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Abstract 

Background The objective of this research was to prepare some  Fe3O4@SiO2@Chitosan (CS) magnetic nanocom-
posites coupled with nisin, and vancomycin to evaluate their antibacterial efficacy under both in vitro and in vivo 
against the methicillin-resistant Staphylococcus. aureus (MRSA).

Methods In this survey, the  Fe3O4@SiO2 magnetic nanoparticles (MNPs) were constructed as a core and covered 
the surface of MNPs via crosslinking CS by glutaraldehyde as a shell, then functionalized with vancomycin and nisin 
to enhance the inhibitory effects of nanoparticles (NPs). X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FT-IR), field emission scanning electron microscope (FE-SEM), vibrating sample magnetometer (VSM), 
and dynamic light scattering (DLS) techniques were then used to describe the nanostructures.

Results Based on the XRD, and FE-SEM findings, the average size of the modified magnetic nanomaterials were 
estimated to be around 22–35 nm, and 34–47 nm, respectively. The vancomycin was conjugated in three polymer-
drug ratios; 1:1, 2:1 and 3:1, with the percentages of 45.52%, 35.68%, and 24.4%, respectively. The polymer/drug ratio 
of 1:1 exhibited the slowest release rate of vancomycin from the  Fe3O4@SiO2@CS-VANCO nanocomposites dur-
ing 24 h, which was selected to examine their antimicrobial effects under in vivo conditions. The nisin was grafted 
onto the nanocomposites at around 73.2–87.2%. All the compounds resulted in a marked reduction in the bacterial 
burden (P-value < 0.05).

Conclusion The vancomycin-functionalized nanocomposites exhibited to be more efficient in eradicating the bac-
terial cells both in vitro and in vivo. These findings introduce a novel bacteriocin–metallic nanocomposite that can 
suppress the normal bacterial function on demand for the treatment of MRSA skin infections.
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Background
Staphylococcus aureus (S. aureus) infections, in par-
ticular S. aureus bacteremia (SAB) outbreaks, are of 
great importance in the areas of both antimicrobial 
resistance (AMR) and healthcare-associated infec-
tions (HAI). Methicillin-resistant S. aureus (MRSA) 
is an emerging pathogen of major concern in relation 
to antimicrobial resistance (AMR), according to the 
World Health Organization [1]. The Centers for Dis-
ease Control and Prevention (CDC) have revealed 
that at least 2.8 million people are affected by antibi-
otic-resistant illnesses, which have been linked to over 
35,000 deaths [2]. According to a British survey on anti-
microbial resistance (AMR), around 700,000 people are 
dying every year in the world because of the antibiotic-
resistant diseases [3]. Through a series of sequential 
genetic mutations and the horizontal transfer of mobile 
genetic elements, multidrug-resistant (MDR) bacteria 
can acquire the resistance that renders most antibiot-
ics ineffective, including those that are considered a last 
resort. This underscores the need for the development 
of more effective antimicrobial agents [4]. Further-
more, the conventional antimicrobials indiscriminately 
eradicate beneficial microorganisms and detrimentally 
disrupt the commensal human microbiota [5]. This 
emphasizes the necessity to develop the novel strate-
gies that employ distinct bactericidal pathways to over-
come drug resistance, targeting only harmful bacteria 
with negligible impact on the patients and all other 
beneficial microbes [6]. In addition, biofilm-related 
antimicrobial resistance is a further cause for con-
cern. Therefore, the nanocarriers seem to have a role 
in overcoming these barriers to improve effectiveness, 
as they serve as a protective layer that shields against 
interactions and limits inactivation of drugs by biofilm 
and topical enzymes. In this case, drug delivery nano-
systems hold significant promise for treating infections 
brought on by intracellular or biofilm-forming sub-
stances [7]. Based on the inorganic forms of nanopar-
ticles (NPs), nanomaterial carriers typically comprise 
an organic coating (substances based on carbon) and an 
inorganic core (structures based on metal or oxide) that 
support the conjugation of biomolecules and/or serve 
as shields to prevent the inner core from unfavorable 
physicochemical reactions with the biological com-
partments [8, 9]. Carbon nanostructures like polymers, 
dendrimers, exosomes, micelles, liposomes, and solid 
lipid NPs are among organics nanomaterials [10, 11]. 

While the majority of inorganic materials have a rela-
tively smaller particle size, superior stability, controlled 
tunability, enhanced permeability of the encapsulated 
drug, the ability to increase drug-loading efficiency, and 
the ability to release the drugs over extended periods of 
time, the majority of organic nanoparticles composed 
of biodegradable materials are biocompatible and non-
toxic [12–14]. Chitosan (CS), and chitin are recognized 
as the most versatile biopolymers occurring affluently 
in nature. CS obtained from the deacetylation of chi-
tin, a major constituent of the crustacean exoskeleton 
[15, 16]. Because of its special qualities—such as bio-
compatibility, biodegradability, and non-toxicity—CS 
and CS-based nanocomposites are well-known. These 
properties have wide-ranging applications in a number 
of biomedical domains, including tissue engineering, 
drug delivery, and wound healing [17, 18]. Nisin is a 
member of the class of cationic peptide antimicrobials 
made from strains of Lactococcus lactis that are com-
monly used to preserve food [19]. It has been shown to 
work via synergistic pathways in combination with the 
traditional antibiotic therapies against MRSA and as 
an interfering agent in the formation of bacterial bio-
film [20–22]. In the field of antibacterial agents, metal 
nanoparticles have attracted enormous interest due 
to they can be synthesized to have a large surface area 
and a high density of various reactive sites [23]. Due 
to their wide surface areas, intricate crystalline struc-
tures with many atoms positioned at edges and corners, 
and prevalence of additional potentially reactive sites, 
metal oxide nanoparticles behave more antimicrobially 
than metallic nanoparticles [24, 25]. The MNPs used 
for the biomedical purposes are usually composed of 
the elements iron and iron oxide with nanocrystalline 
magnetite  (Fe3O4) cores because of their good biocom-
patibility, biodegradability, and facile synthesis [26]. 
Several scientists developed the  Fe3O4-based nanocata-
lysts with an excellent catalytic activity that suggest a 
broad array of potential advantages, such as enhanced 
selectivity of the catalyst, broad surface area-to-volume 
ratio, improved reactivity, facile working (by an exter-
nal magnet), a great reusability with no remarkable 
reduction in the catalytic performance, large extrac-
tion/or separation capability with high yields of prod-
ucts, reduced reaction durations, negligible amounts 
of wastes, excellent stability, the features that make 
magnetic-based nanocatalysts the promising alterna-
tive heterogeneous catalysts [27–33]. The challenge of 
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removing the catalyst from the mixture and the impos-
sibility of recycling it for use in additional processes 
are the drawbacks of homogeneous catalysis. Magnetic 
characteristics can be an important advantage for these 
materials, offering the possibility of their convenient 
manipulation and separation using an external mag-
netic force without taking prolonged times for filtration 
or centrifugation following completion of the reaction 
[28]. The  CoFeO2O4@CS-based nanocomposites which 
have recently been developed due to their exceptional 
features, and thermal stability effects can be applied in 
the field of magneto-hyperthermia [34]. In addition, 
nano therapy systems based on FeO-NPs can help in 
the reduction of the therapeutic dosages of drugs to 
make them more effective and enable targeted drug 
delivery to the desired tissue or cell [26].  Fe3O4 mag-
netic nanoparticles tend to agglomerate and are highly 
prone to oxidization upon exposure to air [35]. Thus, 
it is necessary to consider surface modification with a 
wide range of available materials such as all kinds of 
polymeric materials, noble metals, silica, metal oxide, 
and graphene oxide materials [36, 37]. Due to its excel-
lent durability against degradation, silica is still thought 
to be the best option for surface functionalization. 
Furthermore, because silica has a high concentration 
of silanol groups (–SiOH) on its surface, it enhances 
hydrophilicity, surface functionality, and biocompat-
ibility, making it a highly promising material for use 
in a variety of biological disciplines [36, 38, 39]. In 
this study, we synthesized  Fe3O4 supermagnetic nano-
particles functionalized with vancomycin, and nisin 
to enhance antibacterial performance against MRSA, 
ampicillin-resistant S. aureus (ARSA), and methicillin-
susceptible S. aureus (MSSA) strains. Since nanoparti-
cle agglomerates are highly prone to be removed from 
the bloodstream via reticuloendothelial system (RES) 
opsonization and phagocytosis [40], on improve stabil-
ity, we should apply a biodegradable and biocompatible 
SiO2 layer on the surface of MNPs. We also employ a 
polymer called chitosan that has been cross-linked with 
glutaraldehyde to enhance the surface characteristics of 
MNPs.

