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A B S T R A C T   

Hygienic surfaces that prevent the proliferation of harmful microorganisms are required in a large variety of 
environments, including medical areas. Novel strategies are being developed to impede microorganisms colo-
nization of surfaces. In this work, Terfenol-D cone-like shaped nanopatterned surfaces are fabricated by sput-
tering. The bactericidal effect of such surfaces owed to their morphology is increased in combination with an 
alternating magnetic field, which boosts the mechanical injury caused to the planktonic cells. Bactericidal assays 
with Gram-negative Escherichia coli are carried out under static (i.e. without any external stimuli) and dynamic 
(under the application of an alternating magnetic field) conditions for control silicon substrates, Terfenol-D films 
and nanostructured surfaces. The nanostructured surfaces at the dynamic condition exhibit the larger bacteri-
cidal effect. Bacterial adhesion on the materials was analyzed, and results show a reduction of the attachment 
surface of bacterial cells on Terfenol-D surfaces in comparison with the control silicon that are attributed both to 
material properties and nanostructuration. Thus, this work exhibits a method to induce and/or improve the 
mechanical antimicrobial behavior of surfaces via application of a magnetic field, as an alternative or in com-
bination with chemical methods, which are losing effectiveness due to the increase of antibiotic resistance.   

1. Introduction 

Medical devices, such as implants, laboratory or surgical instruments 
usually present large metallic or non-metallic surfaces exposed to 
potentially contaminated environments. A common problem that may 
arise from the use of these tools is the proliferation of pathogenic mi-
croorganisms and biofilm formation on their surface, which can lead to 
healthcare-associated infections (HAIs) [1]. Nosocomial infections cause 
difficulties in patients that can vary from minor symptoms to sepsis and 
even death [2]. Since few microbes are enough to colonize the surface, 
contamination can occur quickly after their disinfection or even remain 
after cleaning [3,4]. Hence, novel strategies to prevent the adhesion of 
bacteria and thus the biofilm formation are needed. Combined physical 
approaches such as antimicrobial nanocoatings and nanostructuration 
have been growingly addressed as an alternative to chemical approaches 

(bactericidal agents, antimicrobials, antibiotics) in order to prevent the 
alarming increase in antimicrobial resistance. 

For example, electroactive materials have been proven to possess 
antibacterial properties through the development of electric microen-
vironments at their surface [5]. Due to the negatively charged nature of 
bacteria, positively charged nanostructures can disrupt bacterial mem-
branes and hinder their proliferation by contact killing [6–8]. In 
particular, ceramics materials with electrically charged interfaces and 
surface microroughness have been demonstrated to achieve a high 
antibacterial efficacy [9]. 

Nanostructured surfaces are proposed for killing bacteria mechani-
cally by penetrating and destroying their membranes or by hindering 
their adhesion [10,11]. Some of these surfaces can be found in nature on 
some plants and insects, as cicada wings, which exhibit nanoneedles or 
nanopillars arrays with heights of 200 nm, diameters of 60 nm at the top 
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and 100 nm at the bottom of the nanopillars, and interspacing of 170 nm 
[12]. Bacteria can colonize microstructured surfaces if their morpho-
logical features are similar or larger than bacteria sizes, while in nano-
structured surfaces the contact area of bacteria with the substrate is 
reduced due to the decreased number of attachment points [10,13,14]. 
In addition to the antifouling properties, these nanostructured surfaces 
(whose elements desirably have a high aspect-ratio) present a 
mechano-bactericidal behavior by stretching bacterial cell membranes 
over their elastic limit, inducing their lysis. Theoretical elastic models 
have been developed to describe the underlying mechanisms [15–17]. A 
simple model considers a rigid nanopatterned substrate and takes into 
account the bacteria elastic modulus and four geometrical factors of the 
nanostructured surface: nanopillar diameter, base diameter, height and 
distance between elements [10]. 

