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at the biofilm surface.[4] This appears to 
be a stubborn problem, persisting ever 
since its first description by Van Leeuwen-
hoek in the 17th century.[5] Moreover, the 
intrinsic resistance to antibiotics many 
bacterial strains and species have acquired 
after the discovery of penicillin by Flem-
ming[6] adds to our inability to control 
infectious bacterial biofilms.[7,8] Biofilms 
are surface-adhering and surface-adapted 
communities of bacteria,[9] embedded 
in a self-produced matrix of extracellular 
polymeric substances (EPS). In order to 
allow effective diffusion of autoinducers, 
nutrients, and waste products, water-filled 
channels and pores exist in biofilms.[10] 
Water-filled channels and pores naturally 
develop in biofilms by a variety of mecha-

nisms.[3] Motile bacillus swimmers, for example, have the ability 
to dig water-filled channels by flagella-propelled movement. By 
irrigating pathogenic Staphylococcus aureus biofilms with bacillus 
swimmers, artificial channels in staphylococcal biofilms have 
been created that make these infectious biofilms 100 times more 
susceptible to benzalkonium chloride.[11] Although an elegant 
pathway to enhance efficacy of current antimicrobials, clinical 
translation is difficult as it would involve adding another poten-
tially pathogenic strain in an already infected patient. Yet, the 
idea is highly interesting from an engineering point of view. In 
nanomedicine, magnetic nanoparticles are used in magnetic res-
onance imaging, magnetically targeted drug delivery, and control 
of magnetic hyperthermia because of their excellent biocompat-
ibility.[12] Antimicrobial magnetic nanoparticles are frequently 
suggested as a new strategy to combat infectious biofilms.[13–15] 
However, actual magnetic targeting into a biofilm, antimicrobial 
loading and release, or creating antimicrobial magnetic particles 
is not trivial.[16] Inspired by the ability of bacillus swimmers to 
create channels in biofilms, we here forward the use of mag-
netic nanoparticles as a new, nonbiotic method to create artificial 
channels in an infectious biofilm in order to improve penetration 
and enhance bacterial killing by antimicrobials (see Figure 1).

To test our hypothesis that magnetic nanoparticles can be 
used to dig artificial channels in biofilms to enhance antimi-
crobial penetration and bacterial killing by antimicrobials, we 
first prepared magnetic iron oxide nanoparticles (MIONPs).[17] 
The size distribution of MIONPs was measured by dynamic 
light scattering (DLS; Figure 2a) and both transmission (TEM; 

The poor penetrability of many biofilms contributes to the recalcitrance of 
infectious biofilms to antimicrobial treatment. Here, a new application for the 
use of magnetic nanoparticles in nanomedicine to create artificial channels in 
infectious biofilms to enhance antimicrobial penetration and bacterial killing 
is proposed. Staphylococcus aureus biofilms are exposed to magnetic-iron-
oxide nanoparticles (MIONPs), while magnetically forcing MIONP movement 
through the biofilm. Confocal laser scanning microscopy demonstrates artificial 
channel digging perpendicular to the substratum surface. Artificial channel 
digging significantly (4–6-fold) enhances biofilm penetration and bacterial 
killing efficacy by gentamicin in two S. aureus strains with and without the 
ability to produce extracellular polymeric substances. Herewith, this work 
provides a simple, new, and easy way to enhance the eradication of infectious 
biofilms using MIONPs combined with clinically applied antibiotic therapies.

Biofilm Eradication

Bacterial infections are predicted to become the number one 
cause of death in the year 2050.[1] Bacterial infections are mainly 
due to bacteria in a biofilm mode of growth,[1] in which inhab-
itants are protected against antimicrobial treatment.[2,3] This 
protection largely arises due to limited penetration of antimi-
crobials through the biofilm, killing only those bacteria residing 

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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Figure 1. Schematics of our hypothesis that magnetic nanoparticles can be used to engineer artificial channels in infectious biofilms to improve 
antimicrobial penetration and enhance bacterial killing over the depth of a biofilm. Details not drawn to scale. a) Biofilms are poorly penetrable by 
antimicrobials and often only bacteria at the biofilm surface are killed by antimicrobial treatment, while bacteria residing in deeper layers of a biofilm 
survive antimicrobial treatment, adding to the recalcitrance of bacterial infections against antibiotic treatment. b) Inspired by the natural ability of 
highly motile bacteria to dig channels for the transport of autoinducers, nutrients, and waste products through a biofilm, we hypothesize that by 
moving magnetic nanoparticles through a biofilm perpendicular and parallel to a substratum surface, artificial channels can be created that improve 
antimicrobial penetration and enhance bacterial killing over the depth of a biofilm.