Materials and methods
Sigma Aldrich (MO, USA) supplied the following materi-
als: sodium sulfite  (Na2SO3), sodium hydroxide (NaOH, 
99%), ammonia solution (25 wt%), hydrochloric acid; 
35–37% (w/w), sodium acetate  (C2H3NaO2), tetraethyl 
orthosilicate (TEOS), glutaraldehyde (25 wt%), ethanol 
(96%), and vancomycin hydrochloride. Merck supplied 
blood agar, Mueller Hinton (MH) broth, polyethylene 
glycol (PEG-400), medium molecular weight chitosan 
(MMWC, deacetylation degree of 75–85%), and nisin 

from Lactococcus lactis 2.5% (balancing sodium chlo-
ride) (Darmstadt, Germany). Penicillin, streptomycin, 
fetal bovine serum (FBS), and Dulbecco’s modified Eagle’s 
medium (DMEM) were acquired from Gibco, USA. We 
have also used S. aureus ATCC 33591 (MRSA, ARSA) 
and S. aureus ATCC 25923 (MSSA) donated by the Ham-
adan University of Medical Sciences, Hamadan, Iran.

Preparation of the Fe3O4 MNPs
The monodispersed  Fe3O4 MNPs were synthesized based 
on the chemical co-precipitation method as already 
described with some modifications [41].

Synthesis of the Fe3O4@SiO2 core/shell nanocomposites
The Stöber method, as described in the literature, was 
used to synthesis the  Fe3O4/SiO2 MNPs. [42] with some 
modifications. Generally, 2.00 g of the as-prepared MNPs 
were soaked into a mixed solvent containing 160 mL of 
ethanol, 40 mL of deionized water, and 25%v/v concen-
trated ammonia solution (4  mL), under an ultrasound 
irradiation treatment for 30  min. Thereafter, under vig-
orous stirring, tetraethyl orthosilicate (TEOS, 2 mL) was 
sequentially poured into the resultant suspension and 
constantly stirred for a further 12 h at 25 °C. The yielded 
 Fe3O4@SiO2 nanocomposites were thoroughly collected 
by an external magnet and were dried in an oven at 60 °C 
for 24 h, after being washed by repeated cycles of distilled 
water and ethanol to eliminate the unreacted particles.

Synthesis of the CS‑coated Fe3O4@SiO2 nanocomposites
Firstly, 0.5 g of the CS was dispersed in a 50 mL solution 
of (2%w/w) acetic acid under mechanical stirring at 50 °C 
for 20  min. Next, 50  mL of the  Fe3O4@SiO2 core/shell 
nanoparticles solution was introduced into the above CS 
aqueous solution with continuous stirring at 50  °C. The 
resulting solution was carefully mixed under an ultra-
sound vibration with the frequency of 20 kHz for 20 min, 
and then vigorously stirred for further 3 h at 50 °C. The 
 Fe3O4@SiO2@CS nanocomposites were further modi-
fied via cross-linking procedure with the glutaraldehyde 
reagent (2%) at 40  °C for 2  h. Finally, the precipitated 
nanostructures were rinsed several times with DI water 
and ethanol (water: ethanol 50:50) to removal the excess 
remaining uncoated CS and were then dried under vac-
uum at 60 °C for 6 h [43].

Preparation of calibration curve of vancomycin
Using double serial dilutions, standard vancomycin solu-
tions were generated at concentrations ranging from 
1.25 to 0.001  mg/mL. A UV–Vis spectrophotometer 
was used to read the optical density (OD) of all solu-
tions at λmax = 283  nm. Vancomycin-loaded magnetic 
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nanoparticles’ loading capacity and release efficiency 
were estimated using a linear equation.

Modification of Fe3O4@SiO2@CS nanocomposites with 
vancomycin
The vancomycin-loaded magnetic nanostructures were 
achieved according to the efficient synthesis approach 
described by Cevher et  al. [44]. The  Fe3O4@SiO2@CS 
nanocomposites (VNP1-VNP3) loaded with vancomycin 
were produced using varying polymer/drug ratios (w/w) 
of 1:1, 2:1, and 3:1. In summary,  Fe3O4@SiO2@CS nano-
composites weighing 10 mg, 20 mg, and 30 mg were indi-
vidually dispersed into 12.0  mL of phosphate buffered 
saline (PBS, pH 7.4) using ultrasonic vibration at 30 W 
for 15 min in a 20 mL beaker containing 10 mg, 10 mg, 
and 10  mg of dissolved vancomycin: drug ratios of 1:1 
 (VNP1), 2:1  (VNP2) and 3:1  (VNP3). Subsequently, each 
mixture was then emulsified by supplying gentle shak-
ing of the containers at 120  rpm for 48  h at 25 ± 0.1  °C 
(Orbitek shaker incubator) to avoid aggregation and keep 
an emulsion stable. 10  mg, 20  mg, and 30  mg  Fe3O4@
SiO2@CS nanocomposites without vancomycin were 
concomitantly analyzed as the negative controls. Then, 
the samples were decanted and washed several times 
with distilled water and were then dried in a vacuum 
oven.

Drug content determination
The UV–Vis spectrophotometer at λmax = 283  nm was 
applied to determine the vancomycin loading capac-
ity onto the  Fe3O4@SiO2@CS nanocomposites. Briefly, 
10, 20, and 30  mg of the vancomycin-loaded  Fe3O4@
SiO2@CS nanocomposites were separately dispersed 
into 12.0 mL PBS (pH 7.4), after mechanical stirring for 
24  h at room temperature, the suspension centrifuged 
(4000  rpm, 10  min), and filtered through a 0.2  µm fil-
ter (spartan syringe filter). Vancomycin-loading content 
onto the nanocomposites was determined by quantifying 
the UV absorption spectra of the supernatant by a UV-
spectrophotometer at the wavelength of 283 nm in com-
parison with the corresponding control solutions which 
were made with the same method by assaying the clear 
supernatant of the blank  Fe3O4@SiO2@CS nanocompos-
ites without antibiotic. All vancomycin release data are 
presented as the mean of the three measurements.

In vitro release experiments
At 37  °C in PBS (pH 7.4), the in vitro drug release pro-
file was evaluated. Vancomycin-loaded  Fe3O4@SiO2@
CS nanocomposites weighing about 10, 20, and 30  mg 
each were individually suspended in the relevant buffer 
and placed into a dialysis bag (molecular weight cut-off 
12,000–14,000 Da). The dialysis bag was then submerged 

in a specific volume of the dissolving media (100  mL, 
pH 7.4). After that, the suspension was continuously 
stirred (125  rpm for 24  h) at 37  °C. A UV–Vis spectro-
photometer was used to measure the drug concentration 
at 283  nm after 2  mL of the aliquots were taken out of 
the external buffer at the designated intervals (every 1 h) 
and filtered through a 0.45 µm Millipore Millex-HN fil-
ter. The aliquots were then replaced with the same vol-
ume of fresh dissolution medium. Three separate drug 
release trials were carried out, and average results were 
collected.

Preparation of calibration curve of nisin
The Bradford reagent, which is based on the development 
of a compound between the vivid blue dye G and the 
protein in the solution, was used to calculate the concen-
tration of protein in the solution. The protein–dye com-
bination has a maximum absorbance of 595 nm. Because 
of the Bradford reagent’s exceptional sensitivity, protein 
molecules can be found in our study at concentrations as 
low as 0.02 mg/mL. The linear concentration of the nisin 
molecule used as a reference protein with ranged concen-
trations from 62.5 to 2000 µg/mL. Finally, the calibration 
curve of nisin was depicted  (R2 = 0.998) [45].

Preparation of the Nisin‑grafted Fe3O4@SiO2@CS 
nanocomposites
In order to covalently attach nisin to the  Fe3O4@SiO2@
CS nanocomposites, 50 μL of 25% v/v glutaraldehyde was 
added dropwise to 5  mL of an aqueous solution of the 
nanoparticles (2000  µg/mL  Fe3O4@SiO2@CS in sodium 
acetate buffer, 50  mM, pH 5.5). The resulting mixture 
was then shaken at a speed of 120 rpm for one hour. The 
samples were then collected by twice washing them in 
the acetate buffer solution and centrifuging at a speed of 
12,000 rpm for 20 min. Next, a pre-measured quantity of 
nisin was gradually added to the suspension of NPs. The 
reaction was allowed to proceed with shaking at 80 rpm 
overnight. Also, a free  Fe3O4@SiO2@CS solution (with-
out bacteriocin) was also prepared as the control [46].

