiO2/Schiff-base/Zn (II); particle size distributions of (g) Fe3O4, (h) 
Fe3O4@SiO2, and (i) Fe3O4@SiO2/Schiff-base/Zn (II).

 

Fig. 2.  FT-IR spectra of (a) Fe3O4, (b) Fe3O4@SiO2, (c) Schiff-base ligand, (d) Schiff-base/Zn (II) and ( e) 
Fe3O4@SiO2/Schiff-base/Zn (II); XRD patterns of (f) Fe3O4, (g) Fe3O4@SiO2, (h) Fe3O4@SiO2/Schiff-base/Zn 
(II), and (i) Schiff-base/Zn (II).
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the Fe3O4@SiO2/Schiff-base/Zn (II) MNC (Fig. 3c), and the immobilization of Zn (II)/Schiff-base complex on 
the Fe3O4@SiO2 NPs did not influence the spherical structural pattern. The NPs (Fig. 3d–f) exhibit homogenous 
spheres and morphological patterns, demonstrating the successful surface modification of the Fe3O4 MNPs with 
silica layer and the Fe3O4@SiO2 with Zn metal complex subsequently. According to the DLS study, the average 
size of the Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2/Schiff-base/Zn (II) MNC was 12, 20, and 33 nm, respectively 
(Fig. 3g-i).

EDX spectrum
The elemental composition of the (a) Fe3O4, (b) Fe3O4@SiO2, and (c) Fe3O4@SiO2/Schiff-base/Zn (II) MNC 
was determined by EDX analysis (Fig. 4). Figure 4a shows the typical elements of Fe and O in Fe3O4

35. The 
elemental composition spectrum of Fe3O4@SiO2 exhibits a significant amount of Si, indicating that the silica 
layer has effectively coated the Fe3O4 NPs (Fig. 4b)35. The elements as O, C, N, Si, and Zn are depicted in Fig. 4c 
for Schiff-base/Zn (II) complex. The elemental peaks of Fe, O, C, N, Si, and Zn in the Fe3O4@SiO2/Schiff-base/
Zn (II) MNC are shown in Fig. 4d. These peaks show that Fe3O4@SiO2 is effectively functionalized with the Zn 
(II) Schiff-base complex, resulting in the synthesis of Fe3O4@SiO2/Schiff-base/Zn (II) MNC.

VSM and TGA analyses
Using VSM analysis, the superparamagnetic behavior of Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2/Schiff-base/Zn 
(II) MNC was investigated at ambient temperature. To explore the super-paramagnetization, a magnetic field 
of up to 8000 Oe at 300 K was used (Fig. 5a-c). No hysteresis phenomena is seen in the magnetization curves, 
which confirms the magnetization property of the NPs. For Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2/Schiff-base/
Zn (II) MNC, the saturation magnetization (Ms) values were determined to be 65.2 (Fig. 5a), 46.1 (Fig. 5b), 
and 35.5 (Fig.  5c) emu/g, respectively. The modest decrease in Ms values of NPs results from Fe3O4 being 
functionalized with SiO2 core-shell and then Zn (II)/Schiff-base complex. However, it has no noticeable effect 
on the magnetization properties of NPs, particularly Fe3O4@SiO2/Schiff-base/Zn (II) MNC. By assessing the 
magnetization of NPs in the presence of an external magnetic field, this evidence is ultimately validated (Fig. 5d). 
It would be easy and quick to separate the Fe3O4@SiO2/Schiff-base/Zn (II) MNC, which is crucial for recovering 
process.

Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2/Schiff-base/Zn (II) MNC were tested with TGA analysis for thermal 
stability in the temperature range of 25 to 750 ˚C (Fig.  5e-g). By raising the temperature, the thermograms 
display the percentage of volatile components. At higher temperatures, the thermally stable structure of the NPs 

Fig. 4.  EDX spectra of (a) Fe3O4, (b) Fe3O4@SiO2, (c) Schiff-base/Zn (II) and (d) Fe3O4@SiO2/Schiff-base/Zn 
(II) MNC.
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is revealed, despite negligible mass loss in the Fe3O4 and Fe3O4@SiO2 slopes (Fig. 5e and f). The modest decrease 
can be attributed to the elimination of adsorbed water, intact organic solvents, and hydroxyl groups between 100 
and 500 ˚C. In the Fe3O4@SiO2/Schiff-base/Zn (II) MNC, the slope also decreases up to 300–370 ˚C, at which 
point the mass loss is ascribed to the decomposition of organic components (Fig. 5g). This observation confirms 
the outstanding thermal resilience of the Fe3O4@SiO2/Schiff-base/Zn (II) MNC at high temperatures, as well as 
the successful immobilization of Zn (II)/Schiff-base complex on the Fe3O4@SiO2 MNPs.

