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Graphic Image: 

Novel ultrasonication assistant method was developed to synthesize monodisperse 

Fe3O4@SiO2-Ag nanospheres which exhibited excellent antibacterial activities against 

both Staphylococcus aureus and Escherichia coli. 
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Abstract: 

To increase the monodispersity of the magnetic hybrid nanocomposites, novel 
ultrasonic method was introduced to synthesize uniform Fe3O4@SiO2-Ag 

nanospheres. The immobilized Ag nanocrystals were tunable by varying the 
experimental condition. The antibacterial assay indicated that the Fe3O4@SiO2-Ag 
nanospheres exhibited excellent antibacterial activities against the Staphylococcus 
aureus and Escherichia coli, in which the minimum inhibition concentrations (MIC) 
were 40 µg/mL and 20 µg/mL, respectively. The live/dead bacterial cell fluorescence 

stain assay agreed well with the antibacterial assay. The CCK-8 results indicated these 
nanospheres were bio-compatible for human normal cells, while presented a relative 
cytotoxicity against the HepG2 tumor cells. These nanospheres could be easily uptake 
by the cells and they could affect the bacterial cells both inside and outside the cell 
membrane, which enable them be promisingly applied in future biomedical areas. 
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1. Introduction 

Pathogenic bacteria have greatly threatened public health since they bring about 

terrible infectious diseases. To meet with the increasing demands for hygiene in public 

health care, various efforts have been done to develop highly effective antibacterial 

agents [1-4]. In recent years, with the rapid development of nanotechnology, more and 

more research in this area has been focused on the nano-antibacterial [5-8]. Silver has 

been used as antibacterial agents for centuries to deal with infections, burns and 

chronic wounds due to its low toxicity to human body [9-14]. It was found that by 

decreasing the size of the Ag particles, their antibacterial activities intensively 

enhanced. Therefore, the investigation of the Ag based nano-antibacterial agent would 

be much helpful for its future commercial production and application in the clothing, 

food packaging and bandages [15-16]. 

  Though the principle was not very clear, the most acceptable antibacterial 

mechanism of Ag nanoparticles was believed to be the release of Ag ions, which can 

combine the –SH groups and lead to the inactivation of the proteins[17-19]. Besides 

the size and shape, the stability of the nanoparticles also exhibited high influence on 

the antibacterial activity [10,20]. Therefore, the Ag nanoparticles were immobilized 

onto various substrates such as silica, polymer, iron oxide, carbon, layered double 

hydroxide (LDH), zeolite, etc [21-30]. This method not only prevented the 

aggregation of the Ag nanoparticles but also enhanced their antibacterial capacity. 

Present research demonstrated that the Ag based nano-antibacterial agents could affect 

the bacteria both inside and outside the cell membrane by catalyzing the complete 
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destructive oxidation of the microorganisms [18,31]. To this end, uniform Ag based 

nanocomposites with small sizes are desirable for high performance 

nano-antibacterial agents. 

  Environmental friendly methods were favorable for the preparation of 

nano-antibacterial agents since they can reduce biological hazard for living cells 

[18,32-36]. Recently, several in situ fabrication strategies were developed so that the 

residue of the toxic reducing agents (such as KBH4 and hydrazine) could be 

eliminated in the final system. By utilizing the reducing characteristic of 

polydopamine (PDA), Ag nanoparticles with different size and coverage were coated 

onto the surface of PS/PDA microspheres and the thereof antibacterial agent exhibited 

enhanced performance against the Escherichia coli and Staphylococcus aureus [37]. 

Similarly, the Ag nanoparticles could be directly immobilized on the LDH film by 

simply immersing the film into the AgNO3 aqueous solution due to the self-redox 

reaction [28]. This method offered a good opportunity for their practical application in 

antimicrobial surfaces. 

Moreover, some risks of using Ag based nano-antibacterial agent were also 

presented because the high concentration of residual nanosilver in solution was toxic. 

The potential strategy for solving this problem would be the combination of magnetic 

characteristic with the antibacterial property, so that the antibacterial agent could be 

targeting richen in certain area or magnetically separated from the working area after 

the bacteria have been killed. During the past decade, several magnetic antibacterial 

agents such as Ag@Fe3O4 core shell nanoparticles/nanospheres, Fe3O4@SiO2@Ag 
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sub-microspheres/janus nanorods, and Ag-Fe2O3 heteromer were developed [23, 

38-42]. Although these materials exhibited high antibacterial performance, the 

detailed nanostructure dependent antibacterial activity was unknown and mechanism 

of their action was not very clear. In consideration of the green preparation and easy 

conduction, novel method for multifunctional antibacterial agent is still needed. 