Evaluation of the covalent binding content of nisin 
onto the  Fe3O4@SiO2@CS nanocomposites
After centrifuging at 2000×g and 4 °C for 15 min to sepa-
rate the uncoated peptides from the nanoparticles, the 
nisin-modified nanocomposites were recovered using an 
ultrafiltration process (Amicon, Ultracel-100K, 100-kDa 
cut off). Utilizing the Bradford protein test and a UV–Vis 
micro-spectrophotometer (synergy HTX, Bio Tek Corp, 
USA) set to 595 nm, the remaining nisin content in the 
outer tube was determined. Following at least three itera-
tions of each experiment and the computation of average 
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absorbance readings, the final amount of loaded nisin 
was determined using the formula below [47, 48]:

Characterization methods of prepared nanocomposites
A D8 ADVANCE X-ray diffractometer (Bruker, Ger-
many) under CuKα radiation at a voltage of 40  kV and 
a current of up to 30  mA was used to obtain the X-ray 
diffraction (XRD) patterns of the  Fe3O4,  Fe3O4@SiO2@
CS-VANCO, and  Fe3O4@SiO2@CS-NISIN composite 
nanoparticles in order to examine the crystal structure 
and level of purity of the materials. Using a field emis-
sion scanning electronic microscope (FE-SEM, TSCAN, 
Czech Republic), the morphological characteristics of 
the  Fe3O4 and  Fe3O4@SiO2 core/shell nanoparticles were 
seen and analyzed. Using KBr pellets at room tempera-
ture, Fourier transform infrared (FTIR) spectroscopy 
(Bruker Alpha spectrometer) was used to determine the 
chemical structure of the materials and characterize the 
various functional groups grafted onto the nanocompos-
ites. With the use of a 7410 vibrating sample magnetome-
ter (VSM, Quantum, USA), the magnetic properties were 
discovered. A Zeta-sizer Nano-ZS (Malvern, UK) was 
used to assess the zeta potential and the hydrodynamic 
diameter (Dh).

In vitro antibacterial activity of the antimicrobials
Determination of minimum inhibitory concentration (MIC)
We monitored the antibacterial effect of the  Fe3O4@
SiO2 MNPs, vancomycin, the  Fe3O4@SiO2@CS-VANCO, 
nisin, and the  Fe3O4@SiO2@CS-NISIN nanocomposites 
against different S. aureus strains, namely MRSA, MSSA, 
and ARSA through the serial microdilution method in 
the MHB, as recommended by NCLSI [49]. The MIC 
determinations for each of the antimicrobial agents were 
carried out using 96-well microtiter plates in triplicates. 
The negative controls contained only sterile, un-inocu-
lated broth, and the inoculated broth was considered as 
the positive control.

Determination of minimum bactericidal concentration (MBC)
Following a period of 24-h incubation, 100 μL aliquots 
of each test sample with no visible bacterial growth 
were inoculated onto TSA agar plates and incubated at 
37 °C for 24 h, thereafter plates were tested for bacterial 
viability by observing the microbial growth, after which 
the bacterial viability of the plates was tested by observ-
ing the microbial growth. When a majority of the bac-
terial inoculum (99.99%) was eradicated at the lowest 

Nisin loading content(%) =
Total amount of nisin − Free amount of nisin in supernatant solution

Total amount of nanoparticles
× 100.

antimicrobial concentration, it is considered as the MBC 
endpoint.

MTT cytotoxic assay
The cytotoxicity effects of  Fe3O4,  Fe3O4@SiO2,  Fe3O4@
SiO2@CS, nisin,  Fe3O4@SiO2@CS-NISIN, vancomy-
cin, and  Fe3O4@SiO2@CS-VANCO nanocomposites 
on the L-929 cell line were assessed using the MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide, (Merck, Germany)] assay. In summary, 200 μL 
of DMEM medium (DNA BioTech, Iran) supplemented 
with 10% FBS (fetal bovine serum, Invitrogen, USA) and 
1% penicillin–streptomycin (100 U/mL penicillin, and 
100 μg/mL streptomycin solution, Sigma, USA) was used 
to plat the cells at a density of 1 ×  104 cells/mL in each 
well. After 24 h of incubation at 37 °C under 5%  CO2 to 
80% confluence, the medium was removed and they were 
treated with various concentrations of 125, 250, 500, 
1000, 1500, 2000, and 4000  μg/mL  Fe3O4,  Fe3O4@SiO2, 
and  Fe3O4@SiO2@CS nanocomposites, 12, 24, 48, 96, 
192, 384, and 768  μg/mL free nisin, and  Fe3O4@SiO2@
CS-NISIN nanocomposites, 1, 2, 4, 8, 16, and 32 μg/mL 
free vancomycin, and  Fe3O4@SiO2@CS-VANCO nano-
composites for 24  h at 37  °C. Subsequently, the cells 
underwent two complete washes in 100 µL of PBS to 
eliminate any remaining polymers and medicines. Then, 
200 μL of fresh DMEM without FBS was added to each 
well, and 10 µL of the MTT stock solution (0.5  mg/mL 
in PBS) was added. The wells were then incubated for an 
additional 4 h at 37 °C and 5%  CO2. Subsequently, 100 µL 
of dimethyl sulfoxide (DMSO) was added to the medium 
solution in order to dissolve the purple formazan crys-
tals that had developed in the cells. The wells were gently 
shaken for 15 min on an orbital shaker. The absorbance 
of the wells was measured at λmax = 570 nm using a Bio-
rad H1 M microplate reader to determine the cell viabil-
ity. The viability of cells after treatment was calculated 
in comparison to that of the untreated cells considering 
the absorbance value of the positive control group (100% 
alive).

Animal studies
Mice with full-thickness wounds were used to evalu-
ate the in  vivo antibacterial activity of  Fe3O4@SiO2@
CS,  Fe3O4@SiO2@CS-NISIN, and  Fe3O4@SiO2@CS-
VANCO nanocomposites. The National Committee for 
Laboratory Animal Use and Care’s recommendations 
were followed throughout all animal procedures [50]. 
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Animal protocols were approved by the ethics com-
mittee of the Hamadan University of Medical Sciences 
(No: IRUMSHA. REC. 1398.574), and done according to 
the ARRIVE criteria. Male NMRI mice (6–8 weeks old) 
were used as the excision models in the wound healing 
research. They were acquired from the breeding facility 
of Hamadan University of Medical Sciences. For a week, 
each mouse was housed separately in ventilated cages 
with free access to food and water and a regular light and 
dark cycle of 12  h. Following two weeks of acclimation, 
the animals were intraperitoneally injected with xylazine 
(20 mg/kg, Woerden, Netherlands) and ketamine (40 mg/
kg).

Next, a 7  mm full-thickness incision was made using 
a biopsy punch, and 100 µL of a 3 ×  108 concentration 
of bacterial solution was injected subcutaneously into 
the area that was visible. The mice were split up into five 
treatment groups, each with eight mice; group I treated 
with free vancomycin, group II received the  Fe3O4@
SiO2@CS nanocomposites; group III treated with the 
vancomycin-conjugated  Fe3O4@SiO2@CS nanocom-
posites, group IV was treated with free nisin, and finally, 
group V received the nisin-conjugated  Fe3O4@SiO2@CS 
nanocomposites. The administration of the antimicro-
bials-conjugated composites was conducted once daily, 
while the free agents were inoculated into the target sites 
twice daily in dosing regimens. 30 min later, the wounds 
were covered with a bandage to maintain uniformity, 
to allow wound healing. The mice were subsequently 
anesthetized and sacrificed, briefly, high doses of keta-
mine and xylazine used for the easy death of mice after 
performing experiments. Then, the skin sections were 
homogenized, the bacterial counts were determined by 
serial dilution at 0, 4, 9, and 14 days post-injury.

Statistical analysis
To examine any significant differences (P-value < 0.05) 
between the groups under study, the analysis of variance 
(ANOVA) and Tukey test were performed. SPSS statistics 
software version 20.0 was used to do the statistical analy-
sis of the findings. Each test was run three times, and a 
P-value of less than 0.05 indicated an acceptable degree 
of significance for the variations in the mean values.

Results
Characterization
FE‑SEM studies
Particle size and microstructure of the samples were 
assessed using FE-SEM analysis, and Fig.  1 displays 
micrographs of each sample at various magnifications. As 
can be seen in Fig. 1, in all the samples, the quasi-spher-
ical nanoparticles are visible with different size ranges. 
To determine the particle size of the samples, a total 

number of 100 particles were measured from each sam-
ple using Image J software and the histograms of the par-
ticle size distribution of these measurements are shown 
in Fig.  2. According to the histograms shown in Fig.  2, 
25% of the measured particles in the  Fe3O4 sample had 
diameters between 25 and 30 nm. The histogram of the 
 Fe3O4@SiO2@ CS-VANCO sample showed the most par-
ticles in the 35–40 nm size range, and the histogram of 
 Fe3O4@SiO2@CS-NISIN sample had the greatest num-
ber of particles in the size range of 40 to 45 nm by 24%, 
and 20%, respectively. The statistical data obtained from 
these measurements are reported in the Table 1. Table 2 
clearly shows that, in comparison to  Fe3O4, which had 
an average particle size of 28.55 nm, the Fe3O4@SiO2@
CS-NISIN and Fe3O4@SiO2@CS-VANCO composites 
had higher particle diameters with average particle sizes 
of around 47.25 and 34.30 nm, respectively. The presence 
of organic substances on the MNPs’ surfaces could be the 
cause of this. Furthermore, it is clear that the particle size 
distribution standard deviations for the  Fe3O4@SiO2@
CS-NISIN,  Fe3O4@SiO2@CS-VANCO, and Fe3O4 sam-
ples were 11.14, 9.78, and 6.4 nm, respectively. In other 
words, the nanocomposites decorated with vancomycin 
and nisin compared to the  Fe3O4 MNPs, exhibited more 
deviation from the average particle size values.

