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ABSTRACT 

Bacterial biofilms account for 65% of all nosocomial infections in humans and 

are especially troublesome when involved in biomaterial-associated infections. 

Bacteria in their biofilm mode of growth are relatively insensitive to the host 

immune system or antibiotic treatment, as also caused by the growing antibiotic-

resistance across many current pathogens. Therefore, there is a need for new 

strategies to prevent or cure bacterial infections. Here, we investigated the hypothesis 

that superparamagnetic iron-oxide nanoparticles (SPIONs) assist macrophages in 

removing bacteria in their biofilm mode of growth. Staphylococcus aureus biofilms 

were exposed to macrophages together with SPIONs and microscopically examined. 

SPIONs were internalized by macrophages, yielding increased generation of reactive 

oxygen species and less survival of staphylococci (17 – 21%) compared with the 

presence of macrophages (50 – 74%) or SPIONs (80 – 87%) alone. Herewith, we 

present a novel, original, non-antibiotic-based approach to increase macrophage 

efficacy to remove staphylococci from infectious biofilms. 
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INTRODUCTION  

Bacterial biofilms account for 65% of all nosocomial infections in humans [1]. 

Bacteria in their biofilm mode of growth are relatively insensitive to the host 

immune system or antibiotic treatment, as also caused by increasing antibiotic-

resistance across many pathogens. Biofilms are especially troublesome when involved 

in biomaterial-associated infections (BAI), such as infections associated with total hip 

arthroplasties, vascular grafts or pacemaker leads [2,3]. In BAI the efficacy of the host 

immune system decreases as phagocytic cells become frustrated, due to the presence 

of a biomaterial [4,5]. Contributing to the recalcitrance of biofilm-related infections 

is the growing antibiotic-resistance across many current pathogens.  

Nanoparticles possess many special properties that, apart from their small size 

and large surface area, include their surface reactivity, crystallinity, charge, electronic 

properties, shape, hydrophobicity / hydrophilicity, and solubility [6-9]. 

Nanoparticles are widely used in medicine, especially to facilitate imaging with 

negligible side effects [6-8]. Superparamagnetic iron oxide nanoparticles (SPIONs) 

represent a special class of biocompatible nanoparticles, consisting of a magnetic 

particle core, like magnetite or maghemite, that can be targeted to a specific area 

through external magnets [6-9]. Moreover, SPIONs showed promising 

biocompatibility with human cells, while having strong antimicrobial properties 

[10,11]. In vitro, high concentrations of SPIONs have been demonstrated to kill 

bacteria in their biofilm mode of growth, while importantly SPIONs in combination 

with gentamicin appeared effective against gentamicin-resistant pathogens [12,13]. 

Considering the increasing antibiotic-resistance of current pathogens however, non-

antibiotic based use of SPIONs to prevent or cure biofilm-related infections would 

be more appealing than to combine the use of SPIONs and antibiotics. 
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SPIONs can change cell function via formation of reactive oxygen species 

(ROS) [14], which can be produced by the cells and / or by degradation of 

nanoparticles [7,9,15,16]. Degradation of SPIONs is assumed to yield ROS either 

through free radicals on the SPIONs surface or transition metals (like iron) acting as 

catalysts in fenton reactions [5,12,14]. ROS production is also one of the 

mechanisms through which macrophages remove and digest bacteria from host tissue 

[4,17-20].  

Here, we hypothesize that SPIONs will aid to compensate frustrated 

phagocytosis in the presence of biomaterial implants or devices and promote 

bacterial removal and digestion from biofilms by macrophages through stimulating 

ROS formation. When proven correct, this might form the basis for a novel, non-

antibiotic based strategy to assist curing BAI and other biofilm-related infections. It 

is the aim of the current research to provide evidence in support of the above 

hypothesis by comparing the efficacy of macrophages in the absence and presence of 

SPIONs in the removal of S. aureus, a common pathogen in BAI, from biofilms. 