In this work, a facile ultrasonic assistant method was reported for easily and 

environmental friendly synthesizing of Fe3O4@SiO2-Ag nanospheres. This method 

presented three unique characteristics: (1) Different from the previously reported large 

Fe3O4@SiO2-Ag particles, the average size of the obtained product was about 200 nm. 

They were uniform and could be well dispersed within the PBS to form stable 

suspension. (2) The small Ag nanoparticles were synthesized under the help of 

sonication and neither reductant nor toxic reagents were used in this procedure. 

Moreover, the size of the Ag nanoparticles could be controlled by varying the reaction 

time. (3) The as prepared nanoparticles can be used as antibacterial agents against 

Escherichia coli and Staphylococcus aureus. Due to the small size, these materials 

also could be uptake by cells which would be much helpful for further investigating 

their antibacterial mechanisms. 

2. Results and Discussion 

2.1 Preparation and characterization of Fe3O4@SiO2-Ag nanospheres. 
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Figure 1. SEM and TEM images of the as prepared Fe3O4 (a,b), Fe3O4@SiO2-NH2 
(c,d), and Fe3O4@SiO2-Ag nanospheres. The scale bars for SEM and TEM image are 
1µm and 90 nm, respectively.  

 

   The Fe3O4 nanospheres were prepared according to the previously reported 

solvothermal method [43]. The SEM images confirmed that the as-obtained product 

were uniform with an average diameter of 150 nm. The Fe3O4 nanospheres presented 

a cluster-like nanostructure and they were composed of Fe3O4 nanocrystals. The TEM 

image of the Fe3O4 nanosphere clearly approved the above description and the 

measured size agreed well with the SEM analysis. These Fe3O4 nanospheres 

possessed a rough surface, in which polyacrylic acid polymer was entangled to give 

large amount of hydrophilic functional groups. Therefore, they can be well suspended 

within the water or ethanol solution. 

   The ultra-sonication was applied to synthesize monodispersed Fe3O4@SiO2-NH2 

nanospheres. Firstly, the SiO2 layer was uniformly coated onto the surface of the 

Fe3O4 nanosphere to form a well defined core shell nanostructure. Due to the 

preparation was conducted under sonication, the as-formed Fe3O4@SiO2 nanospheres 
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were monodispersed without large aggregation. At the end of the coating process, 

APTES was introduced into the synthetic system, thus the surface of the Fe3O4@SiO2 

nanospheres was in situ modified by a layer of –NH2 group. The ultrasonication is 

critical to this method and many large aggregates were formed in the product while 

only magnetic or mechanic stirring was conducted. The SEM image show in Figure 

1c demonstrated the well dispersity of the nanospheres synthesized under sonication. 

Because of the uniform coating, the average size of the Fe3O4@SiO2-NH2 was larger 

than the pristine Fe3O4 nanospheres. The TEM image shown in Figure 1b further 

proved the formation of the core shell nanostructure. By calculating 100 particles, the 

average shell thickness of the SiO2 layer was about 30 nm. Here, the average shell 

thickness could be controlled by varying the experimental parameters, such as the 

concentration of the Fe3O4 nanospheres and TEOS. 

   The preparation of Fe3O4@SiO2-Ag nanospheres was also conducted under the 

help of ultra-sonication by using the Fe3O4@SiO2-NH2 as the template. In this process, 

the -NH2 group served as a bridge between SiO2 coating and Ag nanoparticles. 