Figure 2. a) Example of the diameter distribution of MIONPs in PBS (pH 7.4), determined by dynamic light scattering, together with a transmission 
electron microscopy image of the MIONPs employed in this study. b) X-ray diffraction pattern of the MIONPs used. c) Schematics of the procedure 
applied to obtain overlayer and transverse cross-sectional images of a biofilm in confocal laser scanning microscopy (CLSM). d) Overlayer and 
transverse cross-sectional CLSM images of 24 h old S. aureus ATCC 12600 and S. aureus 5298 biofilms prior to artificial channel digging by MIONPs 
(500 µg mL−1). e) Same as panel (d), but after digging artificial channels by moving MIONPs according to the pattern shown in Figure 1b. Magnetic 
channel digging (9 min) was initiated after adding 1000 µL of a MIONP suspension (500 µg mL−1) to the well, in which a biofilm was grown. Channels 
perpendicular to the substratum surface appear as black dots on the green-fluorescent biofilms. Channel widths were measured in cross-sectional 
images, as indicated by white arrows.
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Figure 2a) and scanning electron microscopy (SEM; Figure S1a, 
Supporting Information). DLS yielded an average hydrody-
namic diameter over triplicate experiments of 278 ± 61 nm  
(± is full width at half maximum of the distribution), corre-
sponding to TEM and SEM images. DLS furthermore showed 
that the hydrodynamic diameter of MIONPs increased upon 
exposure to 10% serum or tryptone soy broth (Figure S1b, Sup-
porting Information), but this was not statistically significant 
within the variation observed within one suspension (p > 0.05, 
Student’s two-tailed t-test). The structure of the MIONPs analyzed  
by X-ray diffraction (XRD; Figure 2b) corresponded with 
literature data on similarly prepared iron oxide nanoparti-
cles,[17] while their magnetic properties were confirmed by 
vibrating sample magnetometry (VSM; Figure S1c, Supporting 
Information) and also found similar to literature.[17] (2,3-Bis- 
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carbox-
anilide salt) (XTT) conversion of human fibroblasts grown in 
absence and presence of MIONPs (Figure S2, Supporting Infor-
mation) demonstrated no harmful effects on cellular viability.

Next, S. aureus biofilms were grown in 12-well plates. 
S. aureus is one of the most common pathogens in a variety of 
severe human infections.[18] Since the EPS matrix can provide 
a biofilm with viscoelastic properties that might affect artifi-
cial channel creation, two strains of S. aureus were employed: 
a strain with (ATCC 12600) and without (5298) the ability to 
produce EPS.[19,20] After 24 h of growth, staphylococcal biofilms 
were stained with SYTO 9 and confocal laser scanning micros-
copy (CLSM) images were taken (Figure 2c). Averaged over 
three separately grown biofilms of each strain, the thickness 
of S. aureus ATCC 12600 and S. aureus 5298 amounted 44 ± 9 
and 34 ± 8 µm, respectively (not significantly different: p > 0.05, 
Student’s two-tailed t-test). These thicknesses coincide with the 
thickness of clinically occurring biofilms.[21] Untreated staphylo-
coccal biofilms prior to magnetically forcing MIONP movement 
through, appeared highly compact (Figure 2d), both in overlayer 
as well as in transverse cross-sectional images, with no demon-
strable channels or pores. After magnetically forcing MIONPs 
to move through a biofilm according to the pattern outlined in 
Figure 1b, the thickness of the biofilms decreased to 38 ± 11 and 
26 ± 3 µm for S. aureus ATCC 12600 and S. aureus 5298, respec-
tively, but these do not represent significant decreases (p > 0.05, 
Student’s two-tailed t-test). Artificial channels were created per-
pendicular to the substratum surface (visible as the black regions 