FTIR studies
Figure  3 presents the FT-IR spectra of (a)  Fe3O4, (b) 
 Fe3O4@SiO2, (c)  Fe3O4@SiO2@CS, (d)  Fe3O4@SiO2@
CS-NISIN, and (e)  Fe3O4@SiO2@CS-VANCO nano-
composites. The typical absorption peak centered at 
468–571   cm−1 in the FT-IR spectra of  Fe3O4 corre-
sponded to the O–Fe–O or Fe–O stretching linked to the 
magnetite phase of the nanoparticles. The O–H group’s 
bending vibration can be used to explain the adsorption 
peak at 1626  cm−1. The O–H stretching vibration of the 
water molecules adsorbed on the MNPs’ surface is like-
wise linked to a large peak at 3459  cm−1 [51, 52].  Fe3O4@
SiO2 nanostructures’ spectra show that an absorption 
band about 995   cm−1 was associated with the asym-
metric Si–O or Si–OH stretching vibration, indicating 
that a silica layer had successfully formed on the surface 
of  Fe3O4 MNPs [53]. The stretching and bending vibra-
tions of the O–H groups of the water molecules in the 
structure are connected to the absorption bands at 1626 
and 3429   cm−1, respectively. The spectra of  Fe3O4@
SiO2@CS demonstrate that the bands at 455, 579, and 
455   cm−1 correspond to the O–Fe or O–Fe–O stretch-
ing mode, while the band at 995   cm−1 is caused by the 
Si–O or Si–OH stretching vibrations. The distinctive 
bands at 1411 cm-1 are assigned to the stretching vibra-
tions of C–H, verifying the –CH and –CH2 groups of CS, 
while the vibrational band at 1104   cm−1 corresponds to 
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Fig. 1 The corresponding FE-SEM images of  Fe3O4 MNPs (a, b),  Fe3O4@SiO2@CS-VANCO (c, d), and  Fe3O4@SiO2@CS-NISIN nanocomposites (e, f), 
at different magnifications of (a, c, e 60,000 nm, and b, d, f 100,000 nm)
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the C–O and C–N stretching vibrations, indicating the 
coating of CS on the surface of  Fe3O4@SiO2 NPs. The 
O–H bending vibrations of  H2O molecules are linked to 
an absorption band around 1610   cm−1, which also cor-
responds to the N–H stretching vibrations of the –NH2 
functional group (the increase in the width of this region 
compared to the spectrum associated with  Fe3O4@SiO2 
indicates the presence of the –NH2 functional group). 
The absorption bands in the regions 2850   cm−1, and 
2923   cm−1, arising from the C-H stretching vibrations 
in the CS structure. In the IR spectra of  Fe3O4@SiO2@
CS-VANCO, the absorption bands located at 1056 to 
1141  cm−1 represent the C–O, and C–N stretching vibra-
tions of CS (it is worth noting that the existence of two 
peaks in this region compared to a nanocomposite with a 
single band indicates the presence of an additional com-
pound, vancomycin, on the CS-coated magnetic nano-
composites). The stretching vibrations of the C-H in the 
range of 1415  cm−1 are considered to be the –CH and –
CH2 groups of CS, and also the aromatic C–C (Ar C–C) 
of vancomycin. The band centered at 1643  cm−1 is related 
to the stretching vibrations of the H–O-H of water mol-
ecules and also to the stretching vibrations of the N–H 
bond belonging to the –NH2 functional group. The broad 
peak at this region when compared to the  Fe3O4@SiO2@
CS nanocomposite indicates the existence of the  NH2 
group of vancomycin and the successful conjugation of 
vancomycin molecules onto the surface of nanocom-
posites. The appearing absorption band at 1735   cm−1 
is associated with a bond C=O of vancomycin, indicat-
ing the presence of vancomycin molecules in the sample 
structure. The characteristic absorption band located 
at 2927   cm−1 is related to the stretching vibrations of 
the C–H group of CS, and the stretching vibrations of 
the –OH groups of water around 3355   cm−1 attributed 
to the presence of  H2O in  Fe3O4 and the incidence of 
such an extended spectral peak can be due to the over-
lapping of the -OH groups occurring in the structure of 
CS and vancomycin. Regarding the spectra of  Fe3O4@
SiO2@CS-NISIN, the broad bands appeared at 498  cm−1 
to 817   cm−1, corresponding to the stretching vibrations 
of Fe–O or O–Fe–O in  Fe3O4 and to the C–H struc-
tural skeleton of nisin. The band at 986  cm−1 is related to 

Fig. 2 Particle size distribution histogram of  Fe3O4 (a),  Fe3O4@SiO2@
CS-VANCO (b), and  Fe3O4@SiO2@CS-NISIN nanocomposites (c)

Table 1 Statistical results of size distribution histograms of as-prepared nanomaterials

CS chitosan, VANCO vancomycin

Sample Number of 
the measured 
particles

Average 
particle size 
(nm)

Standard 
deviation 
(nm)

The smallest 
measured particle 
(nm)

The measured particle 
with medium size (nm)

The largest 
measured 
particle (nm)

Fe3O4 100 28.55 6.40 17.43 29.07 47.90

Fe3O4@SiO2@CS-VANCO 100 34.30 9.78 14.03 35.45 65.10

Fe3O4@SiO2@CS-NISIN 100 47.25 11.14 24.43 48.85 82.18
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the vibrations of Si–OH or Si–O. The broad absorption 
band concentrated around 1072 to 1238   cm−1 is attrib-
utable to the C–O, and C–N stretching vibrations of 
CS. The stretching vibrations of C-H, which occurred at 
1454  cm−1, can be assigned to the –CH3 and –CH groups 
of CS, and also to the aromatic C–C bond (Ar C–C) of 
nisin. The stretching vibrations of the N–H bond of the 
-NH2 functional group and the H–O–H bond bending 
mode of water molecules are linked to the absorption 
band at 1623   cm−1. The presence of nisin in the sample 
is indicated by the band detected at 1731  cm−1, which is 
the result of nisin’s C=O bond vibrations. The stretching 
vibrations of the C-H bond in the CS and nisin structures 
are indicated by the absorption peak at 2923   cm−1. The 
stretching vibrations of the O–H group of H2O mole-
cules absorbed into  Fe3O4 are indicated by the absorption 
band at 3428   cm−1, which also demonstrates an overlap 
of the O–H functional groups present in the CS and nisin 
structures.

VSM studies
Figure  4 shows the magnetization curves of the nano-
structures, which were used to study the magnetic behav-
ior of the suggested nanomaterials using VSM systems. 
The NPs’ superparamagnetic behavior is indicated by 
the lack of a hysteresis loop, coercivity, and zero rema-
nence at ambient temperature. The saturation magneti-
zation (Ms) of  Fe3O4,  Fe3O4@SiO2,  Fe3O4@SiO2@CS, 
 Fe3O4@SiO2@CS-VANCO, and  Fe3O4@SiO2@CS-NISIN 
found to be 66.5, 47.3, 36.4, 32.3, and 26.7 emu/g, respec-
tively. Obviously, after the surface functionalization, the 
modified  Fe3O4@SiO2@CS-VANCO, and  Fe3O4@SiO2@
CS-NISIN composites presented a significant reduc-
tion in the Ms value compared to  Fe3O4. The decreased 
Ms could be attributed to the silanization, the polymeric 
shell surrounding the magnetite cores, and the displace-
ment of peptide and antibiotic molecules in the nano-
composites, leading to a considerable reduction in the 
entire magnetic moments.