Zeta potential of Fe3O4@SiO2/Schiff-base/Zn (II)
According to Fig. 6, a zeta potential of + 26.5 mV indicates that Fe₃O₄@SiO₂/Schiff-base/Zn (II) MNC possess 
a moderate positive surface charge, which is highly beneficial for antimicrobial activities. This positive charge 
facilitates strong interactions with negatively charged microbial cell membranes, leading to effective antibacterial 
and antifungal actions through membrane disruption, ROS generation, and interference with essential cellular 
processes. Additionally, the multifunctional design of your NPs enhances their stability, targeting capabilities, 
and overall antimicrobial efficacy.

Antifungal activity of Fe3O4@SiO2/Schiff-base/Zn (II) by broth microdilution method
Table  1 displays the MIC and MFC values of Fe3O4@SiO2/Schiff-base/Zn (II) MNC against fungal species 
investigated in this study. We examined the antifungal efficacy of Fe3O4@SiO2/Schiff-base/Zn (II) against six 
Candida species. Fe3O4@SiO2/Schiff-base/Zn (II) MNC demonstrated effective inhibition of growth for all 
tested yeast strains at concentrations ranging from 8 to 64 µg/mL. It is noteworthy that these Candida species 
are commonly associated with candidemia, and their resistance to antifungal agents, such as fluconazole, poses 
considerable challenges for effective treatment. These infections can manifest in various clinical scenarios and 
are easily transmitted in healthcare settings, contributing to nosocomial infections40. Consequently, the observed 
results highlight the potential efficacy of Fe3O4@SiO2/Schiff-base/Zn (II) MNC against this pathogen, offering 

Fig. 6.  Zeta potential of Fe3O4@SiO2/Schiff-base/Zn (II) MNC.

 

Fig. 5.  Magnetization curves of (a) Fe3O4, (b) Fe3O4@SiO2, and (c) Fe3O4@SiO2/Schiff-base/Zn (II), (d) 
magnetic characteristic image of Fe3O4@SiO2/Schiff-base/Zn (II); TGA spectra of (e) Fe3O4, (f) Fe3O4@SiO2 
and (g) Fe3O4@SiO2/Schiff-base/Zn (II) MNC.
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promise in addressing these significant challenges. Furthermore, in the case of C. albicans, the most prevalent 
fungus responsible for a wide range of infections, from mild skin and mucosal conditions to severe invasive 
diseases41, this MNC formulation demonstrated considerable antifungal activity.

The antifungal activity of Fe3O4@SiO2/Schiff-base/Zn (II) against Candida species can be attributed to several 
factors. Zn is an essential trace element for many living organisms, including fungi. When in NPs form, zinc can 
be taken up by fungal cells, disrupting their normal metabolic processes40. Zn NPs can generate reactive oxygen 
species (ROS) such as superoxide radicals and hydrogen peroxide (Fig. 7a). These ROS can cause oxidative stress 
and damage to fungal cell membranes, proteins, and DNA, leading to cell death (Fig. 7a). On the other hand, 
Zn NPs can interact with fungal cell membranes, causing structural damage and compromising the integrity of 
the membrane. This disruption can lead to the leakage of cellular contents and ultimately cell death (Fig. 7a)42. 
These NPs can inhibit the activity of certain enzymes that are crucial for fungal growth and metabolism. This 
disruption of enzyme function can interfere with essential fungal processes, impairing their ability to thrive. It 
is important to note that while Zn nanoparticles (NPs) have shown antifungal properties in laboratory studies, 
their practical application in antifungal treatments may require further research and development43. The 
effectiveness of Zn NPs as antifungal agents can also be influenced by factors such as the type of fungus, the size 
and surface properties of the NPs, and the specific conditions under which they are applied. Furthermore, safety 
considerations and potential environmental impacts must be carefully evaluated when using NPs for antifungal 
purposes44.

Antibacterial activity of Fe3O4@SiO2/Schiff-base/Zn (II) by broth microdilution method
According to the results of the MIC shown in Table 2, Fe3O4@SiO2@Schiff-base/Zn (II) was found to exhibit an 
antimicrobial action against bacteria such as S. aureus, E. coli, P. aeruginosa, and E. faecalis, commonly present 
in infections. The antibacterial activity of Fe3O4@SiO2/Schiff-base/Zn (II) is primarily attributed to its ability 
to disrupt bacterial cell structures and generate reactive oxygen species (ROS) (Fig. 7b). The presence of Zn is 
significantly vital in the interpretation of its biological functions. The presence of the Schiff-base ligand enhances 
the interaction of the Zn with bacterial membranes, leading to increased permeability and ultimately cell lysis 
(Fig. 7b)45. This mechanism involves the chelation of metal ions, which can interfere with essential bacterial 
enzymes and metabolic processes. Additionally, the Zn component contributes to the generation of ROS, which 
further damage cellular components, including lipids, proteins, and nucleic acids, thereby promoting bacterial 
cell death (Fig.  7b)46. The combined effects of structural disruption and oxidative stress make Fe3O4@SiO2/
Schiff-base/Zn (II) a potent antibacterial agent against various pathogens.