in top views and optical cross sections, compare Figure 2d 
and 2e), but unexpectedly no visible channels could be created 
parallel to the surface. Likely magnetic forces could not push or 
pull magnetic nanoparticles against the biofilm mass in a direc-
tion parallel to the surface, as this represents a much larger 
mass displacement than particles moving perpendicular to the 
surface have to dig through. Moreover, this suggests absence 
of direct interaction between MIONPs and staphylococci in the 
biofilms due to electrostatic double-layer repulsion between 
negatively charged MIONPs and staphylococci (Figure 3a). SEM 
confirms that electrostatic double-layer repulsion inhibited direct 
interaction between staphylococci and MIONPs (Figure 3b,c). 
Channel widths were measured from transverse cross-sectional 
CLSM images (see Figure 2d,e) and found to be 1.4 ± 1.0 µm for  
S. aureus ATCC 12600 and 1.3 ± 0.7 µm for S. aureus 5298  
(means ± standard deviations over ten different images) which is 
larger than the diameter of individual nanoparticles, due to aggre-
gation of the nanoparticles in suspension (see also Figure 2a).

In a separate series of experiments, staphylococcal biofilms 
were exposed to phosphate buffered saline (PBS) at a MIONP 
concentration of 500 µg mL−1 without or with magnetically forced 
movement in absence or presence of gentamicin. Gentamicin is 
a clinically applied antibiotic in local delivery devices, which can 
yield extremely high local concentrations up to 4000 µg mL−1, 
such as in the narrow interfacial gap of total hip arthroplasties 
between bone and bone cement.[22] Its clinical application as a 
locally applied antibiotic makes it a potential candidate for use in 
combination with artificially dug channels to combat infectious 
biofilms, which is the reason why it has been chosen for proof 
of principle in this study. After exposure to PBS as a control or 
MIONPs, biofilms were removed from the well surfaces and sus-
pended in PBS. The resulting bacterial suspension was partly 
plated on agar for colony forming units (CFU) enumeration, 
while enumeration of the total number of staphylococci (dead 
and alive) was done using a Bürker-Türk counting chamber.

Relative to PBS without MIONPs, MIONPs without or 
with magnetically forced movement in absence of gentamicin 
(0 µg mL−1) did not significantly (p > 0.05, Student’s two-tailed 
t-test) decrease the number of CFUs in the staphylococcal 
biofilms (Figure 4a,b) nor the total number of staphylococci 
(Figure 4c,d), regardless of the staphylococcal strain involved. 
This confirms absence of direct interaction between MIONPs 
and the staphylococci.

Small 2019, 1902313

Figure 3. a) Zeta potentials of the MIONPs and S. aureus strains used, as measured in PBS (pH 7.4). Zeta potentials are expressed as means ± standard 
deviations over three separate experiments with different nanoparticles and differently cultured bacteria. b) Scanning electron microscopy images, 
demonstrating absence of interactions between MIONPs and EPS producing S. aureus ATCC 12600 after 9 min exposure to a MIONP suspension 
(500 µg mL−1). c) Same as (b), now for non-EPS producing S. aureus 5298.
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Exposure of the staphylococcal biofilms to gentamicin only 
also yielded no significant (p > 0.05, Student’s two-tailed t-test) 
decrease in CFUs nor total counts for S. aureus ATCC 12600 
over the entire range of gentamicin concentrations evaluated 
(up to 1250 µg mL−1), due to the protection offered by its EPS 
produced. However, S. aureus 5298 was more susceptible to 
gentamicin in its biofilm mode of growth due to its inability 
to produce a protective EPS matrix and a significant (p < 0.05, 
Student’s two-tailed t-test) decrease in CFUs set-in at a gen-
tamicin concentration of 1250 µg mL−1. Since total counts were 
not decreased, this indicates that staphylococci killed by the 
antibiotic, remained part of the biofilm.