XRD studies
The Highscore plus X’Pert software was used to iden-
tify the crystalline phases. Figure 5 clearly shows that 
in all the three samples the peaks are located at the 
same angles and differ only in intensity, which means 

that the crystalline structure is the same and the crys-
tallinity of the structure is different in the three sam-
ples. When the peaks of these diffraction patterns 
were compared with the reference diffraction patterns 
using the mentioned software, it was found that these 
samples are based on  Fe3O4 with the reference code 
JCPDS No. 00-075-0449. Accordingly, all three speci-
mens have a cubic crystal structure and a space group 
Fm-3 m. In this structure, the diffraction planes (220), 
(311), (400), (442), (511), (440), and (533) are at 30.3°, 
35.7°, 43.4°, 53.9°, 57.3°, 62.8°, and 74.6°, respectively. 
It can be seen that the peak intensities in the  Fe3O4 
nanoparticles are higher than those of  Fe3O4@SiO2@
CS-NISIN, and  Fe3O4@SiO2@CS-VANCO nano-
composites. In fact, the diffraction pattern appears 
completely crystalline because there are no organic 
compounds (which are amorphous materials) on the 
surface of the nanoparticles. When the surface of the 
NPs is modified with the organic compounds, the 
intensity of the peaks is reduced, which indicates a 
decrease in the crystallinity of these compounds. The 
Scherer equation (Eq.  2) has been used to find the 
crystalline size of the NPs:

In this case, λ is the X-ray wavelength (1.54°A), D is the 
crystalline size, K is the shape factor, β is the line broad-
ening at half the maximum intensity (FWHM), and θ is 
the peak location. The Scherer equation is used to deter-
mine the crystalline size value given the values of cos (θ) 
and FWHM, as well as the constant values of λ (1.54°A) 
and k (0.9). The crystalline size values were obtained to 
be 54.8, 22.34, and 34.77 nm with  Fe3O4,  Fe3O4@SiO2@
CS-VANCO, and  Fe3O4@SiO2@CS-NISIN nanostruc-
tures, respectively. The crystalline size of samples con-
taining organic compounds may have decreased as a 
result of these compounds sealing the crystalline planes 
and inhibiting the formation of crystalline materials dur-
ing the MNP nucleation and growth processes.

DLS studies
One key measure of colloid stability is the surface elec-
tric charge (zeta potential) of the dispersed particles in a 
colloidal media [54]. According to popular belief, colloi-
dal systems are less stable when the zeta potential abso-
lute value is lower, and an essentially stable suspension 
is indicated by values above 30 mV [55]. The zeta poten-
tial plots of the samples are shown in Fig.  6, in which 
the zeta potential values of  Fe3O4,  Fe3O4@SiO2, and 
 Fe3O4@SiO2@CS were about − 14.25 mV, − 7.19 mV, and 
31.74  mV, respectively. The results of the zeta potential 

D =

K�

βcos(θ)

Table 2 Actual drug content of vancomycin- functionalized 
nanoparticles

Polymer:drug ratio VNP1 VNP2 VNP3

Actual drug loading % 45.52 35.68 24.4
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values suggest that only the  Fe3O4@SiO2@CS had an 
absolute zeta potential value above 30  mV among the 
under-experimented samples. Therefore, it can be con-
cluded that  Fe3O4@SiO2@CS nanocomposites represents 

a stable suspension. The hydrodynamic diameter  (Dh) 
of all the compounds was measured by the dynamic 
light scattering (DLS) method. According to Fig.  7, the 
hydrodynamic particles diameter of the  Fe3O4,  Fe3O4@
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SiO2,  Fe3O4@SiO2@CS,  Fe3O4@SiO2@CS-VANCO, 
and  Fe3O4@SiO2@CS-NISIN nanocomposites was esti-
mated to be 51.4 nm, 93.7 nm, 129.5 nm, 135.7 nm, and 
155.8  nm, respectively. The results revealed that the 
hydrodynamic sizes of  Fe3O4, and  Fe3O4@SiO2 nano-
structures were calculated to be larger than those esti-
mated from SEM due to the hydration layers in the 
aqueous solutions. After the surface functionalization 
with CS, vancomycin, and nisin, the dispersion difficulties 

of the nanostructures lead to a gradual increase in the 
nanocomposites size. These findings indicate that vanco-
mycin and nisin have been successfully conjugated to a 
CS polymer grafted with the silica shell.

Preparation of calibration curve of vancomycin
A standard calibration curve was derived from 11 dif-
ferent concentrations of vancomycin with a correlation 
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coefficient of 0.999 for the drugs released into the 
medium to be quantified (Fig. 8).

Actual drug content of  Fe3O4@SiO2@CS‑VANCO 
nanocomposites
The vancomycin-loaded  Fe3O4@SiO2@CS nanocom-
posites were successfully prepared by changing the 
nanocomposite-to-drug ratios (three formulations of 
nanocomposite and drug ratios,  VNP1-VNP3). The drug 
loading percentage of each mixture was separately cal-
culated and the results are presented in Table 2. A high 
loading efficiency (over 50%) was achieved at a poly-
mer: drug ratio of 1:1.

In vitro release profiles of vancomycin‑functionalized 
 Fe3O4@SiO2@CS nanocomposites
Figure  9 shows vancomycin release profiles from 
 Fe3O4@SiO2@CS nanocomposites in PBS (pH 7.4) at 
37  °C. The  VNP1 and  VNP3 had the slowest and the 
highest dissolution rates, respectively. In  vitro, the 
drug release rate from the composites decreased as 
the polymer/drug ratio decreased as the following 
arrangement:  VNP3 >  VNP2 >  VNP1. 43% of total drug 
were released from  VNP1 over 48 h, whereas 55%, and 
65% of the drugs were released from  VNP2 and  VNP3, 
respectively, over the same period. We selected  VNP1 
to investigate its antimicrobial properties for in  vivo 
studies because the slow release of the drug can reduce 

the time between administration and the occurrence of 
adverse events, thus improving patient compliance [56].

The covalent binding content of nisin 
onto the nanocomposites
The covalently bonded amount of nisin was calculated 
using an ultrafiltration technique and measuring the 
absorbance of supernatants at 595  nm by an UV–Vis 
spectrophotometer. The nisin loading content based on 
the linear equation (y = 0.0001x + 0.0176,  R2 = 998) was 
calculated to be between 73.2 and 87.2%, which was 
described by the generation of a calibration curve for 
nisin with sodium acetate buffer (50 mM, pH 5.5).

Cytotoxicity assessment of the therapeutic agents
SF1 displays the outcomes of the MTT cell-proliferation 
experiment used to analyze the viability of the L-929 cell 
line. The cytotoxicity of the produced compounds was 
assessed after a period of 24 h incubation. These findings 
imply that  Fe3O4 MNPs did not significantly inhibit the 
growth of L-929 cells, even up to a high exposure concen-
tration (4000 μg/mL), at which the cell viability decreased 
to 63%. Furthermore, the existence of a silica shell on 
the surface of  Fe3O4 MNPs could lead to a reduced cell 
density in the L-929 cells by around 3–7%, which corre-
sponded to the determined concentrations for MIC and 
MBC after 24  h of treatment with the nano-conjugated 
 Fe3O4@SiO2 in comparison with the naked  Fe3O4. The 
 Fe3O4@SiO2 nanostructures exhibited a good degree 
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cyto-compatibility with a cell viability percentage of > 80 
at a concentration corresponding to the MIC value, 
and even at a high concentration of 2000 μg/mL (eight-
fold MIC), calculated to be 63%. It clearly demonstrated 
that the decoration of core/shell nanocomposites with 
CS could considerably improve the cell proliferation in 
comparison with the bare  Fe3O4, and  Fe3O4@SiO2 MNPs 
(P-value = 0.007). The  Fe3O4@SiO2@CS nanostructures 

did not exert any significant effect on the reduction of 
the total number of viable cells at a concentration cor-
responding to a 125 µg/mL MIC dose with a cell viabil-
ity of 100%. Furthermore, it was observed that as the 
concentration of CS-modified MNPs increased, the cell 
viability continued to be remarkable after 24 h of incuba-
tion at a 4000 µg/mL concentration of the  Fe3O4@SiO2@
CS nanomaterials (viable cells > 70%). The information 
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presented in this work showed that the viability of mouse 
fibroblast cells was largely unaffected by free nisin. These 
results also showed that even at high nisin concentrations 
(12–768 µg/mL), the nisin-functionalized  Fe3O4@SiO2@
CS nanocomposites could not inhibit the proliferation 
of cells. The free vancomycin, and vancomycin-grafted 
 Fe3O4@SiO2@CS nanostructures had almost no inhibi-
tory effect on the viability of these cell lines at the range 
of concentrations tested (1–32  µg/mL), even following 
exposure to the highest concentration (32  µg/mL), the 
percent of viable cells was calculated to be 97%, for free 
vancomycin, and 100% for the  Fe3O4@SiO2@CS-VANCO 
nanoconjugates.