 

 

MATERIALS AND METHODS 

Staphylococcal culturing and harvesting 

S. aureus ATCC 12600 and a green-fluorescent protein (GFP)-expressing  

S. aureus ATCC 12600 (S. aureus ATCC 12600GFP) [21] were used in this study. For 

culturing S. aureus ATCC 12600GFP, 1% of tetracyclin was added to the culturing 

medium. S. aureus ATCC 12600 and S. aureus ATCC 12600GFP were grown on 

blood and tryptone soya broth (TSB, Oxoid, Basingstoke, UK) agar plates, 

respectively, from a frozen stock, overnight, aerobically at 37°C. Strains were 
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cultured by inoculating one colony in 10 ml TSB, incubated for 24 h at 37°C. These 

cultures were used to inoculate second cultures in 200 ml TSB, and grown for 17 h 

at 37°C. Bacteria were harvested by centrifugation (5 min at 5,000 g at 10°C) and 

washed twice with sterile phosphate-buffered saline (PBS, 10 mM potassium 

phosphate, 0.15 M NaCl, pH 7.0). Subsequently, the harvested bacteria were 

sonicated on ice (3 x 10 s) in PBS to break bacterial aggregates. Bacteria were 

resuspended in sterile PBS to 1 x 106 bacteria/ml, unless mentioned otherwise, as 

determined in a Bürker-Türk counting chamber. 

Macrophage culturing and harvesting 

A murine macrophage cell line (J774A.1; ATCC TIB-67; obtained from LGC, 

Wesel, Germany) was used in this study. Macrophages were routinely cultured in 

Dulbecco’s Modified Eagle’s Medium supplemented with 4.5 g/l D-glucose, 

pyruvate and 10% Fetal Bovine Serum (referred in this article as DMEM-HG + 10% 

FBS), in tissue culture polystyrene flasks (TCPS, Greiner Bio-One, Frickenhausen, 

Germany). TCPS flasks were maintained at 37°C in a humidified atmosphere with 

5% CO2 and cells were passaged at 70 – 80% confluence by scraping. Cells were 

harvested by centrifugation (5 min at 150 g) in DMEM-HG + 10% FBS previous to 

experiments. A human monocyte cell line (THP-1; LGC, Wesel, Germany) was also 

used and cultured as the murine cell line with the difference that this cell line grows 

in suspension and therefore was passaged every 2 days by harvesting the cells with 

centrifugation (5 min at 150 g). Harvested cells were counted using a Bürker-Türk 

counting chamber and subsequently diluted to a concentration of 1 x 105 cells/ml in 

DMEM-HG + 10% FBS. 
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Synthesis of nanoparticles 

In order to synthesize SPIONs with a narrow size distribution, the polyol 

method was employed, as described previously [13]. Briefly, 5 ml of an aqueous 

solution of 0.045 M FeCl2.4H2O and 0.0375 M FeCl3.6H2O (Sigma-Aldrich, 

Munich, Germany) were added to 250 ml of diethyleneglycol (Sigma-Aldrich), and 

heated to 170°C. After conserving the mixture at this temperature for at least  

15 min, the base was added (i.e. solid NaOH at a final concentration of 0.375 M) 

and temperature was maintained at 170°C for 1 h, followed by cooling to 60°C. 

SPIONs were collected with a neodymium magnet, and washed with 100 ml 1 M 

HNO3 (Sigma-Aldrich) solution. 

Nanoparticles characterization 

Transmission electron microscopy (TEM; CM100; FEI Company, Eindhoven, 

The Netherlands) was used to obtain detailed morphological information on the 

samples and was carried out using a Fei Tecnai 10 microscope (Oregon, USA) 

operating at an accelerating voltage of 80 kV. The samples were prepared by placing 

a drop of diluted suspension of iron oxide nanoparticles on a copper-grid  

(300 mesh), allowing the liquid to dry in air at room temperature. The statistical 

analysis of the TEM images was performed by iTEM (Germany) on multiple images 

for each sample. The mean diameter, the standard deviation, and the polydispersity 

index (PDI) were calculated by measuring the particles’ diameter. The number of 

nanoparticles counted ranged from 500 to 700. Measurements of the size 

distribution and the zeta potential of the nanoparticles suspended in aqueous 

medium were performed on a Zetasizer nano zs (Malvern Instruments, United 

Kingdom) using laser He-Ne (633 nm). The zeta potential was determined directly 

in solution containing NaCl (0.01 mM). The pH of the aqueous suspension 



SPIONs stimulate macrophages in removing biofilms 75 
	  

containing the particles was adjusted by adding 0.1 – 0.001 mM HNO3 or NaOH 

solution. 