Additionally, the presence of MIONPs in absence of magneti-
cally forced movement had no significant (p > 0.05, Student’s 
two-tailed t-test) effect on this reduction, but for gentamicin 
concentration ≥ 125 µg mL−1 magnetically forced MIONP move-
ment caused a 4–6-fold stronger reduction in CFUs by gen-
tamicin in both strains, but again, not in total counts. Thus, 
forcing magnetic movement of MIONPs is essential in achieving 
the higher antibiotic penetration and bacterial killing observed. 
The concentration at which MIONPs are forced to move plays 
only a marginal role (Figure S3, Supporting Information).

This demonstrates that our hypothesis forwarded in Figure 1 
is correct and therewith an entirely new way to employ mag-
netic nanoparticles for the control of infectious biofilms arises. 

Importantly, the improved penetration of existing antibiotics 
through nonbiotically created artificial channels allows to use 
these antibiotics more effectively for the control of biofilms 
in combination with forced magnetic MIONP movement that 
might otherwise appear antibiotic-resistant in absence of artifi-
cially dug channels due to lack of penetration.

The absence of antimicrobial modification of the magnetic 
nanoparticles applied in artificial channel digging presents an 
advantage with respect to clinical translation, both in terms 
of regulatory approval and economic feasibility.[23] Phage con-
jugation to magnetic nanoparticles, for instance, has been 
demonstrated to effectively reduce biofilm formation by Pseu-
domonas aeruginosa and Escherichia coli in vitro,[13] but its clinical 
application would raise many concerns due to the inclusion 
of phages.[24,25] Dual-catalytic magnetic iron oxide nanoparti-
cles have recently been demonstrated to break down biofilm 
exopolysaccharide matrices and allow subsequent removal of 
fragmented biofilm debris via magnetically forced nanoparticle 
movement.[14] This highly elegant method however still leaves 
biofilm inhabitants alive after fragmentation of the biofilm and 
debris removal, while moreover it requires sophisticated, highly 
precise control of magnetic movement. Channel digging as pro-
posed here combined with exposure to existing antibiotics not 
only kills biofilm inhabitants, but also does not require precise 
magnetic targeting but only relatively rough control of forced 

Small 2019, 1902313

Figure 4. a) Numbers of CFUs after exposure to MIONPs (500 µg mL−1) without or with 9 min magnetically forced movement in absence (0 µg mL−1 
gentamicin) or presence of different concentrations of gentamicin for S. aureus ATCC 12600. CFUs are expressed in percentages relative to the 
number of CFUs after 3 h exposure of staphylococcal biofilms to PBS (0 µg mL−1 gentamicin) in a 12-well plate. b) Similar as (a), now for S. aureus 
5298. c,d) Similar to (a) and (b), respectively, now for total counts. G denotes gentamicin, MIONPs− and MIONPs+ denote absence and presence 
of magnetically forced nanoparticle movement, respectively. Data are expressed as means ± standard deviations over three separate experiments. 
Statistical analysis was performed using the Student’s two-tailed t-test (*p < 0.05).
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nanoparticle movement through a biofilm. Precise targeting of 
magnetic nanoparticles in a biofilm is not easy and often mag-
netic nanoparticles are hypothetically pictured in schematics to 
distribute homogeneously over the depth of a biofilm[15] and to 
remain there for antimicrobial action. It can be doubted whether 
such precise control of antimicrobial-nanoparticle distribution 
over the depth of an infectious biofilm can be easily achieved 
under clinical conditions. The absence of the need to precisely 
move and position nanoparticles in a biofilm is a clear advan-
tage of artificial channel digging by non-antimicrobial MIONPs 
in combination with antibiotic treatment as proposed here.

In conclusion, artificial channels have been successfully cre-
ated in S. aureus biofilms by magnetically forcing nanoparticles 
to move through the biofilm. Staphylococcal killing by gen-
tamicin was significantly (4–6-fold) enhanced through improved 
penetration of gentamicin through the artificial channels. Since 
MIONPs have been demonstrated here and described in the 
literature as fully biocompatible,[26] the current observations 
should be further advanced to clinical application. Moreover, 
there are no reasons to assume why the advantages of magneti-
cally dug, artificial channels in biofilms would be confined to 
gentamicin. Last but not least, the use of magnetic nanoparticles 
is highly preferable above the use of bacterial swimmers to create  
artificial channels[11] that might cause infection themselves.