Thus, nanostructured surfaces with different mechanical character-
istics have been evaluated with respect to their bactericidal activity. 
Ordered silicon nanopillar arrays with different heights exhibited the 
highest bactericidal activity for an intermediate pillar height of around 
360 nm as nanopillar elasticity contributes to decrease bacterial adhe-
sion. Notice that the contact area increases both for lower heights (220 
nm), and thus more rigid nanopillars, and for longer nanopillars (420 
nm) since they adhered, forming clusters [18]. Similarly, gold nano-
features with different shapes (pillars, rings and nuggets) and same sizes 
grown on a metallic layer show similar bactericidal response with 
Gram-positive Staphylococcus aureus [19]. Aluminum alloy 6063 sur-
faces with randomly oriented nanofeatures also demonstrated antibac-
terial and antiviral properties apart from being durable under 
mechanical loads [20]. As a way to improve the antimicrobial activity, 
these surfaces can additionally be functionalized. For instance, nano-
columnar titanium coatings have shown a better performance after the 
combination with tellurium nanorods [21], and nanostructured surfaces 
with salt-responsive bacterial releasing behavior are able to remove 
bacteria debris, maintaining the mechanobactericidal activity [22]. 

In a more recent approach, dynamic strategies have been used. The 
application of an external mechanical vibration to piezoelectric polymer 
surfaces, either positively or negatively charged, promotes the anti-
fouling and antiadhesive characteristics [5]. In a similar approach, 
magnetoelectric nanocomposites have also shown antimicrobial prop-
erties under an external magnetic stimulus [23]. Magnetostrictive 
microactuators have been proposed to act remotely by external mag-
netic fields for cell studies and intracellular applications [24]. 
Magneto-mechanically actuated microstructures have also shown to 
inhibit bacterial biofilm formation [25]. 

In this work, we propose to combine the antibacterial properties of 
the nanostructured surfaces and the magneto-mechanically active 
nanostructures. In particular, the antimicrobial activity of magneto-
strictive ordered conical nanopillars arrays is examined under the 
application of an external alternating magnetic field. Ordered nano-
structured surfaces have shown better anti-biofouling effects than 
randomly oriented nanosized surfaces [26,27]. The geometry of the 
nanostructures has been selected in order to optimize the bactericidal 
effect [28]. Instead of a standard metal, Terfenol-D is used for the 
fabrication of the nanostructures due to its biocompatibility and giant 
magnetostriction coefficients, which range in the order of 10− 3 for single 
and polycrystalline structures and of 10− 4 for amorphous structures 
[29–33]. Due to the magnetostriction behavior, the nanopillars size is 
modified accordingly to the magnetic field changes and magnetically 
induced mechano-bactericidal activity is therefore enhanced. Another 
great advantage of this procedure is the possibility to boost this anti-
microbial activity remotely by a magnetic field, what could be employed 
in medical devices when needed, even in an inserted implant. 

2. Experimental section 

Materials: Terfenol-D (Tb0.3Dy0.7Fe1.9) sputtering target was pur-
chased from Testbourne Ltd. Silicon (Si) wafers were supplied by 

MicroChemicals. Porous masks with pore diameter of 450 nm and 
interpore distance of 950 nm, with hydrophobic coating, were acquired 
from Aquamarijn Micro Filtration BV. Gram-negative Escherichia coli 
(E. coli) K-12 were obtained from American Type Culture Collection 
(LGC Standards S.L.U) and were used in all antimicrobial assays. 

Samples Preparation: Terfenol-D samples were grown using DC 
magnetron sputtering in high vacuum conditions with an argon pressure 
of 4.6 × 10− 3 mbar. The deposition rate was of approximately 1 Å/s, and 
around 700 nm of Terfenol-D were deposited onto silicon substrates. 
During the deposition, an in-plane magnetic field of 190 mT is applied 
continuously by a set of magnets. Before the Terfenol-D deposition, a 
thin film of titanium of 2 nm was sputtered on silicon in order to improve 
the adhesion of the material. Two types of Terfenol-D samples were 
grown under these same conditions: thin films and nanostructured sur-
faces. For the latest, porous masks were adhered on the Si substrates 
with Kapton tape and removed after the deposition. A schematic rep-
resentation of the fabrication process and conditions is shown in Fig. 1. 
Detailed information about the general dimensions of the samples is 
presented in Supporting Information Section 1. 