Influence of bacterial challenge concentration on phagocytosis in the absence and 

presence of SPIONs 

In order to determine the influence of different bacterial challenge 

concentrations on phagocytosis by macrophages in the presence of SPIONs, 

experiments were done in TCPS well plates, allowing S. aureus ATCC 12600GFP to 

adhere for 10 min from suspensions with different concentrations (1 x 106 and 1 x 

107 bacteria/ml). Subsequently, 1 ml of TSB supplemented with 1% tetracyclin was 

added to each well and staphylococcal biofilms were grown for 3.5 h at 37°C. Before 

addition of 1 ml of a murine macrophage (J774A.1) suspension (1 x 105 cells/ml), 

TCPS wells were washed with DMEM-HG + 10% FBS complemented or not with 

50 µl of a SPION suspension (0.35 mg/ml). Phagocytosis was allowed to occur at 

37°C in a humidified atmosphere of 5% CO2 for 2 h. Experiments were also 

performed in DMEM-HG + 10% FBS without the addition of macrophages or 

SPIONs. After incubation, images were taken at six randomly chosen locations with 

a fluorescence microscope (Leica DM4000B, Heidelberg, Germany) using a 40x 

water immersion objective and filter set for GFP. Bacteria expressing GFP were 

manually enumerated using ImageJ (NIH, version 1.47h) with the Cell Counter 

Plug-In (http://fiji.sc/Cell_Counter).  

Confocal laser scanning microscopy of staphylococcal phagocytosis by 

macrophages in the absence and presence of SPIONs  

To visualize the effects of SPIONs on bacterial phagocytosis by macrophages, S. 

aureus ATCC 12600GFP biofilms were grown in TCPS well plates, as before, but 

using a staphylococcal concentration of 1 x 106 bacteria/ml for adhesion. After 
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phagocytosis, murine macrophages and bacteria were fixed with 3.7% formaldehyde 

in cytoskeleton stabilization buffer (CS; 0.1 M Pipes, 1 mM EGTA, 4% (w/v) 

polyethylene glycol 8000, pH 6.9) for 15 min. Finally, wells were incubated in 0.5% 

triton X-100 for 3 min, rinsed with PBS and stained for 30 min with PBS containing 

2 µg/ml of tetramethyl rhodamine isothiocyanate (TRITC)-phalloidin, followed by 

washing with PBS. TRITC-phalloidin was used to stain the macrophages actin 

cytoskeleton. Experiments were repeated with a human monocyte cell line (THP-1). 

Images on different, randomly chosen locations were taken with a CLSM (Leica 

DMRXE with confocal TCS SP2 unit, Mannheim, Germany). Experiments were 

done in duplicate with separately grown cultures.  

SPIONS-induced intracellular ROS generation by macrophages during 

phagocytosis of staphylococci  

To study the ability of SPIONS to produce or promote generation of ROS in 

macrophages, experiments were performed as described above using S. aureus ATCC 

12600, the parent strain of S. aureus ATCC 12600GFP. After phagocytosis by murine 

macrophages, 10 µM ROS detection probe (CM-H2DCFDA; Molecular Probes, 

Carlsbad, CA) in PBS was added to the wells and left for 30 min at 37°C. 

Subsequently, the probe solution was replaced by DMEM-HG + 10% FBS and 

fluorescent 2’,7’-dichlorofluorescein, indicative of intracellular ROS and visualized 

with CLSM. CM-H2DCFDA is a cell-permeable, chemically reduced and acetylated 

form of 2’,7’-dichlorofluorescein and calcein that becomes fluorescent after the 

acetate groups are removed and oxidation occurs inside the cells. Experiments were 

repeated with the human monocytes (THP-1).  
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Internalization of SPIONs by macrophages during phagocytosis of staphylococci 

analyzed by transmission electron microscopy 

In order to visualize internalization of SPIONs by macrophages during 

phagocytosis of staphylococci at high resolution using TEM, experiments were 

performed as described above. After phagocytosis, murine macrophages and bacteria 

were fixed in 2% glutaraldehyde and 0.5% paraformaldehyde in 0.1 M 

sodiumcacodylate buffer, pH 7.4, for 2 h after which wells were washed twice for  

5 min with the same buffer, post-fixed with 1% osmiumtetroxide in 1.5% 

potassiumferrocyanide for 30 min on ice and washed again 3 times with ultrapure 

water. Then samples were dehydrated through a graded series of ethanol baths (50 – 