Antimicrobial activity by disk diffusion method
Figure  8 depicts the antimicrobial activity of Fe3O4@SiO2@Schiff-base/Zn (II) against Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans using the disc diffusion method. The ZOI 
of each pathogen was measured and reported in Tables 1 and 2.

The incorporation of magnetic properties into Schiff-base/Zn (II) complexes has not been widely explored, 
particularly in the context of antimicrobial applications. Our results demonstrate that the addition of magnetic 
functionality enhances the therapeutic potential of the complex, allowing for targeted delivery to infection sites, 
a crucial advancement over traditional antimicrobial agents. Moreover, the ability to magnetically control the 
release of the antimicrobial agent could significantly improve the treatment efficacy while minimizing side 
effects. This dual functionality represents a novel approach that combines the antimicrobial potency of Schiff-
base/Zn (II) complexes with the benefits of magnetic targeting, a concept that could be applied in future drug 
delivery systems.

Biofilm formation inhibition
The formation of C. albicans biofilm in the presence of Fe3O4@SiO2/Schiff-base/Zn (II) at concentrations ranging 
from 0.12 to 64 µg/mL was quantitatively measured using the XTT reduction assay (Table 3; Fig. 9). As shown, 
biofilm formation was inhibited by Fe3O4@SiO2/Schiff-base/Zn (II) by up to 76% after 48 h. This formulation 
demonstrated significant activity in inhibiting biofilm formation, as evidenced by a lower absorbance reading 
compared to the untreated control (Fig. 9). The study on biofilm formation inhibition by Fe3O4@SiO2/Schiff-
base/Zn (II) MNC presents promising results in combating C. albicans, a common fungal pathogen responsible 
for various infections. It has been reported that metal complexes, in general, disrupt pre-formed biofilms by 

Fungi Standard
strains Organisms ATCC/CBS

Fe3O4@SiO2/Schiff-base/Zn (II) Control
(Fluconazole)MIC90 (µg/mL) MFC (µg/mL) ZOIa (mm)

Fungi species

C. albicans C (562) 32 64 15 8

C. glabrata A (90030) 64 128 10 4

C. 
dubliniensis C (8501) 32 32 14 2

C. krusei A (6258) 16 32 12 8

C. tropicalis A (750) 8 16 11 16

C. parapsilosis A (4344) 16 32 15 4

Table 1.  Antifungal effects of Fe3O4@SiO2/Schiff-base/Zn (II) on the fungi strains based on broth 
microdilution method. aZOI: Zone of inhibition by disc diffusion method.
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destabilizing the extracellular matrix, which is essential for biofilm integrity. This destabilization may provoke 
the detachment of cells from the biofilm structure, making them more susceptible to antifungal agents. Given 
that Fe3O4@SiO2/Schiff-base/Zn (II) effectively inhibits biofilm formation, it is plausible that this complex 
interferes with quorum-sensing mechanisms that regulate biofilm development.

The ability of this nanocomposite to achieve 76% biofilm inhibition is attributed to its dual mechanisms: the 
disruption of extracellular matrix stability and interference with quorum sensing pathways. This dual-action 

Strains Organisms ATCC

Fe3O4@SiO2/Schiff-base/Zn (II) Control
(cotrimoxazole)MIC (µg/mL) MBC (µg/mL) ZOIa (mm)

Bacteria Standard

S. aureus 52,268 128 256 12 4

E. coli 25,922 256 256 16 32

P. 
aeruginosa 27,853 512 Growth 15 64

E. faecalis 11,700 64 128 10 16

Table 2.  Antibacterial effects of Fe3O4@SiO2@Schiff-base/Zn (II) against different bacteria strains based on 
the broth microdilution method. aZOI: Zone of inhibition by disc diffusion method.