Experimental Section
Materials: Gentamicin and iron (III) chloride (FeCl3·6H2O) were 

purchased from Aldrich. Trisodium citrate dehydrate (C6H5O7Na3·2H2O), 
urea, polyacrylamide (PAM, 300 kDa), and glutaraldehyde (50%, v/v) 
were purchased from Sinopharm Chemical Reagent Co. All chemicals 
were used as received.

Preparation and Characterizations of MIONPs: MIONPs were 
synthesized as previously described[17] by dissolving FeCl3·6H2O (0.54 g, 
2 mmol), C6H5O7Na3·2H2O (1.18 g, 4 mmol), and urea (0.36 g, 6 mmol) 
in 40 mL distilled water and stirring for 10 min. Then PAM (0.3 g, 7.5 g L−1)  
was added under stirring for 30 min. The solution was transferred into a 
100 mL Teflon-lined stainless-steel autoclave. The autoclave was sealed 
and maintained at a temperature of 200 °C for 12 h. After cooling down 
to room temperature, the black precipitate was magnetically separated 
and washed with water and ethanol separately, each for three times. 
Finally, the black powder obtained was dried in vacuum overnight. For 
further use, MIONPs were suspended in distilled water under sonication 
(Transonic TP 690, ELMA, Germany, 160 W, 35 kHz) at room temperature 
for 30 min. The size and shape of MIONPs were determined using 
TEM (G-120, Hitachi, Japan) and SEM (S-4700, Hitachi, Japan). Wide-
angle powder XRD patterns were recorded using an X’Pert-Pro MPD 
diffractometer (PANalytical, The Netherlands) with a Cu Kα X-ray source 
(λ = 1.540598 Å). The magnetic property of MIONPs was investigated 
at room temperature by VSM (model 7410, Lake Shore, USA) 
measurements. The hydrodynamic diameters of MIONPs were measured 
by DLS (Malvern ZetaSizer ZS2000, UK) and the charge of MIONPs was 
measured by zeta potentials (Malvern ZetaSizer ZS2000, UK). SEM was 
used to observe the interactions between MIONPs and S. aureus.

Biocompatibility Evaluation: Biocompatibility of MIONPs was 
evaluated using an XTT conversion assay.[27] Briefly, human fibroblasts 
(American Type Culture Collection ATCC-CRL-2014) were cultured in 
a 96-well plate at a seeding density of 5 × 103 cells per well in 100 µL 
cell growth medium (Dulbecco’s modified Eagle’s medium (DMEM, 
ThermoFisher Scientific)) supplemented with 10% fetal bovine serum 
(FBS; Invitrogen). After 24 h incubation under 5% CO2 at 37 °C, 100 µL 
MIONPs suspended in medium were added at different concentrations 
(250, 500, and 1000 µg mL−1). After subsequent growth for 24 h, 50 µL 

XTT (AppliChem) reagent solution combined with activation solution 
(PMS (n-methyl dibenzopyrazine methyl sulfate), Sigma-Aldrich)) was 
added. XTT and activation solutions were prewarmed to 37 °C and 
incubation pursued for another 4 h at 37 °C. Next, absorbance A485 nm 
was measured using a photo-spectrophotometer (Shimadzu, Japan). 
According to the manufacturer’s instructions, A690 nm was measured and 
subtracted as a reference control. The viability of the fibroblasts after 
MIONP exposure was calculated relative to one of the cells exposed to 
PBS (5 × 10−3 m K2HPO4, 5 × 10−3 m KH2PO4, 150 × 10−3 m NaCl, pH 7.4) 
in absence of MIONPs according to

( ) =
−
− ×

A A
A A

Relative viability % 100%
MIONPs 485 nm MIONPs 690 nm

PBS 485 nm PBS 690 nm
 (1)