Without these functional groups, only a few Ag nanoparticles were decorated on the 

Fe3O4@SiO2 nanospheres. After the [Ag(NH3)2]
+

 ions were introduced into the 

Fe3O4@SiO2-NH2 suspension, they would be slowly reduced by the -NH2 group and 

ethanol solvent to give the Ag particles. Figure 1e showed the SEM image of the 

Fe3O4@SiO2-Ag nanospheres which clearly indicated that the as-prepared product 

presented monodispersibility without large aggregation. The average size of the 

product was similar to the Fe3O4@SiO2-NH2 nanospheres. However, from TEM 
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image (Figure 1f), it was found that the surface of the Fe3O4@SiO2-Ag nanospheres 

was much rougher than the Fe3O4@SiO2-NH2. All the surface of the nanospheres 

were decorated with small dots with size about 3-5 nm and the coverage ratio was 

very high. Here, sonication was important for such a high loading. During the 

preparation, the sonication accelerated the reducing process since “hot points” with 

high pressure, temperature, and reductive circumstance were formed in the solution 

[44,45]. Therefore, the Ag nanoparticles can directly cover on the surface of the 

template with a high coverage ratio in this method. 

 
Figure 2. TEM images of the Fe3O4@SiO2-Ag nanospheres prepared under different 
ultrasonic time: a) 1 h; b) 3 h; c) 10 h. d) and e) are the large magnification TEM 
image and EDS spectra for the nanospheres prepared under 3h. 
 

   Here, the sonication time showed high influence on the Ag coverage on the 

Fe3O4@SiO2 nanospheres. Figure 2a presents the TEM image of the Fe3O4@SiO2-Ag 

nanospheres under 1h sonication. Though the Ag nanoparticles were successfully 

immobilized on the Fe3O4@SiO2 nanospheres, the coverage in this case was not very 

high. As soon as the time prolonged to be 3 h, the uniform coating of Ag layer was 

obtained. The further increasing of the reaction time is not good for the preparation of 
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the Fe3O4@SiO2-Ag nanospheres. It was fount that the size of the Ag nanoparticles 

critically increased from 3-5 nm to 10-20 nm. Moreover, some Ag-Ag nanoparticles 

aggregations were found on the nanospheres’ surface. Therefore, 3h is the optimum 

time for this preparation. The typical high magnification TEM image of a single 

Fe3O4@SiO2-Ag nanosphere (Figure 2d) indicated that the Ag nanodots 

homogeneously distributed on the surface. These Ag nanodots were tightly anchored 

on the Fe3O4@SiO2 core with the help of abundant amine groups. The EDS result in 

Figure 2e also indicated that this nanosphere was composed of Fe, Si, O, and Ag 

element, which further hinted the successful preparation. 
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Figure 3. XRD diffraction patterns of the as-prepared Fe3O4 (a), Fe3O4@SiO2-NH2 

(b), and Fe3O4@SiO2-Ag (c) nanospheres.  
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Figure 4. XPS spectrums of the as-prepared Fe3O4@SiO2-NH2 (a) and 
Fe3O4@SiO2-Ag nanospheres (b); The insert for (a) and (b) are the N1s and Ag3d 
spectrums, respectively. 

 

The XRD spectra of the as-prepared samples at different steps were indicated in 

Figure 3, including the Fe3O4, Fe3O4@SiO2-NH2, and Fe3O4@SiO2-Ag nanospheres. 

The broad nature of the diffraction peaks for Fe3O4 illustrated the cluster-like 

nanostructure. Because of the amorphous crystallinity of the SiO2 shell, novel obvious 

peak for the SiO2 has not been observed in the Fe3O4@SiO2-NH2 product. The further 

immobilization of Ag nanoparticles on the Fe3O4 nanospheres lead to the presence of 

a novel broad diffraction peaks located at 38°. According to the Scherrer formula, the 

average size of the Ag nanoparticles was calculated to be 5 nm [46]. This result also 

agreed well with the above TEM and SEM analysis. XPS was also used for analyze 

the surface state of the materials. As shown in Figure 4a, C1s, O1s, Si2p, N1s signal 

peaks are distinct in the XPS spectra, which demonstrated the Fe3O4 nanospheres 

were well encapsulated by the SiO2 shell. The relative weak peak for N1s indicated 

the SiO2 shell was functionalized by amine group. After the Ag nanoparticles were 

decorated on the Fe3O4@SiO2 nanospheres, the strong peaks at a binding energy of 

about 368 and 374 eV were presented which demonstrated the metallic Ag with zero 

covalent state were formatted in the nanospheres [37]. 

2.2 Antibacterial properties of Fe3O4@SiO2-Ag nanospheres. 
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Figure 5. Bacterial growth curves in LB media with Fe3O4@SiO2-Ag nanospheres. 

Different concentrations of the nanospheres were used in cultures of Escherichia coli 
(a) and Staphylococcus aureus (b). 
 