Samples Characterization: Magnetic hysteresis loops of Terfenol-D 
thin films were measured by magneto-optic Kerr effect (MOKE, Nano-
MOKE®2 Kerr effect magnetometer) and a superconducting quantum 
interference device (SQUID, Quantum Design MPMS-5S), and hysteresis 
loops of the nanostructured surfaces were obtained by vibrating sample 
magnetometry (VSM, ADE system EV7 KLA-Tencor). Surface 
morphology of the patterned samples were characterized by scanning 
electron microscopy (SEM, FEI VERIOS 460), and the roughness of 
Terfenol-D thin films was evaluated by atomic force microscopy (AFM) 
with a Nanotec Scanning Probe Microscopy system controlled by the 
WSxM software [34], using a Nanosensors PPP-FMR probe. 

Magnetostriction simulations: The magnetostriction behavior of the 
Terfenol-D pillars and films was evaluated performing COMSOL [35] 
simulations. The modeling details and the results obtained are included 
in Supporting Information Section 2. 

Antimicrobial assays: For evaluating the antimicrobial activity, apart 
from the Terfenol-D thin films and nanopatterned surface samples, Si 
substrates were used as control material. Materials were sterilized with 
UV light for 15 min on each side. The E. coli bacteria pre-inoculum was 
achieved by placing a single colony from the culture stock in nutrient 
broth and incubated overnight at 37 ◦C and 110 rpm. Afterwards, the 
pre-inoculum was centrifuged at 5000 rpm for 5 min, to obtain a pellet 
with bacteria which was further resuspended with NaCl (0.9%) twice. 
The optical density of the NaCl bacterial suspension was measured at 
600 nm (OD600) and then adjusted to 0.36 ± 0.01, which corresponds to 
approximately 1 × 106 colony-forming units per milliliter (CFU⋅mL− 1). 
A drop of 20 μL of bacterial suspension was placed in contact with the 
material, previously adhered at the bottom of a 24-well plate (non-
treated tissue polystyrene plates (VWR)) with carbon tape. Bacteria 
were left to grow for 1 hour at 37 ◦C for static and dynamic conditions. In 
the dynamic conditions, a variable magnetic field was applied to the 
materials with a lab-made magnetic bioreactor system [23,36]. In this 
bioreactor, the magnets below the plate move horizontally with a fre-
quency of 1 Hz and a displacement of 12 mm, allowing a change in the 
magnetic field from 0 to 23 mT within the culture wells. In the static 
condition, bacteria were not exposed to any external factors. 

Bactericidal activity: The viability of bacterial cells in the drop over 
the materials following the experiments under static and dynamic con-
ditions was assessed using a colony-forming units (CFUs) assay. The 
drop was carefully removed from each well with ten-fold serial dilutions 
in phosphate buffer solution (PBS). For each dilution, a volume of 100 μL 
was dropped on a NB (Nutrient Broth) plate agar and next incubated at 
37 ◦C for 24 h. Following, the number of viable bacteria was determined, 
allowing a quantitative analysis of the average CFU⋅mL− 1. The bacteri-
cidal activity was evaluated with three independent assays as log10 
reduction for each condition and compared with that of cells incubated 
without any material, only with NB. 
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Bacterial log10 reduction was calculated as the difference between 
the number of surviving bacteria over the material (B) and the control 
(A), which is the bacteria freely growing on the well from the 24 well 
plate, according to Eq. (1): 

Bacterial log10 reduction = log10 (CFUs (A)) − log10 (CFUs (B)) (1) 

Bacterial adhesion: SEM visualization: After removing the drop from 
the samples, the material was analyzed by microscopy (SEM). In order to 
allow SEM imaging of the bacteria adhered to the samples surface after 
bacteria growth, they were washed with PBS solution followed by a 
fixation step with 3% (v/v) glutaraldehyde for 30 min, and washed 

again with PBS. Bacteria were further dehydrated with ethanol with 
increasing concentrations [30, 50, 80, 90 and 100% (v/v)]. Finally, they 
were coated with 10 nm of gold with a sputter coater Quorum Q130R S 
and their surface was visualized with a SEM FEI VERIOS 460. 