Biofilm Growth: S. aureus ATCC 12600 and S. aureus 5298 were grown 
from a frozen stock solution (7 v/v% DMSO) overnight on a blood agar 
plate at 37 °C. Then, one colony was transferred from the agar plate into 
10 mL tryptone soy broth (TSB; OXOID, Basingstoke, U.K.) and incubated 
for 24 h at 37 °C. This preculture was subsequently transferred into 
200 mL TSB. After 16 h of incubation at 37 °C, staphylococcal cultures 
were harvested by centrifugation (5000 × g, 5 min, 10 °C) followed by 
washing twice in sterilized PBS. Next, cultures were sonicated 3 times 
for 10 s (Vibra cell model 375, Sonics and Material Inc., Danbury, CT) 
under immersion in an ice/water bath to obtain a suspension with 
single bacteria. The concentration of the suspension was adjusted to  
1 × 109 bacteria mL–1, as determined in a Bürker-Türk counting chamber. 
The suspension was put in sterile 12-well polystyrene plates for 2 h at 
room temperature in order to allow bacterial adhesion. Thereafter, the 
wells were washed 3 times with sterile PBS, filled with fresh TSB, and 
incubated for 24 h at 37 °C.

Creation of Artificial Channels through Magnetically Forced Movement 
of MIONPs: After 24 h growth of the staphylococci in 12-well plates, the 
growth medium was removed and the biofilm was washed by 1 mL PBS. 
Next, 1000 µL MIONPs suspension (500 µg mL−1) was added to each 
well and a disc NdFeB magnet (10 mm diameter, 1 mm height, 1.17-1.21 
Tesla residual magnetism) was first pressed to the bottom of the well for 
1 min and subsequently placed 1 min above each well to force magnetic 
movement of the nanoparticles perpendicular to the substratum surface. 
Next, the magnet was circled around the well to force nanoparticle 
movement through the biofilm parallel to the substratum surfaces, 
also for 1 min (see also Figure 1b). Magnetically forced movement of 
nanoparticles was repeated three times according to the above cycle.

Staphylococcal biofilms with artificial channels dug by MIONPs 
were stained with SYTO 9 (Thermo Fisher Scientific, Waltham, MA) 
for 15 min in the dark and subsequently imaged using CLSM (Leica 
TCS SP2 Leica, Wetzlar, Germany) with a HCX APO L40×/0.80 W 
U-V-1 objective. An argon ion laser at 488 nm was used to excite the 
SYTO 9 and fluorescence was collected at 500–540 nm. CLSM images 
were acquired and analyzed using Leica software, version 2.0. The top 
view of the biofilm was made by stacking images layer by layer using 
ImageJ software. The transverse, cross-sectional view of the biofilm had 
thickness of 5 µm (see also Figure 2b).

In a separate experiment, staphylococcal biofilms were grown in order 
to study the effect of gentamicin on biofilms with artificially created 
channels. After 24 h of growth, the medium was removed and the 
biofilm was washed by 1 mL PBS. Next, biofilms were exposed to 0.5 mL 
of gentamicin at different concentrations up to 1250 µg mL−1, well above 
the minimal bactericidal concentration of planktonic staphylococci 
(MBC, 1.1 ± 0.7 µg mL−1), and MIONPs (500 µg mL−1) were added to the 
biofilms and channels were created, as described above. An equivalent 
volume of PBS with and without MIONPs in absence of magnetically 
forced movement was taken as a control. Subsequently, growth was 
pursued for another 3 h at 37 °C after which the exposed biofilms were 
gently washed with 500 µL PBS to remove MIONPs and gentamicin. 
Finally, staphylococcal biofilms were dispersed and suspended in PBS 
for enumeration of CFUs and total (live and dead) counts (see next for 
details).

CFU and Total Count Enumeration: For CFU enumeration, biofilms 
were dispersed by forcefully pipetting PBS repeatedly in the wells and 
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collecting the fluid that was subsequently vortexed in order to obtain 
single, dispersed staphylococci. Suspensions of dispersed staphylococci 
were serially diluted in PBS and each dilution was inoculated on a TSB 
agar plate and incubated for 16 h at 37 °C for CFU enumeration or 
injected in a Bürker-Türk counting chamber for immediate enumeration 
of total counts.

Statistics: All comparisons of CFUs and total counts of staphylococci 
in differently treated biofilms were performed using a two-tailed 
Student’s t-test, accepting significance value of 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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