Because of its low toxicity to humans, both silver and silver based nanomaterials 

were extensively used as antimicrobial agents due to their strong inhibitory effects for 

a wide range of bacteria [10,47]. In this work, both Escherichia coli and 

Staphylococcus aureus were applied as the bacterium models to study the antibacterial 

properties of the Fe3O4@SiO2-Ag nanospheres.  

Here, a modified Kirby-Bauer method was used to quantitatively investigate the 

antibacterial activities of the Fe3O4@SiO2-Ag nanospheres. The Fe3O4@SiO2-Ag 

nanospheres which were prepared in the optimum condition (3h) were chosen as a 

typical agent to plot the bacterial inhibition growth curves. Figure 5 shows the 

antibacterial effect of Fe3O4@SiO2-Ag nanospheres against Escherichia coli and 

Staphylococcus aureus after culturing from 1 to 10 h. In comparison to the blank 

control groups, the growth rates of the Escherichia coli were clearly inhibited by 
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using these nano-antibacterial agents (Figure 5a). Even under a low concentration of 

nano-antibacterial agents (5 µg/mL), the bacterial was critically retarded. In this 

process, the higher the concentration, the better the antibacterial effects. Observably, 

the minimum inhibition concentrations (MIC) the Fe3O4@SiO2-Ag nanospheres was 

just 20 µg/mL, which was smaller than the previously reported Ag-SiO2, Ag-Fe3O4, 

and Ag-TiO2 [48-50]. Similarly, this nano-antibacterial agent also exhibited effective 

antibacterial activities to the Staphylococcus aureus and the MIC for Staphylococcus 

aureus was estimated to be 40 µg/mL (Figure 5b). The Staphylococcus aureus and 

Escherichia coli were belonged to Gram-positive and Gram-negative bacteria 

respectively. It was reported that the membrane of the Gram-positive bacteria was 

thicker than the Gram-negative bacteria, thus the former was more stable than the 

later [51]. To this end, it was reasonable to find out that the Escherichia coli was more 

sensitive to Fe3O4@SiO2-Ag nanospheres than the Staphylococcus aureus, which also 

agreed well with the previous work. 
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Figure 6. Fluoresecnt images of the antibacterial activities of the Fe3O4@SiO2-Ag 
nanospheres against Escherichia coli (a,b) and Staphylococcus aureus (c,d). 
 

To further investigate the antibacterial activities of the Fe3O4@SiO2-Ag 

nanospheres, live/dead bacterial cell fluorescence stain assay was used to study the 

state of the bacterial cell before and after treated with the anti-bacterial agents. In this 

work, after the bacterial cells were incubated with Fe3O4@SiO2-Ag nanospheres for 

12 h, blue fluorescent dye was employed to stain the live cells. Figure 6a shows the 

fluorescent image of the Escherichia coli without treating with the nano-antibacterial 

agent. The strong blue fluorescence point in the image clearly indicated the living of 

the bacterial cells. However, after the incubation, almost no fluorescence was 

observed (Figure 6b). These results clearly indicated that the Escherichia coli were 

major inhibited in the presence of the nano-antibacterial agent. Moreover, similar 

results were also obtained for the Staphylococcus aureus (Figure 6c,d), which further 

demonstrated that the as-prepared Fe3O4@SiO2-Ag nanospheres showed unique 

effective antibacterial activities and these analysis agreed well with the observation 
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from antibacterial assays. 

2.3 Cytotoxicity and uptake of Fe3O4@SiO2-Ag nanospheres to cancer cell. 

 

Figure 7. In vitro cytotoxicity of Fe3O4@SiO2-Ag nanospheres against HepG2 cells 

(a) and HUVEC cells (b) after incubation at 37℃ for 24 h. 
 