100%), each step for 10 min at room temperature, and the final dehydration was 

done 3 times for 20 min in absolute ethanol. After complete dehydration, the 

samples were embedded in Epon resin with absolute ethanol (1:1) over night. Epon / 

ethanol was removed and replaced by pure Epon resin, prepared freshly. Pure Epon 

resin was refreshed each 30 min for 3 times. Finally, Epon resin was refreshed, placed 

in vacuum (200 mbar) for 30 min to remove any air bubble, and incubated at 37°C 

for 20 min. Then, the resin was carefully removed and replaced by fresh Epon resin 

at 6 – 8 mm high and polymerized at 37°C overnight. Ultrathin sections (about  

60 nm thick) were cut on an ultramicrotome with a diamond knife (Diatome Inc., 

Nidau, Switzerland), and carefully positioned on 100-mesh copper grids (Stork 

Veco, Eerbeek, The Netherlands) with formvar support film. The sections were 

stained for 15 min in 1% uranylacetate in methanol followed by Reynolds solution 

(lead citrate) for another 15 min. Samples were evaluated with TEM. 
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Statistics 

Data presented as a mean with standard deviation. All statistical analyses were 

carried out in Microsoft Excel 2010. ANOVA was applied followed by a Tukey’s 

HSD post-hoc test to demonstrate statistically significant differences and p < 0.05 

were considered significant. 

 

 

RESULTS  

The SPIONs used have a median diameter of around 8.4 nm when observed in 

TEM, while their hydrodynamic radius is slightly larger (Figure 1). 

 

Figure 1. Size distribution of the SPIONs used. (A) Transmission electron micrographs of the SPIONs 
used, yielding a mean diameter of 8.4 nm ± 2.2 nm, as averaged over 500 particles. (B) Distribution of 
the hydrodynamic diameter of the SPIONs used, obtained using dynamic light scattering, expressed as a 
%intensity of the scattered light. 

Influence of bacterial challenge concentration on phagocytosis in the absence and 

presence of SPIONs 

The influence of bacterial concentration on the intracellular inactivation of 

bacteria by SPIONs was quantified by fluorescent microscopy (Figure 2). SPIONs 
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alone cause no significant reduction in bacterial survival after 2 h of interaction with 

adhering staphylococci. The presence of macrophages alone yields a significant 

reduction in staphylococcal survival to 74% and 50% of their initial numbers, 

depending on the initial numbers of staphylococci present in the biofilm. 

Staphylococcal survival strongly decreased in the presence of both macrophages and 

SPIONs to 21% and 17%, depending again on initial staphylococcal numbers.  

 

Figure 2. Percentage survival of staphylococci after phagocytosis in absence and presence of SPIONs. 
Percentage survival of S. aureus ATCC 12600GFP evaluated using fluorescence microscopy after 2 h 
phagocytosis (J774A.1 macrophages) for biofilms containing different numbers of staphylococci. Error 
bars represent SD over three experiments, each involving 6 randomly localized images. 

Confocal laser scanning microscopy of staphylococcal phagocytosis by 

macrophages in the absence and presence of SPIONs  

CLSM images of staphylococcal biofilms showed a high number of green-

fluorescent organisms in the absence of macrophages or SPIONs (Figure 3A) and 

fluorescence was not visibly affected by the presence of SPIONs only (Figure 3B).  
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Figure 3. CLSM micrographs of green-fluorescent S. aureus ATCC 12600GFP and macrophages 
J774A.1 after 2 h of phagocytosis in absence and presence of SPIONs. (A) only staphylococci;  
(B) staphylococci and SPIONs; (C) staphylococci and macrophages; (D) staphylococci and 
macrophages in presence of SPIONs. Note that bacteria appear green-fluorescent, while the cell wall of 
macrophages is red fluorescent. 