In vitro antibacterial efficacy of antimicrobials
According to the findings presented in Table  3, all 
the compounds at sufficient quantities have the 
capacity to impede the bacterial growth in the fol-
lowing order:  Fe3O4@SiO2@CS-VANCO > Vancomy-
cin > Nisin >  Fe3O4@SiO2@CS-NISIN >  Fe3O4@SiO2@
CS >  Fe3O4@SiO2. The MIC value for  Fe3O4@SiO2 MNPs 
was found in the range of 250  µg/mL against MRSA, 
MSSA, and ARSA strains, the MBC values were deter-
mined to be 500, and 250  µg/mL against MRSA, and 
MSSA/ARSA strains, respectively. After treatment with 
the CS-modified  Fe3O4@SiO2 particles, both the MIC, 
and MBC values were reduced by two-fold as compared 
to the naked MNPs. As listed in the Table  3, the MIC, 
and MBC values of  Fe3O4@SiO2@CS nanocomposites 
against MRSA determined to be around 125, and 250 µg/
mL, respectively, and against the both strains MSSA, and 
ARSA about 125  µg/mL. The bactericidal performance 
of  Fe3O4@SiO2 MNPs against MRSA was observed at a 
higher concentration (500  µg/mL) than that of against 
MSSA/ARSA (250  µg/mL), and when exposed to the 
CS-coated MNPs, these values decreased up to twofold 
against the both S. aureus strains. In accordance with 
other works, it can be concluded that the CS-modified 
MNPs can achieve a superior antibacterial performance 

as compared with bare MNPs [57]. The improved inhibi-
tory activity of vancomycin-functionalized nanocompos-
ites indicated that they are more effective antibacterial 
agents against S. aureus strains compared to free van-
comycin, as the MIC and MBC toxicity concentrations 
were found to be twofold lower in comparison with the 
use of free vancomycin. The vancomycin-conjugated 
 Fe3O4@SiO2@CS composites had the potential to reduce 
the MIC and MBC doses from 1.84, 1.62, and 1.46  µg/
mL to 0.92, 0.81, and 0.73 µg/mL against MRSA, ARSA, 
and MSSA strains, respectively. In this study, nisin also 
showed an excellent antibacterial effect at the MIC and 
MBC concentrations of about 12–18  µg/mL, while the 
covalent conjugation of nisin on the surface of nanocom-
posites resulted in a less toxic effect than free nisin with 
the MIC and MBC values of about 48–52 µg/mL against 
all strains.

Animal studies
Therapeutic efficacy of  Fe3O4@SiO2@CS nanocompos-
ites containing a peptide and an antibiotic against MRSA 
was monitored in murine models of the infected surgi-
cal wounds (NMRI). Analysis of the bacterial counts 
in the surgical site infections on a spectrum of the five 
treatment groups was recorded over different time 
points (0, 4, 9, and 14  days). All the compounds exhib-
ited the sufficient antibacterial performance in the 
following order:  Fe3O4@SiO2@CS-VANCO > Vancomy-
cin > Nisin >  Fe3O4@SiO2@CS-NISIN >  Fe3O4@SiO2-CS 
nanocomposites in agreement with in vitro antibacterial 
efficacy (Table 4). The results showed that treatment with 
 Fe3O4@SiO2@CS-VANCO nanocomposites resulted in 
a considerable reduction in the bacterial colony counts 
of the surgical incisions compared to the other materi-
als after 9 and 14  days of the initial exposure to nano-
structures (P-value = 0.002). Groups treated with the 
un-modified  Fe3O4@SiO2@CS nanocomposites showed 
a lower reduction in the bacterial burden as compared 
with the other therapeutic agents at the end of 4th, 9th, 

Table 3 Minimum inhibitory concentration (MIC; µg) and minimum bactericidal concentration (MBC; µg) for six antibacterial agents 
on three strains of Staphylococcus aureus 

S. aureus Staphylococcus aureus, MRSA and MSSA methicillin-resistant and -susceptible S. aureus, ARSA ampicillin-resistant S. aureus, MIC minimum inhibitory 
concentration, MBC minimum bactericidal concentration, CS chitosan, VANCO vancomycin

S. aureus species Antibacterial agents (μg/mL)

Fe3O4@SiO2 Fe3O4@SiO2@CS Nisin Fe3O4@SiO2@CS
NISIN‑

Vancomycin Fe3O4@SiO2@
CS‑VANCO

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

MRSA 250 500 125 250 18 18 52 52 1.84 1.84 0.92 0.92

MSSA 250 250 125 125 12 12 48 48 1.46 1.46 0.73 0.73

ARSA 250 250 125 125 12 18 48 52 1.62 1.62 0.81 0.81
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and 14th days (P-value < 0.05), followed by the nano-
structures containing nisin. The nisin-decorated  Fe3O4@
SiO2@CS nanocomposites were capable of exhibiting a 
better antibacterial efficacy than the exposure to  Fe3O4@
SiO2@CS alone (P-value = 0.001). The superior efficiency 
of free nisin to inhibit the bacterial growth compared to 
nisin conjugated-materials during 14  days post-treat-
ments was demonstrated. The bacterial count of wounds 
that had received the free nisin dressings amounted 
to  106 (5.2 ± 1.7),  104 (6.2 ± 0.9), and 210 ± 23  CFU/mL, 
while wounds treated with nisin-grafted  Fe3O4@SiO2@
CS nanocomposites had the total bacterial burden of  107 
(4.3 ± 0.4),  105 (1.4 ± 0.3), and 280 ± 23 CFU/mL, over the 
4th, 9th, and 14th of the treatment days, respectively. 
As displayed in SF2, when the mice were treated with 
 Fe3O4@SiO2@CS-NISIN and  Fe3O4@SiO2@CS-VANCO 
nanocomposites, the wound healing process was more 
accelerated than those exposed to vancomycin and free 
nisin because of the synergistic effects of chitosan with 
the other therapeutic agents in the reduction of the bac-
terial CFU and a decreased diameter of the wound scar 
area.

Discussion
Recently, drug resistance among S. aureus strains is rap-
idly expanding in worldwide and the conventional thera-
peutic approaches have challenged in treatment of 
infections caused by them [58]. The development of novel 
strategy for effectively eradicating resistant staphylococ-
cal infections, particularly those related by MRSA, is 
urgently necessitated [59]. In the present study, the anti-
MRSA/ARSA activities of  Fe3O4@SiO2,  Fe3O4@SiO2@
CS-VANCO,  Fe3O4@SiO2@CS-NISIN composites were 
investigated and the high potential of MNPs as an effec-
tive antibacterial agent was proven. According to our 
data,  Fe3O4@SiO2 MNPs had the bacteriostatic and bac-
tericidal properties in the MIC/MBC = 250  µg/mL con-
centration range against the MSSA/ARSA strains and 
under MIC = 500  µg/mL and MBC = 250  µg/mL against 
MRSA. Also, we synthesized  Fe3O4@SiO2@CS-VANCO 
composite with a significant anti- MRSA potential, which 
reduced the MIC and MBC values of free drug. In 
another study, the MIC and MBC values of zinc oxide 

NPs against MRSA strains were observed in very low, 
ranged from 312.5 to 1250  μg/ml, indicating significant 
antibacterial activity of MNPs [60]. Also, the confirma-
tory study showed the excellent bacteriostatic activity of 
silver NPs against S. aureus strains, where the MICs for 
MSSA and MRSA were detected 25  μg/mL and 50  μg/
mL, respectively [61]. The bactericidal efficacy of MNPs 
can be attributed to numerous mechanisms. One of the 
main mechanisms through which antibacterial agents 
exert their adverse effects is oxidative damage caused by 
reactive oxygen species (ROS) radicals, which can dam-
age enzymes in the bacterial antioxidant system (SOD, 
catalase, and glutathione reductase), proteins, and DNA 
in bacteria [62, 63]. Park et al. found that the bactericidal 
property of the silver metals is due to the accumulation of 
ROS in the bacterial cells [64]. Tran et al. showed that the 
metal oxide  Fe3O4 and its ROS effectively mediated the 
inhibition of S. aureus [63]. The metal ions have the abil-
ity to interact with the active functional groups of pro-
teins, including enzymes, such as mercapto (–SH), amino 
(–NH), and carboxyl (–COOH) groups, which can affect 
the structure and the function of enzyme systems [65]. 
Keenan et al. described a similar process in which ferrous 
iron  (Fe2+) can react with the molecular oxygen to pro-
duce the hydrogen peroxide, which eventually reacts with 
 Fe2+ to produce the hydroxyl radicals that can destroy the 
biological macromolecules [66]. Furthermore, the direct 
binding of iron oxide nanoparticles (IONPs) to the bacte-
rial cell wall greatly disrupts the structural integrity and 
alters the selective permeability of the cell membrane [67, 
68]. The direct interaction of IONPs with the cell wall of 
S. aureus was studied by the method of SEM [68]. The 
IONPs can also penetrate and concentrate in the cyto-
plasm, triggering the formation of cavities and the rup-
ture of cell walls [69]. In the current study, chitosan 
coated-magnetic nanostructures exhibited an unrivaled 
antibacterial way of behaving over  Fe3O4@SiO2, implying 
that the expansion of chitosan onto the MNPs surface 
could improve the antimicrobial capability of formulated 
MNPs. A variety of mechanisms can affect the effective-
ness of the CS inhibitor, including the interaction of poly-
cationic CS  NH3

+ groups with the anionic moieties on 
the bacterial cell wall, which alters the cell permeability 

Table 4 Bacterial counts (CFU/g) of a mouse skin abrasion lesion on the 4th, 9th, and 14th days after treatment

MRSA methicillin-resistant Staphylococcus aureus, CS chitosan, VANCO vancomycin

Day MRSA Free vancomycin Fe3O4@SiO2@CS Fe3O4@SiO2@CS‑VANCO Free nisin Fe3O4@SiO2@CS‑NISIN