Data Analysis: The results are exhibited as averages with the 
respective standard deviations. Results were analyzed by GraphPad 
Prism version X for Windows (GraphPad Software, San Diego, CA, U.S. 
A.). To determine the statistical significances, one-way analysis of 
variance, followed by the Dunnett post-hoc test or by the unpaired two- 
tailed Student’s t-test method were used. 

Fig. 1. Scheme of the sample growth procedure. Terfenol-D is sputtered over Si substrates while a magnetic field (B) is applied parallel to their surface, obtaining: (a) 
thin films, and (b) nanostructured surfaces (using a mask). The arrows above B indicate the in-plane direction of the magnetic field, and the sputtering plasma is 
depicted as a purple gradient. 

Fig. 2. Characterization of Terfenol-D samples: SEM images of nanostructured surfaces (a), (b) with a tilted angle of 45◦ from the surface normal and (c) top view; (d) 
hysteresis loops of nanopatterned surfaces measured along the in-plane direction (parallel to the magnetic field applied during the sputtering) and the out-of-plane 
direction. Scale bar in all images is of 1 μm. 
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3. Results and discussion 

3.1. Terfenol-D thin films and nanostructured surfaces fabrication and 
characterization 

During sputtering growth, an in-plane magnetic field was applied in 
order to induce the easy axis of magnetization in that direction [37–39] 
and thus enhance the magnetostriction coefficient in the out of plane 
direction with respect to the substrate surface [40]. As shown in Sup-
porting Information Section 3, the in-plane remanence magnetization of 
the thin film increases from 0.5 to 0.9 MS (saturation magnetostriction) 
when the magnetic field is applied during the deposition. Similarly, the 
remanence magnetization of the nanopatterned surfaces increases from 
0.1 to 0.2 MS due to the enhancement of the in-plane magnetic 
anisotropy. 

Due to the balance between shape and induced anisotropy, both in- 
plane and out-of-plane hysteresis loops of the Terfenol-D nanopatterned 
surfaces grown under in-plane magnetic field (Fig. 2d) present similar 
behavior, with a coercivity of 14 mT. 

Terfenol-D thin films were characterized by atomic force microscopy 
(AFM), presenting a flat surface with an RMS roughness value of 0.2 nm 
(Supporting Information Section 4). The surface morphology of the 
nanopillars is displayed by the SEM images in Fig. 2a-c. Each element of 
the surface has a cone-like pillar shape with approximately basis of 550 
nm in diameter, 700 nm in height, and tip diameter of 90 nm. The 
nanopillars are arranged in a hexagonal array with a distance of 950 nm 
between centers. These dimensions match with the sizes reported in 
literature to possess bactericidal properties, with nanopatterns where 
the elements have a high aspect ratio [28]. 

Due to the magnetostriction properties of the Terfenol-D, the esti-
mated elongation along the out of plane direction within the bactericidal 
assays conditions (around 23 mT applied perpendicularly to the sub-
strates) is around 0.03 nm for the thin films and of 0.2 nm for the pillars 
(Supporting Information Section 2). This difference of one order of 
magnitude is attributed to the geometry of the samples. The conical 
shape of the pillars, which get thinner along their height, facilitates to 
achieve a higher elongation at their apices. Additional effects due to the 
magnetic field gradients are negligible in comparison with the magne-
tostriction effect as shown in Supporting Information S2. 

3.2. Antimicrobial properties 

The bactericidal activity of the materials was assessed towards the 
clinically relevant Gram-negative bacterium E. coli. According to the 
latest data published in The Lancet, this bacterium is one of the six 
leading pathogens for deaths associated with antimicrobial resistance 
[41]. The assays were performed under static (without any external 
excitation) and dynamic (under an alternating magnetic field) condi-
tions. The employed bioreactor for the dynamic condition ensures the 
control of the alternating magnetic field by the movement of permanent 
magnets [36], as an alternative to the control through electromagnetic 
coils [42]. The magnetic field values used in this work (ranging from 0 to 
23 mT) are acceptable for being applied to biological systems and are 
affordable for the application at large scale to general systems, for both 
in vitro and in vivo assays. 