The Fe3O4@SiO2-Ag nanospheres also exhibited relative cytotoxicity to cancer 

cells. Hepatocellular carcinoma is the fifth most-common cancer in the world. The 

HepG2 is a perpetual cell line consisting of human liver carcinoma cells, thus they 

were chosen for testing the in vitro cytotoxicity of the as-prepared Fe3O4@SiO2-Ag 

nanospheres. Firstly, the HepG2 cells were incubated with these nanospheres at 37 ℃ 

for 24 h. Then the in vitro cytotoxicity was measured using the Cell Counting 

Kit-8(CCK-8) assay. Here, the influence of the Fe3O4@SiO2-Ag nanospheres 

concentration was also investigated and they were ranged from 0-80 µg/mL (Figure 

7a). It was found that the Fe3O4@SiO2-Ag nanospheres showed unique effect on 
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cytotoxicity against the HepG2 cells. Only 80% cells were viable when a low 

concentration of these nanospheres (5 µg/mL) was introduced into the system. With 

further increasing of the nanospheres, the cell viability decreased and it reduced to 

44% when the concentration reaches to 80 µg/mL. Based on the above analysis, it 

could be concluded that the Fe3O4@SiO2-Ag nanospheres were toxic to the cancer 

cells which enable them be potentially applied as treating agents for cancer. 

Safety is the main concern in the application of a nano-agent for clinical 

therapeutics, thus the cytotoxicity of the Fe3O4@SiO2-Ag nanospheres to the normal 

cells was investigated. In this work, the in vitro biocompatibility of the nanoparticles 

to the HUVEC cells (Human Umbilical Vein Endothelial Cells) was tested by using 

the CCK-8 assay. As shown in Figure 7b, the anti-bacterial materials did not present 

significant cytotoxicity against the HUVEC cells and the cell viability can keep 80% 

when the concentration of the nanospheres was increased to as high as 80 µg/mL. It 

indicated that the Fe3O4@SiO2-Ag nanospheres showed good cytocompatibility with 

human normal cells. 
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Figure 8. Cellular uptake of Fe3O4@SiO2-Ag nanospheres a) 0, b) 10, c) 20, and d) 
40 µg/mL in HT29 cells evaluated by Prussian blue staining. 
 

The cellular uptake was studied to further investigated action mechanism of the 

Fe3O4@SiO2-Ag nanospheres to cancer cells. Here, Prussian blue staining was 

employed to evaluate the cellular uptake of Fe3O4@SiO2-Ag nanospheres in HepG-2 

cells. Firstly, the HepG-2 cells were incubated with different concentrations of 

Fe3O4@SiO2-Ag nanospheres for 20 h. Then, they were fixed for 30 min by using 4% 

paraformaldehyde. After treating them with Perls’ reagent, the results were finally 

obtained by using a light microscopy. As shown in Figure 8 were the images of the 

prussian blue staining cells with and without incubation of the Fe3O4@SiO2-Ag 

nanospheres. Because of the monodispersity characteristic, these small 

Fe3O4@SiO2-Ag nanospheres could insert into the cells very easily. Figure 8b showed 

the image obtained by treating the cells with 10 µg/mL nanospheres. In comparison to 

the blank experiment, blue areas were clearly observed which indicated the 

Fe3O4@SiO2-Ag nanospheres were successfully uptake by the HepG-2. With 
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increasing of the concentration, the uptake ratio increased (Figure 8c,d). To this end, 

the high cellular uptake must be another reason for their excellent cytotoxicity. 

Moreover, these Fe3O4@SiO2-Ag nanospheres were magnetic and they could be 

richen in the disease area under applying a magnetic field. Since these nanospheres 

were bio-compatible to human normal cells, they could be used as the magnetic 

targeting therapeutic nano-agent to cancer cells without any terribly by-damage to the 

normal cells. To this end, the further investigation of these composite nanoparticles in 

cancer treatment was attractive. 

 

2.4 Antibacterial mechanism of Fe3O4@SiO2-Ag nanospheres. 

 

Figure 9. Bacterial growth curves in LB media with Fe3O4, Fe3O4@SiO2 and 
Fe3O4@SiO2-Ag nanospheres. The concentrations of the nanospheres were kept at 20 
µg/mL in cultures of Escherichia coli (a) and Staphylococcus aureus (b). 
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To further investigate the anti-bacterial mechanism, the bacterial inhibition growth 

curves of the Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-Ag nanospheres were performed. 

Under the same dosage, Fe3O4 and Fe3O4@SiO2 nanospheres showed could not 

inhibit both strains of the bacterial growth, while the Fe3O4@SiO2-Ag showed the 

significant inhibition of proliferation to the bacterial cells (Figure 9). This result 

indicated the anti-bacterial activity of the Fe3O4@SiO2-Ag nanospheres was come 

from the Ag component immobilized on the surface of the Fe3O4@SiO2 nanospheres.  