0 3 ×  107 5.4 ×  107 5.5 ×  107 5.4 ×  107 5.4 ×  107 5.4 ×  107

4 3 ×  107 4.6 ×  106 ± 1.8 ×  106 5.4 ×  107 ± 1.7 ×  107 3.6 ×  105 ± 2.2 ×  105 5.2 ×  106 ± 1.7 ×  106 4.3 ×  107 ± 0.4 ×  107

9 3 ×  107 5.7 ×  104 ± 0.8 ×  104 3.7 ×  105 ± 1.4 ×  105 6 ×  103 ± 1.5 ×  103 6.2 ×  104 ± 0.9 ×  104 1.4 ×  105 ± 0.3 ×  105

14 3 ×  107 178 ± 15 315 ± 51 108 ± 12 210 ± 23 280 ± 23
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and consequently the infiltration of intracellular constitu-
ents and membrane lysis [70, 71]. The binding of hydro-
lyzed materials to microbial DNA, interfering with 
mRNA and protein synthesis [72, 73]. The CS can organ-
ize in the form of deposited polymer films on the cell sur-
face, blocking nutrients access and oxygen diffusion, 
thereby suppressing the growing cells of aerobic bacteria 
[72, 74, 75]. The CS can inhibit microbial growth and 
toxin production by chelating essential nutrients, metal 
ions, and trace elements [71, 72]. It has also been demon-
strated that the functionalization of IONPs with CS can 
lead to its enhanced bactericidal activity against Bacillus 
subtilis, and Escherichia coli, which is associated with the 
production of ROS [76]. Ghiass et al. developed  Fe3O4@
CS@Ag, and  Fe3O4@CS@Ag@CH2COOH nanocompos-
ites which presented the promising antibacterial proper-
ties against Gram-negative Esherichia coli (E. coli), and 
Gram-positive S. aureus with a great cellular viability and 
biocompatibility on the L-929 cell lines [77]. In a study to 
investigate the bactericidal activity of different nanocom-
posites against S. aureus, Staphylococcus epidermidis (S. 
epidermidis), B. subtilis, and MRSA, Esmaeili et al. [43], 
reported that the surface modification of  MnFe2O4 with 
CS resulted in a two-fold reduction in the MIC value for 
MRSA (MIC value of  MnFe2O4 and chi-MnFe2O4 ≥ 2500, 
and 1250 mg/mL, respectively), while for other bacteria 
the suppressive dose of  MnFe2O4 was fourfold higher 
than that of Ch-MnFe2O4 (the MIC values of  MnFe2O4, 
and chi-MnFe2O4 = 2500, and 625 mg/mL, respectively). 
Some researchers have shown that nisin affects bacterial 
growth through a dual-cidal mechanism by targeting the 
membrane-bound peptidoglycan precursor lipid II, lead-
ing to the disruption of cell-wall biosynthesis and the for-
mation of pores in the cell membranes [78]. In addition, 
nisin can also serve as a trigger for the autolytic process 
in Staphylococci [79]. Nisin and nisin-loaded nanostruc-
tures had significant inhibitory effects against the studied 
strains both in  vivo and in  vitro. Various assays have 
proven the potency of antimicrobial peptides (AMPs), 
including nisin, for treating bacterial infections. Zhao 
et al. found that synthesized Ag-Nisin NPs had remarka-
ble antimicrobial and anti-biofilm effects targeting a 
scope of both Gram-negative and -positive bacterial 
pathogens, which were 2–4 times more efficient than the 
clinical utilization of ionic silver. Particularly, the as-pre-
pared Ag-nisin NPs displayed a reduced degree of cyto-
toxicity compared to ionic silver particles towards 
mammalian cells [80]. In one study, intranasal adminis-
tration of Nisin-F effectively suppressed the growth of S. 
aureus in the airways of immunodeficient rats [81]. In 
another study, Staden et  al. reported that subcutaneous 
injection of Nisin-F-loaded brushite bone cement into 
the dorsal subcutaneous pocket of mice was effective in 

controlling S. aureus Xen 36 infection over a 7 day period 
[82]. Okuda et  al. explored the anti-biofilm potential of 
nisin to control the biofilm formation of MRSA on medi-
cal equipment and found that nisin A relative to the other 
two bacteriocins including lacticin Q and nukacin ISK-1 
had the greatest effectiveness in inhibiting biofilm forma-
tion [21]. Heunis et al. announced that nisin-containing 
nanofibers can serve as effective wound dressings, poten-
tially reducing the bacterial load of S. aureus-infected 
surgical wounds, as well as shortening the healing time of 
surgical wounds [83]. Unfortunately, not only IONPs can 
exhibit bacteriostatic and bactericidal behaviors and 
unique magnetic properties, but also cytotoxicity to cer-
tain eukaryotic cell lines. The most commonly proposed 
mechanism involved in the cytotoxic effects of IONPs is 
the induction of ROS production,which may lead to an 
increased lipid peroxidation, decreased antioxidant 
enzymes, and the promotion of protein aggregation [84–
87]. Additionally, the extra concentrations of IONPs can 
enhance lipid metabolism, disrupt iron homeostasis, and 
aggravate the impairment of mouse liver function in vivo 
[88]. The NPs may induce a decrease in the viability of 
cells with increasing concentration and longer exposure 
time [89]. The viability of L-929 fibroblast cells was fur-
ther reduced when the concentration of nanomaterials 
was increased. The results are presented in Fig. 8, which 
clearly suggest that the toxic effects of  Fe3O4@SiO2@CS 
composites on the mouse fibroblast cells (L-929) were 
significantly less than those of the bare MNPs. The lower 
toxicity of  Fe3O4@SiO2@CS nanostructures can be 
explained by the sustained release of iron ions leading to 
ROS-mediated cell death, resulting in a significant reduc-
tion in the toxicity of cells treated with  Fe3O4@SiO2@CS 
[85, 90]. The higher toxicity of bare IONPs is associated 
with the greater intracellular release and in situ degrada-
tion of iron ions [85]. All the results undoubtedly support 
the theory that a polycationic CS coating would be an 
effective strategy to reduce the toxic effects of IONPs. 
This is in agreement with the results reported by Shukla 
et  al., who showed the reduction of IONPs toxicity fol-
lowing chitosan oligosaccharide coating due to the sus-
tained release of  Fe2+ ions, causing ROS formation and 
subsequent cell death [89]. In this regard, Guo et  al., 
demonstrated that the dimercaptosuccinic acid (DMSA)-
coated particles can induce less cellular cytotoxicity com-
pared to bare  Fe3O4, and  Fe3O4@SiO2, thus preventing 
direct interaction between the nanomaterials and the 
human dermal fibroblasts. The DMSA-modified particles 
had a slightly significant effect on the number of viable 
cells even under very high dosages and prolonged expo-
sure times. Furthermore, in line with our findings, the 
coating of a  SiO2 layer on the MNPs led to a decrease in 
the cell viability [91]. These findings indicate a good 
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biocompatibility and a low cytotoxicity of NPs, which 
may provide the suitable nano-vehicles for their applica-
tion in the biomedical field. At concentrations ranging 
from 16 to 32 μg/mL, vancomycin caused a greater dose-
dependent growth inhibition on L-929 cells than  Fe3O4@
SiO2@CS-VANCO nanocomposites. It is possible that 
the controlled release of drug can reduce the cytotoxicity 
of  Fe3O4@SiO2@CS-VANCO nanocomposites [92]. In 
the last decade, the application of MNPs to overcome 
bacterial infections has expanded, and their high potency 
has been proven to successfully eradicating of wound 
infections [93]. In this regard, the present study approved 
the extensive antimicrobial properties of MNPs which 
could be attributed to ROS production, targeting func-
tional groups of metabolites, cell membrane damage, as 
well as disruption in protein function, electron transfer 
chains, and repair systems [94–96]. Also, in another 
study, the outstanding features of silver NPs including 
chemical stability, catalytic activity, broad-spectrum anti-
bacterial ability, etc. were confirmed, indicating their 
high potential in treatment of infectious wounds [97]. In 
addition, the antimicrobial and healing properties of zinc 
oxide NPs have been proven, which could regenerate 
damaged skin by controlling infection, re-epithelializa-
tion, reducing necrosis, and collagen fiber deposition 
[98]. Moreover, in the conducted study by Sivaranjani 
et  al., titanium dioxide NPs were known as powerful 
wound healer agent that could effectively control skin 
infections caused by both Gram-positive and -negative 
bacteria [99]. Like mentioned studies, copper NPs exhib-
ited high microbicidal abilities. Also, these NPs could 
enhance the wound healing process by involving in angi-
ogenesis, collagen formation, and enhancing immunity 
responses [100]. However, mechanism of actions, afford-
ability, cytotoxicity effects, and synthesis methods, and 
are among the main factors which ought to be considered 
for MNPs development in bacterial wound healing [101]. 
Magnetic-based hemostatic and wound healing systems 
are currently being developed with the particles deco-
rated with bioactive materials [102]. The efficient anti-
bacterial activity and sufficient biocompatibility offer 
further opportunities for the treatment of in vivo infec-
tious diseases caused by the pathogens. It can document 
that the surface modification of IONPs can be an ideal 
way to improve their antibacterial capacity. In this regard, 
it is worth noting that the antibacterial effect of free nisin 
was more potent in comparison with  Fe3O4@SiO2@CS-
NISIN nanostructures (P-value = 0.001), under in vitro/in 
vivo conditions (Tables 2 and 3), indicating that the anti-
bacterial effects of some of the nisin molecules became 
inactivated during the conjugation process. The presence 
of glutaraldehyde molecules on the surface of the nano-
composites may have interfered with the binding of some 