E. coli adhesion response for the cone-shaped Terfenol-D surfaces and 
their combination with the application of a magnetic field was then 
studied for 1 h after dropping a saline solution containing bacteria onto 
the nanopatterned surface. Silicone biomaterials are commonly used in 
current medical devices and therefore were selected as a control mate-
rial. By comparing the different studied structures, it can be observed 
that both Terfenol-D films and cone-shaped pillars induce an important 
bacterial cell reduction in solution when compared with the control 
material silicon and the control (bacterial solution without any mate-
rial). In fact, the solution in the presence of control silicon presents 
approximately the same number of bacteria when compared to the 

bacterial control solution (Fig. 3). At static conditions, i.e. without the 
application of magnetic field, the Terfenol-D films and cone-shaped 
pillars induce a reduction of approximately 2 log10 CFUs/mL, statisti-
cally different when compared with the control silicon (*P < 0.05). 
Upon application of the magnetic stimuli, the reduction is more 
expressive in the pillars inducing nearly 3 log10 CFUs/mL, while in the 
case of the films the reduction is around 1.5 log10 CFUs/mL (Fig. 3). The 
difference on the bacterial reduction on the pillars between static and 
dynamic conditions is found to be statistically significant (**P < 0.01), 
highlighting the improved bactericidal effect upon application of the 
stimuli. 

SEM images in Fig. 4 are displayed to visualize the substrate adhe-
sion and morphology of the bacteria at the studied conditions. It is 
observed that over silicon control (Figs. 4c and 4f), the integrity of 
bacteria is maintained although over Terfenol-D films and pillars, the 
bacteria seem highly compromised (Figures 4, S5.1 and S5.2). At static 
conditions over the Terfenol-D films (Fig. 4b and Figure S5.2), E. coli cell 
membranes look disrupted as they present holes in their morphology 
and, more remarkably, the bacteria do not recline on these surfaces, 
reducing the contact area. In the nanostructured surfaces, at static 
conditions, the contact area of the bacteria on the substrate is as well 
reduced, as they only lay over the tip of the pillars (Fig. 4a). Thus, 
Terfenol-D films and patterned geometry exhibit antifouling properties. 
These results are in good agreement with the bactericidal activity assays 
(Fig. 3), where it is observed a reduction of 2 log10 CFUs/mL for both 
cases. Thus, in the case of Terfenol-D, the chemical characteristic of the 
material imposes to morphology features in its antifouling behavior (see 
Fig. 5). In contrary, as seen in Figure S5.2, the bacteria membranes lay 
over the silicon for both static and dynamic conditions. 

Upon application of the magnetic field, the bacterial adhesion ap-
pears to be promoted at the surface of the Terfenol-D film, since a bio-
film is observed in the SEM images (Fig. 4e). Further, cell viability is 
around 1 log10 CFUs/mL higher compared to the same surface under 
static conditions (Fig. 3). The magnetostriction of Terfenol-D seems to 
tailor the adhesion of bacteria upon magnetic field application, similarly 
to what occurs upon mechanoelectric stimulation reported by Carvalho 
et al. [5]. In this case, we have a magnetomechanical stimulus in which 
the Terfenol-D substrate oscillates with an amplitude of the order of 
0.03 nm (Supporting Information Section 2). Sub-micro and nano 