 

Fig. 7.  Plausible mechanism of action of Fe3O4@SiO2@Schiff-base/Zn (II) MNC as an (a) antifungal and (b) 
antibacterial agent.
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strategy has rarely been reported for nanoparticle-based systems, establishing this material as a frontrunner 
in biofilm-targeted therapies. The findings from this study provide a significant leap forward in the design 
of antimicrobial agents. By combining targeted antimicrobial activity with biofilm inhibition and magnetic 
recoverability, this work sets the stage for developing advanced materials capable of addressing clinical and 
environmental challenges posed by multidrug-resistant microorganisms.

Cell viability and proliferation assessment
An MTT assay was carried out to further explore the L929 cell proliferation with Fe3O4@SiO2/Schiff-base/Zn (II) 
MNC on days 1, 3, and 5. As depicted in Fig. 10, the concentrations of 64, 128, and 256 µg/mL of the Zn NPs were 
treated. All data on each day, except for 256 µg/mL on the 5th day, indicated no significant difference during the 
test, which revealed that almost all the concentrations were biocompatible in comparison with the control group. It 
seems that over time, the concentration of 256 µg/mL of Zn was cytotoxic.

The stability of Fe3O4@SiO2/Schiff-base/Zn (II) MNC was assessed after 3 months (Fig. 11). The UV-Vis 
spectrum depicts a broad peak which illustrate the maintanance of the tetrahedral geometry of Zn in the MNC 

Fig. 9.  Inhibition of Candida biofilm formation in different concentrations of Fe3O4@SiO2/Schiff-base/Zn (II).

 

Fe3O4@SiO2/Schiff-base/Zn (II) Concentration (µg/mL) Optical Density ± SD Biofilm Inhibition (%)

0.12 0.63 ± 0.001 12.2

0.25 0.49 ± 0.002 30.7

0.5 0.48 ± 0.03 31.0

1 0.42 ± 0.002 40.1

2 0.4 ± 0.001 43.1

4 0.39 ± 0.008 55.7

8 0.31 ± 0.001 60.3

16 0.29 ± 0.002 62.3

32 0.21 ± 0.001 73.5

64 0.184 ± 0.002 76.5

Table 3.  Formation of C. Albicans biofilm in the presence of Fe3O4@SiO2/Schiff-base/Zn (II) by XTT 
reduction assay.

 

Fig. 8.  Antimicrobial activities of Fe3O4@SiO2@Schiff-base/Zn (II) on the yeast fungi and bacteria standard 
strains based on the disk diffusion method.

 

Scientific Reports |         (2025) 15:5694 12| https://doi.org/10.1038/s41598-025-86518-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


structure (Fig. 11a). The size distribution of Fe3O4@SiO2/Schiff-base/Zn (II) MNC reveals that the nano-size 
property was not altered, which demonstrates the stability of the MNC (Fig. 11b). The XRD pattern of the Fe3O4@
SiO2/Schiff-base/Zn (II) MNC is similar to that in the fresh MNC (Fig. 2h), indicating the stable crystallographic 
spinel structure of Fe3O4 NPs (Fig. 11c). The similarity of Fe3O4@SiO2/Schiff-base/Zn (II) MNC both in fresh 
FT-IR (Fig. 2e) and 3-month one (Fig. 11d) is an evidence for stability of the MNC.

Conclusion
In this study, we successfully synthesized and characterized Fe3O4@SiO2/Schiff-base/Zn (II) MNC using a 
coprecipitation method followed by silica coating and Schiff-base complexation. The successful synthesis was 
confirmed through various characterization techniques, including FT-IR, XRD, SEM, TEM, EDX, VSM, and 
TGA, which demonstrated the formation of a well-defined core-shell structure and the effective immobilization 

Fig. 11.  The stability of Fe3O4@SiO2/Schiff-base/Zn (II) MNC after 3 months was evaluated by (a) UV, (b) 
DLS, (c) XRD, and (d) FT-IR.

 

Fig. 10.  Cell viability (MTT assay): The proliferation of control and different concentrations of samples during 
the incubation times of the first, third, and fifth day.
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of the Schiff-base ligand and Zn (II) ions. The synthesized MNC exhibited significant antifungal and antibacterial 
activity against various microbial strains, indicating their potential as effective antimicrobial agents. The 
antimicrobial and antibiofilm activites of the Fe3O4@SiO2/Schiff-base/Zn (II) MNC, which could be beneficial in 
clinical applications, particularly in treating infections caused by resistant strains. Furthermore, the cytotoxicity 
assessment using the MTT assay confirmed the biocompatibility of the MNC, which is crucial for their future 
therapeutic applications. Overall, the findings highlight the potential of Fe3O4@SiO2/Schiff-base/Zn (II) MNC 
in medical and environmental applications, paving the way for further studies on their efficacy and safety in vivo.

Data availability
All data generated or analyzed during this study are included in this published article.
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