On the basis of above analysis and the results in the literature, the antibacterial 

activities of the Fe3O4@SiO2-Ag nanospheres were ascribed to the following reasons: 

Firstly, the antibacterial activity of the nanospheres was inherited from the Ag 

nanocrystals. Since these stable Ag nanodots were supported on the surface of the 

SiO2 shell, they can exhibit enhanced antibacterial activity by reacting with more 

sulfur-containing proteins in bacterial cell. Secondly, the Ag ions can release from the 

nanocrystals and de-activate the microorganism cells. The average size of the Ag 

nanoparticles was only 3-5 nm in our product, thus the Ag ions might be released 

quicker than the large Ag nanoparticles. These released Ag ions would further cause 

the structural change of the cells and lead to them death. Third, because of the small 

size of the uniform Fe3O4@SiO2-Ag nanospheres, these particles could be uptake by 

cells very easily. More nanospheres could penetrate the cell membrane and directly 

kill the bacteria inside the cell membrane. Therefore, these Fe3O4@SiO2-Ag 

nanospheres presented excellent anti-bacterial activities.  

It was reported that the release behavior of the Ag ions from the Ag nanoparticles 
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was pH dependent and more silver ions would be released in acidic environment in 

comparison to neutral buffer [36]. Moreover, the previous literature indicated that the 

pH of tumor cells are slightly acidic than the normal cells [52]. Therefore, more Ag 

ions would be released from the Ag nanoparticles in the tumor cells than the human 

normal cells. To this end, the Fe3O4@SiO2-Ag nanospheres exhibited higher 

cytotoxicity in HepG-2 cells than in HUVEC cells.  

 

3. Experimental Section 

3.1 Preparation of Fe3O4@SiO2-Ag nanospheres.  

All chemicals were of analytical grade and used without further purification. First, 

the monodispersed Fe3O4 nanospheres which were prepared according to the 

previously reported method [42] were dispersed in ethanol/H2O/ammonia solution 

with volume ratio of 30/3/1 under sonication. After half an hour, a certain amount of 

tetraethyl orthosilicate (TEOS) in ethanol (0.1/1 v/v) was added into the above system. 

20 min later, 3-aminopropyltriethoxysilane (APTES) was dropped into the solution to 

graph –NH2. After further 30 min reaction under ultrasonic, the obtained 

Fe3O4@SiO2-NH2 nanospheres was collected by magnetic sepration, washed with 

ethanol twice and then dispersed in ethanol. To immobilize Ag nanoparticles onto the 

Fe3O4@SiO2-NH2 nanospheres, the [Ag(NH3)2]
+

 was firstly prepared by dissolving 

AgNO3 in ammonia and then they were added into ethanol suspended with 

Fe3O4@SiO2-NH2 nanospheres. Under sonication for 1h, poly(vinylpyrrolidone) 

(PVP) (0.025 g/mL) was added into the system. The reaction was further conducted 
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for 3 h and the final products were separated, rinsed by ethanol and water for 3 times. 

After drying the particles in vacuum oven for 12 h, the Fe3O4@SiO2-Ag nanospheres 

were obtained. 

3.2 Antibacterial assays 

   For the antibacterial activity assays, two bacterial species, Escherichia coli 

(Gram-negative bacteria) and Staphylococcus aureus (Gram-positive bacteria), were 

used in the experiments. Bacterial suspensions were prepared by taking a single 

colony from the stock bacterial culture with a loop and inoculating 5 mL of sterile 

nutrient broth medium, which was then incubated in a shaking incubator (37°C at 200 

rpm) for 12 h. Later, 30 mL bacterial suspensions were inoculated in 3 mL of liquid 

nutrient broth medium supplemented with different concentrations of 

Fe3O4@SiO2-Ag nanospheres. The suspensions were shaken by a shaker at 200 rpm 

under 37°C, and their bacterial survivals were determined by measuring the optical 

density (O.D.) of the nutrient broth in both media at a wavelength of 600 nm. The 

absorbance was sequentially checked from time 0 to 10 h with an interval of 1 h. To 

further examine the antibacterial properties, the bacteria were stained with the 

live/dead Bacterial Viability Kit following the protocol (GENMED). Briefly, 3 µL of 

the fluorescently dyed mixture was added into each milliliter of the bacterial 

suspensions. Then, the samples were thoroughly mixed and incubated at room 

temperature in the dark for 15 minutes. To observe the image with a Fluorescence 

Microscope, 5 µL of the stained bacterial suspension was added to a slide with a 

square cover slip. For comparison, the antibacterial assays of the Fe3O4, Fe3O4@SiO2, 
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and Fe3O4@SiO2-Ag nanospheres were performed under the same process while 

keeping the concentration of the nanospheres in 20 µg/mL. 