Fig. 3. Planktonic cell viability of the bacterial cells after the assays for 
different conditions (static and dynamic) and samples: Terfenol-D nano-
structured pillars surface, Terfenol-D thin film, control silicon and control 
(bacterial solution without any material). The symbols (asterisks and cardinals) 
represent the statistical differences between the different groups of samples: #P 
< 0.05 when compared with each control; *P < 0.05 between static and dy-
namic condition in pillars material; **P < 0.01 between the pillars and films at 
dynamic conditions. 
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mechanical vibrations have demonstrated to be capable of tailoring 
bacteria proliferation on different materials [43,44]. Kazan et al. and 
Kopel et al. assessed the bactericidal action of low-energy acoustic 
waves (amplitudes between 0.2 and 2 nm) for different kind of bacteria, 
such as E. coli and Pseudomonas aeruginosa [45,46]. In a different work, 
Wang et al. reported that ultrasonic vibrations with amplitudes from 
0.05 nm exhibit an antimicrobial behavior [47]. In this work, Terfenol-D 
films oscillation at 1 Hz stimulates bacteria growth (Fig. 5). The appli-
cation of such frequencies may trigger the proliferation of bacteria 
attached to these surfaces, due to the already reported effect of depo-
larization of the bacterial membrane of E. coli [48]. This phenomenon is 
governed by a mechanotransduction mechanism that allows increased 
influx of calcium ions, thus resulting in improved proliferation [5]. 
Nevertheless, the proliferation seems to occur only in the surface of the 
material, due to the proximity of the applied stimuli, since in Fig. 3 it has 
been observed a slight reduction on the viability of bacteria that grow in 

suspension over the material, most probably due to the resulting 
nutrient-poor environment in solution. This effect has also been 
observed previously by Carvalho et al. [5] in E. coli upon mechanical 
stimulation of piezoelectric polyvinylidene fluorides films. 

At dynamic conditions, the pillars kill bacteria by poking and 
destroying their membranes. In these patterned surfaces, the mechanical 
elongation of the pillars together with the application of the magnetic 
field induce a complete lysis of the cells, presenting a completely 
“melted” structure over the pillars, also being visualized debris of the 
cells all over the surface (Figs. 4d and 5). Pillars magnetostriction origins 
a vertical oscillation of the order of 0.2 nm, which aids the penetration of 
their tips into bacteria membranes. Hence, the magnetostrictive action 
increases the geometrical bactericidal properties, which kill bacteria by 
themselves in a mechanism of action already proven for different 
nanostructures [10,49]. Further images reinforcing these results are 
provided in Supporting Information Section 5. 

Fig. 4. SEM images of bacteria on the materials after the assays. Each image corresponds to a different condition (first row: static, second row: dynamic) and material 
(Terfenol-D pillars, film and silicon) as indicated. Scale bar in all images is of 1 μm. 

Fig. 5. Schematic representation of the bacteria response for the different Terfenol-D surfaces (flat films and pillar-shaped nanopatterned) under static (without any 
stimuli) and dynamic (with an alternating magnetic field leading to magneto-mechanical action) conditions. 
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4. Conclusion 

Magnetostrictive Terfenol-D films and ordered nanopatterned sur-
faces were fabricated by sputtering. Terfenol-D films show a bactericide 
behavior attributed to the chemical material properties. In the absence 
of any external stimulus, nanopatterned surfaces present the same 
bactericide behavior as the films. In these structured surfaces, with a 
conical shape, the number of attachment points of E. coli bacteria on the 
substrate are decreased due to morphological features. Upon the appli-
cation of an alternating magnetic field, bacteria proliferate on the films, 
indicating that their bactericide activity could be tailored. In the case of 
the nanopatterned surfaces, the combination of the structural configu-
ration with the application of an external alternating magnetic field 
increases this bactericide effect as the structures jab into bacteria 
membranes. Under this condition, the magnetostrictive cone-shaped 
pillars movement boosts the poking effect, achieving the complete 
lysis of the planktonic cell membranes. 

Therefore, from one side, this work demonstrates that the magneto- 
mechanical antimicrobial activity of flat surfaces can tailor the prolif-
eration of bacteria. From other side, mechanical bactericide action of 
nanofeatured surfaces can be enhanced by additional stimuli. The 
employment of a magnetic field allows to provide this stimulus from the 
distance. Hence, here we present a novel physical method to inhibit 
microorganisms colonization of surfaces, as an alternative to chemical 
techniques, which are losing efficacy because of the increasing bacteria 
resistance to antibiotics. The biocompatibility of the material allows its 
application in medical devices, such as implants, and the magnetic field 
would also enable to boost the antimicrobial activity once they are 
inserted in the patient’s body. 
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