In the presence of macrophages, S. aureus ATCC 12600GFP was internalized, but 

bacteria remained fluorescently visible (Figure 3C). However, in the presence of 

macrophages and SPIONs (Figure 3D) no fluorescent staphylococci could be 

discerned anymore, neither inside nor outside macrophages, while macrophages 

remained to display a healthy shape similar as in the absence of SPIONs (Figure 3C). 
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SPIONS-induced intracellular ROS generation by macrophages during 

phagocytosis of staphylococci  

CLSM evaluation of intracellular ROS generation (Figure 4) revealed murine 

macrophages with a healthy shape in the presence of SPIONs. There was no visible 

ROS generation in experiments involving only macrophages.  

 

Figure 4. CLSM micrographs showing ROS formation inside macrophages after 2 h of phagocytosis of 
S. aureus ATCC 12600, in absence and presence of SPIONs. Micrographs present an over-layer of a 
fluorescent image, showing green-fluorescent ROS molecules, with a light grey-value micrograph 
revealing macrophages and bacteria. (A) only macrophages; (B) staphylococci and macrophages;  
(C) macrophages and SPIONs; (D) staphylococci and macrophages in presence of SPIONs. No staining 
was applied for bacteria nor macrophages. 
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ROS generation became only visible when macrophages were actively 

phagocytizing bacteria (Figure 4B) and intracellular ROS generation markedly 

increased in the presence of only SPIONs (Figure 4C) or in the combined presence 

of staphylococci and SPIONs (Figure 4D). 

Internalization of SPIONs by macrophages during phagocytosis of staphylococci 

analyzed by transmission electron microscopy. 

TEM imaging revealed that there were no visible SPION-induced 

mitochondrial alterations in macrophages and SPIONs were confined in the 

lysosomal compartments and never inside other organelles or nuclei of macrophages 

(Figure 5). In addition, we observed intracellular differences between non-stimulated 

macrophages and macrophages stimulated by staphylococci or SPIONs. Non-

stimulated macrophages in the absence of staphylococci or SPIONs (Figure 5A) 

showed few lysosomes, and in the presence of staphylococci (Figure 5B), 

macrophages phagocytize bacteria but do not readily form lysosomes. The addition 

of SPIONs resulted in larger lysosomes containing staphylococci and SPIONs as well 

as only nanoparticles (Figure 5C).  

Figure 6 shows that SPIONs also assist human monocytic cells (THP-1) in 

removal of staphylococci (Figures 6 A,B) in the same way as they assist murine 

macrophages, including the generation of intracellular ROS (Figures 6 C,D).  
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Figure 5. TEM micrographs of the internalization by macrophages J774A.1 of S. aureus ATCC 
12600GFP and SPIONs after 2 h of phagocytosis. SPIONs, S – staphylococci, L – lysosomes,  
M – mitochondria, and N – nuclei are indicated. (A) only macrophages; (B) staphylococci and 
macrophages; (C) staphylococci and macrophages in presence of SPIONs. 
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Figure 6. CLSM micrographs of green-fluorescent S. aureus ATCC 12600GFP and human monocytes 
(THP- 1) after 2 h of phagocytosis in absence and presence of SPIONs. (A) only staphylococci;  
(B) staphylococci and SPIONs; CLSM micrographs showing ROS formation inside human monocytes 
after 2 h of phagocytosis of S. aureus ATCC 12600. (C) staphylococci and monocytes;  
(D) staphylococci and human monocytes in presence of SPIONs. 

 

 

DISCUSSION  

The use of SPIONs can be a solution to eliminate infectious bacteria without 

increasing bacterial resistance against antibiotics or damaging the host cells. Here, we 

have shown that the use of SPIONs within the category of ultrasmall SPIONs  
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(< 50 nm [22]), can promote a more efficient elimination of bacteria by 

macrophages. The concentration of bare SPIONs inside the same vacuoles as bacteria 

induced a higher intracellular ROS generation resulting in stronger bacterial 

inactivation.  