nisin molecules to the MRSA cell wall, or they may have 
blocked nisin active sites. Further research can focus on 
the development of more efficient approaches to nisin 
conjugating in order to eliminate or minimize the loss of 
nisin performance. This implies the binding and active 
sites of nisin remain un-changed during the chemical 
reactions. Based on our data, the chitosan-coated nano-
structures, which exhibited lower inhibitory performance 
than the other therapeutic agents, were effective in con-
siderably suppressing the growth of strains, so that the 
MRSA CFUs strains were reduced over the 4th day from 
 107 (5.4 ± 1.7) and  107 (5.8 ± 2.4) to 315 ± 51 and 360 ± 14 
on the 14th day after surgical wounds exposure to these 
nanostructures, respectively. Moreover, the incorpora-
tion of MNPs  (Fe3O4@SiO2) into the CS polymers can 
improve the wound healing performance by enhancing 
the physical and antibacterial properties of CS [103, 104], 
and by reducing the cytotoxicity of  Fe3O4@SiO2 MNPs 
incorporated into CS polymers [105, 106]. An example of 
the ferria-based healing composites was presented in the 
work of Shabanova et  al. in which a number of various 
functional drugs trapped in the magnetite films allowed 
for a gradual release and improved healing efficiency with 
a greatly contraction in the scar size [102]. Besides its 
own intrinsic biocompatible and non-toxic characteris-
tics, CS also exerts some effectual inhibitory effects and 
wound healing properties related to its polycationic 
nature, such as hemostatic, and analgesic properties 
[107]. Additionally, CS may release a substance that trig-
gers the fibroblast proliferation and the collagen synthe-
sis, all of which contribute to infected site healing and to 
accelerate in the wound repair process [108]. Some stud-
ies have suggested that the CS dressings based on metal-
lic nanoparticles can accelerate the wound closure not 
only by promoting inflammatory inhibition but also by 
enhancing collagen accumulation, and angiogenesis [109, 
110]. Numerous reports have highlighted the use of CS as 
a perfect wound dressing material due to its beneficial 
capacity to acceleration of the wound-closure processes, 
besides its biocompatibility, biodegradability, antimicro-
bial, and hemostatic activities [111]. The results revealed 
that the vancomycin-functionalized nanocomposites had 
more efficient antibacterial properties compared to the 
topical exposure to un-modified nanocomposites and 
free vancomycin on days 4, 9, and 14 after the treatment. 
Long-term protection of the drugs from natural inhibi-
tors, enzymatic degradation, and other adverse factors 
has been achieved by chemically conjugating of the ther-
apeutic agents to NPs, which enhances the efficacy of 
antimicrobials [112]. We propose that vancomycin has a 
bactericidal effect by destroying the bacterial cell wall, 
enhancing the capability ofnanocomposites to penetrate 
the bacterial cells and reach their target sites resulting in 
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more potent antibacterial effects compared to the undec-
orated nanocomposites. Exposure of the bacterial cell 
wall to nanocomposites and changes in the cell mem-
brane permeability can also potentially contribute to van-
comycin in the inhibition of bacterial cells growth. The 
efficacy of vancomycin in treating S. aureus infections 
was noticeably improved along with the nanoparticle-
based strategies at a lower antibiotic dose, due to the 
controlled release of vancomycin during the treatment 
process, thereby reducing side effects. In agreement with 
our work, Zhou et  al. demonstrated that vancomycin-
functionalized nanostructures had higher antibacterial 
potency against drug-resistant enterococcal strains than 
untargeted nanoparticles also the materials were more 
potent towards Enterococcus. faecalis strains in  vivo as 
compared to nanoparticles without vancomycin [113]. In 
this regard, Hagbani et  al. revealed that vancomycin-
modified gold nanoparticles (V-GNPs) had an extremely 
higher efficiency even at low doses relative to free vanco-
mycin [114]. Similarly, Hussain et al. concluded that the 
vancomycin-carrying cyclic 9-amino acid peptide 
CARGGLKSC (CARG) nanoparticles had a greater effec-
tiveness to eradicate staphylococcal infections in vivo in 
the lung tissue of S. aureus-infected mice in contrast with 
similar dosages of unmodified nanoparticles or free van-
comycin [115]. Esmaeili et  al., indicated that vancomy-
cin-conjugated magnetic nanocomposites resulted in 
about twofold and fourfold reduction in the MIC values 
towards Gram-positive and -negative bacteria in compar-
ison to free vancomycin, respectively [43]. In this study, 
the size of the synthesized MNPs was measured using 
zeta-sizer and FE-SEM. The comparison of the data 
obtained from these two methods showed that the nano-
particles’ size reported by FE-SEM was more uniformity 
than which obtained by zeta-sizer, resulting SEM method 
should be implemented to enhance the reproducibility 
and sensitivity of the size analysis even more [116]. In 
addition, data obtained from DLS method demonstrated 
the uniformity in zeta potentials of synthesized MNPs, 
indicating that  SiO2 is a suitable core–shell substrate for 
these nanocomposites that can be applied to acquire reli-
able results [117]. In addition, the drug release profile 
was conducted in triplicate and the average data were 
taken. We ensured the reproducibility and efficacy of the 
release profile of Fe3O4@SiO2@CS-VANCO nanocom-
posites through a control sample containing vancomycin 
in the free form [118]. This could attribute that the dialy-
sis bag membrane was not a barrier during the release 
study. Moreover, the MICs and MBCs value of synthe-
sized nanocomposites were examined and similar results 
were obtained.

in triplicate, confirming the reproducibility of in vitro 
antimicrobial studies. However, genotype of analyzed 

bacteria, MNPs’ synthesis process, time intervals between 
analyses, are among the variable conditions that could 
affect reproducibility of MIC and MBC results [119]. 
Several limitations of our study included the following: 
since we had many assays and errors in formulating the 
suitable nanomaterials, the time required to complete 
the project was very long. This research involves numer-
ous items of the equipment, and since they were all not 
centralized at one place, working became extremely more 
difficult.

Conclusion
In this paper,  Fe3O4@SiO2@CS-VANCO and  Fe3O4@
SiO2@CS-NISIN MNPs with a high magnetic property 
(26.7 and 32.3  emu/g, respectively) were synthesized by 
a two-step facile procedure. Vancomycin and nisin as the 
potential therapeutic agents were satisfactorily linked to 
biocompatible and biodegradable superparamagnetic 
nanocomposites, which are characterized by a sufficient 
release profile, suitable size, and spherical shape. Van-
comycin-loaded  Fe3O4@SiO2@CS nanocomposites were 
successfully prepared and a high loading efficiency (over 
50%) was achieved at a polymer: drug ratio of 1:1. Also, 
the nisin was grafted onto the nanocomposites at around 
73.2–87.2%. The data indicated that the magnetic nano-
composites had a controlled dissolution profile in  vitro. 
The comparison of the vancomycin release profiles from 
 Fe3O4@SiO2@CS nanocomposites showed the lowest 
release profile from the polymer/drug ratio 1:1, which 
total released drug from this formulation was examined 
43% during 48  h. Also, the MIC and MBC concentra-
tions of  Fe3O4@SiO2@CS-VANCO against MSSA/ARSA 
were found to be twofold lower in comparison to free 
vancomycin, indicating the improved in vitro antibacte-
rial activity of vancomycin-functionalized nanocompos-
ites. In both in vitro/in vivo, the inhibitory effects of free 
nisin had a about fourfold toxicity effect in suppressing 
the growth of bacterial cells compared to nisin grafted 
onto the nanocomposites, which may be due to the 
inactivation of some nisin molecules during the linkage 
process. Moreover, the MTT assay suggests that expo-
sure to  Fe3O4@SiO2@CS-VANCO nanoconjugates had 
almost no inhibitory effect on the viability of on L-929 
fibroblasts cells at the range of concentrations tested 
(1–32 µg/mL), confirming their great biocompatibility for 
in  vivo applications. Finally,  Fe3O4@SiO2@CS-VANCO 
nanocomposites resulted in a considerable reduction in 
the bacterial colony counts of the surgical incisions, sug-
gesting an ideal tool to deal with therapeutic challenges 
caused by wound infections.
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