3.3 Cell culture and In vitro cell viability evaluation 

HepG2 cells were purchased from the American Type Culture Collection and were 

cultured in Dulbecco’s modified Eagle’s medium(GIBCO,USA) supplemented with 

10% fetal bovine serum (GIBCO,USA), 2 mM L-glutamine,100 µg/mL streptomycin 

and 100 U/mL penicillin. The cells were cultured in a 37 °C humidified atmosphere 

with 5% CO2. The in vitro cytotoxicity of Fe3O4@SiO2-Ag nanospheres against 

HepG-2 cells was tested using the Cell Counting Kit-8 assay. Cells were seeded in 

96-well plates with a density of 1×104 cells per well in 100µL of DMEM 

supplemented with 10% FBS cultured in a humidified atmosphere of 5% CO2 at 

37 ℃ for 24 h. Then, the HepG-2 cells were incubated in the growth medium 

containing different concentrations (5, 10, 20, 40 and 80 µg mL-1) of Fe3O4@SiO2-Ag 

nanospheres in the growth medium for another 24 h. Meanwhile, the wells containing 

the cell medium only were prepared as for the untreated controls. Then, 10 µL of 

CCK-8 dye was added to each well and the plates were incubated for another 2 h at 

37 ℃. Absorbance was measured using single wavelength spectrophotometry at 450 

nm using a microplate reader. The relative cell viability was determined by comparing 

the absorbance at 450 nm with the control wells that containing the cell culture 

medium only.  

3.4 Cellular Uptake 

The cellular uptake of Fe3O4@SiO2-Ag nanospheres was evaluated in HepG-2 
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cells by Prussian blue staining. HepG-2 cells were seeded in a 96-well plate in 

DMEM containing 10% FBS. After 12 h incubation, medium was replaced with 

serum-free DMEM containing different concentrations (0, 10, 20, and 40 µg/mL) of 

Fe3O4@SiO2-Ag nanospheres and incubated for another 20 h. In Prussian blue 

staining, cells were fixed for 30 min by using 4% paraformaldehyde. After washing 

with PBS, the cells were incubated with Perls’ reagent (4% potassium ferrocyanide 

and 6% HCl) for 30 min, and followed by a neutral red counterstain. Then the cells 

were observed using a light microscopy. 

 

3.5 Characterization 

X-ray powder diffraction patterns (XRD) of the products were obtained on a 

Bruker D8 Advance diffractometer equipped with graphite monochromatized Cu Kα 

radiation (λ = 1.5406 Å). Transmission electron microscopy (TEM) photographs were 

taken on a high-resolution transmission electron microscope (HRTEM, Tecnai Model 

JEOL-2010) at an accelerating voltage of 200 kV. The field emission scanning 

electron microscopy (FE-SEM) images were taken on a JEOL JSM-6700F SEM. 

X-ray photoelectron spectra (XPS) were measured on an ESCALAB 250. 

4. Conclusions 

In summary, we present an environmental friendly method to synthesize 

monodisperse Fe3O4@SiO2-Ag nanospheres under the help of ultrasonication. No 

toxic reagent was used in the synthesis and the final Ag nanocrystals were uniformly 

immobilized onto the periphery of Fe3O4@SiO2-NH2 nanospheres. The antibacterial 
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assay indicated that the Fe3O4@SiO2-Ag nanospheres exhibited excellent antibacterial 

activities against the Staphylococcus aureus and Escherichia coli, in which the MIC 

were 40 µg/mL and 20 µg/mL, respectively. Moreover, these nanospheres were 

demonstrated to be cytotoxic to HepG2 while to be compatible to the human normal 

cells. Due to the magnetic characteristic, they would be applied for targeting treatment. 

The average size of these nanospheres were about 200nm, thus they could easily 

uptake by the HepG2 cells. To this end, this kind of nanospheres presented high 

antibacterial performance since they could destroy the bacterial cells both outside and 

inside the cell membrane. 
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