SPIONs are nano-sized particles of ferrite, which are being readily applied 

clinically with negligible side effects [6-8,23,24]. SPIONs can be taken up by 

different cell types, including neutrophilic granulocytes and macrophages. Activated 

monocytes expressing the activated receptor protein Mac-1 significantly increase 

SPION binding and uptake [24]. A similar observation was reported for LPS-

activated neutrophilic granulocytes that increase the uptake of mannan-coated 

SPIONs [25]. In the experimental model used in our study, macrophage activation 

occurred by the presence of staphylococci adhering to a surface. Activation was 

observed by increased ROS production as well as the presence of lysosomes 

containing bacteria and / or SPIONs. For THP-1 monocytic cells it has been 

reported that SPIONs induce a phenotypic shift from the M2 phenotype towards 

the M1 phenotype with up-regulated intracellular levels of ferritin and cathepsin L 

[26]. M1 macrophages show a higher activity towards phagocytosis than M2 

macrophages [27]. SPIONs in high numbers also can become toxic to cells as they 

can cause production of an overwhelming amount of ROS that cannot be balanced 

by the antioxidant defense of the host cells and thus can induce apoptosis in the cells 

that contain these nanoparticles [7,9,14,16,21]. However, iron oxide nanoparticles 

in concentrations less than 100 mg/ml were found to be non-toxic to the human 

host [28]. Also in our study, CLSM evaluation of intracellular ROS generation 

revealed murine macrophages with a healthy shape in the presence of SPIONs. The 

lack of visible ROS generation in experiments involving only macrophages, indicates 

that the macrophages attached to tissue culture polystyrene in a relatively quiescent 
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state. ROS generation became markedly increased in the presence of only SPIONs or 

in the combined presence of staphylococci and SPIONs. Moreover, unlike others 

[21], we found that there were no visible SPION-induced mitochondrial alterations 

in macrophages as observed in TEM. In the presence of staphylococci, macrophages 

phagocytize bacteria but do not readily form lysosomes. This observation was 

corroborated by the fact that at this point in time, i.e. after two hours of 

phagocytosis, bacteria still survived within macrophages.  

Our study indicates that SPION-assisted removal of staphylococci from biofilms 

is associated with enhanced ROS production in macrophages as a result of SPION 

uptake. This may be caused by the exposed redox-active iron oxide core that catalyzes 

ROS generation [9]. Spacious lysosomes filled with both staphylococci and SPIONs 

were found after phagocytosis in the presence of SPIONs. The uptake of SPIONs 

and the subsequent localization in lysosomes was also reported in RAW264.7 

macrophage-like cells [29]. The large lysosomes containing staphylococci and 

SPIONs as well as only nanoparticles, suggest that lysosomes containing SPIONs 

fuse with lysosomes containing bacteria. Lysosomes after phagocytosis in the absence 

of SPIONs were smaller and closely-fitting to the bacteria. The combined presence 

of staphylococci and SPIONs in lysosomal compartments suggests that additional 

local ROS production by SPIONs can be an underlying mechanism of SPION-

assisted phagocytosis.  

Murine lines of macrophages are much easier to work with than the human cell 

lines [30], but at the same time are criticized as not being representative for the 

human situation [30-32]. In this study we qualitatively established that SPIONs also 

assist human monocytic cells in removal of staphylococci in the same way as they 

assist murine macrophages (compare Figure 3 and Figure 6). This in vitro study was 

carried out with biofilms containing between 4 x 106 to 6 x 106 staphylococci/cm2. 
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Perioperatively introduced bacterial contaminations involve relatively low numbers 

of bacteria between 102 and 105 per cm2 [3]. Nevertheless, they are highly 

troublesome, as bacteria can enter a dormant state after adhesion to an implant or 

device surface and together with an immune system that is locally frustrated due to 

the presence of a biomaterial, cause flagrant infections many years after their 

introduction during periods of extreme fatigue, illness or immune deficiency [2]. Aid 

of SPIONs to assist the immune system to eradicate contaminating bacteria in an 

early stage without the use of antibiotics is, thus, an important novel addition to 

current prophylactic measures, largely based on antibiotic-use. Indications exist that 

such an approach may be clinically applicable. Although magnets can be used to 

increase local SPION concentrations [33], there is evidence that systemically 

administered SPIONs reach sites with increased macrophage activity without 

magnetic guidance, such as macrophages in atherosclerotic plaques [24], and 

macrophages in the synovial space of rabbit knees inoculated with S. aureus [23].  

In summary, we demonstrate that SPIONs assist macrophages in removing  

S. aureus from biofilms and, therewith, support the hypothesis underlying this paper. 

Hence, we provide an original, non-antibiotic-based approach to increase the efficacy 

of macrophages to remove staphylococci from infectious biofilms. 
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